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Label-free DNA Detection Using a Charge
Sensitive CMOS Microarray Sensor Chip

Javid Musayev, Yekbun Adigiizel, Haluk Kilah, Selim Eminoglu, and Tayfun Akin

Abstract—This paper presents label-free DNA detection using
a charge sensitive microarray sensor. The microarray sensor,
fabricated with a standard CMOS process, contains 1024
detector elements integrated together with their readout circuit
in a single chip. This microarray sensor chip is developed for
bio-sensing applications involving label-free detection of charged
particles and molecules with improved sensitivity. The proposed
chip is used for the detection of DNA immobilization and
hybridization by directly sensing the phosphate backbone charge
of DNA molecules. The sensing part of the chip consists of an
array of 7 um x 7 um capacitive metal electrodes arranged in
32x32 format with a pitch of 15um, which allows
implementation of a portable and low-cost microarray sensor.
The sensitivity of the microarray sensor is improved compared to
other direct charge sensing CMOS biosensors, by using low-noise
detection and amplification circuits, and implementing correlated
double sampling (CDS), which reduces the input referred rms
noise level down to 6.8 electrons (¢7). Due to this low noise level,
detection of DNA having 1 pM concentration is achieved,
showing that the chip is much more sensitive than its
counterparts, and even as sensitive as conventional fluorescence
or gravimetric detection techniques. A dynamic range of 70 dB is
achieved, along with the low noise level. The tests were
performed with 10 base pairs (bp) DNA in 13 pM probe
(5'-TCTCACCTTC-3') and 1 pM target (3'-~AGAGTGGAAG-5')
oligomer solutions. In both cases, charges of the DNA molecules
interacting with the surface were successfully detected.

Index Terms—Charge sensor,
label-free detection.

