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bstract

A novel solid-state biosensor for label-free detection of DNA hybridization is presented. The new device is realized in a standard CMOS process,
hus allowing the realization of low-cost, portable, fully integrated devices. The detection mechanism is based on the field-effect of the intrinsic

egative electric charge of DNA molecules which modulates the threshold voltage of a floating-gate MOS transistor. A fluid cell was developed
or delivering DNA samples on the active surface of the chip. The device has an integrated, individual counter-electrode, so dry measurements
re possible increasing lifetime of the chip and speeding up the experiment. Successful measurements on a first prototype of the chip, hosting 16
ensors individually addressable, are provided as proof of concept.

2006 Elsevier B.V. All rights reserved.
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. Introduction

DNA hybridization detection is a key step in genomics studies
nd development of diagnostic tools [1]. The standard approach
o its detection is based on optic or optic-like methods which

ake use of a passive substrate for DNA immobilization and
ndirect detection of labels bound to the target DNA molecule
nder investigation. A known single strand DNA (probe ssDNA)
equence is immobilized on a substrate (nylon, glass, silicon),
he unknown target (target ssDNA) sequence is labelled with a
uorescent or radio label and injected on the substrate. If the

wo sequences are complementary they hybridize and form the
ouble strand DNA (dsDNA) so the label is immobilized on the
ubstrate as well. The passive substrate is then checked to verify
he presence of the label rather than of the DNA molecule. Such
echnology is mature and established but presents some draw-
acks such as the cost of the instrumentation, the necessity of
abelling the molecules, the difficulty to integrate the different

ools into a single, portable device. For these reasons, several
ew approaches have been proposed recently, to overcome such
roblems. These new methods make use of gravitometric mea-

∗ Corresponding author. Tel.: +39 070 675 5770; fax: +39 070 675 5782.
E-mail address: barbaro@diee.unica.it (M. Barbaro).
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ures based on microbalances (QCM, quartz crystal microbal-
nce) which transduce the change of mass due to hybridization
nto a change in the resonant frequency of a crystal [2], or based
n the use of micromachined cantilevers and their bending due to
urface forces [3,4]. Even if they are label-free, these methods
re difficult to integrate with standard electronics and require
ophisticated technology steps.

Fully electronic detection is the most promising approach
o obtain really inexpensive, portable and low-cost devices [4].
everal devices have been proposed in the recent past, either
aking use of labels such as gold nanoparticles to measure resis-

ance [5,6] or capacitance [7] changes between two electrodes,
r making use of electrochemical labels capable of generating a
edox current [8,9] detectable by electrodes. These approaches
re not fully compatible with a CMOS process, so they cannot
asily be integrated with the readout electronics.

In this paper we present a novel, solid-state CMOS device
ble to detect sequences of DNA by their intrinsic electric charge
ithout the need for external components (counter-electrodes).
he sensor is fully compatible with a standard CMOS process.
ith respect to other sensors for hybridization detection, which

ake use of capacitors [10], diodes [11] or transistors [12,13,14]

mplemented in silicon or with nanowires [15], this biosensor is
ttractive for its extreme simplicity. It allows direct detection
f hybridization process, with no need for additional process

mailto:barbaro@diee.unica.it
dx.doi.org/10.1016/j.snb.2006.04.010
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teps. For this reason, it allows the realization of highly inte-
rated arrays with thousands of active sites, direct detection and
ully electronic readout capabilities. The electronic readout is
lso attractive for implementation of portable and/or disposable
edical kits.

. Experimental

.1. Device structure and working principle

The proposed device mixes the characteristics of the floating-
ate MOS transistor and the gate-exposed FET sensors such as
he ISFET or CHEMFET [16–18]. A cross-section of the sensor
s shown in Fig. 1: it is made-up of a floating-gate transistor
M0), a control-gate with the role of reference electrode (CC)
nd an active area activated by charge induction (AS).

The single strand probe oligonucleotides are bound on top
f the exposed floating-gate surface by an organic/inorganic
nterface (spacer). The control capacitor and the electric charge,
ogether, determine the actual voltage difference VF between
oating-gate and silicon bulk. The device can be modelled as a

ransistor with an effective threshold voltage modulated by the
NA charge [22].
A relationship between applied control voltage, molecules

harge and effective threshold voltage can be derived from stan-
ard electrostatics equations. In particular, if the spacer thickness
s several orders of magnitude smaller than the size of active area,
he electric field in the spacer is perpendicular to the metal layer
nd constant since, for every point of the spacer, the surface
olecules are seen as an infinite sheet of charge. The same is

rue in the oxide between metal plates of capacitors, thus we can
rite:

C = VC − VF

tP1P2
, EF = VF

tOX
(1)

