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ABSTRACT

The design and application of an inkjet-printed electrochemically reduced graphene oxide
microelectrode for HT-2 mycotoxin immunoenzymatic biosensing is reported. A water-based graphene
oxide ink was first formulated and single-drop line working microelectrodes were inkjet-printed onto
poly(ethylene 2,6-naphthalate) substrates, with dimensions of 78 pm in width and 30 nm in height after
solvent evaporation. The printed graphene oxide microelectrodes were electrochemically reduced and
characterized by Raman and X-ray photoelectron spectroscopy spectroscopies in addition to
microscopies. Through optimization of the electrochemical reduction parameters, differential pulse

voltammetry were performed to examine the sensing of 1-naphthol (1-N), where it was revealed that
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reduction times had significant effects on electrode performance. The developed microelectrodes were

then used as an immunoenzymatic biosensor for the detection of HT-2 mycotoxin based on carbodiimide
linking of the microelectrode surface and HT-2 toxin antigen binding fragment of antibody (anti-HT2
(10) Fab). The HT-2 toxin and anti-HT2 (10) Fab reaction was reported by anti-HT2 immune complex
single-chain variable fragment of antibody fused with alkaline phosphatase (anti-IC-HT2 scFv-ALP)
which is able to produce an electroactive reporter — 1-N. The biosensor showed detection limits of 1.6
ng - mL™! and a linear dynamic range of 6.3 — 100.0 ng - mL™!' within a 5 minute incubation with 1-

naphthyl phosphate (1-NP) substrate.

1. Introduction

Graphene is a carbon allotrope comprising of a single layer of carbon atoms arranged in a honeycomb
lattice structure. The oxygen content in graphene-based materials play an important role in the field of
electrochemistry, as it significantly decreases the material’s conductivity (Benchirouf et al. 2016; Chen
et al. 2011). Reduced graphene oxide (RGO) represents the transition material — possesses good
heterogeneous electron transfer rate but still enough oxygen groups that can facilitate functionalization
(Ren et al. 2017). Electrochemical reduction of graphene oxide is a fast, simple and economic alternative
approach to other conventional chemical reduction methods, which typically involve the use of toxic
reducing agents and can lead to contamination of the resulting material. Furthermore, electrochemical
reduction methods can be easily adapted for applications where thermal reduction is not possible, for
example reduction of structures on plastic substrates (Toh et al. 2014).

Traditionally, electronic devices fabricated by photolithography suffer from several disadvantages such
as complicated assembly processes, expensive instrumentation and use of harmful chemicals. Inkjet
printing (1JP) is a promising alternative technique for the production of advanced future electronic

devices as it allows for direct (no template) and non-contact printing onto flexible substrates such as
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plastics, nanocellulose, and wearable e-textiles (Hermerschmidt et al. 2018; Hoeng et al. 2017; Karim et
al. 2017). Depending on the capabilities of the printer, even deposition of functional materials with
extraordinary precision can be achieved (Bachmann et al. 2017). Due to these outstanding properties,
IJP is not only a suitable choice for graphics, but also for printing of semi-conductive and/or insulating
materials for thin-film transistors, electrochemical sensors, and wearable electronics (da Silva et al.
2014; Medina-Sanchez et al. 2014; Zhan et al. 2017). Furthermore, IJP has the added advantage for ease
of mass production of small, disposable, low cost electrochemical biosensors. Depending on the
intended application, the selection of conductive material(s) is mainly determined by the desired
conductivity, optical transparency and bending stability (especially important for flexible electronics)
(He and Derby 2017; Kamyshny and Magdassi 2014). Typically, metal-based inks, such as Au or Ag
nanoparticle solutions, are used as standard materials for IJP to fabricate conductive tracks (Su et al.
2019; Zikulnig et al. 2019). Recently, the incorporation of 2D materials for 1JP has been considered as
an alternative for some applications, because metallic nanoparticles based inks are expensive, tend to
oxidize and require high-temperature post-printing sintering (Bonaccorso et al. 2016; Park et al. 2007,
Singh et al. 2010). Moreover, Ag and Cu nanoparticles used for the conductive ink formulations are not
stable in the most common solvents such as water, ethanol or acetone (Dearden et al. 2005; Park et al.
2007). Although the characteristics of IJP graphene-based platforms cannot compete with the high
conductivity, deposition control and optical transparency of chemically deposited graphene, it has
nonetheless attracted attention of researchers worldwide (Bonaccorso et al. 2016; Singh et al. 2010).
One of the primary challenges of printing with pristine graphene is the tendency of the material to
aggregate, leading to low ink stability and printhead nozzles clogging (Michel et al. 2017). To overcome
this, one approach is to benefit from exfoliated GO as a source material, since oxygen-containing groups
of GO enables its dispersion in water-based inks. These inks can create continuous films over desired

