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bstract

A single cell electrophysiological analysis device with a sub-micrometer opening on embedded recording electrode has been demonstrated using
combined micro- and nano-machining process. This technique can reduce the series pipette resistance while keeping high seal resistance for

lectrophysiological measurements. In the prototype demonstration, the electrolyte pipette resistance is reduced to 200 k� using the microfabricated

lectrophysiological system with opening size of 500 nm in diameter. A 6 G� seal resistance is achieved on a HeLa cell, a cervical cancer cell line
ith size between 10 and 20 �m, on the same device. In a second experiment, the measured electrolyte pipette resistance is 1 M� using different
ipette solution on a device with 800 nm opening and a 500 M� seal resistance is achieved on a vacuolar yeast cell of 3–5 �m in size.

2006 Published by Elsevier B.V.

tance

g
p
u
d
b
i
e
i
r
c
t
T
o
o
r
a

eywords: Electrophysiological analysis; Patch clamp; Electrolyte pipette resis

. Introduction

Patch clamp is one of the most important and powerful tools
or ion channel related studies for electrophysiological measure-
ents, and has been widely used in bio-related research and
edicine development since it was first introduced by Neher

nd Sakmann in 1976 [1]. The basic function of the patch clamp,
hich is inherited from the old voltage clamp technique, is to
etect the ion channel current flowing in/out the cell through pro-
eins embedded in the lipid membrane using a glass pipette. The
ctivities of various ion channels under different physical and
hemical stimulations and the communications between cells
ave been studied with the assistance of patch clamps and these
tudies greatly expand our understanding of fundamentals of
ells and the whole biological systems [2].

After more than 20 years of refinement, patch clamp has

ecome mature and standard technique for ion channel mea-
urement. However, the patch clamp experiment itself is very
aborious, time consuming and requires a lot of experience to
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et satisfying results, therefore planar patch clamps have been
roposed to reduce the experimental complexity with batch man-
facturing processes as a high-throughput tool for potential drug
iscovery applications [3–14]. Whatever schemes you use, the
asic one or the recently proposed planar ones, there are still
ssues associated with the patch clamp working principles. For
xample, firstly, the resistance of the pipette from the solution
s always part of the whole recording circuit and this series
esistance can distort the voltage measurements and the injected
urrent. This resistance is also normally non-linear and some-
imes unstable such that it is difficult to fully compensate [15].
herefore, the first research goal of this work is the reduction
f this serial resistance. Secondly, the relatively big openings
f common patch clamps (�m range) and the correlated series
esistance issue add more difficulty in recording small cells such
s yeast and E. coli. Therefore, the second research goal of this
ork is to make sub-micrometer opening holes in building up

he measuring system. In contrast to the traditional patch clamps
sing electrolyte as part of the electrode, this paper presents the
pproach of constructing an in situ electrode which is close to

he patch to reduce the series (built-in) resistance. FIB (focus
on beam) technique is used to fabricate the opening holes in the
ub-micrometer range for electrophysiological studies of cells
ess than 5 �m in diameter [16]. This paper will further elaborate
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Fig. 1. The concept of the conventional patch clamp [2].

he circuit model in both conventional and our setup as well as
ssues in series resistance.

. Theoretical analysis

Fig. 1 illustrates the conventional patch clamp experiment
y a glass pipette that is fabricated by heating and pulling a
lass or quartz tube to form a sharp tip with end diameter in the
ange of 1–20 �m. Before the experiment, the pipette is filled
ith conductive electrolyte to serve as the recording “electrode”

nd the electrode pipette resistance is determined by the tip size
nd geometry of the pipette with a typical range of 5–10 M�

f the tip is 1 �m in diameter and 10–90 M� if the tip is sub-
icron [17]. The cell solution is placed under a microscope
hile the pipette approaches a single cell under the control of
micromanipulator. When the pipette touches the surface of

he cell, suction is applied from the backside of the pipette by a
yringe or mouth to form a local seal, leading to a high resistance
etween the recording electrode and the reference electrode that
s placed in the solution as illustrated. This step is critical for the
atch clamp experiments because the ion channel signal is very
mall and a high seal resistance can reduce the leakage current
nd improve the signal-to-noise ratio.