CMOS microarray, DNA,

. INTRODUCTION

DENTIFICATION of human genome can prevent acquired
genetic disorders like cancer, diabetes, cardiovascular
diseases, and many others caused by DNA polymorphisms
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[1]. In this respect, genetic testing has become an important
part of molecular biology in recent years, and a lot of effort
has been spent to develop reliable, cost effective, and portable
tools for DNA mutation analysis. Introduction of DNA
microarrays since 1990s was the first step to genome wide
screening. Various DNA detection methods are implemented
in microarrays, which can be categorized in three main groups,
as optical, gravimetric, and electrical. Optical detection
methods are preferred for their high sensitivity. For example,
fluorescence imaging is a conventional optical detection
method in DNA microarrays [2]-[6], which has the sensitivity
down to pM levels. However, fluorescence imaging requires
bulky optical setup and fluorescent tagging. Another sensitive
optical detection method is the surface plasmon resonance
(SPR), which can achieve nM (even fM with enzymatic
amplification) sensitivities. SPR does not normally require any
kind of chemical tagging, but the need for an optical setup
increases its cost [7]-[9]. The second detection method is
gravimetric sensing realized with either quartz crystal
microbalance devices (QCM) or mechanical resonators
[10]-[12]. Detection relies on the change of natural frequency
of the device due to the change in structural mass and/or
damping factor upon DNA attachment, providing a high
sensitivity (pM) without the need for any optics or chemical
tagging. However, this method is not suitable for large format
microarrays due to the size restrictions. Moreover, these
sensors (especially QCM) require non-standard fabrication,
resulting in decreased yield and increased cost. The third
method is electrical detection, which can be implemented with
CMOS chips offering high integration level required for
microarray applications and low cost due to the well-
developed integrated circuit fabrication techniques. Such
electrical detection methods can be classified into two broad
categories as impedance measurement and phosphate
backbone charge sensing techniques. The former is to measure
electrode-electrolyte interface impedance for sensing the
changes on the electrode surface. The impedance change can
be amplified with the use of red-ox enzymes [13]-[15], but
usually this kind of chemical tagging is not required [16]-[23].
These methods offer sensitivities in the range of nM to
sub-uM depending on the utilization of red-ox enzymes. A
recent study [24]-[25] shows that sensitivity of this method
can be significantly improved to fM levels; however, these
kind of impedance measurement techniques have a problem of
non-linearity. In addition, non-specific DNA targets in this
study result in larger output variation than the specific ones
due to the nature of the measurement technique. In the last few
years, much more sensitive impedance based detection
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techniques have emerged due to the advancement in
nanotechnology. In those techniques, ambient sensitive
impedance of carbon nanotubes [26]-[30] or silicon nanowires
[31]-[33] grown between two gold electrodes is measured, and
DNA molecules immobilized on these nanostructures are
detected due to the change in their impedance. Generally,
sensitivity down to 10 fM target concentration is achieved, but
in one particular example detection in 10™® M was reported
[34]. However, these sensors are limited by the ionic strength
of the transport buffers and have low reproducibility [23].
Consequently, even though nanotubes and nanowires are
promising, they are not yet available as a part of standard
fabrication, hence their implementation is hard and production
in high volumes is not very feasible due to the high device
cost. The latter approach mentioned above is based on
detection of the negative backbone charge of a DNA
molecule. Such DNA detection can be realized by using ion
sensitive field effect devices (ISFET technology) [35]-[38],
offering uM level sensitivities in general. Although detection
of a single nucleotide polymorphism in 100 pM was reported
in one study [39], this study used an unconventional diamond
gate ISFET, which is not feasible in standard CMOS
processes, limiting its wide usage. As opposed to ISFET’s,
which measure the charge of DNA molecules indirectly, direct
charge sensing, usually implemented by induction on
capacitive electrodes, is used as well. Sensitivity levels as
2203 e [40], 100 pM [41] and 10™ C (which is roughly
60000 €7) [42] are reported with this technique.
This paper reports a novel CMOS sensor chip utilizing direct
charge sensing technique [43] with improved sensitivity
compared to its counterparts. Owing to a small detection
capacitance and CDS, the CMOS microarray sensor achieves
the rms noise level as low as 6.8 e". Considering that a single
DNA bp possesses 1 or 2e [44], theoretically one DNA
molecule with 7 or 4 bp could be detected. The proposed
sensor chip was tested, and hybridization process in 1 pM
target concentration was successfully detected. The achieved
1 pM sensitivity is comparable with the sensitivity of the
gravimetric or fluorescence imaging techniques, and such a
sensitive detection of DNA has not yet been reported with any
label free CMOS microarrays in literature, to the best of our
knowledge. It should be noted that the 1 pM sensitivity is not
a theoretical limit of the sensor, because the 6.8 e rms noise
level can allow detection of a single DNA molecule,
corresponding to 1.5x10™M in a 40 pL solution. However,
currently the measured sensitivity is limited by chemical and
biological factors like surface modification,
immobilization/hybridization  efficiencies, and applied
protocol. Improving those can yield higher sensitivity levels.
The paper is organized as follows: Section Il presents the
structure of the detector element and explains the detection
technique. Section Il explains the readout mechanism and
packaging of the fabricated sensor chip. Section IV describes
test setup implemented to perform measurements. Section V
reveals results of electronic performance measurements and
DNA tests. Section VI provides a comprehensive discussion
on the test results and Section V11 concludes the paper.

Il. DETECTOR ELEMENT STRUCTURE AND OPERATION

Fig. 1 shows the cross sectional structure of a detector
element implemented in this study to realize DNA charge
detection. The single element consists of a 7 um x 7 um
capacitive detector implemented with the top metal of the
CMOS process and the integrated circuitry required for the
signal readout. 1024 of such detector elements are placed with
15 um pitch in a 32 x 32 array format. 5 um x 5 um openings
are formed on the oxide passivation over the capacitive
detector. This is done to easily adjust the detector surface for
different biological applications, e.g. gold coating for
immobilizing samples with thiol (SH) group. However, in this
study, electrical isolation of the detector from the sample
solution is required to prevent electronic crosstalk between
detector elements. Isolation is provided with a 1 um nitride
(Si3N,) passivation layer. The nitride layer is not suitable for
DNA immobilization, therefore 3 Amino-Propyl-Triethoxy-
Silane (APTES) polymer is deposited on the surface by
overnight incubation in a 5 % silane solution in a nitrogen
chamber (Terra Universal with Nitro Watch System and Dual
Purge System). Then, the chip surface is washed with excess
ethanol and dried over the heater plate for 1 hour, at 110 °C.
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Fig. 1. The cross sectional structure of a detector element. a) CMOS cross
section and dimensions of a single detector element. b) Post-CMOS surface
modification. A 1 pm SisN, passivation layer is deposited and APTES
polymer is incubated on the surface to enable DNA immobilization. DNA
probes horizontally adsorbed to the surface of the detector element.

