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Preface

This book introduces some novel gigaseal formation approaches in patch clamping
using micro-/nanotechnology. Patch clamping is a technique to measure currents
passing through ion channels in a cell membrane. It was first introduced by Neher
and Sakmann in 1976 and was honored with the Nobel Prize in Physiology or
Medicine in 1991. Although this technique has greatly expanded our understand-
ing of the fundamentals of cells, the nature of the technique makes it laborious,
time-consuming, and very low in throughput, which does not satisfy the needs of
pharmaceutical companies. Patch clamping is totally dependent on the formation
of a high-resistance seal, which is as high as giga Ohms and thus known as gigas-
eal, between cell membrane and patching site. Although the mechanism of gigaseal
formation is not yet fully understood, the most important factors in seal formation
are known. The introduction of planar patch clamping has revolutionized the tech-
nique. The new approach has made use of the advantages of microfabrication pro-
cesses, microfluidics, and nanotechnology to facilitate patch clamping. Numerous
designs have been developed all over the world. While these efforts were suc-
cessful in developing less laborious and higher throughput systems, the low seal
resistances of planar patch clamping systems have so far prevented them from
becoming an absolute alternative to the conventional technique. In fact the superior
data quality of conventional pipette-based patch clamping recordings has made this
approach the gold standard for ion channel studies. It seems that before being able
to develop high-throughput systems successful in forming high-resistance seals, in-
depth studies on the mechanism of gigaseal formation are needed. In this book, we
share with readers our recent practice in acquiring gigaseal formation using micro-
pipettes. Nanotechnology has been used to make this possible.
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Chapter 1
Introduction

A gigaseal is a high-resistance seal in order of giga Ohms formed between cell
membrane and patching tool. High-resistance seals are needed in order to be able
to record high-quality data from cellular ion channels activities. Gigaseal forma-
tion has remained a mystery for decades, as no conditions can warrantee a giga-
seal. Although the mechanism of gigaseal formation is not yet fully elucidated,
studies have been successful in determining the important conditions that should
be met for a gigaseal to form.

In this book the latest micro-/nanotechnology is used to study the influence of
factors such as roughness, hydrophilicity and pipette aperture size on gigaseal for-
mation in conventional patch clamping. The major challenges in the study orig-
inate from the prerequisites of gigaseal formation, and fall into four categories.
First, there are many interrelated factors involved in seal formation. Therefore to
study one factor all other factors should be kept unchanged and a large number of
experiments are required to ensure that recordings correspond to the factor under
study. Second, glass micropipettes used in patch clamping are very fragile. They
have a tip size of 1-2 pwm and shank of several millimetres. Furthermore the inner
wall of a glass micropipette, which interacts with cell membrane, is very difficult
to access. All of these confine the number of possible processes that can be used
for working on the area of micropipettes, which is involved in seal formation.
Third, cleanliness is the most important factor in gigaseal formation and none of
the processes that will be used to modify the properties of micropipettes should
contaminate their surfaces. Fourth, glass micropipettes are not conductive and it is
not possible to coat them with any conductive materials because of the contamina-
tion aspect. Therefore focused ion beam milling processes to modify the pipette
surface should be done without any coating.

The structure of the following chapters is as follows:

Chapter 2 introduces the conventional patch clamping technique and reviews
planar and lateral patch clamping systems. A comparison is made between the three
kinds of patch clamping and their limitations and advantages are summarized.

M. Malboubi and K. Jiang, Gigaseal Formation in Patch Clamping, 1
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2 1 Introduction

Chapter 3 reviews the current research progress on gigaseal formation. The
mechanism of gigaseal formation and the important factors in seal formation are
discussed.

In Chaps. 4, 5 and 6 the effects of roughness, hydrophilicity and pipette aperture
size on gigaseal formation are investigated, respectively.

In Chap. 7 glass micropipettes are studied in more detail using various tech-
niques in microscopy and nanotechnology. The effect of pulling parameters
on pipette topology and the mechanics of micropipette tip formation are also
discussed.
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Chapter 2
Development of Patch Clamping

Patch clamping was first introduced into biophysical studies by Neher and
Sakmann in [1] 1976 and was soon expanded to many other fields such as biol-
ogy and medicine. The technique not only allowed the detection of single-channel
currents in biological membranes for the first time but also enabled higher cur-
rent resolution, direct membrane patch potential control, and physical isolation of
membrane patches [2]. The development of the patch clamp method was honoured
with a Nobel Prize in 1991. The conventional technique of patch clamping uses a
glass micropipette to study every single cell individually. The nature of the tech-
nique makes it laborious, time-consuming and very low in throughput yet provid-
ing high-quality recordings. To achieve higher throughputs mainly two approaches
have been adopted over the past decade: automation of conventional patch clamp-
ing, and using planar/lateral patch clamp systems. Planar and lateral patch clamp-
ing systems take advantage of microfabrication techniques, microfluidics and
nanotechnology to overcome many of the difficulties of conventional patch clamp-
ing. However the low seal resistances of planar and lateral patch clamping systems
have prevented them from becoming a complete alternative to the conventional
technique. Because of its superior data quality confirmation of functional activi-
ties is often based on the data obtained by conventional patch clamp recordings.
However no matter which approach is used, gigaseal formation is the bottleneck in
developing high throughput systems capable of producing high-quality recordings.

2.1 Conventional Patch Clamping Technique

In patch clamping a patch of membrane is isolated from the external solution to
record the currents flowing into the patch. To achieve this, small glass capillar-
ies are heated and pulled to fabricate glass micropipettes with an aperture size of
1-2 pwm. The pipettes are then backfilled with a conductive solution and pressed
against the surface of a cell. To improve the sealing condition a gentle suction is

M. Malboubi and K. Jiang, Gigaseal Formation in Patch Clamping, 3
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Recording electrode

Bath solution
Gigaseal

Reference electrode

e

Fig. 2.1 Schematic of the patch clamping experiment. The patch is drawn to have the classical
2 shape; however, recent studies show that the patch can take various shapes [5]

applied to the backend of the pipette. As is shown in Fig. 2.1 there are two elec-
trodes in the patch clamp set-up: a recording electrode inside the pipette and a ref-
erence electrode in the bath solution. A high-resistance seal between the glass and
the patch of membrane reduces the leakage of current between the two electrodes
and completes the electrical isolation of the membrane patch. It also reduces the
current noise of the recording, permitting good time resolution of single-channel
currents, in the order of 1 pA [3]. Since the electrical resistance of the seal is in the
order of giga Ohms, it is called a gigaseal.

2.1.1 Conventional Patch Clamp Configurations

There are several configurations of the patch clamping technique (Fig. 2.2). These
configurations enable the technique to study ion channels at different levels, either
whole-cell or single ion channels, and to manipulate the fluid on both the extracel-
lular and the intracellular sides of the membrane during experiments [3, 4]. The
configurations are:

Cell-attached mode
Whole-cell mode

Inside-out mode

Outside-out mode

Perforated patch clamp mode.

2.1.1.1 Cell-Attached Mode

The micropipette is positioned against the cell membrane and suction is applied
to the backside of the pipette. A gigaseal forms between glass and cell. This ena-
bles the experimenter to study the activities of the ion channels in the patch of
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R Low resistance

Cell-attached (gigaseal)

Sucuony w g

"

Small cell
Air exposure
g Pull W
Whole -cell Outside -out Inside -out

Fig. 2.2 Patch clamp configurations [4]

membrane. The cell-attached patch mode is a single-channel configuration and is
the simplest to obtain. Every patch clamp experiment starts with this situation.

2.1.1.2 Whole-Cell Mode

If a higher suction is applied the patch of membrane under the pipette tip in cell-
attached mode will rupture and the pipette solution will make direct contact with
the cytoplasm. The response of all ion channels within the cell membrane can then
be studied.

2.1.1.3 Inside-Out Mode

If the pipette is quickly withdrawn from the cell after the cell-attached mode is
obtained, the patch of membrane within the tip of the electrode will tear from the
cell while maintaining the gigaseal. This configuration enables study of the effects of
intracellular factors on channels. This mode is also a single ion channel configuration.
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2.1.1.4 Outside-Out Mode

If the pipette is slowly withdrawn from the cell after whole-cell configuration is
obtained, a bleb of cell separates from the cell and forms a patch on the tip of the
pipette. This is a single ion channel configuration and because the bath composi-
tion can be altered easily during recordings, it enables study of the effects of extra-
cellular factors on the channels.

2.1.1.5 Perforated Patch Clamp Mode

As the volume of the cell is negligible compared with the volume of the patch
pipette, the intracellular fluid will be replaced by that of the pipette in the whole-
cell configuration. This is a disadvantage when intracellular factors are being
studied. To avoid this problem in the cell-attached mode a membrane-perforating
agent is added to the pipette solution, which perforates the membrane and allows
only small molecules to pass through, so that the cytoplasm’s organic composi-
tion remains largely intact. This is referred to as perforated patch clamp mode and
allows the study of all ion channels in the cell membrane.

There is an equivalent electrical circuit associated with each of these patch
clamp configurations. Figure 2.3 shows the electrical components involved in a
patch clamping experiment and an equivalent electrical circuit for cell-attached
mode.

(a) Recording electrode
Cpipeue
R
Rmambrane led
Reference Crembrane
electrode Emmembrane

(b) Rleak

m
Rpipette

Rmembrane Rpalch

Fig. 2.3 A schematic of patch clamping. a electrical components involved in patch clamping,
b an equivalent circuit for the cell-attached patch configuration
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Definitions of the elements in Fig. 2.3 are as below [3]:

Rpipette is the pipette resistance.

Cpipette is the pipette capacitance.

Rieak is the leak resistance and represents the quality of the seal between the glass

micropipette and membrane.

Rpatch is the resistance of the patch of membrane inside the pipette.

R, is the whole-cell membrane resistance.

Cpn is the whole-cell membrane capacitance. A membrane and the intracellular and
extracellular media form a capacitor.

Ep, is the potential difference across the membrane.

2.2 Other Methods for Measuring Ion Channel Activities

A major constraint in developing new ion channel-based drugs has been the diffi-
culty of screening ion channels at the throughput required of the modern industry in
a cost-effective way. The throughput of conventional patch clamping is around 100
data point/week which does not satisfy the needs of pharmaceutical industry [6].
Therefore a good deal of effort has been expended in developing alternative meth-
ods of monitoring ion channels activities that can be integrated into industry-stand-
ard compound screening formats with corresponding high throughput. The principal
methods of high-throughput ion channel screening are: receptor binding assays,
flux measurements and fluorescence detection techniques. The advantage of these
approaches is their medium to high throughput (15-60 K dp/wk) [7]; however, these
techniques measure ion channel activities indirectly and adequate amount of patch
clamping experiments are required to validate the results.

2.3 Attempts to Improve Patch Clamping

As was discussed earlier, patch clamping suffers from major drawbacks such as
being very laborious and time-consuming, and requiring a lot of experience to get
satisfactory results. These drawbacks have made conventional patch clamping a
very low-throughput technique. To overcome these problems automated patch
clamp systems have been introduced. Automation can reduce the level of complex-
ity and increase the throughput of conventional patch clamping. However, automa-
tion of patch clamping presents three major obstacles [8]:

1. An ultraclean surface on a proper substrate is required to be able to obtain gigaseals.

2. A single cell should be positioned on a micron-sized hole without using a
microscope and micromanipulator.

3. To automatically perform the complicated steps involved in a patch clamping,
complex fluidic and electronic procedures are required.
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Efforts to obtain high-throughput patch clamping systems fall into two categories:

e Automation of conventional patch clamping and
e Developing automated planar and lateral patch clamp systems.

In the next two sections, some examples of these attempts are presented. During
the past 10 years, many patch clamp systems have been designed. It is not the pur-
pose of the book to review them. A comprehensive review of these efforts can be
found in [9].

2.3.1 Automation of Conventional Patch Clamping

A novel idea has been introduced by Lepple-Wienhues et al. [8] for making seals
inside a micropipette (Fig. 2.4). The configuration has the potential to be auto-
mated and inverts the cell-electrode interface. The pipette is backfilled with a
solution containing cells and suction is applied to the tip. The cell forms a seal
with the inner side of the pipette. This approach enabled them to develop a fully
automated patch clamp robot. Using conventional glass micropipettes for seal for-
mation has some advantages: first, glass is proven to be a good material for seal
formation; second, pulling micropipettes from glass tubes is easy and cheap; third,
it is a reliable process for making holes at micrometre scale.

Another attempt to improve conventional patch clamping was introduced by
D. Vasilyev et al. and is called RoboPatch (Fig. 2.5) [11]. The pipette is inserted
into the cell suspension under a positive pressure. A gigaseal is obtained by
switching the internal patch pipette pressure from positive to negative (suction).
This suction near the vicinity of the patch pipette tip attracts cells to the opening

—
——

acellular
“solution

Intracellular
solution

— — - Intracellular
A i ~ solution AN solution
Manual patch clamp Flip the tip patch clamp

Fig. 2.4 Comparison of conventional and flip the tip patch clamping. Cells are added into glass
micropipette and suction is applied to the tip to automatically achieve a gigaseal. Microscope and
micromanipulator are no longer required, in contrast to conventional patch clamping [8, 18]
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Patch pipette — Blind gigaseal Blind gigaseal = Blind whole-cell |7}
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Fig. 2.5 RoboPatch automated system. It utilizes a blind patch voltage-clamp recording method
for ion channel drug screening [11]

and eventually results in a physical contact between cellular membrane and patch
pipette, allowing the formation of a gigaseal.

Although these approaches overcome some of the drawbacks of conventional
patch clamping they still have some limitations. For example, there is no optical
access to the cell and the throughput, although higher than conventional patch
clamping, does not meet pharmaceutical industry needs. Using a glass micropi-
pette to study an individual cell limits the highest throughput that can be achieved.
Applicability of these systems at research level is also limited since they do not
have the flexibility often required in research projects.

2.3.2 Planar and Lateral Patch Clamping

In a planar patch clamping process, the pipette is replaced with a micron-sized
pore in a flat chip. In lateral patch clamping the pore is in the side wall of the
channel. Figure 2.6 compares the three types of patch clamping designs. In both
lateral and planar patch clamping, the cell is positioned on the pore and suction
is applied to facilitate gigaseal formation. In comparison with conventional tech-
niques, planar and lateral patch clamping configurations do need costly equip-
ment, such as a precise manipulator, a high-magnification microscope and an
anti-vibration table. However if the material of the chip is transparent then lateral
patch clamping can provide optical access to the patching site.

Fertig et al. [12] conducted one of the earliest attempts in planar patch clamp-
ing. Their design is shown in Fig. 2.7. The figure also shows the difference
between conventional and planar patch clamp configurations.

