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Abstract—We present a fully-integrated implementation of a
patch-clamp measurement system. The system was implemedte cel Elacirode
ina 0.5 m silicon-on-sapphire process and is capable of recording
cell membrane currents up to 20nA, with a rms noise of ToPCA
5pA at 10kHz bandwidth. The system can compensate for the S .. Pad -

. A TestWells ~s > i

capacitance and resistance of the planar electrode, up to BB U ~ &
and 4M respectively. The die size is 1150 by 70@n. The g
power consumption is 3.3mW at 3.3V. The integrated patch-

clamp system will be used to fabricate high-throughput plamr

patch-clamp systems. /f’rﬁmi;'g’(‘;pmk \
I. INTRODUCTION '%i%in‘%‘r?e’?s”a'f \\i i

Electrophysiologists use patch-clamp biosensors to mmeasu  Anaiog to Digital hs i
the currents owing through membranes of living cells. The <™"** ;\\\I =
cell currents measured by the patch-clamp is used to sty th \Uﬁ UE
effect medical compounds and the behavior of ion channels, []’
the structures responsible for cell membrane conductjtity y
Since the patch-clamp technique is used extensively to test vse

Multiplexor

drugs, a high-throughput screening instrumentation wdad

bene cial for both pharmaceutical companies and consum 1. A high-throughput patch-clamp system comprised régrated

[3]. With the advent of planar electrode technologies [8], [ pat;:h-clamp ampli ers and planar electrodes. This systéawa to perform
[6], it is now possible to envision high-throughput patchsimultaneous patch-clamp recordings on an entire 384 vietiép

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-clamfyPically a few nano amperes in amplitude with a bandwidth
circuitry can be miniaturized to millimeter sized dimenso ©Of 5-10 kHz. Our Patch-Clamp amplier system consists of
Several ampli ers can be placed beneath a test well to fatéli three main components: tipatch-clamp headstage monitor
recording from multiple cells. Our design is a fully intetgd the membrane current, eesistive compensation circuio
patch-clamp system using 1xlmm silicon area and is f@mpensate for the series resistance of the planar electrod
million times smaller in volume than commercial bench-tond acapacitive compensation circuio compensate for the
systems. This device will be used to build a 384 test weftirrent drawn by the electrode parasitic capacitance.
patch-clamp system that uses 4 ampliers per test well '] Patch-Clamp Headstage

record from 1536 cells in less than a minute of protocol ]

time. Other than minimizing the space requirements, an in-F19- 2 Shows a block diagram of the patch-clamp headstage.
tegrated patch-clamp ampli er reduces noise. It also sffef N heads'gage monltors the_cell membra_ne c_urrent. Test well
better electrical performance by decreasing cabling ahdrot2'€ lled with a saline solution and suction is employed to
parasitic capacitances that lower the measurement batidwid@ke the cells adhere to the electrodes [4]. The membrane
This design differs from previous designs [7], [8] because gurrent |, is recorded by an input current-to-voltage trans-

has functional electrode compensation circuitry. impedance amplier that uses resistive feedback )(RA
difference ampli er subtracts the command voltage from the
Il. PATCH-CLAMP SYSTEM OVERVIEW tranimpedance ampli er's output. The resultant outputtage

Patch-clamp ampli ers used for whole cell measuremenis proportional to the input current, as in equation 1.
measure the current across the whole cell membrane as
opposed to a small patch of membrane. The currents are Vout = lin Rs (1)
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Fig. 2. Patch-clamp ampli er headstage monitoring cell raele conduc- Fig. 4. The capacitive compensation circuit compensatesttfe current
tance using a planar electrode. A trans-impedance ampfo#iowed by a drawn through the parasitic capacitance of the electroge @y injecting a
difference ampli er produces an output proportional to thput current. matching current through a capacitop,;C.
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Fig. 3. The resistive compensation circuit feedbacks difraof the current M3
monitoring signal to the command voltage to compensateh@wvbltage drop 7 515’:| }_

across planar electrode resistange R

Command voltage steps 4, ) between 10mV and 100mV

are applied to the cell membrane during experiments, whif: 5. The operational ampli er used in the design. The ingiage was
. . optimized for low-noise performance. All ratios [W/L] arévgn in micron.
recording the input currents.

B. Series Resistance Compensation

The resistive compensation circuitry compensates for tREEVENts the electronics from saturating since it elingaat
difference between the actual membrane voltage ®¥nd Ccapacitive overshoots. Furthermore, these ‘fast’ cusrasdn
the clamping voltage ¥amp due to the voltage drop acrosause osml!aﬂons in the pos!nve feedback Ioop_of t_hestma
the planar electrode series resistangg R block diagram Compensation and thereby incinp . These oscillations can
of the circuit is shown in Fig. 3. Ris compensated by cause irreversible damage to the cells under test.
feeding back a fraction of the current-monitoring signal to
the control membrane potential.d4, in positive polarity, to I1l. Low-NoISEPATCH-CLAMP DESIGN
obtain Veiamp .- A 9-bit digital setting By of the compensated
resistance is applied to a multiplying digital to analog con The patch-clamp technique is extremely sensitive to noise
verter (MDAC) to control the amount of compensation. Serigle to the low amplitude of the membrane current and hence
resistance compensation allows accurate voltage clamgfinglow-noise ampli cation is critical to our design. All ampdirs
the membrane. The technique also reduces the time neede@réo implemented using a low-noise three stage operational
charge the membrane capacitangg @nd enables the circuit ampli er shown in Fig. 5. The input transistors are vital
to monitor ion-channel events occurring immediately after in establishing the noise characteristics of the operation

control voltage is applied. ampli er. The gate capacitanceg®f the input MOSFET is
N ] proportional to the area of the transistor, while the thérma
C. Capacitive Compensation noise @ decreases as the square root of the area (assuming