Fig. 2 illustrates the detection technique which relies on a
direct charge sensing by reading the voltage of the capacitive
detector on which the probes are immobilized. This voltage
changes linearly with the amount of target molecules
hybridized to the probes, because the negative charge of target
molecules is induced on the detector, provided that the
distance between the charge and the capacitor surface is much
smaller than the width of the detector. This distance is
determined by the thickness of nitride passivation layer and
APTES, which are about 1pum and 20nm [45]-[46]
respectively. The overall charge Q induced on the surface by a
charge q can be calculated as in (1), for given detector width
(w =7 pum) and separation distance (d = 1 um) [40].

_2q
Q= ?arctan< (D)

ad )—07
2v3d/)

Consequently, 70% of the charge attached to the surface is
induced on detector.

Detector is a floating metal, so the induced charge results in
a charge separation and changes the voltage of the capacitor

1530-437X (c) 2013 |IEEE. Personal useis permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JSEN.2014.2301693, | EEE Sensors Journal
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

Cq. The capacitor voltage is read out with the chip electronics
to measure the amount of the induced charge. A charge
difference of -AQ generates a voltage difference equal to
AV=-AQICy. Therefore, reducing the value of Cy results in a
larger conversion gain, which is defined as the amount of
voltage difference induced by a single electron, and improves
the signal-to-noise ratio (SNR). The overall simulated
capacitance of Cy is around 6 fF, corresponding to a 26 pV/e
conversion gain. In this respect, the CMOS technology is a
good candidate for a sensitive and label free DNA microarray
application, since an array of detector elements with very
small capacitance and therefore very high conversion gain can
be implemented and integrated with the required low-noise
readout electronics.

target DNA

= -40 ey

Al{=l{-:'k’~::C—d

Fig. 2. Operation principle of a capacitive detector element. Hybridized
target molecules induce a charge difference on the detector, which results in a
voltage difference that is read out using on-chip and low-noise circuitry.

I1l. SENSOR CHIP

A. Circuitry and Readout

The sensor chip is fabricated with a standard 0.35 pm
CMOS process. Fig. 3 shows basic blocks of the chip on its
layout and transistor level circuitry of a single detector
element illustrated in a 2 x 2 representative detector array.
The chip measures 1.5 mm x 1.5 mm including bonding pads,
where the 32 x 32 array of detector elements occupies a
0.5 mm x 0.5 mm area. Array scanning is performed by digital
blocks which are horizontal and vertical scanners, and the
control unit. Analog bias circuitry located outside of the
detector array realizes low noise biasing of the detector
circuitry. 1/0 bonding pads provide interconnection with the
external electronics.

Fig. 4 illustrates a simplified schematic and readout
operation of a single detector element. Reset is applied
periodically to restore the voltage of the detector to a Vi,
value, because it drops while DNA hybridizes and its negative
charge integrates on the detector. The buffer amplifier isolates
detector capacitance from the capacitive loading of the rest of
the readout circuits. During readout, the sensor capacitance is
initially reset to V., potential (Fig. 4 (a)). Then the switch is
turned off, and the reset value V; is recorded (Fig. 4 (b)). This
is done to measure the precise value of the detector voltage
before integration, as it would deviate from V., value after
opening the switch due to charge injection, clock feed through,
and the reset noise. Finally, the switch is kept off for charge
integration and the voltage of the detector reduces to V, due to
the hybridized charges (Fig. 4 (c)). The difference of the two

correlated readings (V; and V,) is calculated with the external
software and divided by the value of detection capacitor to
identify the amount of immobilized charge. Such CDS
significantly reduces the noise by eliminating the
aforementioned electronic phenomena.

Addressing is realized with row switches implemented per
each detector element and column switches implemented per
each column. These switches are controlled by the row and
column registers implemented on chip. The sensor chip also
contains a control unit maintaining the synchronization and
control of the system, an analog circuitry for biasing buffers,
and input/output pads. The output of each detector element is
sequentially transferred to the analog output pad and is
processed by the external electronics.

1.5 mm

1.5 mm
Biasing and output stage

%—a Output
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Fig. 3. Layout of the sensor chip and the circuitry of a detector element. a)
Control unit. b) Horizontal scanner. ¢) Vertical scanner. d) 32 x 32 detector
array. e) Bias circuitry. f) Bonding pads. g) A 2 x2 detector array showing the
circuitry of a single detector element together with the bias circuitry.