F = εOX(AC + AS)

tOX
, CC = εOXAC

tP1P2
(2)
here EC and EF are, respectively, electric field in the control
apacitor CC and in the parasitic capacitor CF, VC is the control
oltage, VF the floating-gate voltage (both measured with respect
o silicon body), tP1P2 is the oxide thickness, tOX is the thickness

f
t
w
a

Fig. 1. Structure o
tuators B 118 (2006) 41–46

f field oxide, AC and AS are, respectively control capacitor and
ctive area dimensions. Writing Gauss equation for surfaces S1
nd S2 of Fig. 1 we obtain:

SPESPAS = QDNA (3)

εOXECAC − εSPESPAS + εOX(AC + AS)EF = Q0 (4)

here ESP is the electric field in the spacer, Q0 is the electric
harge initially trapped in the floating-gate and QDNA is the total
harge of DNA molecules. Substituting (1)–(3) in (4) we obtain
he voltage of the floating-gate for a given control bias VC and
harge QDNA.

F = CC

CC + CF
VC + QDNA + Q0

CC + CF
≈ VC + QDNA + Q0

CC + CF
(5)

The above equation states that the actual gate voltage of the
ransistor is modulated by a term which is proportional to the
mount of net electric charge immobilized on the active area.
uch modulation can be modelled as an opposite shift of the
ffective threshold voltage (VTHF) of the transistor with respect
o the native threshold (VTH0):

THF = VTH0 − QDNA + Q0

CC + CF
(6)

In this way, the hybridization process can be measured as
shift of the threshold voltage of the transistor. In fact, since

he DNA macromolecule has an intrinsic electric charge [5],
hen hybridization takes place the total charge bound on the

urface doubles and the left branch of Eq. (6) actually increases.
roperly sizing the transistor and the capacitor, this positive shift
an be made large enough to raise the threshold above the supply
oltage so that a digital ON/OFF signal can be generated.

.2. Chip design

The test chip was realized in a standard 0.8 �m CMOS pro-
ess with two metal layers and two polysilicon layers (needed

or the realization of a highly linear control capacitor) from aus-
ria micro systems (AMS). The device was realized in a multi
afer project (MPW) run, so it makes use of a really standard

nd commercially available process. A microphotograph of the

f the device.
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Fig. 2. Microphotograph of the realized chip.

ealized chip is shown in Fig. 2. The chip hosts 16 sensors, each
f which is made-up of a MOSFET, a control capacitor and an
ctive area. The sizes of active areas range from 40 �m × 40 �m
o 100 �m × 100 �m. The active areas are physically separated
rom the FET and the capacitor; they are obtained opening a test
ad over a square shape made in the topmost available metal
ayer (aluminium). The active area is then connected to the gate
f the MOS transistor by a metal path. In this way, the capac-
tor and the FET are protected from the biological solution by
hip passivation. Each sensor can be individually addressed by
eans of a digital decoder.

The overall size of the chip is 5 mm2. Such a large space

as left around different objects for packaging purposes since
proper microfluidic structure (with a much larger minimum

ize) had to take place on top of device. The 16 sensors were

2

d

Fig. 3. Chip packaged with the PDMS micro-channel structure (left) a
tuators B 118 (2006) 41–46 43

ubdivided in 2 clusters: an active cluster (T1) and a reference
luster (T0). The reference cluster is needed to test the selec-
ivity of the device, verifying that the biosensor responds only
o the proper target sequence and ignores non-complementary
equences.

.3. Flow cell

Testing of the prototype device required a proper setup, par-
icularly to overcome the problems arisen by the biological
rocesses (hybridization) that had to take place on the surface
f the chip. A custom micro-channel structure was realized in
rder to dispatch probe and target oligonucleotides on the differ-
nt sensors. Since the 16 sensors were subdivided in 2 clusters,
functionalization micro-chambers were realized in order to

hysically separate the clusters. A separate micro-chamber for
ybridization was realized as well. This second chamber, which
overs all the 16 sensors, is needed to prevent evaporation of
he sample solution containing the target oligonucleotides dur-
ng the hybridization process. Such process, in fact, takes place
t relatively high temperatures (50 ◦C), for a long time (2 h) on
ery small quantities of liquid (few microliters).

The two chambers, were realized with polydimethylsiloxane
PDMS), an elastomer [19] capable of reproducing complex
tructures at very high resolution. The microstructures were
btained realizing a negative master of the desired structure.
he master was realized patterning, by standard lithography, a
hotoresist suited to such applications (SU-8), than casting the
DMS in liquid form and baking the structure at proper temper-
ture.