substrates and a conductive film can be obtained using post-printing reduction (Pei and Li 2017).
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4
With respect to agro-economics and the impact on global agriculture, the HT-2 toxin, produced by

different Fusarium species, is a member of the group of the most relevant mycotoxins (Hussein and
Brasel 2001). HT-2 can contaminate small grain cereals and maize in the field, but also during wet
storage and inappropriate transport. It has been shown that HT-2 toxin is only partially degraded during
thermal food processing (Kuchenbuch et al. 2018). Causing apoptosis and inhibiting protein synthesis,
HT-2 is contaminant of concern to human and animal health (Yang et al. 2017). According to a
Recommendation of The European Commission, in cases of analytical screening techniques the limit of
detection should not exceed 25 ug - kg™ for the sum of HT-2 and T-2 toxin (EC 2013). Common levels
of toxins in contaminated grains for human consumption and breakfast cereals were reaching from tens
to hundreds of pg - kg (Kaukoranta et al. 2019).

In this paper, we present the development of an ink, based on GO, and demonstrate its compatibility for
inkjet printing by fabricating electrodes where the working microelectrodes were formed via inkjet
printing. After optimization of the reduction parameters, we obtained electrochemically reduced
graphene oxide (ERGO) microelectrodes and the performance was evaluated by differential pulse
voltammetry (DPV) for the sensing of 1-naphthol (1-N). The results indicated that the ERGO
microelectrodes were suitable for biosensing and their application was demonstrated as an enzymatic

immunosensor for the detection of HT-2 mycotoxin.

2. Materials and methods

2.1. Chemicals

Ethylene glycol (EG), sodium dodecyl sulfate (SDS), 1-NP monosodium salt, 1-N, diethanolamine
(DEA), n-hydroxysuccinimide (NHS), n-(3-dimethylaminopropyl)-n-ethylcarbodiimide hydrochloride
(EDC), 2-(N-Morpholino)ethanesulfonic acid (MES) and other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA) in ACS purity and were used as received. All water-based solutions were
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prepared using milli-Q water (resistivity higher than 18.2 MQ-cm™ at 25°C) from Millipore

(Burlington, MA, USA).

2.2. Fabrication of electrode

Poly(ethylene 2,6-naphthalate) (PEN, 0.075 mm thickness, Goodfellow, Huntingdon, UK) substrate was
cleaned using atmospheric-pressure oxygen plasma for 30 min (Harrick Plasma, Ithaca, NY, USA),
followed by soaking in 1M NaOH bath for 30 min at 25 °C, then washed with water and dried with
compressed air flow. The counter electrodes and graphite tracks of working electrodes were screen-
printed using carbon sensor paste (C2030519P4, Gwent Group, Pontypool, UK). Pseudoreference
electrodes were printed using Ag/AgCl paste (C61003P7, Gwent Group, Pontypool, UK). The electrodes
were cured at 120 °C for 30 min in an oven (JP Selecta, Barcelona, Spain).

40 mL of single layer GO water solution (N002-PS-1.0, Angstron Materials, Dayton, OH, USA) of
concentration 1 wt% was sonicated for 2 h (80 % amplitude, 1 s pulse, 1 s pause, cooling temperature
15 °C, protecting temperature 40 °C) using an ultrasonicator equipped with a 1000 W sonic head and a
water cooling system (Col-Int TECH, Irmo, SC, USA). To create the ink, 600 mg of the GO solution
was added to 3.6 mL of milli-Q water, 6 mg of SDS and 1.8 mL of EG and mixed using a Q125 probe
sonicator (Qsonica, Melville, NY, USA) with the following settings: time 300 s, amplitude 100 %, pulse
2 s, pause 1s. The solution was cooled using an ice bath during sonication. The ink was obtained by
filtering with cellulose acetate syringe filter (0.45 um cut-off, VWR, Radnor, PA, USA).

