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Abstract—We present the rst fully-integrated implementa-
tion of a patch-clamp measurement system with series access _
resistance and parasitic capacitive compensation capati. The Conventional Patch-Clamp Planar Patch-Clamp
system was implemented in a 0.5m silicon-on-sapphire process Patch-Clamp
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 eleatie, up
to 20pF and upto 70% of the series access resistance respeety.
The die size is 1150 by 700m. The power consumption is
300 W at 3.3V. The integrated patch-clamp system will be used
to fabricate high-throughput planar patch-clamp systems.
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I. INTRODUCTION Microscope | ‘ Clamp

The patch-clamp is the gold standard in electrophysiology
and is a fundamental technique to screen drugs and medical
compounds, and ultimately to ensure consumer safety [L], [2 _ o
Electrophysiologists use the patch-clamp techique tesea [ 1, 2 1 sorentons, et pach cane ecosing pbete g
the currents owing through the membranes of living cellsy attach the pipette to the cell using micro-manipulatard a microscope.
The currents measured by the patch-clamp is used to study ghe planar patch-clamp technology, cells are adhered tapmture using
effect of medical compounds and the behavior of ion channetgction. No micromanipulation is necessary.
the structures responsible for cell membrane conductj@ity
The patch-clamp technique reports the highest signabtsen
ratios available in a biosensor, but is labor-intensive nvhe
performed manually. In whole-cell patch-clamp recording,
the ion-channel current across the whole cell membrane is Test Wells %
measured while clamping the membrane at a known potential. Cell Well Plate  \_

Two whole-cell recording setups are shown in Fig. 1. In
conventional patch-recordings, a glass pipette is usedes t
electrode. The pipette is lled with ionic solution and is
attached to the cell using micro manipulators under a micro-
scope. Suction is rst applied so that a tight seall(!° ) is R
form_ed l_)etwee_n the pipette tip and the cell membrane_. Rurthe Patch-Clamp  +* .
suction is applied to break the cell membrane and gain access pies
to the interior of the cellThe second electrode is placed on the

bath solution in which the cell is immerseé. planar patch-

clamp setup is shown in Fig. 1 (B). In planar whole-cell patch
clamping, the cells are suspended on top of a micro pore on

a plane surface. A seal and access to the interior to thescell i USB
established by applying suction. Since no micro-manipatat

is necessary, this process can be automated. _ _ ,
A high-throughput patch-clamp system comprised mégrated

. . . . Fig. 2.
In this paper, we present a S|I|con-on-sapph|re Integratﬁgch-clamp ampli ers and planar electrodes. This systéawa to perform
patch-clamp measurement system, an enabling technol@gyuitaneous patch-clamp recordings on an entire 384 Vatiép

when used with planar electrodes [4]-[8], to perform sigult
neous and automatic measurements on a large number of cells
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Fig. 3. (A) Block diagram of the integrated patch-clamp relary system with electrode compensationtrans-impedancempli er followed by a difference
ampli er produces an output proportional to the input catréeTwo compensation circuits provide electrode capacéaand resistance compensation. The
amount of compensation is controlled by two multiplyingitifjto analog converters (mDACs). The device was designeddasure cell membrane currents
of 20nA. (B),(C),(D) shows the difference ampli er, seriesisgtance mDAC and capacitive compensation mDAC implentientan (A).

in parallel. Since the diameter of a standard cell well is onlyjncreases the delity of the patch-clamp when recordingéar

a few millimeters, a high-density patch-clamp system siwgh whole-cell currents. We will analyze the design of circyitr
the one in shown in Fig. 2 can be realized only if the patche remove the parasitic capacitive transients. In sectiowe
clamp circuitry can also be miniaturized to millimeter slzewill analyze the noise of the patch-clamp system. In section
dimensions [9]. An ampli er can be placed beneath each td&t We will present the hardware test-bed developed to record
well to facilitate recording from multiple cells. The outpaf data from patch-clamp experiments. In section V, expertalen
the cell plate can be later multiplexed into a serial dateastr results of the patch-clamp system will be presented.