The idea of bringing cells to the patching site rather than bringing the pipette
to the cells has drawn the attention of many researchers and hundreds of differ-
ent designs have been developed, each with some advantages over the others. In
planar patch clamping the same hole is used for both cell positioning and gigaseal
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Fig. 2.6 Three types of patch clamping configuration: (a) conventional, (b) planar and (c) lateral

(b)

Fig. 2.7 Replacing the patch clamp pipette with a microstructured chip. a Whole-cell configura-
tion of the conventional patch clamp technique. The tip of a glass pipette is positioned onto a
cell using a micromanipulator and an inverted microscope. b Whole-cell recording using a planar
chip device having an aperture of micrometre dimensions. Cells in suspension are positioned and
sealed onto the aperture by brief suction [12]

formation. This greatly affects the gigaseal quality since debris in the solution may
block or contaminate the pore. To overcome this problem, Stett et al. [13] devel-
oped a concentric double pipette-like structure (Fig. 2.8). The outer channel is
used for cell positioning and the inner channel for current measurements. Positive
pressure is initially applied in the inner channel to prevent debris from approach-
ing its surface. Suction in the outer channel directs a cell to the top of the measure-
ment site, which looks exactly like the tip of a pipette. When a cell is placed at the
measurement site, suction is used in the inner channel to encourage seal formation.
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a
( ) Suction channel Patch channel

j ] gl (s

Fig. 2.8 The Cytocentering technology. a schematic drawing of the cytocentering site with suc-
tion and patch channels; b SEM image of two concentric opening formed with focused ion beam
milling in a 10 pm thick quartz layer [19]

Planar patch clamping systems increase throughput mainly by taking advan-
tage of their potential to be parallelised and integrated with microfluidic systems.
Microfluidic systems facilitate cell manipulation and provide good control on
intracellular and extracellular solution exchange. Matthews et al. [14] developed a
microfabricated planar patch-clamping system with polydimethylsiloxane (PDMS)
microfluidic components (Fig. 2.9).

The design shown in Fig. 2.9 uses the advantages of PDMS as a transparent,
easy way to process material. The use of PDMS components has made the exchang-
ing of planar patch clamp chips easier and facilitated quick microfluidic connec-
tions. The integration of microfluidics into planar patch clamp systems can enhance
the solution control by providing laminar-flow conditions, rapid fluid exchange, and
micro-scale control elements such as valves and a pump.

Another advantage of planar patch clamping systems is their potential to be paral-
lelised. Nagarah et al. [15] reported the fabrication of quartz films with high-aspect
ratio pores in order to be used as a planar-patch electrophysiology device (Fig. 2.10).
The smooth surfaces of pores, the material type and the high depth of pores (which
will increase the length of the membrane-glass opposition) resulted in formation of
high-resistance seals comparable with those in conventional patch clamping.

Producing planar patch clamp chips is costly and as with patch pipettes, the
planar chip cannot be reused once a recording is made. Therefore low-cost and
easy fabrication processes are desirable. There is no optical access to the patching
cite in planar patch clamping. Lateral patch clamping was introduced to address
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PDMS Microfluidics e

(a)

i =
. Silicon Patch-
~— Clamp Substate

Fig. 2.9 A micro-fabricated planar patch clamp substrate and PDMS microfluidic components.
a overview of the eight-port microfluidic system, b electrodes and capillaries can be simply con-
nectedto the micro-machined planar patch clamp system, ¢ use of PDMS has enabled optical
access, the inset shows a cell, positioned on the pore. Images were kindly provided by Dr Brian
Matthews, Electrical Engineering Department, UCLA

(a) (b)

Fig. 2.10 Fabrication of high-aspect ratio pores in quartz films. The pores are polished electrochem-
ically to have smooth surfaces. a An SEM image of an array of pores etched 5 pwm deep in silicon
dioxide. Scale bar = 5 pum. b SEM images of high-aspect ratio pores in silicon dioxide with very
smooth sidewalls. Pores #1-2 are etched in LTO films while pore #3 is etched in fused quartz. The
greater depth of pores increases the length of the membrane-glass interaction in seal formation [15]
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@ >

20 um

Fig. 2.11 A PDMS-based lateral patch clamping chip developed by lonescu-Zanetti et al. [16].
a Cells were trapped by applying negative pressure to recording capillaries. The device is bonded
to a glass coverslip for optical monitoring. b Scanning electron micrograph of three recording
capillary orifices. The capillary dimensions are 4 x 3 pm. ¢ Darkfield optical microscope image
of cells trapped at three capillary orifices

some of these issues. PDMS has been widely used in lateral patch clamping sys-
tems and offers some unique advantages: firstly, the fabrication process is simple
(requiring only moulding and bonding); and secondly, it is transparent, which ena-
bles the visualization of the cells during recording.

Figure 2.11 shows a PDMS-based lateral patch clamping system developed by
Lee and his colleagues [16].

The device can be easily integrated with microfluidics and provides optical
access. Cell-trapping sites in this design are at the bottom plane of the chip which
gives the patched cell an unusual deformation. Another design was introduced,
by the same group, which has an elevated trapping site [17]. In the new design a
20 wm thick PDMS layer is bonded to the main PDMS microfluidic channels. The
success rate of the device is reported to be higher than 80 % but the low values of
seals at 250 M2 are just sufficient for whole-cell recording.

2.4 Comparison of Patch Clamping Methods

In this section a comparison is made between the different kinds of patch clamp-
ing. The advantages and drawbacks of each kind are presented in Table 2.1.

As can be understood from the table conventional patch clamping has better
data quality and more flexibility but lower throughput, while planar and lateral
patch clamping have lower data quality and flexibility and higher throughput.
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Chapter 3
Gigaseal Formation

To have a good understanding of interactions and forces in gigaseal formation it is
necessary to have a close look at the glass and membrane structures.

3.1 Glass Structure

Glass has a molecular structure similar to a quartz crystal. In glass the regular
arrangement of atoms found in crystalline quartz is disordered by melting and by
the addition of contaminants such as sodium oxide and boric oxide. Quartz is a
mineral composed of silicon and oxygen: SiO;. Each silicon atom in quartz is sur-
rounded by four tetrahedrally disposed oxygens, and each oxygen forms a bridge
between two silicon atoms (Fig. 3.1).

Quartz is transparent and strong but with a high melting temperature of
1600 °C. Therefore, it is not suitable for fabricating patch clamping pipettes.
Soft glass also known as soda glass is obtained by adding appropriate amount of
sodium oxide (NayO) to quartz and melts at a lower temperature (800 °C). Sodium
ions relatively disorder and loose the glass structure and give a higher conductivity
to soda glass as a result soft glass is noisier than quartz or hard glass. Borosilicate
glass or hard glass has long been used for fabricating micropipettes and found sat-
isfactory for most purposes. Borosilicate glass has an intermediate structure and
properties, between those of fused quartz and soft glass. It is composed of silicon
dioxide, sodium oxide and boric oxide (B>O3) in relative proportions of about 80,
5 and 15 %. The structure of hard glass is more like that of fused quartz compared
with soft glass, as a result it has higher mechanical strength, a higher melting point
(1200 °C), lower electrical conductivity and is therefore less noisy [1].

To understand the glass-membrane interactions involved in gigaseal formation
surface properties of glass should be considered. The glass surface is composed
of silicon atoms and oxygen in one of three configurations: oxygen that forms the
bridge between pairs of silicon atoms, oxygen bound to hydrogen and charged
oxygen with their charge neutralized by a sodium ion (Fig. 3.2).

M. Malboubi and K. Jiang, Gigaseal Formation in Patch Clamping, 17
SpringerBriefs in Applied Sciences and Technology,
DOI: 10.1007/978-3-642-39128-6_3, © The Author(s) 2014
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Fig. 3.1 Quartz molecular
structure

Fig. 3.2 Representation
of glass surface in two-
dimensions @ ° @

Glass has about one oxygen per square nanometre of surface area. In soft glass,
about one-third of these oxygen atoms are charged, producing a surface charge
density of approximately 0.3/nm?; borosilicate glass has fewer charged oxygen
atoms and a negative surface charge density of about 0.05/nm?. Glass has a nega-
tive surface charge and is strongly hydrophilic [1].

3.2 Membrane Structure

Liquid bilayer membranes are constructed of phospholipids, which contain both
hydrophobic and hydrophilic residues. In a watery environment phospholipids will
arrange themselves spontaneously into structures where the hydrophobic residues
face each other [2]. The arrangement found in cell membranes is a bilayer of phos-
pholipids (Fig. 3.3).

The most common phospholipids in animal cell membranes are the phospho-
glycerides and sphingomyelin. Together they form about 50 % of the lipid mass
in mammalian cells [3]. Sphingomyelin has a free hydroxyl group which can
form hydrogen bonds with a molecule of water, the head group of other lipids or
with a membrane protein. Phosphoglycerides are present in the bilayer mainly in
three forms: phosphatidylethanolamine, phosphatidylcholine and phosphatidylser-
ine. The first two have no net charge, because the positive charge on the alcohol
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(b)
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Hydrophilic [

Hydrophobic

Fig. 3.3 The lipid bilayer. a Phosphatidylcholine has a polarized head and fatty tails, b Bilayer
arrangement of phospholipids in a watery environment

Carbohydrate

Integral protein Peripheral protein

Lipid Cholesterol

Fig. 3.4 Structure of the cell membrane, showing that it is composed mainly of a lipid bilayer
of phospholipid molecules, but with large number of protein molecules protruding through the
bilayer

balances the negative charge on the phosphate. The third is negatively charged,
therefore the net density of surface charges on phospholipid bilayers is about less
than one charge per square nanometre [1].

There are two other general constituents embedded in the lipid bilayer mem-
brane; first, a variable number of membrane proteins whose density ranges from
a few hundred per square micrometre up to 10000 per square micrometre and sec-
ond, a large number of macromolecules associated with the extracellular surface
of the membrane (Fig. 3.4).

There are two types of protein in the membrane: integral proteins that protrude
all the way through the membrane and peripheral proteins that are attached to only
one surface of the membrane and do not penetrate. Many of the integral proteins
provide structural channels (or pores) through which water molecules and water-
soluble substances, especially ions, can diffuse between the extracellular and intra-
cellular fluid [1, 4].
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3.3 Mechanism of Gigaseal Formation

After suction has been applied, a patch of membrane moves down the inside of
the pipette [5-8] and a seal forms between cell membrane and glass surface. There
have been many studies on the mechanism of gigaseal formation. While earlier
studies suggested that seal formation occurs suddenly and there is a direct contact
between membrane and glass, more recent studies suggest that the seal is formed
gradually and lipid membrane and proteins are mobile in the seal. The main points
of agreement and disagreement between studies are listed below:
Agreement:

e Seals form readily between glass electrodes and many types of cell in various
physiological and developmental states.

e Gigaseals are mechanically stable, and after seal formation the pipette can be
withdrawn to reach to inside-out and outside-out configurations without break-
ing the seal.

e Positive ions such as Ca>t, Mg?* and H™ facilitate seal formation significantly.

e Patch pipettes should be clean and used only once.

e The separation between glass and membrane in a gigaseal is in the order of 1A,
i.e. within the distance of chemical bonds.

Disagreement:

e Seal formation is sudden or gradual.

e The integral membrane proteins are detrimental to seal formation or play an
important role in it.

e There is direct contact between membrane and glass or there is a thin layer of
water between them.

e The patched membrane is detached from or connected to the cytoskeleton.

Gigaseal forms between lipids and glass. The earliest study on seal formation
was carried out by Hamill et al. [9]. They demonstrated that a seal forms spontane-
ously between glass electrodes and different cell types as long as the glass surface
and cell surface are clean. Because different cells have quite different extracellular
matrix elements and densities and a seal can also form between glass electrodes
and pure phospholipid membranes [10], they suggested that a seal forms directly
between the glass and the lipid bilayer and seems not to involve integral mem-
brane proteins; in fact, these elements might be detrimental to seal formation.

Membrane patch is initiated by blebbing. In order to explain the mechanisms
of seal formation it is important to find out how membrane patches form in the
pipette. Because the patch and the pipette tip are at the limits of optical micro-
scope resolution it is rarely possible to see the membrane patch during the experi-
ment [9]. Milton et al. have studied seal formation using pipettes with openings
around 10 pwm which is almost 10 times the size of pipettes used in patch clamp-
ing. In their experiments they were able to reach resistances as high as 100 MQ
and claimed that this is the equivalent of a gigaseal when performing experiments
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Fig. 3.5 Chronological sequence of bleb formation in a single fibre from the mouse flexor digi-
torum brevis muscle. a The membrane bulged into the pipette after application of suction. b Bleb
formation at the rim of the pipette. ¢ Enlargement of the bleb. d Sometimes a thin tether connects
the bleb to the cell. The scale bar in d is 10 pum and applies to a—d [11]

with normal patch clamping pipettes [11]. Figure 3.5 shows the sequence of patch
formation in their experiments.
Milton et al. have suggested that two models can be assumed for patch formation:

1. Native membrane model and
2. Lipid bleb model

These two models are shown in Fig. 3.6.

The native membrane model assumes that the surface membrane is distended
and forms a seal with the pipette. The lipid bleb model assumes that when suc-
tion is applied tiny bulges occur under the pipette rim and after a critical point is
reached phospholipids and highly mobile membrane proteins flow into the region
of the bulge and form a bleb. The bleb almost immediately becomes over a micro-
metre in diameter and would form a gigaseal in a small pipette. The lipid bleb
model is in good agreement with the fact that seals form readily between elec-
trodes and many types of cell. This can be explained by the higher lipid con-
tent in bleb membranes than a normal surface membrane (with lipid to protein
weight ratio of 20:1) and the non-existence of an extracellular matrix in lipid
blebs. Because the seal forms between a bleb and a glass surface, single-channel
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Native membrane model Lipid bleb model

Fig. 3.6 Two models for tight patch formation, native membrane model and lipid bleb model [11]

recordings are from channels in the bleb membrane and may not reflect normal
channel behaviour.

The area of the membrane patch increases with suction. This observation is
of vital importance in understanding the nature of gigaseal formation. Sokabe
et al. demonstrated that the area increase is due to the flow of lipid along the
walls of the pipette into the patch [8, 12]. When higher suction was applied the
seal region did not move in their experiments, which suggests that attachment of
membrane to glass involves membrane proteins. Membrane proteins are dena-
tured against the glass surface, and lipids flow around these anchoring proteins
into the pipettes. The gap between the membrane and the glass can be filled with
a concentrated solution of the sugar residues of surface glycoproteins. They sug-
gested that because lipid vesicles can also form gigaseals, the seal is a dynamic
process that allows sliding. In this model the membrane stretching as a source of
area change was ruled out because the area increase is considerably larger than
the 2 % elastic limit of lipid membranes. Capacitance measurements confirmed
that the area increase in their video images was the result of a net increase in
the amount of material comprising the patch. Lorinda et al. have argued that the
increase in the patch area is not because of the free flow of lipid but it is the result
of the membrane pulling away from the interface of lipid and glass to establish
force equilibrium. However both models agree that the seal forms between lipid
and glass [10].

