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Abstract

A critical evaluation of the possibilities and limitations of the label-free detection of deoxyribonucleic acid (DNA) hybridization by means
of field-effect-based devices is discussed. A new DNA-detection method is introduced, which utilizes an ion-sensitive field-effect device
as transducer. The upon the DNA hybridization induced redistribution of the ion concentration within the intermolecular spaces and/or the
alteration of the ion sensitivity of the device is proposed as detection mechanism. The theoretical calculations predict a substantial change
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. Introduction

Broad interest in deoxyribonucleic acid (DNA) acid
icroarrays or DNA chips and their growing use in genetics,
edicine and drug discovery is connected with their ability to
erform massive parallel sequence analysis of nucleic acids.
or instance, to date about 400 diseases are diagnosable by

he molecular analysis of nucleic acids, and this number is
aily increasing[1]. Most of the DNA-detection techniques
re based on a DNA-hybridization event. In DNA hybridiza-

ion, the target (unknown single-stranded DNA (ssDNA)) is
dentified by a probe ssDNA and a double-stranded (dsDNA)
elix structure with two complementary strands is formed.
he hybridization reaction is known to be highly efficient and
xtremely high specific in the presence of a mixture of many
ifferent non-complementary nucleic acids. The unique
omplementary nature of this binding reaction between the
ase pairs, i.e. adenine-thymine and cytosine-guanine, is the
asis for the high specificity of the biorecognition process.

n general, the commonly used DNA-detection techniques

∗

(radiochemical, enzymatic, fluorescent) are based on
detection of various labels or reagents and have been p
to be time-consuming, expensive and complex to implem
For the development of fast, simple, inexpensive
disposable genosensors, a direct label-free detection m
of DNA hybridization would be favourable. In literatu
different approaches for genosensors using different typ
transducer principles such as cyclovoltammetric, chron
tentiometric, capacitive, impedimetric, semiconductor fi
effect, etc. have been described. Recent efforts in the
of genosensors and DNA chips can be found in, e.g.[1–4].

The possibility of a label-free electrical detection
the DNA-hybridization utilizing semiconductor field-effe
sensors offers a new approach for a third generation of
chips with direct electrical readout for a fast, simple
in-expensive analysis of nucleic acid samples. The inh
miniaturization of such devices and their compatib
with advanced microfabrication technology can make t
very attractive for DNA diagnostics. Therefore, in rec
years, several attempts have been made to detect DN
its intrinsic molecular charge using field-effect devices,
capacitive electrolyte-insulator-semiconductor (EIS)
Corresponding author. Tel.: +49 2461 612605.

E-mail address:a.poghossian@fz-juelich.de (A. Poghossian). field-effect transistor (FET) structures[5–16]. A DNA–FET
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is obtained by immobilizing well-defined sequences of
ssDNA onto a field-effect transducer, which could convert
the specific recognition process between the two comple-
mentary DNA single strands into a measurable signal. In
most cases, the experimentally observed sensor response is
interpreted as a result of a shift of the flat-band or threshold
voltage of the field-effect structure, which arises from the
binding or hybridization of the immobilized ssDNA with its
complementary strand. There are, however, still insufficient
experimental results and correct theoretical models for such
DNA-modified field-effect devices that clearly explain their
functioning principle, detection mechanism and source of
the experimentally observed signal generation.

In this work, we will discuss the possibilities and limi-
tations of a label-free detection of DNA hybridization with
field-effect-based devices. A new DNA-detection method
using ion-sensitive field-effect devices will be presented.
The proposed method is based on the detection of the upon
the DNA hybridization induced redistribution of the ion
concentration within the DNA intermolecular spaces and/or
the alteration of the ion sensitivity of the field-effect device.

2. A critical evaluation of the direct detection of DNA
by its intrinsic molecular charge using field-effect
devices

er-
a itive
E and
e ices
w lator
m
l ous
s at-
t tc.)
a rom
2 -
t ons
( of
t ltage
s om
s re
b result
a of
t ell as
d rking
p ult.
I also
n and-
a enso
w ith
3 a
d
[ hich
a
d ?

What is the working principle of DNA–FETs without a
reference electrode as it was reported in[10,11,14], etc.?

