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The Effect of Pipette Tip Roughness on
Giga-seal Formation

M. Malboubi, H. Ostadi, S. Wang, Y. Gu and K. Jiang

Abstract— Reported is a study of applying nanofabrication
technology to improve the surface roughness of micro glass
pipettes to achieve giga ohm seal resistance in patch clamping
processes. The surface roughness of pipette tips was first
measured by 3D reconstruction of pipette tips using stereo
imaging technique based on high resolution SEM images. Both
the SEM images and the reconstructed images show that micro
glass pipettes have rough and uneven tips which could be one of
the causes of leakage in patch clamping. Then focused ion beam
system was used to cut across the very end of the tip, producing
a smooth and flat new tip. The average surface roughness Ra of
a milled pipette tip was within a few nanometres. Patch
clamping experiments were carried out using the polished
pipettes on human umbilical vein endothelial cells (HUVEC),
which were well known for their extremely flat shape making
them very difficult to patch. The results show that above 3 Giga
ohm seals were achieved in 60% of the experiments, as opposed
to 1.5-2.0 GQ in average with the conventional pipettes. The
highest seal resistance achieved with a focused ion beam
polished pipette was 9 GQ, well above the 3 GQ resistance, the
usually best result achieved with a conventional pipette. The
leakage current in single channel recording afterwards was
found 0.3 pA, significantly smaller than 2-3 pA usually achieved
using conventional pipettes. The research results demonstrate
that the surface roughness of a pipette has a significant effect on
the giga-seal formation of a patch clamping process.

Index Terms— Focused ion beam, Giga-seal formation, Patch
clamping, Pipette, Roughness.

I. INTRODUCTION

Since the introduction by Neher and Sakmann in 1976 [1],
patch clamp technique has been extensively used for cellular
ion channel related studies. In patch clamping, a glass
micropipette is in good contact with the surface of the cell in
use and suction is applied to the other end of the pipette in
order to form a high resistance seal which could reach
giga-ohm in resistance. A giga-seal in patch clamping allows
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the recording of accurate currents through single ion
channels of a cell with the minimum leakage current and high
signal-to-noise ratio [2] — [4].

The physical and chemical mechanisms behind the giga-seal
formation are not fully understood [5] — [7]. At present, the
formation of a giga-seal seems to happen suddenly and in an
all-or-nothing fashion [2]. Although other path clamping
methods have higher throughputs, such as the automated
conventional patch-clamping systems, planar patch clamping
and lateral patch clamping [7] — [17], the pipette based
conventional patch clamping method forms higher seals
resulting in superior data quality statistically [2], [9]. The
obtained seal resistances with pipettes are a factor 3 to 5
higher than those obtained with chips [7].

The important factors in giga-seal formation, based on the
research literature, include cleanliness of both the pipette and
plasma membrane [2], [4], [8], geometry of the tip, i.c.
roundness [3], [18], [19], surface roughness of the site in
contact with the cells [3], [7], [19], tip size [12], [20],
hydrophilicity of the patch sites (since the hydrophilic cell
membrane will not spontaneously interact with the
hydrophobic surface in a way to form giga-seals) [12], [13].
This research work is designed to improve the sealing
resistance in patch clamping and to acquire giga-seals more
frequently. The roundness of the pipette tip was measured in
the research for the first time by focused ion beam (FIB)
nano-tomography and was reported in our pervious
publication [21]. In this work, the effect of the surface
roughness of glass micro pipettes on seal formation was
examined. The tip of pipettes were imaged and reconstructed.
The surface roughness was measured. The pipette tips were
then milled using a focused ion beam (FIB) system resulting
in a highly smooth surface. Extensive path clamp
experiments were carried out to investigate the effect of the
roughness on seal formation. We call this method “FIB
polishing” in comparison with the “fire polishing method”.
Compared with fire polishing [22], [23], the pipettes polished
using FIB have much smoother tip surfaces. The
nanomachined pipettes were used in patch clamp recording
experiments and much improved gigaseal formation has been
achieved.

II. 3D RECONSTRUCTION OF A MICROPIPETTE

The glass micro pipettes used in the experiments were made
of borosilicate glass pipes with outer diameter of 1.5 mm and
inner diameter of 0.86mm (BF150-86-10 Sutter Instrument).
They were heated and pulled with flaming/brown micro
pipette puller machine (Sutter Instrument Model P-97). The
machine was set to produce pipettes with approximately
1.5um in tip diameter. The 3D reconstruction of the pipette
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tip was based on high resolution scanning -electron
microscope (SEM) images [24], [25]. In this technique, 3D
points are computed from 2D matched points in two SEM
images taken from two angles between 5° to 10° away from I
the norm. Fig. 1 shows the configuration of SEM, tilting I
angle (o) and the projected coordination P1(X1, Y), P2(X2, i
Y). |
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Fig. 3. Stereo images of the pipette tip for 3D reconstruction; (a) left, (b)

Fig.1. A pair of images of a single object for reconstruction of the object. P1 middle and (c) right.
is the new position of P2 after a tilt of the stage about O.