B. Packaging

Fig. 5 shows the packaging of the sensor chip. The chip is
wire bonded to a ceramic package by etching the nitride
passivation over the bonding pads with laser (New Wave
Research, LCSIl 1064), and white epoxy (Loctite, Epoxy
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Patch, Henkel Corp., USA) is used to isolate the wire bonds
and to build a reservoir on the chip surface for DNA solutions.
The volume of the reservoir is sufficient to contain around
40 pL of sample solution on the sensor surface. The surface of
the reservoir is covered with a stretch film during tests to
prevent evaporation. Close-up view of the chip and the
illustration of the package cross section are given for
convenience. The package is suitable for being tested with a
custom test electronics board.
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Fig. 4. The simplified schematic and readout mechanism of the detector
element: a) The switch is turned on and detector is reset to V¢, potential. b)
The switch is turned off and the first reading is done to record the reset value
of the detector element (V). c) Integrated DNA discharge the detector
capacitor and the second reading is done to define the new voltage value (V).
The voltage difference between the two readings (V.-V1) is proportional to the
amount of charge (Q:-Q:) integrated on the detector surface with the
coefficient of Cd.
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Fig. 5. Packaging of the sensor chip. The CMOS chip, which measures
1.5 mm x 1.5 mm is coated with a nitride layer. It is bonded to a ceramic
package, and white epoxy is used to isolate the wire bonds and to form a
reservoir for DNA solutions. The chip surface is modified with APTES
polymer.

IV. TEST SETUP

A. Electronics

Fig. 6 illustrates the test setup. Test electronics consists of
an analog to digital converter (ADC) board, a field
programmable gate array (FPGA-OPAL Kelly XM3010), a
DC power source (HP Agilent E3631A) and a PC. The sensor
chip package is plugged to the ADC board and its analog
output corresponding to the sequentially ordered voltages of
the 1024 detector elements is converted to an 18-bit digital
data. The custom made ADC board is plugged to the FPGA
board (Opal Kelly BRK3010 board). The FPGA provides
synchronization and control of the digital signals required for
proper operation of the chip and the ADC, stores the converted
output data to its RAM, and transfers it to PC through a USB
interface. The digital data is stored to PC and is easily
processed. All electronic setup except for the power supply
and PC is contained in a Faraday cage (a metal box) to prevent
electromagnetic interference.

()

— FPGA supply

6V suppl i
PPy PC connection

Fig. 6. The test setup. a) Xilinx XM3010 FPGA board. b) Custom made ADC
board. c) Sensor chip package. d) Metal enclosure box-Faraday cage.

B. DNA Samples

The oligomers utilized throughout our tests were synthesized
(Alpha DNA, Montreal, Quebec, Canada) as probes with
5-TCTCACCTTC-3' sequence and fully complementary
targets with 3-AGAGTGGAAG-5' sequence. The probe
oligomers comprised 5' thiol modification to be able to use the
same oligomers in the tests of the prospective gold-coated
chips as well. DNA samples were diluted in de-ionized (DI)
water, separated into aliquots and kept in -20 °C for short term
use.
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V. TEST RESULTS

A. Electronic Performance

The electronic performance of the sensor chip is verified
before performing DNA tests. The most critical performance
parameters i.e. the noise, output voltage swing, and leakage of
the chip are measured. TABLE | gives the summary of these
measurements averaged for 1024 detector elements. The
values of the measured parameters are given in volts, in
electrons assuming a 26 uV/e™ conversion gain, and in DNA
assuming that a 10 bp DNA carries 20 electrons. All noise
measurements are performed by finding the variance of ADC
data collected for 5 minutes with the sampling rate of
100k SPS. The rms noise of the overall system is measured to
be less than 7 €7, in 1.5 MHz bandwidth defined by the output
pole of the sensor. The rms noise of the external electronics
was measured by disconnecting the chip output and giving a
regulated DC voltage to the ADC input. This noise is
measured to be only 0.92 ¢’, verifying that external electronics
do not dominate the overall noise. The rms noise level without
CDS is 39 e, meaning that the CDS has a significant effect on
noise reduction as expected. This result is reasonable as the
theoretical reset noise for a 6 fF capacitor is 31 €' The
output voltage swing is measured to be 25000 ¢,
corresponding to 70 dB dynamic range, which is sufficient
noting that this value is updated in every two frames, i.e.
20 ms. The average electronic leakage is measured to be
32 e'/frame at the frame period of 10 ms, by calculating the
difference between the two output samples measured at two
consecutive frames in case of zero DNA input. Since the
leakage is much smaller than the voltage swing, it does not
degrade the system performance.