In spite of the above described variety of DNA-sensor
designs and reported results, they all have some principal
limitations in common, which are mainly associated with
the functional principle proposed for these sensors. It
was suggested that in the binding event of the charged
macromolecules, in particular, in the event of hybridization
of the immobilized ssDNA with its complementary target
molecule, the charge associated with the target molecule
effectivelly changes the charge applied to the gate. This
could measurable alter the operating characteristics of the
field-effect device, e.g. the capacitance or flat-band voltage
of the EIS sensor as well as the threshold voltage or the
drain current of the FET-based device. In this way, a unique
possibility of a direct label-free detection of DNA hybridiza-
tion by means of FET devices could be given. However, it
seems that due to the so-called counter-ion screening effect,
a practical realization of these devices for a direct label-free
detection of DNA by its intrinsic charge can yield the same
well-known problems as in the case of the immuno-modified
FET (see, e.g.[17,18]). It has been intensively debated,
whether it would be possible to detect an antibody–antigen
affinity binding reaction with an ISFET, or not[17,18]. As a
result of these discussions, nowadays, it is generally accepted
that the screening of protein charges by small inorganic
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Field-effect devices for DNA detection reported in lit
ture[5–16] use different sensor configurations (capac
IS and ES (electrolyte-silicon) structures, depletion-
nhancement-mode FET, floating-gate FET, FET dev
ith or without a reference electrode), different gate-insu
aterials (SiO2, silanized SiO2, SiO2–Si3N4, SiO2-poly-l-

ysine) with different thicknesses (from 2 to 100 nm), vari
sDNA immobilization methods (adsorption, covalent
achment, biotin–vidin complexation, linker molecules, e
nd thus, various densities of the immobilized ssDNA f
.4× 108 to 5× 1013 molecules/cm2, and lastly, hybridiza

ion buffer solutions with different electrolyte concentrati
from 10�M to 1 M). Furthermore, the reported values
he sensor signal (mostly the flat-band or threshold vo
hift) induced upon the DNA-hybridization event reach fr
everal mV up to∼1.9 V and the hybridization times we
etween several seconds up to several hours. These
re summarized inTable 1. Due to the very large diversity

he sensor configurations and the reported results as w
ue to the absence of a correct theory explaining the wo
rinciple of these devices, their comparison is very diffic

n addition, some experimentally observed effects can
ot be explained in detail. For instance, it is not underst
ble, why a much higher signal has been observed for a s
ith a less density of the immobilized ssDNA (1.45 V w
.8× 108 molecules/cm2 [11]) compared to a sensor with
ensely packed ssDNA (3 mV with 5× 1013 molecules/cm2

7]). What is the reason for the much higher signals, w
re observed when floating-gate transistors[8,10–12] or
evices without a reference electrode[10,11,14]are used
s

r

ounter ions present in the electrolyte solution will re
n macroscopically uncharged layers and prevent succe

easurements of immunospecies with field-effect dev
nder ideal conditions (a truly capacitive interface at wh

he immunological binding sites can be immobilized
early complete antibody coverage, highly charged anti
nd a very low ionic strength), the theoretically expe
ignal should be in the order of 10 mV or less[18].

Therefore, the following questions arise:

Is it generally possible to detect a DNA-hybridization
the intrinsic charge of DNA using field-effect devices?
How large will be a measurable signal?

Fig. 1shows the scheme of a DNA sensor based on a c
tive EIS (a) and FET (b) structure, respectively. Gener
here are a number of ways in which the DNA hybridi
ion can affect the electrical properties of the interface
he case of field-effect devices, two basic effects are
lly considered: (i) a geometrical capacitance effect (du

he displacement of electrolyte by the target molecules
hange in the “effective” thickness of the gate insulator
hus, change in the “effective” gate capacitance) and
harge effect. Dependent on the type of doped semicon
or substrate, these two effects can affect the sensor sig
he same direction, or in opposite direction and thus, to s
xtent, they might even compensate each other. This cou
sed to determine which effect, either the capacitance o
harge effect is dominating the sensor output. In this w
e will focus on the charge effect.
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Table 1
Summary of field-effect-based DNA sensors discussed in literature

Sensor type Probe DNA; immobilization;
density

Electrolyte; buffer Target DNA Sensor signal Hybridization
time

RE Reference

EIS; FETp-Si–SiO2 (10 nm,
silanization with APTES)

Oligo(dT20); poly(dT)
(1000 bases); brominated
oligonucleotides

50 mM NaCl; 10 mM
Tris–HCl, pH 7.1

Oligo(dA18); poly(dA)
(1000 bases); calf thymus
DNA

�VFB ∼ 100 mV;�VTh ∼ 120 mV
at 2�g/ml target DNA

4 h Ag/AgCl [5]

