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Abstract— The formation of the gigaseal, a giga Omega-scale
seal between the micropipette electrode and cell surface, is the
keystone to measure the extremely weak electric signals of
cell ion channels in patch clamp technique. To determine a
point on the cell surface facilitating gigaseal formation, 3-D
cell morphology information is required. However, the current
3-D cell morphology measurement methods relying on special
devices or easily causing clogging issues of the micropipette
electrode due to contact on cells are usually not applicable in the
traditional patch clamp system. Addressing this, a noninvasive
3-D cell morphology measurement method was developed in
this article for robotic patch clamp with a higher success rate
of gigaseal formation. First, the measured bath impedance of
the micropipette electrode was modeled and then utilized to
measure the cell surface height noninvasively. Using the measured
cell surface heights at key positions, the 3-D cell morphology
was fitted to determine a contact position on the cell surface
to facilitate gigaseal formation. Finally, a robotic whole-patch
clamp process was conducted at the determined contact position.
Experimental results demonstrated that 100% and 90% success
rates of noninvasive 3-D cell morphology measurements were
achieved on the cultured human embryonic kindey (HEK)-293
cells and pyramidal neurons in mouse brain slices, respectively,
with an average measurement error of cell surface height less
than 0.15 µm. At the determined contact position, significant
improvements in success rates of gigaseal formation and whole-
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cell patch clamp operation were achieved in comparison to
the results at the positions recommended in related work. Our
research may spike inspiration to improve the success rates of
gigaseal formation and patch clamp operation based on 3-D cell
morphologies.

Index Terms— 3-D cell morphology measurement, automated
cell measurement, microoperation system, robotic patch clamp.

I. INTRODUCTION

DUE to its capability to detect the electric signals of the
cell ion channels, the patch clamp technique [1] has

become the gold standard technology for studying the cell ion
channel functions in brain science and neuron science and so
on [2]–[7]. As schematically shown in Fig. 1, the traditional
patch clamp system usually uses a micropipette electrode,
a micropipette with a micrometer-level diameter, and its tube
is back-filled with the conductive solution and plugged by a
silver electrode wire to contact the target cell surface and then
detect the electric signals of the cell ion channels. As the
electric signals of the ion channels are extremely weak, for
example, the current following through ion channels is only
at the picoampere level (10−12A) [8]–[10], they are easily
disturbed or even totally buried by environmental electric
noises. To guarantee a high signal-to-noise ratio in the ion
channel signal measurement, an aspiration pressure is usually
imposed inside the micropipette to aspirate part of the cell
membrane into the micropipette to form a giga Omega-scale
seal between them (usually termed as gigaseal) for electrically
shielding the environmental electronic noises [11]–[13]. As the
gigaseal is the keystone to the measurement of ion channel
signals in patch clamp, a higher success rate of gigaseal
formation is highly desired for improving the success rate of
cell patch clamp operation.

In recent years, significant advancements have been made in
robotic patch clamp systems for replacing manual operations.
However, according to the best of our knowledge, few of them
have made significant improvements in the success rate of
gigaseal formation or patch clamp operation in comparison to
manual operation results. For example, the plane patch clamp
system uses a microhole array connected with a pump to
aspirate multiple floating cells and measure them at one time
automatically [14]. However, the hole-in-plane structure makes
it hard to measure adherent cell types [15]. Robotic blind cell
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Fig. 1. Schematic of the traditional patch clamp system. The traditional patch
clamp system usually uses a micropipette electrode with a micrometer-level
diameter to contact the cell surface, aspirate part of the cell membrane into the
micropipette to form a gigaseal between the cell surface and inner surface of
the micropipette, and then measure the cell ion channel signals. To facilitate
the gigaseal formation, the micropipette is preferred to contact the cell surface
with a large contact angle, better close to 90◦ . In this way, the area of the
micropipette opening covered by the cell surface after it contacts the cell
membrane can be maximized before aspiration. Otherwise, the gap between
the micropipette electrode and cell surface may cause gigaseal formation
failures. For whole-cell patch clamp operation, the cell membrane will be
broken with high negative pressure pulses (which process is usually termed
as break-in) to form a whole-cell state.

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 [16], [17]. However, a lack of visual guidance
usually leads to lower success rates of gigaseal formation
and patch clamp operation in comparison to traditional patch
clamp systems. As improvements, differential interference
contrast (DIC) imaging [18]–[20] and two-photon microscopy
imaging [21], [22] depicting label-free neurons in brain slices
and the fluorescence dye-labeled neurons in live animal brains,
respectively, have been utilized to guide robotic patch clamp
on these cell types. However, the operation parameters in
these methods, such as the contact point selection, were
still determined based on operators’ experience, limiting the
improvements in the success rate of gigaseal formation in
comparison to manual operation results. In summary, a robotic
patch clamp method with a higher gigaseal formation success
rate is still desired at present.

Under the same aspiration pressure, increasing the area of
the micropipette opening covered by the cell surface before
aspiration can facilitate gigaseal formation. To this end, the
micropipette electrode is preferred to contact the cell surface
with its central axis perpendicular to the local cell surface at
the contact position. This means a large contact angle between
the micropipette and the cell surface (referred to as the contact
angle from here on), better close to 90◦, is preferred as shown
in Fig. 1. At present, the operators usually control the contact
angle by adjusting the tilt angle of the micropipette when it is
mounted on the micromanipulator [23], which works for some
special cell types with flat top surfaces. However, for common
cell types with convex surfaces and complicated morphologies,
this method is too rough because the differences in the contact

angle across the surfaces of these cell types may be significant,
even with the same tilt angle of the micropipette. For these cell
types, the determination of an appropriate contact position on
the cell surface is a better way to maximize the contact angle.
To achieve this, 3-D morphological information of the target
cell was required first.

