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Abstract—We present a mlcro-ch_|p mplementapon_ of a _Iow Expenmental%@?} DNA
current measurement system for biomedical applications usg =< Ground -
capacitive feedback that exhibits 190 fA of RMS noise in a 1 y

S
kHz bandwidth. The sampling rate is selectable up to 100 kHz. F—f\;
When measuring the amplifier noise with a 10 @& resistor and a Exonuclease\ NP _
47 pF capacitor at the input, typical of cell membrane capadance %
in DNA and patch clamp experiments, the measured RMS noise Cyclodextrin
was 2.44 pA on a 50 pA signal in a 10 kHz bandwidth. Two
channels were implemented on 630440 ym? using a 0.5xm
CMOS process. Each channel consumes 1.5 mW of power from a
3.3 V supply. We used our device to measure the characterisg
of an artificial lipid bilayer similar to the ones used in DNA
sequencing experiments via nanopores.
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|. INTRODUCTION

Integrated multi-channel low-noise current measurement [
systems are becoming extremely important components to

) : . —V
interface and study physical phenomena at the sub-micro- ¢ _|_—> out
scale for use in biological research and instrumentatian. F =

example, patch-clamp is the electrophysiology gold Sta]L]dq:ig. 1. Biomedical applications of this low current measoeat system
technique to measure ion-channel currents when the celF-meandlude DNA sequencing. An exonuclease cleaves indivichades from a
brane is “clamped” to commanded voltages. A low curreftrand of DNA. The bases enter the nanopore and temporariy to a
. . cyclodextrin ring. An electrode in the pore applies a knovaftage and the

measurement system (LCMS) is required to study tfiece resulting current is measured to determine which base isémanopore.
of drugs and medical treatments on ion channel dynamics [1]
[2]. During single channel recording, the current level t&n is desirable to have an integrated system with a high dynamic
as low as tens of pico-amperes in 1-10 kHz bandwidth withrange capable of being used in recording for both applinatio
50 pF electrode capacitance. Commercial patch-clamp amplifier systems are available,

Another application that requires an integrated low curresuch as Molecular Devices’ Axopatch 200B [5], but these
measurement system is a potential rapid DNA sequencisgstems are currently bulky, expensive, and not partityular
system where base pairs passing through a nanopore as shewtable for simultaneous automatic measurements on a larg
in Fig. 1 can be detected using current measurementsniamber of cells in parallel, a very desirable feature [6]. A
the range of 10-100 pA with a 10 kHz bandwidth and acurrent amplifier front-end for nanobiosensors that uses a
input capacitance of 60 pF [3]. This system will dramatigallsophisticated integrator{fiérentiator circuit was presented in
reduce the cost and increase the speed of DNA sequendinp but it requires a large silicon area which is less aménab
and genomic research. Genomic information has a wide rartgelarge array integration. Integrated multi-channel eyst
of applications including human medicine, agricultureguise have the advantage of reducing the main noise source of the
rity and defense, and evolutionary biology [4]. All of thessystem, the electrode capacitance, and enable simultaneou
measurements require a compact instrumentation headstageé automatic measurement on a large number of cells in
that has a very low input current noise at high samplingarallel. While an integrated patch-clamp system has been
frequencies due to the magnitude and the speed of the sigmakssented in [8], it is only for use in whole cell recording
being measured. It is very fiiicult to design an LCMS that where the recorded currents are larger, in the range of 1A10 n
can do high speeds such as 10 kHz with low-noise suchlas while typical recording bandwidths are 5-10 kHz. While #her
pA RMS input-referred noise measurements with a large loelmuch literature on potentiostats, these systems worken t
such as 60 pF because the bandwidth and input capacitanéeor nA level, and only achieve low noise when measuring at
have a direct and largdfact on the final measurement noise. lbow frequencies, below the requirements of these applinati
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T is wor is the foundation oran integrate sy_stem capable ... b iF 28,05
of recording whole cell experiments and also single channel su I 1] 6u
experiments. Currently, there are no commercial arraysvof | =