EIS;p-Si-SiO2 (30 nm)-Si3N4

(26 nm)
Oligo(dC30); covalent or
adsorption; coverage: <3%

2× saline sodium citrate
buffer

Oligo(dG30) Normal device: insensitive;
scratched device:�C∼ 2.7–3.2%

Several seconds Pt [15]

p-Si 10-Mer ssDNA; covalent 0.5 M MgCl2, pH 8 10-Mer ssDNA �C∼ 0.2%�VTh ∼ 0.3–0.4 V 10–20 s Calomel electrode[9]
n-Si–SiO2

(2 nm)-poly-l-lysine
12-Mer ssDNA; adsorption
5× 1013 molecules/cm2

23 mM 12-Mer ssDNA �VFB ∼3 mV; differential
response

10–15 min Ag/AgCl [7]

Au-gaten-channel depletion
FET;p-Si–SiO2

(63 nm)–Si3N4 (30 nm)-Au

Thiolated 15- or 25-mer
ssDNA

1 M NaCl; pH 7.4 15-Mer ssDNA �k∼ 3%;�VTh ∼ 10 mV
�Id ∼ 0.4�A �VTh ∼ 3 mV

1000 s Ag wire [8]

25-Mer ssDNA

n-channel FET;
p-Si-SiO2–Si3N4;
silanization with APTES

26-Mer ssDNA; avidin-biotin
complexation

Not reported 26-Mer ssDNA Sensitivity: 456 mV/�g/�l 2 h Calomel electrode [6]

n-channel FET;p-Si-SiO2

(50 nm)
20-mer ssDNA; adsorption Phosphate buffer, pH 7 Detection of probe ssDNA�Id ∼ 20�A or �VTh ∼ 1.9 V 3.5 h Without RE [14]

p-channel FET;n-Si–SiO2

(8–12 nm); silanization with
APTES

Adsorption
∼4× 1011 molecules/cm2

1 mM NaCl PolyA, 20 or 45 bases �VTh ∼5 mV ∼1 h Ag/AgCl
liquid-junction

[13]

p-channel Au-gate (floating)
FET;n-Si–SiO2 (50 nm)

12-Mer thiol-modified
ssDNA, spacer;
3.5× 108 molecules/cm2

12-Mer ssDNA �VTh ∼ 0.87 V Several minitues Without RE [10]

p-channel Au-gate (floating)
FET;n-Si–SiO2 (50 nm)

15-Mer thiol-modified
ssDNA, spacer;
2.4× 108 molecules/cm2

Phosphate buffer saline,
pH 7.4

15-Mer ssDNA �VTh ∼ 0.23 V Pt [12]

p-channel Au-gate (floating)
FET;n-Si–SiO2 (50 nm)

15-Mer thiol-modified
ssDNA, spacer;
3.8× 108 molecules/cm2

Phosphate buffer 15-Mer ssDNA �VTh ∼ 1.45 V by immobilization,
�Id ∼ 10–15�A by hybridization

Without RE [11]

p-channel FET;n-Si–SiO2

(10 nm)-poly-l-lysine
20-Mer dsDNA;
2× 1013 molecules/cm2

0.01 mM KCl Detection of dsDNA 80 mV Ag/AgCl wire [16]

1 mM 40 mV
>10 mM <10 mv

�VFB: flatband-voltage change;�VTh: threshold-voltage change;�Id: drain-current change;�k: transconductance change; RE: reference electrode; APTES: 3-aminopropyltriethoxysilane.
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Fig. 1. Scheme of the DNA sensor based on a capacitive EIS (a) and FET
(b) structure. RE: reference electrode;VG: gate voltage;VDS: source-drain
voltage;ID: drain current.

Field-effect devices are basically surface-charge measur-
ing devices (they detect the charge in a capacitative way)
and therefore, they can principally measure the charge of
adsorbed macromolecules or the charge change due to a
hybridization event. For operating, a voltage is applied via a
reference electrode, which is also responsible for fixing the
potential of the analyte solution. The electric field in the gate
insulator depends on, among other parameters, the net sur-
face charge at the electrolyte-insulator interface. Any charge
changes at the insulator surface will result in an equal change
in the charge density of opposite sign in the semiconductor
space-charge region. Since DNA molecules are poly-anions
with negative charges at their phosphate backbone, it
could be expected that the hybridization of ssDNA with its
complementary strands would directly modulate the capac-
itance of the EIS structure or the drain current of the FET
device. However, this scheme for the detection of charged
macromolecules is only feasible, if the charges cannot cross
the interface (i.e. the interface is ideally polarized), which

thus behaves as a perfect capacitor. In reality, no interface is
ideally polarized and must be modeled as a capacitor in par-
allel with a charge transfer resistor. Therefore, the principal
practice problem with a molecular charge measurement is to
transduce the molecular recognition action between the probe
ssDNA and the target molecule into a measurable signal. It is
obvious that the charge distribution in the immediate vicinity
of the interface plays a critical role in transferring the upon
hybridization induced signal to the field-effect transducer.

