Journal of

Carbon Research

Article

Testing of Diamond Electrodes as Biosensor for Antibody-
Based Detection of Immunoglobulin Protein with
Electrochemical Impedance Spectroscopy

Martin Menzler !, Charity S. G. Ganskow 2,3 Maximilian Ruschig 4 Essam Moustafa 1(¥, Volker Sittinger 1

Kristina Lachmann !, Esther Veronika Wenzel 4, Giulio Russo , Philipp Klahn 23

check for
updates

Citation: Menzler, M.; Ganskow,
C.S.G.; Ruschig, M.; Moustafa, E.;
Sittinger, V.; Lachmann, K.; Wenzel,
E.V.,; Russo, G.; Klahn, P; Gébler, J.
Testing of Diamond Electrodes as
Biosensor for Antibody-Based
Detection of Immunoglobulin Protein
with Electrochemical Impedance
Spectroscopy. C 2022, 8, 74. https://
doi.org/10.3390/c8040074

Academic Editor: Giuseppe Cirillo

Received: 20 September 2022
Accepted: 1 December 2022
Published: 6 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jan Gibler 1#

Fraunhofer Institute for Surface Engineering and Thin Films IST, Bienroder Weg 54e,

38108 Braunschweig, Germany

Department of Chemistry and Molecular Biology, University of Gothenburg, Kemigédrden 4,

421 96 Gothenburg, Sweden

naconLabs a Technology Transfer Center of iTUBS mbH, Wilhelmsgarten 3, 38100 Braunschweig, Germany
Department of Biotechnology, Institute for Biochemistry, Biotechnology and Bioinformatics, Technische
Universitat Braunschweig, Spielmannstrasse 7, 38106 Braunschweig, Germany

*  Correspondence: jan.gaebler@ist.fraunhofer.de

Abstract: To control the increasing virus pandemics, virus detection methods are essential. Today’s
standard virus detections methods are fast (immune assays) or precise (PCR). A method that is both
fast and precise would enable more efficient mitigation measures and better life comfort. According
to recent papers, electrochemical impedance spectroscopy (EIS) has proven to detect viruses fast and
precise. Boron-doped diamond (BDD) was used as a high-performance electrode material in these
works. The aim of this work was to perform an initial test of BDD-based EIS for biosensing. As an
easily available standard biomaterial, human immunoglobulin G (IgG) was used as analyte. Niobium
plates were coated via hot-filament activated chemical vapor deposition with polycrystalline diamond,
and doped with boron for electrical conductivity. An anti-human IgG antibody was immobilised
on the BDD electrodes as a biosensing component. Four different analyte concentrations up to
1.1 pg per litre were tested. During EIS measurements, both impedance over frequency curves and
Nyquist plot demonstrated no clear sign of a change of the charge transfer resistance. Thus, no
positive statement about a successful biosensing could be made so far. It is assumed that these issues
need to be investigated and improved, including the relation of BDD electrode size to electrolyte
volume, termination of the BDD electrodes (H, O) for a successful functionalisation and EIS frequency
range. The work will be continued concerning these improvement issues in order to finally use virus
materials as analyte.

Keywords: biosensing; boron-doped diamond; electrochemical impedance spectroscopy; Fc-Cys
engineered antibody; surface immobilisation; atmospheric pressure plasma; 1,4-conjugate thiol
addition; amino group; fluorescence analysis

1. Introduction

We are facing increasing worldwide virus pandemics with extreme impact on health
and economy [1]. Besides vaccination, a fast detection of a virus load is of vital impor-
tance to implement mitigation measures such as access restrictions and quarantine. Two
requirements are essential for the virus detection methods: The detection must deliver
reliable results to achieve an acceptable efficiency of the measures, and it should be as
fast as possible to enable efficient mitigation actions while keeping as much normal life as
possible during lock-down or quarantine periods. The two detection methods that are used
today each offer only one of these requirements: The lateral flow immune assays for use at
home or in testing centres delivers results in a few minutes, but with a limited reliability [2].
The PCR method as gold standard is precise but takes hours or days, in general [3].
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This gives a strong demand for detection methods that are both fast and precise.
Several methods are under development:

e  Loop-mediated isothermal amplification, LAMP [3];
e  Surface molecular imprinting technology (SM-MIT) [3];
e  Electrochemical methods [4].

