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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 chang
in the average ion concentration within the intermolecular spaces induced upon hybridization that are enough to obtain a detectable sens
signal.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (radiochemical, enzymatic, fluorescent) are based on the
detection of various labels or reagents and have been proven
Broad interest in deoxyribonucleic acid (DNA) acid to be time-consuming, expensive and complex to implement.
microarrays or DNA chips and their growing use in genetics, For the development of fast, simple, inexpensive and
medicine and drug discovery is connected with their ability to disposable genosensors, a direct label-free detection method
perform massive parallel sequence analysis of nucleic acids.of DNA hybridization would be favourable. In literature,
For instance, to date about 400 diseases are diagnosable bglifferent approaches for genosensors using different types of
the molecular analysis of nucleic acids, and this number is transducer principles such as cyclovoltammetric, chronopo-
daily increasind1]. Most of the DNA-detection techniques tentiometric, capacitive, impedimetric, semiconductor field
are based on a DNA-hybridization event. In DNA hybridiza- effect, etc. have been described. Recent efforts in the field
tion, the target (unknown single-stranded DNA (ssDNA)) is of genosensors and DNA chips can be found in, [d-¢4].
identified by a probe ssDNA and a double-stranded (dsDNA)  The possibility of a label-free electrical detection of
helix structure with two complementary strands is formed. the DNA-hybridization utilizing semiconductor field-effect
The hybridization reaction is known to be highly efficientand sensors offers a new approach for a third generation of DNA
extremely high specific in the presence of a mixture of many chips with direct electrical readout for a fast, simple and
different non-complementary nucleic acids. The unique in-expensive analysis of nucleic acid samples. The inherent
complementary nature of this binding reaction between the miniaturization of such devices and their compatibility
base pairs, i.e. adenine-thymine and cytosine-guanine, is thavith advanced microfabrication technology can make them
basis for the high specificity of the biorecognition process. very attractive for DNA diagnostics. Therefore, in recent
In general, the commonly used DNA-detection techniques years, several attempts have been made to detect DNA by
its intrinsic molecular charge using field-effect devices, like
* Corresponding author. Tel.: +49 2461 612605. c_apacitive elect_rolyte-insulator-semiconductor (EIS) and
E-mail addressa.poghossian@fz-juelich.de (A. Poghossian). field-effect transistor (FET) structurés-16] A DNA-FET
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is obtained by immobilizing well-defined sequences of What is the working principle of DNA-FETs without a
ssDNA onto a field-effect transducer, which could convert reference electrode as it was reportefilid,11,14] etc.?
the specific recognition process between the two comple- In spite of the above described variety of DNA-sensor
mentary DNA single strands into a measurable signal. In designs and reported results, they all have some principal
most cases, the experimentally observed sensor response iimitations in common, which are mainly associated with
interpreted as a result of a shift of the flat-band or threshold the functional principle proposed for these sensors. It
voltage of the field-effect structure, which arises from the was suggested that in the binding event of the charged
binding or hybridization of the immobilized ssDNA with its macromolecules, in particular, in the event of hybridization
complementary strand. There are, however, still insufficient of the immobilized ssDNA with its complementary target
experimental results and correct theoretical models for suchmolecule, the charge associated with the target molecule
DNA-modified field-effect devices that clearly explain their effectivelly changes the charge applied to the gate. This
functioning principle, detection mechanism and source of could measurable alter the operating characteristics of the
the experimentally observed signal generation. field-effect device, e.g. the capacitance or flat-band voltage
In this work, we will discuss the possibilities and limi- of the EIS sensor as well as the threshold voltage or the
tations of a label-free detection of DNA hybridization with  drain current of the FET-based device. In this way, a unique
field-effect-based devices. A new DNA-detection method possibility of a direct label-free detection of DNA hybridiza-
using ion-sensitive field-effect devices will be presented. tion by means of FET devices could be given. However, it
The proposed method is based on the detection of the uporseems that due to the so-called counter-ion screening effect,
the DNA hybridization induced redistribution of the ion a practical realization of these devices for a direct label-free
concentration within the DNA intermolecular spaces and/or detection of DNA by its intrinsic charge can yield the same
the alteration of the ion sensitivity of the field-effect device. well-known problems as in the case of the immuno-modified
FET (see, e.g[17,18). It has been intensively debated,