Unfortunately, the current 3-D cell morphology measure-
ment methods are usually not suitable to be applied in the
traditional patch clamp systems due to multiple reasons. For
example, 3-D cell morphology measurement methods based on
atomic force microscopy (AFM) [24], [25] and scanning tun-
neling microscopy (STM) systems [26] rely on special probes,
making them hard to be integrated with the traditional patch
clamp systems. Confocal microscopy reconstructs 3-D cell
morphology by capturing fluorescent cell images at different
depths [27]. However, its lengthy measurement process, which
usually lasts for several to tens of minutes, limits its applica-
tion in patch clamp operation. In our previous research, the cell
deformation generated by the contact between the micropipette
tip and cell surface was detected to measure cell surface
heights for fitting 3-D cell morphology [28]. However, the
multiple times of contacts on the cell surface easily cause the
clogging of the micrometer-size micropipette opening, which
results in gigaseal formation failures, limiting its application
in patch clamp operation. In summary, a noninvasive 3-D
cell morphology measurement method applicable in traditional
patch clamp system setup is still desired for improving the
success rates of gigaseal formation.

In this article, a noninvasive 3-D cell morphology mea-
surement method was developed to improve the success rate
of gigaseal formation and patch clamp operation. First, the
measured bath impedance of the micropipette electrode was
modeled to get its variation trend with the micropipette tip
approaching the cell surface. Using this variation trend, cell
surface heights at several key points were noninvasively mea-
sured to fit 3-D cell morphology. With the obtained 3-D cell
morphology, a contact point on the cell surface was determined
to maximize the contact angle. Finally, a robotic whole-cell
patch clamp process was established at the determined contact
position to improve the success rates of gigaseal formation and
the whole-cell patch clamp operation.

Experimental results on cultured human embryonic kindey
(HEK)-293 cells and pyramidal neurons in mouse brain slices
demonstrated that 100% and 90% success rates of noninvasive
3-D cell morphology measurements were achieved, respec-
tively, with an average measurement error of cell surface
height less than 0.15 μm. In comparison to the results at the
edging point and central point which were recommended in
the related work [15], [21], 36%–73% and 25%–50% increases
in the success rate of gigaseal formation were achieved at
the determined contact position for the above two cell types,
respectively. The above advantages further led to 50%–100%
and 27%–75% increases in the success rate of whole-cell patch
clamp operation for the above two cell types, respectively.
Furthermore, normal voltage–current relationships and action
potentials were recorded on one pyramidal neuron, which
was whole-cell patched by our robotic system, proving the
feasibility of using our system to record the ion channel signals
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Fig. 2. System setup of the robotic patch clamp system based on noninvasive
3-D cell morphology measurement. (a) Photograph of the robotic patch clamp
system. (b) Computer interface of the robotic patch clamp system.

of neurons in mouse brain slices. Our research proves the fea-
sibility of improving the success rate of gigaseal formation for
the tested two cell types based on their 3-D cell morphologies,
which may spike inspiration to improve the success rates of
gigaseal formation and patch clamp operation for other cell
types.

II. SYSTEM SETUP

The robotic patch clamp system is developed within our
laboratory [19]. A detailed description of the system can
be found in Section I of the supplementary file “Supple-
mentary file.docx.” The system setup is shown in Fig. 2(a).
An immovable stage mounted on a vibration-isolation table
is utilized to position the coverslips for cell culture and
brain slices. A standard upright microscope (Eclipse FN1,
Nikon) capable of moving in a 2 × 2 cm2 area in the
XY plane with repeatability of ±0.1 μm is utilized to observe
the cells in patch clamp operation. A motorized focusing
device on the microscope is utilized to autofocus the cell
with a repeatability of ±0.1 μm in the vertical direction.
An X–Y –Z micromanipulator (with a travel space of 2 ×
2 × 2 cm3, a maximum speed of 1 mm/s, and repeatability
of ±0.1 μm) is used to mount the micropipette electrode.
An in-house developed pump box referring to [17] provides
pressures inside the micropipette for patch clamp operation.
The reader may find a detailed introduction to the pump
box in Section II of the supplementary file “Supplementary
file.docx.” A charge-coupled device (CCD) camera (IR-2000,
DAGE-MTI) is mounted on the microscope to acquire cell
images at 60 frames per second. A host computer is used for
microscopic image processing, electric signal acquisition, aspi-
ration pressure control, and motion control for the microscope
and manipulators. The whole robotic system is covered by an
electromagnetic shield to isolate electric disturbances from the
outside environment.

A computer interface programmed based on Labview
2018 is developed to provide visual feedback, show infor-
mation about the patch clamp operation steps, display the
aspiration pressure, electric signals, output pressure, and so
on. Through the interface, the operator is allowed to update
the patch clamp parameters, such as the aspiration pressures
in patch clamp, and the moving distance of the micropipette
electrode in each step. The above computer interface of the
robotic patch clamp system is shown in Fig. 2(b).

The micropipette electrode utilized in the patch clamp
operation is made from glass tubes (BF150-86-10, Sutter)
with an inner diameter of 0.8 mm and an outer diameter
of 1.5 mm. The glass tube is pulled by a micropuller (P97,
Sutter) to form a micropipette with a resistance of 3–8 M� in
the extracellular liquid. Then, the micropipette is back-filled
with 20 μL of electrode liquid (mmol/L: KCl 140, NaCl 10,
HEPES 10, and EGTA 5, adjusting pH to 7.3 with KOH).
Before the operation, the culture medium of cells is exchanged
with extracellular liquid (mmol/L: NaCl 140, KCl 4, MgCl2 2,
CaCl2 2, Glucose 15, and HEPES 10, adjusting the pH
to 7.4 with NaOH) for electric signal recordings. A silver
electrode wire with a diameter of 0.2 mm is plugged into the
micropipette to form a micropipette electrode and mounted
on the manipulator with a tilt angle of 45◦. The electric
signals detected by the micropipette electrode are magnified
by an amplifier (MultiClamp 700B, Molecular Devices), then
converted to digital signals, and finally transmitted to the host
computer.