The GO working electrodes were printed using a Dimatix Materials Printer DMP-2850 (Fujifilm,
Minato, Japan) with a DMC-11610 printhead dispensing 10 pL nominal drop volume (nozzle diameter
of 21 um). The printhead and substrate plate were set to 35 °C. A single nozzle with continuous jetting
was used to print 10 mm-long working electrodes. Each line was printed 30-times with 30 s pauses

between individual layers and drop-spacing of 30 um. The dispersion was printed at a voltage of 11 V
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6
with a frequency of 5 kHz. A custom waveform profile was used for the GO ink printing. The distance

between the printhead and substrate was set to 500 um.

Prior to reduction of the GO, the electrodes were treated at 120 °C for 2 hours. Then, 50 uL of KCI
solution in milli-Q water was pipetted onto the electrode to cover the pseudoreference electrode, counter
electrode and the whole GO strip, including the undefined part of the graphite carbon working electrode
track. The reduction was performed using chronopotentiometry at —1.5 V. After the reduction, the
electrodes were washed with milli-Q water, dried with compressed air and the insulating line (Dielectric
ink D2070423P5, Gwent Group, Pontypool, UK) was added to prevent solutions from having contact

with the graphite part of the working electrode. Finally, the electrodes were treated at 200 °C for 5 min.

2.3. Biosensor fabrication

Anti-HT2 (10) Fab was attached to the ERGO microelectrode via EDC/NHS linker chemistry. In detail,
after the electrodes were briefly washed with MES buffer (pH 6), a 30 uL drop of EDC/NHS solution
(0.1 M, in MES buffer) was added onto the printed area and left to incubate at room temperature for
30 min. The electrodes were then thoroughly washed with MES buffer to remove any excess EDC/NHS
and 10 pL of anti-HT2 (10) Fab (typically 10 pg - mL ™2, in phosphate buffered saline (PBS) pH 6.5) was
added onto the electrode and incubated for another 30 min. The drop was then removed and 30 pL of
Tris buffer (pH 8) was added onto the electrode for 30 min. Subsequently, 30 uL of blocking buffer (2 %
bovine serum albumine in PBS pH 7.4 with 0.05 % tween-20) was pipetted onto the electrode and
incubated for 30 min. The electrodes were washed twice with washing buffer (PBS pH 7.4 with 0.05 %
tween-20) and samples containing the mycotoxin (30 pL total volume, diluted in blocking buffer in 1:1
ratio, 30 min incubation) were added. The electrodes were then washed thoroughly with washing buffer
and dried at 25 °C. Anti-IC-HT2 scFv-ALP was then added for 30 min and then removed with washing
buffer. Analysis was performed by addition of 5 mM 1-NP dissolved in 0.1 M DEA buffer (pH 9.8

containing 1 mM MgCl). After 5 min of incubation with 1-NP, DPV electrochemical analysis was
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performed using the following settings: initial potential —0.8 V/, end potential 0.7 V, speed of
polarization 0.5 mV - s%, modulation amplitude 175 mV, modulation time 10 ms, interval time 1 s, no

deposition or conditioning potential was set.
2.4. Biological materials

Anti-HT2 (10) Fab and anti-IC-HT2 ScFv-ALP fusion antibody were provided by VTT (Espoo, Finland)
(Arola et al. 2017). HT-2 toxin (15-Acetoxy-3a,4B-dihydroxy-8a-(3-methylbutyryloxy)-12,13-
epoxytrichothec-9-ene) was bought from Sigma-Aldrich (St. Louis, MO, USA). The content of a whole
vial of the mycotoxin was dissolved in dimethyl sulfoxide (1 mg - mL™) to create the stock solution.
Individual HT-2 concentrations were obtained by dilution. Gibco One Shot Fetal bovine serum (Thermo

Fisher Scientific, Waltham, MA, USA) was used as a matrix for real sample analysis.
2.5. Electrode effective surface calculation

In order to determine the electroactive area of the ERGO microelectrode, cyclic voltammograms (CV)
were obtained using 1 mM [Fe(CN)s]* /[Fe(CN)s]* redox probe in 0.1 M KCI. The electroactive surface
was calculated according to Randles-Sevcik equation for reversible electrode process:

Ip=2.69-10°- A-DY2-n%2.y12.C Eq. (1)
where I, is anodic current peak (A), A is the electroactive area (cm?), D is the diffusion coefficient of
[Fe(CN)s]* in solution and is 6.1-10°cm?-s 2 nis the number of electrons transferred in half-
reaction (1 in case of [Fe(CN)e]*), v is scan rate (0.1V-stwas chosen) andCis