Positive ions are required for seal formation. Barkovskaya et al. and Priel et al.
found that the presence of positive ions such as Ca®>*, Mg?*, Gd*+ and H increases
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the glass membrane adhesion force and facilitates seal formation [6, 13, 14]. They
showed that there is a positive correlation between membrane and glass adhesion
force and tight seal formation. No seal was formed when the concentrations of these
positive ions were very low. The results of their work show the importance of salt
bridges in seal formation. Although these findings can be used practically for imme-
diate seal formation when performing patch clamping experiments, it is not clear
whether the increase in the seal is because of higher attraction force per unit area or
of a larger contact area.

Gigaseal forms gradually. This suggests that the seal has distributed resist-
ance rather than a local spot weld [12]. In gigaseal formation the membrane
patch can moves 5-100 pm down the inside of the pipette. Ruknudin et al.
have studied membrane patches inside pipettes using high voltage electron
microscopy (HVEM) [7]. In nearly all of their experiments the interior of the
pipette walls were covered with membrane. Although they could not measure
the distance between the membrane and the pipette because of the thick wall
of the pipette, they discovered that the seal is a distributed rather than a dis-
crete structure. Large variations in membrane-pipette length of opposition show
that the resistance of the seal is independent of length and the resistance per
unit of the seal is very high. Peril et al. suggested that there is a thin layer of
water between membrane and glass, which acts as a lubricant and facilitates
membrane movement into the pipette. They concluded that a greater length of
opposition will result in higher seal values. As mentioned above, the area of
contact between membrane and glass may be varied without affecting the giga-
seal resistance [13]. The results from Chaps. 4 and 6 of this book also show that
the closeness of the membrane to the glass is more important than their length
of opposition and that a higher length of opposition does not necessarily result
in higher seal values.

The high resistance of the seals suggests that the approach of the glass to the
membrane in the area of the seal is in molecular dimensions <1-2 nm [1, 6].
Considering the structure of the membrane and the glass surfaces, and the small
difference of separation, four sources of interaction can be identified [1]:

1. Tonic bonds between positive charges on the membrane and negative charges on
the surface.

2. Hydrogen bonds between nitrogen or oxygen atoms in the phospholipids and
oxygen atoms on the glass surface.

3. Formation of salt bridges between negatively charged groups on glass and
membrane surfaces, which involves interaction of divalent ions such as Ca2*t.

4. Van der Waals forces which are due to the close approach of the glass to the
bilayer.

The precise order of importance of each of these four interactions is not
known [1].

Suchyna et al. demonstrated that there is a 1-2 wm region of the seal below the
patch dome where membrane proteins are excluded. This region forms the gigas-
eal (Fig. 3.7) [15].
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Fig. 3.7 A cartoon of a
patch that shows the channel
free ‘exclusion band’ below
the dome that may be the
basis of the gigaseal [15]

The dome

Exclusion band

Their model is consistent with most of the research described earlier:

1. The seal occurs between pure lipid bilayer and glass, which explains reports on
seal formation between different cell types and pure lipid vesicles. The primary
attractive force for the formation of the gigaseal is van der Waals attraction
which is overlaid with electrostatic repulsion. Since the van der Waals forces
are not chemically specific this may explain the seal formation between glass
and different cell types [9], lipid bilayers [10] and rubber [14].

2. The patch formation starts with blebbing. Upon applying suction, membrane
blebs into the pipette and forms a patch.

3. The patch is connected to the cytoskeleton. Within seconds to minutes the cor-
tex reforms beneath the dome and the cytoskeleton adapts to new stresses and
to the physical constraints of the tip.

4. The seal is distributed over the pure lipid bilayer region. As was discussed ear-
lier, the resistance pure unit length of area of membrane-glass contact is very
high.

5. Some studies have claimed that the close opposition of lipid bilayer and glass
cannot be obtained in the presence of integral proteins. In this model membrane
proteins protrude above the bilayer by a few nanometres. These proteins are
denatured against the glass surface and pull the membrane closer to the glass
(Fig. 3.8). Therefore this model shows that a gigaseal can be obtained while the
proteins are present in the seal.

6. Because of the denaturation process of membrane proteins the seal happens
gradually.

7. The pure lipid bilayer region below the dome suggests that the seal is distrib-
uted. Channels in the patch can diffuse from the seal to the dome or vice versa.
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Suction
+

Ton channels

Denatured membrane
proteins

Fig. 3.8 Cartoon of patch structure. There are three regions in the patch: the dome, the gigaseal
between the membrane and the glass, and the cytoskeleton. Proteins sticking far from the bilayer
are denatured against the glass, pulling the membrane closer to the glass. Ion channels are dis-
tributed in varying density throughout the dome and the seal. Ion channels in the patch can dif-
fuse from the seal to the dome or vice versa [15]

3.4 Important Factors in Gigaseal Formation

A large number of parameters affect gigaseal formation, making it difficult to
study seal formation. This section gives a summary of the most important factors,
while some unknown factors may still cause the seal to form randomly.

3.4.1 Cleanliness

Cleanliness of glass micropipette and plasma membrane is the most important
factor in gigaseal formation, as has been emphasized in the literature [9, 16, 17].
The crux of a successful seal is that the cell membrane is reached without damage
to, or contamination of, the pipette tip and that the contact with the membrane is
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full and even; therefore there are many considerations involved in protecting the
pipette from contamination. It is well known that once a cell (or debris in the solu-
tion) seals to the tip of a glass pipette or to the aperture of a planar patch clamp
device, a residue, which is very difficult to remove, will stay at the hole and pre-
vent the subsequent formation of another gigaseal. Therefore positive pressure on
the pipette fluid is required to keep the tip from contamination by debris in the
bath. In conventional patch clamping before lowering the pipette into the bathing
solution, there must be a slight pressure on the pipette fluid to blow any contami-
nations in the bathing solutions away from the pipette tip. These contaminations
often gather in the bathing solution at the fluid-air interface, so pressure must be
on before this is crossed [18]. The patch pipette should be made and used immedi-
ately to reduce tip contamination and subsequent bad sealing properties.

3.4.2 Roughness

Roughness is a very important factor in gigaseal formation [19-24]. A rough,
sharp pipette can easily destroy the cell. Fire polishing is used usually to produce a
soft and smooth tip [25, 26]. However, fire polishing also increases the probability
of contamination because of its blunting effect on the tip. In planar patch clamp-
ing, processes used to fabricate chips were carefully selected or modified to pro-
duce a smooth patching site [17, 19-21, 27]. The effect of roughness on gigaseal
formation is the subject of Chap. 4.

3.4.3 Hydrophilicity

Hydrophilicity of the patching site is another important issue in seal formation
[28]. The hydrophilic cell membrane will not spontaneously interact with the
hydrophobic surface in a way to form gigaseals. Different treatment methods were
used in the literature to increase the hydrophilicity of the patching site. The effect
of hydrophilicity on gigaseal formation is the subject of Chap. 5.

3.4.4 Tip Size

It is common knowledge that in practice pipettes with a smaller opening form a
better seal and lower leakage current. In planar patch clamping tip size has been
decreased to increase the seal resistance [29-32]. It should however be noticed that
decreasing the tip size will also decrease the chance of having ion channels in the
patch, and it is also more difficult to rupture the membrane to obtain whole-cell
configuration. The effect of tip size on gigaseal formation is discussed in Chap. 6.
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3.4.5 Roundness

The patching site should have a circular aperture without sharp corners to allow
the cell to cover the pore evenly [17, 19-21, 33]. Lau et al. show that higher
resistances can be achieved by more rounded apertures [33]. Roundness of glass
micropipettes is measured using the nanotomography technique and the results are
presented in Chap. 7.

3.4.6 Other Factors

There are many other factors that are important in gigaseal formation, such as: the
biological condition of the cell, the cleanliness of the surface of the cell, pH and
presence of divalent ions, the experience and patience of the operator, mechanical
vibration, the angle of approach of the pipette to cell, etc.
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Chapter 4
Effect of Roughness on Gigaseal Formation

Surface roughness is one of the most important factors in gigaseal formation
and its effect has been emphasized in the literature [1-8]. A rough pipette tip in
conventional patch clamping, or patching site in planar patch clamping prevents
seal formation. In this chapter the effect of roughness on gigaseal formation is
discussed.

4.1 Glass Micropipette Fabrication

Consistent terminology is required when one discusses micropipettes. To avoid
confusion, some terms used in this book relating to micropipette terminology are
described here (see Fig. 4.1):

Tip is the very end of the pipette.

Tip size or aperture size is the inner diameter of the pipette tip.
Shank is the tapered segment of the pipette.

Shaft is the straight portion of the capillary tubing.

Glass micropipettes are fabricated through a heating and pulling process using a
puller machine. The glass tube is heated and pulled while it is softened. The process
is repeated in several stages until the tube is pulled apart. The connection is then bro-
ken by a final hard pull. To have better control of the process, the last pull takes place
while the glass is not being heated and therefore it is called hard pull [9]. The puller
used in the experiments is a flaming/brown micropipette puller machine (Model
P-97, Sutter Instruments, Novato, CA) (Fig. 4.2). The filament of the puller machine
was FB230B (2.0 mm square box filament, 3.0 mm wide, Sutter Instruments).

A typical PULL CYCLE is described below (see Fig. 4.3):

e The heat is turned on.
e The glass heats up and a weak pull draws the glass out until it reaches the pro-
grammed velocity.
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Fig. 4.1 Schematic showing
different areas of a glass
micropipette

Tip

Fig. 4.2 Flaming/

brown micropipette puller
machine, Model P-97, Sutter
instruments [10]

e When the programmed velocity has been reached, the heat is turned off and the
air is turned on.

e If DELAY is >0 the air is activated for 300 ms and the hard pull is activated
after the specified DELAY.

4.2 Measurement of Roughness

Hard pull results in a sharp tip with jagged edges. High-magnification scanning
electron microscope (SEM) images revealed the surface nature of the pipette tip
to be in contact with cells (Fig. 4.4). The first step in investigating the effect of
roughness on gigaseal formation is to measure the pipette’s roughness. This meas-
uring will give a clue about the value of the roughness and how comparable it is
with the sizes of the cell and its components.
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Fig. 4.3 A typical pull cycle in a programme of a puller machine [9]. There are two cooling
parameters: delay and time. This illustration represents the pulling cycle when delay is active.
For details on glass micropipette pulling and on the definition of each parameter see Sect. 7.2.1

Fig. 44 An SEM image of a glass micropipette showing the rough surface of the tip. The
arrow shows an internal fibre called Omega Dot, which is being used to facilitate the filling of
micropipette tips (See Sect. 7.4.1 for more details)

One of the challenges of working with glass micropipettes is their fragility.
For different applications, from the patch clamping to microinjection, they may
have an aperture size of anything from a few hundreds of nanometres to a cou-
ple of micrometres and a shank of several millimetres to a couple of centimetres.
This makes micropipettes very fragile and less manoeuvrable. Special care should
therefore be taken when working with micropipettes.

4.2.1 SEM Stereoscopic Technique

The three-dimensional structure of a specimen is projected into a two-dimensional
plane during the process of scanning in electron microscopes. To determine the
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three-dimensional structure of pipette tips, the SEM stereoscopic technique [11-13]
is used. The stereoscopic technique scans the same area of the object from different
angles by tilting the object with respect to the electron beam. As a result surface
features at different heights have different lateral displacements. By measuring the
parallax movement of features from their location in the first image to their new
location in the second image, depth can be calculated [14].

In practice capturing SEM stereo images can be challenging. The quality of
images is very important in the calculation of accurate 3D data. Many factors
should be taken into account when attempting to capture SEM images which sat-
isfy stereoscopic technique requirements, such as [15]:

e [llumination: capture images under optimal illumination. The image should not
be too dark or too bright.

e Sharpness: images should be captured with maximum sharpness.

e Disparity: The software package used here (MeX) calculates the depth image
based on the disparity in the stereo image. Disparity can be increased by using
higher magnifications and/or higher tilting angles.

e Voltage: the voltage of the electron beam should be well chosen. If the chosen elec-
tron beam voltage is too high then it is possible for the electron beam to intrude
into the surface of the object, so that details which lie inside the object are also
received. This circumstance would lead to a wrong reconstruction of the surface.

To capture high-quality SEM images which satisfy stereoscopic technique
requirements, glass micropipettes were coated with a thin layer of platinum
(<5 nm). The machine used for capturing SEM images was an FEI dual-beam
focused ion beam system (FEI, Hillsboro, Oregon). Figure 4.5 shows the position

Fig. 4.5 Schematic of the Electron beam column
configuration of SEM with

respect to pipettes and tilting
angle (@) [2] Ton beam column
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Fig. 4.6 Stereo images of the pipette tip for 3D reconstruction: a left, b middle and ¢ right

of pipettes and electron beam gun with respect to each other. The SEM machine
used for 3D reconstructions is a Strata DB 235 from FEL

Three SEM images were taken from different angles by tilting the stage with
respect to the electron beam direction. Figure 4.6a—c show the SEM images taken
from the left, middle and right viewpoints of the pipette. The tilting angle between
(a-b) and (b—c) of the images is 9 degrees.

The three SEM images were imported to the MeX software (a software pack-
age specialized in 3D reconstruction from SEM images) [16] and the digital eleva-
tion model (DEM) of the tip was obtained. Figure 4.7 shows the 3D reconstructed
surface of the pipette tip.

Table 4.1 shows surface parameters of the 3D reconstructed pipettes with dif-
ferent sizes.

To have the highest lateral and vertical resolution in the 3D reconstructed sur-
face, magnification, tilting angle and resolution should be as high as possible when
capturing SEM images. Since the maximum pixel resolution of the machine is
limited, different magnifications and tilting angles have been used to reconstruct
each pipette’s tip with the highest possible resolution. Such a reconstruction could
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Fig. 4.7 A 3D reconstructed surface of the pipette tip shown at different viewing angles: rop
view (middle), exploded view of the area shown by dash-line (left), angled view (right)

Table 4.1 Surface parameters of pipette tip for 3 pipettes (D, = tip size)
Name Value D{=22pum ValueD;=1.7pm Value D= 13 um Description

Sa 27.3 nm 17.8 nm 8.3 nm Average height of
selected area
Sq 34.6 nm 13.0 nm 10.8 nm Root-mean-square
height of
selected area
Sp 104.0 nm 81.5 nm 46.6 nm Maximum peak of
selected area
Sy 150.8 nm 125.5 nm 60.8 nm Maximum val-
ley depth of
selected area
S, 255.8 nm 207.1 nm 107.5 nm Maximum height
of selected area
Si0z 195.2 nm 142.2 nm 88.5 nm Ten point height of
selected area
Sek —0.225 —0.4857 —0.7099 Skewness of
selected area
Sku 3.2623 3.7725 4.5173 Kurtosis of selected
area
Sdq 0.8774 0.9814 0.8289 Root mean square
gradient
Sdr 34,986 % 45.575 % 32.61 % Developed interfa-

cial area ratio

Table 4.2 Reconstruction information for 3 pipettes

Pipette number  Tip size  Tilting angle  Magnification  Lateral Vertical

(pm) (left to right) resolution (nm)  resolution (nm)
1 22 10 65000 18.4 18.4
2 1.7 10 95000 6.2 11.2

3 1.3 10 110000 53 7.7
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be expected to have an inaccuracy of less than 5 % [14]. Table 4.2 gives the values
of tip size, tilting angle, magnification, lateral resolution and vertical resolution of
the several 3D reconstructed pipettes.