III. KEY METHODOLOGIES AND TECHNOLOGIES

An electric model for the measured bath impedance of
the micropipette electrode is developed to obtain its variation
trend with the micropipette tip approaching the cell surface.
With this variation trend, cell surface heights at several key
point positions are noninvasively measured to fit the 3-D cell
morphology. Based on the obtained 3-D cell morphology,
a contact position on the cell surface is determined to maxi-
mize the contact angle. Furthermore, an appropriate pressing
depth of the micropipette into the cell surface after contact is
determined to further enlarge the cover area of the micropipette
opening. Finally, a robotic whole-cell patch clamp process is
established at the determined contact position to improve the
success rate of gigaseal formation and the whole-cell patch
clamp operation.

A. Electrical Modeling of the Measured Bath Impedance of
Micropipette Electrode

The measured impedance of the micropipette electrode after
it enters the extracellular liquid and before it contacts the cell
surface is usually termed bath impedance [15]. As shown in
Fig. 3, the measured bath impedance Z B consists of the elec-
trode wire impedance Z E , the extracellular liquid impedance
in the gap space between the micropipette and cell surface ZG ,
the impedance of the extracellular liquid out of the gap space
Z L , and the cell impedance ZC , which connect according to

Z B = Z E + ZG + (Z L ||ZC) (1)

where “+” stands series and “||” stands parallel.



9508812 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022

Fig. 3. Electrical model for the measured bath impedance of the micropipette
electrode with it approaching cell surface.

The electrode wire impedance Z E consists of electrode wire
resistance RE1, electrode liquid resistance RE2, and the extra
resistance RS caused by the ion concentration gradient at the
border between the electrode liquid and the extracellular liquid
at the micropipette opening, which are serially connected
according to

Z E = RE1 + RE2 + RS . (2)

The cell impedance ZC consists of cell membrane resistance
RM in parallel with cytoplasm resistance RC serially connected
cell membrane capacity CC , which can be calculated according
to

ZC = RM ||(RC + CC). (3)

The culture medium impedance at the gap space ZG is
mainly the resistance of the liquid in gap space denoted as
RG, and a capacitance formed by the micropipette wall denoted
as CP , which is in parallel with RG . The extracellular liquid
impedance other than the gap space Z L is mainly the resistance
of the liquid other than the gap space, which is denoted as
RL . As the capacitances can only cause a short-term transient
current under the voltage patching model, they do not influence
the measured bath impedance of the micropipette electrode
obtained by the voltage and the steady current, which means
that the capacitances can be treated as broken in the circuit of
Fig. 3. According to (1) and Fig. 3, the bath resistance of the
micropipette electrode RB can be calculated according to

RB = RE1 + RE2 + RS + RG + RL RM/(RL + RM ). (4)

Electrode wire resistance RE1 in (4) is a constant. To pre-
vent the clogging issues of the micropipette electrode as it
approaches the cell surface, a fine flow out of the pipette is
usually generated by imposing a low positive pressure inside
the micropipette. According to the calibration experimental
results with the micropipette tip approaching the cell surface,
the electrode liquid loss (usually less than 0.01 μL) caused
by the above flow is negligible in comparison to its initial
volume (about 20 μL). Thus, electrode liquid resistance RE2

with the micropipette electrode approaching the cell surface
can be treated as a constant too. As the flow is fine and
slow, the ion concentration gradient can be treated as a basic
constant at the micropipette opening. Thus, the variation of RS

can be ignored with the micropipette electrode approaching
the cell surface. As the variations in composition caused by
the electrode liquid injected out of the micropipette and depth
variations of the extracellular liquid resulting from the motion
of the micropipette are ignorable in comparison to its volume
(milliliter level), RL in (4) can be treated as a constant with the
micropipette tip approaching the cell surface. Before the cell
is contacted and deformed by the micropipette tip, RM and RC

can be treated as constants too. In summary, the variation trend
of measured bath resistance of the micropipette electrode RB

with the micropipette electrode approaching the cell surface is
mainly dependent on the variation trend of the resistance of
the gap space RG according to (4).

In the model, the gap space is defined as the extension of
the micropipette opening area to the cell surface along its axis
direction, which is presented as the green cylinder space in
the downright inset of Fig. 3. As the inner diameter of the
gap space is only about 1 μm while the size of the cell is
usually larger than 10 μm, the cell surface area in the gap
space is less than 1% of the total cell surface, which can
be treated as a plane area without curvature. According to
the experimental results, the resistance of the cell membrane
(gigaohm level) is far larger than the resistance of extracellular
liquid (megaohm level). Thus, the side surface of the gap space
is the dominating channel for the ions flowing into and out of
the micropipette rather than the cell surface. When the distance
between the pipette opening and cell surface is close enough,
the electric potential decrease from the micropipette opening
center to the cell surface is small enough to be ignored. Based
on the above assumption, a virtual cylinder superconductor
shown as the black cylinder in the downright inlet of Fig. 3 can
be considered to exist around the central axis of the cylinder
gap space. The resistance of the extracellular liquid in the gap
space RG can be obtained according to

RG =
∫ R2

R1

ρ
dr

s
(5)

where R1 is the radius of the virtual superconductor, R2 is the
radius of the cylinder gap space, ρ is the resistivity, and s is
the cross section area, which can be obtained by

s = πr(a + b) = 2πrd (6)

where a and b are the highest and lowest height of the gap
space (see the downright inlet of Fig. 3), respectively, and d
is the distance between the micropipette opening center and
cell surface along the micropipette axis direction. Thus, gap
space resistance RG can be calculated according to

RG =
∫ R2

R1

ρ
dr

2πrd
= ρ

2πd
ln

R2

R1
. (7)

With the micropipette electrode approaching the cell surface
along its axis direction, the decrease of d leads to an inverse
increase in RG according to (7) and, further, causes an arise
in measured bath resistance of micropipette electrode RB

according to (4).
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Fig. 4. Noninvasive measurement of cell surface positions based on the
measured bath resistance. (a) Schematic of the measurement of 3-D cell
surface position PS . (b) Measured [dI (i), RB (i)] and the fitted dI –RB curve
obtained through recognized K , d0, and R0 (R2 = 0.98).

