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Abstract

We report the label-free detection of DNA hybridization using a metal–insulator–semiconductor (MIS) diode or capacitor. Upon immo-
bilization of single-stranded DNA on the gold gate of a MIS capacitor, the capacitance versus voltage characteristics show a significant
shift in the direction of negative voltages as expected from the immobilization of negative charges on the gate. The hybridization with the
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omplementary strand gives rise to a further significant shift in the same direction as before, which is consistent with the increase
harges on the gate brought about by the hybridization. Fluorescence studies indicate that the immobilization and hybridization o
e electrostatically promoted by electric fields externally applied to the MIS capacitors. The MIS diode detection method is applic
iomolecular interactions that affect the surface dipole at the interface between the metal gate and the electrolyte and can be exten
hemical and biochemical systems such as proteins and cells.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The ability to detect biomolecular interactions is of ex-
reme importance in medical, pharmaceutical and biotech-
ical research and development. One commonly employed
ethod for the detection of such interactions is the optical de-

ection: known probe molecules are immobilized at selected
ocations, target molecules are labelled with fluorophors and
nteraction with a complementary probe is evidenced from the
resence of fluorescence at the probe’s location. This method

s expensive and difficult to implement in portable instrumen-
ation. A possible way to overcome these drawbacks is by
eveloping a label-free electrical detection platform.

We report here the sensing of DNA hybridization with
etal–insulator–semiconductor (MIS) devices. The depen-
ence of the capacitance of MIS diodes upon an applied volt-
ge, referred to as capacitance–voltage (C–V) characteristics,

∗ Corresponding author. Tel.: +44 1223 765735; fax: +44 1223 332662.
E-mail address:pme22@cam.ac.uk (P. Estrela).

is well known (see for instanceSze, 1981). When the capac
tance of the MIS diode is measured by placing the gate m
in contact with an electrolyte and the voltage is meas
with respect to a reference electrode in contact with the
trolyte, a shift along the voltage axis of theC–V characteris
tics is expected when compared to the ‘dry’ characteris
This is due to the surface dipole magnitudeχ at the inter
face between the metal gate and the electrolyte, the pot
across the electrochemical double layerϕ0 and other potentia
drops (e.g. the reference electrode). The presence of im
bilized chemical species results in further change of� and
therefore in a further shift of theC–V characteristics. The
changes are brought about by different microscopic phe
ena, such as the charge distribution in the immobilized ch
ical species, interaction between the functionalized gate
the electrolyte, like chemisorption or physisorption of e
trolyte molecules. This in turn affectsϕ0. When the prob
molecules interact with their bioconjugate, further chan
in χ andϕ0 occur. For instance, when a gate functional
with a given strand of DNA probe is exposed to a target
956-5663/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2004.08.010
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the complementary strand, hybridization occurs. Since the
total negative charge carried by the hybridized molecule is
approximately twice that of the single-stranded oligomer,χ

andϕ0 change. By contrast, when the functionalized gate is
exposed to a non-complementary strand, no binding occurs
and the above parameters are unchanged. Hence, the shift,
or other changes in theC–V characteristics, can be used to
detect DNA hybridization.

If there are areas of the gate metal that are not covered by
the probe molecules and are therefore exposed to the elec-
trolyte, the effectiveness of the method can be reduced. For
this reason, molecules that are inert to the target and carry a
much lower charge (spacer molecules) can be used to passi-
vate these areas. If the distance between the probe molecules
is larger that the Debye length in the electrolyte (Bard and
Faulkner, 2001), the effectiveness of the method is also re-
duced. The density of probes can be controlled by applying a
voltage to the gate metal or the back contact, while the Debye
length can be controlled by changing the ionic concentration
of the solution.