noise current amplifiers for biomedical interfaces thatszade
up to multiple ¢1,000) channels on a single microchip. This
work presents a multi-channel low-noise integrated lowenir biased for a current of 2338A, while the current in the left
measurement system that features high bandwidth, setysitivand right branches is reduced by the ratio of the currentomirr
and dynamic range to measure bidirectional currents in theopen loop configuration, the DC gain is 90 dB which will
range required for biomedical recording while allowing roh ensure high linearity. The integrator is periodically tese the
of the voltage at the input node, known as voltage clampin@TA was designed to have a phase margin of 60 degrees when
in a follower configuration. The reset time of the integrator
II. System OVERVIEW depends on the OTA bandwidth, which decreases with the

The system, shown in Fig. 2, features a current integrat§@d capacitance. With a high 60 pF load at the input from
for the first stage with selectable gain, followed by an itiner the electrode, which is also seen at the output during thed,res
post amplifier stage. The feedback capacitance of the itimgr the GBP is 3MHz and the minimum reset time iz In this
is selectable as either 100 fF or 1 pF and the post amplif@¥stem, the integrator is the dominant noise source and was
can supply a further gain of 10 or be bypassed if it is nétesigned to have 5.850 nVHz of input-referred noise at 10
needed. The low-pass filter is used to filter out high frequenkHz and 4.715 nyvHz at 100 kHz to compromise between
noise that is higher than the selected sampling frequency. POWer, noise, and area. The OTA has an output swing greater

In this system, an amplifier with capacitive feedback ig1an 1.5 Volts. The common mode input range is 1V, allowing
used to fix the applied voltage to the cell under test. Eithfdr @ wide range of command voltages to be applied. Typically
resistive or capacitive feedback could have been chos@Rly 100-500 mV are applied in patch-clamping.
each with its own advantages and disadvantages. A resistivd he integrator has two phasessetandintegration During
feedback system enables continuous time recording, while dheresetphase, the switch between the negative input terminal
capacitive feedback system is a discrete time system bedau®f the OTA and its output is closed, shorting the feedback
requires resetting the capacitor to avoid the amplifierhizmz  capacitor and setting the output voltagevigna. In this phase,
saturation. Capacitive feedback was chosen because tiveesighe only noise source is the op-amp. During theegration
feedback system would add thermal noise due to the resisijtase, the switch is opened, the feedback capacitor has an
In order to reduce the thermal noise of the resistor, a vegela initial charge of zero and integrates the input current. pe
value resistor would be necessary which would have too mu@p diset and switchingféects due to clock feed through and
distributed capacitance to be implemented in thisghbbulk charge injection are eliminated by correlated double samgpl
CMOS technology [9]. The capacitive feedback system ad(fsDS). The CDS function reduces théeet of the the low
noise only due to the switchingfect on the capacitor. The frequency noise by the subtraction operation. Since therma
overall noise of the measurement with this system will depefoise is not correlated, the thermal noise is doubled, wisich
on the equivalent input circuit and the sampling frequeang, the reason for designing the OTA to exhibit low thermal noise
has previously been analyzed in [10]. Since the integration time is dictated by the sampling

The current integrator consists of an OTA with a cascodé®quency, andCr is limited by the manufacturing process
output stage and is shown in Fig. 3. The cascoded output stéigats, more gain may be required to sample the output veltag
boosts the gain of the mirrored OTA. Wide input transistorBhe post amplifier can be enabled for this purpose. The
are used to reduce thermal noise, along with large argerting configuration is chosen to reduce the input common
to decrease flicker noise. The input capacitance due to thede voltage range requirement. The gain is determined by
transistors is much smaller than the electrode capacitancethe ration = C1/C,. The low-pass filter is used to reduce the
this technology, the NMOS mirror transistors exhibit higheg1oise component above half of the sampling frequency.
levels of flicker noise than the PMOS, so the lengths of theseThe input current can be determined from the sensor’s
were also increased, while the /M/ratio of the PMOS to output voltage by first dividing by the voltage gain of each
NMOS transistors was kept at 1. The OTA tail transistor wasltage amplifying stage to determine the integrator'spatit