B. Noninvasive Measurement of Cell Surface Height Based
on Measured Bath Resistance

With the micropipette tip approaching the cell surface, its
distance to the cell surface along its axis direction d can be
obtained by

d = d0 − dI (8)

as shown in Fig. 4(a), where d0 is the distance between the
initial position of the micropipette tip PMI and cell surface
along the micropipette axis direction; dI is the moving distance
of the micropipette tip from its initial position along the
micropipette axis direction. According to (4), (7), and (8), the
relationship between dI and the measured bath resistance of
micropipette electrode RB can be simplified to be

RB = R0 + K/(d0 − dI ) (9)

where R0 stands for the resistances serially connected with
RG in (4), which can be considered as a constant according
to the analysis in Section III-A; K stands for

K = ρ

2π
ln

R2

R1
. (10)

With the micropipette electrode approaching the cell surface
step by step (with a moving step distance of 0.2 μm in this
article) along its axis direction, a series of [dI (i), RB(i)]
are obtained. After each step, a least square method-based
recognition method is performed to recognize K , d0, and R0

according to the obtained values of [dI (i), RB(i)]. Fig. 4(b)
shows the measured [dI (i), RB(i)] and the fitted dI –RB curve
obtained through recognized K , d0, and R0 (R2 = 0.98). When
the difference in the recognized d0 in successive three times is
less than a threshold value, d0 is determined to be the average
value of them. Then, the micropipette stops approaching the
cell surface immediately. The above measurement process of
cell surface position is shown in the supplementary video
named “video1.mp4.” If contact is detected according to our
previous method [28] before d0 is confirmed, the noninvasive
measurement of cell surface position is considered to be failed
and the micropipette stops moving immediately.

After d0 is confirmed, the cell surface position PS where the
micropipette tip contacts the cell surface, if it keeps moving,
can be obtained by the initial position of the micropipette tip

Fig. 5. Contact position determination based on the 3-D morphology of
the cell. (a) Detected cell contour of HEK-293 cell using defocus imaging.
(b) Obtained neuron contour based on deep study algorithms. (c) Schematic of
3-D cell morphology measurement. (d) Contact point determination based on
3-D cell morphology. The intersect point of the central axis of the micropipette
electrode and cell surface is defined as PS . The angle between the tangent
plane of the cell surface at PS and the central axis of the micropipette electrode
is defined as the contact angle between the micropipette electrode and the cell
surface, denoted as α. With the obtained 3-D cell morphology information,
the point with the maximum value of α was defined as the contact point PSM.

PMI according to⎡
⎣ xS

yS

zS

⎤
⎦ =

⎡
⎣ xMI

yMI

zMI

⎤
⎦ +

⎡
⎣ d0 cos θ

0
−d0 sin θ

⎤
⎦ (11)

as shown in Fig. 4(a), where (xS, yS, zS) and (xMI, yMI, zMI)
are the coordinates of PS and PMI in the world coordinate
system O-XYZ, respectively; θ is the tilting angle of the
micropipette to the horizontal plane. Here, the micropipette is
mounted with its central axis parallel with the XZ plane before
measurements. The cell surface height at PS is obtained from
the vertical position difference between it and the focus plane
(see Section III-C).

According to (11), the 3-D position of the micropipette
electrode tip PMI (xMI, yMI, zMI) needs to be localized first
to get the 3-D position of the cell surface PS (xS, yS,
zS). For aspiration of the top cell surface, and meanwhile,
not occluding the view, the micropipette electrode for the
traditional patch clamp is usually mounted with a tilting angle
θ , leading to significant differences in the focus state across the
micropipette body. Thus, the traditional recognition methods
for micropipettes parallel to the horizontal plane [29]–[31]
are not suitable to localize the tilt micropipette in the patch
clamp. To address this problem, a 3-D localization algorithm
of the tilt micropipette tip based on the contour length of the
micropipette electrode is proposed in this article. The reader
may find a detailed introduction of this method in Section III
of the uploaded supplementary file “Supplementary file.docx.”

C. Noninvasive 3-D Cell Morphology Measurement

Before cell surface height measurement, the cell contour in
the XY plane is localized using image processing algorithms.
For cultured adherent cells, they are first autofocused and
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then localized to get their contours in the XY plane using
the defocusing imaging-based method in our previous research
[19], [32]. For neurons in mouse brain slices, due to their blur
contours, they are first manually focused and then localized
using deep learning algorithms reported in [18] to get their
contours in the XY plane. Then, inscribed ellipses of their
contours are fitted, as shown in Fig. 5(a) and (b). For the cells
with convex shapes, their top points are usually above the
central points of cell contours PCO. As the tilting micropipette
is mounted on the left hand of the manipulator and parallel
with the XZ plane in this article, the left half cell surface likes
the upslope of the “mountain cell.” The contact angles between
the micropipette and the left half-cell surface are usually larger
than those at the right half-cell surface. Thus, the cell surface
point maximizing the contact angle is usually on the left half
cell surface, making 3-D morphology measurement of the right
half cell surface not necessary.