The technique is applicable to any biomolecular in-
teractions that affect the surface potential at the metal
gate/electrolyte interface and can be extended to other chem-
ical and biological systems such as proteins and cells.
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Single-stranded DNA (ssDNA) consisting of 20 base pairs
of Adenine and modified on the 5′ end by HS-(CH2)6-PO4-
(CH2CH2O)6-ssDNA was immobilized on the gold using a
concentration of 1�M in a 1 M potassium phosphate buffer
pH 7.0 containing 1 M NaCl and 1 mM ethylene diamine
tetraacetic acid (EDTA). After immobilization, the substrate
was washed with pure H2O and 10 mM NaCl containing
10 mM EDTA. Mercaptohexanol, HS-(CH2)6-OH, was sub-
sequently immobilized as a spacer in a concentration of
1 mM in 1 M potassium phosphate buffer pH 7.0 containing
1 M NaCl and 1 mM EDTA. After the immobilization of the
spacer, the substrate was rinsed with H2O and NaCl/EDTA.
Alternatively, both the ssDNA and mercaptohexanol can be
simultaneously immobilized onto the gold using a molar ratio
of 1:1. Complementary DNA strands consisting of 20 base
pairs of Thymine and non-complementary strands consisting
of 20 base pairs of Adenine were used in a concentration of
1�M in 1 M phosphate buffer pH 7.0 with 1 M NaCl. After in-
teraction, the substrate was again washed with H2O. In some
experiements, a positive voltage was applied to the metal in
order to accelerate the immobilization and hybridization pro-
cesses.

2.2. Sample characterization
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. Materials and methods

.1. Sample preparation

Boron-doped single-crystalline p-type silicon wafers w
esistivity 6–12� cm and a 50 nm of thermally grown si
on oxide were purchased from WaferNet. A dot of 3 mm
iameter, consisting of a layer of Cr 10 nm thick follow
y 100 nm Au was evaporated on the oxide and serve

he metal gate. A 100 nm Al layer was evaporated on th
ack surface in order to provide an ohmic contact (here
eferred as back-contact). As some regions of the insu
ight be exposed to the electrolyte, the protection of t

egions was done by using silicone rubber and/or Teflon
hich are chemically inert and electrically insulating mat
ls. The passivation layer also partly covers the metal ga
rder to avoid penetration of the electrolyte through the e
f the metal. An electrical connection can be made dire

o the metal gate and under the passivation layer in ord
ontrol the immobilization and/or hybridization times as w
s the concentration of immobilized probes and effective
f the interaction mechanism. Alternatively a potential
e applied between the back-contact of the MIS structure

he electrolyte.
DNA oligonucleotides were purchased from the Pro

nd Nucleic Acid Chemistry facility of the Cambridge U
ersity Biochemistry Department. All other chemicals use
he sample preparation were purchased from Sigma–Ald
ll aqueous solutions as well as the rinsing steps were
ared with ultra-pure water.
Fluorescence images of labelled DNA were obtained
Tokyo Instruments Nanofinder and quartz crystal micro
nce measurements were performed using a AffinixQ

nitium. The capacitance versus voltage characteristics o
etal–insulator–semiconductor structures were measur
eans of electrochemical impedance using a Gamry In
ents Femtostat with Ag/AgCl and Pt electrodes purch

rom BAS. The gold gate is placed in contact with a pH
lectrolyte of 5 mM phosphate buffer containing 5 mM Na
bias voltage between−1 and +3 V is applied on the bac

ontact of the MIS structure with respect to a Ag/AgCl re
nce electrode immersed in the electrolyte. A 10 or 20 mV
oltage with frequency of 1 kHz is superimposed to the
oltage. The AC current is measured with the help of a
num wire acting as a counter electrode in a standard t
lectrode electrochemical arrangement (Fig. 1). The contro
f the applied voltage as well as the measurement of cu
nd calculation of the complex impedance is done usi
otentiostat connected to a computer. Although only th
ults obtained at a frequency of 1 kHz will be here prese
ll samples were also measured at 100 Hz and 10 kHz
elative shifts observed for all frequencies are similar. A
o hysteretic effects were observed in any of the sampl

