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ABSTRACT: Miniaturized setup, compatibility with advanced micro- and

nanotechnologies, and ability to detect biomolecules by their intrinsic : \ '
molecular charge favor the semiconductor field-effect platform as one of the | Jfter DNA
most attractive approaches for the development of label-free DNA chips. In this 5 | bare sensor | after probe | Nybridization
work, a capacitive field-effect EIS (electrolyte—insulator—semiconductor) & | e PAH [ A o
sensor covered with a layer-by-layer prepared, positively charged weak St | e
polyelectrolyte layer of PAH (poly(allylamine hydrochloride)) was used for 3 b prope | O\
the label-free electrical detection of DNA (deoxyribonucleic acid) immobiliza- é ) ERR cdeo
tion and hybridization. The negatively charged probe single-stranded DNA | PAl | S | S
. . rexe)xoxol o606, o8
(ssDNA) molecules were electrostatically adsorbed onto the positively charged P—e—e—lSio [@oo[eoe|[00 s
PAH layer, resulting in a preferentially flat orientation of the ssDNA molecules 2 ! I !
within the Debye length, thus yielding a reduced charge-screening effect and a Time

higher sensor signal. Each sensor-surface modification step (PAH adsorption,

probe ssDNA immobilization, hybridization with complementary target DNA (cDNA), reducing an unspecific adsorption by a
blocking agent, incubation with noncomplementary DNA (ncDNA) solution) was monitored by means of capacitance—voltage
and constant-capacitance measurements. In addition, the surface morphology of the PAH layer was studied by atomic force
microscopy and contact-angle measurements. High hybridization signals of 34 and 43 mV were recorded in low-ionic strength
solutions of 10 and 1 mM, respectively. In contrast, a small signal of 4 mV was recorded in the case of unspecific adsorption of
fully mismatched ncDNA. The density of probe ssDNA and dsDNA molecules as well as the hybridization efliciency was
estimated using the experimentally measured DNA immobilization and hybridization signals and a simplified double-layer
capacitor model. The results of field-effect experiments were supported by fluorescence measurements, verifying the DNA-
immobilization and hybridization event.

KEYWORDS: DNA, hybridization, intrinsic molecular charge, label-free detection, field-effect capacitive sensor, polyelectrolyte,
layer-by-layer technique

1. INTRODUCTION

DNA (deoxyribonucleic acid) biosensors are considered as a
very promising tool in many fields of applications ranging from
diagnosis of genetic diseases, pathogen identification, and
parental testing to drug screening and food industry.'~* The
developed DNA-detection principles are very different: optical,
electrochemical, impedimetric, spectrometric, and gravimetric
methods are just a few of them.””'' The fundamental
mechanism of many DNA-detection methods relies on the
detection of the hybridization event in which a single-stranded
probe DNA (ssDNA) binds specifically to a complementary
single-stranded target DNA (cDNA), forming a double-
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stranded DNA (dsDNA) with a well-known helix structure.
Generally, DNA-detection principles can be divided into
labeled, where either probe- or target-DNA molecules are
labeled with different markers, and label-free methods. Label-
free methods have obvious advantages in terms of simplicity,
rapidity and cost-efficiency.'”"? One favorable possibility to
detect unlabeled DNA molecules is the detection of their
intrinsic molecular charge by means of semiconductor field-
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effect devices (FED),”"* because DNA molecules are negatively
charged in a wide pH range. FEDs based on an electrolyte—
insulator—semiconductor (EIS) structure, like capacitive EIS
sensors, ion-sensitive field-effect transistors, Si-nanowire
transistors and light-addressable potentiometric sensors
(LAPS), are charge-sensitive devices and have been widely
applied for the detection of pH,'™'® jon and analyte
concentration in liquids'®™*' as well as charged molecules™**
or charged nanoparticles.””** The ability of different kinds of
FEDs for label-free detection of the DNA-hybridization event
has been demonstrated in refs 25—35. In these devices, the
adsorption or binding of DNA molecules on the gate surface of
the FED changes the space-charge distribution in the
semiconductor, resulting in a change of the output signal of
the FED. However, due to the screening of the DNA charge by
counterions in the solution, the DNA-hybridization signal
strongly depends on the ionic strength of the solution and the
distance between the charge of the DNA molecules and the
gate surface.”****™** In addition, because the DNA charge is
distributed along the molecule length, the DNA-immobilization
method and orientation of molecules will have a strong impact
on the DNA-hybridization signal.””~*' These problems can be
overcome by the immobilization of ssDNA molecules
preferentially flat to the FED surface as well as by readout of
the hybridization signal in a low-ionic strength solution.