The third dimension can be found from Equation (1) which
can be derived based on the geometry of the projection.

Z:Xz—xl%r).(z(l—coscz) )
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This process is used for every point of the object to find the
shape of the structure [26], [27]. 3D surface profile of the
pipette was obtained by analyzing three SEM images using a
commercial software package Mex (Alicona) [28]. Fig. 2

(@) (b)

Fig.4. 3D reconstructed surface of the pipette tip shown in different viewing

shows the configuration of the FIB polishing and SEM angles, (a) top view and (b) Angle view.
imaging used in the experiments. Also, figures 3 (a) to (c)

show the SEM images taken from the left, middle and right of Table 1. Surface parameters of the pipette tip.
the pipette. The tilting angle between (a-b) and (b-c) of the Name | Value description

images is 9 degrees. The 3D reconstructed surface of the S, 27.24nm | Average height of selected area
pipette tip is shown in Fig. 4 (a) and (b). It was found that the S 34.85nm aerZt'Mean'Square height of selected
pipette tip was not only rough, but also wavy or inclined in its S, 104.50m | Maximum peak of selected arca

form. The surface parameters computed by considering both S 150.54nm | Maximum valley depth of selected area

the roughness and shape of the tip are given in Table 1. Se 03 Skowness of scleoted arca

Sk 3.26 Kurtosis of selected area

Sdq 0.877 Root mean square gradient

SEM
FIB Millmg\k IJ Sdr 34.98% Developed interfacial area ratio

III. FOCUSED ION BEAM POLISHING

The uneven surface of the pipette tip was corrected by cutting
the top of the pipette across using FEI dual beam focused ion
beam system. Because of the conic shape of the pipette,
cutting the tip changes the tip size which is an important
factor in patch clamping as it determines the pipette
resistance. It is also well known that a giga-seal is not likely
=T to be achieved with big tip sizes. So care was taken not to cut
Fig.2. Schematic of the configuration of SEM and the tilting angle (o). more than 1pum from the top. Since the roughness of the tip of
the pipette was in nanometres cutting lpm from the top
should be sufficient to remove all rough edges without
increasing the tip size significantly. In the FIB milling
process, the pipettes tips were cut using Ga' ions with 50 pA
current for 100 seconds and dwell time of 1ps (Fig. 5). The
pipette before and after milling is shown in figures 6 (a) and

o
s
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(b). The image shown in Fig. 6 (b) has a resolution of 4.5 nm.
No feature could be identified on the milled surface for
producing roughness parameters at this magnification.
Therefore, the average surface roughness (Sa) of the milled
pipette tip should be less than 4.5nm.

FIB Milling l

SEM

Fig. 5. The configuration of glass micro pipette milling in the SEM/FIB
chamber. The stage was tilted by 52° so that the ion beam was perpendicular
to the pipettes.

. 1.4um ot
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Fig. 6. (a) A micro glass pipette before milling, (b) the same pipette after the

milling. No surface roughness could be identified after milling, so the surface

roughness should be smaller than the resolution of the SEM image, which is
4.5nm.

IV. PATCH CLAMP EXPERIMENT

Human umbilical vein endothelial cells (HUVECs) were
utilized to investigate the performance of the FIB polished
micro pipettes in achieving giga-ohm seals. HUVECs were
cultured in EBM medium (Lonza Co., CC-3121) on cover
slips two to three days before the experiment and incubation
was done at 37°C. At the time of experiments, the confluence
of the cells is over 80% and all the cells were firmly attached
to the bottom of the cover slips. HUVEC:s are well known for
their extremely flat shape and their thicknesses are usually
1-2 micrometers. Thus, it is one of the most difficult cell
types for patch clamping, especially when they are grouped
and fully stretched, which was the case in the experiments.
During experiments, individual cover slip was directly taken
out from incubator and sited in the recording chamber.
Experimental equipment setup was the same as the normal
patch clamping setup widely adopted in other laboratories,
consisting of Axon 1D amplifier, Flaming/Brown micro
pipette puller (Sutter Instrument Model P-97) and glass micro
pipettes (BF150-86-10 Sutter Instrument). The opening of
the pipette tip is about 1.4um in diameter. The backfill
solution contained (in mM): kel 40, K-gluconate 96, K,ATP
4, GTP 2, HEPE 10, pH 7.2, and the bath solution contained
(in mM): NaCl 110, KCI 5, MgCl, 1, CaCl, 1, HEPEs 5,
HEPE-Na 5 (mM), pH 7.2.