The capacitance of the MIS diode depends on the vo
pplied between the gate and the back contact in a well k
ay. Different contributions to the capacitance are pre

he electrochemical double layer (Cdl), the capacitance of th
ielectric layer (Cox) and the space charge layer in the se
onductor (Csc). Typical values for the double layer capa
ance range between 1 and 50�F cm−2, while the combine
apacitance of the 50 nm oxide layer andCsc is always les
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Fig. 1. Diagram of the metal–insulator–semiconductor structures with back-
contact and passivation.

than 69 nF cm−2. Since the capacitance contributions are in
series,Cdl and changes inCdl will have a negligible effect
on the total capacitance of the system. By applying an ex-
ternal potential between the metal gate and the back of the
semiconductor, three different regimes will be observed: in-
version, depletion and accumulation. In the inversion regime,
for a frequency of excitation higher than∼10 Hz, the capac-
itance of the system isC≈CoxCsc/(Cox +Csc) and increases
to reachCox in accumulation regime.

In these conditions, the total capacitance of the system
will be given, in first approximation, byC = −1/ωZ′′, where
ω is the frequency of the AC signal andZ′′ is the imaginary
part of the measured impedance.

3. Results and discussion

3.1. Electrical detection

Fig. 2 shows theC–V characteristics for three cases: (1)
ssDNA with spacers; (2) ssDNA with spacers after exposure

F anded
D line)
a e val-
u

to a non-complementary target; (3) ssDNA with spacers after
exposure to the complementary target. The voltage is applied
between the back-contact and the Ag/AgCl reference elec-
trode and referred to the latter. For this sample, the ssDNA
probe was immobilized on the gold gate for 3 h. In order
to avoid a situation were the metal gate is floating, a po-
tential of−0.3 V was applied on a platinum wire immersed
on the solution containing the DNA with respect to the Al
back-contact. Mercaptohexanol was subsequently immobi-
lized for 1 h. The complementary DNA strand was deposited
on top of the substrate for 1 h applying a−0.3 V potential
as before. As a control, a non-complementary DNA strand
in the same concentration and buffer as the complementary
one was used. DNA sequences and other conditions were as
described inSection 2.1. The characteristics show negligi-
ble change upon exposure to the non-complementary strand.
Upon hybridization with the complementary strand however
there is a significant shift of about 170 mV in the direction of
negative voltages, as expected from the increase of negative
charges on the gate brought about by the hybridization. In
this way, label-free electrical detection of DNA is achieved.

Immunochemically sensitive field effect transistors have
for long been described in the literature (seeJanata, 1992for
a review), namely in trying to detect the change in charge
caused upon antibody–antigen interactions. A fundamental
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ig. 2. Capacitance versus voltage curves of a MIS diode for single-str
NA (hollow circles), after adding a non-complementary strand (dot
nd after adding a complementary strand (full circles). The capacitanc
es have been normalized to the capacitance of the oxide layer.
roblem with the devices described in the literature is
act that the change in charge takes place outside the
elmholtz layer due to the large size of the immunolog
olecules involved, so all change in charge is screened b
on-specifically adsorbed ions at the outer Helmholtz la
ne way to overcome this is to use self-assembled mon
rs (SAMs), namely of thiolated hydrocarbon chains. F
ffect devices without the metal gate have been empl

o detect DNA hybridization. The probes were immobili
nto silicon (Cai et al., 2004) or silicon based insulators su
s silicon oxide (Souteyrand et al., 1997; Cloarec et al., 20)
nd silicon nitride (Berney et al., 2000). We believe that th

ormation of self-assembled monolayers onto Au subst
ia thiolated hydrocarbon chains has some advantages
hemistry is well know and the SAM formation and can
chieved with one single biochemical step (Nuzzo and Allara
983; Wink et al., 1997). The formation of the SAM occurs

wo phases. Due to the strong affinity of the sulphur atom
old there is initially a fast adsorption process of the thiol
hains. A slower process then occurs where the SAM is s

