





6 Label-free detection of DNA using capacitive FEDs

Fig. 6.4: Schematic of functionalized sensor surface with a Au-NP/DNA hybrid. The ssDNA and dsDNA form a
hexagonal lattice of uniformly negatively charged, 6.4 nm long cylinders with a diameter of Dypy, =1 nm and
Dyspys = 2 nm, respectively. The cylinders are arranged normal to the Au-NP surface with a center-to-center

average separation distance of a;. The oligonucleotides in this figure are sketched using “ChemSketch” software.

Using a density of deposited Au-NPs on the sensor surface of p,, yp~1.2¥10"° Au-NPs/m’,

the density of thiol-modified ssDNAs quasi-covalently bound to the Au-NPs was estimated.
Geometrically, the upper hemi-sphere of every Au-NP is accessible for ss- and ds-DNA.
Dense packing of dsDNAs with a dsDNA diameter of Dgspna=2 nm implies the minimum
separation distance (as~2.Dgspna) Of ~4 nm between the immobilized ssDNA axes (see Fig.
6.4) [PogChO05]. Thus, for Au-NPs with an average diameter of ~6 nm up to m=3-4 dsDNAs
can potentially be deposited. The density of attached 20 base pair long DNA fragments is then

~1.2x10" —4.8x10'° ssDNA/M* ( Ppp ~MX P 40 np )-
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6.2 Optical detection of DNA immobilization, hybridization and denaturation

DNA hybridization

For hybridization, a high concentrated solution (0.1 M PBS, pH 7, adjusted with 0.9 M NaCl)
containing 5 uM of the target ssDNA (see Tab. 6.1) was utilized. The hybridization solution
was heated to ~70 °C, and was then pipetted on the gate surface of the particular sensor. The
sensors were left at room temperature for 15-30 min. After incubation, the sensor surface was
washed (with distilled water for 1 min, 2 x SSC (sodium chloride-sodium citrate buffer) for
1 min, 1 x SSC for 1 min and rinsed again with distilled water) to remove non-hybridized

target DNA molecules and finally, dried with nitrogen.

Tab. 6.1: DNA sequences used in this work.

Type Sequence

Target ssDNA 5'-TGACTACATGCAGTGTTCAT-3'
Perfectly-matched thiol-modified ssDNA 5S'THI-ATGAACACTGCATGTAGTCA-3'
Fully-mismatched thiol-modified ssDNA S'THI-TACTTGTGATGTACATCAGT-3'
Fluorescent-labeled target ssDNA 5'-Cy3-TGACTACATGCAGTGTTCAT-3'

Fluorescent-labeled perfectly-matched thiol-modified | 5'THI-ATGAACACTGCATGTAGTCA-Cy3-3'
ssDNA

Fluorescent-labeled fully-mismatched thiol-modified | 5'THI-TACTTGTGATGTACATCAGT-Cy3-3'
ssDNA

The DNA denaturation process was done by applying a drop of 0.1 M NaOH to the sensor
surface and leaving it for 1 min. Afterwards, the sensors were washed using the same protocol

as for the hybridization procedure described above.

The sequences of the probe and target ssDNA molecules used in this work are presented in

Table 6.1.

6.2 Optical detection of DNA immobilization, hybridization and

denaturation

For verification of the DNA immobilization, hybridization and denaturation on the sensor

surface, optical detection of DNAs labeled with Cy3 fluorescence markers was done.
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6 Label-free detection of DNA using capacitive FEDs

For this purpose, separate p-Si/SiO; structures with a 100 nm SiO, layer were prepared and
modified with Au-NPs. Fluorescence-microscopy measurements were carried out using an
Axioplan 2 Imaging microscope (Zeiss, Germany). Since Cy3 markers on DNA emit at a
wavelength of 570 nm, a specific filter for this wavelength was used. Digital images were
taken after the immobilization, hybridization and denaturation experiments using the color

CCD camera of the microscope.

To prove DNA immobilization, thiol-modified Cy3 fluorescence-marked fully-mismatched
and perfectly-matched ssDNA molecules (see Tab. 6.1) were immobilized on different spots
of the Au-NP-covered p-Si/SiO, chip. These spots with homogeneous distribution of fluores-

cence intensity are clearly visible in the fluorescence-microscopy images (Figures 6.5a, 6.5b).