Direct electrostatic immobilization of DNA molecules onto
the FED surface is, in general, impossible due to electrostatic
repulsion forces between the DNA and the FED surface with
typically negatively charged gate insulators (e.g,, SiO,, Ta,Os,
Si;N,). Therefore, a modification of the sensor surface by
means of layer-by-layer (LbL) electrostatic adsorption of a
cationic polyelectrolyte/ssDNA bilayer and subsequent hybrid-
ization with cDNA molecules becomes more popular in FED-
based DNA biosensors design.””*>*~* In contrast to often
applied covalent immobilization methods that require time-
consuming, cost-intensive procedures and complicated chem-
istry for functionalization of the gate surface and/or probe
ssDNA, the LbL electrostatic adsorption technique is easy, fast,
and applicable for substrates with any shapes and form.*****/
The suitability of FEDs for the detection of adsorptively
immobilized DNA has been demonstrated by modifying the
gate surface of an EIS sensor” and a floating-gate field-effect
transistor’* by the positively charged poly-1-lysine. However,
the recorded DNA-immobilization and hybridization signals
were small (several mVs). On the other hand, recently, a high
sensor signal has been reported by electrostatic adsorption of
ssDNA (83 mV)* and dsDNA (20 mV)* on a LAPS surface
modified with the positively charged weak polyelectrolyte of
PAH (poly(allylamine hydrochloride)). Although LAPS devices
are capable for addressable and multispot measurements, some
disadvantages, such as necessity of illumination of the
semiconductor with a modulated light source, dependence of
the LAPS signal on the modulation frequency and intensity of
the light, cross-talk due to the possible internal reflections in
the semiconductor, and complicated readout circuit, might limit
their application fields.

In the present work, the simplest FED—the capacitive EIS
sensor—modified with a LbL-prepared PAH layer is applied for
a label-free detection of electrostatic adsorption of probe
ssDNA molecules onto the gate surface and subsequent
hybridization with cDNA molecules. The EIS sensor represents
a (bio)chemically sensitive capacitor, which can be easily
fabricated at low cost (usually, no photolithographic process
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steps or complicated encapsulation procedures are needed).
Moreover, those sensors can be integrated with microfluidic
cells on wafer level. In contrast to LAPS, a small AC
(alternating current) voltage is applied to readout the EIS
capacitance (no illumination with a modulated light is
necessary). It can be expected that adsorptively immobilized
probe ssDNA molecules will be preferentially flat-oriented on
the EIS surface with negatively charged phosphate groups
directed to the positively charged PAH molecules; the DNA
nucleobases exposed to the surrounding solution allow to
hybridize with their target cDNA molecules. As it has been
discussed in refs 25, 32, 42—44, in the presence of a positively
charged polyelectrolyte layer, both the Debye screening effect
and the electrostatic repulsion between target and probe DNA
molecules will be less effective, and therefore, a higher
hybridization signal can be expected.

During experiments, each surface-modification step was
monitored electrochemically in terms of signal direction and
amplitude by using capacitance—voltage (C—V) and constant-
capacitance (ConCap) measurements. In addition, the surface
morphology of the PAH layer was studied by atomic force
microscopy (AFM) and contact-angle measurements, while
fluorescence measurements served as a reference method to
verify the results of electrochemical detection of the DNA-
immobilization and hybridization event.

