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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
complementary strand gives rise to a further significant shift in the same direction as before, which is consistent with the increase of negative
charges on the gate brought about by the hybridization. Fluorescence studies indicate that the immobilization and hybridization of DNA can
be electrostatically promoted by electric fields externally applied to the MIS capacitors. The MIS diode detection method is applicable to all
biomolecular interactions that affect the surface dipole at the interface between the metal gate and the electrolyte and can be extended to ott
chemical and biochemical systems such as proteins and cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is well known (see for instancgze, 198). When the capaci-
tance of the MIS diode is measured by placing the gate metal
The ability to detect biomolecular interactions is of ex- in contact with an electrolyte and the voltage is measured
treme importance in medical, pharmaceutical and biotech- with respect to a reference electrode in contact with the elec-
nical research and development. One commonly employedtrolyte, a shift along the voltage axis of thieV characteris-
method for the detection of such interactions is the optical de- tics is expected when compared to the ‘dry’ characteristics.
tection: known probe molecules are immobilized at selected This is due to the surface dipole magnituget the inter-
locations, target molecules are labelled with fluorophors and face between the metal gate and the electrolyte, the potential
interaction with acomplementary probe is evidenced fromthe across the electrochemical double laygand other potential
presence of fluorescence at the probe’s location. This methoddrops (e.g. the reference electrode). The presence of immo-
is expensive and difficult to implementin portable instrumen- bilized chemical species results in further changg aind
tation. A possible way to overcome these drawbacks is by therefore in a further shift of th€-V characteristics. These
developing a label-free electrical detection platform. changes are brought about by different microscopic phenom-
We report here the sensing of DNA hybridization with ena, such as the charge distribution in the immobilized chem-
metal-insulator—semiconductor (MIS) devices. The depen-ical species, interaction between the functionalized gate and
dence of the capacitance of MIS diodes upon an applied volt- the electrolyte, like chemisorption or physisorption of elec-
age, referred to as capacitance—voltdgeV) characteristics,  trolyte molecules. This in turn affectgy. When the probe
molecules interact with their bioconjugate, further changes
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the complementary strand, hybridization occurs. Since the  Single-stranded DNA (ssDNA) consisting of 20 base pairs
total negative charge carried by the hybridized molecule is of Adenine and modified on the Bnd by HS-(CH)g-POy-
approximately twice that of the single-stranded oligomer, (CH2CH20)s-ssDNA was immobilized on the gold using a
andgg change. By contrast, when the functionalized gate is concentration of LM in a 1 M potassium phosphate buffer
exposed to a non-complementary strand, no binding occurspH 7.0 containing 1M NaCl and 1 mM ethylene diamine
and the above parameters are unchanged. Hence, the shiftetraacetic acid (EDTA). After immobilization, the substrate
or other changes in the-V characteristics, can be used to was washed with pure #0 and 10 mM NacCl containing
detect DNA hybridization. 10 mM EDTA. Mercaptohexanol, HS-(Gh-OH, was sub-

If there are areas of the gate metal that are not covered bysequently immobilized as a spacer in a concentration of
the probe molecules and are therefore exposed to the elecd mM in 1 M potassium phosphate buffer pH 7.0 containing
trolyte, the effectiveness of the method can be reduced. Forl M NaCl and 1 mM EDTA. After the immobilization of the
this reason, molecules that are inert to the target and carry aspacer, the substrate was rinsed witCHand NaCI/EDTA.
much lower charge (spacer molecules) can be used to passiAlternatively, both the ssDNA and mercaptohexanol can be
vate these areas. If the distance between the probe moleculesimultaneously immobilized onto the gold using a molar ratio
is larger that the Debye length in the electrolyBald and of 1:1. Complementary DNA strands consisting of 20 base
Faulkner, 200}, the effectiveness of the method is also re- pairs of Thymine and non-complementary strands consisting
duced. The density of probes can be controlled by applying aof 20 base pairs of Adenine were used in a concentration of
voltage to the gate metal or the back contact, while the Debye 1 uMin 1 M phosphate buffer pH 7.0 with 1 M NaCl. Afterin-
length can be controlled by changing the ionic concentration teraction, the substrate was again washed wi#t Hn some
of the solution. experiements, a positive voltage was applied to the metal in