Fig. 3 shows the PDMS microstructure placed on top of the
hip by means of a plexiglass holder: different inlet and outlet
hannels were used to deliver T0 probes on the eight sensors
n the left and T1 probes on the eight sensors on the right. The
hannels have a width of 100 �m and a height of around 200 �m.
.4. Oligonucleotides

Four different sequences of DNA single strands were
esigned to test the chips: two targets (T0 and T1) to be bound

nd mounted on the board with the microchamber holder (right).
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n the surface of the two clusters, and two probes (P0 and P1)
o test hybridization. Each of the targets were complementary
o its probe but not to the other. The reference probe (T0) was
esigned with 13-mer poly-dT spacer, followed by a specific
equence from variable region of 16 s rDNA of bacterium bacil-
us subtilis.

The primer sequence is 5′-TTTTTTTTTTTTTGGTTTCCG-
CCCTTAGTG-3′ and was modified by inserting a thiol
roup in 5′ position. The oligonucleotide was purified through
ligonucleotide purification cartridge. The complementary
trand oligonucleotide, without the spacer region and with
equence 5′-CACTAAGGGGCGGAAACC-3′ was also synthe-
ized and purified. The oligonucleotide solutions were pre-
ared in distilled water to a final concentration of 0.1 mM.
ll the solutions were prepared using HPLC grade water

resistivity >18.2 X cm).

.5. Surface functionalization

A method for covalent immobilization of 5′-thiol-modified
ingle strand DNA probes, onto oxygen exposing surfaces
as been developed by exploiting surface derivatization by 3-
ercaptopropyltrimethoxysilane and subsequent intermolecular

isulfide bond formation [20]. The chosen approach is robust
nough to prevent oligonucleotides detachment due to washing
rocedures connected with device operation but, at the same
ime, it endows the molecular constructs with enough mobility
o retain hybridization capability.

To activate the surface, a layer of properly functionalized
pacer molecules must be covalently linked to the underlying
urface. The presence of a native oxide layer enables the first step
f the immobilization procedure, which consists in the growth
f a silane layer by the formation of covalent bonds between the
ilanol groups and the hydroxyl surface groups (alumosiloxane
ond). The aluminum surface was then incubated for 5 min in
.1 mM 3-MPTS in toluene and subsequently rinsed in abun-
ant pure toluene in order to remove non-chemically bound
olecules. Comparative QCM results revealed a silane area

er molecule of 0.6 nm2, suggesting that we were dealing with
onomolecular layer.
The second step consists in anchoring the DNA strands to

he spacer layer. This can be done by chemically modifying the
NA strands with a proper side group. As an example, if the

pacer molecules (silane-terminated) bear a thiol group, a thiol-
odified DNA strand can be linked to this, therefore obtaining a

lose-packed layer of DNA strands strongly anchored to the sen-
or surface. Covalent immobilization of such ssDNA should take
lace via the formation of intermolecular S S bonds between
he thiolate oligonucleotide and the surface SH moieties [21]. To
heck if the immobilized monolayer still retains hybridization
apability for the complementary DNA strand, the hybridiza-
ion step has been made with a contemporary QCM measure-

ent where the resonance frequency variation of the quartz

as measured for detecting if the mass variation due to the
ybridization steps. This measurement confirmed that the pre-
ared ssDNA (sub)-monolayer retains hybridization capability
20].

i
g
t
a

tuators B 118 (2006) 41–46

. Results

.1. Test strategy

The sequence of steps required to test the hybridization pro-
ess is given by the following procedure:

a) START: activation of the exposed-gate surface by means of
3-MPTS.

b) STEP T1: immobilization of T1 (probe) oligonucleotide on
sensors 0–7.

c) STEP T0: immobilization of T0 (probe) oligonucleotide on
sensors 8–15.

d) STEP P1: injection, on the entire active surface (sensors
0–15) of P1 (target) oligonucleotide (complementary to T1).

e) STEP P0: injection, on the entire active surface (sensors
0–15) of P0 (target) oligonucleotide (complementary to T0).

After each step, the entire chip was rinsed with a low ionic
trength buffer (d-histidine dried and measured. Measures were
one in dry conditions, applying a sweeping voltage to the
ontrol-gate and measuring the drain current of each transistor.
rom the I/V characteristics, the threshold voltages were extrap-
lated. Each sensor in the active cluster (T1) was coupled with
ts counterpart (same size, symmetric position) in the reference
luster (T0). An output differential voltage was computed, sub-
racting the threshold of a sensor in the reference cluster (T0)
rom the threshold of its matched transistor in the active cluster
T1) as follows:

OUT[i] = VTH[i] − VTH[i + 8], 0 ≤ i ≤ 7 (7)

here sensors 0–7 belong to the active cluster (T1) and sensors
–15 to the reference cluster (T0). This differential approach is
eeded since each time the chip is rinsed or dried all the thresh-
lds present a collective shift. This phenomenon is due to the
oating nature of the gate, which is very sensitive to any varia-

ion. When taking the differences between the thresholds, these
ollective shifts can be cancelled and only specific differences
ue to the presence of molecules on the surface are highlighted.