2. EXPERIMENTAL SECTION

2.1. Chip Fabrication. EIS sensor chips consisting of an Al/p-Si/
SiO, structure were fabricated from a p-Si wafer (boron doped) with
crystallographic orientation (100) and a resistivity of 1—10 Qcm. First,
a SiO, gate oxide was thermally grown by dry oxidation process at
1000 °C for 30 min to form a 30 nm thick oxide layer. Then, the rear-
side oxide layer was etched by HF and subsequently, a 300 nm Al layer
was deposited to create an ohmic contact to the silicon substrate. The
last step of the fabrication process was the separation of the wafer into
single 10 X 10 mm chips. After fabrication, each chip was cleaned in
ultrasonic bath with acetone, isopropyl alcohol, ethanol, and deionized
(DI) water.

2.2, Measurement Setup and Electrochemical Character-
ization. For electrochemical characterization, the EIS chips were
mounted into a homemade measurement cell and connected to the
electrochemical workstation. The rear-side and nonactive area of the
chip were isolated from the electrolyte solution by means of an O-ring.
The effective contact area of the EIS chip with the solution was about
0.7 cm?. Figure 1 shows a schematic cross section of the EIS structure
and measurement setup including the electrochemical workstation
(Zennium, Zahner Elektrik, Germany) and the reference electrode
(liquid-junction Ag/AgCl electrode filled with 3 M KCl, Metrohm,
Germany).

To reduce the influence of the charge-screening effect, the
measurements were performed in low-ionic strength solution (1 mM

reference
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Figure 1. Cross-sectional illustration of the EIS sensor structure and
measurement setup.
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and 10 mM NaCl, pH 5.4S adjusted by HCI, further referred as
measurement solution). The pH value of all solutions was controlled
with a MPC227 pH/Conductivity Meter (Mettler-Toledo, Germany).
The surface-potential changes induced due to the surface-modification
steps (PAH adsorption, probe ssDNA immobilization and target
cDNA hybridization) were evaluated from the shifts of C—V curves
along the voltage axis in depletion region or directly recorded by
means of ConCap mode measurements.

For the C—V measurements, a DC (direct current) gate voltage
ranging from —1.5 V to +0.5 V (steps of 100 mV) and a small
superimposed AC voltage with an amplitude of 20 mV and a frequency
of 60 Hz was applied between the reference electrode and the rear-side
Al contact. The ConCap mode allows the real-time dynamic
monitoring of the sensor signal, whereas the capacitance of the sensor
is kept constant at a certain working point by varying the gate voltage
using a feedback—control circuit. This working point (constant
capacitance value) was chosen from the previously recorded C—V
curve, typically within the depletion region at approximately 60% of
the maximum capacitance. The measurements were performed at
room temperature in a dark Faraday box (to reduce the possible
influence of ambient light and electromagnetic fields). All potential
values are referred to the reference electrode.

2.3. LbL Adsorption of PAH/DNA Bilayer and Target cDNA
Hybridization. The LbL technique provides a simple, fast, low-cost
and efficient technique for the electrostatic assembling of polyions
with alternating charge.*****’ In this study, the LbL technique has
been utilized for the adsorption of positively charged PAH
macromolecules on the negatively charged SiO, gate insulator and
the immobilization of negatively charged probe ssDNA molecules onto
the positively charged PAH layer. The LbL-immobilized ssDNA
molecules usually form flat elongated structures.* As a result, in low-
ionic strength solutions used in this study, the full DNA charge could
probably be positioned near the gate surface within the Debye length
(approximately 3 and 10 nm in 10 and 1 mM solutions, respectively),
yielding a higher sensor signal.

The schematic of the surface-modification steps is presented in
Figure 2. Before polyelectrolyte adsorption, the surface of the SiO,

Cooo00o000CcCcC0
30 nm SiO.
p-Si

300 nm Al

Figure 2. Schematic of the surface-modification steps: (a) PAH
adsorption, (b) ssDNA immobilization, and (c) hybridization of
complementary target cDNA with immobilized probe ssDNA
molecules.