[Fe(CN)s]* concentration (mol - L™).
2.6. Instrumentation

For characterization of the materials and the electrodes, Magellan 400 L field emission scanning electron

microscope (SEM, FEI, Hillsboro, OR, USA), EasyDrop Contact Angle Measuring instrument (Kruss,
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Hamburg, Germany), optical microscope (Olympus1X71, Olympus, Tokyo, Japan) were used. Asylum
MFP-3D atomic force microscope (AFM) (Oxford Instruments, Abingdon, UK) was used for electrode
characterization. Bruker Dimension FastScan atomic force microscope (Bruker Nano Surface, Santa
Barbara, CA, USA) operated in tapping mode was used for GO characterization. X-ray photoelectron
spectroscopic (XPS) measurements were performed at room temperature with a SPECS PHOIBOS 150
hemispherical analyzer (SPECS GmbH, Berlin, Germany) in a base pressure of 5 - 10° mbar using
monochromatic Al K-alpha radiation (1486.74 eV) as an excitation source. XPS spectra were then
evaluated using Fityk sofware. Raman spectra were obtained using a confocal Raman microscope
alpha300r equipped with a 488 nm laser (WITec, Ulm, Germany) and parameters of 1.5 mW laser power,
grating of 600 g - nm™2, objective 50x, exposure of 10 s and 3 accumulations for every single spectra.
For electrochemical measurements, an Autolab PGSTAT 302 (Metrohm, Herissau, Switzerland)
equipped with frequency response analyzer PGST30 was used. CV and DPV were evaluated using GPES
electrochemical software. EIS spectra, including equivalent circuit elements calculations, were evaluated

using NOVA (both Metrohm, Herissau, Switzerland).

3. Results and discussion

Commercial GO was utilized as the main component within the ink. Prior to ink formulation the GO
stock solution, containing 1 wt% of GO, was thoroughly sonicated. The dense black GO solution was
then mixed and sonicated with EG, water and SDS to obtain the GO water-based ink containing
1 mg - mL* GO (0.1 wt%), 30 % EG and 1 mg - mL™* SDS. It is recommended for materials sizes to be
less than 1/100™ the size of nozzle, to avoid obstruction of the printhead nozzle and guarantee successful
printing. To ensure that the GO sheets were of suitable dimensions, the GO sheets were initially treated
to intense continuous sonication and then filtered to remove the undesired sizes. Figure 1(a) is an SEM
micrograph of the ink and indicates that the GO collected after the formulation procedure was within the

lateral ranges of 226 — 875 nm. Compared to source GO, the lateral diameter of treated GO significantly
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decreased after sonication (see Fig. S1 for comparison). It is well-known that sonication induces
fragmentation of the GO sheets and can create crystal structure defects, which are important for
heterogeneous electron transfer (HET) in electrochemistry (Ye and Feng 2016; Zhong et al. 2014).
Further, the presence of single-layer GO sheets within stock solution provided by manufacturer was
confirmed by atomic force microscopy (AFM). The obtained data showed the graphene oxide thickness
of about 1 nm (Fig. S2). In accordance with previously published articles, the used graphene oxide can
be interpreted as single-layer sheets (Bartlam et al. 2018; Paredes et al. 2009; Stankovich et al. 2006).
As the viscosity of water is too low and the surface tension is too high to be used for 1JP, EG was added
as a rheology modifier and humectant, while SDS was added to adjust the ink ’s surface tension (Li et
al. 2018; Vaseem et al. 2012). Printing resolution and homogeneity of printed design are influenced by
droplet spread and are attributed to the wettability of the ink with respect to the substrate (Stringer and
Derby 2009). Both surface chemistry and roughness contribute to the wettability effects of substrate.
Since the droplets produced in 1JP are very small (10 pL in our case) there are high demands for substrate
quality. As a substrate for electrode printing, we have selected transparent and flexible PEN suitable for
development of wearable electrode sensors (Shiwaku et al. 2018). The substrate was treated with
atmospheric-pressure oxygen plasma in combination with chemical hydrolysis prior to printing. As
reported by Gonzales et al. (Gonzalez et al. 2008), plasma treatment of PEN can induce oxidation of the
aromatic rings of the polymer chains. After the plasma treatment, the substrate was rinsed with NaOH
to increase the substrate roughness (Cammarano et al. 2013). Figure 1(b) and 1(c) shows a decrease of
the contact angle of the droplet upon plasma and NaOH treatment of the substrate, indicating that the
wettability of the substrate was improved after such treatments.

