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Abstract

An impedimetric sensor was developed based on parallel detection at two identical microfluidic channels with 3 pairs
of interdigitated electrodes in each. Preparation and cleaning of the gold electrodes were examined and optimized.
A self-assembling monolayer of 11-mercaptopropionic acid was deposited to form a base for later covalent binding of
antibody proteins via EDC/NHS chemistry. Two immunoassays containing immune reaction of a 214D4 antibody and
a corresponding MUClex antigen and a prostate antigen antibody immunoassay with positive and negative controls
were performed in two parallel microfluidic channels. Presented platform enables a simultaneous analysis of the
protein reactions on multiple electrodes leading to an improvement in on-time diagnostics and point-of-care.
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Introduction surface, as well as on the space between the electrodes
[7]. A simple electrical equivalent circuit model
consisting of double layer capacity in series with

Electrochemical impedance spectroscopy (EIS) solution resistance can be used to describe the non-
measures the electrical current response to an AC faradaic system [8]. The surface impedance can be
potential applied between electrodes, being extremely calculated at the applied frequencies [12].
sensitive to adsorptions on the electrode surface in the Antigen — antibody reactions are frequently used in
frequency region below 1 kHz in the presence of an medical diagnostics and commonly examined by
oxidation reduction system [l]. Among SPR [2], Enzyme Linked Immunosorbent Assay (ELISA) tests
surface acoustic waves (SAW) and quartz crystal which are costly and time inefficient. The combination
microbalance (QCM) [3, 4] EIS is widely used as of microfluidic and biochemical immunoassay tech-
a detection method for label-free molecular binding nologies allow the development of a cheap and portble
processes (e.g. antigen-antibody, protein-DNA, DNA microfluidic biosensors. The immobilization of the
hybridization, cellular processes) [5, 6, 12]. EIS biochemical active compound plays a crucial role in
utilizing interdigital microelectrodes is sensitive to the stability and the reproducibility of the sensing
surface modifications in the vicinity of the electrode mechanism. Furthermore, covalent coupling enables
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a possibility of chip regeneration since the biochemical
compound is fixed on the surface and the protein —
protein coupling can be dissociated by a change of pH
[13].

In this study we demonstrate a biosensing platform
based on the electrochemical impedance spectroscopy
on multiple interdigitated electrodes incorporated in
a microfluidic channel as an approach to detect
antibody — antigen interaction.

Materials and Methods

Reagents and Stock Solutions

All reagents are analytical grade unless stated
otherwise. Destiled water was used for preparation of
all aqueous solutions. Phosphate Buffered Saline (PBS)
solution, pH 7.4 with SmM potassium ferri/fer-
rocyanide (HCF) was prepared from stocks purchased
from Carl Roth (Karlsruhe, Germany. Bovine Serum
Albumin (BSA) powder purchased from Carl Roth was
solved to 0.1% and 1% in PBS. 1l-mer-
captoundecanoic acid (MPA), N-hydroxysuccinimide
(NHS), 1-ethyl-3- (dimethyxlaminopropyl) carboiimide
was purchased by Sigma-Aldrich (Munich, Germany).

The monoclonal antibody (mAb) M2D11 [10] (conc.
45 pg/ml, murine IgG) recognizing a non-related
antigen was used as a negative control and the breast-
cancer specific mAb 214D4 [11] (conc. 45 pg/ml,
murine IgG) as a positive probe. Both antibodies were
produced in house.

The recombinant protein MUClex (extracellular
domain of Mucin 1, conc. 10 pg/ml, m, = 65 kDa),
which is recognized by mAb 214D4 was also produced
in-house. Prostate specific antigen-antibody assay kit
was purchased from Sigma-Aldrich.

Chip Fabrication

Gold interdigital electrodes were fabricated by
standard thin-film technology with a finger width of
4 pm, a gap between the fingers of 3 um and a finger
lenght of 3885 um, as shown in figure 1 A.