Amongst the electrochemical methods, the electrochemical impedance spectroscopy
(EIS), in particular, has been proven to detect viruses. Two methods for EIS immunosens-
ing are reported: capacitive and impedimetric EIS [5]. Nidzworski et al. [6], Matsub-
ara et al. [7,8], Siuzdak et al. [9], Witt et al. [10] and Biatobrzeska et al. [11] have both used
impedimetric EIS with boron-doped diamond electrodes (BDD) to detect influenza, HIV
and SARS-CoV-2 viruses. Lasserre et al. [12], Liustrovaite [13] and Drobysh et al. [14] were
successful in detecting SARS-CoV-2 using gold electrodes. The electrodes in these works
were coated with virus-specific proteins, enabling an adaption of the detection method
according to the virus type. Incubation times were short: five minutes [6] and 1545 min [8].

BDD electrodes have several advantages compared to gold electrodes: a wider po-
tential window, faster charge-transfer kinetics, weaker molecule adsorption and lower
background current [15]. Today, BDD electrodes are produced industrially in large-scale
chemical vapour deposition (CVD) reactors [16,17]. For a virus detection kit, a small elec-
trode size of only a few square millimetres would be sufficient. This would enable low
manufacturing costs, which is an important pre-condition for quick tests with disposable
electrodes. Thus, EIS with BDD electrodes has the potential to become a detection method
that is both precise and fast for viruses, filling the gap that exists today between lateral-flow
immune assay and PCR.

The initial testing of virus detection with EIS consists of seven steps: 1. The analyte
from sputum or blood, containing virus material, is provided in the electrolyte. 2. The
working electrode is functionalised with virus-specific antibody. 3. The working electrode is
brought into contact with the virus-containing electrolyte. 4. A binding of the virus particle
takes place through the surface of the protein structure of the antibody. 5. An alternating
current with different frequencies is applied to the working electrode and counter electrode.
6. The charge transfer resistance of the electrode surface increases due to the binding of
virus particles. 7. This changes the impedance of the electrochemical system and can
be accessed via electronic procedures and mathematical operations. These results are a
measure of the virus presence and quantity.

Antibodies are a general tool to detect pathogens easily and very specifically [18].
Nowadays, more and more antibodies are developed animal-free with in vitro methods
such as phage display [19]. This development has the advantage that the sequence of the
antibodies is completely known and therefore the antibody can be engineered for different
applications. For easy immobilisation of the antibody onto the electrode, an antibody is
used, which carries a free cysteine in the fragment crystallisable (Fc) part of the antibody.
This allows for a simpler and gentler method of immobilisation to surfaces.

To achieve this final goal of a fast and precise virus detection method, preliminary
investigations are necessary to gain the necessary knowledge about electrode preparation
as well as the specific biochemical and electrochemical processes. As the work with virus
material is a potential health hazard and therefore costly regarding safety measures, the
investigations started using easier-to-handle biomaterials as the analyte. Thus, the aim of
the presented work was the general evaluation of BDD-based EIS for biosensing using the
standard protein immunoglobuline G (IgG) as an analyte. The focus of this work was to
establish a way to prepare the BDD biosensing electrodes with the antibody corresponding
to the antigen, complemented with very first EIS analyses of IgG in different concentrations.
After finishing this first step successfully, the work will be continued with virus-specific
antibodies and virus material as an analyte.
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2. Materials and Methods
2.1. Methodology

To achieve a fast and precise virus detection method via BDD-based EIS, several
technological issues must be solved: The manufacturing technology for BDD electrodes
is existing, but the electrodes’ surfaces must be prepared by chemical functionalisation
or coating with interlayers to obtain the necessary adhesion of the antibody. Biochemical
processes must be developed to add the antibody onto the prepared electrode. Quality
analysis methods must be selected and approved to assure the reliability of these different
functionalisation and coating steps. A suitable EIS cell design must be selected for this
detection purpose, such as cell volume, working electrode arrangement, selection and
arrangement of counter electrode, selection and arrangement of reference electrode. Finally,
the right analytical EIS method and data processing must be identified.

This work describes the results of a first step towards the final goal, using an easily
available standard biomaterial as an analyte to evaluate EIS with BDD electrodes for
biosensing in principle. Human IgG was used as the antigen.

Further work will compare BDD electrodes with other electrode materials concerning
their performance for EIS-based biosensing. As the final step, virus-specific antibody and
virus material will be used to develop the virus detection method.

2.2. Electrolyte and Protein Analyte

The electrolyte for the EIS measurements was 1 mM potassium ferricyanide K3[Fe(CN)¢]
in 0.1 M phosphate-buffered saline (PBS), mixed in deionized (DI) water.
The analyte was human IgG in concentrations of 1.1 pg/mL, 1.1 ng/mL and 1.1 pg/mL.