to be transported to computer for processi@gr design is a
fully integrated patch-clamp and is 10 million times smalle ) ) .
in volume than commercial bench-top systems. Other thanAlthough our system is focused on an essential enabling
minimizing the space requirements, an integrated patemgl technology, _hlgh-densny planar electrode arrays sucﬂmamet_
ampli er reduces noise and offers better electrical perfance Currently being developed by Molecular Devices and Sophion
by decreasing cabling and other parasitic capacitancds tR&onventional patch-clamp setup that uses pipettes sifce
lower the measurement bandwidth. Although integrated ci€St the basic functionality of the integrated circuit. Wegict
cuits able to measure whole-cell currents have been prelyioufom currently available data that the compensation sgstin
realized, they lack the essential ability to compensatettier are of similar magnitudes in both th_e cpnvenuonal and plana
resistance and the parasitic capacitance of the electigjde fléctrode setups. Furthermore, adjusting these valuebeto t
[10]-[14]. In whole cell recordings, the entire cell membranBecessary range will not be too dif cult once massively para
contributes to the charging time constant. The seriestasie €l €lectrode arrays become availalitey. 3 (A) shows a block

of the electrode is typically 5-20M and the cell membrane diagram of our patch-clamp headstage with electrode compen
capacitance is typically about 12pF or more leading to accei@tion circuitry used in a conventional whole-cell patédrTp
time constants ) of in the order of milliseconds. This acces§*Periment. The currents are typically a few nano amperes
time constant is also the time constant for the membralfe@mplitude with a bandwidth of 5-10 kHz. Our patch-clamp
current (J,) to reach the current measuring circuitry [15]2MPpli er system consists of three main componentsyateh-
Electrophysiologists are interested in recording ionacted Clamp headstagée monitor the membrane currentyesistive
activity with a resolution of about 15@. Therefore, com- COmpensation circuito compensate for the series resistance
pensation circuitry to increase bandwidth is an indispelesa of the pipette and parasitic capacitive compensation ci_rcuit_
component of a whole-cell patch-clamp systémour design, to compensate for the current drawn by the electrode parasit
we use a large resistor in conjunction with an operationgfPacitance.

amplier to obtain linear ampli cation of current. By using A, Patch-Clamp Headstage

SOS technology, we have minimized the signi cant parasitic
capacitance of resistors made in conventional bulk CMOCSrZ
processes [16]. This leads to wider bandwidth and increa
stability in the current measuring ampli er.

II. PATCH-CLAMP SYSTEM OVERVIEW

The headstage monitors the cell membrane current while
mping the electrode atMy, using an operational ampli er.
e membrane currenf | is recorded by an input current-to-
voltagetrans-impedancampli er that uses resistive feedback

In section Il, we will introduce the patch-clamp system. WER; ). The non conductive substrate of SOS technology makes
will present the theory of series resistance compensatiochw it possible to fabricate large resistors with minimal péras



TABLE |

associated with charging the cell membrane when a potential
DESIGN PARAMETERS OF THE INTEGRATED PATCHCLAMP SYSTEM

step Veom is applied to the electrode is several hundred

Feedback Resistance; R 25M microseconds. There is also a voltage error of tens of rltbv
Feedback shunt capacitance, C 0.3pF between the electrode potentiak Vand membrane potential
Injection capacitance , ify 10pF Vi, due to the voltage drop across the series resistance since
Operational ampli er time constant,amp 0.05 s .

Transconductor time constant 75 s membrane currentsyl in the order of nano amperes are
Voltage clamp time constantciamp 0.8 s typical. Series resistance compensation is used to migimiz
Series resistance of the electrode; Rypical) | 10M this error.

In the series resistance compensation circuit shown in Fig.