layer was first activated with piranha solution (mixture of 60 uL H,SO,
(98%) and 30 uL H,0, (35%)) by pipetting the freshly prepared
mixture on the chip surface and incubating for at least 10 min at room
temperature, followed by rinsing with DI water. This acid-treatment
procedure was repeated three times. Then, 100 uL PAH solution (3 g/
L PAH) was applied to the chip for 10 min to form the polyelectrolyte
layer in accordance with the procedure described in ref 46. The PAH
solution was prepared by dissolving of PAH (70 kDa, purchased from
Sigma) in 100 mM NaCl, pH 5.45. At pH 5.45, the surface of SiO, can
be considered to be enough negatively chaa%ed (the pH,, at point of
zero charge of SiO, is between 2 and 3)™ to provide electrostatic
adsorption of almost fully charged PAH molecules.*’ The ionic

strength of the PAH solution was chosen sufficiently high (100 mM
NaCl) in order to achieve a higher amount of adsorbed polyelectrolyte
molecules. After the PAH adsorption, the chip was washed again three
times with measurement solution to remove nonattached molecules
from the sensor surface, followed by an electrochemical character-
ization as described in section 2.2.

The density and homogeneity of the immobilized probe ssDNA
layer will be mainly defined by the quality of the underlying PAH layer.
Therefore, in separate experiments, the chip-surface morphology and
roughness was characterized by AFM measurements before and after
the PAH adsorption. Tapping-mode AFM images were taken using a
BioMAT Workstation (JPK Instruments, Germany) and commercial
NCH Pointprobe silicon cantilevers (Nanoworld, Switzerland). The
surface roughness was quantified by using the root-mean-square value
(rms) and the surface-area difference.

For immobilization of 20-mer probe ssDNA, 60 yL of S uM ssDNA
solution was applied onto the PAH-modified chip surface. The DNA
solution has been prepared by dilution of ssDNA molecules in 1 X TE
buffer (mixture of 10 mM Tris (tris(hydroxymethyl)aminomethane)
and 1 mM EDTA (ethylenediaminetetraacetic acid) in DI water,
adjusted to pH 8). After 60 min of incubation, the chip was washed
three times with measurement solution to remove unattached probe
ssDNA molecules.

For hybridization, the chip surface covered with the PAH/ssDNA
bilayer was incubated with fully matched target cDNA solution (S uM
20-mer cDNA dissolved in 1 X TE buffer, pH 8) for 40 min at RT,
followed by rinsing with DI water to remove the nonhybridized target
¢DNA molecules.

The sequences of 20-mer probe ssDNA (5'-GTT-CTT-CTC-ATT-
CTT-CCC-CT-3’), complementary target cDNA (5'-AG-GGG-AAG-
AAT-GAG-AAG-AAC-3’) and fully mismatched ncDNA (5'-TC-
CCC-TTC-TTA-CTC-TTC-TTG-3') used in this study were
purchased from Eurofins (Eurofins MWG Operon, Germany).

3. RESULTS AND DISCUSSION

3.1. Leakage-Current Measurements and Surface-
Charge Sensitivity of EIS Chips. The quality of the oxide
layer, drift of the output signal and the surface-charge sensitivity
of the fabricated SiO,-gate EIS chips are crucial factors, which
should be checked before starting DNA-detection experiments.
The quality of the gate-oxide layer has been tested by
measuring the leakage current between the reference electrode
and rear-side contact of the EIS chip by varying the applied gate
voltage in the range from —2 to +2 V. For a correct functioning
of the EIS sensors, the leakage current should be very small.
Therefore, only chips having leakage current less than 10 nA
were chosen for further DNA-detection experiments.

In separate experiments, the drift behavior of the bare SiO,-
gate EIS sensor has been studied. For this, the ConCap signal
of the EIS sensor was recorded directly after applying the PBS
buffer (pH 7) onto the bare sensor surface and after incubation
in the same solution over 7 days. The drift of the EIS sensor
was evaluated from the shift of the ConCap curve and
amounted to be approximately 8 mV/day. In further experi-
ments on DNA detection, before the surface modification
processes, the sensors were conditioned in PBS buffer (or in
measurement solution) for at least 12 h, in order to reduce the
drift of SiO,-gate EIS sensors.