.2. Experimental results

The experimental results are shown in Fig. 4. A fixed pattern
oise (FPN) is clearly visible in the starting first datapoints. It
s obviously due to the fact the transistors have a floating-gate
nd they can collect charges during the manufacturing process
nd during chemical processing (such as the activation of the
urfaces with 3-MPTS). For this reason, a very large mismatch
s experienced among the initial threshold voltages of each pair.
he FPN can be removed simply by subtracting the differen-

ial voltage after each step from the initial differential voltage.
he outputs after FPN removal are shown in Fig. 5. The detect-
ng capability of the device is self-evident from the resulting
raph. In fact: (a) after functionalization with T1 (STEP T1),
he differential responses are positive since the increase of neg-
tive charge on cluster T1 increases the thresholds (Eq. (6)) of
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Fig. 4. Differential threshold voltages measured for each pair of active-reference
transistors, after each of the following events: (START) functionalization with
3
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-MPTS, (STEP T1) immobilization of T1, (STEP T0) immobilization of T0,
STEP P1) injection of P1, (STEP P0) injection of P0. Differential threshold
oltage is given by: OUT[i] = VTHF[i] − VTHF[i + 8].

hose transistors (Eq. (7)); (b) in the following step the thresh-
lds of the transistors in cluster T0 increase, so the differential
esponse is negative (Eq. (7)); (c) after hybridization with P1
he net electric charge on the transistor of cluster T1 increase
nd the differential response is, again, positive; finally (d) after
ybridization with P0 the response is negative again.

Averaging the differential responses of each cluster, as done
n Fig. 6, makes the detection even more robust. It is remarkable
o note that the average peak for STEP P1 is very similar to the
eak of STEP T1, thus proving that the same amount of charge
so molecules) were immobilized on the surface after hybridiza-
ion. The same cannot be said for STEP P0, but this last measure
as done 1 week after all the other steps were performed and

t is likely that the immobilized molecules partially degenerated
o causing an inefficient hybridization. This statistical approach
s quite common in DNA chips and could be easily implemented

n future versions of the device, making use of smaller sensors.
n fact, decreasing at the same time the control capacitor and the
ctive area do not affect the sensitivity of the sensor (Eq. (6)).

Fig. 5. Differential threshold voltages after fixed pattern noise removal.
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ig. 6. Average differential threshold voltage calculated on the overall cluster
or each event: AV T1 (STEP T1), AV T0 (STEP T0), AV P1 (STEP P1) and
V P0 (STEP P0).

oreover, since the sensor are integrated in a standard CMOS
hip, addressing and multiplexing circuitry would be available
t no cost.

. Discussion

The proposed device is able to detect an electric charge bound
n the surface of its active area. With respect to many other
evices developed to this purpose (such as the ISFET and its
erivatives or other sensors for hybridization detection based on
eld-effect [6,7]), this biosensor has the advantage of being com-
letely integrated in a standard CMOS process. The transistor is
standard, native device of the process and no special manufac-

uring is needed to prepare the gate-oxide, as happens in many
xposed-gate devices. In this way, charge sensitivity is increased
ecause the sensing field-effect is not realized through the gate-
xide, but rather through the organic/inorganic interface (Eq.
3)) which is made-up of a thin and self-assembled molecular
ayer. Moreover, the electric field generated by the molecules is
ot needed to turn on the transistor, since the capability of turning
n the FET is due to the presence of the integrated control-
lectrode VC coupled to the floating-gate of the MOS transistor
y control capacitor. In such a way, the detection mechanism is
riggered by differences in the effective threshold voltage and
ot by absolute values, so the minimum amount of detectable
olecules is not limited by the threshold voltage of the MOS.
orever, each sensor in the chip has its own integrated counter-

lectrode which can be individually addressed allowing for the
mplementation of closed-loop readout circuitry involving only
ilicon devices and not the bulk of the solution containing the
olecules.
The basic operational principle can be further improved at

ircuit level, adding features for signal processing, filtering,
mplification and conditioning. It should be noted that the same

pproach could be applied to any other bioprocess recognition
roblem implying a change in electric charge. For these reasons
he device allows the realization of highly integrated arrays with
housands of active sites, direct detection and fully electronic
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eadout capabilities. The electronic readout is also attractive for
he possibility of implementing portable and/or disposable med-
cal kits.
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