To measure the 3-D morphology of the left half cell surface,
three points evenly distributed on the half long axis (PCX1,
PCX2, and PCO) and three points evenly distributed on the half
short axis of the left half of the inscribed ellipse (PCY1, PCY2,
and PCO) are selected as the five target points of micropipette
tip to approach. During approaching the above points, five
points on the left half cell surface (PSX1, PSX2, PSY1, PSY2,
and PSO) are detected noninvasively [red points in Fig. 5(c)]
according to the method in Section III-B. Assuming the cell
surface is symmetric to the two vertical planes containing
the short axis and long axis, three points mirroring PSX2,
PSX1, and PSO and two points mirroring PSY1 and PSY2 are
automatically generated on the right half cell surface [black
points in Fig. 5(c)]. Then, the two cell surface curves above
the long axis and short axis are obtained through the cubic-
spline fitting of the above ten points, as shown in Fig. 5(c).
After that, 24 points evenly distributed on the above two cubic-
spine curves (12 points on each curve besides) are selected to
fit the 3-D cell surface through a fourth polynomial.

D. Determination of the Contact Position and Pressing
Depth for a Higher Success Rate of Gigaseal Formation

The contact angle between the micropipette electrode and
the cell surface is defined to be the angle between the tangent
plane of the cell surface at the contact point and the central
axis of the micropipette electrode, which is denoted as α in
Fig. 5(d). With the obtained 3-D cell morphology, the system
then scans the whole cell surface to determine a position with
the maximum contact angle [see PSM in Fig. 5(d)] as the
contact position in the following patch clamp for a higher
success rate of gigaseal formation.

After the micropipette electrode tip contacts the cell surface
at the determined position, it still needs to press the cell
surface by a certain distance to further enlarge the micropipette
opening area covered by the cell surface. The pressing depth
needs to be chosen carefully, neither too small to cover the
micropipette opening nor too large leading to cell membrane
penetration. To save the length of this article, the determination
of the above appropriate pressing depth has been provided in
Section IV of the uploaded supplementary file “Supplementary
file.docx.”

Fig. 6. Robotic whole-cell patch clamp process based on noninvasive 3-D
cell morphology measurement. (a) Operation flow of the robotic whole-cell
patch clamp process. (b) Control diagram of the robotic whole-cell patch
clamp system.

E. Robotic Whole-Cell Patch Clamp Based on 3-D Cell
Morphology Measurement

Based on the above work, a robotic whole-cell patch clamp
process is established at the determined position to increase the
success rate of gigaseal formation and whole-cell patch clamp
operation. The robotic whole-cell patch clamp operation pro-
cedure is summarized in Fig. 6(a). After the cover slide with
HEK293 cells or the mouse brain slice is placed on the stage,
the micropipette electrode is manually moved into the field of
view above the extracellular liquid surface. Then, the robotic
whole-cell patch clamp operation started.

First, the electrode moves downward to approach the extra-
cellular liquid surface automatically. When the measured
micropipette electrode resistance reduces to 3–8 M�, the
micropipette electrode is considered to enter the extracellu-
lar liquid. Then, the micropipette electrode is automatically
localized to get its 3-D position as mentioned in Section III-B.
Furthermore, it is moved out of view to exclude its distur-
bances to the following cell contour detection. Furthermore,
the system lowers down the objective lens and micropipette
simultaneously to focus and then localize the cells. Then, the
micropipette electrode moves into the view again and then
approaches the five target points mentioned in Section III-C
along the micropipette axis direction to measure the 3-D mor-
phology of the selected target cell. Furthermore, the contact
position on the cell surface maximizing the contact angle is
determined based on the measured 3-D cell morphology.

After that, the micropipette electrode moves downward to
contact the cell surface at the determined position. During
this process, a low positive pressure of 0.5 psi is applied
inside the micropipette to generate a fine flow out of the
micropipette opening for reducing clogging issues. A clogging
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issue is considered to occur if a rapid increase in the measured
bath resistance (by larger than 1 M� in 1 s) is found and
the measured bath resistance does not decrease when the
micropipette moves backward. A large positive pressure pulse
with an amplitude of 10 psi and a duration of 1 s is then
applied inside the micropipette to break the clogging. If the
bath resistance decreases to its previous level, which means
that the clogging materials at the tip had been removed, the
micropipette electrode continues to move downward. Else,
the micropipette tip is considered to be clogged totally and
replaced with a new one. Then, the above processes are
repeated.

After the micropipette arrives at the target contact position,
it moves downward by a certain distance (1 μm in this article,
see more details in Section IV of the uploaded supplementary
file “Supplementary file.docx”) to press into the cell surface for
enlarging its covered area. Then, system switches the former
low positive pressure to a low negative aspiration pressure
to form the gigaseal. An effective gigaseal is considered to
be formed if the measured micropipette electrode impedance
increases up to 1 G� in 2 min. Otherwise, the attempt is
considered to be failed. During the gigaseal formation process,
a too-small aspiration pressure is not able to form a gigaseal,
while a too-large one may break the cell membrane before
gigaseal formation. The appropriate aspiration pressure is
experimentally determined to be −0.5 psi.

After the gigaseal is formed, negative pressure pulses with
an amplitude of −5 psi and a duration of 1 s are repeatedly
exerted inside the micropipette to break part of the cell
membrane aspirated in the micropipette (break-in), forming a
whole-cell state before signal recordings. The measured resis-
tance of the micropipette electrode, which usually decreases
to less than 500 M� after break-in, is measured online to
judge whether the break-in occurs. If the membrane breaks
within less than six pulses, a successful break-in and whole-
cell patch clamp operation are conducted. Otherwise, the
attempt is considered to be failed. The reader can find more
details about the gigaseal formation and break-in process in
the supplementary video named “video2.mp4.”

During the above robotic patch clamp operation process,
the microscope, objective lens, and micropipette electrode
are moved coordinately to “move” the target cell to the
field of view and move the micropipette electrode tip to
approach or contact the cell surface. The PID controllers are
designed to control the motion of the micropipette electrode,
microscope, and focus device and adjust the pressures inside
the micropipette. The control diagram of the robotic patch
clamp system is shown in Fig. 6(b).