This indicates that fluorescent-labeled probe ssDNAs were bound to the Au-NP-modified sur-
face. Figure 6.5¢ shows the mean fluorescence-intensity values for six spots with immobilized
perfectly-matched and fully-mismatched ssDNAs, as evaluated from fluorescence microscopy
using the ImageJ program. These results indicate a reproducible density of ssDNAs immobi-
lized on the Au-NP-modified surface by applying the immobilization protocols described

above.

Figure 6.6 demonstrates fluorescence-microscopy images taken from the two spots with per-
fectly-matched and fully-mismatched ssDNA after the first hybridization (a), followed by
denaturation (b) and re-hybridization (c) steps. The complementary target ssDNAs used in

this experiment were fluorescence-labeled (Tab. 6.1).

100



6.3 Label-free electrical detection of DNA hybridization and denaturation
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Fig. 6.8: Differential ConCap measurement of DNA hybridization and denaturation events with EISOI sensor

array.

After DNA denaturation, the value of AV, revealed a decrease of 90 mV that corresponds to
a DNA-denaturation efficiency (B) of about 75%. As expected, no significant changes in the
response signal were recorded after DNA denaturation for sensor 3 with immobilized fully-
mismatched DNAs. After the second hybridization step, an increase of AV4., of about ~80 mV
was recorded again. The recorded hybridization signals are replicable (about 120 mV after the
first and 110 mV after the second hybridization procedure) showing that this has a good corre-

lation with fluorescence-microscopy investigations in Ch. 6.2.

It is worth mentioning that the suggested method is only efficient and amenable for detection
of the DNA-hybridization event for pretty short DNA fragments, L<50 base pairs. The hybrid-
ization efficiency for longer DNA sequences is reduced considerably together with the accu-
racy of signals detected. The preparation of DNA microarrays with short oligonucleotide (15-
30-mer) is favorable because of a more precise detection of shorter nucleotide polymor-
phisms, which includes single nucleotide differences [Zou08]. Short oligonucleotides are used
in diagnostic as well as for environmental microbial microarrays [Bod03, Zou08, LoSch05,

SrDi04].
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6 Label-free detection of DNA using capacitive FEDs

6.4 Sensor-potential changes upon DNA hybridization: Electro-

static model

FEDs are surface-charge measuring devices detecting the charge in a capacitive way. Since
DNA molecules are polyanions with negative charges at their phosphate backbone, it can be
expected that during the hybridization of ssDNA probe molecules with their complementary
strands, the charge associated with the target molecule effectively changes the charge applied
to the gate, resulting in a modulation of the flat-band voltage and capacitance of the EIS sen-
sor. However, this scheme for electrostatic detection of charged macromolecules by their in-
trinsic molecular charge is only feasible if the sensor signal has not been interfered with any
background interactions of the underlying gate surface such as ions in the solution (see Ch. 5).
Moreover, the acid-base behavior and ion sensitivity of the gate surface, the surface-charge
regulation effect, the density of the ssDNA layer, the length and orientation of DNA mole-
cules, the length of linker molecules, the ionic strength (or screening length) of the solution as
well as three-dimensional charge distribution in the intermolecular spaces in the immediate
vicinity of the interface will play a critical role in transferring the hybridization-induced signal

to the FED.

Modeling and simulation of DNA-FEDs are beneficial for a basic understanding of the DNA-
hybridization detection mechanism as well as for technological predictions and optimization
of these devices. Due to the high complexity of the DNA-FED system, theoretical models,
which exactly describe the functioning taking into account all of the above mentioned inter-
fering factors, do not exist so far. Therefore, recently several models describing the function-
ing of DNA-FEDs have been developed. For instance, an ion-concentration redistribution
within the intermolecular spaces and alteration of the ion sensitivity of the gate surface upon
DNA hybridization as possible mechanism for label-free detection of DNA has been discussed
in [PogChO5]. To describe the sensitivity of field-effect transistors to DNA charge, the at-
tached DNA layer has been modeled as an ion-permeable membrane with a neutral interior
[LanAe05]. The relation between pH-, ion- and charge sensitivity of FEDs functionalized with
charged biomolecules has been discussed in [Nef06]. More simplified models refer on the
Grahame equation to calculate surface-potential changes due to the DNA hybridization by
assuming that the whole charge associated with the target DNA is located at the gate-surface
plane [InOf06, SakMiy05]. However, if the DNA molecules are tethered to the gate surface,
the DNA charge is not confined directly to the interface, but it is distributed through some

distance (dependent on the number of base pairs) away from the surface.
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6.4 Sensor-potential changes upon DNA hybridization: Electrostatic model