4.3 Polishing Pipette Tips by Focused Ion Beam Milling

As can be understood from Table 4.1, the surface roughness of the pipette tip is
comparable with the thickness of the cell membrane which is 3 to 10 nm [17-
20]. In order to study the effect of roughness on gigaseal formation two kinds of
pipettes with distinct surface properties are required; rough pipettes (which are
pipettes normally pulled by a pulling and heating process) and perfectly smooth
pipettes. Focused ion beam (FIB) milling was used to produce pipettes with ideal
tip surface conditions. The uneven surface of the pipette tip was corrected by cut-
ting the top of the pipette across, using the Strata DB 235, dual-beam SEM/FIB
system (FEI, Hillsboro, Oregon). The configuration of the pipette with respect to
the ion beam is illustrated in Fig. 4.8.

Due to 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 [5,
21, 22]. It is also well known that a gigaseal is not likely to be achieved with large
tip sizes [23-27] (see Chap. 6), so care was taken not to cut more than 1 pm from
the top. Since the roughness of the tip of the pipette was in nanometres, cutting 1
pm from the top should be sufficient to remove all rough edges without increas-
ing the tip size significantly. In the FIB milling process, the pipettes’ tips were cut
using Ga™ ions with 50 pA current for 100 s, dwell time of 1us and FIB accel-
eration voltage of 30 kV. The pipette before and after milling is shown in Fig. 4.9.
The image of the milled pipette, shown in Fig. 4.9b, has a resolution of 4.5 nm. No
feature could be identified on the milled surface for producing roughness param-
eters at this magnification. Therefore, the surface roughness of the milled pipette
tip should be considerably less than 4.5 nm.

Fig. 4.8 The configuration of glass micropipette milling in the SEM/FIB chamber. The stage
was tilted by 52 degrees so that the ion beam was perpendicular to the pipettes [2]
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Fig. 4.9 FIB milling of a glass micropipette, a the micropipette before milling, b the 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 4.5 nm [2]

As was mentioned in Chap 3, an important step after pipette pulling is fire pol-
ishing. The process of FIB milling the pipette is called ‘FIB polishing’ in compari-
son with the ‘fire polishing method’. FIB polishing has some advantages over fire
polishing. Firstly, there is more control over the polishing process if using FIB, and
the pipette tip can be polished at nanoscale without changing the tip shape; sec-
ondly, fire polishing has a blunting effect on the tip, which increases the contami-
nation probability; and thirdly, FIB polishing does not change the sharpness of the
pipette, which facilitates the pipette’s travelling through tissues to the desired cells.

4.4 Patch Clamping Experiments

To investigate the effect of the roughness of pipette tips, patch clamp experiments were
carried out with polished and conventional pipettes under the same conditions and the
results were compared. Human Embryonic Kidney (HEK) cells were utilized to inves-
tigate the performance of the FIB-polished micropipettes in achieving gigaseals. The
cells were cultured on cover slips in HEK cells medium, one to two days before the
experiment, and incubation was done at 37 °C. The culture medium contained:

1. DMEM (Dulbecco’s Modified Eagle’s medium) 89 %
2. FBS (Fetal bovine serum) 10 %
3. PS (Penicillin Streptomycin) 1 %.

The backfilling solution (pipette solution) was composed of 40 mM KCI, 96 mM
K-gluconate, 4 mM K2ATP, 2 mM GTP, 10 mM HEPE and with a pH value of 7.2,
and the bath solution was composed of 110 mM NaCl, 5 mM KCI, 1 mM MgCl,,
1 mM CaCl,, 5 mM HEPEs, 5 mM HEPE-Na, and with a pH value of 7.2.

The experimental equipment setup consisted of an Axon multiclamp 700B
microelectrode amplifier (Axon Instruments, Union City, CA), Flaming/Brown


http://dx.doi.org/10.1007/978-3-642-39128-6_3

4.4 Patch Clamping Experiments 37

micropipette puller (Model P-97, Sutter Instruments) and glass micropipettes
(BF150-86-10, Sutter Instruments). The puller machine was set to produce
pipettes with a tip size of approximately 1.5 pm. When there was no contact
between the recording pipette and the cell membrane, the total pipette resistance
ranged from 6.0 to 6.5 M. A 10 mV pulse was constantly applied to the record-
ing electrode from the time that the pipette tip was just immersed in the bath solu-
tion till it touched the cell membrane. At this point the positive pressure were
switched to suction to encourage seal formation (Fig. 4.10).

Ten recordings were obtained for each type of pipette. Seal resistances are
shown in Fig. 4.11. With the FIB-polished pipettes, above 3 G2 seals were

Pipette

Fig. 4.10 Image of the pipette with respect to the cell at the moment of applying suction
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Fig. 4.11 Seal values for conventional and polished pipettes
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achieved in most attempts and the highest seal resistance reached 9 GS2. The mean
value of seal resistances is 4.7 G2 with a standard deviation of 1.8 GS2. In com-
parison, the seal resistances achieved using the conventional pipettes were usually
between 1.0 and 2.0 GS2. The seal resistance could reach 3 G2 in some excellent
cases. The mean value of seal resistances is 1.6 GS2 with a standard deviation of
0.6 G.

FIB-polished pipettes formed significantly better seals which made it possible
to measure single ion channel currents with considerably lower noise. Single-
channel currents recorded from conventional and polished pipettes are shown in
Figs. 4.12 and 4.13.

I patch [pA]

0 20000 40000 60000 80000
Time [ms]

Fig. 4.12 Single-channel recording from HEK cells with conventional pipettes. The leakage
current is 2.1 pA

I patch [pA]

0 20000 40000 60000 80000
Time [ms]

Fig. 4.13 Single-channel recording from HEK cells with polished pipettes. The improved patch
clamping performance with polished pipettes is obtained from the better contact conditions of the
smoother tip surface with the membrane. The leakage current is 0.3 pA, significantly lower than
the current for conventional pipettes
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(a) Conventional pipettes

Membrane

Conductive solution

Pipette tip

(b) Polished pipettes

Pipette

Fig. 4.14 Schematic of pipette-membrane interaction: a the original pipette tip with an uneven
surface, b with a flat tip [2]

The higher seal resistance for polished pipettes could be explained by their bet-
ter sealing potential. The perfectly smooth and flat surface of the polished pipette
tip leaves no concave area to hold water, as opposed to conventional pipettes
(Fig. 4.14). Contact area between pipette tip and cell membrane is higher for pol-
ished pipettes and since there are no peaks or spikes, the membrane can get closer
to the tip. As a result it is more difficult for ions to escape from glass-membrane
distance and higher seals are achievable. This also implies that the cell cannot fill
the valleys of the rough surface of the conventional pipettes perfectly, which could
possibly be the reason for reports of lower seal resistance with rough surfaces in
the literature.

The results demonstrate two important things about the nature of gigaseal
formation:

1. Although the seal is manly formed between the inner wall of the pipette and the
cell membrane, the effect of the tip cannot be neglected. A flat, smooth tip can
significantly decrease leakage.

2. The results show the importance of the closeness of the membrane to the glass
over the length of opposition. The tip area is small compared to the inner wall
area, yet the smooth flat tip can increase the seal value.

As discussed in Chap. 3, the seal forms between lipids and the inner wall of
glass micropipettes. These findings show that the mechanism of gigaseal forma-
tion is not completely understood and there is no single model that can explain all
observations.
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4.5 Finite Element Modelling

Finite element modelling is carried out to study the effect of pipette tip roughness
on gigaseal formation. How the cell deforms under the rough tip of a pipette has
significant importance in gigaseal formation. If the membrane can fill cavities of
the rough tip then higher seal resistances are expected due to the higher contact
area between the rough pipette and the cell membrane. However if the membrane
cannot fill the cavities then the space between two peaks acts like a conductive
channel which connects the inside of the pipette to the outside. FE modelling was
carried out using Abaqus/CAE software [28].

4.5.1 Patch Clamp Manipulators

Patch clamping involves the placement of a glass micropipette onto a cell to form
a tight seal. The core function of a micromanipulator in patch clamping set-up is
to place the micropipette tip onto the cell surface in a controlled way. The manip-
ulator used in the experiments is MP-225 from Sutter Instruments (Fig. 4.15),
which has a resolution of 62.5 nm for fine movements. As a result the pipette
approaches the cell in a step of 62.5 nm. This implies that when a contact is made,
the pipette tip is just on the cell surface or presses the cell within tens of nano-
metres. If the pipette continues its movement, it may penetrate or rupture the cell
membrane. Figure 4.16 shows the right moment of applying suction.

In practice the relative position of tip to membrane is estimated by monitor-
ing the change of electrical resistance between the two electrodes. As the pipette
comes closer to the membrane the resistance increases; usually an increase of
about 1 M indicates that the tip has touched the membrane [21]. It is not rec-
ommended to reach a resistance 1.5 times higher than the pipette resistance as it
stresses the membrane and contaminates the tip, which is fatal for gigaseal forma-
tion. In finite element modelling, once in contact, the pipette is lowered by 500 nm
and the suction is then applied.

Fig. 4.15 MP-225
micromanipulator from Sutter
Instruments [10]
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Fig. 4.16 The pipette approaches the cell by steps of as long as manipulator resolution. a The
pipette is a long way from the membrane, and application of suction at this point may increase
the resistance, but usually the resistance drops after suction is released and the tip should be con-
sidered contaminated, therefore needing to be changed. b The pipette is on the membrane; this is
the right position to apply suction for most of the cells, and ¢ the pipette pushes in the membrane
by a few tens of nanometres; this is the most usual case in patch clamping. More pressing may
result in membrane rupture; however, for some cell types the pipette needs to be pressed against
the cell membrane more strongly [29]

4.5.2 Pipette Tip Profile

Figure 4.17 shows the digital elevation model image of the pipette used in FE
modelling with four different profiles (numbered 1-4) of the tip surface along its
thickness. The specifications of the profiles are given in Table 4.3. In order for the
modelled pipette to have the real tip profile of the glass micropipette, coordinates of
each profile are extracted and a B-spline is drawn through these points. The splines
are then transferred to ABAQUS/CAE for finite element simulation. The inner and
outer diameters of the pipette tip are 0.7 pm and 1 pm, respectively. As can be seen
in Fig. 4.17, there is a large variation in the surface morphology of the pipette tip
across its thickness. Therefore different tip profiles were used in the modelling.

4.5.3 Finite Element Modelling of Patch Clamping

There are three elements in this modelling: the glass micropipette, substrate and
the cell. The pipette and substrate are modelled as 2D elastic solid bodies.

Two different mechanical models can be applied to cells, and either one allows
the simulation of cellular deformations in response to micropipette aspiration in
which the cell is sucked into the micropipette by applying negative pressure. The
first one describes cells as having a solid membrane and liquid core and has been
used to model the aspiration of cells with little or no cytoskeleton (such as red
blood cells or unattached leukocytes) into micropipettes. The second one describes
cells spread on a substrate (which is the case in conventional patch clamping)
with a well developed cytoskeleton as being elastic solids [18, 30-32]. Cells can
be modelled as continuum media if the smallest operative length scale of interest
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Fig. 4.17 Four different profiles of the tip surface across the thickness are shown. The large var-
iation of surface morphology compromises the formation of a high-resistance seal

is significantly larger than the distance over which cellular structure or proper-
ties may vary [33-35]. Here, the cell is modelled as a continuous, homogeneous,
incompressible, isotropic and hyperelastic solid attached to the substrate. The
modelled cell consists of two parts: the cytoplasm and the membrane. Table 4.4
gives the material properties of cell membrane and cytoplasm. The material prop-
erties of cytoplasm and membrane used in this modelling are: E. = 1000 Pa,
ve = 0.5, pe = 1000 kg/m?, E,, = 100 Mpa, vy, = 0.3, py = 1150 kg/m?.

Since the physical combination of the pipette and cell is completely symmet-
ric, a 2D axisymmetric model is employed instead of using a huge 3D model with
a large number of nodes and elements. The cytoplasm is modelled as a semicir-
cle meshed with 4-node bilinear axisymmetric quadrilateral elements. The plasma
membrane is modelled as a thin elastic shell. Dimensions and boundary conditions
are shown in Fig. 4.18. In the finite element simulation the pipette is lowered for
300 nm and then the suction is applied to the inside of the pipette. The membrane
is tethered to the cytoplasm using a tie constraint. Contact between pipette and cell
is considered frictionless.

The result of the finite element modelling is shown in Fig. 4.19. Although the
cytoplasm is soft, the stiffer membrane does not allow the cell to cover all of the
cavities of the tip. The highest peaks of the profile push down the membrane.
Therefore, the distance between two peaks will not be filled with the patched
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Table 4.3 Profile parameters of four different profiles

Profile No.1 No.2 No.3 No.4 Description

P, 4.0 nm 6.2 nm 2.1 nm 4.8 nm Average height of profile

Py 4.8 nm 7.8 nm 2.3 nm 6.2 nm Root-mean-square
height of profile

Py 22.1 nm 34.0 nm 9.2 nm 29.2 nm Maximum peak to valley
height of primary
profile

P, 13.0 nm 12.4 nm 5.5nm 12.6 nm Mean peak to valley
height of primary
profile

Pmax 18.4 nm 20.8 nm 6.7 nm 16.5 nm Maximum peak to valley
height of primary
profile within a sam-
pling length

Pp 8.7 nm 14.7 nm 4.8 nm 16.3 nm Maximum peak height
of primary profile

Py 13.4 nm 19.3 nm 4.4 nm 12.9 nm Maximum valley height
of primary profile

P 14.8 nm 26.1 nm 5.4 nm 19.7 nm Mean height of profile
irregularities of
primary profile

Psm 92.7 nm 150.54 nm 49.7 nm 76.6 nm Mean spacing of profile

irregularities of
primary profile

Py —0.741 —-0.2124 0.08 0.1866 Skewness of primary
profile

Pru 2.4831 2.5544 2272 3.0219 Kurtosis of primary
profile

Pyq 0.4716 0.6446 0.279 0.5801 Root-mean-square slope

of primary profile

Table 4.4 Material properties of cytoplasm and membrane

Young modulus (E) Poisson’s ratio (v) Density (p) kg/m?
Cytoplasm 75-2500 Pa [20, 31, 32, 36] 0.5[19, 31, 37] 1000 [19, 20, 38]
Membrane 100-140 MPa [19, 20] 0.3-0.5[18, 19, 20] 1150 [20]

membrane. This is important because if the membrane fills up all of the room
between peaks and valleys, then the contact area between the membrane and the
glass will increase. This in turn can result in a better seal. However the result of
the FE modelling shows that the membrane cannot go into the valleys. Therefore
the spaces, which are not filled by the cell, act like channels connecting the inside
and outside of the pipette together. These channels are filled with the conductive
media, making it easier for ions to escape, therefore increasing current leakage
and compromising the seal. As can be understood from Table 4.3, the maximum
peak to valley height of these channels is about 10-34 nm. The result of the FE
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Fig. 4.18 Dimensions and boundary conditions used in the FE modelling. Nodes on the symme-
try axis are prevented from movement in X direction and rotation around Z axis. The substrate is
not allowed to have any movement in any direction

modelling is in agreement with experiments carried out with rough and polished
pipettes. Polished pipettes make a better seal with cells because their flat tip can
make a better contact with the cell surface.