IV. EXPERIMENTAL RESULTS

A series of experiments on HEK-293 cells and pyramidal
neurons in the visual cortex of brain slices were conducted to
validate the effectiveness of the research in this article. The
preparations of the above two cell types have been given in
Section V of the uploaded supplementary file “Supplementary
file.docx.” All animal experiments were approved by the
Experimental Animal Ethics Committee, Nankai University,

TABLE I

ROBOTIC LOCALIZATION ERRORS OF TEN MICROPIPETTE ELECTRODES

and were performed following the Animal Management Rules
of the Ministry of Health of the People’s Republic of China.
First, the 3-D localization for ten micropipettes was performed
to evaluate the localization accuracy of the proposed tilt
micropipette localization method in Section III-B. Then, the
cell surface heights at the aforementioned five key points
were measured using the proposed noninvasive method and
benchmarked by the previous-developed contact detection-
based method and the AFM-based method. Finally, the suc-
cess rates of gigaseal formation and whole-cell patch clamp
operation at the determined contact point maximizing contact
angle were compared with the results at the other two points
recommended in other references.

A. Localization Results for Tilt Micropipette Electrode Tip

As mentioned in Section III-B, the 3-D localization results
of the micropipette electrode tip have significant influences on
the measurement accuracy of the 3-D cell morphology. Thus,
ten micropipette electrodes were randomly selected to evaluate
the errors of the proposed 3-D micropipette tip localization
method. For each micropipette electrode, it was autofocused
and then localized automatically, repeated three times. The
experimental results are summarized in Table I. All ten
micropipette tips were successfully focused and localized in all
30 tests (with a success rate of 100%). The average time cost in
the robotic micropipette tip localization is only 9.20 ± 2.70 s
(n = 30), which is mainly the cost in the autofocusing
process. The obtained 3-D tip positions were benchmarked
by the manually input ones by clicking the mouse at the tips
after manual focus. The distance between them is defined as
3-D localization errors. The average localization error is only
0.35 ± 0.13 μm (n = 30). These errors are mainly caused by
the resolution limitation of the microscopic imaging, which
was 0.12 μm/pixel under the 40× objective lens, and the
autofocus error. These errors are negligible in comparison
to the sizes of HEK-293 cells and neurons (usually more
than 10 μm according to observation results), laying a solid
foundation for the following precise measurement of 3-D cell
morphology.

B. Noninvasive 3-D Morphology Measurement Results for
Cells

A total number of ten HEK-293 cells in five glass coverslips
(two cells on each coverslip) and ten pyramidal neurons in
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the visual cortex of five brain slices (two neurons in each
slice) obtained from five mice, respectively, were randomly
selected for the experiments. These cells were first tested by
the proposed noninvasive 3-D cell morphology measurement
method and then by our previous contact detection-based
3-D cell morphology measurement method [28]. The clogging
rate and the measured cell surface heights by two methods
were compared to validate the effectiveness of the noninvasive
3-D cell morphology measurement method. Furthermore, the
measured cell surface heights by the above two methods were
benchmarked by the 3-D cell morphology measured by the
AFM (Resolve, Bruker) to evaluate the measurement errors
of cell surface height of the above two methods. The reader
may find more details about the protocols of the 3-D cell
morphology measurement using noninvasive method, contact
detection method, and the AFM-based method in Section VI
of the uploaded supplementary file “Supplementary file.docx.”

1) Success Rate of Noninvasive 3-D Cell Morphology Mea-
surement: The clogging occurrence rates in the above two
measurement methods were compared to evaluate the success
rate of our noninvasive measurement method. For the contact
detection-based method, there were seven and eight clogging
incidences occurred in the measurement of ten HEK-293 cells
and ten pyramidal neurons, respectively. In comparison, none
and only one clogging incidence occurred during the nonin-
vasive measurement of ten HEK-293 cells and ten pyramidal
neurons, respectively. This advantage is mainly because the
variation of measured bath impedance used to noninvasively
locate cell surface height occurs before the micropipette con-
tacts the cell surface while the cell deformation occurs after the
contact, as shown in Fig. 7(a). In the ten and nine successful
noninvasive cell morphology measurements on the above two
types of cells, there was no contact detected through image
processing. For the one clogging case for pyramidal neuron,
the contact between the micropipette tip and cell surface
was detected, which mainly resulted from the recognition
error of distance to the cell surface [d0 in (8)] due to bath
resistance measurement errors. In summary, the success rates
of noninvasive 3-D cell morphology measurement for cultured
HEK-293 cells and pyramidal neurons in the visual cortex
of the mouse brain slices are 100% (10/10) and 90% (9/10),
respectively.

2) Calibration Experiments on the Measured Cell Surface
Heights: Fig. 7(b) summarizes the differences between the
measured cell surface heights by our noninvasive method and
the contact detection-based method at PSX1, PSX2, PSO, PSY1,
and PSY2 [see Fig. 5(c)] on two types of cells, respectively.
It can be found that the measured cell surface heights using
the noninvasive method are higher (the value of the bar is
larger than zero) by 0.3–0.6 μm than those obtained by the
contact detection-based method at every point on both two
types of cells. This is mainly because the contact detection-
based method requires the micropipette tip to press into the
cell surface by a certain depth to generate detectable cell
deformation by image processing, causing the measured cell
surface lower than its normal state. Furthermore, it is worthy
to note that the above differences in HEK-293 cells are
smaller than those of neuron cells, as shown in Fig. 7(b).

