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A Fully Electronic DNA Sensor With 128 Positions
and In-Pixel A/D Conversion
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Abstract—A 16 x 8 sensor array chip for fully electronic DNA
detection is presented. The sensor principle is based on an electro-
chemical redox cycling process. The chip is fabricated on the basis
of an extended 0.5 ym CMOS process. Each sensor site of the array
chip contains a complete A/D converter with a dynamic range of
five decades. The 3o-homogeneity of the electrical response of the
sensor array is better than 6% (10~ A to 10~7 A) and better
than 20% (10~ A to 107 A). Proper operation of the chip is
demonstrated with electrochemical and biological experiments.

Index Terms—DNA, electrochemical devices, chemical trans-
ducers, CMOS integrated circuits, current measurement, drugs,
microelectrodes.

1. INTRODUCTION

N MANY FIELDS of biotechnology, tools are required to

detect the presence or absence of specific DNA sequences
in a given sample. The development of DNA microarrays in
recent years has opened the way to high parallelism and high
throughput [1]-[7]. The most widely known applications are
genome research and drug development. The realization of fully
electronic medium-density DNA sensor array chips [8]-[10]
is attracting increasing interest for diagnostic purposes. Such
electronic approaches avoid expensive optical set-ups used
in today’s commercially available systems based on optical
readout methods; they promise ease of use and robust applica-
bility. However, the status of development of today’s electronic
systems is lower compared to optical systems.

Recently, a fully electronic DNA sensor array with 128 sensor
positions was presented based on an electrochemical detection
principle [9], [11]. There, each sensor pixel consists of a circuit
which controls the electrode voltages and provides a 100-fold
value of the sensor currents at the pixel output. Analog data
transmission within the whole array circuit is required.

Using the same detection principle as in [9] and [11], in this
paper we report on a new DNA sensor array chip with analog-to-
digital (A/D) conversion realized within each pixel [12]. This
approach provides a high dynamic range of five decades and is
well suited as a robust platform to measure transducer-generated
currents within a wide range of applications.

This paper is organized as follows. In Sections II and III,
brief introductions are given concerning the operation of DNA
microarrays in general, and the redox-cycling detection method
used here. In Section IV, the design of the circuits for the real-
ization of active sensor sites with in-sensor site A/D conversion
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is discussed. In Section V, first the results of the electrical
characterization of the chip are presented. Then, the proper
operation of the full system is demonstrated by the results
of electrochemical and biological measurements. Finally, in
Section VI, the paper is summarized.

II. BASIC OPERATION PRINCIPLE OF DNA MICROARRAYS

The purpose of DNA microarrays is to enable the parallel
investigation of a given sample concerning the presence of
specific DNA sequences. Depending on the application, re-
quirements range from relatively simple “presence or absence”
investigations to quantitative analyses with a high dynamic
range.

In general, a DNA microarray chip is a slide made of glass,
a polymer material, silicon, etc. On the surface of such a
chip, single-stranded DNA receptor molecules (“probes”) are
immobilized at predefined positions [Fig. 1(a)]. These probe
molecules consist of different DNA sequences of typically
20 to 40 bases. Whereas a number of different techniques are
known to functionalize the chips [13]-[17], in our case off-chip
synthesized probe molecules are deposited on the surface of the
chips using a microspotter [13].

In Fig. 1(b) and (c), two different sites within an array are
considered after the immobilization phase. For simplicity, only
five bases are drawn in this schematic illustration. As shown
in Fig. 1(d) and (e), in the next step the whole chip is flooded
with a sample containing the target molecules. In case of
complementary DNA sequences of probe and target molecules,
their match leads to hybridization [Fig. 1(d)]. If probe and
target molecules mismatch, this chemical binding process does
not occur [Fig. 1(e)]. After a washing step, double-stranded
DNA is obtained only at the matching positions [Fig. 1(f)]. At
the mismatch sites single-stranded DNA molecules remain,
and the same situation as in the initial case shown in Fig. 1(c)
is reached again. Since the receptor molecules are known,
the information, whether double- or single-stranded DNA is
found at different test sites, reveals the composition of the
sample. Thus, the requirement remains to identify the sites
with double-stranded DNA. In today’s commercially available
systems, the target molecules are usually labeled with fluores-
cence markers molecules and an optical image of the array chip
reveals the positions with double-stranded DNA [1]-[7].