4.6 Summary

In this chapter the effect of pipette tip roughness on gigaseal formation in patch
clamping has been studied. Micropipettes are fabricated in a heating and pulling
process. High-magnification SEM images of pipettes’ tips have shown that they are
rough and jagged. The SEM stereoscopic technique has been used for 3D recon-
struction of the pipette tip and roughness parameters were extracted from digital
elevation models (DEM) of the tips. FIB milling is used to cut across the tips, leav-
ing a very smooth surface at the top of the pipettes. Patch clamping experiments
were carried out using FIB-polished and conventional pipettes. Seal values are con-
siderably higher in the case of polished pipettes. Above 3 G2 seals were achieved
readily and the highest seal resistance reached was 9 GS2 for polished pipettes. The
leakage current in single-channel recording was found to be 0.3 pA, significantly
smaller than the 2-3 pA usually achieved using conventionally treated pipettes. The
smaller current is the consequence of higher seal resistance. To further investigate
the effect of roughness on gigaseal formation FE modelling of patch clamping was
carried out. The results of the FE modelling show that the cell cannot fill up all of
the valleys of the tip and therefore in three-dimensions the inside of the pipette is
connected to the outside by nanometre-high channels, facilitating current leakage.
This is consistent with the result obtained from patch clamping experiments, where
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Fig. 4.19 Result of the FE modelling of patch clamping process, a Aspiration of cell into pipette,
b close view of the region underneath the pipette. Stiff cell membrane prevents soft cytoplasm from
filling the cavities of the tip, ¢ 3D representation of result, d cell deformation at the end of indentation
process and before applying suction. The material properties of cytoplasm and membrane used in this
modelling are: E. = 1000 Pa, v, = 0.5, p. = 1000 kg/m3, En = 100 MPa, vy, = 0.3, ppy = 1150 kg/m3

smoother tips resulted in higher seal values. Thus, FIB-polished glass micropipettes
have improved the gigaseal formation in patch clamping.
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Chapter 5
Effect of Hydrophilicity on Gigaseal
Formation

A membrane has both hydrophilic and hydrophobic components. The exact con-
tribution of these components in seal formation is not clear. Hydrophilicity of the
pipette (or patch site in planar patch clamping) is believed to be a prerequisite
for gigaseal formation [1]. For many materials, treating the substrate to be more
hydrophilic resulted in considerably higher seal values [2-5]. However the twofold
structure of the membrane has made it possible for the membrane to form a seal
with both hydrophobic and hydrophilic materials [6]. In this chapter the effect of
hydrophilicity on gigaseal formation is discussed.

5.1 Piranha Solution Treatment

Piranha solution has been in use in the semiconductor industry for decades. The
piranha solution is a mixture of concentrated sulphuric acid (H2SO4) and hydro-
gen peroxide (H>O»), used to remove organic contaminants from the surface. The
solution is a strong oxidizer and will also make the surface extremely hydrophilic
[7]. Both cleanliness and hydrophilicity are important in seal formation. Many dif-
ferent mixture ratios are commonly used, but a typical piranha solution consists of
the following: 3:1 vol/vol 96 % H2S04:30 % H>0O,. A mixture of the two results in
the formation of the strong oxidant H>SOs [8, 9]:

H»SO4 + H,O» — H»SOs5 + HO

As a result piranha solution is a strong oxidizer and will hydroxylate the sur-
face by increasing silanol groups and Si—O-species on the glass, making the sur-
face more hydrophilic [10].

Glass cover slips were used for characterization of the treatment procedure
before treating the micropipettes. Cover slips were dipped in piranha solution for
30 min and the temperature was kept at 85 °C to maintain the effectiveness of the
solution. Figure 5.1 shows the contact angle between the treated glass and water
before and after treatment.

M. Malboubi and K. Jiang, Gigaseal Formation in Patch Clamping, 49
SpringerBriefs in Applied Sciences and Technology,
DOI: 10.1007/978-3-642-39128-6_5, © The Author(s) 2014
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Fig. 5.1 Piranha solution treatment of glass cover slips for 30 min. a Contact angle between
water and glass before treatment, b after treatment and ¢ 2 h after treatment

Treating micropipettes is different from treating cover slips. In order to apply
piranha treatment to glass micropipettes the following issues should be considered
carefully:

e Treatment time
e Effect of piranha treatment on pipette capacitance and
e Effect of piranha treatment on pipette surface roughness.

5.1.1 Treatment Time

Figure 5.1 shows that piranha solution treatment is an effective way to increase the
hydrophilicity of glass. However, dipping pipettes in piranha solution for 30 min
causes a considerable amount of piranha solution to be sucked into the pipette by
capillary action. Piranha solution is harmful to cells and it must be removed from
pipettes before conducting patch clamp experiments. Due to the small tip size
of the pipettes (1-2 pm), it takes a long time to remove the piranha solution by
applying pressure to the back of the pipettes. Shorter treatment times were used
to overcome this problem by decreasing the amount of solution which goes into
the pipettes. To observe the effectiveness of treatment, the contact angle between a
water droplet and the glass cover slips was measured for different treatment times
and is presented in Table 5.1. As patch clamp experiments were usually carried

Table 5.1 Contact angle for different treatment times

Treatment time (sec) Contact angle measured Contact angle measured
after treatment after 2 h.

10 28 48

20 11 37

30 10 19

A treatment time of 30 s was chosen because it is more effective and the surface can maintain its
properties for a longer time.
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3

Fig. 5.2 Pipettes were dipped in ink for 30 s. a Positive pressure was applied to the pipette for
2 min and 40 s to remove the ink. The experiments were carried out under water to eliminate sur-
face tension at the tip. b Ink has been completely removed from the pipette

out with a delay from treatment, contact angles are measured after treatment and
after 2 h from treatment to find out if the surface is able to keep its properties for a
period of time.

Based on the values of contact angles in Table 5.1, a treatment time of 30 s was
chosen.

To estimate the influence of capillary action for this treatment time pipettes
were dipped in ink for 30 s. This gives a good approximation of the length of time
required for applying pressure to the pipette to remove the piranha solution after
treatment. Blue ink was used to give a higher contrast as piranha solution is trans-
parent and it is difficult to observe it leaving the pipette. It took 2 min and 40 s
to completely remove the ink from the pipette which was sucked in by capillary
action in 30 s (Fig. 5.2). Before conducting patch clamp experiments positive pres-
sure is applied to pipettes for 3 min to remove the piranha solution.

5.1.2 Effect of Piranha Solution Treatment on Pipette
Surface Roughness

Piranha solution etches glass. Seu et al. have measured the surface roughness
of glass slips treated with piranha solution for different lengths of time [10].
Figure 5.3 shows the surface roughness values of glass after various treatment
times. Noticeable roughening can be observed as the etch time is increased.

5.1.3 Effect of Piranha Treatment on Pipette Capacitance

Pipette capacitance is an important factor in patch clamp recordings and should be
minimized. Treating pipettes with piranha solution increases the hydrophilicity of
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Fig. 5.3 Effect of piranha solution etching time on surface roughness of glass slides. AFM
images and line scans from five different samples are shown. Surface roughness increases with
etching time [10]. Decreasing treatment time from several minutes to several seconds will greatly
reduce etching. Treating pipettes for 30 s with piranha solution should have a negligible effect on
the surface roughness of glass micropipettes

the glass surface and facilitates the creeping up of conductive watery solution from
the pipette wall. This increases the pipette capacitance. Therefore only the very
end of pipettes should be treated and the rest of the pipettes should be preserved
from treatment. This has been done by dipping only the end of micropipettes in
piranha solution using a simple pipette holder (Fig. 5.4).

Fig. 5.4 Only the very ends of pipettes were dipped into piranha solution using a micropipette
holder to prevent the rest of the micropipettes from being treated. a The pipette holder with
pipettes assembled in the holder; b Pipettes were inserted into the piranha solution
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5.1.4 Piranha Solution Treatment of Glass Micropipettes

The purpose of treating glass micropipettes with piranha solution is to increase the
hydrophilicity of the inner wall of the micropipettes which is in contact with the
cell membrane in seal formation. Pipettes were dipped in piranha solution for 30 s
using the pipette holder. Then pipettes were backfilled with pipette solution and
pressure is applied to them after immersing the tip into bath solution for 3 min.
This time is enough to remove harmful solution from the tip. The pipettes are now
ready for performing patch clamp experiments.

5.2 Oxygen Plasma Treatment

The second method used to alter the surface properties of glass micropipettes is
oxygen plasma treatment. Plasma is a partially ionized gas with an equal number
of positive and negative charges. The ions in the plasma are accelerated through the
plasma sheet and bombard the surrounding surfaces. Plasma treatment increases
hydrophilicity and cleans the surface. The plasma affects a surface physically (bom-
bardment with energetic ions) and chemically (interactions of chemically active
species in the plasma). Depending on plasma parameters (power, applied volt-
age, pressure, plasma density etc.) and gas chemistry, plasma discharges can be
employed for etching, deposition or surface cleaning [11]. Oxygen plasma treatment
leads to the formation of surface (—OH) groups (silanol) (Fig. 5.5). The increased
concentration of OH groups at the surface provides a higher number of siloxane
bonds. Glass cover slips were used for characterization of the treatment procedure.
They were exposed to oxygen plasma for 1 min. Figure 5.6 shows the contact angle
between the glass and a droplet of water before and after oxygen plasma treatment.

As with piranha solution treatment, pipette capacitance and surface roughness
are important factors which need careful consideration in plasma treatment.

Fig. 5.5 Glass surface (a) OH OH--O OH 0--OH

a before and b after plasma
treatment

Gl

() OHOH O OHOHOH O OH OH OH OH

Glass
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Fig. 5.6 Oxygen plasma treatment of glass coverslips for 1 min. a Contact angle between water
and glass before treatment, b after treatment and ¢ 2 h after treatment

5.2.1 Effect of Oxygen Plasma Treatment on Pipette
Capacitance

As stated earlier, it is only the tips of micropipettes that need to be treated and the
rest of the pipettes should be preserved from treatment. A holder was designed for
this purpose. Before plasma treatment pipettes were assembled into the columns of
the holder and the holder was placed into the plasma chamber.

5.2.2 Effect of Oxygen Plasma Treatment on Surface
Roughness

Choi et al. showed that oxygen plasma treatment increases the surface roughness
of glass [12]. The amount of roughness is proportional to the magnitude of power
and exposure time. The oxygen radicals preferentially remove weak Si—Si bonds
and break Si—O bonds at the surface, which results in higher surface roughness
[12]. In treating glass micropipettes oxygen plasma parameters were well chosen
to minimize the increase in surface roughness.

5.2.3 Oxygen Plasma Treatment of Glass Micropipettes

For oxygen plasma treatment of glass micropipettes, these were inserted into a
low-pressure radio frequency (RF) plasma chamber. Ten pipettes were placed
in the holder to be treated all at once. The holder was inserted horizontally to
the chamber. The plasma treatment was performed at a working pressure of
40 mTorr, an oxygen flow of 50 sccm and 40°. The oxygen plasma power and
exposure time were respectively, 800 W inductively coupled power, 20 W
platen power, and 1 min. According to Choi et al. for these values the size of
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roughness is below 2 A. This amount of change in surface roughness is negligible
in comparison with the surface roughness of glass micropipettes (see Chap. 5).
Therefore oxygen plasma treatment has a minimum effect on the surface proper-
ties of pipettes.

5.3 Patch Clamping Experiments

Patch clamping experiments were carried out on HEK (Human Embryonic
Kidney) cells with piranha solution-treated, oxygen plasma-treated and conven-
tional pipettes and the results are compared. Cell culture, materials and the set-up
for patch clamping experiments were the same as those discussed in Chap. 4. Ten
measurements were made for each type of pipette and seal values were recorded.
The mean value of seal resistances for conventional pipettes is 1.6 G2 with the
standard deviation of 0.6 GQ2. The mean of seal resistances for piranha solution-
treated pipettes is 3.0 G2 with a standard deviation of 0.9 GQ2. In comparison,
the mean value of seal resistance for oxygen plasma treated-pipettes is 0.93 G2
with a standard deviation of 0.3 G2. Figures 5.7 and 5.8 show the performance of
one of the piranha solution-treated and one of the oxygen plasma-treated pipettes
respectively. Figure 5.9 shows the seal values for oxygen plasma-treated, piranha
solution-treated and conventional pipettes.

500

L(pA)
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V (mV)

T (ms)

Fig. 5.7 Voltage clamp recordings showing changes in current performed by an oxygen plasma-
treated pipette. The voltage step length is 30 ms, the increment is 50 mV per step. The applica-
tion of a 350 mV pulse resulted in a recorded current of approximately 210 pA and a calculated
seal resistance of 1.6 G2
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Fig. 5.8 Voltage clamp recordings showing changes in current performed by a piranha solution-treated
pipette. The voltage step length is 30 ms, the increment is 50 mV per step. The application of a 350 mV
pulse resulted in a recorded current of approximately 80 pA and a calculated seal resistance of 4.3 G2
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Fig. 5.9 Seal values for conventional, piranha solution and oxygen plasma-treated pipettes

5.4 Discussion

The results show that seal values for piranha solution-treated pipettes are higher
than for conventional pipettes. Piranha solution treatment affects gigaseal forma-
tion in two ways: by increasing the chance for making hydrogen bonds and by
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cleaning the surface. The better performance of piranha solution-treated pipettes
may be the result of these factors or a combination of both. As discussed in
Sect. 3.3, four kinds of forces are presented in seal formation: ionic bonds,
hydrogen bonds, salt bridges and van der Waals forces. Of these four, the last
three play the more important role. Results from piranha solution-treated
pipettes show the importance of hydrogen bonds in gigaseal formation. Piranha
solution is a strong oxidizer and adds more hydroxyl groups to the surface of the
glass, thus increasing the chance of forming hydrogen bonds between glass and
membrane; therefore, a stronger seal is expected. Piranha solution also cleans
the surface of the glass of any organic material. Cleanliness is a prerequisite
for seal formation. These two improvements result in a very high probability of
gigaseal formation: about 80 % of efforts led to gigaseal formation. The treat-
ment is also easy in practice, which is highly desirable in electrophysiology
labs; however, users need to be familiar with the safety procedures involved in
using piranha solution.