A B

Fig. 1: A Gold interdigital electrodes for electrical
impedance spectroscopy. B Microfluidic chip with six
sensor areas in two microfluidic channels made of SU-
8 photoresist with polydimethylsiloxane cover lids.
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First a nLOF 2035 negative photoresist was spin-
coated on thermally oxidized silicon wafers RC 8 spin
coater (SUSS MicroTec AG, Germany) and photolit-
hographically structured in MA 6 mask aligner (SUSS
MicroTec AG, Germany), followed by sputtering of
200 nm gold layer in a Nordiko NS 2550 magnetron
sputtering tool. Lift-off acetone process and ultrasound
bath was utilized to form the wanted structures. The
chips were diced out finally.

Microfluidic Fabrication and Instrumentation
Setup

Microfluidic channel with a width of 2.5 mm was
fabricated by structuring a SU8 negative photoresist
side walls (Microchemicals, Ulm, Germany) and
poly(dimethylsiloxane) cover lid, as shown in figure
1 B. Interdigital electrodes were contacted by the
springcontact probes soldered on a PCB and fixed in
a custom-made PMMA carrier (figure 2). A syringe
pump (LA-100, Landgraaf Laborsysteme HLL GmbH,
Langenhagen, Germany) and flexible teflon tubes were
utilized for analyte application.

Fig. 2: Picture of an assembled setup with a chip in
a PMMA carrier and a PCB with a multiplexer.

Solartron SI 1260A (Solartron Co, USA) impedance
analyzer in combination with EG&G 283 (Princeton
Applied Research, USA) potentiostat were used to
obtain electrical impedance spectroscopy signal.
Custom-made Python software extracted the equivalent
circuit parameters. Spectra between 10 Hz and 100 kHz
and signal amplitudes of 10 mV were evaluated.
Schematics of the complete measurement setup is
shown in figure 3.
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Fig. 3: Picture of an assembled setup with a chip in a
PMMA carrier and a PCB with a multiplexer.

Sensor Surface Preparation

All electrode surfaces were pre-treated by oxygen
plasma (60 seconds, 30 sccm at 100 W). Electrodes
were additionally cleaned in a mixture of 2% H,0, and
2% NH; for at least 15 minutes with 10 minutes DI
water cleaning step afterwards. Bare gold electrodes
were incubated for 12 hours in 4 mM 11-
mercaptopropion acid in ethanol (0,1 ml/h)
immediately after the cleaning step if not mentioned
otherwise.

Measurement and Results

Covalent Coupling Test

Two groups of electrodes were tested. Electrodes of
the first group (‘+* group) were activated by a 1:1 fresh
mixture of 400 mM EDC and 100 mM NHS coupling
chemistry for 10 minutes. Subsequently, 0.1% BSA
solution in 5 mM HCF in PBS, pH 7.4 was applied on
the electrodes for 30 minutes. Glycin of pH 2.3 (HCI
titrated) was used to clean the electrodes of remaining
BSA. EIS measurement in HCF solution was
performed before and after BSA incubation and after
cleaning process with the glycin solution. The result
was compared with a second electrode group (‘-
group), in which the EDC/NHS coupling was not
carried out and therefore no covalent binding occurs.
Curves after MPA, after BSA and glycin treatment
show clearly the successful function of activated SAM
(see figure 4). The BSA protein was fully washed out
from the electrode surface (hollow points in figure 4),
while BSA on EDC/NHS activated electrode surfaces
stayed covalently bonded (filled points in figure 4).
The surface treatment with EDC/NHS improves
significantly the absorption.

Lékar a technika 2015, Vol. 45(4), pp. 105-109
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online)

107

-50000

—&— after MPS +
—O— after MPS -
—¥— after BSA +
—v— after BSA -
—&— after Glycin +
—— after Glycin -

Z [Ohm]

-25000 -

0 L ! . I . !
0 25000 50000 75000
Z'[Ohm]

100000

Fig. 4: Cole-Cole plots (100 kHz and 1 Hz) of
electrodes with EDC/NHS covalent coupling (+, filled
points) and without EDC/NHS covalent coupling of
BSA protein (-, hollow points).