III. REDOX-CYCLING DETECTION METHOD

The electrochemical sensor principle used here is based on
an electrochemical redox-cycling technique [11], [18]-[20].
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(a) Schematic plot of a DNA microarray chip. (b)—(g): Schematic consideration of two different test sites. The left column (b), (d), (f) shows the case of

matching molecules; the right column (c), (e), (g) shows the case of mismatching target molecules.

A single sensor site (Fig. 2, left) consists of interdigitated
gold electrodes (generator and collector electrode) with
width spacing = 1 pm. Probe molecules are immobi-
lized on the gold surface (e.g., by thiol coupling). The target
molecules in the sample are tagged by an enzyme label (al-
kaline phosphatase). After hybridization and washing phases,
a chemical substrate (para-aminophenylphosphate) is applied
to the chip. At the position with matching DNA strands the
enzyme label cleaves the phosphate group and generates an
electrochemically active compound (para-aminophenol) (Fig. 2,
right). Applying simultaneously an oxidation and a reduction
potential to the sensor electrodes (Vgen and Vo, €.g., +200 mV
and —200 mV with respect to the on-chip reference potential),
para-aminophenol is oxidized to quinoneimine at the generator
electrode, and quinoneimine is reduced to para-aminophenol
at the collector electrode. In this way currents are generated at
the electrodes (Igen and I.o1). Since not all particles oxidized
at the generator reach the collector electrode, a regulated four
electrode system is used. A potentiostat, whose input and
output are connected to a reference and to a counter electrode,
respectively, provides the difference current to the electrolyte
and regulates the potential of the electrolyte to a constant value.
The current flow at the sensor electrodes has two contributions,

firstly the current initially generated by the enzyme label,
and secondly the current of the redox-cycling at the sensor
electrodes. Moreover, due to electrochemical artifacts an offset
current may contribute to the detection current as well, so that
usually the derivatives of the sensor current with respect to
the measurement time, 01.,1/0t and Olge,/Ot, are evaluated
instead of the absolute values. A more detailed discussion of
this method is given elsewhere [11], [18]-[20].

IV. CHIP DESIGN

Fig. 3 shows the principle of the in-pixel A/D conversion.
The voltage of the sensor electrode is controlled by a regulation
loop via an operational amplifier and a source-follower tran-
sistor. For A/D conversion, a current-to-frequency converting
sawtooth generator concept is used. Similar concepts have been
proposed in the area of image sensors [21]-[24]. The sensor cur-
rent charges an integrating capacitor Cj,;. When the switching
level of the comparator is reached, a reset pulse is generated
which passes through the delay stage and the capacitor is dis-
charged by transistor M,.s again. The delay stage is required
as a pulse shaping unit to ensure a sufficient length of the reset
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Fig. 2. Left: schematic plot of the electrode configuration. Right: schematic illustration of the redox-cycling process.
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Fig. 3. Principle for A/D conversion of the sensor current.

pulse applied to M,.s so that complete discharging of the in-
tegrating capacitor is guaranteed. The number of reset pulses is
counted for a given time interval with a digital counter. With this
free-running oscillator concept, the data from all sites are sam-
pled simultaneously without the need for a complicated timing
scheme.

In Fig. 4, two different comparator circuit designs are de-
picted used for the generator branch. For the collector electrode,
complementary designs are used. Both comparators are based
on a Miller-type opamp. They differ in the reset pulse-shaping
circuit. The first design (type A) uses an inverter chain as a delay
line. The second design (type B) uses a flip-flop which provides
a built-in hysteresis.

The frequency behavior as a function of the sensor current
including parasitic and device mismatch effects is described by
the following equation:

(V;w + Voﬂsct) x C
Ielectrode + Ileak

1/f =

+ Tdelay (1)
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—
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Fig. 4. Comparator circuits. (a): Pulse shaping by inverter chain (type A).

(b): Pulse shaping with flip-flop (type B).
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Fig. 5. Schematic of the counter/shift register cell (a) in count mode and (b) in
shift mode. Inactive signals are drawn with thin lines.

where f is the oscillation frequency, Vg, is the comparator
switching level, Vot s the comparator input offset voltage,
C is the total capacitance (i.e., Cin¢ + parasitic capacitances),
Lojectrode 1S the sensor electrode current, [, is the leakage
current (e.g., due to transistor junction leakage) at the circuit
nodes connected to the electrode and the comparator input, and
Tdelay 1S the comparator circuit delay time. An approximation
for the measured frequency is given by

Isens
(Voo X O .

Throughout this paper, the chosen sawtooth amplitude Vi, is
1 V and the total capacitance C' is approximately 140 fF, so that
frequencies are obtained between 7 Hz and 700 kHz for a sensor
current range from 10712 A to 10~7 A.