Because the surface charge of the SiO, is known to be pH-
dependent,” the charge sensitivity of the EIS chips has been
tested via the measurement of shifts of C—V curves along the
voltage axis in various pH buffer solutions from pH 5 to pH 9.
The pH sensitivity evaluated from these shifts of C—V curves in
the depletion region was 42 mV/pH, which is comparable to
values previously reported for thermally grown SiO, layers (e.g,
refs 30, S1). These results demonstrate the suitability of the
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developed EIS devices as charge-sensitive transducers for
further experiments on the label-free detection of DNA
immobilization and hybridization by their intrinsic molecular
charge.

3.2. Surface Characterization of PAH Layer. Figure 3
shows an example of AFM image of the EIS sensor surface after

Figure 3. AFM image of the SiO, surface covered with PAH layer.
Scan size is 2 X 2 pym.

the PAH adsorption. The PAH layer was homogeneous as
evidenced by the AFM images taken from different areas of the
EIS surface. The cleaned and PAH-covered SiO, surfaces were
smooth with average rms values of 0.12 and 0.55 nm,
respectively. The PAH molecules form a densely packed layer
assumedly with a flat conformation of the PAH molecules.
However, some pin holes and worm-like structures can be
observed on the AFM image of the PAH surface in Figure 3,
which is a general phenomenon for LbL-prepared polyelec-
trolyte films. The average height of the polyelectrolyte layer was
~2—3 nm, which is in agreement with results reported for a
PAH layer prepared from 50 uM PAH solution adjusted with
100 mM NaCL*

In addition to AFM investigations, the wettability of the
sensor surface before and after the cleaning step with piranha
solution and after deposition of the PAH layer has been studied
by water contact-angle measurements (see Supporting
Information). After treatment in piranha solution, the SiO,
surface becomes highly hydrophilic, which results in a decrease
of the contact angle from 89° to less than 10°. The contact

angle increases to 34° after the PAH adsorption that is in good
agreement with the results reported for the PAH adsorption on
a hydrophilic glass substrate.>”

3.3. Label-Free Detection of PAH Adsorption, Probe
ssDNA Immobilization and Target cDNA Hybridization.
The capacitive EIS sensors were characterized before and after
each surface-modification step by means of C—V and ConCap
method. Figure 4 shows an example of label-free electrostatic
detection of PAH adsorption, probe ssDNA immobilization
and target cDNA hybridization with the EIS sensor. In this
experiment, the C—V curves (a) and the ConCap response (b)
of the EIS sensor were recorded in 10 mM NaCl solution (pH
5.45) before and after PAH adsorption, after ssDNA
immobilization and after subsequent hybridization with target
cDNA molecules. The recorded C—V curves exhibit a typical
high-frequency shape. Dependent on the magnitude and
polarity of the applied gate voltage, Vi, three regions in the
C—V curves of the bare and modified EIS sensor can be
distinguished: accumulation (Vg<—1.25 V), depletion (—1
V<Vg < 0.1 V) and inversion (Vg > 0.25 V).

The total capacitance of the EIS structure (Cgg) can be
represented as a series connection of the geometrical
capacitance of the gate insulator (C;) and the variable space—
charge capacitance of the semiconductor (C,.) that depends,
among others, on the voltage applied to the gate and the charge
(potential) at the gate-insulator/electrolyte interface (the
electrochemical double-layer capacitance and capacitance of
the adsorbed monolayer are usually much greater than C; and
C,. and can thus, be neglected (e.g., ref 46)). As it can be seen,
after surface-modification steps, the maximum capacitance in
the accumulation range of the C—V curve remains nearly
unchanged (Cgg & C;), which is consistent with our previous
results on the detection of charged macromolecules or
nanoparticles with the capacitive EIS sensor.”**® On the
other hand, large shifts of C—V curves along the voltage axis
have been observed in the depletion range, whereat the
direction and magnitude of the shifts depends on the sign and
amount of the adsorbed charge. This indicates that the
adsorption and binding of charged macromolecules induces
an interfacial potential change, resulting in a modulation of the
flatband voltage and capacitance of the EIS structure. The
binding of positively charged PAH molecules to the negatively
charged SiO, surface will increase the width of the depletion
layer and decrease the space-charge capacitance in the Si, C,.
This will result in a decrease of the total capacitance of the
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Figure 4. C—V curves (a) and ConCap response (b) of the capacitive p-Si-SiO, EIS sensor measured in 10 mM NaCl (pH 5.45) before and after
PAH adsorption, after probe ssDNA immobilization and after hybridization with complementary cDNA molecules. Working point (constant