An analytical model of patch clamp can be easily established
rom Fig. 1. Rpipette is the resistance of electrolyte between the
ecording electrode and the cell. Rpatch is the resistance of cell
embrane portion inside the hole and Rmem is the membrane

esistance outside the hole. Rseal is the resistance due to the
eakage between the cell and the device, which is normally called
eal resistance. If a potential difference, Va, is applied between
he two electrodes, the voltage applied on the cell is

c = Va

Rpipette + Rseal//(Rpatch + Rmem)

× (Rseal//(Rpatch + Rmem)) (1)

nd the current flowing to the recording electrode is
d = Va

Rpipette + Rseal//(Rpatch + Rmem)
(2)

In this system, the opening and closing of ion channels on
he lipid membrane will affect Rpatch and Rmem and it is easy

a
l
t
A
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o see that Rpatch is much higher than Rmem because the tip size
f the pipette is definitely smaller than the cell size. In order
o get good signals from the measurement and make sure they
an effectively reflect the real cell activities, we have to reduce
he error between Vc and Va and keep the value Id as close
o Va/(Rpatch + Rmem) as possible. Therefore a low electrolyte
ipette resistance Rpipette and a high seal resistance Rseal are
ighly desirable in the experiment.

There are two main configurations in patch clamp measure-
ent, the cell-attached patch mode and the whole-cell mode. The

ell-attached patch mode is normally used to study the individual
on channel activities so the potential between two electrodes is
ypically clamped at a fixed voltage and the current is recorded
o represent the open and close status of ion channels. In this
ase, the ion channel signal is in the order of pA. The whole-cell
ode is used to study the activities of all ion channels on a cell.
he patch clamped membrane underneath the tip is ruptured by
stronger suction after the seal is achieved and a series of pulses
ith different potentials are added between two electrodes while

he signal normally ranges from pA to nA. The voltage clamped
etween two electrodes is normally in tens of millivolt range to
undreds of millivolt in both configurations so the Rpatch + Rmem
an range from tens of M� to G� under stimulations. Hence,
ccording to Eq. (2), the seal resistance Rseal is better to be higher
han G�, or so called “G� seal”, which is in the same order of
he patch resistance.

The electrolyte pipette resistance can be measured without
lamping the cell on the device and the typical value is sev-
ral M� for normal tip sizes. It can be neglected in Eq. (2)
s compared with seal resistance and patch resistance. How-
ver, the state-of-art patch clamp techniques are limited to a
rade-off between small pipette tip size and small pipette resis-
ance. And for the single ion channel or small cell detection,
small tip size device (down to the sub-micron range) has to

e used. As a result, the electrolyte pipette resistance from a
onventional glass pipette can increase to 10–90 M� [17] and
his could reduce the accuracy of the voltage clamp result, espe-
ially in the whole-cell recording configuration, where the cell
s ruptured and Rpatch = 0. In that case, the electrolyte pipette
esistance could be in the same range of the membrane resis-
ance, Rmem such that the recording results are greatly distorted.
urrently, in order to solve this problem, researchers conduct
iological modifications on small cells to enlarge the cell size
nd/or reduce the expressed ion channel densities on a single
ell so that a normal tip size pipette can be used for the ease of
he experiments [18,19].

. Experiment

.1. Device fabrication

The electrophysiological device is fabricated on a phospho-
ous doped, 4 in. in diameter, 525 �m thick <1 0 0> silicon wafer

nd the fabrication process is shown in Fig. 2. A positive G-
ine photoresist is used in the process except indicated and all
he photolithography process is done by Karl Suss MA6 Mask
ligner. A 100 nm thick wet oxide is grown on both side of the
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this will decrease the etching rate. In our case, this irregular
feature has minimum impact on the functionality of the device.
From Fig. 3, we can also see the SiO2 membrane is buckled.
This is actually a temporary deformation caused by the tem-
Fig. 2. The fabrication process of the MEMS patch clamp device.

afer at 900 ◦C in a furnace as an insulation layer. A 1.1 �m
hick I-line positive resist is spun on the top side of the wafer
nd patterned by the first lithographic process. Then the wafer
s hard-baked at 120 ◦C for 2 h. A Cr/Pt layer (10 nm/100 nm)
s sputtered on the wafer by a Randex DC sputtering system
nd after the lift-off process using sonication in acetone, the
lectrodes are constructed. Afterwards the wafer is thoroughly
leaned in DI water and put back to a LPCVD furnace where
200 nm thick LTO (low temperature oxide) is grown on top

f the electrodes. This LTO layer will serve as an insulation
ayer in the later experiment. Fig. 2(a) applies after these steps.
he second lithographic process defines the contact pad on the
TO layer with a RIE (reactive ion etching) silicon oxide etcher.
ext step, a 2 �m thick photoresist is spun on the front side of

he wafer and four layers of 2 �m thick G-line photoresist are
pun on the back side of the wafer to serve as the etch mask
or the through-wafer etching process. A backside alignment
s used in the third lithographic process to define the backside
oles. Then, a RIE oxide etch process is conducted to get rid of
he oxide layer on the holes at the back side of the wafer and
DRIE (deep reactive ion etching) etching is preformed by a
TS (Surface Technology Systems) multiplex ICP ASE system
Inductively Coupled Plasma Advanced Silicon Etcher) to etch
ilicon all the way through the wafer until reaching the oxide
n the front side as shown in Fig. 2(b). The typical hole size is
00 �m in diameter. During this through-wafer etching process,
eparation lines are also defined and etched such that individual
esting chips are separated (still in connection with a thin oxide
ayer) concurrently during the DRIE process.

