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Abstract— One of the important factors determining the sen-
sitivity of any biosensing system is successful integration of bio-
molecular transducers with peripheral signal processing circuitry.
In this paper we present an architecture of a multi-array biosen-
sor that integrates molecular bio-wires based immunosensor with
a multi-channel potentiostat array. The biosensor operates by
converting binding events between antigen and antibody into
a measurable electrical signal using polyaniline nanowires as
a transducer. The electrical signal is measured using a multi-
channel potentiostat where each channel comprises of a semi-
synchronous A modulator. Measured results using a fabricated
potentiostat array demonstrate sensitivity down to 50 femtoam-
pere range which makes it ideal for detecting pathogens at
low concentration levels. Experiments using the biosensor array
specific to Bacillus Cereus bacterium validate the functionality of
the platform in detecting the pathogen at different concentration
levels.

Index Terms— Potentiostat, biosensors, multi-channel con-
verter, analog-to-digital converter, femtoampere current measure-
ments.

I. INTRODUCTION

Biosensors have emerged as important analytical tools for
controlling disease outbreaks, which according to the United
States Department of Agriculture (USDA) cause 2.9—6.7
billion worth of losses every year [1]. The general function
of a biosensor is to convert binding events between biolog-
ical receptors and target agents into a quantifiable electrical
signal [2], [3]. Current research in biosensor technology has
been towards developing better transducers that demonstrate
superior sensitivity, portability, accuracy and throughput. In
this regard, immunosensors (biosensors that use antibodies as
receptors) are of great interest because of their applicability
(any compound can be analyzed as long as specific antibod-
ies are available), specificity (selectivity of antigen-antibody
reaction) and high sensitivity. We had previously reported an
antibody-based immunosensor [4] that used polyaniline based
nano-wires to transduce binding events between pathogens
and their target antibodies into change in conductance. The
sensor was successfully demonstrated for detecting E. Coli [4]
and its sensitivity was reported to be 80 colony forming
units per milliliter (CFU/ml), with a response time of less
than 10 minutes. In [5] we have reported an electrical model
of the polyaniline immunosensor demonstrating a log-linear
variation of conductance with pathogen concentration. In this
paper we use this electrical model to motivate design of
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Fig. 1. Architecture of the model multi-array biosensor.

ultra-sensitive potentiostats for detecting pathogens at low
concentration levels. We reuse the design of our previously
reported potentiostat architecture that used a semi-synchronous
3A modulator [6]. The architecture combined asynchronous
time-encoding machine (TEM) [7] with a continuous time 2A
(CTXA) conversion [8]to facilitate measurement of ultra-small
currents.

This paper is organized as follows: Section II we first
describe the operating principle of the immunosensor and
present some sensitivity results based on its electrical model.
Section III briefly describes the principle of operation of the
semi-synchronous XA modulator array. Section IV presents
measured response using a fabricated prototype of the poten-
tiostat array and a multi-array biosensor. Section V provides
conclusions with future directions.

II. BIOSENSOR ARCHITECTURE

The architecture of the multi-array biosensor is shown in
Figure 1. It consists of several biomolecular transistors which
are fabricated using strips of antibody layer patterned between
silver electrodes (see Figure 1). The principle of operation
of a single bio-molecular switch is illustrated in Figures 2(a)
and 2(b), which shows a cross-sectional view of the antibody
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Fig. 2. Principle of operation of the model biosensor

strip. Before the sample is applied, the gap between the elec-
trodes in the capture pad is open (Figure 2(a)). Immediately
after sample is applied to the application pad, the solution con-
taining the antigen flows to the conjugate pad, dissolves with
the polyaniline-labeled antibody (Ab-P) and forms an antigen-
antibody-polyaniline complex. The complex is transported
using capillary action into the capture pad containing the
immobilized antibodies. A second antibody-antigen reaction
occurs and forms a sandwich (Figure 2(b)). Polyaniline in
the sandwich then forms a molecular wire and bridges the
two electrodes. The polymer structures extend out to bridge
adjacent cells and leads to impedance change between the
electrodes (Figure 2(b) and Figure 1). The impedance change
is determined by the number of antigen-antibody bindings,
which is related to the antigen concentration in the sample.
The unbound non-target organisms are subsequently separated
by capillary flow to the absorption membrane. The impedance
change is sensed as an electrical signal (current) across the
electrodes. Figures 2(a) and 2(b) also show SEMs of the
capture pad before and after the analyte with pathogen has
been applied.