Oxygen plasma treatment also cleans the surface and makes it more hydro-
philic. However, oxygen plasma-treated pipettes did not form seals as good as
piranha solution-treated or conventional pipettes. This might be mainly due to
oxygen plasma not being an effective way of treating micropipettes. Firstly,
due to the dimensions of the chamber, micropipettes should be placed horizon-
tally. This configuration significantly limits the access of plasma to the inside
of the pipette (Fig. 5.10a). Secondly, the inner wall of micropipettes should be
treated for the first 100 um from the pipette tip, as in seal formation the mem-
brane goes from 5 to 100 microns into the pipette. Thirdly, the tip size is very
small (1-2 p) and as a result plasma cannot reach the desired area effectively.
Fourthly, background gases present in the inducting coupled plasma etch-
ing chamber may contaminate the tip [13], thereby preventing seal formation.
It should also be emphasized that oxygen plasma treatment has been widely
used in planar patch clamp systems for treating the patching site [2, 4, 5].
The higher seal values after treatment show the importance of hydrophilicity
of the patching site and the effectiveness of plasma treatment. In treating pla-
nar patch clamp systems, charged species can easily reach to the patching site
because it is normally on a flat surface; therefore the site is effectively treated
(Fig. 5.10b).
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Fig. 5.10 Oxygen plasma treatment of a micropipettes, and b planar patch clamp chips, plasma
can effectively treat the patching site in planar patch clamp systems but the inner walls of
pipettes are difficult to access
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5.5 Summary

In this chapter the effect of hydrophilicity on gigaseal formation has been
reported. Treatments with piranha solution and oxygen plasma are used to
change the hydrophilicity of the patching site. Both the piranha solution and
oxygen plasma treatment increase surface roughness slightly, which can be
neglected. Results show that piranha solution-treated pipettes form better seals
with higher resistance values. These results can be understood by the fact that
piranha solution is a strong oxidizer and adds more hydroxyl groups to the sur-
face of the glass. Therefore more hydrogen bonds can be made between glass
and membrane and a stronger seal is obtained. Piranha solution also cleans
the surface of any organic material and cleanliness of patching area is a cru-
cial requirement for seal formation [1]. Another advantage of piranha solu-
tion treatment is that the probability of gigaseal formation is very high. About
80 % of efforts using this method led to gigaseal formation, whereas oxygen
plasma-treated pipettes failed to form high-resistance seals. This is mainly
because oxygen plasma treatment is not an effective way to treat glass micropi-
pettes. However, treatment of planar patch clamping chips with oxygen plasma,
where there is good access of plasma to the patching site, has improved seal
formation.
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Chapter 6
Effect of Tip Size on Gigaseal Formation

Tip size is perhaps the easiest controllable factor which affects gigaseal formation.
It is generally known that the smaller the tip size, the easier it is to achieve a giga-
seal. Although tip size has been mentioned in the literature as an important factor
in seal formation and has often been used in planar patch clamping as a tool to
increase the probability of gigaseal formation [1-5], the reasons of the observation
remain unclear. This chapter reports the research into the effect of tip size on giga-
seal formation. The approach adopted in the research includes, first, investigation
on how the tip size affects the patch clamping, then a study on the surface proper-
ties of pipettes with different tip sizes and compare the seal resistances obtained
by them, and finally verification of the conclusions using experiments.

6.1 Effect of Tip Size in Patch Clamping

The resistance at the micropipette tip plays an important role in patch clamping
since it constitutes the most of the pipette resistance. The other part of pipette resist-
ance is due to the shank of the pipette and is called shank resistance. The simplified
equivalent circuit for the cell attached is shown in Fig. 6.1. According to Kirchhoff’s
voltage law, the greatest voltage drop in a series circuit will be over the highest
resistance. It means that the highest resistance in a series circuit determines the cur-
rent flow. Therefore if the patch resistance (Rpacch) is high compared with the resist-
ance of the rest of the cell (Rmembrane) and the pipette resistance (Rpipete), then the
circuit effectively monitors current flow through the patch and any ion channels in it.

Pipette resistance can be obtained theoretically by knowing the geometry of
patch pipettes. The tip shape is approximately conical, with an angle ¢ of §-12°.
When the pipette is modelled as having an approximately cylindrical shank and a
conical tip, the total resistance of the pipette is given by the sum of the tip and the
shank resistances [3].
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Fig. 6.1 Simplified Rieak
equivalent circuit for the cell-
attached patch configuration — }_\/ Ve
Rpipelle
Rmemhrane Rpalch
where:

p is specific resistivity (Ohm.cm)
[ is pipette shank length (cm)

Ig is the shank radius (jum)

1 is the tip radius (um)

@ is the cone angle.

Since the radius of the cylindrical shank (rs) is much larger (>50 pm) than that
of the radius of the tip opening (1), the resistance of the tip dominates. Most of the
resistance of a patch pipette resides at or very near its tip.

As was discussed earlier, lower pipette resistance results in more accurate meas-
urement of membrane activity. However the tip size cannot be increased greatly,
since it lowers the probability of seal formation. One solution is to minimize shank
resistance as much as possible by selecting correct pulling parameters in conven-
tional patch clamping or suitable chip design in planar patch clamping devices.

6.2 Effect of Tip Size on Gigaseal Formation

Tip size affects gigaseal formation. The smaller the tip is, the higher the seal
resistance. A cell membrane has contact with the pipette in two areas: the pipette
tip and the pipette inner wall (Fig. 6.2).

In patch clamping, the membrane can be sucked into the pipette from 5 to 100 um
[6-9]. This implies that as long as the membrane and pipette are in close contact
their length of opposition is of secondary importance. This suggests that the mem-
brane can get closer to the pipette surface in the case of smaller pipettes. Measuring
surface properties of pipettes with different sizes can help prove this hypothesis.

Fig. 6.2 Two contact areas Suction
of pipette and membrane in

gigaseal formation: (/) at the

tip and (2) along the inner

wall Pipette

Cell 1



6.3 Measuring Surface Properties of Pipettes 63

6.3 Measuring Surface Properties of Pipettes

The SEM stereoscopic technique is used to determine three-dimensional surface
structures of pipettes.

6.3.1 3D Reconstruction of the Tip

To enhance the quality of images to the level required by the SEM stereoscopic
technique, glass micropipettes are coated with a less than 5 nm-thick layer of plati-
num. Figure 6.3 shows images of pipettes before and after coating. The coating

Fig. 6.3 Images of pipette tips before (a, b) and after (¢, d) coating with platinum
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Fig. 6.4 SEM stereo images of pipette A (D; = 8.7 pm): a west, b middle, ¢ east images and
d the digital elevation model created by MeX™

improved significantly the quality of the SEM images. The coating thickness is
well below the resolution of the images used in 3D reconstruction. Therefore sur-
face features are not affected by the coating process.

Two pipettes with different tip sizes were chosen for 3D reconstruction:

e Pipette A with a tip size of 8.7 pm and
e Pipette B with a tip size of 2.3 pm.

To reconstruct the pipettes’ tips three high-resolution SEM images were
obtained from different perspectives. The tilting angle between each pair of stereo
images was 5 degrees. The SEM machine used for 3D reconstructions is Strata
DB 235 from FEI. MeX™ software (version 5.1) was used for analyses and 3D
reconstruction of the pipette surface [10]. Figure 6.4 shows the west, the middle
and the east SEM images of pipette A and also the digital elevation model created
by MeX™.

Figure 6.5 shows stereo images and the digital elevation model of pipette B.

Table 6.1 gives the values of tip sizes, tilting angles, magnifications, lateral res-
olutions and vertical resolutions of the two 3D reconstructed pipettes.



6.3 Measuring Surface Properties of Pipettes 65

(@) 2 (b)

Tilting angle = -5 Tilting angle = 0
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Fig. 6.5 SEM stereo images of pipette B (D; = 2.3 pm): a west, b middle, ¢ east images and
d the digital elevation model created by MeX™

Table 6.1 Reconstruction information of pipettes A and B

Pipette Tipsize  Tilting angle =~ Magnification  Lateral Vertical

(jvm) (left to right) resolution (nm) resolution (nm)
Pipette A 8.7 10 20000 14.7 42.1
Pipette B 2.3 10 65000 4.6 13.2

Surface properties of pipettes computed from the digital elevation model are
presented in Table 6.2. The results show that pipette A is rougher than pipette B.
Pipette A (D; = 8.7 wm) has an average surface roughness of 40.8 nm and a maxi-
mum peak to valley distance of 585.9 nm. The average surface roughness of pipette
B (D; = 2.3 wm) is 17.3 nm and its maximum peak to valley distance is 204.8 nm.
Table 6.3 shows the bearing area curve parameters of the pipettes. These param-
eters provide useful information about the peak, core and valley volumes and fluid
retention ability of the surface [11] which will be used to explain the sources of
leakage in seal formation later in this chapter.
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Table 6.2 Tip surface properties of pipettes A and B

Name Value (pipette A) Value (pipette B) Description

D =8.7 um Di=23pum
Sa 40.8 nm 17.3 nm Average height of selected area
Sq 54.5 nm 22.6 nm Root-mean-square height of selected area
Sp 258.7 nm 92.0 nm Maximum peak height of selected area
Sy 327.2 nm 112.8 nm Maximum valley depth of selected area
S, 586 nm 204.8 nm Maximum height of selected area
Si0z 438.7 nm 168.2 nm Ten point height of selected area
Ssk —0.1515 —0.2774 Skewness of selected area
Sku 4.5606 3.9823 Kurtosis of selected area
Sqq 0.7303 0.8654 Root mean square gradient
Sdr 27.005 % 34.866 % Developed interfacial area ratio

Table 6.3 Values of the bearing area curve of pipettes A and B

Name Value (pipette A)  Value (pipette B) ~ Description

D =8.7 pm D(=23pum
Sk 358.9 nm 116.9 nm Core roughness depth, height of the
core material
Spk 129.1 nm 67.1 nm Reduced peak height, mean height
of the peaks above the core material
Svk 236.0 nm 47.3 nm Reduced valley height, mean depth
of the valleys below the core material
Sirl 12.4 % 10.18 % Peak material component, the fraction
of the surface which consists of peaks
above the core material
Smr2 90.74 % 89.23 % Peak material component, the fraction
of the surface which will carry the load
Vinp 0.0059 ml/m? 0.0033 ml/m? Peak material volume of the topographic
surface (ml/m?)
Vine 0.1225 ml/m? 0.0411 ml/m? Core material volume of the topographic
surface (ml/m?)
Ve 0.1816 ml/m? 0.0563 ml/m?2 Core void volume of the surface (ml/m?2)
Vyy 0.021 ml/m2 0.0056 ml/m? Valley void volume of the surface (ml/m?)
Vve/Vine 1.4817 1.37 Ratio of V. parameter to V. parameter

6.3.2 3D Reconstruction of the Inner Wall

So far it has been shown that tips of micropipettes are rough and a larger pipette
has a higher average surface roughness. It has been thought that heating and pull-
ing of glass micropipettes produces smooth surfaces [12], and therefore one might
expect that inner walls of pipettes to be smooth. To measure surface properties of
the inner walls of pipettes, focused ion beam milling and SEM stereoscopic tech-
nique were used. Two pipettes with different sizes were chosen:

e Pipette C with a tip size of 13.2 wm and
e Pipette D with a tip size of 8.9 pm
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The pipettes were split and cut open using focused ion beam milling to create
access to the inner walls. The imaging direction was perpendicular to the cutting
plane, avoiding redeposition of sputtered materials from the Focused Ion Beam
(FIB) cutting onto the area. After cutting, the pipettes were turned 90° by means of
a previously fabricated holder. Three SEM images were taken from the inside wall
and 3D structures of the inner wall were obtained using MeX software. Figure 6.6
shows pipette C (D; = 13.2 pm) before and after FIB milling. West, middle and
east SEM images of the inner wall of this pipette and its digital elevation model
created by MeX are shown in Fig. 6.7.

Figure 6.8 shows pipette D (D; = 8.9 pwm) before and after FIB milling. West,
middle and east SEM images of the inner wall of this pipette and its digital eleva-
tion model created by MeX are shown in Fig. 6.9.

Table 6.4 gives the values of tip sizes, tilting angles, magnifications, lateral res-
olutions and vertical resolutions of the two 3D reconstructed pipettes.

Surface properties of the pipettes’ inner wall surfaces computed from the digital
elevation model are presented in Tables 6.5 and 6.6. The results show that pipette
C (Dy = 13.2 wm) has an higher average surface roughness, of 30.2 nm. The aver-
age surface roughness of pipette D (D = 8.9 pm) is 24.1 nm.

Fig. 6.6 Pipette C (D; = 13.2 wm) before and after focused ion beam milling
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Tilting angle = -5

Tilting angle = 5°

Fig. 6.7 Inner wall SEM stereo images of pipette C (D; = 13.2 wm): a west, b middle, ¢ east
images and d the digital elevation model created by MeX™ [14]

5 um
===

Fig. 6.8 Pipette D (D, = 8.9 wm) before and after FIB milling [15]
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Fig. 6.9 Inner wall SEM stereo images of pipette D (D; = 8.9 um): a west, b middle, ¢ east
images and d the digital elevation model created by MeX™ [15]

Table 6.4 Reconstruction information of pipettes C and D

Pipette Tipsize  Tilting angle =~ Magnification  Lateral Vertical

(jum) (left to right) resolution (nm) resolution (nm)
Pipette C 132 10 25000 11.7 33.7
Pipete D 8.9 10 50000 5.88 16.8

6.4 Patch Clamp Experiments

Patch clamp experiments were carried out on HEK (Human Embryonic Kidney)
cells using two kinds of pipette:

e Conventional pipettes with tip size of 1.1 wm and resistance of 6.5 MQ
e Large pipettes with tip size of 3.5 pwm and resistance of 1.8 M.

Cell culture and set up for patch clamp experiments were the same as discussed
in Chap. 4. Ten measurements were made for each type of pipette and seal val-
ues were recorded. Figures 6.10 and 6.11 show the seal quality for the conven-
tional and larger pipettes respectively. Figure 6.12 shows the seal values for the
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Table 6.5 Inner wall surface properties of pipettes C and D

Name Value (pipette C) Value (pipette D) Description
D =132 pm Di=89 um
Sa 30.2 nm 24.1 nm Average height of selected area
Sq 37.9 nm 30.6 nm Root-mean-square height of selected area
Sp 156.9 nm 163.0 nm Maximum peak height of selected area
Sy 149.1 nm 145.9 nm Maximum valley depth of selected area
S, 351 nm 316 nm Maximum height of selected area
Si0z 272.2 nm 249.0 nm Ten point height of selected area
Ssk 0.0342 0.0696 Skewness of selected area
Sku 29718 3.3903 Kurtosis of selected area
Sqq 0.6154 0.8312 Root mean square gradient
Sdr 17.827 % 30.966 Developed interfacial area ratio
Table 6.6 Values of the bearing area curve of pipettes C and D
Name Value (pipette C)  Value (pipette D)  Description
Di=132 pm Di=89 um
Sk 458.8 nm 340.9 nm Core roughness depth, height of the
core material
Spk 225.4 nm 174.2 nm Reduced peak height, mean height
of the peaks above the core material
Svk 122.4 nm 47.9 nm Reduced valley height, mean depth
of the valleys below the core material
Smrl 19.52 % 17.36 % Peak material component, the fraction
of the surface which consists of peaks
above the core material
S 93.79 % 96.72 % Peak material component, the fraction
of the surface which will carry the load
Vinp 0.0079 ml/m? 0.0062 ml/m? Peak material volume of the topographic
surface (ml/m?)
Ve 0.1741 ml/m? 0.1306 ml/m> Core material volume of the topographic
surface (ml/m?)
Vye 0.2841 ml/m? 0.2115 ml/m? Core void volume of the surface (ml/m2)
Vyy 0.0155 ml/m? 0.0073 ml/m? Valley void volume of the surface (ml/m?)
Vve/ Vine 1.6326 1.6194 Ratio of V. parameter to Vy,c parameter

two kinds of pipette. The mean value of seal resistance for conventional pipettes is
1.6 G2 with the standard deviation of 0.6 GS2. The mean value of seal resistances
for larger pipettes is 0.4 G2 with a standard deviation of 0.2 GS2.

