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Abstract— We present a fully-integrated implementation of a
patch-clamp measurement system. The system was implemented
in a 0.5� m silicon-on-sapphire process and is capable of recording
cell membrane currents up to � 20nA, with a rms noise of
5pA at 10kHz bandwidth. The system can compensate for the
capacitance and resistance of the planar electrode, up to 20pF
and 4M
 respectively. The die size is 1150 by 700� m. The
power consumption is 3.3mW at 3.3V. The integrated patch-
clamp system will be used to fabricate high-throughput planar
patch-clamp systems.

I. I NTRODUCTION

Electrophysiologists use patch-clamp biosensors to measure
the currents �owing through membranes of living cells. The
cell currents measured by the patch-clamp is used to study the
effect medical compounds and the behavior of ion channels,
the structures responsible for cell membrane conductivity[1].
Since the patch-clamp technique is used extensively to test
drugs, a high-throughput screening instrumentation wouldbe
bene�cial for both pharmaceutical companies and consumers
[3]. With the advent of planar electrode technologies [4], [5],
[6], it is now possible to envision high-throughput patch-
clamp systems that can record from a large number of cells in
parallel. A high-density patch-clamp system such as the one
in shown in Fig. 1 can be realized only if the patch-clamp
circuitry can be miniaturized to millimeter sized dimensions.
Several ampli�ers can be placed beneath a test well to facilitate
recording from multiple cells. Our design is a fully integrated
patch-clamp system using 1x1mm silicon area and is 10
million times smaller in volume than commercial bench-top
systems. This device will be used to build a 384 test well
patch-clamp system that uses 4 ampli�ers per test well to
record from 1536 cells in less than a minute of protocol
time. Other than minimizing the space requirements, an in-
tegrated patch-clamp ampli�er reduces noise. It also offers
better electrical performance by decreasing cabling and other
parasitic capacitances that lower the measurement bandwidth.
This design differs from previous designs [7], [8] because it
has functional electrode compensation circuitry.

II. PATCH-CLAMP SYSTEM OVERVIEW

Patch-clamp ampli�ers used for whole cell measurements
measure the current across the whole cell membrane as
opposed to a small patch of membrane. The currents are
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Fig. 1. A high-throughput patch-clamp system comprised of integrated
patch-clamp ampli�ers and planar electrodes. This system allows to perform
simultaneous patch-clamp recordings on an entire 384 well plate.

typically a few nano amperes in amplitude with a bandwidth
of 5-10 kHz. Our Patch-Clamp ampli�er system consists of
three main components: thepatch-clamp headstageto monitor
the membrane current, aresistive compensation circuitto
compensate for the series resistance of the planar electrode
and acapacitive compensation circuitto compensate for the
current drawn by the electrode parasitic capacitance.

A. Patch-Clamp Headstage

Fig. 2 shows a block diagram of the patch-clamp headstage.
The headstage monitors the cell membrane current. Test wells
are �lled with a saline solution and suction is employed to
make the cells adhere to the electrodes [4]. The membrane
current Iin is recorded by an input current-to-voltage trans-
impedance ampli�er that uses resistive feedback (Rf ). A
difference ampli�er subtracts the command voltage from the
tranimpedance ampli�er's output. The resultant output voltage
is proportional to the input current, as in equation 1.

Vout = I in Rf (1)
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Fig. 2. Patch-clamp ampli�er headstage monitoring cell mebrane conduc-
tance using a planar electrode. A trans-impedance ampli�erfollowed by a
difference ampli�er produces an output proportional to theinput current.
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Fig. 3. The resistive compensation circuit feedbacks a fraction of the current
monitoring signal to the command voltage to compensate for the voltage drop
across planar electrode resistance Rp .

Command voltage steps (Vcom ) between 10mV and 100mV
are applied to the cell membrane during experiments, while
recording the input currents.

B. Series Resistance Compensation

The resistive compensation circuitry compensates for the
difference between the actual membrane voltage Vm and
the clamping voltage Vclamp due to the voltage drop across
the planar electrode series resistance Rp. A block diagram
of the circuit is shown in Fig. 3. Rp is compensated by
feeding back a fraction of the current-monitoring signal to
the control membrane potential Vcom in positive polarity, to
obtain Vclamp . A 9-bit digital setting Rpd of the compensated
resistance is applied to a multiplying digital to analog con-
verter (mDAC) to control the amount of compensation. Series
resistance compensation allows accurate voltage clampingof
the membrane. The technique also reduces the time needed to
charge the membrane capacitance Cm and enables the circuit
to monitor ion-channel events occurring immediately afterthe
control voltage is applied.

C. Capacitive Compensation

The capacitive compensation circuitry compensates for the
current Iprs drawn by the electrode parasitic capacitance Cprs .
A block diagram of the circuit is shown in Fig. 4. The
electrode capacitance is compensated by injecting a current
I inj through an integrated capacitor Cinj of 5pF. The device
can compensate for parasitic capacitances up to 20pF. An 8-bit
digital setting of Cprsd is applied to a mDAC to control the
amount of compensation. Parasitic capacitance compensation
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Fig. 4. The capacitive compensation circuit compensates for the current
drawn through the parasitic capacitance of the electrode Cprs by injecting a
matching current through a capacitor Cinj .
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Fig. 5. The operational ampli�er used in the design. The input stage was
optimized for low-noise performance. All ratios [W/L] are given in micron.

prevents the electronics from saturating since it eliminates
capacitive overshoots. Furthermore, these 'fast' currents can
cause oscillations in the positive feedback loop of the resistive
compensation and thereby in Vclamp . These oscillations can
cause irreversible damage to the cells under test.

