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Abstract— This paper presents an evaluation of electrical noise Tes'@s
sources and signal-to-noise limitations in a fabricated itegrated

fhe theoretical noise of the pateh clamp Systom. Our faprted ‘ ‘.l_-.‘_-u__-.._-‘_‘-._‘n_'"-.“-.\\"'-"-.

device was measured to have less than 4pA of rms noise at Patch Clamp ..I.

Amplifiers

10kHz bandwidth, similar in performance to commercial bend-
top systems. The integrated patch-clamp can accurately meare Digtal o foalog
nano-Amperes of current and is intended for a high-throughput R
system that can screen a large number of cells in parallel. T Converers

fabricated device consumes 1480 by 1300 of silicon area and
3.2mW at 3.3V of power. The device was fabricated using AMI
0.5 micron technology.

I. INTRODUCTION

The advancements in medicine of the last century and thig. 1. A high-throughput patch-clamp system comprisedhtefgrated patch-

resulting bene ts in disease diagnosis and patient req,dvas clamp ampli ers. This system allows to perform simultangquatch-clamp
. D . . recordings on an entire 384 well plate.

been made possible by the availability of electrical bicses.
Electrophysiologists use patch-clamp biosensors to measu
the currents owing through membranes of Ilymg cells. Th%esigns [7] because it has the capability to compensate for
cell currents m_easured by the patch-clamp is used to _st %ctrode parasitics [8].
the effect medical compounds and to study the behavior of
ion channels, the structures responsible for cell membranell. PATCH-CLAMP DESIGN AND NOISE LIMITATIONS

conductivity [1]. . . . . During the design of an integrated patch-clamp ampli er,
The patch-clamp technique has the highest signal-to-nojsgs important to compute the input-referred electricalseo

ratios available in a biosensor, and patch-clamp design®s i order to quantify the minimum detectable signal and also
considerable detail to sources of noise and their reduct@gmpute the SNR. The SNR is a useful benchmark to evaluate
[2]. Since patch-clamps are used extensively to test drugge performance of the instrument. The SNR of patch-clamp

it would be bene cial for pharmaceutical companies 10 Usgmpjj ers is affected by fundamental electrical noise s@sr
high throughput screening instrumentation that wouldease 5,4 also by the desired input bandwidth.

the number of recordings made per unit time. Such instru-
mentation would facilitate the introduction of safer andtée A. Patch-Clamp Recording System Overview

drugs to the consumer market [3]. Other than minimizing rig 2 shows a block diagram of the patch-clamp headstage.
the space requirements, an integrated patch-clamp amplifhe “system consists of an input current-to-voltage trans-
reduces_ noise. !t also offers better.e_lectrical_ perforradng impedance amplier that uses resistive feedback J(RA
decreasing cabling and other parasitic capacitancesdar | ifference ampli er subtracts the command voltage from the
the measurement bandwidth. Therefore, it is prudent tcyaaa] tranimpedance ampli er's output. The resultant outputagk

the noise performance of an integrated patch-clamp ampli g proportional to the input current, as in equation 1.
and thereby determine the feasibility of using an integfrate

patch-clamp amplier to build the high-throughput system — .

. . . . . Vout = I|n Rf (1)
shown in Fig. 1. This system uses a low-noise integratechpatc

clamp ampli er along with planar patch-clamp technology Command voltage steps {4 ) between 10mV and 100mV
[4], [5], [6]. This system will be able to produce concurrenare applied to the cell membrane during experiments, inrorde
measurements from an entire 384 well plate in less thant@aactivate ion channel proteins and to permit ionic cusent
minute protocol time. This design also differs from preouto ow across the membrane. Patch-clamp ionic currents are



Saline Solution

Pipette
P I Patch-Clamp

Headstage |

) ) . . Pipette + Cell Network
Fig. 2. Patch-clamp ampli er headstage. A trans-impedaacepli er

followed by a difference amplier produces an output prapmral to the
input current. Fig. 3. Micropipette plus cell network. The noise level akthetwork limits
the performance of the patch-recording system.

typically monitored at 1-10KHz. A whole-cell clamp reports
the current across the entire cell membrane, as opposed to
a patch of membrane. A pipette lled with a saline solution

is used to adhere to the cell A whole-cell patch recording
system typically measures currents in the range of a few-nano
Amperes. Currents are bidirectional depending on the addann
type and the membrane potential. |

B. Current Noise Limits of the Patch-Clamp System

Low amplitude current measurements are often complicated
by the presence of electronic noise. Electronic noise can be
fundamental or man-made. Fundamental noise sources derive l
from the physical laws and the property of condensed matter.

Man-made noise is induced by circuit design, layout, togelo

ical placement and system architecture. There are fundaienig. 4. The model used to calculate the noise of the pataizlaeadstage
limits on the signal-to-noise ratio (SNR) that can be agdin shown in Fig.3.

with biosensors measuring small currents. In this section

we review these limitations so that designers can quickl

el

assess the feasibility of measuring systems. The SNR #iysi

. Calculation of Current Noise in the Patch-Clamp Ampli er

limitations also allows us to compare the performance of our The patch-clamp technique is extremely sensitive to noise
integrated patch-clamp system. Man-made noise source cam to the low amplitude of the membrane current and hence
be avoided with experienced and robust engineering and dew-noise ampli cation is critical to our design. The ciritu
ultimately approach the physical limits. model used to compute the input-referred current noise of
The noise level of a patch-clamp system is limited bghe patch-clamp headstage in Fig.3 is reported in Fig. 4. The
the fundamental noise sources of the cell plus micropipetteput-referred current noise of the patch-clamp ampli @anc
network shown in Fig. 3. The micropipette electrode can e calculated by by equation 4y eis the sum of the icker
modeled as a resistancg.R he cell can be modeled as a memnoise and thermal noise components of the input transistor
brane capacitance,Cin parallel with a membrane resistancenf the headstage and ds the thermal noise of the feedback