TABLE I 3 (A), we estimate the voltage error caused by the access

TYPICAL PARAMETERS IN A WHOLE-CELL PATCH-CLAMP EXPERIMENT  resistance and we make a correction to the command voltage,
thereby effectively reducing the access resistance [1Bis T

Total capacitance at the input; @ypical) >-10pF reduction in series resistance enables us to voltage clamp
Parasitic capacitance at electrodeysC (typical) 3-5pF th b telv. It al d the i ded t
Membrane resistance,R (typical) 10G e membrane accurately. It also reduces the time needed to
Series resistance of the electrode; Rypical) 5-20M charge the membrane capacitangg &d enables the circuit
Cell membrane capacitancemC(typical) 10-100pF to monitor ion-channel events occurring immediately affter
Membrane access time constarg, 50-2000 s trol It . lied. Th . ist .

Pipette Membrane Seal Resistance (typical) 1-20G C_On r_o voltage 1s applied. e S?”es _re5|s ance com;ugnsa
Membrane Current,n 1-20nA circuit takes the current monitoring signal and scales itaby

variable factor and adds it to the command voltagg.V
in positive feedback polarity. A 9-bit digital setting K dfi¢

. N o ) compensated resistance is applied to a multiplying digaal
capacitance which increases speed, sensitivity and iabil, 5104 converter (mDAC) to control the amount of compensa-

[16]-[19]. G is the shunt capacitance across the resistor. Thig, The series resistance compensation mDAC was designed
shunt capacitance is necessary to makettans-impedance v, gcaje the current monitoring signal between 0.06-30gime
ampli er stable and to increase the bandwidth of the voltaggii, 9 pit resolution. A diagram of the 9 bit DAC is shown
clamp. A difference amplier subtracts the command voltg, Fig. 3 (C). The total output at the summing ampli er when

age at which th_e membrane is cla_mped fabm the_ trans- g itch SR is closed is given by equatiof8) whenRS was
impedanceampli er's output. The difference amplier was .hosen as 10k.

implemented as shown in Fig. 3 (B). The resulting output

voltage is proportional to the input current and is low-pass Vrs = [X RSt Vout + Veom] (3)
Itered by the transconductor time constant = Ry C;, as RS
shown in equatiorfl). In our design, values of 612.51.25k , 2.5k , 5k , 10k |,
L Ry 20k , 40k , 80k and 160k were chosen for resistoRS; -
Vout = 1'1 < (1) RS respectively.
z

In order to derive the behavior of theV with V¢om
The voltage clamp transfer function relating the pipetigith series resistive compensation, we make the following
potential \b t0 Veiamp shown inFig. 3is derived in equation assumptions. First, sincegamp is much shorter than the
(2). The operational ampli er is assumed to have a single pofgembrane access time constapt(see Tables | and Il ), we
located at amp - C; is the total capacitance at the input.  will assume that V. appears at ¥ instantaneously. Second,
we will assume that the membrane resistangei®very large
compared to B and hence ignore it. The transfer function
representation of this simplied system is shown in Fig. 4.

Using the parameters in Table Il which lists typical paramth€ command voltage §m is added to the compensation
eters for a whole-cell recording experimeiit5] as well as Signal to yield the electrode potentiabVA ltered version
the parameters of our design listed in Table I, we calcula@ this voltage with an access time constai#Rs Cm appears
. and gamp to be 7.5's and 0.8s resulting in a transcon- &t the membrane. The electrode current is the product of
ductor bandwidth of 20kHz and a voltage clamp bandwidth &m @nd the time derivative of /. This current is converted
180kHz respectively. Command voltage steps.f\) between !0 @ voltage according to the transfer function of thens-
OmV and 100mV are applied to the cell membrane duridgPedanc@mplier. The resulting current monitoring voltage
experiments, while recording the input currents. The deviéS then scaled by a factor K to yield the compensation voltage

was designed to measure cell membrane currents ugmA. 1 he setting K can be written as in equati@) where is the
fraction of Rs that is compensated. The entire closed loop

B. Series Resistance Compensation transfer function relating ¥ to Vemg can then be written as
The access resistance; Ro the cell is typically 5-20M  in equation(5).

due the series resistance of the electrode. The capacitance

of the cell membrane is about 10-100pF. The time constant K=Rs (4)