capacitance) in depletion region was set to SO nF.
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sensor and in a shift of the C—V curve in the direction of more
negative gate voltages. In contrast, the electrostatic binding of
negatively charged probe ssDNA molecules to the positively
charged PAH and subsequent hybridization with complemen-
tary target cDNAs will lead to a decrease of the width of the
depletion layer and an increase of the C. As a result, the C—V
curve will shift in the direction of more positive (or less
negative) gate voltages.

Both the direction and the magnitude of potential shifts can
directly be determined from the dynamic ConCap-mode
measurements (Figure 4b). In addition, the real-time ConCap
response makes the drift behavior of the bare and modified EIS
sensor visible. As can be seen, immediately after exposing to the
measurement solution, large signal changes induced due to the
SiO, surface modification by the charged macromolecules have
been registered. Then, small signal drift over time has been
observed. In most cases, it takes several minutes to achieve
equilibrium conditions and a relatively stable signal. Typically,
the signal changes induced by the PAH adsorption, DNA-
immobilization or hybridization processes were much higher
than that of caused due to the drift effect. A ConCap signal of
approximately 48 mV was recorded after the adsorption of
PAH molecules. The probe ssDNA-immobilization signal was
97 mV. After the hybridization process, the negative charge of
the dsDNA molecules is increased, resulting in an additional
potential shift (hybridization signal) of 34 mV in the direction
of less negative voltages.

Let us estimate the density of probe ssDNA molecules (N,)
adsorbed on the PAH layer using the experimentally measured
ssDNA immobilization signal (AVg). Adopting a simplified
double-layer capacitor model described in ref. [S3] and by
assuming that (1) the double-layer capacitance, Cy remains
nearly unchanged after the adsorption of ssDNA molecules, (2)
the probe ssDNA molecules are preferentially flat-oriented on
the EIS surface with negatively charged phosphate groups
directed to the positively charged PAH molecules, and (3) the
charges inside the semiconductor and insulator as well as the
screening of the DNA charge by counterions in the solution can
be neglected, the following simplified relation between the
surface potential change (A@) and the excess surface charge

(AQ) can be obtained:****
AV ~ Ap = AQ/Cy = enN,/Cq (1)

where e is the elementary charge (¢ = 1.6 X 107" C), and n is
the number of charged phosphate groups. The density of the
adsorbed probe ssDNA molecules calculated from expression
(1) amounts to be approximately N, = 6 X 10'' ssDNA/cm’,
which is in good agreement with results (NP = 4 x 10"
ssDNA/cm?) reported for 20-mer DNA molecules covalently
attached to the silanized SiO, gate surface of an ion-sensitive
field-effect transistor.”* The simulation parameters are AVg =
97 mV (evaluated from the ConCap curve in Figure 4b), n =
20; the double-layer capacitance C4 was taken to be 20 uF/
cm*> The density of hybridized dsDNA molecules calculated
using eq 1 and the measured hybridization signal of 34 mV (see
Figure 4b) was 2.1 X 10'! dsDNA/cm? Thus, the hybridization
efficiency amounts to be approximately 35%.

In general, the observed hybridization signal was smaller than
the immobilization signal that is in agreement with results
reported previously (e.g, refs 37, 56). This effect could be
explained by assuming that (1) not all adsorbed probe ssDNA
molecules form a flat-oriented elongated structure with DNA
nucleobases exposed to the surrounding solution and are ready

to hybridize with target cDNA molecules, (2) the charge of
dsDNA molecules is partially screened by small counterions in
the solution, (3) some hybridized dsDNA molecules detach
from the surface, or some combination thereof.