Rm. Typical values for R, Ry, and G, are 4M , 100M resistor. G is the capacitance of the electrode argli€the
and 20pF respectively. The noise level of cell plus micreipp gate capacitance of the input transistorg. and ¢ can be
network, $ can be calculated using equation 2. Here, K is thealculated using equations 5 and 6 respectively.

boltzmann constant and T is the absolute temperature and X
is the equivalent impedance of the pipette plus cell network e + €&

; . = S = + 654 %(Cq + Cy)? 4
Xn can be calculated using equation 3. When designing a low- ! R, 2 ew4d “(Ce 9) 4)
noise ampli er to measure low amplitude membrane current
it is sufcient to ensure that the noise contribution of the 2 = 8KT Kt g2 5
ampli er is less than that of X. M = 30m Cox L2f )
AKT
S, = —— 2 2 —
"7 Teal(Xy) ) & = 4KTR; ©)
Rm Here K is the process dependant icker noise parameter

XN:

1+ RmChwj

* Rp ®) and g, is the transconductance of the input transistors. There-
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fore, by combing equations 4, 5, and 6, we obtain equation
7.

4KT . 8KT . Kt g3 1
Ry 3gm  Cox L?f R?
8KT N Kt g2
3gm  Cox L?2f
D. Low-Noise Patch-Clamp Ampli er Design

All ampli ers are implemented using a low-noise three stage
operational ampli er shown in Fig. 5. The input differeritia
stage is followed by a second stage which allows for higher
output swing. The third stage is an output stage. The input
Vpias Sets the quiescent point for the circuit and the inputs
Veasce and Veasen provide biases to the cascode devices
in the second stage that increases the bandwidth of the
operational ampli er.

The input transistors are vital in establishing thse nofs-c F9: 5. The operational ampli er used in the design. The inglage was

L. . . . optimized for low-noise performance. All sizes [W/L] ratiare given in micro
acteristics of the operational ampli er. The gate capa@t | eters.
Cy of the input MOSFET is proportional to the area of the
transistor, while the thermal noisg elecreases as the square 10"

+

4 2(Cg+ Ca)’f? (7)

root of the area (assuming constant gate length). The noise predictedinoiseloflpatch clamp
. . . measured!naselof!paich clamp
of the recording system is proportional tq, &, where the el — — noiseloflpipetel+icelinetwork

total input capacitance isiC= Cy + Cq. By differentiating
equation 4 with respect to,Cthe optimal gate can be shown to
be the gate width corresponding tg € C¢. The icker noise 10° o T 3
due to the trapping of charges below the gate of the tramsisto =T i
is a signi cant problem in making low-noise measurements el
using MOSFETSs. This problem was alleviated using P-channel
transistors which have been shown to have one or two orders
lower K; than n-channel devices [9]. As discussed in section 10*
I, the trans-impedance ampli er multiplies the input cemt

by R to produce a voltage proportional to the input. The

current noise at the input can be shown to be inverséT' . 6. The measured and simulated ampli er input-referoarent noise
spectrum compared with the noise contribution of the pipeitus cell

proportional to R. However, the parasitic capacitance anfewwork. The measured current noise is no greater than trse mevel of
the physical size of of Rin layout as well the headroomthe pipette plus cell network. Integration under this cugields and rms

limitations in the ampli er limits its value. A R of 25M  Noise current of 4 pA.
was chosen for our design.

10° 10*

I1l. EXPERIMENTAL RESULTS to a few nano-Amperes, while recording the output voltage.

Fig. 6 shows the measured input-referred current noidée ampli er was powered at 3.3V and the biases and the
spectrum compared with the theoretical noise calculatedyuscommand voltage was provided by an Analog Instruments
equation 4. The gure also shows that the input referredD7304 digital to analog converter (DAC) controlled thrdug
current noise of the low-noise ampli er is no greater thaa than Opal Kelly 3010 FPGA board. The output of the ampli er
noise contributed by the pipette electrode plus cell nekwowas digitized using an Analog Instruments AD7475 analog
calculated using equation 2. The icker noise parametgyr K to digital converter (12 bit resolution). The voltage noise
was extracted as 16° V2F. Integrating the input-referredon the current monitoring signal was measured as less than
noise yields an rms current noise of 4pA at 10kHz bandwidthOmV (corresponding to a 0.4nA rms of input-referred cutren
This corresponds to a signal to noise ratio of 250 or approgeise). The excess noise is contributed by the testboard and
imately 8 bits in whole-cell patch-clamp measurementssTHihe electrode compensation circuitry [8]. The input curreas
result is comparable to state-of-the-art commerciallyilals®e sourced by applying protocol corresponding to a bidirexilo
bench-top ampli ers. For example, the latest ionWorks dmplVcom 0f 10mV to 100mV across an Axon Instruments Patch-
er from Molecular Devices has noise levels of 10pA of rmslU model cell. Fig. 7 shows the protocol used to evaluate the
current at 10kHz bandwidth. performance of the patch-clamp ampli er.

We tested the integrated patch-clamp ampli er by sourcing We obtained a linear dependency across the entire range
a range of inputs currents from a fraction of a nano-Ampecd tested currents as shown in Fig. 8. The devices consumed
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Fig. 7. The protocol used on the Patch-1U model cell to etaltlze patch-
clamp amplier.
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Fig. 9. Figure 7. Die micrograph of the integrated patchrmgaampli er
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1480m x 1300m . A micrograph of the fabricated die is
3r ] shown in Fig. 9.
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