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Abstract— We present measurement results from a low-noise

miniaturized patch-clamp amplifier with electrode compenstion.  Fig. 1. A high-throughput patch-clamp system that usesmtegrated patch-
The patch clamp amplifier has less than 4 pA of rms noise at a clamp amplifiers. This system allows to perform simultarsepatch-clamp
10 kHz bandwidth and is capable of accurately measuring nano recordings on an entire 384 well plate.

Amperes of current. The device measurements shown here show

that the integrated amplifier can be used for the design of hig-

density patch-clamp arrays. I

I. INTRODUCTION

Electrophysiologists use the patch-clamp technique to-mea
sure the currents flowing through the membranes of living
cells. These measurements depict the behavior of ion clanne
the structures responsible for cell membrane conductjtity
The cell currents measured by the patch-clamp is used to
study the effect of drugs and to study the dynamics of action
potentials. The advancement of ion channel research isiheav
dependant on the availability of advanced high throughput
instrumentation. High throughput patch-clamp systems are
now becoming possible with emerging integrated circuihtec
nologies such as the planar patch-clamp technology [2], [3]
[4].

Since patch-clamps are used extensively to test drugs, it
is highly attractive to pharmaceutical companies to passes '
high throughput screening instrumentation that wouldease

the number of recordings made per unit time. Therefore, g. S-b Paécg-clamp amﬁ'}fier OvzrvieW- A tranS-impedagiomlﬁger fol-
. . . _ . wed by a difference amplifier produces an output propodido the input
Intmducmg a hlgh throthpUt patch clamp system, it WOU@Jrrent. Two feed forward loops provides electrode comgigms. The amount

be possible to bring safer and better drugs to the consumaggompensation is controlled by two multiplying digital amalog converters
market [5]. Other than minimizing the space requirement&DPAC)s.
an integrated patch-clamp amplifier reduces noise. It also

offers better electrical performance by decreasing cgblin . . ] - ]
and other parasitic capacitances that lower the measutenféigns [7] because it uses a continuous-time amplifier with

bandwidth. In this paper, we show the feasibility of usingesistive feedback instead of a delta-sigma head-stage wit
a custom designed high performance, low noise integrat%ﬁpac'ﬁ've feedback. This deS|g_n off_ers better perforraanc
patch-clamp amplifier with electrode compensation to baildSince it allows the electrophysiologist to monitor analog
high-throughput patch-clamp system similar to the one shogurrent S|gnal_ directly. Smcg no clc_)ck_ls necessary during
in Fig. 1. Parallel simultaneous recording can be perform&§rmal operation of the amplifier, switching noise is kepato
in a conventional 384 well plate. The resulting data is digfnimum.
tized using analog to digital converters and transmitte to
computer via a high speed USB bus. The protocols for the
test sites are implemented using digital to analog conkgrte A whole-cell patch recording system typically measures cur
controlled through the same USB bus. rents in the range of a few nano-Amperes. A whole-cell clamp
This paper advances the previous integrated circuit desigeports the current across the entire cell membrane, asseppo
[6], [7] by incorporating a capacitive compensation citcuto a patch of membrane. Command voltage steps,.{Y
that reduces the stray electrode capacitance and a residhgtween 10mV and 100mV are applied to the cell membrane
compensation circuit that reduces the voltage drop achass turing experiments, in order to activate ion channel pnstei
the recording electrode. This design also differs from jmey and to permit ionic currents to flow across the membrane.
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Il. SYSTEM OVERVIEW



Vdd

Currents are bidirectional depending on the channel tyge an
the membrane potential. The bandwidth of interest is from a
few Hz to 10 kHz [6]. A block diagram of our patch-clamp
recording system is shown in Fig. 2. EMB
The system consists of an input current-to-voltage trans- C1=250F
impedance amplifier that uses resistive feedback).(R\ '
difference amplifier subtracts the command voltage from the
tranimpedance amplifier's output. The resultant outputags
is proportional to the input current, as in equation 1.
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V;)ut = Ilan (1)

The system also has two compensation circuits. The first
is a series resistance compensation loop which compensates }Vss
for the voltage drop across the series resistance. A digital
Sem.”g .Of th.e. Compensated resistance B appllgd o a Fig. 3. The operational amplifier used in the design. The tigtage was
multiplying digital to analog converter (MDAC). This MDAC ytimized for low-noise performance.
scales the current monitoring signal,)y and adds it to

M1

the command membrane potential,y, in positive feedback SR1 RS 1
polarity. The second compensation for 'fast’ capacitarse i —o— /AWM
necessary to remove the effect of electrode’s stray capeat —o& _\/\RX/\_ RVom
from introducing errors into the Rcompensation [8]. The fast © RS —/ NV Veom
capacitance compensation is a feed-forward loop in which a —o%)—\/\/\/\— RS
small capacitor ¢;,; of 5 pF injects a current that is scaled to Vo SR4 Rsg | VVV
match the charging current of the electrode capacitance2of 1 W
pF in typical electrodes and any other parasitic capacditanc —o— o~A/AVM ——o
The scaling of the injected current is set by a mDAC using a M Vout
digital setting of G. SR7 RS,
1. SYSTEM COMPONENTS _OSR/S RSg

The patch-clamp measurement system has three main com- SRl R'Sg'

ponents: a trans-impedance amplifier, a difference amplifie oo/ N\

and mDACs used for capacitive and resistive compensation.