ized by van der Waals interactions between the hydroca
hains, forming an almost crystalline structure (Collard and
ox, 1991). Biomolecules pre-modified with a thiol gro
an then be easily assembled onto Au substrates simp
lacing a solution containing the modified biomolecule
ontact with the gold substrate for a certain period of t
he immobilization time and the probe concentration ca
ontrolled by applying a voltage between the gold sub
nd the solution. The result is the reproducible forma
f monolayers of biomolecules. Furthermore, semicon

ors and insulator surfaces, such as silicon, silicon oxide
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silicon nitride are subject to uncontrolled modifications and
contaminations, which add to the problem of achieving re-
producible assays. On the contrary, inert metals such as Au
or Pt are immune to oxidation and their surface can be ren-
dered clean and reproducible by chemical etching, chemical
or plasma cleaning, thermal annealing, etc.

3.2. Effect of external electric fields

The immobilization or interaction of electrically charged
molecules, such as DNA, can be promoted by applying a
voltage between the metal gate or the back-contact and an
electrode in the solution containing the biological molecules.
The applied voltage on the metal gate must be attractive for
the charges in the biomolecules. The electric field will help
offset the repulsion on the negative charges of probe and
target DNA molecules (Sosnowski et al., 1997). Also, the
orientation of the DNA molecules immobilized on gold can
be controlled with applied electric fields (Kelley et al., 1998).

We carried out a systematic study of the effect of electric
fields on the immobilization of ssDNA on the MIS structures
and its hybridization with the complementary strand, using
DNA labelled with fluorescence tags. In order to properly
observe fluorescence, especially when using gold substrates
with high back-fluorescence, a clear contrast between the ar-
e ced.
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One of the problems of applying a voltage via the Si back-
contact is that most of the voltage is going to fall on the
silicon oxide. Considering that the value of capacitance of
the oxideCox = 69 nF cm−2 is much smaller than the typical
capacitance values observed for this type of double-layers
(Cdl ∼ 30�F cm−2 for gold andCdl ∼ 3�F cm−2 for gold
with a SAM and ssDNA), approximately only 1/400 of the
applied voltage will fall on the double-layer for bare Au. As
DNA starts to immobilize on the surface,Cdl will decrease
and therefore the voltage that will fall on it will increase.
However, even after the eventual full formation of a DNA
monolayer, only approximately 1/40 of the applied voltage
will have an effect on the promotion of DNA immobilization.
In order to avoid this situation, the voltage should be applied
directly on the gold dot with respect to the Pt electrode in the
solution. A polyimide tape coated with gold was placed in
contact with the gold dot and protected with Teflon tape. The
potential can then be applied on the Pt electrode immersed in
the solution with respect to the gold coated polyimide tape.
The back of the silicon was kept grounded during the electric
field assisted immobilization and/or hybridization of DNA.

Fig. 3shows the fluorescence images obtained for applied
voltages between 0 and−1 V versus Au during the immobi-
lization of mercaptohexanol and poly-A with a TAMRA tag
for a period of only 10 min. The results clearly show that the
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as with and without fluorescing DNA has to be produ
o achieve this, we used Teflon tape to mask the silicon

de and the edges of the gold dot during the DNA imm
ilization and/or hybridization process. Prior to analyse
uorescence of the samples, the tape needs to be remo
rder to properly focus the scanning confocal microscop
oth areas with and without DNA. After removing the ta
emains of the glue stay on the sample and a few fluore
ags might attach themselves to the glue during washing
hough at the edges of the tape high concentration of flu
ence is normally present, a clear difference in fluoresc
an be observed between the gold regions inside and o
his glue ring.