2.3. Electrodes
2.3.1. Electrode Materials and Manufacturing

For the BDD electrodes, Niobium plates with dimensions of 50 mm for both width and
length and two millimetres of thickness were coated via hot-filament activated chemical
vapor deposition (CVD), using a self-designed large-scale CVD reactor with a coating area of
0.5 m? and a maximum electrical power of 80 kW to heat the 0.5 mm diameter filaments [10].
The substrate plates were pre-treated before coating by sandblasting, cleaning in DI water
and seeding by dipping five minutes in a suspension of nanometre-sized diamond particles
in water. The carbon source was methane in a concentration of 1.83 vol-% in Hydrogen. Gas
pressure was 20 mbar. To achieve the necessary electrical conductivity, the diamond layer
was doped during the deposition by adding 0.49 vol-% Trimethylborane. The electrodes
were coated twice for each side, and the coating process duration for one side was 40 h.
Substrate temperature was around 950 °C. The diamond layer was polycrystalline with a
film thickness of six to eight um. The plates were laser-cut to the required electrode size of
10 mm for the width and length.

2.3.2. Electrode Functionalisation

To achieve the required adhesion of the biomarker antibody, the working electrodes
were functionalised with amino groups via atmospheric-pressure plasma treatment, using
a commercially available plasma source (Nadir SRL; Padova, Italy). Plasma was ignited
using a combination of a high-frequency and a radio frequency generator, operating with
the following parameters: (1) high-voltage generator with 10 kV, a current of 1 A and a
frequency of 15.332 kHz, and (2) a radio-frequency generator of 27,120 kHz with a power
of 15 W. The process gas was introduced by gas-flow controllers regulating the mass flow
for the process gas (2 L min~! STP argon + precursor), carrier gas (7 L min—! STP argon)
and nitrogen flushing gas. For homogeneous coating, the plasma source was placed on a
moving stage. The electrodes were cleaned before functionalisation by rinsing in isopropyl
alcohol and drying in nitrogen gas. The precursor was 3-aminopropyl-trimethoxysilane
(APTMS, Sigma-Aldrich, Schnelldorf, Germany). Argon was bubbled through APTMS to
bring it into the gas phase. This gas mixture was ionised via a high-frequency generator and
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radio-frequency generator, producing a plasma stream via a gas nozzle that was directed
onto the electrode surface. The electrode was moved laterally with a speed of 1 millimetre
per second. The functionalised electrodes were stored in a nitrogen atmosphere afterwards
to prevent reaction with oxygen from the air.

To check if the amino functionalisation was successful, a fluorescence analysis with
fluorescein isothiocyanate (FITC) marker was performed. The electrodes were dipped in a
marker solution with 0.01 mM FITC in an aqueous carbonate buffer of pH 8: sodium bicar-
bonate in a concentration of 49 mM and Sodium carbonate decahydrate in a concentration
of 0.874 mM. The electrodes were incubated in the marker solution for one hour under light
exclusion. Afterwards, they were washed twice with an aqueous carbonate buffer of pH §,
next with 0.5% aqueous sodium dodecyl sulfate solution, and finally with DI water and
then dried under nitrogen stream. A fluorescence emission reader was used with a dual
bandpass filter of 469 nm and 525 nm centre wavelengths (Cytation, BioTek, Friedrichshall,
Germany). Three sample types were compared: 1. BDD electrodes with amino functionali-
sation and fluorescence marker, 2. BDD electrodes without amino functionalisation without
the fluorescence marker, and 3. BDD electrodes with amino functionalisation without
fluorescence marker.

2.3.3. Immobilisation of Antibody on Electrodes

As a biosensing antibody, a recombinant anti-human IgG (Fc specific) antibody with
modified Fc-part (C-terminal free Cysteine) was used (ABK23-E03-M-Cys, Abcalis GmbH,
Germany), which was immobilized on the surface of the amino-modified BDD electrodes
installing first an amino-reactive linker bearing a thiol-reactive maleimide-moiety and
finally linking the cysteine-containing antibody via 1,4-conjugate addition reaction to the
surface of the electrode (Figure 1). This strategy was envisaged to provide a well defined
attachment of the antibodies on the electrode surface through the cysteine engineered Fc
part of the antibody. Alternative lysine reactive bioconjugation is known to lead also to
attachment via lysine residues in the fab part, potentially blinding the antibodies from
the recognition of their antigens and furthermore, the conjugation via cysteine residue
after partial reducing of disulfide bridges between the light and heavy chains of the
antibody are known to negatively impact the overall stability of antibodies. Therefore,
the amino-modified electrodes were placed into glass snap lid jars filled with 300 uL of a
5 mM solution of N-Succinimidyl 4-maleimidobutyrate in dry DMSO (Acros Organic, Geel,
Belgium, AcroSeal™ over molsieve) and shaken gently for 3 h at 23 °C on a centripetal
shaker, before the electrodes were flipped to the other side and shaken for an additional
1.5hat23°C.