2. A critical evaluation of the direct detection of DNA whether it would be possible to detect an antibody—antigen
by its intrinsic molecular charge using field-effect affinity binding reaction with an ISFET, or n{t7,18] As a
devices result of these discussions, nowadays, itis generally accepted

that the screening of protein charges by small inorganic

Field-effect devices for DNA detection reported in liter- counter ions present in the electrolyte solution will result
ature[5—-16] use different sensor configurations (capacitive in macroscopically uncharged layers and prevent successful
EIS and ES (electrolyte-silicon) structures, depletion- and measurements of immunospecies with field-effect devices.
enhancement-mode FET, floating-gate FET, FET devicesUnder ideal conditions (a truly capacitive interface at which
with or without a reference electrode), different gate-insulator the immunological binding sites can be immobilized, a
materials (SiQ, silanized SiQ, SiO,—SikN4, SiO-poly-1.- nearly complete antibody coverage, highly charged antigens
lysine) with different thicknesses (from 2 to 100 nm), various and a very low ionic strength), the theoretically expected
ssDNA immobilization methods (adsorption, covalent at- signal should be in the order of 10 mV or 148].
tachment, biotin—vidin complexation, linker molecules, etc.)  Therefore, the following questions arise:
and thus, various densities of the immobilized ssDNA from
2.4x 10° to 5x 103 molecules/crh, and lastly, hybridiza- e Is it generally possible to detect a DNA-hybridization by
tion buffer solutions with different electrolyte concentrations  the intrinsic charge of DNA using field-effect devices?
(from 10pM to 1 M). Furthermore, the reported values of e How large will be a measurable signal?
the sensor signal (mostly the flat-band or threshold voltage
shift) induced upon the DNA-hybridization event reach from  Fig. 1showsthe scheme of a DNA sensor based onacapac-
several mV up to~1.9V and the hybridization times were itive EIS (a) and FET (b) structure, respectively. Generally,
between several seconds up to several hours. These resultdere are a number of ways in which the DNA hybridiza-
are summarized ifiable 1 Due to the very large diversity of ~ tion can affect the electrical properties of the interface. In
the sensor configurations and the reported results as well aghe case of field-effect devices, two basic effects are usu-
due to the absence of a correct theory explaining the working ally considered: (i) a geometrical capacitance effect (due to
principle of these devices, their comparison is very difficult. the displacement of electrolyte by the target molecules and
In addition, some experimentally observed effects can also change in the “effective” thickness of the gate insulator and
not be explained in detail. For instance, it is not understand- thus, change in the “effective” gate capacitance) and (i) a
able, why a much higher signal has been observed for a sensogharge effect. Dependent on the type of doped semiconduc-
with a less density of the immobilized ssDNA (1.45V with tor substrate, these two effects can affect the sensor signal in
3.8x 108 molecules/crf [11]) compared to a sensor with a  the same direction, or in opposite direction and thus, to some

densely packed ssDNA (3 mV with»610® molecules/crh extent, they might even compensate each other. This could be
[7]). What is the reason for the much higher signals, which used to determine which effect, either the capacitance or the
are observed when floating-gate transistf8s10—12] or charge effect is dominating the sensor output. In this work,

devices without a reference electrod®,11,14]are used?  We will focus on the charge effect.