The technique is applicable to any biomolecular in- orderto accelerate the immobilization and hybridization pro-
teractions that affect the surface potential at the metal cesses.
gate/electrolyte interface and can be extended to other chem-
ical and biological systems such as proteins and cells. 2.2. Sample characterization

Fluorescence images of labelled DNA were obtained with

2. Materials and methods a Tokyo Instruments Nanofinder and quartz crystal microbal-
ance measurements were performed using a AffinixQ from
2.1. Sample preparation Initium. The capacitance versus voltage characteristics of the

metal—insulator—semiconductor structures were measured by

Boron-doped single-crystalline p-type silicon wafers with  means of electrochemical impedance using a Gamry Instru-
resistivity 6-1X2 cm and a 50 nm of thermally grown sili-  ments Femtostat with Ag/AgCl and Pt electrodes purchased
con oxide were purchased from WaferNet. A dot of 3mm in from BAS. The gold gate is placed in contact with a pH 7.0
diameter, consisting of a layer of Cr 10 nm thick followed electrolyte of 5 mM phosphate buffer containing 5 mM NacCl.
by 100 nm Au was evaporated on the oxide and served asA bias voltage betweer1 and +3V is applied on the back-
the metal gate. A 100 nm Al layer was evaporated on the Si contact of the MIS structure with respect to a Ag/AgCl refer-
back surface in order to provide an ohmic contact (hereafter ence electrode immersed in the electrolyte. A10or 20 mV AC
referred as back-contact). As some regions of the insulatorvoltage with frequency of 1 kHz is superimposed to the bias
might be exposed to the electrolyte, the protection of these voltage. The AC current is measured with the help of a plat-
regions was done by using silicone rubber and/or Teflon tape,inum wire acting as a counter electrode in a standard three-
which are chemically inert and electrically insulating materi- electrode electrochemical arrangemetig( 1). The control
als. The passivation layer also partly covers the metal gate inof the applied voltage as well as the measurement of current
orderto avoid penetration of the electrolyte through the edgesand calculation of the complex impedance is done using a
of the metal. An electrical connection can be made directly potentiostat connected to a computer. Although only the re-
to the metal gate and under the passivation layer in order tosults obtained at a frequency of 1 kHz will be here presented,
control the immobilization and/or hybridization times as well all samples were also measured at 100 Hz and 10kHz. The
as the concentration of immobilized probes and effectivenessrelative shifts observed for all frequencies are similar. Also,
of the interaction mechanism. Alternatively a potential can no hysteretic effects were observed in any of the samples.
be applied between the back-contact of the MIS structure and  The capacitance of the MIS diode depends on the voltage
the electrolyte. applied between the gate and the back contactin a well known

DNA oligonucleotides were purchased from the Protein way. Different contributions to the capacitance are present:
and Nucleic Acid Chemistry facility of the Cambridge Uni- the electrochemical double lay&), the capacitance of the
versity Biochemistry Department. All other chemicalsusedin dielectric layer Cox) and the space charge layer in the semi-
the sample preparation were purchased from Sigma—Aldrich.conductor Csc). Typical values for the double layer capaci-
All aqueous solutions as well as the rinsing steps were pre-tance range between 1 and;oBcn 2, while the combined
pared with ultra-pure water. capacitance of the 50 nm oxide layer &g is always less
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to a non-complementary target; (3) sSsSDNA 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 3h. In order
to avoid a situation were the metal gate is floating, a po-
tential of —0.3V 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-#.3V 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
Fig. 1. Diagram of the metal-insulator—semiconductor structures with back- described inSection 2.1 The characteristics show negligi-
contact and passivation. ble change upon exposure to the non-complementary strand.
Upon hybridization with the complementary strand however
than 69 nF cm?. Since the capacitance contributions are in there is a significant shift of about 170 mV in the direction of
series,Cqi and changes i€q will have a negligible effect  negative voltages, as expected from the increase of negative
on the total capacitance of the system. By applying an ex- charges on the gate brought about by the hybridization. In
ternal potential between the metal gate and the back of thethis way, label-free electrical detection of DNA is achieved.
semiconductor, three different regimes will be observed: in-  Immunochemically sensitive field effect transistors have
version, depletion and accumulation. In the inversion regime, for long been described in the literature (Se@ata, 199fr
for a frequency of excitation higher tharll0 Hz, the capac-  a review), namely in trying to detect the change in charge
itance of the system i§ ~ CoxCsd/(Cox + Csc) and increases  caused upon antibody—antigen interactions. A fundamental
to reachCoy in accumulation regime. problem with the devices described in the literature is the
In these conditions, the total capacitance of the systemfact that the change in charge takes place outside the outer
will be given, in first approximation, b€ = —1/wZ”, where Helmholtz layer due to the large size of the immunological
w is the frequency of the AC signal aiZ is the imaginary molecules involved, so all change in charge is screened by the
part of the measured impedance. non-specifically adsorbed ions at the outer Helmholtz layer.
One way to overcome this is to use self-assembled monolay-
ers (SAMs), namely of thiolated hydrocarbon chains. Field