2.1. How large can be the charge change induced upon
DNA hybridization?

Only charge-density changes, which occur on the surface
or within the order of the Debye length,λD, from the surface
can be detected:

λD =
(

εelε0kT

2z2q2I

)1/2

(1)

wherek is the Boltzmann constant,T the absolute tempera-
ture,ε0 the permitivity of vacuum,εel the dielectric constant
of the electrolyte,zis the valency of the ions in the electrolyte,
q is the elementary charge andI represents the ionic strength,
which for a 1–1 salt, can be replaced by the electrolyte con-
centration,n .
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Fig. 2schematically illustrates this situation. Here, ex

larily a 10-bases DNA molecule is shown normal to the
ace of the field-effect sensor. As can be seen, with increa
onic strength of the electrolyte, the fraction of DNA char
hich remains in the double layer and thus, will be mirro

n the sensor (e.g. in the channel of the transistor struc
s decreased. For instance, in physiological solutions
D =∼0.8 nm, most of the DNA charge will be at a dista
reater than the Debye length from the surface. Moreove
NA charge is not confined directly to the interface, but
istributed through some distance (dependent on the nu
f base pairs) away from the surface. Thus, the fractio
harge mirrored in the inversion layer will be even smalle
sDNA molecules are immobilized using linker molecule
pacers, the upon DNA hybridization induced charge cha
ill be still smaller. On the other hand, if DNA molecu
referentially lie flat on the surface, a higher hybridiza
ignal can be expected[19].

In addition, the charge associated with the probe- or ta
NA molecules can be screened or neutralized (in who
art) by small counter ions present in the solution (Fig. 3).
ccording to Manning’s counter-ion condensation the

20,21], monovalent cations reduce the DNA charge by 7
nd divalent cations by 88%. The remaining charge
e compensated by the more diffuse ionic layer, where
harge density decreases exponentially with distance
he DNA surface[22]. According to[23], the full release o
ounter ions condensed onto a highly charged rod (su
NA) is not always observed in the vicinity of an even op
itely charged surface. This counter-ion condensation e
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Fig. 2. Schematic illustration of a 10-bases DNA molecule oriented normal to the sensor surface and Debye length,λD, in electrolyte with different ionic
strengths. With increasing ionic strength of the electrolyte solution, the fraction of DNA charge that remains in the double layer and thus, will be mirrored in
the field-effect sensor, is decreased.

will mask or reduce the expected hybridization signal and
prevent successful measurements, especially in high ionic-
strength solutions. Thus, although a charged target molecule
has bound to the immobilized probe molecule, the hybridized

Fig. 3. Compensation of the DNA charge by condensed counter ions
(schematically).

pair produces a net reduced or even zero charge. As a result,
at the interface between the dsDNA layer and sensor sur-
face, the electric field can be insignificant or nearly zero and
thus, the underlying field-effect transducer is practically not
influenced and no sensor signal can be observed.

Let us estimate the FET-sensor signal (i.e. the change in the
electrolyte/gate insulator interface potential) induced upon
the DNA-hybridization process. It is still very little known
about the composition of the DNA/sensor interface, which
plays a critical role in the signal generation. Nevertheless,
in a first approach, the hybridization of the probe molecules
with their complementary target molecules can be modeled
as a transfer of a certain quantity of the charge,Qh, from the
solution to the surface of the gate insulator. Since electroneu-
trality must be observed in the system, an equal quantity of
the opposite charge must be either enter in the inversion layer
of the FET or enter the double layer from the solution. The
charge change,Qi , on the capacitance of the gate insulator,
Ci , which is mirrored in the inversion layer of the FET, can
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be represented by[18]:

Qi = QhCi

Ci + Cdl
(2)

whereCdl is the capacitance of the double layer. The esti-
mations using typical values forCdl = 20�F/cm2 [24] and
Ci = 0.35�F/cm2 for 10 nm thick SiO2, giveQi /Qh ∼ 0.017.
Thus, only about 1.7% of the upon hybridization induced
charge will be mirrored in the transistor. The remaining
charge will be compensated by the ions in the solution. The
charge change that is induced upon hybridization can be de-
scribed as:

Qh = mNα(1 − θ) (3)

wherem=qλD/b is the fraction of DNA charge in the dou-
ble layer (for simplicity, DNA molecules are considered ar-
ranged normal to the surface and with one negative charge
per base pair),b is the distance between the nearest unit
charges along the DNA,N is the densitiy of the immobi-
lized probe molecules,α is the hybridization efficiency andθ
is the fraction of DNA charge compensated by the condensed
cations. With this, the interfacial potential change due to the
hybridization (i.e. the expected sensor signal) can be defined
as:

ϕ = Qi = mNα
1 − θ

(4)
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monolayer without any pores or interstitial spaces. However,
the theoretical jamming coverage, i.e. the maximum surface
coverage, has been calculated to be∼25–35% for a random-
sequential adsorption of rod-like molecules[25]. Many
experimental results also show that the adsorbed layers of
macromolecules are much less dense (see, e.g.[13,14]),
which can allow an interstitial penetration of small inorganic
ions and water molecules to the underlying gate layer that
can be, for example, pH-, ion- or redox-sensitive. In addition,
changes in the interstitial water and ion distribution induced
during the hybridization event can significantly screen the
charge effect of the DNA molecules, thereby reducing the
overall magnitude of the field -effect[26].

Thus, all of the above discussed effects as well as the
possible adsorption of macromolecules onto the reference-
or pseudo-reference electrode, sensor drift and leakage
current can result in masking, reducing or interfering with
the upon hybridization induced signal of interest, and even
may result in a false signal interpretation. In this context,
the reported experiments with the floating-gate transistors
[8,10–12]or with the pseudo-reference electrodes such as
Ag or Pt wires[8,12,15,16]should be carefully evaluated,
and measurements without a reference electrode[10,11,14]
should be considered as very questionable. To perform cor-
rect measurements, other parameters, like pH, ionic strength,
temperature and potential of the reference electrode must be
c ring
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The calculations using expression(4) and typical value
fCdl = 20�F/cm2,Ci = 0.35�F/cm2,λD = 1 nm (for a 0.1 M
lectrolyte solution),N= 1012 molecules/cm2, b= 0.34 nm
ndθ = 0.76 show that the hybridization signal will be j
everal mV of amplitude (ϕ = ∼3 mV with a hybridization
fficiency of 50% (α = 0.5) andϕ = ∼6 mV with a 100% hy
ridization efficiency (α = 1)).

To reduce the counter-ion screening effect and thus, t
ance the sensitivity of the sensor, such devices must be
ted in very low ionic-strength solutions. The price to be

s a reduced probability of hybridization (due to the elec
tatic repulsion between the complementary DNA stra
nd therefore, an extended hybridization time and red
ignal. According to estimations performed in[7,13] using
he Graham equation, the expected hybridization signal c
e in the mV range (∼3 mV from the 3× 1012 hybridized 12
er DNA/cm2 in an electrolyte solution with an ionic streng
f 23 mM[7], and∼0.8 mV from the 4× 1011 hybridized 20
er DNA/cm2 in a solution with an ionic strength of 1 m

13]).
A further problem is, that for a correct functioning

he field-effect devices for DNA detection by its intrin
harge, the surface interaction should only occur betw
he immobilized ssDNA and its complementary target.
ignal should not be interfered by any background intera
f the underlying gate surface with ions presented in
olution. Therefore, in order to “insulate” the underly
ate from the solution, the immobilized probe molec
hould form a perfectly homogeneous and tightly pac
onstant. It is always favorable to use differential measu
et-ups to exclude some of these disturbing or interfe
ffects.

Generally, it could be concluded that a practical rea
ion of field-effect devices for the pure electrostatic detec
f charges associated with the probe or target molecu
elatively high ionic-strength solutions (e.g. in physiolog
olutions) is problematic. The expected hybridiza
ignals could be in the range of several mV. Therefore
heoretical basis of the sometimes experimentally obse
esults, in particular, the large sensor signals, still rem
nclear. Therefore, much more theoretical (modeling)
xperimental research has to be done in order to under
nd correctly interpret the DNA-hybridization detect
xperiments with field-effect devices.