According to the electronic performance measurements, the
chip is suitable for DNA sensing applications requiring
sensitivity down to 7 . DNA tests were carried out after the
verification of the chip performance.

TABLE |
MEASURED ELECTRONIC PERFORMANCE PARAMETERS

Parameters Volts (x10°%)  Electrons 10 bp DNA
External electronics rms noise 24 0.9 0.05
Total rms noise without CDS 1.02x10° 39.0 1.95
Total rms noise with CDS 177 6.8 0.34
Output voltage swing 650x10° 25,000.0 1,250.00
Electronic leakage 821 32.0 1.60

B. Test with DI Water

Comparative tests were performed in dry environment and
with DI water inside the reservoir to verify the isolation
capability of the nitride passivation layer. Electrical isolation
of detector elements is critical, because due to the 7¢
sensitivity even the DI water acts as a conductive medium.
Tests were performed for half an hour. The dry test was

performed before, and the DI test after modifying the surface
with APTES. The relative leakage performance of the detector
elements was similar within each test, but the leakage values
in DI test were about 30 % lower than in dry test. This is a
result of increased capacitance due to existence of DI water
layer, as the leakage current would result in smaller voltage
change for higher capacitance. The difference in leakage
values between detector elements can exist, which is a result
of electronic leakage, gain, and capacitance variations due to
process mismatches. However, this difference does not affect
the measurements, because the amount of adsorbed charge is
defined according to the variation of leakage value of any
detector element during tests. Consequently, the initial value
of the leakage is not important, and the system is suitable for
performing the DNA tests.

C. Test with DNA Samples

Immobilization and hybridization tests were performed with
intermediate washing steps and DI tests. Each test was done
for about 8 hours to get comparative results. Overnight
immobilization was done in a 40 uL, 13 uM probe DNA
solution. Then the chip was rinsed with DI water and 8 hours
DI test was performed. Hybridization test with a 40 pyL, 1 pM
target DNA was done afterwards. Then, another washing step
and the DI test were performed.

Fig. 7 shows test results of an arbitrary detector element,
fairly  representing the system  performance. The
leakage/second values of all tests averaged with 200 second
intervals are shown for initial 6 hours. Leakage values settle
within 1.5 hours, which is probably related with the thermal,
photonic, and mechanic disturbances introduced to the
dynamics of the solution, as the cover of the Faraday cage was
removed and a sample was added. To avoid the transient
behavior, a better test setup can be designed to allow injection
of a solution without disturbing the ambient parameters of the
system (temperature, electromagnetic interference, etc.). The
steady state data can still be analyzed to compare the leakage
values in each case. It is clear that the leakage increased in
case of immobilization and hybridization, and decreased
during DI tests performed after washing.

Test Results of a Detector Element Averaged with 200 Second Intervals
3000

Hybridization

Immobilization

Leakage per second (electrons)

Time (s)
Fig. 7. Leakage levels of a representative detector element for all 4 tests,
averaged with 200 second intervals. The leakage level during Immobilization
and Hybridization exceeds the leakage level of DI tests, which indicates
detection of DNA molecules.

Fig. 8 shows the leakage level of detector elements in
electrons/second for each test. The leakage values were
averaged for the test period excluding initial settling time of
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1.5 hours. In Fig. 8 (a), leakages of 10 different detector
elements are shown. Although, there is a variation in the
output levels of detector elements (due to process, post
process, and electronic mismatches) the relative leakage
variation between the tests is very similar for all detector
elements. In Fig. 8 (b), the average leakage of all 1024
detector elements is shown, to represent the overall
performance. Error bars of +1c for the average leakage levels
are shown in Fig. 8 (c), where the leakage levels are
normalized by the DI Test 1 for each detector, thereby
cancelling the variation illustrated in Fig. 8 (a). Leakage levels
of immobilization and hybridization tests were higher than the
leakage levels of DI tests performed after washing the excess
DNA. The difference between the DNA tests and DI tests are
the effect of washing, which leads to the removal of free DNA
molecules that can interact with or bind to the surface.
Therefore, this difference represents the rate of induction of
DNA electrons on a detector element in electrons/second. The
difference for the immobilization test was slightly smaller than
for the hybridization test, indicating that this rate was higher
during hybridization.