After these fabrication steps, a suspended membrane with
mbedded electrodes protected by both top and bottom insu-
ation layers of SiO2 is created. The chip is then placed in a
IB system (a FEI Strata 235M dual beam (FIB/SEM) FIB sys-

em). Inside the FIB, the working electrode embedded in the
iO membrane is located using SEM and a hole with size from
2
00 nm to 1.5 �m in diameter is drilled by ion beams through
he sandwiched membrane by a 30 keV gallium ion column as
hown in Fig. 2(c). The beam current used in FIB ranged from 50

F
w

ig. 3. SEM picture of a 100 �m in diameter membrane with four recording
lectrodes.

o 300 pA to get various hole openings and the normal drilling
ime is about 30 s–1 min for each individual hole openings.

Fig. 3 shows the SEM microphoto of a 100 �m in diameter
hin membrane with four potential recording electrodes. It can
e observed that the perimeter of the backside hole is irregular
nd the reason for this phenomenon is the footing problem dur-
ng the DRIE process [20], which is the result of ions that cannot
scape from the deep trench during etching due to the structure’s
igh-aspect-ratio nature. The footing problem can be minimized
y using lower frequency etching power in the ICP system but
ig. 4. Close-up view of the four electrodes in Fig. 3. A 500 nm in diameter hole
as drilled on the upper-right electrode.
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Both Pt wire and the in situ electrode are connected to a sig-
Fig. 5. The close-up of the 500 nm in diameter hole.

erature raise on the oxide membrane due to the bombardment
f electrons. As electrons hit on the sample surface, the kinetic
nergy of moving particles converts into the thermal energy and
s generally conducted away very quickly via underneath silicon
eat sink. The membrane area is made of silicon dioxide with
oor thermal conductivity that causes temperature rise and ther-
al deformation as shown. This deformation is observed to be

igger as the scanning times increase. Fig. 4 is the close-up view
f the electrodes in Fig. 3 and a 500 nm in diameter hole was
rilled on the upper-right electrode. The width of the electrodes
s 4 �m. Fig. 5 shows the close-up of the 500 nm hole.

The experimental setup is illustrated in Fig. 6. A metal wire
s soldered on the contact pad as shown. A 5 mm-high 0.125 in.
nner diameter silicone tube is glued with superglue on the top
urface of the chip to form a cell chamber. A 0.0625 in. inner
iameter silicone tube is glued on the backside of the chip using a

5-minute epoxy” and connected to a syringe or a syringe pump
n order to provide negative pressure from the hole. Fig. 6 also
hows circuit representation of the on-chip path clamp device.

n
1
a

Fig. 6. Schematic setup of the single cell electrophysiological
tors A 134 (2007) 20–26 23

t is observed when compared with Fig. 1 that the circuit repre-
entation of this device is very similar to the conventional patch
lamp model while the in situ recording electrode could reduce
he Rpipette resistance.

.2. Cell culture

Two kinds of cells, HeLa cells and yeast cells (Saccha-
omyces cerevisiae strain BY4742), are used to investigate the
ipette resistance and seal resistance on the micro-fabricated
hips. HeLa cells (a human cervical cancer cell line) are cul-
ured in DMEM:F12 media (50:50), supplemented with 10%
etal bovine serum, penicillin/streptomycin, and l-glutamine at
7 ◦C in a humidified 5% CO2, 95% air atmosphere. Before the
xperiments, most culture media are suck and cleared out and
he cells are treated by 200 �l trypsin (0.05% trypsin, 0.02%
ersene, in saline) to detach cells from the culture plate. After-
ards, 200 �l culture media are added to neutralize the effect
f trypsin. Yeast cells are also tested for verification of possi-
ilities of patch clamping small cells. A single colony of yeast
ells are first incubated in 10 ml YPD (20 g/l bacteriological pep-
one, 10 g/l yeast extract, 20 g/l glucose) liquid media overnight
t 30 ◦C. A 2 ml volume of the fresh cell culture is centrifuged
t 6000 rpm for 5 min and the cell pellet is rinsed twice and
e-suspended in 2 ml, 300 mM NaCl solution.