Usually, immobilized probe ssDNA molecules do not form a
closely packed, dense layer. Therefore, negatively charged target
cDNA or noncomplementary DNA (ncDNA) molecules can
electrostatically adsorb onto those positively charged areas of
PAH not covered with probe ssDNA, resulting in a false signal.
To prevent or reduce an unspecific adsorption of cDNA or
ncDNA, the surface areas of PAH not covered with the probe
ssDNA have to be blocked by a chemical agent (e.g, bovine
serum albumin (BSA)), which inhibits unspecific adsorption.
Therefore, after probe ssDNA immobilization, 1% BSA (diluted
in DI water, adjusted to pH 5.45) was applied to the chip
surface for 60 min at RT, followed by rinsing with
measurement solution. At pH 5.45, the BSA molecules are
weakly negatively charged, because the isoelectric point of BSA
is around pH 4.7.7 To find out the impact of unspecific
adsorption of ncDNA molecules on the EIS signal, after
blocking procedure, the sensor surface was exposed to fully
mismatched ncDNA solution (S #M 20-mer ncDNA dissolved
in 1 X TE buffer, pH 8) for 40 min at RT, followed by rinsing
with DI water.

Figure S5 depicts the ConCap response of an EIS sensor
recorded in 1 mM NaCl solution (pH 5.45) before and after
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Figure S. ConCap response of EIS sensor recorded in 1 mM NaCl
solution (pH 5.45) before and after PAH adsorption, after probe
ssDNA immobilization, after blocking with BSA, after incubation in a
solution containing fully mismatched ncDNA molecules (5 #M) and
after hybridization of probe ssDNA with target cDNA molecules (S

UM).

PAH adsorption, after probe ssDNA immobilization, after
blocking with BSA, after incubation in a solution containing
fully mismatched ncDNA molecules (S pM) and after
hybridization of probe ssDNA with target cDNA molecules
(5 uM).

The DNA immobilization and hybridization signals evaluated
from the ConCap response in Figure S were 67 and 43 mV,
respectively. At the same time, unspecific adsorption of fully
mismatched ncDNA molecules induces only a small potential
shift of 4 mV. Thus, the DNA-hybridization signal was more
than 10 times higher than the signal generated due to the
unspecific adsorption of ncDNA molecules. This experiment
demonstrates the specificity of the developed EIS sensor
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Figure 6. (Left column) Light-field and (middle column) fluorescence-mode images after exposing the (a) bare and (b) PAH-modified EIS sensor to
FAM:-labeled probe ssDNA solution as well as after incubation of the EIS sensor modified with PAH/probe-ssDNA bilayer with the solution of
FAM-labeled (c) cDNA or (d) ncDNA molecules. The schematics in the right column visualize the corresponding binding tendency. For each

fluorescence experiment, a separate EIS chip was used.

capable of distinguishing the complementary cDNA from fully
mismatched ncDNA. As expected, due to the less-effective
Debye screening effect in a low-ionic strength solution, the
hybridization signal measured in a 1 mM solution (Debye
length A, &~ 10 nm) was higher (43 mV) than that of recorded
in a 10 mM solution (4p &~ 3 nm; 34 mV; Figure 4b).

3.4. Fluorescence Measurements. In addition to field-
effect characterization of EIS-based DNA sensors by means of
C—V and ConCap methods, fluorescence measurements were
performed as a reference method to verify the DNA-
immobilization and hybridization event using an Axio Imager
Alm (Carl Zeiss AG, Germany) fluorescence microscope with
respective filter set. To visualize the successful DNA
immobilization onto the PAH layer, probe ssDNA (20-mer)
were modified with the fluorescence dye 6-carboxyfluorescein
(FAM). For verification of the hybridization reaction, first
unmodified 20-mer probe ssDNA molecules were immobilized
onto the surface of the PAH-modified EIS sensor, then the
sensor was exposed to the solution containing FAM-modified
target cDNA or ncDNA (also 20-mer), respectively. All surface-
modification and washing steps were performed according to
the protocols described above for electrochemical experiments.