The electrodes were washed by placing them consecutively into three glass beakers
filled with 30 mL of DMSO (HPLC quality, >99.7% Merck) for 1 min each and afterwards
into three glass beakers filled with 30 mL of dist. water (HPLC quality, VWR) for 1 min
each. Then, the electrodes were placed into glass snap lid jars, again covered with a solution
of 300 pL Cys-Antibody (ABK23-E03-M-Cys, anti-human IgG Fc, ¢ = 0.31 mg/mL, Lot:
YABC71-1) in PBS (10 mM, pH = 7.4), giving a final concentration of 0.1 mg/mL. The
electrodes were incubated for 3 h at 23 °C with gentle shaking and flipping the electrodes
after 1.5 h.

Again, the electrodes were washed by placing them consecutively into three glass
beakers filled with 30 mL of DMSO (HPLC quality, >99.7% Merck) for 1 min each and
afterwards into three glass beakers filled with 30 mL of dist. water (HPLC quality, VWR)
for 1 min each. Finally, the blocking of the unoccupied surface was conducted to avoid
unspecific interactions between the analyte and the electrode surface [5]. Therefore, the
antibody-modified electrodes were placed into glass snap lid jars and covered with a
solution of 500 pL skim milk powder 2 %w in 10 mM PBS buffer (pH 7.4) and incubated
for 1 h at 23 °C, with gentle shaking and flipping of the electrodes after 30 min. Then, the
blocked electrodes were washed, placing them consecutively into three glass beakers filled
with 30 mL of dist. water (HPLC quality, VWR). The finally modified BDD electrodes were
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stored at 4 °C covered with 10 mM PBS buffer (pH 7.4) solution until their use. Appropriate
controls were prepared accordingly but leaving out respective functionalisation steps as
indicated below.
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Figure 1. Overview about immobilisation of antibody on the surface of the working electrodes.

Again, a fluorescence analysis was performed to check whether the biosensing an-
tibody immobilisation was successful. Therefore, 300 uL of a 5 pg/mL solution of the
fluorescently labelled human IgG-AF488 antigen (AF = AlexaFluoro) was added on top of
the modified BDD electrode surface and incubated for 1 h at 23 °C, flipping the electrodes
after 30 min. Afterwards, the electrodes were washed, placing them consecutively into
three glass beakers filled with 30 mL of dist. water (HPLC quality, VWR). The binding of
fluorescently labelled antigen was then analysed using an ELISA plate reader at the excita-
tion wavelength of 485 nm and detection wave length of 535 nm. Four NH,-functionalised
sample types were compared: 1. after antibody immobilisation, blocked and incubated
with fluorescently labelled antigen, 2. after antibody immobilisation, blocked and without
fluorescently labelled antigen (reference 1), 3. no antibody immobilisation, blocked and
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with fluorescently labelled antigen (reference 2), 4. only blocked (reference 3) and each
conducted as triplates (n = 3).

2.4. EIS Cell and Spectrometer

For the electrochemical impedance spectrometry, a 3-terminal Chamber INPHAZE
UG, Horhausen, Germany) was used (see Figure 2). The electrolyte volume was 12 mL.
The working electrodes consisted of amino-functionalised electrodes with an immobilised
antibody. The active working electrode area was 95 mm?. The counter electrode was a
gold-plated wire. The reference electrode was an Ag/AgCl electrode.

[t

Figure 2. EIS cell; (left): schematic; (right): photo of the cell; (a) working electrode, (b) counter
electrode, (c) reference electrode and (d) electrolyte inlet.

The spectrometer (see Figure 3) was an INPHAZE Sys impedance spectrometer unit,
model IMSP with a corresponding INPHAZE Sys amplifier unit, model AMP and an
adaptable reference circuit (INPHAZE UG, Horhausen, Germany, and eDAQ Pty Ltd.,
Denistone East, Australia). To control the spectrometer, the INPHAZE Control Panel
software version 4.11.303 was used (INPHAZE UG). The data evaluation was conducted
with the INPHAZE Impedance Analyzer software, version 4.11.207 (INPHAZE UG). To
avoid the influence of external electromagnetic fields, a cage of Aluminium sheet was put
around the cell and amplifier unit (base sheet can be observed in Figure 3).