.3. Experimental process

The setup of the experiment is shown in Fig. 7. The pipette
olution is backfilled into the backside tube on the device, which
s then connected to a syringe. For HeLa cell experiment, the
ipette solution used is ND96 solution, which consists of 6 mM
aCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM
EPES, and is regulated to pH 7.6. For yeast cell, the pipette

olution is 300 mM NaCl solution. Then, the cell solution is
lled into the top chamber. A Pt wire is inserted into the top
hamber to serve as the reference electrode during recording.
al amplifier (HP 4156B semiconductor parameter analyzer). A
0 mV constant voltage was added on the recording electrode
nd the current was recorded before any cell was attached on the

analysis via the sub-micrometer opening (not in scale).
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Fig. 7. The experimental setup.

ole to measure the electrolyte pipette resistance. Afterwards, a
onstant suction was applied through the backside tubing by the
yringe and cells were observed to gradually move towards the
ole until a single cell is positioned on top of the hole as shown
n Fig. 8. The current between two electrodes is measured again
o calculate the seal resistance of the device. When the current
n the recording electrode drops several orders of magnitude,
good seal between the sub-micrometer hole and the cell is

stablished.

.4. Results and discussion

Using the methods described above, the tests are performed
n both cells. Fig. 9 shows the recorded current before and after
he seal is achieved for the HeLa cell on a device with a 500 nm
pening. From the plot, the pipette resistance is estimated as

00 k� before the seal and the seal resistance is 6 G�. Fig. 10
hows the current measurement results before and after the seal is
ormed for the yeast cell on a device with an 800 nm opening. The
ipette resistance is estimated as 1 M� and the seal resistance is

ig. 8. Top view of the chip with 500 nm hole after trapping a HeLa Cell on the
ole.

d
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m
t
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F
a

ig. 9. Current responses of a HeLa cell before and after the seal formed on a
evice with a 500 nm opening.

00 M�. This relatively low seal resistance is expected due to the
acuole of yeast and can be improved by dissolving the vacuole
o expose the internal plasma membrane. From these results,
e have demonstrated that the pipette resistance of the 500 nm
pening is 200 k� and that is at least one order of magnitude
eduction when compared with a normal patch clamp setup and
he G� seal on the HeLa cell is achieved.

Although low electrolyte pipette resistance, Rpipette, and a
igh seal resistance, Rseal, have been achieved successfully in
ur experiments, the yield of the G� seal is still relatively low.
he possible reasons are: (1) some openings are not in prefect
ircular shapes as constructed by the FIB process due to beam
hifting phenomena; (2) the edge of the hole is not smooth some-
ime due to vibrations of the ion beam; (3) the surface around the
ole is not flat due to the redeposition of the materials during the
rilling process. These are all minor irregularities while the com-
ination may affect the experiments greatly. Several approaches
ay alleviate these problems. For example, a shorter drilling
ime can reduce the probability of beam shifting and ion beam
ariations while a lower FIB current can eliminate the redepo-
ition of materials [21].

ig. 10. Current responses of a yeast cell before and after the seal is formed on
device with an 800 nm opening.
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Furthermore, gallium has very low melting point and is easy
o generate the ion column so it has been the common mate-
ial in FIB. However, it has also been reported [22] that gallium
ons might contaminate the devices during the fabrication pro-
ess. One critical problem is that injected gallium content can
ake the silicon dioxide insulation layer become somewhat con-

uctive and add another current path between two electrodes to
rastically affect the G� seal. This issue is further studied by
sing 500 and 1000 pA ion currents to drill 5 �m in diameter
penings between two different pairs of electrodes. EDS is used
o analyze the chemistry contents of the materials around the
rilled openings. Both samples show the existence of gallium
ithin an area of less than 5 �m away from the openings. The
000 pA current experiment has more gallium atoms left than the
00 pA current experiment and longer FIB drilling time results
ore gallium contamination as expected. Therefore, it is rec-

mmended that during the fabrication, a small ion current and a
hort drilling time should be used to have low gallium dose and
ess contamination.

. Conclusion

This work presents single cell electrophysiological mea-
urement via sub-micrometer opening on embedded recording
lectrode fabricated by means of micro- and nano-machining
rocesses. Two advantages as compared with the conventional
lass-type patch clamps have been achieved. First, these devices
an have electrolyte pipette resistance less than 1 M� with sub-
icron opening holes to improve voltage clamp measurement

nd signal-to-noise ratio in experiments. Second, as a result,
hese devices can realize the sub-micron opening detections
or possible single ion channel and small biological cell mea-
urements. Experimentally, a 6 G� seal resistance for the HeLa
ell and a 500 M� seal resistance for the yeast cell have been
chieved while the electrolyte pipette resistances were 200 K�

nd 1 M�, respectively.
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