The electrostatic coupling between the DNA charge and gate surface as well as potential
changes at the gate-electrolyte interface and the sensor signal induced upon the DNA hybridi-
zation will strongly drop with increasing the distance between the DNA molecules and the

gate surface. Thus, in addition to the screening or Debye length (4, ) the distance between the

DNA charge and the sensor surface is one of the critical parameters that could strongly affect
the expected sensor signal. In the following, a so-called “charge-plane” model for the simula-
tion of gate-surface potential changes induced upon DNA hybridization is introduced. The
model considers both the Debye length and middle distance of the DNA charge from the gate
surface. A similar charge-plane model has been discussed to calculate surface-potential

changes due to the binding of small peptides to a lipid monolayer [ LuNi06].

The charge-plane model for the simulation of potential changes at the gate surface induced by
the DNA hybridization or denaturation event and the schematic potential profile is illustrated

in Figure 6.9.

The ssDNA and dsDNA molecules (with a density p,,, and a length L) are assumed to be

oriented normally to the sensor surface. Although the charges existing on each phosphate
group in the DNA backbone are located at a different distance from the gate surface, the layer
of charged ssDNA molecules is modeled as a plane (sheet) of uniformly distributed charges
(with an effective charge density of o) located in the middle of the immobilized ssDNA layer
at a distance of x=L/2 from the gate surface (the position of the gate surface is taken at x=0).
This was done for the sake of simplicity in this study. The charges on both surfaces will create
a diffuse layer in their vicinity. These diffuse layers will overlap for small distances between

the gate surface and the charged plane.

In order to estimate the sensor signal that is induced upon the DNA-hybridization process, it
was first approximated that the hybridization of the probe molecules with their complemen-

tary target molecules can be modeled by increasing the charge of the plane. Because the

charge of the dsDNA (o) is nearly doubled, a new distribution of the electrostatic potential

will be reached after hybridization.
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Fig. 6.9: The charge-plane model for the simulation of potential changes at the gate surface induced by DNA
hybridization or denaturation event. The layer of charged ssDNA molecules is modeled as a plane (sheet) of
uniformly distributed charges (with an effective charge density of o) located in the middle of the immobilized
ssDNA layer at a distance of x=L/2 from the gate surface. The schematic potential profile between the negatively
charged plane and the sensor surface after the DNA immobilization and hybridization is shown for a Debye

length in electrolyte solution larger than the DNA length L.

Since the capacitive EISOI sensor operates in a constant-capacitance mode, the potential drop
across the gate insulator is constant, so the changes in the flat-band voltage will be equal to

the potential changes at the gate-electrolyte interface. Consequently, the response signal of the
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6.4 Sensor-potential changes upon DNA hybridization: Electrostatic model

EISOI sensor to intrinsic molecular charges (hybridization signal, Ay ) can be calculated
from the difference in the electrostatic potential at the gate surface after () and before

(v, ) the DNA-hybridization process:

AV/ = l//ds (X = 0) - l//ss (X = O) (62)

By assuming that the charge is uniform in the lateral direction, the one-dimensional Poisson-
Boltzmann (PB) equation can be used to derive analytical expressions for the potential profile
and changes in the gate-surface potential induced by the DNA hybridization or denaturation
event. In the following, the potential distribution is calculated by assuming the linearized PB
equation to be valid both in the space between the sensor surface and charged plane (region-1,
0<x<L/2) and in the outer electrolyte (region-2, x> L/2). The general solution of the

linearized PB equation [Butt03, Isr92] is shown as:

d’y(x) (6.3)

For a dimensionless electrostatic potential y = ey / (K T ) in region-1 it can be described by

two exponential functions [Che07a, Che08]:

Y (x) = e + fe (6.4)

In region-2, where the potential has to decay to zero in the bulk electrolyte solution at large
distances from the charged plane (x — ®), the general solution of the PB equation represents

a single decaying exponential function:

¥, (x) = pe 22 (6.5)

In Eq. 6.4 and Eq. 6.5, &, :ﬂDLZ_l :(201,2302 /EKBT)W, cy,,and ¢ are the reciprocal screen-

ing length, bulk electrolyte concentration and dielectric constant in region-1 and region-2,

respectively. The integration constants «, [, are defined by the electrostatic boundary con-
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6 Label-free detection of DNA using capacitive FEDs

ditions. These are given by the Gaussian law that relates to the derivative of the potential to

the charge density on the sensor surface (o) and the DNA sheet (o). The third condition

comes from the potential continuity across the charged plane. These boundary conditions are

as follows:
6.6
Wi _ 79 G at x=0 (6.6)
dx &
6.7
v, _ 47012 G sl ©.7
dx &
wi(L12)=y,(L/2) (6.8)