In [5], we presented a first-order electrical model for the
conductance measured across the silver electrodes (Figure 1)
as a function of the pathogen concentration in the sample. This
is expressed as:

X
G(X)=Go+ rlog — (1)

Xo
where Xp represents the concentration of the pathogen in
CFU/ml, G represents the “control” transconductance, x
represents sensitivity factor and X is a detection constant.
Note that equation (1) is valid only for X > X, which is
a reasonable assumption. It can be seen from equation (1),
that the response of the biomolecular transistor is equivalent
to a metal-oxide-semiconductor (MOS) transistor biased in
weak-inversion [11]. Based on the equation (1), the change
in conductance can be expressed as a function of change in
concentration 6 X with respect to a reference concentration X,

as
0X
0G = klog (1 + Z) 2
0X
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Fig. 3. Architecture of a single channel semi-synchronous XA converter.
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Fig. 4. Micrograph of the multi-channel potentiostat interface

The incremental relationship given by equation (3) shows a
linear variation of the incremental conductance with respect
to an incremental concentration change. Using a typical value
of k = 0.0012m.S for a Bacillus Cereus biosensor [5] it can
be calculated that detecting a 0.1% variation in concentration
would require measuring a change of 1nA of current. The
requirement becomes even more stringent (j10pA) when the
width of the antibody strip is reduced to accommodate a large
array of biomolecular transistors. This motivates design of
ultra-sensitive potentiostats that can measure small changes
in current produced by change in biosensor conductance.

III. ARCHITECTURE OF THE POTENTIOSTAT ARRAY

In [6] we proposed an architecture of a semi-synchronous
3 A potentiostat whose architecture is shown in Figure 3. In
this section we provide a summary of the semi-synchronous
YA conversion algorithm. For details, readers are referred
to [6]. The semi-synchronous algorithm consists of a syn-
chronous conversion step which is equivalent to CTXA proce-
dure, followed by an asynchronous compensation step which
is equivalent to TEM.

The time-domain algorithm is presented for a DC input
current, which will be denoted by I;,,. During the synchronous
conversion step, a combination of input current and a reference
current (I..s) is first integrated on a capacitor (shown in
Figure 3(a)) for every clock cycle. The output of the integrator
will be denoted by U,, and the index of clock cycles will be de-
noted by n = 1, .., N. The integrated voltage is then compared
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Fig. 5. Measured DNL plot for a semi-synchronous XA converter

against a reference voltage V.. using a hysteretic comparator
whose input-output response is shown in Figure 3(b). We
will denote the hysteresis level by A and the output of the
comparator will be denoted by D,, € {—1,+1}, that is used
for triggering positive and negative reference currents I ..y (see
Figure 3(a)). During each clock cycle n, the integrator voltage
U, is updated according to:

Iin IpefTork
W = U —D,)RelCEE gy
U, Up—1+ (IRef ) c 4)
D, = sign(Uy—1+ D,_14) 5)

where sign(.) € {+1,—1} denotes a signum operator im-
plementing the comparator, Tcrx denotes the duration of
each clock cycle and C denotes the integrating capacitance.
Compared with CTXA operation [9], the digital output D,, in
equation (4) is correlated with digital outputs at previous clock
cycles and is controlled by hysteresis level of the comparator
A. This ensures that the integrator voltage satisfies |U,| > A
before the output of the comparator switches. For sufficiently
low magnitude of I,.;Tclk/C >> A, the integrator output
exhibits significantly higher switching cycles as compared to
a converter operating with a larger magnitude of A. The
reduction in switching cycles also reduces substrate noise and
integrator non-linearity which are important for measurement
of ultra-low magnitude input currents. The compensation step
is similar to extended counting technique [10] and is used
for enhancing the resolution of a XA converter. At the start
of this procedure, the input current I;,, is disconnected and
the reference current is allowed to charge (discharge) the
voltage stored on the integrating capacitor. If the output of
the comparator during the compensation steps is denoted by
D, and the output of integrator is denoted by U,;, then at each
cycle of compensation steps the integrator output is given by

IgefTorx
C

*
n—1

Uy =

n

_p: ©)
with Uj = Up. The compensation steps governed by equa-
tion (6) is applied till the integrator voltage U,; reaches or
exceeds the hysteresis level A. This condition is inferred by
monitoring the output of the comparator and is flagged for
n where D}, —1,D;_, = 1. Also, by ensuring that the
initial condition Dy = —1, the error due to hysteretic residue
is eliminated. Semi-synchronous A modulator also exhibits
several other interesting properties which have been discussed

in detail in [6].
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Fig. 6. Demonstration of the potentiostat for measurement of sub-threshold
characteristics of a p-MOS transistor, whose drain current can be as low as