III. L OW-NOISE PATCH-CLAMP DESIGN

The patch-clamp technique is extremely sensitive to noise
due to the low amplitude of the membrane current and hence
low-noise ampli�cation is critical to our design. All ampli�ers
are implemented using a low-noise three stage operational
ampli�er shown in Fig. 5. The input transistors are vital
in establishing the noise characteristics of the operational
ampli�er. The gate capacitance Cg of the input MOSFET is
proportional to the area of the transistor, while the thermal
noise en decreases as the square root of the area (assuming
constant gate length). The noise of the recording system is
proportional to Cin en where the total input capacitance is
Cin = Cg + Cprs . The optimal gate can be shown to be the
gate width corresponding to Cg = Cprs . The current noise of
the headstage is inversely proportional to Rf . However, the
physical size of Rf and the headroom of the transimpedance
ampli�er limits the maximum achievable value. A value of
25M
 was chosen for our design.
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Fig. 6. Measured and simulated response of the series resistance compen-
sation circuit. The circuit is able to compensate for electrode resistances up
to 4M


IV. EXPERIMENTAL RESULTS

Fig. 6 shows the predicted and measured step responses of
the series resistance compensation circuitry. The time constant
tc associated with charging the membrane capacitance Cm

in Fig. 3 through the compensated resistance (Rp-Rpd ) is
given by tc= (Rp-Rpd ) Cm . Therefore, when compensated,
Rpd approaches Rp and tc decreases. By compensating Rp,
due to charge conservation, tc will decrease and the overshoot
will increase. Using the series resistance compensation circuit,
we were able to compensate for a 4M
 series resistance,
decreasing the time needed to charge Cm from tc=600� s to
tc=200� s.

Fig. 7 shows the predicted and measured response of the
parasitic capacitance compensation circuit. When uncompen-
sated, the headstage provides the currents needed to charge
the parasitic capacitance. These currents appear as overshoots
in the current monitoring signal with the same polarity as the
control step. When properly compensated, Iprs = Iinj and the
overshoots do not appear. When overcompensated, Iinj > Iprs

and the overshoots appear negative.
Fig. 8 shows the measured input-referred current noise

spectrum compared with the theoretical noise. The �gure
also shows that the input-referred current noise of the low-
noise ampli�er is no greater than the noise contributed by
the electrode plus cell network. The �icker noise param-
eter Kfn was extracted as 0.5x10� 24 V2F. Integrating the
input-referred noise yields an rms current noise of 5pA at
10kHz bandwidth. This corresponds to a signal-to-noise ratio
of 250 or approximately 8 bits in whole-cell patch-clamp
measurements. This result is comparable to state-of-the-art
commercially available bench-top ampli�ers. For example,the
latest ionWorks ampli�er from Molecular Devices has noise
levels of 10pA of rms current at 10kHz bandwidth.

Fig. 9 shows recordings made from our patch-clamp system
while measuring the ionic conductance of Human Embryonic
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Fig. 7. Measured and simulated response of the capacitive compensation
circuit. The circuit was able to compensate for electrode capacitances up to
20pF.
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Fig. 8. Measured and simulated ampli�er input-referred current noise
spectrum compared with the noise contribution of the electrode plus cell
network. Integrating input noise curve yields a rms noise current of 5pA.

Kidney (HEK) Cells expressing a high density of Slack
channels carrying K+ current. The time response of the patch-
clamp ampli�er was recorded as control voltage steps (Vcom )
are applied to the cell membrane from -80mV to 80mV in steps
of 10mV. The measurements were made using a conventional
patch-clamp setup. Fig. 10 shows the glass micropipette elec-
trode (1m diameter tip) and the HEK cells used to make the
recordings. The parasitic compensation was set at 15pF and the
resistive compensation was set at 2M
 . The data was sampled
at 62.5kHz and low-pass �ltered at 20kHz. Fig. 11 shows the
membrane current plotted against the control voltage to obtain
the cell conductance. The cell conductance was measured as
1/(15M
 ) = 0.066� S.

The devices consumed 3.3mW of power when operated with
a 3.3V power supply. The slew rate of the operational ampli�er
was measured to be 3.3� V/s. The input common mode range
of the ampli�er was measured to be 1Vpk � pk and the gain-
bandwidth product was measured as 3MHz. The ampli�er was
powered at 3.3V and the biases and the command voltage was
provided by an Analog Instruments AD7304 digital to analog
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Fig. 9. Whole-cell measurements taken on human embryonic kidney cells
expressing a high density of Slack channels carrying K+ current. The system
was able to accurately measure the cell conductance at 20kHzas a protocol
of � 80mV in steps of 10mV was applied to the cell membrane.
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Fig. 10. Human embryonic kidney cells cells and glass micropipette.

converter (DAC) controlled through an Opal Kelly 3010 FPGA
board. The output of the ampli�er was digitized using a 12 bit
Analog Instruments AD7475 analog to digital converter. The
voltage noise on the current monitoring signal was measured
as less than 2.5mV (corresponding to a 0.1nA rms of input-
referred current noise). The excess noise is contributed bythe
testboard and the electrode compensation circuitry.

V. SUMMARY

We designed, fabricated and tested an integrated patch
clamp ampli�er with electrode compensation targeted for
building high throughput patch-clamp systems using planar
electrodes. The device uses a transimpedance ampli�er to
convert an input current to a voltage output. The system can
record cell membrane currents up to� 20nA, with a rms noise
of 5pA at 10kHz bandwidth. The system can compensate for
the capacitance and resistance of the planar electrode, up to
20pF and 4M
 respectively. The prototype was fabricated n
a 0.5� m silicon-on-sapphire process. The die size is 1150
by 700� m. The power consumption is 3.3mW at 3.3V. A
micrograph of the fabricated die is shown in Fig. 12.
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