The capacitive compensation circuitry compensates for thenstant gate length). The noise of the recording system is
current s drawn by the electrode parasitic capacitangg C proportional to G, &, where the total input capacitance is
A block diagram of the circuit is shown in Fig. 4. TheCi, = Cy + Cys. The optimal gate can be shown to be the
electrode capacitance is compensated by injecting a durrgate width corresponding togG= Cys . The current noise of
linj through an integrated capacitoy,C of 5pF. The device the headstage is inversely proportional te. Riowever, the
can compensate for parasitic capacitances up to 20pF. An 8ghysical size of R and the headroom of the transimpedance
digital setting of Gysq is applied to a mDAC to control the ampli er limits the maximum achievable value. A value of
amount of compensation. Parasitic capacitance compensa5M was chosen for our design.
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Fig. 6. Measured and simulated response of the seriesamsistompen-
sation circuit. The circuit is able to compensate for elsdtr resistances up
to 4M
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IV. EXPERIMENTAL RESULTS
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‘‘‘‘‘ Noise of electode + Cell Network

Fig. 6 shows the predicted and measured step responses of
the series resistance compensation circuitry. The timstaon
t. associated with charging the membrane capacitange C

'_\I
O

in Fig. 3 through the compensated resistancg-RRy) is i0

given by t= (Ry-Rpd) Cm. Therefore, when compensated,

Rpa approaches Rand t decreases. By compensating,R 1 — s v
due to charge conservatiog,will decrease and the overshoot 10 10 10

Input Referred Curent Noise [A(Hzl/2 ]

will increase. Using the series resistance compensationit; Frequency (H2

we were able to compensate for a 4Mseries resistance,
decreasmg the time needed to Charge Cm frga6@0 s to Fig. 8. Measured and simulated ampli er input-referred rent noise
t.=200 s. spectrum compared with the noise contribution of the edeletrplus cell
Fig. 7 shows the predicted and measured response of fgvork. Integrating input noise curve yields a rms noiseent of 5pA.
parasitic capacitance compensation circuit. When uncompe
sated, the headstage provides the currents needed to charge
the parasitic capacitance. These currents appear as owtsshKidney (HEK) Cells expressing a high density of Slack
in the current monitoring signal with the same polarity as trchannels carrying K+ current. The time response of the patch
control step. When properly compensateg, = |,y and the clamp ampli er was recorded as control voltage stepgJ
overshoots do not appear. When overcompensatgdz|1,s  are applied to the cell membrane from -80mV to 80mV in steps
and the overshoots appear negative. of 10mV. The measurements were made using a conventional
Fig. 8 shows the measured input-referred current noipatch-clamp setup. Fig. 10 shows the glass micropipette ele
spectrum compared with the theoretical noise. The guigode (1m diameter tip) and the HEK cells used to make the
also shows that the input-referred current noise of the lowecordings. The parasitic compensation was set at 15pfhand t
noise amplier is no greater than the noise contributed bigsistive compensation was set at 2M'he data was sampled
the electrode plus cell network. The icker noise paramat 62.5kHz and low-pass Itered at 20kHz. Fig. 11 shows the
eter K, was extracted as 0.5x18&" V2F. Integrating the membrane current plotted against the control voltage taiobt
input-referred noise yields an rms current noise of 5pA #e cell conductance. The cell conductance was measured as
10kHz bandwidth. This corresponds to a signal-to-noisie rafl/(15M ) = 0.066 S.
of 250 or approximately 8 bits in whole-cell patch-clamp The devices consumed 3.3mW of power when operated with
measurements. This result is comparable to state-ofrthe-@3.3V power supply. The slew rate of the operational ampli e
commercially available bench-top ampli ers. For examples was measured to be 3.3//s. The input common mode range
latest ionWorks ampli er from Molecular Devices has nois@f the ampli er was measured to be ¥ o and the gain-
levels of 10pA of rms current at 10kHz bandwidth. bandwidth product was measured as 3MHz. The ampli er was
Fig. 9 shows recordings made from our patch-clamp systgrowered at 3.3V and the biases and the command voltage was
while measuring the ionic conductance of Human Embryongrovided by an Analog Instruments AD7304 digital to analog



15]

10

Current through a HEK cell

N 6
5 N i Current through a
g g Al T
= VA AT AN, 15 Me Resistor
- i W L) ]
5 o L I A gAY
5 AN @ < 2
0 (jpoois e =
g 5 W"' E’ O
o
-10 5 -2}
O
-15 4}
10 15 20
time [ms]
-6
8t
Fig. 9. Whole-cell measurements taken on human embryouiceki cells -50 0 50
expressing a high density of Slack channels carrying K+eturThe system \ [mv]

was able to accurately measure the cell conductance at 28kHeprotocol com

of 80mV in steps of 10mV was applied to the cell membrane.

Fig. 11. Membrane conductance of data in Fig. 9 was obtairyeplditing
the membrane current against the control voltage.
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Fig. 10. Human embryonic kidney cells cells and glass mipette.

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 Fig. 12. Die micrograph of the integrated patch-clamp ampli
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 contributetthdoy [2] O. Hamill, A. Marty, E. Neher, B. Sakmann, and F. Sigwortimproved

- . - patch-clamp technique for high-resolution current recwrdrom cells
testboard and the electrode compensation circuitry. and cell-free membrane patcheg§uropean Journal of Physiologyol.

391, pp. 85-100, 1981.
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