Fig. 3. OTA used in the integrator.
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Fig. 4. The fabricated LCMS chip. Each channel is only %320 um?. It Frequency [Hz]

is soldered onto a custom 4 layer PCB board with supportinguitry.
Fig. 6. Measured Noise Spectral Density wh@n=100 fF using a 10 @

80 resistor.
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Fig. 5. Measured current output of a 50 pA step using a 1D résistor, 10 10_ 10 10
showing 1.35 pA RMS noise at a sampling rate of 10 kHz wBer:-100 fF. Sampling Frequency, [Hz]

voltage, and then converting this voltage to current by glsir{figb7mMea_sured RMS Current Noise affdirent sampling frequencies using
: _ dv al resistor.
the relation I= Cg - .

current range of (-1300 1200 pA) @100 fF, (-12 nA 13 nA)
@ 1pF and is presented in Fig. 8. By switching between the
The designed LCMS was fabricated in a @B CMOS available on-chip integrating capacitors, the measureduohjc
process and the die micrograph is shown in Fig. 4(a). Wange is 83 dB with less thar0.5% linearity error at 10 kHz
designed a custom 4-layer printed circuit board with separsampling rate. If the integrating capacitor is not switchad
analog and digital power planes shown in Fig. 4(b). The fabdynamic range of 63 dB was measured at the same sampling
cated LCMS has two channels, each occupying@aDum? rate. The noise spectral density was recorded and is shown in
die area. The external ADC is an Analog Devices AD7685ig. 6. The measured RMS current noise dfetient sampling
and the system uses an Opal Kelly XEM3001v2 board whidrequencies is presented in Fig. 7.
features a Xilinx Spartan-3 FPGA and a USB Controller The LCMS was then used to characterize the electrophys-
to communicate with a PC for user configuration and daialogical properties of a planar lipid bilayer. A planaritip
logging. The LCMS was tested by applying voltages acrobfayer was formed in a hole of Teflon membrane between
a 10 @2 resistor using a Keithley 236 Source Measure Unitvo aqueous compartments by the Montal-Mueller method
to generate a known current. Load capacitors were inserfd@] and is shown in Figs 9(a) and (b). The square and
to simulate electrode load capacitance, which gredtigcés triangular voltage signals shown in Fig. 9(c), from an exabr
the overall noise performance. A 500 mV step was appliédnction generator, were applied across the lipid bilayeilev
resulting in a 50 pA current which was accurately measurése current through the lipid bilayer was recorded by the
by the LCMS with 1.35 pA RMS input referred noise at ahip in order to characterize it. The bilayer can be modeled
10 kHz sampling rate as shown in Fig. 5. After adding a 4&lectrically as an RC circuit. From the recorded signals, th
pF capacitor at the input, typical for the intended appioe, specific capacitance of the lipid bilayer was calculated as
the measured RMS noise was 2.44 pA at the same samplin§495uF/cn? and the specific resistance as 1.7368d7,
rate. The linearity error with a 100 fF and 1 pF integrating’hich is consistent with the reported properties of the lblac
capacitor was measured and is less th@ib% for the input lipid membrane [13]. While the Keithley tests indicate our

I1l. M EASUREMENT RESULTS



TABLE |

PERFORMANCE COMPARISON

This work TBCAS'09 [8] ISSCC09 [11]

Structure Capacitive Feedback Resistive Feedback CapaBitedback

Technology 0.5tm CMOS 0.5um SOS 0.35:m CMOS

Power Supply 33V 33V 33V

Power consumption 1.5 mW 6 mwW 23m W

Number of channels 2 2 1

Core area 0.27 mfn 0.8 mn? 0.5 mn?

Input RMS current noise 1.35 pA @10 kHz 5 pA @ 10kHz 0.15 pA @ZkH

Linearity Error +0.5% unknown +0.02%

Input current range +1200 pA,+ 13 nA +20 nA +200 pA, £ 5nA
= 12 ! comparison of this work to previous works is presented in
,% 8 0.6 'oz' Table 1.
c ) -
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