Table 1

Summary of field-effect-based DNA sensors discussed in literature

Sensor type Probe DNA; immobilizationElectrolyte; buffer Target DNA Sensor signal Hybridization RE Reference

density time

EIS; FETp-Si-Si® (10nm,  Oligo(dTyo); poly(dT) 50 mM NacCl; 10 mM Oligo(dAys); poly(dA) AVgg~100mV;AVth~120mV 4h Ag/AgCI [5]

silanization with APTES) (1000 bases); brominated  Tris—HCI, pH 7.1 (1000 bases); calf thymus at 2p.g/ml target DNA
oligonucleotides DNA

EIS; p-Si-Si0, (30 nm)-SgN4  Oligo(dGsp); covalent or 2 x saline sodium citrate Oligo(dGgzp) Normal device: insensitive; Several seconds Pt [15]
(26 nm) adsorption; coverage: <3% buffer scratched deviceAC~ 2.7-3.2%

p-Si 10-Mer ssDNA; covalent 0.5M Mgg|pH 8 10-Mer ssDNA AC~0.2%AV7,~0.3-0.4V 10-20s Calomel electrodd9]

n-Si-SiG 12-Mer ssDNA; adsorption 23 mM 12-Mer ssDNA AVEg ~3mV, differential 10-15min Ag/AgCl [7]
(2 nm)-polyi-lysine 5 x 103 molecules/crh response

Au-gaten-channel depletion Thiolated 15- or 25-mer 1M NaCl; pH 7.4 15-Mer ssDNA Ak~ 3%; AVth~10mV 1000s Ag wire [8]
FET, p-Si-SiQ ssDNA 25-Mer ssDNA Alg~0.4pA AVrh~3mV
(63 nm)—StN4 (30 nm)-Au

n-channel FET; 26-Mer ssDNA; avidin-biotin Not reported 26-Mer ssDNA Sensitivity: 456 m\ g/l 2h Calomel electrode [6]
p-Si-Si0,—SikNy; complexation
silanization with APTES

n-channel FETp-Si-SiO, 20-mer ssDNA; adsorption Phosphate buffer, pH 7  Detection of probe ssDNg~ 20pA or AV~ 1.9V 3.5h Without RE [14]
(50 nm)

p-channel FETn-Si-SiQ Adsorption 1 mM NaCl PolyA, 20 or 45 bases AVTh~5mV ~1h Ag/AgCl [13]
(8-12 nm); silanization with ~4 x 10! molecules/crh liquid-junction
APTES

p-channel Au-gate (floating) 12-Mer thiol-modified 12-Mer ssDNA AVTh~0.87V Several minitues Without RE [10]

FET; n-Si-SiG® (50 nm) ssDNA, spacer;
3.5x 10° molecules/crh

p-channel Au-gate (floating) 15-Mer thiol-modified Phosphate buffer salinel5-Mer ssSDNA AVTh~0.23V Pt [12]
FET;n-Si-SiG (50 nm) ssDNA, spacer; pH7.4
2.4% 10° molecules/crh
p-channel Au-gate (floating) 15-Mer thiol-modified Phosphate buffer 15-Mer ssDNA AVTh ~ 1.45V by immobilization, Without RE [11]
FET; n-Si-Si® (50 nm) ssDNA, spacer; Alg~ 10-15p.A by hybridization
3.8x 10° molecules/crh
p-channel FETn-Si-SiQy 20-Mer dsDNA; 0.01mM KCI Detection of dsDNA 80mV Ag/AgCl wire [16]
(10 nm)-polyi-lysine 2 x 10 molecules/crh 1mM 40mV
>10 mM <10 mv

AVeg: flatband-voltage changeVry,: threshold-voltage changesly: drain-current changesk: transconductance change; RE: reference electrode; APTES: 3-aminopropyltriethoxysilane.
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I VG 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
% ‘ﬁifﬁ ﬁi-DNA of the interface plays a critical role in transferring the upon
s hybridization induced signal to the field-effect transducer.