From Eq. 6.4 - Eq. 6.8, the integration constants have been determined as:

g_'_o_sﬁe,quz 4. C (6.9)
_Ardy 2 K, o= _47Z'ZBO'S 3 B 5
Kyey ZCosh[/clL/Z] K€ and 4 K€,

where 0 =0 after ssDNA immobilization and ¢ =0, after DNA hybridization. It should

be noted that in the linear PB approach, a doubling of the charge density of the DNA sheet in
case of 100% hybridization efficiency will result in twice as high potentials on the charged

plane after the hybridization, as compared to the ssDNA sheet.

For calculations of the change in the electrostatic potential (Ay ) at the gate surface (at

x =0) induced by the DNA-hybridization event and its comparison with the experimentally
observed hybridization signal of the EISOI sensor, there is a need to define the effective
charge density of immobilized ssDNA (o, ) and hybridized dsDNA (o). By assuming one
negative charge on each phosphate group per base pair and considering the screening effect

(fraction of DNA charge) by counter ions in the solution, the effective charge density of ssD-

NA and dsDNA can be calculated as follows:
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6.4 Sensor-potential changes upon DNA hybridization: Electrostatic model

o4 =0,(1+0a) (6.11)

where 7 is the number of base pairs (in this work, we use a thiol-modified, 20 base pair long
ssDNA with L= 6.8 nm), ppy,=m.p,_np 1S the density of the immobilized probe ssDNA
molecules, m is the number of the immobilized ssDNA molecules per one Au-NP, p ,, _p 1S
the density of the deposited Au-NPs, « is the hybridization efficiency (by 100% hybridiza-
tion, @ =1 and 04 =20), and & is the fraction of DNA charge screened or neutralized by

cations. It should be noted, that according to Manning’s counter-ion condensation theory (see
e.g., [Mann78, Mann0O1]), monovalent cations could reduce the effective DNA charge by

~75% (i.e., 6~0.75), which will significantly reduce the expected hybridization signal.

Figure 6.10 shows different electrostatic potential profiles between the negatively charged

plane and the sensor surface after the DNA immobilization and hybridization simulated by
different Debye screening lengths in the region-1 of 4,,=2, 5, and 21 nm (assuming different
ion concentration in region-1) using Eq.6.4, E.q. 6.5 and Eq. 6.9- Eq. 6. 11. The simulation
parameters are: O 4,_np =1.2x10'® Au-NPs/m” (see Ch. 6.1), L/2=3.4 nm, n=20, m=1 (one

immobilized ssDNA per Au-NP), £=80 for both regions, o =1, 6=0.75, O = 6x10'°

e /mz, O 4= 12x10'° ¢, /mz, o, =2.4x10'° ¢, /mz, and 4> =21 nm (this value of the De-
bye length in region-2 corresponds to an electrolyte concentration of 0.2 mM used in this
work for the measurement of the DNA hybridization and denaturation signal).

The calculated potential changes at the gate surface (at x=0) induced by the DNA-
hybridization event were Ay =52, 116 and 143 mV for A,,=2, 5 and 21 nm, respectively. As
expected, the lowering of the ionic strength (or increasing 4, ) inside the DNA lattice (region-
1) results in a higher hybridization signal. The calculated value of Ay =116 mV for A,,=5

nm is close to the experimentally observed hybridization signal (~120 mV) of the EISOI sen-

SOr.
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Fig. 6.10: Electrostatic potential profiles between the negatively charged plane and the sensor surface after the
DNA immobilization and hybridization simulated by different Debye screening lengths in the region-1 of A5,=2,
5, and 21 nm. The screening length in region-2 was taken to be Ap,=21 nm that corresponds to an electrolyte
concentration of 0.2 mM used in this work for the measurement of the DNA hybridization and denaturation sig-

nal.