Ve = Vclamp — Vclamp (2)
Po1+ s 1+ &
clamp G Amp S
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Fig. 4. Block model of the patch-clamp system with seriedstasce C. Parasitic CapaCitive Compensation
compensztion. The capacitive compensation circuitry shown in Fig. 3
(A) compensates for the currery;sl drawn by the parasitic
Uncompensated Compensated capacitance of the electrodeg, (see Table Ias well as other
parasitic capacitances. The electrode capacitance is eomp
sated by injecting a currengjl through an integrated capacitor
Cinj of 10pF. An 8-bit digital setting of Ag is applied to a
t mDAC so that a range of fs values can be compensated.The
r\‘_ a implementation of the parasitic compensation mDAC shown in
— Fig. 3 (D) issimilar to that of the series resistance compensa-
t t tion mDAC. The output of the inverting summing ampli er
in the capacitive compensation mDAC is sent through an
invertingunity gain bufferto obtain VG. When switches SC
Fig. 5. The series resistance compensation circuit inesedtise system's are closed, the output of the capacitive compensation mDAC

c c

Y

bandwidth. is given by equatior(9).
X
VG = % Vclamp = ACy Vclamp 9)
Vin  _ zS+1 !
Veom  z aS?2+(1 ) as+1 ®) In our design, RE was chosen as 10k and values of
q_ 75 , 150 , 306 , 612.5 , 1.25k , 2.5k , 5k , 10k were
1 ) = chosen for resistors RERCg respectively, allowing parasitic

a

= ° (6) capacitances up to 20pF to be compensated.

2 When the value of Ag is set as given in equatigd0) no
r— parasitic current is drawn from the headstage and the piarasi
1 2 = (7) capacitance is fully compensated.
a
The damping factor of the second order transfer function (ACy¢ 1)Cinj = Cprs (10)

in equation(5) can be written as in equati@f). When drops _ i .
below unity the output will overshoot. Therefores restricted ~ F19- 6 shows the predicted response of the parasitic ca-
to the range given in equatioff). The maximum level of Pacitance compensation circuit. When uncompensated, the
compensation is limited by the bandwidth of the transcondudéadstage provides the currents needed to charge thetjarasi
tor and also by the parasitic capacitance of the electrode G@pacitance. These 'fast currents appear as narrow oversh
we will show in the next section. By substituting the valuel§! the current monitoring signal with the same polarity & th

in Table | and Il for gamp and , in equation(7) we would control step. The ‘fast' transients are superimposed on the
be able to compensate up to 70% of R max =70%) and slower transients associated with the time constant treagels
thereby see a three fold increase in bandwidth. This inered8€ cell membrane, i.es. When properly compensategs! =

in bandwidth is illustrated in Figure 5. The time constarlin and the overshoots do not appear. When overcompensated,
«a associated with charging the membrane capacitange ¢ni_ > lprs @nd the overshoots appear negative.

through the compensated resistance-(FRs) is given by The parasitic capacitance compensation prevents the elec-
equation(8). tronics from saturating since it eliminates the need for the

headstage to provide the large transient currents needed to
@=Cm(Rs Rs) @) p_harge the para.smc_capacn.ances. An added bene't of capac
itive compensation is that it reduces the effects of a noisy
Therefore, when compensated, approaches 1 and., stimulus. In the same manner, that the parasitic currenisech
decreases. by voltage steps are canceled, the compensation circuitry
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series resistive compensation.
Fig. 8. Electrode plus cell network. The noise level of thigwork limits
the performance of the patch-recording system.

cancels out the currents caused by noise in the stimulus

voltage [15]. Furthermore, this technique increases theusun

of applicable series resistance compensation. To unaersta AKT

why, let C'yrs be the residual parasitic capacitance. The sign Sp = m (12)
of C'prs could be either positive or negative depending on

under-or over compensating respectively. The transfertion X = Rm +R (13)
representation of the patch-clamp system with this residua NT s RmCms S

parasitic capacitance included is shown in Fig.7. The feans

function derived in equatiorf5) can now be written as in Sp = 4KTRs(2fC m)? (14)
equation(11). Positive C,s adds phase lead to thesRom- 1+(2 fR sCp)?