Fig. 7. 3-D cell morphology measurement results. (a) Obtained variation
trend of bath resistance of micropipette electrode and cell deformation with the
micropipette tip approaching the cell surface. The rise of the bath resistance
occurs before the generated cell deformation with the micropipette electrode
approaching the cell surface. (b) Differences in measured cell surface height
of two types of cells at the five key points using the proposed noninvasive
method and the contact detection-based method. The differences for cultured
HEK-293 cells were larger than those of pyramid neurons in mouse brain
slices (P∗∗∗ = 0.000164 at PSX1, P∗ = 0.01977 at PSX2, P = 0.21943 at
PSO, P∗∗ = 0.009197 at PSY1, and P∗ = 0.020879 at PSY2). (c) HEK-293 cell
surface height measured by the AFM-based method, contact detection-based
method, and noninvasive method at PSX1, PSY1, and PSO. The measurement
errors between the noninvasive method and AFM-based method are much
smaller than the errors between the contact detection-based method and AFM-
based method (0.17 ± 0.10 μm versus −0.26 ± 0.36 μm at PSX1, 0.15 ±
0.09 μm versus −0.42 ± 0.16 μm at PSO, and 0.11 ± 0.10 μm versus
−0.46 ± 0.27 μm at PSY1).

This is mainly because the background of neurons in brain
slices (brain tissues) is softer than that of cultured HEK-293
cells (glass coverslips). In comparison to HEK-293 cells, the
micropipette tip needs to press into the neuron surface by a
larger depth to generate a detectable cell deformation through
image processing methods.

To further compare the measurement accuracies of the above
two methods, the 3-D morphology of one HEK-293 cell was
measured by AFM to benchmark the cell surface heights
obtained by the above two methods. Fig. 7(c) shows the
obtained 3-D cell morphology by AFM-based method and the
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measured cell surface heights at PSX1, PSY1, and PSO using
the noninvasive method and contact detection-based method
(repeated five times at each point). The average measurement
error of cell surface height between our noninvasive method
and the AFM-based method is less than 0.15 μm, which
is about 3% of the cell height of HEK-293 cells (usually
about 5 μm), laying a solid foundation for precise measure-
ment of 3-D cell morphology.

It can be found that the average errors between the cell
heights measured by our noninvasive method and the ones
measured by the AFM-based method are smaller than those
between the contact detection-based method and AFM-based
method at all the above three points [0.17 ± 0.10 μm
(n = 5) versus −0.26 ± 0.36 μm (n = 5) at PSX1 (P∗ =
0.026), 0.15 ± 0.09 μm (n = 5) versus −0.42 ± 0.16 μm
(n = 5) at PSO (P∗∗∗ = 0.0002), and 0.11 ± 0.10 μm
(n = 5) versus −0.46 ± 0.27 μm (n = 5) at PSY1(P∗∗ =
0.003)]. This advantage is interesting because, in comparison
to our noninvasive method, both the AFM-based method and
contact detection-based method are invasive. The AFM-based
method utilizing the generated force to measure cell surface
height may be more sensitive than the contact detection-based
method utilizing the cell surface deformation to measure the
cell surface height. That may be the reason why the cell surface
heights measured by the AFM-based method are higher than
those of the contact detection-based method and closer to the
measured results by our noninvasive method, as shown in
Fig. 7(c). Besides the average measurement error, it can be
found that the standard deviation of the measurement error of
the proposed method (less than 0.1 μm on average) is also
significantly smaller than that of the contact detection-based
method (0.26 μm on average). This means that the proposed
noninvasive method has better repeatability than the contact
detection method, which is vital for 3-D cell morphology
measurement.

C. Robotic Whole-Cell Patch Clamp Results Based on 3-D
Cell Morphology Measurement

A total number of 90 HEK-293 cells cultured on three glass
coverslips and 60 pyramidal neurons in the visual cortex of six
mouse brain slices from six mice were prepared for the exper-
iments. Both the 90 cultured HEK-293 cells and 60 pyramidal
neurons were randomly divided into three groups (30 cells
and 20 cells in each group, respectively). Besides PSM, the
edging point of cell surface PSE (which is located at the PSX1

in the experiment) and the central point of cell contour on the
cell surface PSC, which were recommended in [15] and [21],
were selected as contact positions between the micropipette
and cell surface to conduct robotic whole-cell patch operation.
The recorded resistances of the micropipette electrode and the
imposed pressures inside the micropipette in the whole-cell
patch clamp operation are shown in Fig. 8(b) and (c), respec-
tively. The contact point settings, success rates of gigaseal
formation, and whole-cell patch clamp for each group of cells
are summarized in Table II.

It can be found that the highest success rates of gigaseal
formation and whole-cell patch clamp operation were achieved

TABLE II

ROBOTIC WHOLE-CELL PATCH CLAMP OPERATION RESULTS

Fig. 8. Whole-cell patch clamp operation for the pyramidal neurons in the
visual cortex of the mouse brain slices. (a) Experimental picture of whole-cell
patch clamp for pyramidal neurons. (b) and (c) Exerted pressure and measured
electrode resistance during the robotic whole-cell patch clamp process.

at the determined contact position PSM for both two cell
types. With the maximized contact angle, the success rate of
the gigaseal formation at PSM was improved by 36%–73%
and 25%–50% for the above two cell types, respectively,
in comparison to the success rate at the other two points.
This advantage leads to 50%–100% and 27%–75% increases
in whole-cell patch clamp operation. Furthermore, the success
rate of the whole-cell patch clamp using our method (60% for
HEK293 cells and 70% for pyramidal neurons in the visual
cortex of mouse brain slices) is also higher than the 40%–50%
success rate of the previous automated patch clamp systems in
[18] and [33] under whole-cell recording configuration. The
above results demonstrate that in comparison to the edging
point and the central point of the cell surface, the determined
contact position is capable of significantly improving the
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Fig. 9. Recorded ion channel signals of one pyramidal neuron in the visual
cortex of mouse brain slice. (a) Voltage-clamp traces from the neuron in
the visual cortex during voltage injection (1000-ms-long pulses from −30 to
60 mV in 10-mV steps). (b) Current-clamp recording with a 1000-ms-long
current injection pulse at 150 pA. Normal periodic action potentials were
detected.

success rate of gigaseal formation and whole-cell patch clamp
for the above two cell types. With the involvement of the
extra process of 3-D cell morphology measurement, which
is requisite for the determination of PSM, the average time
cost for whole-cell patch clamp operation at PSM is increased
by about 1 min on average in comparison to the operation
time at the other two points, which can be directly determined
by the detected cell contour without 3-D cell morphology
measurement.