Nevertheless, there exist several unknown parameters as well as physical “complications” for
a quantitative comparison of the potential changes predicted by the model when compared to

the experimentally observed results:
e the unknown orientation of the DNA molecules to the sensor surface;

e the number of immobilized DNA molecules per Au-NP can be higher than m=1 as as-
sumed in the model. Geometrically, the upper hemi-sphere of the Au-NP with an aver-
age size of 5-6 nm is potentially accessible for 3-4 dsDNA molecules with a diameter
of 2 nm and a 4 nm separation between the DNA axis. According to recent experiments
[PriTal0], short DNA fragments can be deposited at even higher densities on larger Au-
NPs, with only ~3 nm distance between the neighboring DNA strands;
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6.4 Sensor-potential changes upon DNA hybridization: Electrostatic model

e the dielectric constant within the DNA lattice (region-1) can be significantly lower
(e.g., €=2-10 has been reported [Che07b] for a DNA interior) than inside the electro-

lyte solution in region-2 (& ~80);

¢ in the linear PB approach used in the presented model, it has been assumed that a dou-
bling of the charge of the DNA sheet after hybridization will result in a twice as high
potential on the charged plane. The linear PB equation is known to be valid for low po-

tentials of y <25 mV [Isr92] (in most applications up to 50-80 mV [Butt03]). In a non-

linear approach however, a much smaller surface potential of the charged sheet can be
expected in comparison to the linear PB approach with the same surface-charge density
[Isr92, Butt03]. Due to the non-linear dependence of the surface potential on the sur-
face charge via the Grahame equation [Isr92, Butt03], doubling the charge of the DNA
sheet upon DNA hybridization will result only in a moderate increase in the surface po-
tential of the sheet. The expected potential change at the sensor surface and the hybrid-
ization signal could be, therefore, smaller than calculated (by the linearized PB equa-

tion).

In summary, a fabricated field-effect nanoplate EISOI sensor array was used for label-free
electrical detection of DNA hybridization and denaturation. The ssDNA probe molecules were
immobilized on the functionalized sensor surface by means of Au-NPs. To achieve high
hybridization efficiency, the DNA hybridization was performed in a high ionic-strength solu-
tion. In order to reduce the screening of the DNA charge by counter ions in the electrolyte and
to minimize the effect of disturbing factors, the signal changes induced by the hybridization
and denaturation processes were read out in a low-ionic strength solution using a differential
mode setup. In addition, the DNA immobilization, hybridization and denaturation were veri-
fied by fluorescence microscopy. For the simulation of the change of potential at the sensor
surface induced by DNA hybridization, an electrostatic charge-plane model was developed
taking into account both the Debye length and the distance of the DNA charge from the gate

surface.
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Chapter 7

7  Conclusions and outlook

In this thesis, field-effect-based capacitive EIS structures have been employed to detect the
formation of “planar”- and “brush”-like molecular layers. Polyelectrolyte multilayers have
been used as a model system to study the effects induced in capacitive EIS sensors via for-
mation of a planar-like molecular layer [AbPog09, AbPogl0, PogAb06, PogAb07, PogAbOS,
PogIn07, SchgAb09]. An electrostatic model based on the one-dimensional linear PB equa-
tion has been developed, which demonstrates the change of the EIS sensor’s surface charge
upon the build-up of the PEM. In this model, the PEM interior is assumed as an electrically
neutral environment with a very low ion concentration (~1 mM). Using this model, the
change of the surface potential via the PEM formation in electrolytes with different ion con-
centrations has been simulated taking into account the Debye screening length inside the
PEM. The simulations show that the change of the sensor-surface potential is a function of the
distance between the charged layer and the sensor surface, charge density of the molecular
layer, ionic strength in the PEM interior and in the bulk electrolyte. For experiments, the
PEMs’ build-up on the sensor surface was achieved using the LbL technique, via consecutive
adsorption of PAH and PSS. The formation of the PEM has been studied using physical char-
acterization methods. After adsorption of each PE layer (increasing the layer number), a raise
of the PEM thickness as well as surface roughness and hydrophilicity have been observed.
Electrochemical monitoring of the PEM formation using an EIS sensor has been done by C-V;
ConCap and IS measuring methods. The adsorption of each PE layer leads to an alternating
shift of the sensor signal. Incidentally, the direction of this shift depends on the sign of the
charge of the outermost (terminating) PE layer, resulting in a kind of “zigzag” curve of the

signal changes as a function of the PEM number. The adsorption of PAH shifts the sensor sig-
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nal towards the direction as for an additional positive charging of the SiO, surface that will
increase the surface potential. Consequently, the direction of the potential changes after ad-
sorption of negatively charged PSS corresponds to the case as if the SiO, surface would have
been additionally negatively charged. This indicates that the molecular layer may also induce
an interfacial potential change resulting in a change in the flat-band voltage of the EIS struc-
ture. Moreover, the potential shifts have the tendency to decrease with the increasing number
of PE layers [AbPog09, AbPog10, PogAb06, PogAb07, PogAb08, PogIn07, SchgAb09]. The
amplitude of the sensor signal is strongly dependent on the ion concentration of the applied
electrolyte. All these observations are in good qualitative agreement with those predicted from
the introduced model. Theoretically and experimentally, it is shown that the thickness of the
PEM with maximum layer number and its charge can that be detected by FEDs is equal to the
Debye length inside the PEM. In this way, the concentration in the PEM interior or dielectric

constant of the PEM can be estimated.