Figure 3. Electrochemical impedance spectrometry set-up; (a) EIS cell, (b) amplifier unit with reference
circuit, (c) impedance spectrometer unit and (d) PC for analyser and measurement control software.
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Before measuring, the system was calibrated and a spot test was performed to find the
best-fitting reference circuit.

2.5. Spectroscopy Parameters and Procedure

Table 1 shows the measurement parameters:

Table 1. EIS measurement parameters.

Parameter Value
Electrolyte volume 10 mL
Frequency range 0.9 Hz-29 kHz *
Number of frequencies within the range 31
Measurements per frequency 3
AC amplitude 10 mV +/—10%
Spectra delay 1 min
DC bias ov
Electrolyte temperature 22°C(+/—-4°C)
Electrolyte volume 10 mL

* The exact frequencies can be observed in the supplementary data.

To test the general ability of antibody detection, the antibody concentration in the
electrolyte was varied in a very large range of six magnitudes (0, pg, ng, ug). If specific
bonding between human IgG antigen in electrolyte and anti-human IgG antibody on
electrodes takes place, the charge transfer resistance should increase. To detect this change,
two data evaluation methods were applied: First, the impedance for different analyte
concentrations of human IgG antigen was plotted vs. frequency; if the charge transfer
resistance increases, a rise of the impedance should be measured. Secondly, a Nyquist
plot of the impedance was created; if the charge transfer resistance increases, a rise of the
semicircle radius should be observed.

3. Results
3.1. Fluorescence Analysis of Electrode Functionalisation Steps

Figure 4 shows the results of the fluorescence analysis to check the amino functionali-
sation by plasma treatment.

35,000

m BDD Reference + FITC
30,000 m BDD-NH2
m BDD-NH2 + FITC

25,000

20,000 -

15,000 ~

Fluorescence signal n/a

10,000 -

5000 ~

0

Figure 4. Fluorescence signal of the electrodes after amino functionalisation. BDD Reference + FITC:
BDD-coated electrode with fluorescence marker. BDD-NH2: BDD-coated electrode with amino
functionalisation. BDD-NH2 + FITC: BDD-coated electrode with amino functionalisation and with
fluorescence marker.
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It can be observed that the plasma treated BDD (blue bar) shows a much higher
fluorescence signal compared to BDD electrodes without plasma treatment (black bar). This
demonstrates a clear evidence of successfully added NH; groups onto the BDD electrodes.

Furthermore, it can be observed that the plasma-treated BDD electrodes without
fluorescence marker (green bar) shows nearly the same fluorescence signal as with flu-
orescence marker (blue bar). The reason for this unexpected observation is probably an
auto-fluorescence effect of the amino groups or an interfering wavelength. Nevertheless,
the amino functionalisation can be regarded as successful.

Figure 5 shows the fluorescence signals of the BDD electrodes after amino functionali-
sation, subsequent immobilisation of Fc-modified anti-human IgG antibody and incubation
with the fluorescently labelled human IgG-AF488 antigen.

25,000
20,000
<
E
E
§ 15000 -
= N NN NN NN NN N SRS e B
g
=1
g 10,000
4
=}
2
151
5000 A
0 4
g a2 e} ¥ 5] o ) % 4
Y 0 O Y ) ka X
Rt ot hat ot Yo ¥ °

> ’ ) )

& &S & ¢

Figure 5. Fluorescence signal of the BDD electrodes after amino functionalisation, antibody immo-
bilisation and incubation with fluorescently labelled human IgG-AF488 antigen; BDD-Ab1-6: six
samples after antibody immobilisation, blocked and incubated with fluorescently labelled antigen.
BDD no ag: after antibody immobilisation, blocked, without fluorescently labelled antigen (reference
1). Block + ag: no antibody immobilisation, blocked and incubated with fluorescently labelled antigen
(reference 2). Only block: only blocked (reference 3). Dotted line represents background level due to
auto-fluorescence of NHy-modified BDD electrodes. For full data including standard deviations, see

Spreadsheet S1.