gate insulator

electrolyte

ds-DN

2.1. How large can be the charge change induced upon

DNA hybridization?
p-Si
Only charge-density changes, which occur on the surface
(@) or within the order of the Debye lengthp, from the surface
can be detected:
EI | RE i = <£e'8°kT>l/2 @)
V, 2:2¢°1
! electrolyte ds-DNA wherek is the Boltzmann constari, the absolute tempera-
ture, o the permitivity of vacuumsg| the dielectric constant
ss-DNA%é i § ﬁff ofthe electrolytezis the valency of the ions in the electrolyte,
gis the elementary charge ahdepresents the ionic strength,
1gate msulator : which for a 1-1 salt, can be replaced by the electrolyte con-
nt centration.
Source Channel Dra|n Fig. 2schematically illustrates this situation. Here, exem-
IDf plarily a 10-bases DNA molecule is shown normal to the sur-

face of the field-effect sensor. As can be seen, with increasing
* | ionic strength of the electrolyte, the fraction of DNA charge,
I| which remains in the double layer and thus, will be mirrored
() Vv in the sensor (e.g. in the channel of the transistor structure),
DS . . ) . ) i :
is decreased. For instance, in physiological solutions with
Fig. 1. Scheme of the DNA sensor based on a capacitive EIS (a) and FET)‘D =~0.8nm, most of the DNA charge will be at a distance
(b) structure. RE: reference electrodks: gate voltageVps: source-drain greater than the Debye length from the surface. Moreover, the
voltage:|p: drain current. DNA charge is not confined directly to the interface, but it is
distributed through some distance (dependent on the number
Field-effect devices are basically surface-charge measur-of base pairs) away from the surface. Thus, the fraction of
ing devices (they detect the charge in a capacitative way) charge mirrored in the inversion layer will be even smaller. If
and therefore, they can principally measure the charge of ssDNA molecules are immobilized using linker molecules or
adsorbed macromolecules or the charge change due to &pacers, the upon DNA hybridization induced charge changes
hybridization event. For operating, a voltage is applied via a will be still smaller. On the other hand, if DNA molecules
reference electrode, which is also responsible for fixing the preferentially lie flat on the surface, a higher hybridization
potential of the analyte solution. The electric field in the gate signal can be expectg9].
insulator depends on, among other parameters, the net sur- Inaddition, the charge associated with the probe- or target-
face charge at the electrolyte-insulator interface. Any charge DNA molecules can be screened or neutralized (in whole or
changes at the insulator surface will result in an equal changepart) by small counter ions present in the solutiéig( 3).
in the charge density of opposite sign in the semiconductor According to Manning’s counter-ion condensation theory
space-charge region. Since DNA molecules are poly-anions[20,21], monovalent cations reduce the DNA charge by 76%
with negative charges at their phosphate backbone, itand divalent cations by 88%. The remaining charge will
could be expected that the hybridization of ssDNA with its be compensated by the more diffuse ionic layer, where the
complementary strands would directly modulate the capac- charge density decreases exponentially with distance from
itance of the EIS structure or the drain current of the FET the DNA surfacg22]. According to[23], the full release of
device. However, this scheme for the detection of charged counter ions condensed onto a highly charged rod (such as
macromolecules is only feasible, if the charges cannot crossDNA) is not always observed in the vicinity of an even oppo-
the interface (i.e. the interface is ideally polarized), which sitely charged surface. This counter-ion condensation effect
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Fig. 2. Schematic illustration of a 10-bases DNA molecule oriented normal to the sensor surface and Debygdengtiectrolyte 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 rreiledémi

the field-effect sensor, is decreased.

will mask or reduce the expected hybridization signal and pair produces a net reduced or even zero charge. As a result,
prevent successful measurements, especially in high ionic-at the interface between the dsDNA layer and sensor sur-
strength solutions. Thus, although a charged target moleculeface, the electric field can be insignificant or nearly zero and
has bound to the immobilized probe molecule, the hybridized thus, the underlying field-effect transducer is practically not

condensed
- »‘1"‘-‘:,. - ,, cations

@" s, %ﬁ / \\
\ r

dsDNA

field-effect sensor

influenced and no sensor signal can be observed.