The question arises, “Is the change of the sensor-surface potential (resulting in a shift of the
sensor-output signal) caused by the intrinsic charge of the adsorbed or bounded macromole-
cules on the sensor surface, or is there other factors, which could affect the sensor signal, like

the ion-concentration redistribution in the intermolecular spaces?”’

To answer this question, the investigation of the PEM build-up using EIS sensors has been
done in both buffered and unbuffered solutions with the same salt concentration. It has been
observed that the potential shifts are much more smaller for the PEMs prepared in pH-buffer
solution and decay much more rapidly with the number of adsorbed layers, as compared to
PEMs formed in unbuffered solutions. It can be suggested that the local electric field emerged
from the outermost PE layer redistributes protons (ions) in the PEMs, which in turn can
change the local pH values on the SiO, surface and nearby the PAH layers. As the underlying
Si0, gate-insulator surface is a pH-sensitive material, the redistribution of protons and alter-
nating pH profiles inside the PEMs upon PAH/PSS adsorption can be detected with the under-
lying pH-sensitive field-effect transducer. Thus, larger signals were observed for EIS sensors
with PE layers adsorbed from unbuftfered solution. To prove the proton and ion permeability
of the PEM, the pH- and sodium-ion sensitivity of EIS sensors covered with PEMs with a
different layer number have been measured [SchgAb09]. The pH sensitivity of modified EIS
sensors that is slightly dependent on the type of terminating PE layer as well as on the number
of adsorbed layers is tested. This fact is a direct indication that the PEMs exhibit a high per-
meability for protons. Therefore, pH changes in the surrounding electrolyte will change the

local pH within the PEM that will be directly detected by the underlying SiO, layer. The high
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permeability of PEMs for protons as compared to other ions has been discussed in [Nef06]
and explained by the Grotthuss-like mechanism of delocalized protons inside the PE films. In
summary, it seems that both the intrinsic PE molecular charge and ion-concentration redistri-
bution in PEMs contribute to the detected sensor signal. Probably for PE adsorption from un-
buffered solutions, the sensor signal is largely induced by the redistribution of ions inside the
PEM structure. For PE adsorption from buffered solution, on the other hand, the local pH
changes in PEMs are suppressed and the signals detected are dominated by the direct electro-

static influence of the intrinsic charge of the adsorbed PE chains [SchgAb09].

The PE layers have been used in this work not only as a model system to study the planar-like
formation of molecular layers but also for the preparation of EnFED-based biosensors with
enhanced characteristics (using the permeability of the PE layer and pH-stimuli responsive
behavior of the PAH) by functionalization of capacitive field-effect EIS structures with an
LbL-assembled weak polyelectrolyte/penicillinase multilayer for penicillin sensing. The real-
ized penicillinase/PAH-based biosensors respond to changes in both the local pH value near
the gate surface and charges of the polyelectrolyte macromolecules induced via enzymatic
reaction, resulting in a higher sensitivity. In addition, the embedment of enzymes in a multi-
layer prepared by LbL technique provides a larger amount of enzymes immobilized per sensor
area, reduces the enzyme-leaching effect and thus, enhances the stability and life-time of the
biosensor. Even after two months, the recorded sensor output-voltage directly correlates with
the respective penicillin concentration with a low detection limit of about 20 pM. The realized
penicillinase/PAH-based biosensor using LbL technique possesses a better biosensor charac-
teristic than prepared penicillinase-based biosensors using the adsorptive method. The pro-
posed novel strategy might be extended to further enzyme-based field-effect biosensors

[AbPogl0].