pe_nsation loop introd.ucing a damping effe(;t and therelyista \y\hen designing a low-noise amplier to measure low
lizing the compensation. However, excessively large \@fe 5mpjitude membrane current, it is suf cient to ensure that t

C'prs increases the magnitude of the feedback and introduggsise contribution of the ampli er is less or comparable fo S
oscillations. To prevent this, &5 is kept smaller thanz /Rs, i, the recording bandwidth.

i.e. about 0.75pF [15]. Therefore it is imperative that one
cancels out the parasitic capacitance before performirigsse B. Electronic Noise in the Patch-Clamp System

resistance compensation. The electronic noise in the patch-clamp system arises pri-
marily from the feedback resistor and the operational aepli
Vin 1 used to implement the I-V converter. The circuit model used

Voo = (as+1)( KZ ACSrs s+1) KZAs (11) 1o compu_te t_he electronic noise of the patch—_clamp system is
reported in Fig. 9. The total output voltage noise specteal-d
I11. NOISE IN THE PATCH-CLAMP SYSTEM sity, Sy is given by equatioifl5). Y. is resultant impedance at
) ~ theinput due to X, Cys and Gs. Cys is the gate capacitance
Low amplitude current measurements are often complicatgfkhe input transistor. The input-referred current nojsecsral
by the presence of background noise. The background NOifhsity $ of the patch-clamp ampli er can be calculated by
in patch-clamp measurements arise mainly from the elekirogquation(m)_ eu is the sum of the icker noise and thermal

circuitry, and the cell-electrode network. noise components of the input transistor of the headstage an
o er is the thermal noise of the feedback resistor [22]-[24].
A. Cell-Electrode Noise in Patch-Clamp System ev and & can be calculated using equatiofi&) and (18)

In whole-cell recording, usually the dominant backgroung@SPectively.
noise contributor is the cell-electrode network shown ig.Fi

8 [20]. The noise level of cell plus electrode network; S Sv =€y + ekt ey YR ? (15)
can be calculated using equati¢h?) [21]. Here, K is the

Boltzmann constant and T is the absolute temperature and X S = Sv _ € +€; + 2 y2 16
is the equivalent impedance of the pipette plus cell network I Ri2~ RZ2 M (16)
Xn can be calculated using equation (13). The current noise

of the series combination ofdRand the membrane capacitance e§4 = Cr+ C_F (17)
dominates in equatiofi2). The current noise of the membrane f

resistance can be ignored [20]. The current noise power
spectrum of this simpli ed network is shown in equatii®). e = 4KTR¢ (18)
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Fig. 10. Electronic noise of the unloaded patch-clamp Heagés The current
noise spectral density, Sis dominated by 1/f noise at low frequencies and

_ at higher frequencies by the voltage noise that is re ectedtlee input
Sltot = S + Sp (19) impedance. S has an inverse relationship with the feedback resistance R

. . . . hen using a R of 25M , the value of § at 5kHz is comparable to the
Here G is the process dependant icker noise coef Cient,ent spectral density of a 1Mresistance.

and G is the thermal noise coef rcient of the input transistor

(see Table Ill). The total input referred current specteaigity,

Slrot Of the patch-clamp system is given by equatid®).

Fig. 10 shows §, the theoretical unloaded noise of the patch-

clamp ampli er, plotted using equatiaofi6). The icker noise 10 ‘ ‘ :

component of the noise dominates & low frequencies. At | | Norse Rc?rlne(;gzgizjz?lz:éﬁnrﬁm(ork+amplifier

higher frequencies, |Sis dominanted by the voltage noise

that is re ected Y. The current noise at the input decreases

with R¢. However the physical size of of¢Rin layout as

well the headroom limitations in the ampli er limits its wad.

A Rf of 25M was chosen for our design. When using a

R; of 25M , the value of § at 5kHz is comparable to the

current spectral density of a 1Mresistance. The current noise

spectral density S of the cell-electrode network is compared

with Skt in Fig. 11. $ is the dominant component of S}

in the recording bandwith.

=
o.