Simplified Immunoassays

A simplified immunoassay was performed. The
following compounds were successively applied: mAb
214D4 (conc. 45 pg/ml) in 0.1% BSA in HCF buffer
and the corresponding protein MUClex (conc.
10 pg/ml, mw = 65 kDa) in 0.1% BSA in HCF buffer.
The flow rate in all presented measurements was
adjusted to 0.5 ml/hour.

At first, the chip was pre-treated as described in
section 2.4 and shown in figure 5 A and 5 B.
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Fig. 5: Description of the utilized immunoassay.

Subsequently, EDC/NHS (4:1) was applied in both
channels for 10 minutes (figure 5 C) followed by
a214D4 antibody treatment (figure 5 D). The rest of
the channel was blocked with BSA (1 mg/ml) in buffer,
see figure 5 E. To avoid the non-specific binding of
proteins and to ensure an additional blocking effect of
the surface in each step, BSA (1 mg/ml) in HCF buffer
(BSA + HCF) was used as a protein dilution buffer in
further steps. Finally, the corresponding protein
MUClex antigen (figure 5 F) was introduced onto the
channel.
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The immunoassay was monitored in real time by EIS
(figure 6). The recorded data were continuously fitted
to the Randles equivalent model consisting of series
resistance Ry, Cy double layer capacity and R, charge
transfer (polarization resistance), see figure 6.
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Fig. 6: Cole-Cole plots of spectra between 100 kHz
and 1 Hz. Plots correspond to the electrode coated
with mercapto propionic acid (B) to covalently coupled
antibody (E) and to complete antibody antigen reaction
(F). Plots correspond to the steps of figure 5 and were
recorded from the same measurement. Randles model
for fitting the obtained curves is shown on the right.

The charge transfer resistance R, has appeared as the
most sensitive parameter for the protein adhesion. The
continuous curve of the normalized R for all the
applied immunoassay is presented in figure 7. Data was
normalized to the buffer level (R.) before antigen
application. The increases in amplitude clearly show
the functionality of the assay.
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Fig. 7: Normalized values of charge transfer resistance
R, from the randles equivalent circuit is shown to
present an interaction of covalently coupled 214D4
antibody and MUClex protein on EDC/NHS pre-
treated electrode surface. Sections B to F correspond
to the steps in figure 5. Dots correspond to spectra in

figure 6.

To show the variability of the sensor, a second
immunoassay based on prostate antigen — antibody
reaction was also performed to prove its suitability and
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reliability. No HCF redox couple was used in this
assay. One channel with three electrodes was devoted
for a positive control and one channel with three
electrodes for a negative control with a non-
corresponding antigen. Pre-treatment and covalent
coupling of a PSA antibody was carried out as
described previously.
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Fig. 8: Normalized values of impedance amplitude at 1
kHz is shown to present an interaction of covalently
coupled prostate antibody and corresponding (blue)
and not corresponding (red) antigen protein (both
conc. lug/ml) on EDC/NHS pre-treated electrode
surface.

The data shown in Figure 8 were normalized to the
Ry value after the PBS+BSA step. The R, values
increased for three electrodes in the positive channel by
8% due to the deposition of the antigen PSA protein in
spite in the negative channel just by 2%. The final
BSA+PBS purge caused a decrease of the impedance
level in the positive channel, but the R increasewas
significant higher by factor three compared to the
increase in the negative control.

Conclusion

The suitability of an impedimetric biosensor based
on three gold planar interdigital electrode arrays in one
microfluidic channel has been demonstrated for the
first time. Stability and function of the covalent
biomolecule coupling by EDC/NHS chemistry was
proven. Experiments have shown a sufficient sen-
sitivity to detect two antibody - antigen immunoassays.
Parallelization of the channels gives a possibility to test
a positive and a negative control using the same
conditions, but different antibodies.
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