Figure 6 shows the results of fluorescence measurements
after exposing the bare and PAH-modified EIS-sensor surface
to FAM-labeled probe ssDNA solution (5 uM) as well as after
incubation of the EIS sensor modified with a PAH/probe-
ssDNA bilayer with the 5 M solution of FAM-labeled cDNA
or ncDNA molecules. No fluorescence signal has been detected

after exposing the bare EIS sensor to FAM-labeled probe
ssDNA solution (Figure 6a). The electrostatic repulsion
between the probe ssDNA and SiO, surface (both are
negatively charged) prevents the immobilization process. As a
consequence, no FAM-labeled ssDNA molecules remain on the
sensor surface after the washing step. In contrast, a bright and
homogeneous fluorescence signal was observed after incubation
of the PAH-modified EIS sensor surface to FAM-labeled probe
ssDNA solution (Figure 6b), verifying a successful immobiliza-
tion of probe ssDNA molecules onto the positively charged
PAH layer. The fluorescence signal has also been observed even
after six washing steps, without any loss of fluorescence
intensity. In comparison to Figure 6b, a less bright fluorescence
signal has been detected after hybridization of probe ssDNA
with FAM-labeled cDNA (Figure 6¢c). This experiment verifies,
on one hand, the successful hybridization process; on the other
hand, it indicates that not all immobilized probe ssDNA
molecules were hybridized with the target cDNA molecules
(i.e, the hybridization efficiency was <100%), supporting the
results of electrochemical measurements (see section 3.3). As
expected, practically no fluorescence signal has been detected
after incubation of the EIS sensor modified with PAH/probe-
ssDNA bilayer with the FAM-labeled ncDNA solution (Figure
6d) that is also in good correlation with the electrochemical
measurements presented in Figure 5.
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B CONCLUSIONS

Among various concepts proposed for the label-free detection
of DNA immobilization and hybridization, the semiconductor
field-effect device platform, which is based on the electrostatic
detection of DNA molecules by their intrinsic negative charge,
is one of the most attractive approaches. In this work, a
capacitive EIS sensor consisting of an Al—p-Si—SiO, structure
modified with a weak polyelectrolyte layer of PAH has
successfully been applied for label-free electrical detection of
DNA immobilization and hybridization. The LbL technique
was used for the electrostatic adsorption of positively charged
PAH macromolecules on the negatively charged SiO, layer as
well as for an easy and fast immobilization of negatively charged
probe ssDNA molecules onto the positively charged PAH layer.
The surface morphology of the PAH layer was studied by AFM
and contact-angle measurements; the EIS sensors were
electrochemically characterized in the same measurement
solution (1 mM or 10 mM NaCl, pH 545) after each
surface-modification process (PAH adsorption, probe ssDNA
immobilization, hybridization with ¢DNA, BSA blocking,
unspecific adsorption of ncDNA) by means of C—V and
ConCap method. Large potential shifts of 97 and 34 mV have
been observed after LbL immobilization of probe ssDNA onto
the positively charged PAH layer and subsequent hybridization
with ¢cDNA, respectively. The density of probe ssDNA and
dsDNA molecules, estimated using the experimentally
determined DNA-immobilization and hybridization signals
together with a simplified double-layer capacitor model, were
6 X 10" cDNA/cm? and 2.1 X 10"" dsDNA/cm?, respectively.
The hybridization efficiency estimated using the measured
immobilization and hybridization signals is 35%. The advantage
of the adsorptive immobilization technique is that both the
probe ssDNA as well as dsDNA (after hybridization) molecules
preferentially lie flat near to the EIS surface with molecular
charges positioned within the Debye length from the gate
surface, resulting in a higher sensor signal. The hybridization
signal increases from 34 to 43 mV with decreasing the ionic
strength of the solution from 10 to 1 mM NaCl. At the same
time, a small potential shift of 4 mV was recorded in the case of
unspecific adsorption of fully mismatched ncDNA. This
demonstrates the ability of capacitive EIS sensors to distinguish
between complementary and mismatched DNA sequences. The
results of field-effect experiments were supported by
fluorescence measurements serving as a reference method to
verify the DNA-immobilization and hybridization event.

The obtained results underline the potential of the capacitive
EIS as a promising transducer platform for label-free electrical
detection of DNA molecules by their intrinsic molecular charge.
Future work will be directed to study the lower detection limit
as well as to realize an array of capacitive EIS sensors in a
differential-mode setup for the accurate detection of single-
nucleotide polymorphisms.
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