The printing of the electrochemical sensor was performed using various types of printing techniques.
The counter electrodes, pseudoreference electrodes and the working electrodes tracks were printed using
traditional screen printing techniques. The active area of the working electrode was inkjet-printed using

the developed GO ink, ensuring that a small section of the area was overlapping with the screen printed
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track to enable its electrochemical activity. An SEM micrograph of the whole electrode can be seen in

Fig. S2. Following the reduction step, an insulating layer was added to cover the entire working electrode
graphitic parts and to define the active surface of electrodes. Scheme of ERGO microelectrodes main

fabrication steps can be seen in Fig. 1(d).

(b) (d)
53 2+£3.2°
screen
printing screen
printing application
120°C of dielectric
— 30min 120°C 450%C
(c) ﬁ 120ml 30mln
o
9 + 1 7 pretreated
PEN inkjet
printing reduction

Fig. 1. (a) SEM micrograph of GO flakes contained in ink. (b) Contact angle for droplet of IJP ink on

non-treated and (c) treated PEN substrate. (d) Scheme of ERGO microelectrode fabrication.

3.1. ERGO microelectrode characterization

An optical microscope image of the working electrode track and the GO printed active area interface is
presented in Fig. 2(a). The large dark feature in the upper left is the end of the screen-printed working
electrode (WE) track, while a continuous strip of GO can be seen as a narrow grey line. The printed GO
strip exhibits well-defined edges with a width of 78 um. As thermal reduction of the GO strip was not
possible, due to potential damages to the PEN substrate, an electrochemical approach was adopted for
the reduction of the GO active area to ERGO. The electrochemical reduction was performed in 3 mM
KCI solution at a potential of —1.5 V' vs. Ag/AgCIl. As reported elsewhere, successful reduction was
visually observed by a color change of the GO from light brown to light black (Fig. 1(b)) (Kudr et al.
2016). The reduction of GO to ERGO was also confirmed using Raman spectroscopy by observation of
the two characteristic D and G bands of graphene-based materials. It has been reported that the D band
is closely related to the degree of defects and disorder within the hexagonal lattice and should not be
observed in the case of pristine graphene, like that grown by chemical vapor deposition (Juang et al.

2010). Conversely, the G band corresponds to the in-plane vibrations of sp? carbon atoms of graphene
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lattice and thus increases with reduction of C-O/C=0. As such, in the case of ERGO, the ratio of these
peak intensities (Io/lg) are often used to survey the level of oxidation of graphene-based materials
(Ramesha and Sampath 2009). In both our samples of GO and ERGO, the D and G bands were observed
at 1354 cm™* and 1578 cm™%, respectively (Fig. 1(c)) and without any shifts upon comparison of the
before and after spectra. However, the intensities of these peaks show obvious variations and suggest
successful electrochemical reduction of the GO to ERGO as the Ip/lg ratio increased from 0.90 to 1.25.
Furthermore, this observation also suggests an increase of lattice-defects during the reduction process
and is in good agreement with previous studies (Kuang et al. 2018). Since the procedure of electrodes
fabrication included thermal treatment, Raman spectra of a thermally treated working electrode were
obtained as a control (see Fig. S3 for comparison). The ERGO electrodes were also characterized using
XPS to determine the chemical states of carbon and oxygen (Fig. 1(d)). Shirley background subtraction
and fitting with Voigt function (convolution of Gaussian and Lorentzian peak shapes) were performed.
Upon evaluation of the C1s spectrum, the carbon peak was deconvoluted to 5 individual peaks: C-C sp?
(284.5eV), C-OH (285.5eV), C-O (286.4 eV), C=0 (287.6 eV) and O-C=0 (289.9 eV) (Casero et al.
2014; Casero et al. 2013). Four distinguishable oxygen containing peaks were observed in the Ols
spectrum (C=0 at 530.7 eV, O-C=0 at 532.2eV, OH at 533.1eV and C-O-C at 533.7eV). It
demonstrates that even after electrochemical reduction, carboxyl functional groups which will facilitate
covalent attachment of antibodies to electrode were still presented within ERGO electrodes (Raj and
John 2013). AFM height profile suggests that the ERGO strip electrode goes 30 nm above the PEN
substrate (Fig. 1(e)). Given that the intrinsic thickness of GO is 1 nm we can conclude that the electrode
strip was created by around 30 layered sheets of ERGO (Zhang et al. 2010). An AFM phase image of

the electrode and substrate borderline can be seen in Fig. S4.
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Fig. 2. (a) Optical microscope image of 1JP GO strip electrode before reduction and (b) during reduction.
(c) Raman spectra of GO electrode before reduction step (blue line) and after electrochemical reduction
with thermal treatment (red line). (d) Deconvoluted XPS C 1s and O 1s (inset) spectrum of ERGO. (e)