The digital part of the pixel circuits consists of two 24-stage
counters. Since these counters consume a relatively large por-
tion of the test site area, a design is used which allows to con-
vert the counter circuit into a shift register by a control signal for
data readout. Fig. 5(a) and (b) shows one stage of this combined
counter/shift register in both operation modes. Inactive parts are
shown with thin lines. The circuit consists of two flip-flops and
a nMOS network which allows for a very compact layout. In
count mode [Fig. 5(a)], the two flip-flops are cross coupled by
activating the signal COUNT and deactivating the signals PHI1
and PHI2. In shift mode [Fig. 5(b)], the signal COUNT is set to
low, and two nonoverlapping clock signals are used at PHI1 and
PHI2 to shift the signal for readout.

f=
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The complete test site circuit is depicted in Fig. 6. It con-
sists of two complementary parts for the generator and collector
electrodes, respectively. For calibration or test purposes, direct
access to the generator and collector electrodes is available via
two transistors.

Fig. 7 shows the overall architecture of the chip. A global
potentiostat circuit [25] is used to keep the potential of the elec-
trolyte at a predefined voltage. Row and column decoders are
used to select a sensor site for readout.

V. RESULTS AND DISCUSSION

The chip is realized in a 6" n-well 0.5-pm CMOS process
with two poly and two metal layers, high ohmic poly-silicon
resistors, and poly—poly capacitors. Gate oxide thickness is
15 nm, and supply voltage is 5 V. After standard CMOS
processing, the gold electrodes are fabricated in a lift-off process
after evaporation of a Ti/Pt/Au stack with layer thicknesses
of 50 nm/50 nm/500 nm, respectively. Fig. 8 shows a tilted
SEM cross section with sensor finger electrodes and CMOS
elements after the complete process run. Specific annealing
steps are introduced to guarantee both, good electronic CMOS
frontend properties and good sensor properties in the process
backend [10], [26]. Fig. 9 shows a chip microphotograph of
a fully processed sensor array chip with 16 X 8 positions.
The total chip size is 6.4 mm X 4.5 mm.
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A. Electrical Characterization

The electrical behavior of the chip is characterized for a
specified range of currents between 1 pA and 100 nA in a test
operation mode. These currents are forced into the circuits via
the test inputs using an external current source.

Fig. 10 shows the measured count rate versus input current
for all 128 sensor positions from a single chip. Approximately
a linear relation between sensor current and frequency is
obtained. The measured count rate of 7.2 counts/(pAs) is in good
agreement with the design value of 140 fF for the integrating
capacitors and 1 V for the sawtooth generator voltage swing.
In the current range above 10 nA saturation effects occur
which result from frequency limitations of the comparator
circuits. This is shown in more detail in Fig. 11, where the
relative deviation of the count rate compared to a linear relation,
2 X (fmeasured - fcalc)/(fmeasured + fcalc)v with fcalc given by
(2), is shown as a function of the test current. Three different
regions can be distinguished. In the central region between
107 A and 10~8 A, all pixel circuits follow the simple
linear relation given by (2) with deviations below 5%. In the
region above 1078 A, the frequency increase with increasing
current is lower for two reasons. First, a part of the current is
systematically not considered since the related charge is not
integrated during the time of the reset pulse [fgelay in Fig. 3
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Fig. 11. Linearity deviation of the count rate of the sensor array versus input
current, generator electrodes. (a): Comparator type A. (b): Comparator type B.

and (1), respectively]. Second, the delay of the comparator
circuits limits the maximum frequency. These effects are more
pronounced for comparator type B, since this comparator is
slower than the comparator with inverter chain (type A). These
effects are well understood by simulations, and a correction of
the measured data can easily be done by the readout software.
Moreover, in the high current region, range extension can
easily be implemented by optionally shunting the integration
capacitor with a second device with a 10-fold or 100-fold
value, so that the achieved frequencies are lowered by one or
two decades. At low current levels (below 107! A) leakages
of the transistors in the current paths lead to a statistically
varying behavior of the individual pixel circuits.