3. Results and discussion effect devices without the metal gate have been employed
to detect DNA hybridization. The probes were immobilized
3.1. Electrical detection onto silicon Cai et al., 200¥or silicon based insulators such

as silicon oxide$outeyrand et al., 1997; Cloarec et al., 2002
Fig. 2 shows theC-V characteristics for three cases: (1) and silicon nitride Berney et al., 2000 We believe that the
ssDNA with spacers; (2) ssDNA with spacers after exposure formation of self-assembled monolayers onto Au substrates
via thiolated hydrocarbon chains has some advantages. The

10 chemistry is well know and the SAM formation and can be
achieved with one single biochemical stdlu¢zo and Allara,
08F 1983; Wink et al., 199) The formation of the SAM occurs in
two phases. Due to the strong affinity of the sulphur atoms to
w O6F gold there is initially a fast adsorption process of the thiolated
N chains. A slower process then occurs where the SAM is stabi-
S 04 lized by van der Waals interactions between the hydrocarbon
chains, forming an almost crystalline structu@o(lard and
02} o 20-mer single strand - Fox, 199). Biomolecules pre-modified with a thiol group
“““““ non-complementary strand can then be easily assembled onto Au substrates simply by
—s— complementary strand . . .. . . .
0.0 L L L L L L placing a solution containing the modified biomolecules in

1005 00 05 10 15 20 25 contact with the gold substrate for a certain period of time.

Vivs AgIAgCI (V) The immobilization time and the probe concentration can be
controlled by applying a voltage between the gold substate
Fig. 2. Capacitance versus voltage curves of a MIS diode for single-stranded d th Iyt' PP %’hg It g th d k?| i ti
DNA (hollow circles), after adding a non-complementary strand (dot line) an € solution. . € resuitis the reproducible O_rma lon
and after adding a complementary strand (full circles). The capacitance val- Of monolayers of biomolecules. Furthermore, semiconduc-
ues have been normalized to the capacitance of the oxide layer. tors and insulator surfaces, such as silicon, silicon oxide and
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silicon nitride are subject to uncontrolled modifications and  One of the problems of applying a voltage via the Si back-
contaminations, which add to the problem of achieving re- contact is that most of the voltage is going to fall on the
producible assays. On the contrary, inert metals such as Ausilicon oxide. Considering that the value of capacitance of
or Pt are immune to oxidation and their surface can be ren-the oxideCox = 69 nF cnm2 is much smaller than the typical
dered clean and reproducible by chemical etching, chemicalcapacitance values observed for this type of double-layers

or plasma cleaning, thermal annealing, etc. (Cai ~ 30wF cmi2 for gold andCq ~ 3 wF cm2 for gold
with a SAM and ssDNA), approximately only 1/400 of the
3.2. Effect of external electric fields applied voltage will fall on the double-layer for bare Au. As

DNA starts to immobilize on the surfac€q will decrease

The immobilization or interaction of electrically charged and therefore the voltage that will fall on it will increase.
molecules, such as DNA, can be promoted by applying a However, even after the eventual full formation of a DNA
voltage between the metal gate or the back-contact and ammonolayer, only approximately 1/40 of the applied voltage
electrode in the solution containing the biological molecules. will have an effect on the promotion of DNA immobilization.
The applied voltage on the metal gate must be attractive for In order to avoid this situation, the voltage should be applied
the charges in the biomolecules. The electric field will help directly on the gold dot with respect to the Pt electrode in the
offset the repulsion on the negative charges of probe andsolution. A polyimide tape coated with gold was placed in
target DNA moleculesSosnowski et al., 1997 Also, the contact with the gold dot and protected with Teflon tape. The
orientation of the DNA molecules immobilized on gold can potential can then be applied on the Pt electrode immersed in
be controlled with applied electric fieldkélley et al., 1998 the solution with respect to the gold coated polyimide tape.