Letus 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 cha@g,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

Fig. 3. Compensation of the DNA charge by condensed counter ions Charge change);, on the capacitance of the gate insulator,

(schematically).

Ci, which is mirrored in the inversion layer of the FET, can
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be represented Hy 8J: monolayer without any pores or interstitial spaces. However,
OnCi the theoretical jamming coverage, i.e. the maximum surface
0= ﬁ (2) coverage, has been calculated to¥#5-35% for a random-
[ dl

sequential adsorption of rod-like molecul§®5]. Many
whereCy is the capacitance of the double layer. The esti- experimental results also show that the adsorbed layers of
mations using typical values fd@q = 20F/cn? [24] and macromolecules are much less dense (see,[£3j14),

Ci =0.35uF/cn? for 10 nm thick SiQ, give Qi/Qn ~0.017. which can allow an interstitial penetration of small inorganic
Thus, only about 1.7% of the upon hybridization induced ions and water molecules to the underlying gate layer that
charge will be mirrored in the transistor. The remaining can be, for example, pH-, ion- or redox-sensitive. In addition,
charge will be compensated by the ions in the solution. The changes in the interstitial water and ion distribution induced
charge change that is induced upon hybridization can be de-during the hybridization event can significantly screen the
scribed as: charge effect of the DNA molecules, thereby reducing the
overall magnitude of the field -effef26].

On = mNe(1—0) ®) Thus, all of the above discussed effects as well as the
wherem=qxp/b is the fraction of DNA charge in the dou-  Possible adsorption of macromolecules onto the reference-
ble layer (for simplicity, DNA molecules are considered ar- Of pseudo-reference electrode, sensor drift and leakage
ranged normal to the surface and with one negative chargecurrent can result in masking, reducing or interfering with
per base pair)b is the distance between the nearest unit the upon hybridization induced signal of interest, and even
charges along the DNAN is the densitiy of the immobi- ~ may result in a false signal interpretation. In this context,
lized probe molecules; is the hybridization efficiency ardl the reported experiments with the floating-gate transistors
is the fraction of DNA charge compensated by the condensed[8,10-12]or with the pseudo-reference electrodes such as
cations. With this, the interfacial potential change due to the Ag or Pt wires[8,12,15,16]should be carefully evaluated,
hybridization (i.e. the expected sensor signal) can be definedand measurements without a reference electfble 1,14]

as: should be considered as very questionable. To perform cor-

0, 1-¢ rect measurements, other parameters, like pH, ionic strength,

©= Fl = mchW (4) temperature and potential of the reference electrode must be
[ i di

constant. It is always favorable to use differential measuring

The calculations using expressi¢f) and typical values  set-ups to exclude some of these disturbing or interferring
of Cg1=20pF/cn?, C; = 0.35uF/c?, Ap =1 nm (fora0.1M effects.
electrolyte solution),N= 10 molecules/crh, b=0.34nm Generally, it could be concluded that a practical realiza-
and# =0.76 show that the hybridization signal will be just tion of field-effect devices for the pure electrostatic detection
several mV of amplitudeg=~3 mV with a hybridization of charges associated with the probe or target molecules in
efficiency of 50% & =0.5) andp = ~6 mV with a 100% hy- relatively high ionic-strength solutions (e.g. in physiological
bridization efficiency ¢ =1)). solutions) is problematic. The expected hybridization