6.5 Discussion

Patch clamping results clearly show that conventional pipettes (D; = 1.1 pwm)
make better seals. The average seal value is 1.6 G2 for conventional pipettes,
with a standard deviation of 0.6 G€2, and is significantly higher than the average
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Fig. 6.10 Voltage clamp recordings showing changes in current performed by a larger pipette
(tip size = 3.5). The voltage step length is 30 ms, and the increment is 50 mV per step. The
application of a 350 mV pulse resulted in a recorded current of approximately 480 pA and a cal-
culated seal resistance of approximately 0.7 G2
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Fig. 6.11 Voltage clamp recordings showing changes in current performed by a conventional
pipette (tip size = 1.1). The voltage step length is 30 ms, and the increment is 50 mV per step.
The application of a 350 mV pulse resulted in a recorded current of approximately 110 pA and a
calculated seal resistance of approximately 3.2 G2

seal value of 0.4 G2 for larger pipettes with a diameter of 3.5 wm. This can
be explained by comparing the roughness parameters of pipettes with differ-
ent sized openings. Tables 6.2 and 6.5 show the surface roughness parameters
for pipettes with different tip sizes. The fact that both the pipette tips and the
pipette inner walls are rough may help towards a better understanding of the
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Fig. 6.12 Seal values for conventional and larger pipettes

mechanism of gigaseal formation. The larger pipettes (pipettes A and C) have
a higher average surface roughness (S;), a higher maximum peak to valley dis-
tance and a lower developed interfacial ratio (Sgr). From Chap. 3, it is known
that maximum peak to valley distance determines the height of the channel con-
necting the inside of the pipette to the outside. Higher maximum peak to valley
distances for pipettes A and C show that the inside of these pipettes is connected
to the outside by larger channels facilitating the leakage of ions. The developed
interfacial area ratio (Sqr) also changes significantly for pipettes having different
sizes. Sqr is expressed as the percentage of additional surface area contributed
by the texture as compared to an ideal plane [11]. Higher S4; means that the
surface is closer to a flat surface. It has been shown that higher Sy, promotes
cell adhesion significantly [13] by allowing the membrane to get closer to the
glass surface. As a result more bonds can be made between cell surface and
glass wall. The fact that pipettes B and D have notably higher Sy, at the tip and
at the pipette inner wall surface means that a higher percentage of the pipette
surface contributes in glass-membrane interactions. This increases the number
of membrane proteins sticking to the pipette inner wall and improves the seal.
Tables 6.3 and 6.6 show that valley void volume (Vyy) is considerably higher
for pipettes A and C (i.e. the larger pipettes). This indicates that these pipettes
have a greater fluid retention ability. The ratio of V,/Vp is also larger for them,
which means that there are more voids present compared to pipettes B and D
(i.e. the smaller pipettes). During patch clamp experiments valleys and voids are
filled with conductive media, facilitating ion escape, thereby increasing the leak-
age current and compromising the seal. The results suggest that as long as the
membrane and pipette surface are close enough, the length of the contact is of
secondary importance.
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6.6 Summary

In this chapter the effect of tip size on gigaseal formation has been studied. The
surface roughness parameters of pipettes of different sizes were measured using
a SEM stereoscopic technique. In order to have access to the inner wall of the
pipette, the pipettes’ heads were split and cut open using FIB milling. It was found
that the larger pipettes have higher average surface roughness, higher maximum
peak to valley distance, higher valley void volume and lower developed interfacial
area ratio. These findings explain the higher leakage current and lower seal resist-
ance in the case of larger pipettes. The results are in good agreement with the prac-
tical knowledge in patch clamping, that the smaller pipette makes the better seal.
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Chapter 7
Study of Glass Micropipettes from Tip
Formation to Characterization

In this chapter various aspects of glass micropipettes are studied, including mecha-
nisms of tip formation, tip geometry, and effect of pulling parameters on surface
roughness properties of glass micropipettes. The study is intended both to explain
some sources of leakage in patch clamping and to provide useful information for
fabricating pipettes with favoured properties. The study may also lead to better
understanding of the mechanism of tip formation.

7.1 Measuring Surface Properties of Glass Tubes

Glass micropipettes are fabricated by the heating and pulling of commercially
available glass tubes. Surface properties of glass tubes (BF150-86-10, Sutter
Instruments) were measured using light interferometers. White light interferom-
eters allow the rapid acquisition of three-dimensional topographical information
in order to create accurate maps of surface architectures. The shape and phase of
interferometric fringes created by the optical path differences caused by the sam-
ple surface features, when compared to a reference mirror, allows the measure-
ment of topographic information as the sample is scanned vertically relative to the
instrument lens. Interferometric measurements of micropipettes were performed
using a MicroXAM?2 interferometer (Omniscan, UK), operating using a white
light source. Pipettes were imaged at a magnification of 100X. Scanning Probe
Image Processor software (Image Metrology, Denmark) was employed for the
analysis of the acquired images and for the obtaining of surface roughness param-
eters. Figure 7.1 a—c shows the images of the outer wall of the pipette. Tables 7.1
and 7.2 show roughness parameters of the outer and inner wall of glass tubes.

These measurements clearly show that both of the outer and inner surfaces of
glass tubes are rough before pulling. The roughness could come from the manu-
facturing process of the glass tubes.

M. Malboubi and K. Jiang, Gigaseal Formation in Patch Clamping, 75
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(a)

(b)

X [pm]

Fig. 7.1 Measurement of surface properties of glass tubes using light interferometry, a, b 2D
and 3D representation of topology of pipette outer wall respectively, ¢ representation of the
pipette surface defects

7.2 Effect of Pulling Parameters on Pipette Tip Size
and Surface Properties

The effect of pipette tip roughness and size on gigaseal formation has been studied
in Chaps. 4 and 6 respectively. In this chapter, the effect of pulling parameters on
these factors has been studied. The study provides means for controlling the size
and roughness of micropipette tips, means which in addition to facilitating seal for-
mation, can also be useful in many other applications. Glass micropipettes have
frequently been used in applications such as: controlled delivery of liquids, genes
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Table 7.1 Roughness parameters of the outer wall of glass tubes used in fabrication of glass
micropipettes

Name Value Unit Description

Sa 0.0197 pm Average surface height of selected area

Sq 0.0431 pm Root-mean-square height of selected area

Ssk 6.66 Skewness of selected area

Sku 70.4 Kurtosis of selected area

Sy 1.54 pm Largest peak to valley height

S, 1.26 pm Ten point height

Sds 0.403 l/pnm2 Density of summits—number of summits of a unit
sampling area

See 0.0141 1/pm Arithmetic mean summit curvature of the surface—

average of the principal curvatures of the summits
within the sampling area

Siax 1.54 jm Maximum height of selected area
Soa 22071 pwm? Projected area
S3A 22163 pwm? Actual surface area

Table 7.2 Roughness parameters of the inner wall of glass tubes used in fabrication of glass
micropipettes

Name Value Unit Description

Sa 0.0188 pm Average surface height of selected area

Sq 0.0294 pm Root-mean-square height of selected area

Ssk 11.9 Skewness of selected area

Sku 575 Kurtosis of selected area

Sy 2.80 pm Largest peak to valley height

S, 1.54 pm Ten point height

Sds 0.549 1/pm? Density of summits—number of summits of a unit
sampling area

Sse 0.0049 I/pm Arithmetic mean summit curvature of the surface—

average of the principal curvatures of the summits
within the sampling area

Smax 2.80 pm Maximum height of selected area
Soa 22075 me2 Projected area
Saa 22100 pm? Actual surface area

or sperm to the target [1-3], fertilization studies [4], intracellular measurements
[5], voltage and current clamp studies [6]. Recent developments in micro-engineer-
ing and nanosciences have also led to new applications for micro-/nanopipettes,
such as generating micro-droplets [7], single-molecule fluorescence tracking [1],
creating nanoscale features by nanolithography and nanowriting methods [8],
and nanosensing in scanning probe microscopy [9]. In many of these applications
a smooth tip is preferred because it reduces the chance of tip contamination and
damage to delicate biological samples [4]. Dozens of pipettes may be used by an
individual in a single day. A small improvement in the condition of such pipettes
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may have a great influence on the outcomes. Despite the wide range of applica-
tion, there have been few reports about numerical analysis on the effect of pulling
parameters on the surface roughness properties of glass micropipettes.

7.2.1 Pulling Pipettes

The puller used in the experiments was a Flaming/Brown micropipette puller
(Model P-97, Sutter Instruments, Novato, CA). The six parameters on this
machine for controlling the shape and size of micropipettes are heat, pull, veloc-
ity, delay, time and pressure. These parameters are briefly introduced here, but full
details of them can be found in the manufacturer’s catalogue [10].

e HEAT (Range 0-999): HEAT controls the level of electrical current supplied
to the filament. The units of heat are in milliamps. Useful changes in HEAT are
5 units or more to see an effect.

e VELOCITY (Range 0-255): The velocity of the glass carriage system is meas-
ured as the glass softens and begins to pull apart under a constant load. The
velocity transducer is a patented approach [11] and this picks up on the velocity
of the puller bars as the glass softens [12].

e PULL (Range 0-255): This parameter controls the force of the hard pull. The
units of PULL determine the current to the pull solenoid. Useful changes in
PULL strength are 10 units or more to see an effect.

e DELAY (Range 0-255): DELAY is a cooling mode which controls the delay
time between when the heat turns off and when the hard pull is activated. One
unit of DELAY represents %2 ms.

e TIME (Range 0-255): TIME is a cooling mode and controls the length of time
the cooling air is active. One unit of TIME represents 2 ms.

e PRESSURE (Range 0-999): This control sets the pressure generated by the air
compressor during the active cooling phase of the pull cycle. The units of pres-
sure are in psi. Changes of less than 10 units will not be noticeable.

To investigate the effect of each parameter on the pipette’s tip surface properties,
one parameter was varied whereas the others were kept unchanged in every set of
experiments. Delay and time are both cooling parameters. Time has quite a narrow
working range, whereas delay provides a wider range of control; therefore the effect
of delay is investigated. Table 7.3 shows values of the parameters used in the experi-
ments. Glass micropipettes pulled from borosilicate glass tubes have an outer diame-
ter of 1.5 mm and an inner diameter of 0.86 mm (BF150-86-10, Sutter Instruments).
The filament of the puller machine was FB230B (2.0 mm square box filament,
3.0 mm wide, Sutter Instruments). Pulling pipettes continuously will make the cham-
ber warm and gradually decrease the heating time for subsequent pipettes. For this
reason the chamber was left for 5 min to cool down after pulling every five pipettes.

To test the reproducibility of the puller, 10 pipettes were pulled with a set of
parameters and their tip sizes were measured by Scanning Electron Microscopy
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Table 7.3 Pulling parameter values

Experiment Heat Velocity Pull Delay Pressure
Effect of heat 595,600 605 10 0 1 500
Effect of 606 4,8,10,12,14 0 1 500
velocity
Effect of pull 606 10 0, 10, 30 1 500
Effect of delay 606 10 0 1, 20, 40 500
Effect of 606 10 0 1 300, 350, 400,
pressure 450
8
g_ 6 582
@ 2,85 2.57
g 188 173 4 . ¢ 213 23! 229
=2 * 2.31 v
0
0 2 4 6 8 10

Pipette number

Fig. 7.2 Pipette pulling experiment records. Ten pipettes were pulled with the same pulling
parameters and their tip sizes were measured using SEM

(SEM). Figure 7.2 is a summary of the statistics of the experiments. A few sudden
variations in tip sizes are due mainly to the non-homogeneities in the composition
and molecular structure of borosilicate glass [5]. In the experiments, pipettes with
irregular sizes, far from the expected values, were not used for reconstruction.

7.2.2 3D Reconstruction of Pipette Tips

To determine the three-dimensional structure of pipette tips, the SEM stereoscopic
technique was used in the investigation. Over 20 pipettes have been reconstructed.
To capture high-quality SEM images which satisfy stereoscopic technique require-
ments, glass micropipettes were coated with a thin layer of platinum (<5 nm). The
SEM machine used for 3D reconstruction was the Strata 235 SEM/FIB dual-beam
system (FEI, Hillsboro, Oregon). The important factors in the SEM stereoscopic
technique are magnification, tilting angle and resolution. Since the maximum pixel
resolution of the machine is limited, different magnifications and tilting angles
have been used to reconstruct every pipette’s tip with maximum disparity and
highest lateral and vertical resolution. Such a reconstruction could be expected to
have an inaccuracy of less than 5 % [13]. Table 7.4 gives the values of tip size,
tilting angle, magnification, lateral resolution and vertical resolution for three dif-
ferent-sized reconstructed pipettes. Surface properties of the largest and smallest
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Table 7.4 Reconstruction information for three pipettes

Pipette Tip size Tilting angle Lateral Vertical
number (pum) (left to right) Magnification resolution resolution
1 34.5 10 5000 29 nm 41 nm

2 19.3 10 8000 18.1 nm 19.7 nm
3 37 10 50000 5.8 nm 8.2 nm

Table 7.5 The surface properties of the largest and smallest pipettes presented in Table 7.4
Name  Value (Dy=34.5 um) Value (D; =3.7 pum) Description

Sa 149.1 nm 30.8 nm Average height of selected area

Sq 209.9 nm 42.0 nm Root-mean-square height of selected area
Sp 1437.4 nm 304.1 nm Maximum peak height of selected area
Sy 1409.3 nm 238.0 nm Maximum valley depth of selected area
S, 2846.7 nm 542.1 nm Maximum height of selected area

Si0z 2304.3 nm 414.59 nm Ten point height of selected area

Ssk —0.2118 —0.514 Skewness of selected area

Sku 7.0253 6.4208 Kurtosis of selected area

Sqq 0.5767 1.3246 Root mean square gradient

Sdr 13.129 % 79.532 % Developed interfacial area ratio

pipette are shown in Table 7.5. Figure 7.3 shows the SEM stereo images and digi-
tal elevation model of one of the pipettes.

7.2.3 Effect of Pulling Parameters on Pipette Surface
Properties

The effect of each parameter is studied by investigating at least three recon-
structions. Tip size (Dy) and average surface roughness (S;) of all pipettes were
measured. Figures 7.4, 7.5, 7.6, 7.7, and 7.8 show correlations between pulling
parameters and D¢ and S,.