A 10mV pulse was constantly applied on the recording
electrode from the time that pipette tip was just immersed in
the bath solution till it touched the cell membrane. A negative
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pressure was immediately applied to the pipette and then the
voltage pulse was raised to 60mV to monitor the seal
resistance precisely.

To investigate the effect of the roughness of pipette tips,
experiments were carried out with polished and unpolished
pipettes under the same conditions and the results were
compared. When there was no contact between recording
pipette and cell membrane, the total resistance ranged from
6.0 to 6.5 MQ. With the FIB polished pipettes, above 3 Giga
ohm seals were achieved in 60% of the experiments (n=20)
and the highest seal resistance reached 9 GQ. In comparison,
the seal resistance achieved using the conventional polished
or non-polished pipettes are 1.5-2.0 GQ in average and the
seal resistance could reach 3 GQ in some excellent cases. The
leakage current in single channel recording afterwards was
found 0.3 pA, significantly smaller than 2-3 pA usually
achieved using conventionally treated pipettes. Fig. 7 shows
the filtered leakage currents of unpolished pipettes and
polished pipettes.
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Fig. 7. Single channel recording form HUVECs. (a) Unpolished pipettes:
leakage current is about 2.1 pA, b) FIB polished pipettes: leakage current is

about 0.3 pA.
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The improved patch clamping performance with polished
pipettes can be understood as that the smoother surface of the
pipette tip leaves little concave area to hold water, opposed to
the unpolished pipettes, as illustrated in Fig. 8. This greatly
reduces the chance of current leakage. Also a flat and smooth
tip enables more cell membrane to be sucked into the pipette,
increasing the contact area between the pipette and the cell
membrane and resulting in better sealing effects. Since in
patch clamping the membrane can be destroyed at the tip of
the pipette and the seal is still retained [5], [29], the second
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factor is the dominant, i.e. the membrane has moved inside
the pipette more.

Membrane

Conductive liquid

Pipette tip

Pipette b :

Fig. 8. Schematic of pipette-membrane interaction.

V. CONCLUSION

A giga-seal in patch clamping will produce improved
signal-to-noise ratio and enables ion channel signal
measurement to be more accurate. Currently, the formation
of a giga-seal in patch clamping occurs in a sudden and
all-or-nothing way. A large number of parameters affect the
seal formation, making it hard to understand the physical and
chemical mechanisms behind it. In this research, the SEM
stereo imaging techniques were used to inspect the surface
roughness of micropipettes. The high magnification images
revealed the surface nature of the tips to be in contact with
cells. Then the contact tips of pipettes were cut across,
leaving a very smooth surface at the top of the pipettes. A
large number of patch clamping experiments were conducted
on HUVECs using the polished pipettes and 60% of the
experiments achieved above 3 Giga ohm seals and the
highest seal resistance reached 9 GQ. The leakage current in
single channel recording afterwards was found 0.3 pA,
significantly smaller than 2-3 pA usually achieved using
conventionally treated pipettes. The results show that
nanomachined micro glass pipettes have improved the
giga-seal formation in patch clamping.

REFERENCES

[1] E.Neher, B. Sakmann, “Single-channel currents recorded from
membrane of denervated frog muscle-fibers”, Nature, vol. 260, 1976,
799-802.

[2] O.P.Hamill, A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth,
“Improved patch-clamp techniques for high-resolution current
recording from cells and cell-free membrane patches”, European
Journal of Physiology, vol. 391, 1981, 85-100.

[31 S.Li, L. Lin, “A single cell electrophysiological analysis device with
embedded electrode”, Sensors and Actuators A, vol. 134, 2007, 20-26.

[4] B. G. Kornreich, “The patch clamp technique principles and technical
considerations”, Journal of Veterinary Cardiology, vol. 9, 2007, 25-37.

[5] A.Priel, Z. Gil, V. T. Moy, K. L. Magleby, and S. D. Silberberg, “Ionic
requirements for membrane-glass adhesion and giga seal formation in
patch-clamp recording”, Biophysical Journal, vol. 92, 2007
3893-3900.

[6] H. Andersson, A. Berg, Lab-on-Chips for Cellomics, Kluwer
Academic Publishers, 2004.

[71 N. Fertig, R. H. Blick, and J. C. Behrends, “Whole cell patch clamp
recording performed on a planar glass chip”, Biophysical Journal, vol.
82,2002, 3056-3062.

[8] A. Stett, C. Burkhardt, U. Weber, P. Stiphout, T. Knott,
“CYTOCENTERING: A novel technique enabling automated

ISBN:978-988-18210-1-0

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

cell-by-cell patch clamping with the CYTOPATCHTM chip”,
Receptors and Channels, vol. 9, 2003, 59-66.