Height profile of ERGO strip electrode obtained by AFM.

3.2. ERGO microelectrode optimization for 1-N sensing

The ERGO microelectrodes were characterized with cyclic voltammetry at varying speeds of
polarization. As shown in Fig. 3(a), the ferri/ferrocyanide redox reaction displayed well-defined
oxidation and reduction peaks where it can be observed that there is an increase of the current with each
increased scan rate. The anion oxidation current of ferrocyanide was plotted against the square root of
the scan rates and revealed a linear relationship (Fig. 3(b)), suggesting that there is a diffusion controlled
mechanism for the oxidation/reduction of ferro/ferricyanide on the ERGO electrode. However, large
shifts of the faradaic peaks which suggested slow electrode kinetics towards oxidation/reduction of the
used probe were observed. Brownson et al. reported similar behavior for highly ordered pyrolytic
graphite electrodes with a single layer of pristine graphene (Brownson et al. 2011). This can be also
caused by the oxygen content in ERGO as the ferri/ferrocyanide redox probe is highly sensitive to the

oxygen content within the electrode material (Tan et al. 2014). Using Randles-Sevcik equation (Eg. (1))
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for reversible electrode process, the electroactive surface of electrode was determined to be 5.2 mm?
which was by 0.2 mm? bigger than the geometrical surface. The influence of KCI concentration in the
reduction solution and reduction time was determined based on the sensitivity of the ERGO strip
electrode towards sensing of 1-N. These experiments were performed with electrodes fabricated using
the same procedure as described for the microelectrodes, but with a 10-times larger geometric surface
(1.0 x 5 mm~5 mm?) of working electrode used to observe the enhanced differences. As is evident from
Fig. 3(c), the reduction time of such fabricated GO electrodes influences 1-N sensing. It is consistent
with the findings of Feng et al., where they described the electrochemical reduction of graphene oxide
as a multi-step process and that the abundance of oxygen-containing groups depended on the reduction
time (Feng et al. 2016). It is worth noting that even after 300 s of reduction, at a constant potential of
—1.5 V vs. Ag/AgCl, the whole printed GO layer was reduced, as indicated by a color change from brown
to black. Since the reduction time of 900 s increased the electrochemical signal by 45 £5 % (n = 3), we
can conclude that the reduction time plays an important role for the sensing of 1-N. Further increase of
reduction time to 1200 s enhanced electrode performance negligibly. Regarding GO microelectrodes
reduction, a time of 1000 s was normally used but from our experience the reduction process is highly
dependent on the quality (homogeneity) of the printed GO strip (drop spacing, number of printed layers
and even substrate pretreatment procedure). No significant changes of 1-N signals were observed with
varying concentrations of KCI. This suggests that the electrolyte solution had no effect on the
performance of the ERGO microelectrode (Fig. 3(d)) and consequently a concentration of 3 mM KCI
was chosen for reduction of the GO electrodes.

The dependence of 1-N DPV signal on the modulation amplitude, modulation time and speed of
polarization were assessed. The optimal results of these measurements are indicated by a red diamond
in Fig. 3(e), (f) and (g). Thus for the DPV measurements, the modulation amplitude was set to 175 mV,
modulation time 10 ms and a scan rate of 5 mV - s™* was used. As a last step, the dependence of 1-N

oxidation signal at +0.05 V vs its concentration in DEA buffer was evaluated. The linear range of the
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calibration curve was observed between 31.25 and 0.24 uM concentration with satisfactory factor of

determination, R? = 0.994. It showed that an electrode with settings as described above enabled reliable