. A new method for the label-free detection of DNA
ybridization by means of ion-sensitive field-effect
evices

As an alternative, we propose a new method for
abel-free DNA detection using an ion-sensitive field-ef
evice (or device that senses the changes in the
trength of the electrolyte), whose top surface is mod
ith immobilized ssDNA probe molecules arranged wi
enter-to-center average interprobe distanceas (Fig. 4). The
nterprobe distanceas should be considered as a statistic
veraged distance. The remaining surface of the ion-sen

ayer between the immobilized molecules is in contact
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Fig. 4. DNA sensor based on an ion-sensitive field-effect device (schemat-
ically). The immobilized ssDNA probe molecules are arranged onto the
ion-sensitive layer with a center-to-center average interprobe distanceas.

the electrolyte solution. In this work, the term “ion-sensitive
layer” is related not only to different conventional and
non-conventional ion-sensitive materials, but also to the
materials that are sensitive to a change in the ionic strength
of the electrolyte or mixed potentials.

Generally, such a model corresponds to the real situation,
since in most experiments usually the immobilized ssDNA
(as well as dsDNA) molecules do not form perfectly homoge-
neous and tightly packed monolayers. Moreover, the probe
ssDNA molecules should be arranged on the surface with
enough interstitial space to allow a rapid hybridization and
to provide a high hybridization efficiency. A preferable aver-
age center-to-center separation distance could be in the range
from ∼2.5 to ∼10 nm that corresponds to a probe density
from about 2× 1013 to 1.3× 1012 molecules/cm2, typically
reported in the literature[2,27–29].

In Fig. 4, for simplicity, the ssDNA is presented as rod-
like molecule oriented normal to the sensor surface. In a more
realistic picture, the ssDNA is a flexible coil-like molecule.
Dependent on the immobilization method, length of ssDNA
and the surface conditions, ssDNA molecules can lie flat on
the sensor surface with the phosphate groups or bases exposed
to the surrounding solution; they can be oriented normal or
with a certain angle to the surface as well as can have one or
several contacts with the sensor surface. After hybridization,
short fragments of the dsDNA will remind rather rod-like
t

robe
m

( ter-
d/or

( cer

ion-
s ns,

Fig. 5. Cell model for the theoretical description of the ion-concentration
redistribution in the intermolecular spaces upon DNA hybridization. The
ssDNA and dsDNA (not shown) form a hexagonal lattice of uniformly nega-
tively charged, infinitely long cylinders with a radiusrss= 5Å andrds= 10Å,
respectively. The cylinders are arranged normal to the sensor surface with
a center-to-center average separation distance of as≈2Rs.Rs: DNA-cell ra-
dius;n(r): ion concentration as a function of the coordinater from the DNA
axis; n0: bulk ion concentration.

which are induced by the hybridization process, can be de-
tected by the ion-sensitive field-effect sensor.

3.1. Ion-concentration redistribution in the
intermolecular spaces upon the DNA hybridization

The theoretical model for the proposed device concept is
presented inFig. 5. It is suggested, that the ssDNA or ds-
DNA molecules form a hexagonal lattice with a cell radius
of Rs, modeled below as the lattice of uniformly negatively
charged, infinitely long cylinders with a radiusrss= 5Å and
rds= 10Å, respectively. The cell model has been successfully
used for the description of DNA–DNA electrostatic inter-
action in dense assemblies[30]. The cylinders are oriented
normal to the sensor surface with a center-to-center average

separation distance ofas = Rs

√
2π/

√
3 ≈ 2Rs. The effect

of DNA hybridization is modeled by doubling of the linear
charge density of the cylinder and by increasing the cylinder
radius from 5 to 10̊A.

Because in a broad pH range (from pH 4 to 11) ssDNA
and dsDNA molecules are negatively charged via their phos-
phate groups, such negatively charged molecules will attract
positively charged counter ions (including protons) from
the solution and repel the co-ions. In equilibrium, a certain
distribution of the electrostatic potential emerges around the
D tial
d s
t und
t en-
s esult
i er-
m and
d tially
han coil-like, as known.
Our proposed device detects the hybridization of the p

olecule with its complementary strand by sensing:

1) the redistribution of the ion concentration in the in
molecular spaces induced upon the hybridization an

2) the alteration of the ion sensitivity of the transdu
caused by the hybridization.