D. Vasilyev, T. Merrill, A. Iwanow, J. Dunlop, M. Bowlby, “A novel
method for patch-clamp automation”, European Journal of Physiology,
vol. 452, 2006, 240-247.

Z. L. Zhang, T. Asano, H. Uno, R. Tero, M. Suzui, S. Nakao, T. Kaito,
K. Shibasaki, M. Tominaga, Y. Utsumi, Y.L. Gao, T. Urisu,
“Fabrication of Si-based planar type patch clamp biosensor using
silicon on insulator substrate”, Thin Solid Films, vol. 516, 2008,
2813-2815.

B. Matthews, J. W. Judy, “Design and fabrication of a micromachined
planar patch-clamp substrate with integrated microfluidics”, Journal of
microelectromechanical systems, vol. 15 2006.

K. G. Klemic, J. F. Klemic, F. J. Sigworth , “An air-molding technique
for fabricating PDMS planar patch-clamp Electrodes”, European
Journal of Physiology, vol. 449, 2005, 564—572.

N. Picollet-D’hahan, F. Sauter, F. Ricoul, C. Pudda, F. Marcel, T.
Sordel, F. Chatelain, I. Chartier, “Multi-Patch: A chip-based
ion-channel assay system for drug screening”, The 2003 International
Conference on MEMS, NANO and Smart Systems, IEEE.

W. Ong, J. Kee, A. Ajay, N. Ranganathan, K. Tang, and L. Yobas,
“Buried microfluidic channel for integrated patch-clamping assay”,
Applied physics letters, vol. 89, 2006.

C. Ionescu-Zanetti, R. M. Shaw, J. Seo, Y. Jan, L. Y. Jan, and L. P. Lee,
“Mammalian electrophysiology on a microfluidic platform”,
Proceeding of the national academy of science of the united states of
America (PNAS), vol. 102, 2005, 9112-9117.

J. Seo, C. Ionescu-Zanetti, J. Diamond, R. Lal, L. P. Lee, “Integrated
multiple patch-clamp array chip via lateral cell trapping junctions”,
Applied physics letters, vol. 84,2004, No. 11.

D. Vasilyev, T. L. Merrill and M. R. Bowlby, “Development of a novel
automated ion channel recording method using "Inside-Out" whole-cell
membranes”, Journal of Biomolecular Screening, vol. 10, 2005.
A.Y.Lau, P.J. Hung, A. R. Wuand L. P. Lee, “Open-access
microfluidic patch-clamp array with raised lateral cell trapping sites”,
Lab on a Chip, vol. 6, 2006, 1510-1515.

W. Ong, L. Yobas, W. Ong, “A missing factor in chip-based patch
clamp assay: gigaseal”, Journal of Physics: Conference Series, vol. 34,
2006, 187-191.

J. Kusterer, A. Alekov, A. Pasquarelli, R. Miiller, W. Ebert, F.
Lehmann-Horn, E. Kohn, “A diamond-on-silicon
patch-clamp-system”, Diamond & Related Materials, vol. 14, 2005,
2139 -2142.

H. Ostadi, M. Malboubi, P.D. Prewett and K. Jiang, “3D reconstruction
of a micro pipette tip”, Microelectronic engineering, 2008, to be
published.

M. Yaul, R. Bhatti, S. Lawrence, “Evaluating the process of polishing
borosilicate glass capillaries used for fabrication of in-vitro fertilization
(iVF) micro-pipettes”, Biomed Microdevices, vol. 10, 2008, 123—128.
M. Goodman, S. R. Lockery, “Pressure polishing: a method for
re-shaping patch pipettes during fire polishing”, Journal of
Neuroscience Methods, vol. 100, 2000, 13-15.

F. Marinello, P. Bariani, E. Savio, A. Horsewell and L. De Chiffre,
“Critical factors in SEM 3D stereo microscopy”’, Measurment Science
and Technology, vol. 19, 2008, 1-12

H. Ostadi, K. Jiang, P. D. Prewett, “Characterisation of FIB milling
yield of metals by SEM stereo imaging technique”, Microelectronic
engineering, 2009, to be published.

D. Samak, A. Fischer and D. Rittel, “3D Reconstruction and
Visualization of Microstructure Surfaces from 2D Images”, Journal of
Manufacturing Technology, vol. 56, Issue 1, 2007, 149-152.

Mex software manual, Version 5.0.1 EN 01, 2008 edition, Chapter 3.
Alicona Imaging GmbH, Teslastrale 8, 8074 Grambach/Graz, Austria,
www.alicona.com

M. Sokabe and E Sachs, “The structure and dynamics of patch-clamped
membranes: a study using differential interference contrast light
microscopy”, The Journal of Cell Biology, vol. 111, 1990, 599-606.

WCE 2009