To reduce the counter-ion screening effect and thus, to en-signals could be in the range of several mV. Therefore, the
hance the sensitivity of the sensor, such devices must be opertheoretical basis of the sometimes experimentally observed
ated in very low ionic-strength solutions. The price to be paid results, in particular, the large sensor signals, still remains
is a reduced probability of hybridization (due to the electro- unclear. Therefore, much more theoretical (modeling) and
static repulsion between the complementary DNA strands) experimental research has to be done in order to understand
and therefore, an extended hybridization time and reducedand correctly interpret the DNA-hybridization detection
signal. According to estimations performed[if)13] using experiments with field-effect devices.
the Graham equation, the expected hybridization signal could
be in the mV range¥3 mV from the 3x 102 hybridized 12-
mer DNA/cnf in an electrolyte solution with anionic strength 3. A new method for the label-free detection of DNA
of 23mM[7], and~0.8 mV from the 4x 101 hybridized 20- hybridization by means of ion-sensitive field-effect
mer DNA/cn? in a solution with an ionic strength of 1mM  devices
[13]).

A further problem is, that for a correct functioning of As an alternative, we propose a new method for the
the field-effect devices for DNA detection by its intrinsic label-free DNA detection using an ion-sensitive field-effect
charge, the surface interaction should only occur betweendevice (or device that senses the changes in the ionic
the immobilized ssDNA and its complementary target. The strength of the electrolyte), whose top surface is modified
signal should not be interfered by any background interaction with immobilized ssDNA probe molecules arranged with a
of the underlying gate surface with ions presented in the center-to-center average interprobe distaaog-ig. 4). The
solution. Therefore, in order to “insulate” the underlying interprobe distancas should be considered as a statistically
gate from the solution, the immobilized probe molecules averaged distance. The remaining surface of the ion-sensitive
should form a perfectly homogeneous and tightly packed layer between the immobilized molecules is in contact with
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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 radiug = 5A andrgs= 10,&,
respectively. The cylinders are arranged normal to the sensor surface with
a center-to-center average separation distanceP&s. Rs: DNA-cell ra-

the electrolyte solution. In this work, the term “ion-sensitive dius;n(r): ion concentration as a function of the coordinateom the DNA
layer” is related not only to different conventional and @xis:n0:bulkion concentration.
non-conventional ion-sensitive materials, but also to the . L
materials that are sensitive to a change in the ionic strengthWhich are induced by the hybridization process, can be de-
of the electrolyte or mixed potentials. tected by the ion-sensitive field-effect sensor.
Generally, such a model corresponds to the real situation,
since in most experiments usually the immobilized ssDNA 3.1. lon-concentration redistribution in the
(as well as dsDNA) molecules do not form perfectly homoge- intermolecular spaces upon the DNA hybridization
neous and tightly packed monolayers. Moreover, the probe
ssDNA molecules should be arranged on the surface with  The theoretical model for the proposed device concept is
enough interstitial space to allow a rapid hybridization and presented irfig. 5. It is suggested, that the ssDNA or ds-
to provide a high hybridization efficiency. A preferable aver- DNA molecules form a hexagonal lattice with a cell radius
age center-to-center separation distance could be in the rangef Rs, modeled below as the lattice of uniformly negatively
from ~2.5 to ~10 nm that corresponds to a probe density charged, infinitely long cylinders with a radiug=5A and
from about 2x 102 to 1.3x 102 molecules/crf, typically ras= 10A, respectively. The cell model has been successfully
reported in the literaturg?,27—-29] used for the description of DNA-DNA electrostatic inter-
In Fig. 4, for simplicity, the ssDNA is presented as rod- action in dense assemblig20]. The cylinders are oriented
like molecule oriented normal to the sensor surface. In amorenormal to the sensor surface with a center-to-center average

E)eallstlcc:j plcture,hthg SSDEI']A'\ is a erX|bIhe 30|II-I|kehm(]zlecgllsIA separation distance af = Rs /271/\/1—3 ~ 2Rs. The effect
ependent on the immobilization method, length of ss of DNA hybridization is modeled by doubling of the linear

and the surface cont_alltlons, ssDNA molecules can lie flat on charge density of the cylinder and by increasing the cylinder
the sensor surface with the phosphate groups or bases expos dius from 5 to 1&

to the surrounding solution; they can be oriented normal or Because in a broad pH range (from pH 4 to 11) ssDNA