Resulting changes in the potential at the interface
ensitive layer/electrolyte within intermolecular regio
NA molecules. The characteristic length of the poten
ecay is the Debye screening length,λD, which determine

he thickness of the double layer formed by the ions aro
he DNA. As a result, the DNA charge is effectively comp
ated by the surrounding small counter ions. This may r
n a local ion-concentration redistribution within the int

olecular spaces (increasing the cation concentration
ecreasing the anion concentration) that can substan
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Fig. 6. Calculated distribution of the cations (n+ (r)/n0) (a) and anions
(n−(r)/n0) (b) in the intermolecular spaces before (dotted curves) and af-
ter hybridization (solid curves) as a function of the coordinater from the
DNA axis forRs = 3 nm,θ = 0.8 and in a 1:1 electrolyte with different bulk
concentrations of 0.005, 0.05, and 0.15 M, respectively.

differ from the concentration in the bulk electrolyte,n0. After
hybridization, because the charge of the dsDNA is nearly
doubled, a new distribution of the electrostatic potential and
of the ions within the intermolecular spaces will be reached.

Fig. 6 shows the calculated distribution of the cations
(n+ (r)/n0) and anions (n−(r)/n0) in the intermolecular spaces
before (dotted curves) and after hybridization (solid curves)
as a function of the coordinater from the DNA axis for
Rs = 3 nm,θ = 0.8 and in a 1:1 electrolyte with different bulk
concentrations of 0.005, 0.05, and 0.15 M, respectively. The
calculations have been made using the equations for the elec-
trostatic potential derived in[31], where a linearization of
the Poisson–Boltzmann equation near the Donnan potential
in the hexagonal DNA cell was implemented. As it can be
seen, the local counter- and co-ion concentration within the
intermolecular spaces substantially differ from that of the
bulk solution. Moreover, the ion-concentration distribution
after the hybridization differs substantially from the situa-
tion before hybridization (i.e. in the presence of the immobi-
lized ssDNA only). Thus, in contrast to the above discussed
field-effect devices for the DNA-hybridization detection by
the intrinsic molecular charge, here, namely the counter-ion
condensation effect is used to detect the DNA-hybridization
event.

Fig. 7. Ratio〈nds〉/〈nss〉 of average concentration of cations and anions
within the intermolecular spaces after hybridization (〈nds〉) and before hy-
bridization (〈nss〉) as function of the DNA-cell radiusRs and in 1:1 salt
solutions with bulk ion-concentration ofn0 = 0.005, 0.05, 0.15, and 0.5 M,
respectively.

For sensor applications, a more interesting parameter is
the degree of change in the average ion concentration in the
intermolecular spaces upon hybridization. Following the pro-
cedure described in[32], the average concentration of cations
and anions in the intermolecular spaces can be presented as:

〈n±(Rs)〉 = n0(±ζ +
√

ζ2 + 1) (5)

where

ζ = 1 − θ

2πbn0(Rs
2 − a2)

(6)

b is the distance between the nearest unit charges along the
cylinder (b= 0.34 nm for the ssDNA andb= 0.17 nm for the
dsDNA) (+) and (−) are related to cations and anions, respec-
tively, anda= rss for the ssDNA anda= rds for the dsDNA.

As an example,Fig. 7 shows the ratio〈nds〉/〈nss〉 of the
average concentration for cations and anions within the in-
termolecular spaces after hybridization〈nds〉 and before hy-
bridization〈nss〉 as a function of the DNA-cell radiusRs and
in 1:1 salt solutions of different bulk ion concentrations of
n0 = 0.005, 0.05, 0.15 (physiological solution), and 0.5 M,
respectively. The fraction of both ssDNA and dsDNA charge
compensated by the condensed cations was taken asθ = 0.7,
which is a good approximation for a 1:1 salt solution.

As it can be seen fromFig. 7, the average ion concentra-
t tion
c nt.
T ensor
s ere
t ion
e nsity
o
( hy-
b thin
t ore
t (for
ion within the intermolecular spaces after the hybridiza
learly differs from that of before the hybridization eve
he difference would be enough to obtain a detectable s
ignal even in high ionic-strength solutions (0.5 M), wh
he hybridization efficiency is high and the hybridizat
vent can be faster. For instance, by assuming a high de
f the immobilized ssDNA of about 2× 1013 molecules/cm2

as = 2Rs∼ 25Å) and under the assumption of a 100%
ridization efficiency, the average ion concentration wi