As can be seen from Figs. 7.4, 7.5, 7.6, 7.7, and 7.8 velocity has the most
significant effect. A small increase in velocity significantly decreases D¢ and S,.
The effects of pull and heat are very similar and not as significant as the effect of
velocity. Delay and pressure are factors to change the shank length of the pipettes
while keeping the tip size unchanged [10]. Increasing delay and pressure will
result in a shorter shank. Although these two factors do not change tip size sig-
nificantly, it can be seen from Figs. 7.7 and 7.8 that the larger pipette has a higher
surface roughness. From Figs. 7.4, 7.5, 7.6, 7.7, and 7.8 it can be understood that
D; and S, have a direct correlation. Figure 7.9 is obtained by plotting Dy versus S,
for 21 pipettes pulled with different pulling parameters. It can be seen that that
average surface roughness of a pipette is strongly related to tip size. D; and S,
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Fig. 7.3 SEM stereoscopic images captured from different angles: a —5 degrees, b 0 degree and
¢ 5 degrees. d Digital elevation model created using MeX. e The exploded view of the selected
area. The bar represents 10 wm [14]
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Fig. 7.4 The effect of heat on aperture size and average surface roughness. The heat is controlled by
the level of electrical current supplied to the filament. The unit of heat is the milliamp. Useful changes
in heat are 5 units or more to see an effect. By increasing the heat, both of the S, and D; decrease [14]

have a direct correlation i.e., where the tip size is increased, surface roughness also
increases. This result is consistent with the results of Chap. 6 which states that
smaller pipettes form a better seal.
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Fig. 7.5 The effect of velocity on aperture size and average surface roughness. This control measures
the velocity of the glass carriage system as the glass softens. By increasing the velocity, both the tip
size and the surface roughness decrease. The velocity has the most significant effect on the tip aper-
ture size and the surface roughness. A small change in velocity value decreases S, and D, rapidly [14]
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Fig. 7.6 The effect of pull on aperture size and average surface roughness. This parameter con-
trols the force of the hard pull. The amount of the pull determines the current to the pull solenoid.
Useful changes in pull strength are 10 units or more to see an effect. By increasing the pull, both
of the S, and Dy decreases [14]

7.3 Effect of Pulling Direction on Pipette Surface Properties

It has been believed that pulling pipettes with a heating and pulling process results in
a smooth surface [15]. The surface properties of pipettes’ inner walls were reported in
Sect. 6.3.2 and the effects of pulling parameters are discussed in the previous section.
Here in order to determine the effect of pulling direction on the surface texture of a
pipette inner wall, autocorrelation of a roughness model for the pipette inner surface
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Fig. 7.7 The effect of delay on aperture size and average surface roughness. Delay is a cooling
mode which controls the delay time between the time when the heat turns off and the time when
the hard pull is activated. One unit of delay represents %2 ms. Delay is an effective means of con-
trolling the pipette shank length which does not notably change the pipette aperture size [14]
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Fig. 7.8 The effect of pressure on aperture size and average surface roughness. This control sets the
pressure generated by the air compressor during the active cooling phase of the pull cycle. The unit
of pressure is psi. Changes of less than 10 units will not be noticeable. Pressure is another way of
controlling the pipette shank length and does not significantly change the pipette aperture size [14]

is obtained. If the pulling direction is found to have an effect on the surface properties
then it can be used as a tool for controlling the surface properties. Figures 7.10 and
7.11 show the pipette inner wall and its autocorrelation roughness model.

The autocorrelation plot suggests that the surface does not have any tendency
towards orientation and is not affected by the pulling direction. This could be
because micropipettes are fabricated by a heating and pulling process. Heating
makes pipettes soften and no specific orientation can be achieved.
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Fig. 7.9 Average surface roughness of pipette tip (S,) versus aperture size (Dy). S, is strongly
dependent on Dy and has a direct correlation with it. A first-degree polynomial equation is fitted
to the data [14]

Fig. 7.10 Digital elevation model of the inner wall surface of the pipette shown in Fig. 6.9.
As is shown in the inset the surface does not have a defined lay and consists of high frequency
components

7.4 3D Reconstruction of a Pipette Using FIB/SEM
Nanotomography

As was mentioned in Chap. 2, the geometry of the patching site is an important
factor in seal formation. Ideally a smooth round shape is preferred since a patch-
ing site with sharp corners and irregular shapes is believed to increase leakage.


http://dx.doi.org/10.1007/978-3-642-39128-6_2
http://dx.doi.org/10.1007/978-3-642-39128-6_6

7.4 3D Reconstruction of a Pipette Using FIB/SEM Nanotomography 85
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Fig. 7.11 Autocorrelation of roughness model of the pipette inner wall. The plot shows that the
surface does not have any texture orientation. A high value for the Texture Aspect Ratio of the
Surface (Sy) indicates a uniform texture in all directions; i.e., no defined lay. A low value for
the Autocorrelation Length (S;) denotes that the surface is dominated by high frequency
components [14]

Micropipettes are produced from glass tubes with a circular cross-section and it is
assumed that the pipette tip is also circular. However, there has not been any report
on the roundness of pipette tips in the literature. In gigaseal formation the cell mem-
brane has contact with the last 100 microns of the pipette tip. Reconstruction of this
area provides valuable information about the exact geometry of the contact area.

7.4.1 Effect of Omega Dot

A glass fibre is commonly fused along the inner bore of capillary tubing to facilitate
the filling of micropipette tips with conducting solutions. This internal fibre is called
Omega Dot [5]. The omega dot increases the capillary action and facilitates the filling
of pipettes with the solution. Figure 7.12 shows the effect of omega dot on the shape of
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(a) (b)
Glass tube before pulling

Glass micropipettes after pulling O

Fig. 7.12 Schematic of the cross-sections of micropipettes formed with omega dot either a)
down toward the filament or b) upward away from it. Omega dot changes the circular cross-setion
of the pipette to an elliptical shape. The effect is more significant with the omega dot down

the micropipette tip cross-section. Omega dot changes the circular cross-section of the
pipette to an elliptical shape. The effect is more significant with the omega dot down.

7.4.2 3D Reconstruction of a Pipette

A FEI dual-beam Strata 235 focused ion beam (FIB) system was used as a nanoto-
mography tool to obtain the 3D shape of a pipette tip. The process involves a cycle
of milling a slice of the pipette using FIB, taking an SEM image of the new surface,
and then milling and imaging again to produce a stack of SEM images. A micropi-
pette with a tip size of 1.3 ywm was placed facing the electron beam. Figure 7.13a
shows the schematic of the pipette, electron beam and ion beam configuration.
The angle between I-beam and E-beam was 52°. Therefore, the angle between the
imaging plane and the sample was 38°, as seen in Fig. 7.13b. This information was
used later for reconstruction. Each slice of the sample was milled off using Ga™ ion
beam at 30 kV and 100 pA for 90 s and dwell time of 1 jLs with overlap parameters
of 50 %. Sixty slices with a total thickness of 3 um were removed and SEM images
of the slices taken. The pixel size of the SEM images was 4.5 nm. Figure 7.14
shows an image of the 20" slice after milling and its internal edge.

In order to be able to reconstruct the tip in three-dimensions, first the following
steps should be carried out:

e Image alignment
A feature-based alignment method has been used [16]. A fixed feature which has not
been milled during slicing and is not affected by the ion beam is the bottom left-hand
side of the pipette in Fig. 7.14 which has been used for the alignment of the images.

e Edge detection
The edge of the internal circle of the pipette was detected using the Canny algo-
rithm [17].



7.4 3D Reconstruction of a Pipette Using FIB/SEM Nanotomography 87

Fig. 7.13 FIB nanotomography of a glass micropipette. a schematic of pipette, E-beam and
I-beam configuration, b a schematic of projected plane and the sample slices planes. The brown
face shows the projected planes

(b)

Fig. 7.14 Edge detection by using the Canny algorithm. a An SEM image of a pipette after
milling, the rectangle represents the area which has not been milled during slicing and is not
affected by the ion beam, b detecting the edge of the internal wall of the pipette using the Canny
algorithm

The basic idea of this algorithm is to detect the zero-crossing of the second
derivative of the smoothed images. It seeks out the zero-crossings of:

92M«1) [ on® = o ([aM/ on] +1) /9
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Where M and I are image matrix and unit matrix respectively and n is the direc-
tion of the gradient of the smoothed image. Edge detection was performed using
the image processing tool box of MATLAB software for all of the slices.
e Back projection
As far as the image plane has an angle of 38° with respect to the sample slices
(Fig. 7.13) one can calculate the position of each point of the sample slice.
Assuming that x (horizontal) and y (vertical) axes are in the image plane and z
is the norm of the surface, then:
Xgsp = X

Ysp =¥/ cos 38°

where indices ‘ssp’ is for the sample slice position. For zssp, the thickness of
the slices are 50 nm so the relative distance between the slices remains 50 nm
(or 11 pixels) and the initial angle of the image plane and projected plane is 38°.

Figure 7.15 shows the 3D structure of the pipette tip reconstructed using MATLAB.
The units of X, Y, Z axes are in pixels and each pixel is 4.5 nm. In order to examine
the shape of the pipette tip, a perfect circle was fitted to each slice based on the least
squared fitted circle method [18] and maximum deviation of the pipette shape from the
circle was obtained. Figure 7.16 shows the first slice image and the fitted circle. The
maximum deviation from the fitted circle is 43 nm for this slice. The average of maxi-
mum deviations of all slices was found to be 67 nm or 10 % in roundness error.

7.5 Tip Formation

Studies and observations carried out on the pipette’s tip surface and geometry led
into a new hypothesis for tip formation. In the literature two different mechanisms
for micropipette tip separation have been discussed. One mechanism considers
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that tips separate while they are in a fluid phase [5] and another mechanism con-
siders that separation happens in a solid phase, by fracture [19]. Brown et al. have
assumed that tip separation most probably happens while glass is in a fluid phase,
which is partly because of the appearance of micropipette tips under high-resolu-
tion SEM. The tips are almost always formed at right angles to the long axis of the
micropipette, and without major irregularities. This result may be expected if the
two tips separate while still in the fluid phase and then harden shortly afterwards.
In Brown et al.’s model, separation occurs when the thickness of the glass wall
has become reduced to a point where it cannot be further attenuated at the prevail-
ing viscosity [5]. On the other hand, in the model by Purves it is assumed that
separation into two pipettes occurs by fracture when the stress exceeds the ten-
sile strength of the glass [19]. If the tips are separated by fracture then one could
expect inconsistent fracture orientation and irregular or jagged edges. In both
models it was assumed that the temperature, and hence the viscosity, of the glass
does not change during formation of the tips.

High-resolution SEM images together with the 3D reconstruction technique have
made it possible to examine pipette tips precisely. Figure 7.17 shows SEM images
of some large pipettes. Some common factors in all of them are cracks, inconsistent
fracture orientation and irregular or jagged edges. These factors are clearly signs of
fracture in the solid phase. This means that the tip is cooled down after the heat has
turned off and fracture happens a result of the hard pulling of glass.

Figure 7.18 shows SEM images of some small pipettes. The pipettes have
smooth and round tips. There is no sign of cracks. More than 20 pipettes were
examined and it was found that similar to the results of Brown et al. [5], the tips
are almost always formed at right angles to the long axis of the micropipette,
and without major irregularities. This suggests that for small pipettes the tips are
formed while the glass is still in the fluid phase.

By comparing images of pipettes in Figs. 7.17 and 7.18 it can be hypothesized that
the mechanism of tip formation is dependent on the tip size. For large pipettes (tip
size > 20 pm) tips are formed by fracture in a solid phase; while in the case of small
pipettes (tip size < 2 pm) the tips are formed while the glass is still in a fluid phase.

For further investigation, tips of micropipettes were studied in more detail. If
the tips are formed in a fluid phase then tip surface rearranges itself to minimize
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Fig. 7.17 SEM images of some large pipettes (D; > 20 jum). Some distinctive features of large-
sized tips are: cracks, irregular and rough tips, and inclined orientation of fracture

the free Gibbs energy; therefore, the tips should have a hemispherical shape.
This has been schematically shown in Fig. 7.19. If the tips are formed by frac-
ture, on the other hand, then irregular or jagged profiles are expected across the tip
thickness.

In order to examine this hypothesis, tips of some large and small pipettes were
3D reconstructed using a SEM stereoscopic technique and profiles across their tip
thickness were obtained. Figure 7.20 shows some tip profiles of a small pipette
(D¢ = 2.7 wm). As can be seen, the profiles are relatively smooth curves with a
peak in the middle. This result may confirm that the tips are formed in a fluid
phase.

Figure 7.21 shows some tip profiles of a large pipette (D; = 27.9 pm). As can
be seen, the profiles are irregular and jagged. This confirms the hypothesis that the
tips of larger pipettes are formed in a solid phase.

The profiles are very close to the hemispherical shape for smaller pipettes,
which confirms the hypothesis above. The results are also consistent with previous
findings and could explain why larger pipettes have higher surface roughness. For
tip sizes between 2 and 20 pm both kinds of feature were visible at the tip, and
therefore this range can be considered as the transitional range going from solid
fracture to fluid separation.
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Fig. 7.18 SEM images of some small pipettes (D¢ < 2 wm). Tips are flat and smooth and have
dome shape

Fig. 7.19 A schematic of a micropipette tip. If the tip is formed in a fluid phase then the tip should
have a hemispherical shape

7.6 Summary

In this chapter various aspects of glass micropipettes have been studied. Glass
micropipettes are fabricated from glass tubes by a heating and pulling process.
Heat, velocity, pull, delay and pressure are the controllable parameters of the fab-
rication process and the effects of these parameters on the tip size and surface
roughness properties of pipettes were studied. It was found that there is a direct
correlation between tip size and the surface roughness of the pipette, i.e., when the
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Fig. 7.21 Digital elevation model of a large pipette tip (D; = 33.1 pm) and four different pro-
files across the tip thickness. Profiles are irregular and jagged. The bar represents 10 pm
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tip size is increased, surface roughness also increases. An autocorrelation plot of
the inner wall surface of a pipette showed that the surface does not have any orien-
tation tendency and is not affected by the pulling direction. The roundness of the
pipette in the area of contact with a cell was also measured, using FIB nanotomog-
raphy and image processing techniques. It was found that although the original
glass tubes are circular in cross-section, the tips of micropipettes are not circular
and have average maximum deviations of 67 nm (10 % in roundness error) for a
micropipette with tip size of 1.3 pwm. These studies have been valuable in fostering
a better understanding of the mechanisms of tip formation in glass micropipettes.
The results show that two different mechanisms are involved in glass micropipette
tip formation. The mechanisms are dependent on the tip size of the pipettes to be
formed. If the parameters are set to produce large pipettes then tips are formed by
fracture in a solid phase; while if they are set to produce small pipettes, then the
tips are formed in a liquid phase. The findings and results of this chapter explain
sources of leakage in seal formation and can be useful in various applications of
glass micropipettes where surface properties and sizes are important.
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