Current NoisdA/Hz (1/2)]

. . . A 10 ) L . .
C. Noise in the Operational Ampli er 10" 10° 10° 10* 10°

Frequency [Hz]

The patch-clamp technique is extremely sensitive to noise

due to the low amplitude of the membrane current and herfég. 11. Current noise spectral density, $f the electrode-cell network
nAi ; ; ; i ; ; compared with the total input referred current noise spédensity, Stot -
low I’.IOISG ampli Catlo.n Is critical to .Our design. All ampeirs . Sp is the dominant component of &} in the recording bandwith.
are implemented using a low-noise three stage operational
ampli er shown in Fig. 12. The input transistors are vital
in establishing the noise characteristics of the operation
ampli er. The gate capacitancegg of the input MOSFET TABLE Il
is proportional to the area of the transistor, while the rinegr
. PERFORMANCE OF THEOPERATIONAL AMPLIFIER USED IN THE DESIGN
noise ¢ decreases as the square root of the area (assuming

constant gate length). The noise of the recording system is DC Gain 7208
proportional to G, e, where the total input capacitance ig C Gainbandwidth Product 3MHz
= Cy + Curs - A [WIL] ratio of [15/5] was used in our design. '(’)‘E;‘ptuiosr\rh‘l’i‘;‘é” mode range 05V
The characteristics of the operational ampli er are suninset Slew rate 3_3V/pps
in Table III. Bias current at 3.3V 20 A
Flicker noise coef cient, ¢ 2.6x10 11v2

IV. HARDWARE TEST-BED Thermal noise coefcient, € | 2.4x10 15 V2/Hz

A diagram of the hardware test-bed is shown in Fig. 13.
The entire system is powered at 3.3V using a USB bus and
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Fig. 14. lon channel activation in HEK cells expressing ahhignsity of
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47 while the pipette solution contained 16mM KCI, 144mM
NaCl and 10mM HEPES. The bath was held at ground
potential while depolarizing command voltage {Y) steps
F_ig. 1_2. '_I'he operational ampli er use(_j in the design. A‘IIimat‘[W/L] are  were applied in steps of 15 mV from -150 to +60 to the
given in micron. RN and RP type transistors were used in ttsigde membrane. The hoIding potential of the membrane was -
— 100mV. The traces were Itered at 5kHz for display. The

PC Board steady state I-V curve is shown in Fig. 15. The ion-channels
O I D0t start to activate when the membrane potential is less than th
Electrode o Protocol Opal Kelly holding potential (-100mV). The currents are at rst negati
l'O”tp“t XEM 3001 and increase in magnitude when more channels activate as
:I;L'Jst?ekreworth )| AD7475 > FPGA the membrane potential increases. The currents turn y@siti
Filter ADC | uss when the applied potential is in the vicinity of -60mV. This
Interface value conforms with the ‘reversal potential'rE calculated

— using Nernst equation shown in (20) which is governed by the
laws of thermodynamics [25]. Here [K]s the free potassium
Fig. 13. A block diagram of the harware test-bed. The tedtdmmsists of an ion concentration in the bath (150mM) and [Kis the free
ADC, a DAC and an anti aliasing Iter. The patch-clamp systsncontrolled potassium concentration in the pipette (16mM). Fig. 16 show
using a GUI driven C++ program. . . . .
the glass micropipette electrode ¢h diameter tip) and the
HEK cells used to make the recordings.

the digital interface was provided using a eld programneabl K]
gate array on an Opal Kelly 3001 board. The command voltage Egr = 60IogloK—b (20)
was provided by an Analog Instruments 8 bit AD7304 digital (Kl