The absolute accuracy of the conversion circuits is mainly de-
termined by process variations of the integrating capacitor and
the input offset of the comparator. From the specifications of
the CMOS process an absolute accuracy better than 5% is es-
timated, which is more than sufficient for application of such
sensor arrays. The more important feature is the homogeneity
(i.e., the relative accuracy) of the array. To evaluate this pa-
rameter, the standard deviations of the measured frequencies in
Fig. 11 are plotted in Fig. 12. As can be seen, the 3o values are
below 2% in the current range from 1071 Ato 2 x 1078 A. In
the range from 107! A to 10~7 A, the 3¢ variations are below
6%. At 1012 A, the maximum 3o value is obtained with 20%.
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The shape of the standard deviation as a function of the sensor
current can easily be understood using the Gaussian formula for
error propagation

2
U2 (F(p17p27p37 t )) = Z <§7F> X UQ(pi) . (3)

Applying this relation to (1), the relative standard deviation
of the measured frequency is obtained:

o(f)
S
o? (Ilcak) 02(VOHSCt) o? (C') 2 Lojectrode 2
Ldelay ~ A
\/ glectrode * ‘/Q%V * c? o (d : }) X ‘/SWXC
“)

In the mid frequency (resp. mid current range), the variations
are dominated by the current- and frequency-independent terms
in (4), i.e., by variations of the total capacitance and by the com-
parator offset voltage. For low currents (resp. low frequencies),
leakage current variations lead to a contribution proportional to
1/Isjectrode- In the high current (resp. high frequency) region
the delay variations dominate due to the fact that the contribu-
tion of this parameter increases in proportion to ojectrode-

In conclusion, the data from Fig. 12 represent tolerable levels
for most applications without calibration at a high dynamic
range. In case higher accuracy is needed, calibration of the
individual pixels via the test ports (see Fig. 6) can be performed
to compensate for device parameter variations independent of
their origin [9].

B. Electrochemical and Biological Characterization

For an evaluation of the electrochemical sensitivity, the chip
is operated with a fluidic cell. Fig. 13 shows the sensor response,
when various concentrations of an aqueous para-aminophenol
(p-AP) solution are subsequently pumped over the chip. The
voltages for the collector and generator electrode are set to
—200 mV and 4200 mV, respectively. The p-AP is solved in
a buffer solution of tris buffered saline (TBS) with pH = 8.5.
After each step the flow is stopped. After a short time, the redox
cycling process reaches an equilibrium state and approximately
equal absolute currents are observed at both electrodes. The
levels of the sensor currents correlate reasonably with the
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concentration of the redox species (Fig. 14). The straight line
shows a linear relation between concentration and sensor cur-
rent. At high concentrations, electrochemical saturation effects
are observed. Optimization of the electrochemical operation
conditions promise increased exploitation of the full dynamic
electrical range of the circuit.

In order to demonstrate biological functionality, two sensor
rows are functionalized with DNA probe sequences with a
contact printer. Two different 5’-thiol modified 24-mer probe
sequences are spotted on different positions of the sensor array.
Immobilization is performed for 60 minutes at room tempera-
ture. After immobilization, the surface is washed and blocked
with BSA (bovine serum albumin) to reduce the background
signal from nonspecific bindings of target molecules to the
chip’s surface. For hybridization, a 5'-biotin modified 24-mer
target sequence is used, which is complementary to one of
the immobilized probe sequences. Hybridization is performed
for 30 minutes at room temperature. After a washing step, the
enzyme complex is added (Alcaline Phosphatase conjugate),
which binds to the biotin binding site of the hybridized target
molecules. After another washing step, the chip is placed into
the measurement flow cell. A flow cell is used in this experi-
ment which covers 5 columns and 16 rows of the sensor field,
so that only 80 positions out of 128 are measured. The chip
is flooded with para-aminophenylphosphate and the sensor
signal is observed after the flow is stopped. Fig. 15 shows
the measured count rate versus time for five of the matching
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(row 8) and mismatching (row 7) positions. As can bee seen,
the positions with matching and mismatching sequences can
clearly be distinguished. In Fig. 16, the current change after the
flow stop is shown for 5 rows and 16 columns of the chip. A
clear increase in count rate is observed at the matching posi-
tions (row 8), whereas no response is seen at the nonmatching
positions (row 7) as compared to the uncovered positions. The
bell-shaped gradient in the column direction originates from
microfluidic nonidealities of the flow cell.

VI. CONCLUSION

A DNA detection chip with 128 positions and fully electronic
digital readout has been presented. The sensor site circuit with
A/D converted output signals provides a robust data transmission
within the array. Moreover, it allows to sample the data from
all sites simultaneously which is in particular advantageous for
chips with a large number of test sites. The chip allows a wide
dynamic range of five decades and provides a homogeneity
of the sensor response better than 20% in the current range
from 1072 A to 10~7 A and better than 6% in the range
from 1071 A to 107 A. The electrochemical and biological
function of the chip has been demonstrated.
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