Furthermore, the realized field-effect nanoplate EISOI sensor array [AbMorll, AbIn09a,
AbIn09b] modified with Au-NPs was successfully tested for a differential mode label-free
electrical detection of DNA hybridization and denaturation events [AbPogllb, AbPoglla,
AbPed10]. The differential setup provides a precise measurement by minimizing the disturb-
ing factors (e.g., temperature, pH of ion concentration change, drift of the sensor) during
measurements. The ssDNA probe molecules were immobilized on the surface of Au-NPs. The
DNA hybridization was performed in a high-ionic strength solution. In contrast, to reduce the
screening of the DNA charge by counter ions and to achieve a high sensitivity, the signal
changes induced by hybridization and denaturation were read out in a low-ionic strength solu-

tion using a differential-mode setup. In addition, the fluorescence-microscopy method has
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been applied to verify the DNA immobilization, hybridization and denaturation events. High
differential signals of about 120 mV and 90 mV were registered after the DNA-hybridization
and denaturation events, respectively. Moreover, an electrostatic charge-plane model for the
simulation of potential changes at the gate surface induced by the DNA-hybridization event
has been developed taking into account both the Debye length and the distance of the DNA
charge from the gate surface. Potential profiles between the negatively charged DNA sheet as
well as potential changes at the gate surface induced by the hybridization event has been sim-

ulated by different Debye screening lengths using the linearized PB equation [AbPogl11b].

Outlook

Future work could be focused on:

a) the future miniaturization of capacitive EISOI sensors and increasing the number of

sensors in the array, as well as the improvement of the sensors’ geometry and design;

b) using single-stranded morpholinos instead of ssSDNAs as recognition elements for the
realization of DNA sensors. The morpholinos are not charged in the electrolyte and the
hybridization of perfectly-matched morpholinos with probe DNAs can be also take
place in low-concentrated salt solutions. This feature of morpholino-DNA hybridiza-

tion condition will offer the direct on-line monitoring of the hybridization event;

¢) the development of EISOI sensor arrays for the detection of single nucleotide polymor-

phisms, proteins, antibodies and other charged macromolecules;

d) using the EISOI sensor array for simultaneous multi-parameter (bio-)chemical sensing.
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Appendix

A. Recipes and protocols

Cleaning:

For the wet cleaning and activation of sensor surface, the substrate has been dipped in a mix-
ture of 5% Hellmanex and distilled water, followed by rinsing in water and drying with nitro-

gen.

Dry cleaning and activation of the sensor surface was achieved by treatment of the substrates

in oxygen plasma for 45 seconds (0.7 bar, 100 W).

Silanization:

The surface of the sensors has been silanized by immersion of the freshly cleaned substrates
in a mixture of 10% MPTES (3-mercaptopropyl trimethoxysilane) and toluol for 1 h followed

by washing in toluol, acetonec, isopropanol and water, respectively.

Functionalization of silanized surface with Au-NPs:

For functionalization of the sensor surface with Au-nanoparticles, freshly silanized sensors
have been immersed in Au-NP solution (tetraoctylammonium bromide (TOA) stabilized Au-
nanoparticles in toluol) for overnight, followed by rinsing in toluol, acetone, isopropanol and

ultrapure water, respectively.

Functionalization of the sensor surface with PEM:

Measurement solutions:

e Unbuffered solution: 0.1 M NaCl in distilled water; pH 5.4 (adjusted by NaOH and
HCI)

e Buffered solution: 0.1 M NaCl in 1 mM phosphate buffer solution (0.14% monosodium
phosphate, monohydrate: 0.001% disodium phosphate, heptahydrate)
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A. Recipes and protocols

PSS solution: PSS (10 uM, 50 uM) in NaCl solution (1 mM, 10 mM and 100 mM), pH
5.4

PAH solution: PAH (10 uM, 50 uM) in NaCl solution (I mM, 10 mM and 100 mM),
pHS5.4

The build-up of PEMs on the sensor surface has been achieved by consecutive adsorption of

PAH and PSS (with molecular weight of Mw~ 70,000). Sensors were consecutively exposed

to the respective PE solution for a time necessary for the adsorption of a single monolayer as

well as for obtaining a stable sensor signal (usually 3-5 min), followed by rinsing with a solu-

tion of the same salt concentration and pH value as the respective PE solution or with ul-

trapure water, and exposing to next PE solution without any drying steps. These procedures

were repeated until the desired number of layers was achieved. The pH value of all solutions

used was adjusted to pH 5.4. As in solutions at pH 5.4 the surface of SiO, is negatively

charged, we start the PEM formation with positively charged PAH.