Furthermore, the ion channel signals of one pyramidal
neuron in the V1 pyramidal cell layer were recorded after the
whole-cell patch clamp operation was conducted on it. The
voltage-clamp traces during voltage injection (1000-ms-long
pulses from −30 to 60 mV in 10-mV steps) and current-
clamp recording with a 1000-ms-long current injection pulse
at 150 pA were conducted with recorded signals shown in
Fig. 9. From Fig. 9(a), normal voltage–current relationships
were found when injected voltage varied from −30 to 60 mV.
Furthermore, normal action potentials triggered by the current
injection pulse were detected in Fig. 9(b). The above results
demonstrated the feasibility of using our robotic patch clamp
system to record the ion channel signals of pyramidal neurons
in the visual cortex of the mouse brain slices.

V. DISCUSSION

In this article, the 3-D cell morphology information was
noninvasively measured to determine a contact point to facil-
itate the gigaseal formation and, meanwhile, prevent clogging
issues of the micropipette electrode. The experimental results
demonstrate that significant improvements in the success rate
of gigaseal formation have been achieved at the determined
contact point maximizing the contact angle in comparison to
the results at the points recommended in other references.
With the appropriate contact position, the pressing depth of
the micropipette electrode into the cell surface requisite for
covering the micropipette opening was reduced to 1 μm, and
thereby, no cell penetration incidences was found in the whole-
cell patch clamp operation of all 90 cultured HEK-293 cells
and 60 pyramidal neurons. Our research may provide a new
sight to improve the success rate of gigaseal formation and
the whole-cell patch clamp operation through contact position
selection based on the cell morphology information.

As mentioned before, the measured electric signals by patch
clamp system can be easily disturbed by the environmental
electronic noise. In order to reduce their disturbances to the
measured resistance in this article, the following measures
have been made in the patch clamp operation. First, the
extracellular solution, where the target cells or mouse brain
slices are immersed, and the surface of our robotic patch
clamp system are electrically grounded. Second, the whole
robotic system is covered by an electromagnetic shield to
isolate environmental electronic noise. Third, the recorded
resistances are filtered by the software to reduce electronic
noise. Furthermore, with a higher success rate of gigaseal
formation achieved in this article, the disturbance of the
environmental electronic noise to the measured signals can
be reduced besides the current grounding, shielding, filtering
methods, and any other possible hardware upgrading of the
system [34] in the future.

In this article, the 3-D cell morphology was fitted according
to the measured cell surface heights at five points. Certainly,
increasing the number of testing points on the cell surface
may fit a more detailed 3-D cell morphology determining
a more precise cell surface point maximizing contact angle.
However, the increase in the testing point number will further
slow down the whole-cell patch clamp operation. With the
involvement of the cell surface height measurement process
at the above five points, which usually costs about 1 min
on average, the operation speed of our method is already
slower than the traditional method. The robotic whole-cell
patch clamp operation speed can be accelerated by increasing
the automation level of our system in the future. For example,
the automated searching algorithm for micropipette may be
developed to save the time cost in manual searching and
positioning of the micropipette in patch clamp. Besides, the
replacement process of the micropipette electrode, including
the remounting and repositioning of the micropipette electrode,
which usually costs 3–5 min in total, significantly slows down
the whole-cell patch clamp operation speed when clogging
issues of the micropipette occur. Kolb et al. [34] introduced a
micropipette washing method for micropipette electrode reuse.
A similar module for automated washing of micropipette
electrodes will be added to the proposed system to accelerate
whole-cell patch clamp operations in the future.

It is desirable to test our system and methods on alternative
cell lines in the future. In comparison to the HEK-293 cells,
the primary (neuronal) dissociate cells are more appropriate
adherent cell lines to test the performance of our robotic patch
clamping system on adherent cells, especially considering that
the other cell type tested in this article were neurons in brain
slices. In that way, more objective comparisons can be made
between the patch clamp results of our system on culture
neurons and neurons in the brain slices. Besides the pyramidal
neurons in the visual cortex, more types of neurons in the
mouse brain slices are expected to be operated and their ion
channel signals will be measured to test the performance of
our system in the ion channel signal recordings for neurons.

The AFM-based 3-D cell morphology measurement for
adherent cells is challenging, not to mention the measurement
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of neurons in brain slices. Only one HEK-293 cell was
measured by AFM to benchmark the proposed method in this
article at present. As the improvement of our operation skills,
more 3-D cell morphology measurements based on AFM are
expected to be performed on adherent cells or even neurons in
brain slices in the future to further validate the measurement
accuracy of our noninvasive 3-D cell morphology measure-
ment method.

VI. CONCLUSION

This article presented a robotic patch clamp method based
on noninvasive 3-D cell morphology measurement for a high
success rate of gigaseal formation, which is requisite in ion
channel signal recordings. The measured bath resistance of
the micropipette electrode was modeled to measure 3-D cell
morphology noninvasively with a measurement success rate
of 90% and a measurement error of cell surface height less
than 0.15 μm. With the obtained 3-D cell morphology, the
contact position on the cell surface maximizing the contact
angle is determined for a higher success rate of gigaseal for-
mation. At the determined contact position, the success rates of
gigaseal formation for HEK-293 cells and pyramidal neurons
in the visual cortex of the mouse brain slices are improved
by 36%–73% and 25%–50%, respectively, in comparison to
the results at the two points recommended in related work.
With a higher success rate of gigaseal formation, the success
rates of whole-cell patch operation for the above two cell types
are improved by 50%–100% and 27%–75%, respectively. Our
research may spike the inspiration to improve the success rate
of gigaseal formation and the whole-cell patch clamp operation
according to the 3-D cell morphology information.
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