All amplifiers are implemented using a low-noise three stag® 4. The series resistance compensation mDAC. The mDAsdhe
operational amplifier shown in Fig. 3. The input differehtiacurrent monitoring output voltage {y+) by a value set by a digital serial bus
stage is followed by a second stage which allows for high&pd adds it to the command voltage.Vx

output swing. The third stage is an output stage. The input

Vs Sets the quiescent point for the circuit and the inputs . _ .

Veasep and V..scn provide biases to the cascode device\g’Ith Input re5|§tance Réém_RSf ‘_Nh'Ch adds the command
in the second stage that increases the bandwidth of ffpltage Voo, With a gain of negative one to the output of the
operational amplifier summing amplifier. Therefore, the total output at the sungmin

The series resistance compensation mDAC scales HgPlifier when switch SRis closed is given by equation 3.

current-monitoring output voltage of the difference arfigti RS

by an external digital value. The mDAC was designed to scale VSout = —| T VSin + Veom] ©))

the output voltage between 0.1-30 times (9 bit resolution). ’

A diagram of the 9 bit DAC is shown in Fig. 4. The In our design, Ry was chosen as 10kand values of
series resistance compensation mDAC was implemented6d2.32, 1.25K2, 2.5K2, 5k(2, 10k, 20k, 40k2, 80K and

a summing amplifier that has input resistancesRS, and 160K2 were chosen for resistors RRC, respectively. Hence
switches SR-SR,. The summing amplifier also consists of df one desires to add 2 times the output voltage of the
feedback resistor RS If switch SR is closed then a scaleddifference amplifier to V,,,, one would close SRand leave
version of input voltage VS given by equation 2 appears aSRi—3 and SR_o open.

the output VS,,; of the summing amplifier. The mDAC for capacitive compensation scales the output
of the series resistance compensation mDAC. Its outpugesriv
VSout = _RS; X VS (2) @ capacitance ¢; to compensate for the current lost while

RS; charging the electrode capacitance. The compensatiore valu

In addition to the branches that scale the voltage outpet, tis 1-2 times the output voltage of the series resistance mDAC
summing amplifier also contains an additional tenth branemd has eight bit resolution. The implementation of the mDAC
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Fig. 5. The capacitive compensation mDAC. The mDAC scalewtitput of frequency [¥z]
the serial compensation voltage (vout) and connects it i @hich injects a

current that tries to match the charging current of the eddet capacitance. _. ) e .
ging e P Fig. 6. The measured and simulated amplifier input-refemedent noise

spectrum. Integration under this curve yields and rms noiseent of 4 pA.

for capacitive compensation is identical to the implemgoite

of the series resistance mDAC and is shown in Fig. 5. using MOSFETSs. This problem was alleviated using P-channel
When switches SCare closed, the output of the capacitivéransistors which have been shown to have one or two orders
compensation mDAC is given by equation 4. lower K; than n-channel devices [9]. As discussed in section

I, the trans-impedance amplifier multiplies the input emtr
RCy XV Sout (4) by Ry to produce a voltage proportional to the input. The
RC; current noise at the input can be shown to be inversely
IV. Low-NoISE PATCH-CLAMP AMPLIFIER DESIGN proportional to R. However, the parasitic capacitance and
the physical size of of Rin layout limits its maximum usable

The patch-clamp technique is extremely sensitive to noise

due to the low amplitude of the membrane current and henvcaelue' A conservative Rof 25M( was chosen for our design.

Vcout = -

low-noise amplification is critical to our design. The input V. EXPERIMENTAL RESULTS
referr(_ad current noise of the patch-clamp amplifier is giugn Fig. 6 shows the measured input-referred current noise
equation 5. spectrum compared with the theoretical current noise spact
shown by equation 5. Integrating under this curve yields & rm
g 4KT n [SKT Krg2, } 1 noise current of 4 pA integrated under a bandwidth of 10Hz
L= Ry 39m  CoxIL2f] R% to 10 kHz bandwidth. The 10Hz limit is due to maximum

recording time of 100 ms. This yields a signal to noise ratio
+ ]4w2(Og+C’ez)2f2 (5) of 1nA/4pA = 250 or approximately 7 bits in whole-cell
3gm  CoxL2f
measurements.