DNA immobilization, hybridization and denaturation:

136

Measurement solution: 0.2 mM phosphate buffer solution (0.001% monosodium phos-
phate monohydrate and 0.0034% disodium phosphate heptahydrate) in distilled water
(pH 7.1).

DNA immobilization: Immobilization of thiol-modified 20 base pair perfectly matched
ssDNA (5'THI-ATGAACACTGCATGTAGTCA-3") and fully mismatched ssDNA
(5'THI-TACTTGTGATGTACATCAGT-3") molecules to the target ssDNA on the sur-
face of Au-NPs was done by pipetting of 40 pl immobilization solution (5 pM ssDNA,
0.1 M phosphate buffer solution (PBS), pH 8.5) onto the particular sensor surface, fol-
lowed by incubating the sensors in humid conditions at 37 °C overnight. After immobi-
lization, the sensor surface was washed in ultrapure water to remove not-attached ssD-

NA molecules and dried with nitrogen.

DNA hybridization: For hybridization, a high ionic-strength solution (0.1 M PBS, 0.9
M NaCl, pH 7) containing 5 uM of target ssDNA (5'-TGACTACATGCAGTGTTCAT-
3') was used. The hybridization solution was heated to ~70 °C, and then was pipetted
onto the gate surface of the particular sensors. The sensors were left at room tempera-
ture for 15-30 min. After the incubation time, the sensor surface was washed (with dis-

tilled water for 1 min, 2 x SSC (sodium chloride-sodium citrate buffer) for 1 min, 1 %



A. Recipes and protocols

SSC for 1 min, rinsed again with distilled water) to remove the non-hybridized target

DNA molecules and finally, dried with nitrogen.

DNA denaturation: The denaturation process was done by applying a drop of 0.1 M
NaOH to the sensor surfaces and leaving it for 1 min. It was followed by washing the

sensors with the same protocol as for the hybridization procedure described above.

Penicillin biosensors:

Polymix buffer solution: This multi-component buffer consists of 2.5 mM TRIS, 2.5
mM KH,POy, 2.5 mM citric acid, 2.5 mM sodium tetraborate, 2.5 mM KCI. The pH of
this polymix buffer was adjusted by titration either with NaOH or HCI. The polymix
buffer has a constant buffer capacity over a wide pH range including the part from 5 to

9.

Penicillin solutions: The penicillin solutions were prepared by dissolving penicillin G
(benzyl penicillin, 1695 units/mg) in the working buffer. As working buffer, a 0.2 mM
polymix multi-component buffer solution containing 100 mM KCI as an ionic strength
adjuster was used. The pH of the polymix buffer was adjusted to pH 8 by titration with
NaOH solution.

Enzyme solution: The enzyme solution was prepared by dissolving the enzyme penicil-
linase (EC 3.5.2.6., Bacillus cereus, specific activity: 1650 units/mg protein) in a 200
mM TEA (trimethanolamine) buffer, pH 8.

Penicillin biosensor preparation:

e Adsorptively immobilization of penicillinase: For preparation of the
p-Si/Si0x/penicillinase structure with adsorptively immobilized penicillinase, 80
ul enzyme solution per sensor were pipetted onto the chip surface, incubated at

room temperature for about 1 h and dried in N, atmosphere.

e Immobilization of penicillinase using LbL. method: For the preparation of the p-
Si/S10,/(PAH/penicillinase);.PAH biosensor, the sensor chip was exposed to the
PAH (50 uM PAH, 0.1 M NacCl, pH 6) solution for 5 min, followed by rinsing
with ultrapure water and dried with N, Then, the enzyme penicillinase has been
immobilized onto the modified sensor surface using the same immobilization
protocol as for the p-Si/SiO,penicillinase sensor described above. These proce-
dures were repeated until the desired number of PAH/penicillinase bilayers (in
this study, three bilayers) were prepared.
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Before their first use, the prepared penicillin biosensors were incubated in working buffer for
at least 1 h to let the enzyme membrane equilibrate. When not in use, the sensors were stored

in Titrisol buffer, pH 7, at 4 °C.
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B. Photomask for sensor-array fabrication

/
./

/

4
d

N[ [T [[[]]g4
N | ||| [ g%

N
AN

.\‘

A

Photomask used for etching a trench in the top-Si layer.

Photomask used for etching of the top-SiO, layer and deposition of the Al top contact.
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C. Design of the EISOI measurement cell
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Technical cross-sectional sketch of the developed measurement cell for the EISOI sensor ar-
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C. Design of the EISOI measurement cell
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