to analog converter (DAC). The output of the amplier was Fig. 17 shows the measured step responses of the patch-
digitized using a 12 bit Analog Instruments AD7475 analog telamp system while using series resistance compensat®n. A
digital converter. The data was sampled at 62.5kHz and lowrediced by equatiofi7) and Fig. 5 we were able to decrease
pass ltered at 20kHz using a three pole butterworth Iter. Ahe time constant needed to charge cell membrane froms00
GUI driven C++ program allows the compensation mDACs t@ 200 s obtaining a threefold increase in bandwidth. This
be set, stimulus pulses to be generated and the currentsig@arresponds to compensating 70% of a 4§kries resistance.
to be plotted The entire system consists of two stackediitirc F|g 18 shows the measured response of the patch_damp
boards and was packaged in a shielded box. system while using parasitic capacitance compensation. As
predicted from equation 10 and Fig. 6 we were able to
see positive, negative and no overshoots corresponding to
Fig. 14 shows recordings of ion-channel activations madgdercompensation, overcompensation and proper compensa
from our patch-clamp system on Human Embryonic Kidnelyon of the parasitic capacitance. The shown response is for
293(HEK) cells expressing expressing hslo channels (malci approximately 10pF of parasitic capacitance at the inpu. W
activated potassium channels). The measurements were magdee able to compensate up to 20pF of parasitic capacitance.
using a conventional patch-clamp setup. The bath solutionFig. 19 shows the measured input-referred current noise
contained 150mM KCI, 40 M CaClL and 10mM HEPES spectrum compared with the theoretical noise as calculated

V. EXPERIMENTAL RESULTS
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Fig. 17. Measured response of the series resistance coatjgensircuit. The
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Fig. 18. Measured response of the capacitive compensationitc This
response was obtained while the circuit compensated a lagfsific capac-
itance.

The power consumption of the patch-clamp system was
measured as 300V with a 3.3V power supply. The power
consumption is dominated by the ve operational ampli ers
used in trans-impedanceand differene ampliers and the
Fig. 16. Human embryonic kidney cells and glass micropépett resistive and parasitic capacitive compensation mDACshEa
operational ampli er consumes 2@ of bias current. The
performance of the patch-clamp system is summerized in

in equation(16). Integrating the input-referred noise yieldslable IV. The prototype was fabricated in a Orb silicon-on-
an rms current noise of 5pA at 10kHz bandwidth. Thi§apphire process. The die size is 1150 by #0The power
corresponds to a signal-to-noise ratio of 250 or approxétgat consumption is 300W at 3.3V. A micrograph of the fabricated
8 bits in whole-cell patch-clamp measurements when thetingie is shown in Fig. 20.

is 1nA. This result is comparable to state-of-the-art com-

mercially available bench-top ampli ers made with diseret VI. SUMMARY

componenets. For example, the ionWorks Quattro ampli er ) ) .
from Molecular Devices has noise levels of 10pA of rms We designed, fabricated and tested an integrated patch

current at 10kHz bandwidth [26]. The Triton-1 device fron¢lamp ampli er with series resistance and parasitic capaci

Tecella technologies has 0.5pA rms at 3kHz bandwidth whi@mpensation circuitry targeting high throughput patimp
using a R value of 1G [27]. systems using planar electrodes. The device usdésares-

impedanceampli er to convert an input current to a voltage
output. The system can record cell membrane currents up to
TABLE IV 20nA, with a rms noise of 5pA at 10kHz bandwidth. The
PERFORMANCE OF THEPATCH-CLAMP SYSTEM system can compensate for the capacitance and resistance of
the electrode, up to 20pF and 70% of the series access resis-

Process technology SOS 0.5m CMOS . .

Input referred current noise at 10KHz 5pAms tance respectively. The performance pf the prototype rateg

Signal to noise ratio with 1nA input 250 patch-clamp system is comparable with the commercial bench

Eesisti_vt_e Compensatitt)_n Capabitl)i_tlyt 70% of g(';/' - top systemsHowever, due to its greatly smaller size, the inte-
apacitive compensation capabllity 8] . . . .

Power consumption at 3.3V 300 W grated system will be an essential enabling technology ild bu

Chip area (with pads) 1150m x 700m massively-parallel ampli er arrays, for the next genevatof

high-density patch-clamp systems.
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Fig. 19. Measured ampli er input-referred current noiseecpal density

compared with the theoretical value calculated in equati®nintegrating the

input noise curve yields a rms noise current of 5pA.

Headstage Rf ij MDAC:

Fig. 20. Die micrograph of the integrated patch-clamp ampli
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