JA.
TABLE I
MEASURED SPECIFICATION USING THE PROTOTYPE OF MULTI-CHANNEL
POTENTIOSTAT
Parameters Values
Technology 0.5 pum 2P3M CMOS
Size 3 mm X 3 mm ( 42 channels)
Supply 33V
Channels 42
Input Current Range -100nA to 100nA
Resolution 10 bits
Sensitivity 50fA
Total Power dissipation 11 pW at 250KHz ( 1 channel )
Energy per quantization level | 0.045 pJ
Active Area 0.085 mm? ( 1 channel )
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IV. MEASUREMENT RESULTS

A prototype consisting of an array of 42 potentiostats has
been fabricated in a 0.5um CMOS process. The size of
the prototype is 3mm x 3mm and its micrograph is shown
in Figure 4. The active area occupied by a single semi-
synchronous YA converter is 0.085mm? which makes it one
of the most area efficient potentiostat reported in the literature.
Table I summarizes the specification of the multi-channel
potentiostat chip.

The first set of experiments were used to measure the
resolution of the semi-synchronous YA. A GPIB controlled
current source from Keithley Instruments was used to gen-
erate currents. For this experiment, the hysteresis level of
the comparator was fixed to A = 100mV. Figure 5 shows
the measured differential non-linearity (DNL) with the pro-
totype potentiostat, demonstrating a resolution of 10 bits.
Sensitivity measurements (minimum detectable current) was
performed using an on-chip pMOS transistor with adjustable
gate-to-source voltage, which has been shown to be capable
of generating femtoampere range currents [12]. The use of
internal current source avoids unnecessary coupling from
external noise sources, which is critical for ultra-small current
measurements. Figure 6 shows a log linear plot of the digitized
output produced by the semi-synchronous XA, when the gate-
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Fig. 7. Measured response of a Bacillus Cereus biosensor for different
concentration levels Dilution 6: 10 CFU/ml, Dilution 5: 10° CFU/ml,
Dilution 4: 10* CFU/ml, Dilution 3: 103 CFU/ml, Control Solution: Blank

to-source of the pMOS transistor is varied. Landmark gate
voltages were mapped onto current values using an external
pico-ammeter and are indicated on the graph. Figure 6 shows
that the potentiostat can measure sub-threshold currents up to
50fA range.

We have interfaced the fabricated prototype with our pre-
viously reported multi-array biosensor [4], [5] and have used
it for measurement of conductance variations transduced by
antigen-antibody binding. The model pathogen used for this
experiment was Bacillus Cereus. Biosensors specific to B.
Cereus were fabricated, whose details can be found in [4],
[5] and has been omitted here for the sake of brevity.
The setup used for this experiment consisted of an array
of biosensors, that directly interfaces with a printed-circuit-
board(PCB) hosting the multi-channel potentiostat chip. Pair
of potentiostats were then configured for differential conduc-
tance measurements, such that any common-mode disturbance
(60 Hz coupling) at the input node is eliminated. Samples
containing different concentration levels of Bacillus Cereus
cultures were prepared and were labeled according to their
dilution levels as 103,104, 10° and 10° colony forming units
(CFU/ml). A control (Blank) solution (sample without any
pathogens) was used to calibrate the response of the po-
tentiostat. Confirmation of the pathogens followed standard
microbiology protocols [13]. Counting colonies were done
using the automated plater-counter in a biosafety level 2
environment. All laboratory and biohazard waste were labeled,
handled, and disposed of according to the MSU standard
procedures for handling biohazardous waste [14].

A fixed potential (100 mV) was applied across the elec-
trodes of the biosensor, and the change in current was mea-
sured after the sample was applied to the biosensor array. Fig.
7 shows measured current for solutions with different concen-
tration of pathogens. As shown in the figure, the response of
the biosensor can be demarcated into three different periods.
During the transient period (see Figure 7), the conductance
across the biosensor (hence current measured by the poten-
tiostat) exhibits significant variations due to antibody-antigen
reactions. During the response period, the conductance mea-
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surements show a stable behavior which is monotonic with the
concentration of pathogens in the applied sample. During the
degradation period, the biosensor response degrades due to de-
hydration and due to loss of conductivity of polyaniline nano-
wires [4]. Thus the three periods (epochs) in the biosensor
response generate a unique signature that embeds information
related to composition and concentration of pathogens in a
sample.

V. CONCLUSIONS

In this paper we described an architecture of a multi-
array biosensing system that combines a polyaniline based
transducer with an ultra-sensitive potentiostat array. Current
acquisition in the potentiostat array is achieved using a semi-
synchronous A conversion algorithm which has been demon-
strated to achieve femtoampere range sensitivity in current
measurement. A multi-channel potentiostat has been fabricated
and its functionality has been verified for a real-life biosensing
application.
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