where K is the boltzmann constant and T is the absoluteWe tested the integrated patch-clamp amplifier by sourcing
temperature. The transconductance of the input transistarrange of inputs currents from a fraction of a nano-Ampere
is given by g,. K; is the process dependant flicker noiséo a few nano-Amperes, while recording the output voltage.
parameter which was extracted as—%0 V2F. The critical The amplifier was powered at 3.3V using an external battery
parameters for low noise amplifier design are the input capand the biases and the command voltage was provided by an
itance, the voltage noise and the input leakage current. TAralog Instruments AD7304 digital to analog converter (DAC
input transistors are vital in establishing these chareties. controlled through an Opal Kelly 3010 FPGA board. The out-
The gate capacitance, ©f the input MOSFET is proportional put of the amplifier was digitized using an Analog Instrunsent
to the area of the transistor, while the thermal noise éAD7475 analog to digital converter (12 bit resolution). The
decreases as the square root of the area (assuming constaltage noise on the power supply and the bias voltages was
gate length). The noise of the recording system is propmatio measured as less than 10mV (corresponding to a 0.4nA rms
to C;,e, where the total input capacitance is,G C, + C.;  of input-referred current noise). The input current wasrsed
with C,; being the capacitance of the electrode and any othgy applying protocol corresponding to a bidirectional, )
capacitance on the input node. By differentiating equaonof 10mV to 100mV across an Axon Instruments Patch-1U
with respect to ¢, the optimal gate can be shown to be thenodel cell. Fig. 7 shows the protocol used to evaluate the
gate width corresponding to,C= C,;. The flicker noise due performance of the patch-clamp amplifier.
to the trapping of charges below the gate of the transistorWe obtained a linear dependency across the entire range
is a significant problem in making low-noise measurements$ tested currents as shown in Fig. 8. The devices consumed

[8KT Krg2
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Fig. 7. The protocol used on the Patch-1U model cell to etaltlze patch-
clamp amplifier.

ol | Fig. 9. Figure 7. Die micrograph of the integrated patchmgaamplifier

ideally suited to fabricate high-throughput whole-celltqba

al recordings arrays.

measured current [nA]
o

b | REFERENCES
3l i [1] F. J. Sigworth, “Life’s transistors,Nature, vol. 423, pp. 21-22, May
2003.
-4t 1 [2] N. Fertig, R. Blick, and J.C.Behrends, “Whole cell pattamp recording
o 3 2 4 o I 2 3 " performed on a planar glass chi@lophys J., vol. 82, pp. 3056-3062,
input current [nA] June 2002.

[3] N. Fertig, A. Tilke, R. Blick, and J. Behrends, “Nanosttured suspended
aperture for patch clamp recording and scanning probe catigh on

Fig. 8. Th d tf the int ted patch cl lifi native membranesBiophys. J., vol. 78, 2000. )
aI?unction o(-fl ir:;isglrﬁrerc]:grren rom the integrated patch campiter as [4] A. Brueggemann, M. George, M. Klau, M. Beckler, J. Stéind

J. Behrends, and N. Fertig, “lon channel drug discovery asarch:
The automated nano-patch-clamp technolo@iirent Drug Discovery
Technologies, vol. 91, pp. 91-96, 2004.
i D. Roden, “Drug-induced prolongation of the QT interVallew England
3.3mW of power when pperated V\.Ilt{h a 3.3V power supply.THe Journal of Medicine, vol. 350, pp- 1013 - 1023, 2004,
slew rate of the operational amplifier was measured to be %6(]5 F. Laiwalla, K. Klemic, F. Sigworth, and E. CulurciellAn Integrated
1V/s. The input dynamic range of the amplifier was measured Patch-Clamp Amplifier in Silicon-on-Sapphire CMOSEEE Transac-

to be 2V pk-pk. The gain-bandwidth product was measured as tions on Circits and Systems, TCAS, spedial issue on Life Science and
OMHz Applications, vol. in print, 2006.

] [7] F. S.E.C.F Laiwalla, K.G. Klemic, “An integrated patclamp amplifier
We have not tested the electrode compensation becausen silicon-on-sapphire CMOS,” inEEE International Symposium on

; ; it ; Circuits and Systems, ISCAS’'06. Kos, Greece: IEEE, November 2006.
It was deS|gned for the small parasitic capacitance of [a A. L. Hodgkin and A. F. Huxley, “A quantitative descripti of membrane

plana}r electrode (1-5 pF). Planar electrodes are curreetfyy current and its application to conduction and excitatioménve,” Journal
acquired to be tested on our system. The usefulness of theof Physiology, vol. 117, pp. 500-544, 1952.

; ; ; ; ; ] C. Harrison, R.R.; Charles, “A low-power low-noise cmasplifier for
electrode compensation circuitry and will be reported in 4 neural recording applications,olid-Sate Circuits, |[EEE Journal of,

future publication. vol. 38, pp. 958 — 965, 2003.
The die size of the integrated patch clamp amplifier is 1479

pm X 1316 um. A micrograph of the fabricated die is shown

in Fig. 9.

VI. SUMMARY

We designed, fabricated and assembled an integrated patch
clamp amplifier with electrode compensation targeted for
building high throughput patch-clamp systems. The device
uses a transimpedance amplifier to convert an input cureent t
a voltage output. The prototype was fabricated on conveatio
AMI 0.5 micron technology. The low-noise amplifier used in
the design produced less than 4 pA of rms noise. The device
is capable of measuring nano-amperes of current making it