We carried out a systematic study of the effect of electric The back of the silicon was kept grounded during the electric
fields on the immobilization of SSDNA on the MIS structures field assisted immobilization and/or hybridization of DNA.
and its hybridization with the complementary strand, using  Fig. 3shows the fluorescence images obtained for applied
DNA labelled with fluorescence tags. In order to properly voltages between 0 andl V versus Au during the immobi-
observe fluorescence, especially when using gold substratedization of mercaptohexanol and poly-A with a TAMRA tag
with high back-fluorescence, a clear contrast between the arfor a period of only 10 min. The results clearly show that the
eas with and without fluorescing DNA has to be produced. electric field promotes the immobilization of DNA. When no
To achieve this, we used Teflon tape to mask the silicon ox- voltage is appliedKig. 3a), only a few isolated fluorescent
ide and the edges of the gold dot during the DNA immo- spots are observed and fef.3 V more fluorescence starts to
bilization and/or hybridization process. Prior to analyse the be observedFig. 3). Large areas of DNA are present when
fluorescence of the samples, the tape needs to be removed ta potential of-0.5V is applied Fig. 3c) and a dense layer of
order to properly focus the scanning confocal microscope on ssDNAis formed upon afield 6f1 V applied for only 10 min
both areas with and without DNA. After removing the tape, (Fig. 3d). For higher voltages, electrochemical peeling of the
remains of the glue stay on the sample and a few fluorescentgold dot starts to occur. If a voltage ofL V is applied during
tags might attach themselves to the glue during washing. Al-
though at the edges of the tape high concentration of fluores-
cence is normally present, a clear difference in fluorescence -
can be observed between the gold regions inside and outsid¢ =
this glue ring.

At an initial stage, an electric field was applied during
the ssDNA immobilization process. The voltage was applied
between a Pt wire immersed in the solution and the Si back-
contact of the MIS structures. Voltages between 0-ahf V
were applied during 10 min at the Pt electrode during the si-
multaneous immobilization of 245M of mercaptohexanol
and 2.5uM of ssDNA. The ssDNA used was a 20-mer poly-
A sequence modified with a thiolated (@i chain and PEG
at the 5 end and a TAMRA fluorescent tag with emission
wavelengthie = 580 nm at the '3end. Under normal condi-
tions, immobilization of ssSDNA onto Au substrates for only
10 min will produce an inhomogeneous layer with low DNA =1~
density. The fluorescence patterns observed show that, for__ """
low voltages, very little DNA is immobilized and upon in-
creasing the voltage larger regions with fluorescence start toFi9: 3. Fluorescence images taken over an area ofub0G« 100m on
be observed. A voltage of arourdL0 V/ is necessary to pro- MIS diodes gﬂer immobilization of ssSDNA with TAMRA tags and spacer

molecules with a voltage of 0V (a);0.3V (b), —0.5V (c) and—1V (d)
duce large areas of dense DNA and et5 V homogeneous  appilied for 10 min between a Pt electrode immersed in the solution and the
samples are formed. gold gate.
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s 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-1V is applied for 3 min, high density of
target DNA is observedH{g. 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 3min 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 affss= —305Hz 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,
Fig. 4. Fluorescence image taken over an area ofu00«< 100nm after the observed frequency variation corresponds to the immobi-
:ygr?g?zagon Oof DNA "fVith ths ;a;%i;msff\ll'? 'alli’:é'?grvéi::i':';zn‘;gl;zhe lization of 1.7 x 10 ssDNA molecules per cfnassuming

ridization was pertorme: . -
P)t/electrode imme?sed in the solutiogn and thepgold gate. _th?t thef SSDNA ar!d the Spa,CFf'r m,o'eCL,"eS are immobilized

in identical proportions. Hybridization with the complemen-

tary poly-T sequence is very fast and after 3 min a frequency
the immobilization process for a period of only 5min, high change of onlyAfys = —140 Hz is observedsig. 5b), which
density of fluorescence is observed in some areas of the goldcorresponds to a partial hybridization of only circa 45% of the
gate, while some other areas show low fluorescence intensityimmobilized ssDNA. This result is consistent with the fact
indicating a partial formation of a dense ssDNA layer. that, with no applied field, low intensity fluorescence from