Qualitative and quantitative discussion on these test
results are provided in the next section. Observed behavior is
meaningful considering the nature of immobilization-
hybridization processes. Despite the complex nature of
electrochemical interactions at the surface, an attempt is made
to develop a theoretical model to estimate the number of
hybridized DNA molecules according to the measurement
results.

VI. DISCUSSIONS

Different processes that would occur during tests can
change the surface charge density of detectors leading to the
change of the output data. Fig. 9 represents expected processes
and the resultant output data for each test. For example, in the
case of immobilization test (Fig. 9 (a)) the output is the sum of
electronic leakage, immobilized' DNA, and the molecules that
are adsorbed to the surface and desorbed later due to the weak
binding. Therefore, one molecule could be detected several
times until it is firmly bonded. Similarly, in the case of
hybridization test (Fig. 9 (c)) the output results from target to
probe hybridization?, target immobilization to free locations,
and adsorption & desorption processes. Finally, the output in
DI tests performed after washing the excess DNA (Fig. 9
(b), (d)), is the effect of electronic leakage only. When
washing does not remove immobilized or hybridized
molecules, these molecules do not result in any output data,
since they exist on the surface from the beginning of the test
and do not result in any change in the surface charge. Then, if
the electronic leakage value calculated in the DI test is
subtracted from the leakage value of the DNA test performed

Yitalic “immobilization” is not to be confused with the name of the
immobilization test, as it indicates the process by which the DNA
molecules are strongly adsorbed to the surface and not desorbed after
washing.

2 jtalic “hybridization” represents target DNA to probe DNA
binding and is not to be confused with the name of the hybridization
test.

before, the number of DNA molecules which have interacted
with the surface can be found. These interactions include
immobilization + adsorption & desorption for the
immobilization test, and hybridization + immobilization +
adsorption & desorption for the hybridization test. The
average rate of these interactions for each detector element can
be extracted from Fig. 8 as 5 oligomer/s and 5.7 oligomer/s for
immobilization and hybridization, respectively; assuming that
each DNA oligomer has a charge of 20 e. This measurement
proves that the DNA concentration of the solution does not
affect the measurement, and the output is defined purely by
the surface interactions, since the measured rate of surface
interactions are close (5 oligomer/s and 5.7 oligomer/s) in both
cases, despite much higher concentration in case of
immobilization (13 pM vs. 1 pM).

(a) Leakage Level During Each Test, for 10 Different Detector Elements

detats 1546, de196

135

14 electrons

2

Immobiization ‘Washed, DI Test 1

(c) Average Leakage Levels Normalized by DI Test 1 Leakage Level

Immobilization

Fig. 8. Leakage levels (electrons per second) during each test, a) for 10
randomly selected detector elements, b) averaged for 1024 detector elements,
and c¢) normalized by the “DI Test 1” for each detector and then averaged. £1c
deviation is shown with the error bars. The difference between
“Immobilization” and “DI Test 1” represents the average number of electrons
induced on a detector element each second during the “Immobilization” test.
Similarly, the difference between “Hybridization” and “DI Test 2” represents
the number of electrons induced on a detector element each second during
“Hybridization” test.
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TABLE 11 gives the summary of calculations required for
further analysis. Roughly 2 billion DNA molecules can be
located on the surface of 1024 detectors measuring
7 um x 7 um, assuming a surface coverage density of 1 DNA
per 5nmx5nm area. The number of available DNA
molecules in the 40 pL solution is 312 x 10" DNA for 13 pM
concentrated immobilization solution and 24 x 10° DNA for
1 pM concentrated hybridization solution. Finally, from the
measured rate of surface interactions, the total number of
DNA molecules interacted with the surface during 8 hours can
be calculated as 147.5 million for the immobilization
(immobilized + adsorbed & desorbed) and 168.1 million for
the hybridization test (immobilized + adsorbed & desorbed +
hybridized). Even assuming that all of the surface interacting
molecules are the immobilized ones, less than 7.5 % of the
available surface would be occupied by the end of the
immobilization test. The reason for such small surface
coverage despite excess DNA concentration maybe the slow
dynamics of the immobilization in DI water as opposed to
buffer solutions. Consequently, almost the same surface as in
immobilization test is available for the DNA interactions
during the hybridization test. Therefore, the rate of nonspecific
interactions of the hybridization test can be assumed to be
equal to the rate of overall surface interactions of the
immobilization test. On the other hand, the number of DNA
molecules interacting with the surface is about 7 times larger
than the number of available molecules inside the solution in
case of the hybridization test. This means that a single
molecule is counted several times, in other words
adsorption & desorption process dominates. The dominancy
claims that the surface occupation was even smaller than
7.5 % during the immobilization test. Therefore, the DNA free
locations are almost equal for both hybridization and
immobilization tests, indicating that the initial assumption is
reliable. As a result, the number of hybridized DNA molecules
can be calculated as 20.6 million by taking the difference of
surface interactions of the hybridization and immobilization
tests. As expected, this value does not exceed the total
number of available target DNA molecules in the solution
which is 24 million.