with a ?ertaln a:nglgﬂt:)trt]he surface a? We”:f? cahn L‘"’?Zf o?e OTand dsDNA molecules are negatively charged via their phos-
o o e e Ay o " e G0upo, uch negatvelychatged molculs vl atac
- positively charged counter ions (including protons) from
than coil-like, as knoyvn. . the solution and repel the co-ions. In equilibrium, a certain
our proppsgd device detects the hybridization .Of the probe distribution of the electrostatic potential emerges around the
molecule with its complementary strand by sensing: DNA molecules. The characteristic length of the potential

(1) the redistribution of the ion concentration in the inter- decay is the Debye screening length, which determines
molecular spaces induced upon the hybridization and/or the thickness of the double layer formed by the ions around
(2) the alteration of the ion sensitivity of the transducer the DNA.Asaresult, the DNA charge is effectively compen-
caused by the hybridization. _sated by the surroundlng_small counter |ons._Th|s may result
in a local ion-concentration redistribution within the inter-
Resulting changes in the potential at the interface ion- molecular spaces (increasing the cation concentration and
sensitive layer/electrolyte within intermolecular regions, decreasing the anion concentration) that can substantially

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 distance
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Fig. 7. Ratio (ngs)/(nss) Of average concentration of cations and anions
within the intermolecular spaces after hybridizatigng§)) and before hy-
bridization (nss)) as function of the DNA-cell radiu®s and in 1:1 salt
solutions with bulk ion-concentration of =0.005, 0.05, 0.15, and 0.5M,

£ o2 |
Sl [ respectively.
S ot no=0.005M o _ _ _
For sensor applications, a more interesting parameter is
0.05 [~ 4 SDNA . the degree of change in the average ion concentration in the
Sathen s 0DNA. 20,8 intermolecular spaces upon hybridization. Following the pro-
| 1 | 1 . : .
s 10 15 20 5 20 cedure_desc_rlbed _[62], the average concentration of cations
®) C A and anions in the intermolecular spaces can be presented as:
— /72
Fig. 6. Calculated distribution of the cations.(r)/ng) (a) and anions (n+(Rs)) = no(£¢ + V5% +1) (5)

(n—(r)/no) (b) in the intermolecular spaces before (dotted curves) and af-

ter hybridization (solid curves) as a function of the coordirateom the where

DNA axis forRs=3nm,6=0.8 and in a 1:1 electrolyte with different bulk 1-0

concentrations of 0.005, 0.05, and 0.15 M, respectively. (=— ———
27tbno(Rs? — a?)

b is the distance between the nearest unit charges along the
differ from the concentration in the bulk electrolytg, After cylinder (0=0.34 nm for the ssSDNA and=0.17 nm for the
hybridization, because the charge of the dsDNA is nearly dsDNA) (+) and ) are related to cations and anions, respec-
doubled, a new distribution of the electrostatic potential and tively, anda=rssfor the ssDNA and=rgs for the dsDNA.
of the ions within the intermolecular spaces will be reached.  As an examplefig. 7 shows the ratidngs)/(nsg of the