At an initial stage, an electric field was applied dur
he ssDNA immobilization process. The voltage was app
etween a Pt wire immersed in the solution and the Si b
ontact of the MIS structures. Voltages between 0 and−15 V
ere applied during 10 min at the Pt electrode during th
ultaneous immobilization of 2.5�M of mercaptohexano
nd 2.5�M of ssDNA. The ssDNA used was a 20-mer po
sequence modified with a thiolated (CH2)6 chain and PEG

t the 5′ end and a TAMRA fluorescent tag with emiss
avelengthλe = 580 nm at the 3′ end. Under normal cond

ions, immobilization of ssDNA onto Au substrates for o
0 min will produce an inhomogeneous layer with low D
ensity. The fluorescence patterns observed show tha

ow voltages, very little DNA is immobilized and upon
reasing the voltage larger regions with fluorescence st
e observed. A voltage of around−10 V is necessary to pr
uce large areas of dense DNA and for−15 V homogeneou
amples are formed.
lectric field promotes the immobilization of DNA. When
oltage is applied (Fig. 3a), only a few isolated fluoresce
pots are observed and for−0.3 V more fluorescence starts
e observed (Fig. 3b). Large areas of DNA are present wh
potential of−0.5 V is applied (Fig. 3c) and a dense layer
sDNA is formed upon a field of−1 V applied for only 10 min
Fig. 3d). For higher voltages, electrochemical peeling o
old dot starts to occur. If a voltage of−1 V is applied during

ig. 3. Fluorescence images taken over an area of 100�m × 100�m on
IS diodes after immobilization of ssDNA with TAMRA tags and spa
olecules with a voltage of 0 V (a),−0.3 V (b),−0.5 V (c) and−1 V (d)
pplied for 10 min between a Pt electrode immersed in the solution a
old gate.
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Fig. 4. Fluorescence image taken over an area of 100�m × 100�m after
hybridization of DNA with the target molecules labelled with HEX tags. The
hybridization was performed a voltage of−1 V applied for 3 min between a
Pt electrode immersed in the solution and the gold gate.

the immobilization process for a period of only 5 min, high
density of fluorescence is observed in some areas of the gold
gate, while some other areas show low fluorescence intensity,
indicating a partial formation of a dense ssDNA layer.

The effect of an electric field on the hybridization process
was also studied. ssDNA with TAMRA tags was immobilized
without electric fields on the MIS substrates for 4 h, which
should yield an homogeneous and dense surface. The com-
plementary strand with HEX tags (λe = 556 nm) was then
placed in contact with the substrate for only 3 min with and
without an applied voltage. Taking into account the emission
wavelengths of the tags used, the fluorescence of each tag can
be individually filtered. By probing the DNA fluorescence, it
was observed that a few regions on the sample where no volt-
age was applied show weaker target fluorescence than probe

F injectio gethe
s es of T

fluorescence, which is consistent with the fact that hybridiza-
tion does occur but with a low efficiency. On the other hand,
when a voltage of−1 V is applied for 3 min, high density of
target DNA is observed (Fig. 4) and no significant difference
is observed on the intensity of fluorescence of the tags on the
DNA probes and the tags on the DNA targets, indicating that
high hybridization efficiency occurs in just 3 min when an
electric field is applied.

The immobilization and hybridization processes for the
particular DNA strands used was also monitored by quartz
crystal microbalance measurements without an electric field.
Fig. 5 shows the effect of the immobilization of a poly-A
sequence and its hybridization with poly-T. Upon immobi-
lization, a frequency change of�fss = −305 Hz is observed
after 45 min (Fig. 5a). A frequency decrease of 1 Hz corre-
sponds to a mass increase on the gold substrate of 30 pg for
our experimental set-up. Taking into account the molecular
weight of the modified ssDNA and the spacer molecules,
the observed frequency variation corresponds to the immobi-
lization of 1.7× 1013 ssDNA molecules per cm2, assuming
that the ssDNA and the spacer molecules are immobilized
in identical proportions. Hybridization with the complemen-
tary poly-T sequence is very fast and after 3 min a frequency
change of only�fds = −140 Hz is observed (Fig. 5b), which
corresponds to a partial hybridization of only circa 45% of the
i act
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h with
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w

ig. 5. Relative quartz crystal microbalance frequency change upon
pacer molecules and (b) complementary strand consisting of 20 bas
n of: (a) single-stranded DNA consisting of 20 bases of Adenine, tor with
hymine.