The effect of an electric field on the hybridization process the target DNA is observed, albeit evenly spread through-
was also studied. ssDNA with TAMRA tags was immobilized out the sample. The high intensity fluorescence observed in
without electric fields on the MIS substrates for 4 h, which the case where an electric field is applied, clearly indicates
should yield an homogeneous and dense surface. The comthat under 3 min the efficiency of hybridization is highly en-
plementary strand with HEX tags.{ = 556 nm) was then  hanced. As a control, non-complementary DNA strands with
placed in contact with the substrate for only 3 min with and Cy3 fluorescent tags\g¢ = 570 nm) were placed in contact
without an applied voltage. Taking into account the emission with the samples modified with ssDNA under the same con-
wavelengths of the tags used, the fluorescence of each tag caditions as before. No fluorescence of the target molecules
be individually filtered. By probing the DNA fluorescence, it was observed in this case, which indicates that applying an
was observed that a few regions on the sample where no volt-electric field does not promote any non-specific interaction
age was applied show weaker target fluorescence than probevith a non-complementary strand.
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Fig. 5. Relative quartz crystal microbalance frequency change upon injection of: (a) single-stranded DNA consisting of 20 bases of Adenmwittogethe
spacer molecules and (b) complementary strand consisting of 20 bases of Thymine.
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1.0 sulator compared with the SAM, DNA and electrochemical
double layer, which explains why rigid shifts are observed
0.8 upon DNA immobilization and hybridization. Microarrays
can be constructed where each individual MIS diode is im-
0.6 mobilized with a known DNA probe. The shifts observed are
s quite substantial¢150 mV), which makes the technique ex-
2 04 tremely promising for the development of low cost portable
© systems.
02 b - Au | The immobilization of ssDNA is clearly promoted by an
:Zzgm external electric field. Voltages ef1 V are sufficient to cre-
00 . . . . . ate a dense ssDNA layer in 10 min, instead of the usual 1 h
0.0 05 1.0 15 2.0 2.5 3.0 normally required. More importantly, hybridization of DNA
Vs Ag/AGC| (V) is strongly promoted with an electric field and high DNA hy-

bridization efficiency can be obtained in just 3 min or less.
Fig. 6. Capacitance vs. voltage curves of a MIS diode for bare gold (full Reports in the literature~xe et al., 200Bsuggest that fast
line), after field assisted immobilization of single-stranded DNA (hollow  glectric pulses can also be used to reduce the hybridization
circleg) and after field gssisted hybridization with a cqmplementary strand time to the seconds range.
(fullcircles). The capacitance values have been normalized to the capacitance . . . . A
of the oxide layer. Work is presently being _carrled out in order to optlmlze

the conditions for the detection mechanism and determine the

sensitivity of the technique. Ideally, single nucleotide poly-

Fig. 6 shows the capacitance versus voltage characteris-morphisms could be detected with the technique here de-

tics of a MIS diode where both the immobilization of sSDNA scribed. As the shifts observed depend main|y on the Change
and its hybridization with a complementary strand were as- of charge density at the metal gate, the technique can also
sisted with an electric field applied between a Pt electrode prove useful for the detection of protein and cell interactions.
immersed in the solutions Containing the DNA and the gOld The same detection princip|e is present|y being extended
gate of the MIS diode. A potential 6f1V was applied for  to MIS field effect transistors using polycrystalline silicon
15 min during the simultaneous immobilization oful4 of thin film transistor technology. This technology, very well
20-mer poly-A thioled DNA and .M of mercaptohexanol.  developed for flat screen displays and available on plastic sub-
The figure shows th€-V curves obtained before and af-  strates, is very promising in view of producing multichannel,

ter the ssDNA immobilization. A shift 0F-190mV is ob-  |ow cost, disposable biosensors and has already been shown
served. Hybrldlzatlon with ﬂLM ofa Complementary strand to be app|icab|e to pH and enzyme_based SenMét a|_,
was then performed for 5 min under a potential-df V. Af- 20049).

ter hybridization a further shift of 130 mV is observed on
the C-V characteristics. These results confirm that under the
influence of electric fields, both the immobilization and hy-
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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 specie
immobilized on the metal gate results in a change of the in-
terfacial dipole affecting the potential drop across the elec-
trochemical double layer. This modulates the voltage applied
to the gate of the MIS device, resulting in a change of the ca-
pacitance versus voltage characteristics. Upon hybridization
of DNA on the gold gate of a MIS capacitor, the capaci- References
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