he intermolecular spaces after hybridization can be m
han three to four times higher (for cations) and less
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anions) than that before the hybridization event. If, for exam-
ple, the ion-sensitive field-effect device possesses a typical
Nernstian slope, such a change in the ion concentration, in-
duced upon hybridization would correspond to a change in the
sensor signal of about 28–35 mV. The effect is dependent on
the ionic strength of the bulk electrolyte solution and stronger
in a low ionic-strength electrolyte. Such a dependence of the
signal amplitudes on the ion concentration has been observed
in DNA immobilization and hybridization experiments with
a FET structure, e.g. in[13]. By decreasing the density of the
immobilized ssDNA molecules (i.e. with increasingRs), the
ratio 〈nds〉/〈nss〉 is decreased, more strongly in high ionic-
strength solutions. Therefore, to obtain a high hybridization
signal at a low density of the immobilized ssDNA, measure-
ments in low ionic-strength solutions could be favorable. The
ratio 〈nds〉/〈nss〉 is strongly increased at a small separation
distance (high density of the immobilized ssDNA). However,
at the same time, the “useful” sensor area, available for the ion
interaction, is decreased. Therefore, dependent on the sensor
design, the optimum separation distance or optimum density
of the immobilized ssDNA can be found in order to achieve
a maximal hybridization signal. In principle, an increase in
the hybridization signal of about two times can be achieved
by using a device, which combines both a cation- and an
anion-sensitive sensor in a differential measuring set-up.

Similar ion-redistribution effects induced upon hybridiza-
t s lie
fl angle
t e ion
c del,
c not
c vant
a e via
l ntial
n cer-
t f the
p cule
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o tive
l redis-
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u
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Fig. 8. Alteration of the ion sensitivity of the ion-sensitive layer as a possi-
ble mechanism for DNA hybridization detection with a field-effect device
(schematically). The flexible ssDNA molecules can cover, screen and thus,
alter the effective amount of the surface sites available for an ion interac-
tion, or they can prevent potential-determining ions from reaching the ion-
sensitive surface (a). After hybridization, a rigid rod-like dsDNA is formed,
thus opening the surface of the ion-sensitive layer to ions (b).

instance, if the flexible ssDNA molecules lie preferentially
flat on the ion-sensitive layer, they can cover, screen and thus,
alter the effective amount of surface sites of the ion-sensitive
layer available for an interaction (e.g. ion-binding or ion-
exchange processes) with the ions in the solution or they
can prevent potential-determining ions from reaching the ion-
sensitive surface (Fig. 8(a)). In contrast, after hybridization
a rigid rod-like dsDNA is formed, thus opening the surface
of the ion-sensitive layer to ions (Fig. 8(b)), which can result
ion could also take place when ssDNA probe molecule
at onto the sensor surface or are oriented with a certain
o the surface. Furthermore, the estimations for averag
oncentration in DNA lattice using a more realistic mo
onsidering the DNA molecules as charged spirals, do
hange the described effects qualitatively. In many rele
pplications, the ssDNA are often attached to the surfac

inker molecules. The calculation of the electrostatic pote
ear to the end of the DNA rod of a finite length placed at a

ain distance from the surface, shows a strong dropping o
otential with increasing distance between the DNA mole
nd the surface[32]. Therefore, if the ssDNA molecules a

mmobilized using longer linker molecules, one should
xpect a high hybridization signal. In addition, it should
oted that the presented model does not take into accou
harge state of the sensor surface; theoretical models,
lso include an effect of the surface charge, are more
licated. Nevertheless, in a first approach it can be exp

hat the diffuse layer of counter ions around the DNA
verlap with the diffuse layer of the electrolyte/ion-sensi

ayer interface. As a consequence, a three-dimensional
ribution of the ion concentration in the intermolecular spa
pon hybridization can be predicted.

.2. Alteration of the ion sensitivity of the ion-sensitive
ayer upon the hybridization

In addition to the ion-concentration redistribution eff
n the intermolecular spaces, upon the hybridization the
ensitivity of the ion-sensitive layer can be modulated.
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in an additional change of the sensor signal. According to
these very elementary considerations of disturbances in the
ion-diffusion and/or ion-binding (ion-exchange) processes,
we can predict an alteration of the ion sensitivity of the ion-
sensitive layer, which can result in an additional change of
the sensor signal.

4. Conclusions

Generally, it can be concluded that the practical develop-
ment of field-effect devices for the direct label-free detection
of DNA hybridization by its intrinsic molecular charge
appears to be more difficult than expected. The theoretical
basis of the sometimes observed results and especially,
the wide variety of the reported signal amplitudes and
response times, still remains unclear. Therefore, the reported
experimental results, concerning the DNA detection by
means of field-effect devices, should carefully be evaluated.
Moreover, a correct functioning of these devices without
a reference electrode in the electrolyte solution should be
discussed as very questionable.

A new label-free DNA-detection method and device strat-
egy utilizing an ion-sensitive field-effect sensor is introduced
and discussed. In contrast to field-effect-based DNA sensors
of the prior art discussed in Section2, we suggest the use of
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