mmobilized ssDNA. This result is consistent with the f
hat, with no applied field, low intensity fluorescence fr
he target DNA is observed, albeit evenly spread thro
ut the sample. The high intensity fluorescence observ

he case where an electric field is applied, clearly indic
hat under 3 min the efficiency of hybridization is highly
anced. As a control, non-complementary DNA strands
y3 fluorescent tags (λe = 570 nm) were placed in conta
ith the samples modified with ssDNA under the same
itions as before. No fluorescence of the target molec
as observed in this case, which indicates that applyin
lectric field does not promote any non-specific interac
ith a non-complementary strand.
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Fig. 6. Capacitance vs. voltage curves of a MIS diode for bare gold (full
line), after field assisted immobilization of single-stranded DNA (hollow
circles) and after field assisted hybridization with a complementary strand
(full circles). The capacitance values have been normalized to the capacitance
of the oxide layer.

Fig. 6 shows the capacitance versus voltage characteris-
tics of a MIS diode where both the immobilization of ssDNA
and its hybridization with a complementary strand were as-
sisted with an electric field applied between a Pt electrode
immersed in the solutions containing the DNA and the gold
gate of the MIS diode. A potential of−1 V was applied for
15 min during the simultaneous immobilization of 1�M of
20-mer poly-A thioled DNA and 1�M of mercaptohexanol.
The figure shows theC–V curves obtained before and af-
ter the ssDNA immobilization. A shift of−190 mV is ob-
served. Hybridization with 1�M of a complementary strand
was then performed for 5 min under a potential of−1 V. Af-
ter hybridization a further shift of−130 mV is observed on
theC–V characteristics. These results confirm that under the
influence of electric fields, both the immobilization and hy-
bridization processes are strongly promoted.

4. Conclusions

We have demonstrated label-free electrical detection of
biomolecular interactions using a metal–insulator–semico-
nductor diode. The technique has primarily been developed
for the detection of DNA hybridization but can be extended
to other biological systems. The presence of chemical species
i e in-
t lec-
t plied
t ca-
p ation
o aci-
t shift
i the
i omi-
n MIS
d

sulator compared with the SAM, DNA and electrochemical
double layer, which explains why rigid shifts are observed
upon DNA immobilization and hybridization. Microarrays
can be constructed where each individual MIS diode is im-
mobilized with a known DNA probe. The shifts observed are
quite substantial (∼150 mV), which makes the technique ex-
tremely promising for the development of low cost portable
systems.

The immobilization of ssDNA is clearly promoted by an
external electric field. Voltages of−1 V are sufficient to cre-
ate a dense ssDNA layer in 10 min, instead of the usual 1 h
normally required. More importantly, hybridization of DNA
is strongly promoted with an electric field and high DNA hy-
bridization efficiency can be obtained in just 3 min or less.
Reports in the literature (Fixe et al., 2003) suggest that fast
electric pulses can also be used to reduce the hybridization
time to the seconds range.

Work is presently being carried out in order to optimize
the conditions for the detection mechanism and determine the
sensitivity of the technique. Ideally, single nucleotide poly-
morphisms could be detected with the technique here de-
scribed. As the shifts observed depend mainly on the change
of charge density at the metal gate, the technique can also
prove useful for the detection of protein and cell interactions.

The same detection principle is presently being extended
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mmobilized on the metal gate results in a change of th
erfacial dipole affecting the potential drop across the e
rochemical double layer. This modulates the voltage ap
o the gate of the MIS device, resulting in a change of the
acitance versus voltage characteristics. Upon hybridiz
f DNA on the gold gate of a MIS capacitor, the cap

ance versus voltage characteristics show a significant
n the direction of negative voltages as expected from
mmobilization of negative charges on the gate. The d
ant impedance of the system is the capacitance of the
iode itself, due to the much lower capacitance of the SiO2 in-
o MIS field effect transistors using polycrystalline silic
hin film transistor technology. This technology, very w
eveloped for flat screen displays and available on plastic
trates, is very promising in view of producing multichan
ow cost, disposable biosensors and has already been s
o be applicable to pH and enzyme-based sensors (Yan et al.
004).
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