Fig. 6 shows the calculated distribution of the cations average concentration for cations and anions within the in-
(n+ (r)/ng) and anionsr{_(r)/np) in the intermolecular spaces termolecular spaces after hybridizations) and before hy-
before (dotted curves) and after hybridization (solid curves) bridization(nss) as a function of the DNA-cell radiuss and
as a function of the coordinatefrom the DNA axis for in 1:1 salt solutions of different bulk ion concentrations of
Rs=3nm,0=0.8 and in a 1:1 electrolyte with different bulk ng=0.005, 0.05, 0.15 (physiological solution), and 0.5 M,
concentrations of 0.005, 0.05, and 0.15 M, respectively. The respectively. The fraction of both ssDNA and dsDNA charge
calculations have been made using the equations for the eleceompensated by the condensed cations was takér </,
trostatic potential derived if81], where a linearization of  which is a good approximation for a 1:1 salt solution.
the Poisson—Boltzmann equation near the Donnan potential As it can be seen frorRig. 7, the average ion concentra-
in the hexagonal DNA cell was implemented. As it can be tion within the intermolecular spaces after the hybridization
seen, the local counter- and co-ion concentration within the clearly differs from that of before the hybridization event.
intermolecular spaces substantially differ from that of the The difference would be enough to obtain a detectable sensor
bulk solution. Moreover, the ion-concentration distribution signal even in high ionic-strength solutions (0.5 M), where
after the hybridization differs substantially from the situa- the hybridization efficiency is high and the hybridization
tion before hybridization (i.e. in the presence of the immobi- event can be faster. For instance, by assuming a high density
lized ssDNA only). Thus, in contrast to the above discussed of the immobilized ssDNA of about 2 10'® molecules/crh
field-effect devices for the DNA-hybridization detection by (as:2Rs~25,&) and under the assumption of a 100% hy-
the intrinsic molecular charge, here, namely the counter-ion bridization efficiency, the average ion concentration within
condensation effect is used to detect the DNA-hybridization the intermolecular spaces after hybridization can be more
event. than three to four times higher (for cations) and less (for

(6)
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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 inthe
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 observe(
in DNA immobilization and hybridization experiments with
a FET structure, e.g. ii13]. By decreasing the density of the
immobilized ssDNA molecules (i.e. with increasiRg), the
ratio (ngs)/(nsg 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 (ngs)/(nsg) is strongly increased at a small separation
distance (high density of the immobilized ssDNA). However,
atthe sametime, the “useful” sensor area, available for the ion
interaction, is decreased. Therefore, dependent on the sensc
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-
tion could also take place when ssDNA probe molecules lie
flat onto the sensor surface or are oriented with a certain angle
to the surface. Furthermore, the estimations for average ion
concentration in DNA lattice using a more realistic model,
considering the DNA molecules as charged spirals, do not

change the described effects qualitatively. In many relevant :
applications, the ssDNA are often attached to the surface via

linker molecules. The calculation of the electrostatic potential
near to the end of the DNA rod of afinite length placed ata cer-
tain distance from the surface, shows a strong dropping of the
potential with increasing distance between the DNA molecule
and the surfacg82]. Therefore, if the sSSDNA molecules are
immobilized using longer linker molecules, one should not
expect a high hybridization signal. In addition, it should be
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field-effect transducer

dsDNA

field-effect transducer

Fig. 8. Alteration of the ion sensitivity of the ion-sensitive layer as a possi-

noted that the presented model does not take into account theje mechanism for DNA hybridization detection with a field-effect device
charge state of the sensor surface; theoretical models, whichschematically). The flexible ssDNA molecules can cover, screen and thus,

also include an effect of the surface charge, are more com-
plicated. Nevertheless, in a first approach it can be expecte
that the diffuse layer of counter ions around the DNA will

overlap with the diffuse layer of the electrolyte/ion-sensitive

alter the effective amount of the surface sites available for an ion interac-

Otion, 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).

layer interface. As a consequence, a three-dimensional redis-

tribution of the ion concentration in the intermolecular spaces
upon hybridization can be predicted.

3.2. Alteration of the ion sensitivity of the ion-sensitive
layer upon the hybridization

In addition to the ion-concentration redistribution effect
in the intermolecular spaces, upon the hybridization the ion
sensitivity of the ion-sensitive layer can be modulated. For

instance, if the flexible ssSDNA 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 surfaceHg. 8@a)). In contrast, after hybridization

a rigid rod-like dsDNA is formed, thus opening the surface
of the ion-sensitive layer to ion&ig. 8(b)), which can result
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in an additional change of the sensor signal. According to Bildung und Forschung des Landes Nordrhein-Westfalen,
these very elementary considerations of disturbances in theGermany.

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. References
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