It can be observed that all BDD electrodes with antibody immobilisation (blue) show a
higher fluorescence signal compare to the controls, indicating an antibody immobilisation.
However, all reference samples (without fluorescently labelled antigen, without antibody
immobilisation but with fluorescently labelled antigen and neither antibody nor fluores-
cently labelled antigen) show a relatively strong fluorescence signal. Most presumably, the
reason is that the auto-fluorescence effect through the amino functionalisation (see Figure 4)
is persistent throughout the antibody immobilisation.

3.2. Electrochemical Impedance Spectroscopy Results

EIS was performed with the BDD electrodes after amino-functionalisation and biomarker
antibody immobilisation. Figure 6 shows impedance over frequency as a measure for the
change of the charge transfer resistance by the bonding of the analyte (human IgG antigen)
to the biomarker on the electrodes (anti-human IgG antibody).
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Figure 6. EIS impedance over frequency for the four different concentrations of human IgG antigen
in the electrolyte, using BDD with biosensing surface as working electrode; arithmetical mean values
of three measurements. For full data including standard deviations, see Spreadsheet S2.

All antibody concentrations show an exponential decrease in the impedance with increas-
ing frequency. This usual curve progression indicates the basic stability of the measurement.

However, no significant increase in the impedance can be observed for increasing
antibody concentration. Only slight differences can be observed at lower frequencies; but
no clear trend is visible. The reason might be uncertainties during measurements or minor
inconsistencies during cell preparation. Thus, no positive statement about a successful
antibody detection can be made. It seems that no interaction between the biosensing surface
(anti-human IgG) and the protein analyte (human IgG) is indicated.

As a second evaluation of the charge transfer resistance change, a Nyquist plot was
drawn from real and imaginary parts of the impedance, as shown in Figure 7.

0.14

@ c(human IgG) =0
032 < ® c(human IgG) = 1.1 pg/ml
o ¢(human IgG) = 1.1 ng/ml
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g

E 002 o

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Impedance real part / Q m?

Figure 7. EIS impedance imaginary part over real part (Nyquist plot) for the four different concen-
trations of human IgG antigen in the electrolyte, using BDD with biosensing surface as working
electrode; arithmetical mean values of three measurements each. For full data, see Spreadsheet S3.

As a first observation, no formation of more than one semicircle is visible; thus, there
is no evidence that several electrochemical processes occurred.
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The semicircle diameter would be a measure of the analyte concentration. However,
no clear formation of a full semicircle can be observed, so that a conclusion about the
analyte concentration cannot be made in this way.

Furthermore, a relatively high scattering is observed for the analyte concentration
of 1.1 pg/mL. There is no clear trend visible between antigen concentration and curve
progression; the differences between the curves are small compared to the amount of
scattering. A possible reason might be inconsistencies during measurement or during
cell preparation.

Finally, no positive statement about a successful human-IgG antigen detection can be
made from the Nyquist plot.

4. Discussion

With the presented work results, the aim of realising a biosensor using EIS and
antibody-equipped BDD electrodes was not achieved. However, Nidzworski et al. success-
fully showed the EIS-based detection of viruses with functionalized BDD electrodes [6].
This gives the motivation to continue this work towards the final goal of achieving a fast
and reliable virus test method that can help to control future pandemics.

The outlook of this work includes the following issues: The first step will be to find
a more conclusive quality assurance of the functionalisation process with amino groups
and the immobilisation of the biosensing antibodies, e.g., by conducting the fluorescence
analysis at a non-interfering wavelength or identifying an alternative method. Furthermore,
the chemical termination of the BDD working electrodes will be varied between H and
O according to Suffredini et al. [20] to investigate the effect on the functionalisation. The
relation of BDD electrode size to electrolyte volume plays an important role for successful
EIS and will be considered for variation. The EIS experiments will be continued with
an enlarged frequency range, especially with lower frequencies, which are important to
separate the analyte concentration. Moreover, investigations of the stability of electrolyte,
functionalisation and antibody immobilisation over time will be performed, eventually
resulting in adapted experimental procedures. To find the limit of detection, even higher
antigen concentrations will be used.

If still not successful, EIS measurements will be conducted with other antibodies or
biomolecules as the analyte. To demonstrate the performance and necessity of boron-doped
diamond as electrode material, gold and other electrode materials, such as glassy carbon,
will be used for comparison. A DC bias during the EIS measurements will be considered,
which might improve the results.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/c8040074/s1, Spreadsheet S1: Measured fluorescence intensity
after incubation of antibody functionalized BDD electrodes with fluorescently labelled antigen (xslx),
Spreadsheet S2: Measured impedance values over frequency (xslx), Spreadsheet S3: Impedance
imaginary and real parts (xslx).
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