TABLE Il
DNA TESTS- MEASURED AND ESTIMATED PARAMETERS

Immobilization Hybridization

Parameters

(x10° DNA) (x10° DNA)
Available locations on the sensor 2 0x10° ~2.0x10°
surface (estimated)
DNA molecules inside the 6
solution (estimated) 312.0x10 24.0
DNA molecules interacted with 1475 168.1

the surface (measured)

The same DNA sequence was immobilized on the whole
array in this study for testing purposes. However, various
printing (spotting) techniques outlined in [47] exist for
immobilizing unique oligonucleotides on different spots in the
same array.

Gold coating of the detectors is aimed for the future work.
Only probe molecules will be modified with the thiol group,
which has affinity to gold stronger than that of DNA to

APTES. Moreover, thiol modified molecules would
immobilize vertically on the surface and thereby form a self
assembled monolayer. These would significantly improve the
immobilization efficiency and reduce the non-specific effects
that complicate interpretation of the output data, since only
probe molecules would be able to immobilize on the surface.
These test results show that the proposed CMOS sensor array
can be used for applications requiring low cost and sensitive
DNA detection.
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Fig. 9. lllustration of the expected surface processes and the resultant output
data for each test. Gray pattern on the surface of the detector represents
different events and the gray pattern of the output data is shown accordingly.
The DNA adsorbs to APTES horizontally but vertical attachment is shown for
better illustration. a) Immobilization test. b) The first DI test. ¢) Hybridization
test. d) The second DI test.

VII.

This paper reports the design, fabrication, and testing of a
32x32 CMOS sensor array for a sensitive DNA
immobilization and hybridization detection. A 6.8 e's noise
level and 25000 e" output swing were measured at 10 ms
frame rate. A simple mask free post CMOS processing was
required to perform the DNA detection tests, which was the

CONCLUSION
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deposition of a nitride layer for the isolation purpose and
incubation of an APTES polymer on the sensor surface for
DNA immobilization. This kind of surface modification is
good for the proof of concept, but is not the best choice in
terms of reducing non-specific binding. Implementation of
gold coated detectors that are suitable for thiol modified DNA
probe immobilization is aimed for the future work to improve
the immobilization efficiency and reduce the non-specific
effects. DNA immobilization and hybridization tests were
performed, and their results were interpreted by developing a
theoretical model for DNA-surface interaction processes.
Although these electrochemical processes are quite complex
and it is hard to extract hybridized molecule quantity from
simple immobilization-washing-hybridization-washing steps
with a single DNA sequence, the low noise level of the
sensors allows detection of the total amount of surface
interacting charges with very high precision. Therefore,
detection of the hybridized DNA molecules was possible even
in 1 pM target DNA solution containing 10 bp oligomers.
Perhaps, quantification can also be validated in the future,
relying on the sensitivity, if a test procedure eliminating
non-specific bindings and other surface effects is developed.
This sensitivity is close to the detection level of optic and
gravimetric detection methods and had not been achieved with
any label free standard CMOS sensors before. Although
detection was done in 1 pM solution, this is not a sensitivity
limit of chip electronics. The measured noise level is
sufficient to detect the charge of a single DNA molecule with
7 bp, i.e. the detection efficiency, which depends on the
binding probability, is dominated by the surface treatment and
applied protocol rather than the chip noise level. Relying on
the promising performance of the chip, sub-pM sensitivity and
SNP detection are aimed for the future work.
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