and sensitive detection of 1-N (Fig. 3(h)).
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Fig. 3. (2) CV of 1 mM [Fe(CN)s]* /[Fe(CN)6]*" in 0.1 M KCI (5 — 200 mV - s 1) recorded using ERGO
microelectrode. (b) The dependence of 1 mM [Fe(CN)s]* /[Fe(CN)s]*~ anodic peak heights on the square
root of scan rate. (c) The dependence of 1-N peak on reduction time (300 — 900 s) of GO and (d)
concentration of KCI (3 — 100 mM) in reduction solution (red diamond indicates condition selected as
optimal; typical DPV voltammograms are shown within insets; arrow is showing trend corresponding to
X axis parameter increase). (€) Dependence of 1-N peak on modulation amplitude (5—200 mV), (f)
modulation time (10 — 100 ms) and (g) speed of polarization (5 — 50 mV - s™%). (h) Dependence of signal

on 1-N concentration (0.24 — 31.25 pM).

3.3. ERGO strip microelectrode biosensor

Biosensors based on electrochemical enzymatic activity are promising for numerous diagnostic fields,
such as medical screening, food analysis and environmental monitoring (Zhang et al. 2018a; Zhang et

al. 2018b). The detection system we used as a proof-of-concept is well documented and is still frequently
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used as an ELISA (enzyme-linked immunosorbent assay). The proposed detection mechanism is based
on the attachment of immobilization antibody fragment (anti-HT2 (10) Fab) onto the electrode. The
coupling was performed via carbodiimide chemistry, using EDC/NHS, where the residual carboxylic
groups found on the surface of ERGO were crosslinked to the primary amines of the Fab fragment. The
anti-IC-HT2 scFv genetically fused with alkaline phosphatase (ALP) is able to recognize the
immunocomplex of HT-2 toxin and anti-HT2 (10) Fab. Anti-HT2 (10) Fab is not able to specifically
recognize HT-2 from T-2 toxin thus the specificity of analysis was provided by anti-IC-HT2 scFv which
shows no cross-reactivity with T-2 and the related molecules (T-2-triol, T-2-tetraol, diacetoxyscirpenol,
15-acetyldeoxynivalenol, 3- acetyldeoxynivalenol, deoxynivalenol, deoxynivalenol-3-glucoside,
nivalenol, and neosolaniol) (Arola et al. 2016). ALP is an enzyme which cleaves the phosphate from
different molecules with higher efficiency in alkaline conditions. Here non-electroactive 1-NP was used
as an ALP substrate. Electroactive product 1-N was produced from 1-NP by ALP (Fig. 4(a)).

Biosensors should be cost-effective and allow for scalable manufacturing. IJP and the use of recombinant
fusion antibodies definitely meet these demands. The proposed method of graphene-related material 1JP
in combination with inkjet-printed tracks (screen-printed here) can dramatically decrease the price of
such sensors. The electrochemical reduction seems to be inappropriate since it takes several minutes
depending on printed morphology. However the use of a multichannel potentiostat can make this process

more time-effective.
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Fig. 4. (a) Scheme of suggested ERGO microelectrode HT-2 toxin biosensor. (b) EIS nyquist plot of
ERGO microelectrode modified with different amount of anti-HT-2 Fab (0 — 66.7 ng - mm2) in 1 mM
[Fe(CN)s]* /[Fe(CN)e]* in 0.1 M KCI and equivalent circuit used for data evaluation in inset. (c)
Dependence of R component of EIS equivalent circuit resistance on amount applied anti-HT-2 Fab
(0—66.7 ng- mm2). (d) Dependence of suggested biosensor background 1-N signal on amount of
applied anti-HT-2 IC scFv-ALP (5-600ng). (¢) Dependence of DPV 1-N oxidation signal on
concentration of applied HT-2 toxin (6.3 —100.0 ng - mL ™). Baseline-corrected response (peak) of

biosensor to HT-2 toxin at concentration corresponding to calibration curve (inset).
3.4. Application of the designed biosensor

To demonstrate the capabilities of our developed biosensor for possible real-world applications, we have
chosen to target the detection of the HT-2 mycotoxin. HT-2 mycotoxins are highly toxic trichothecene
mycotoxins produced by Fusarium species and have adverse effects on plant products such as wheat,
oats and barley, which are all prevalent crops in the European union (Bryla et al. 2018). The harmful
effects of HT-2 are manifested not only by inhibition of protein synthesis and cell proliferation in plants,

but can also cause acute or chronic intoxication of humans and animals (Rocha et al. 2005). Therefore a
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rapid and low-cost detection platform would prove to be advantageous for the health and food safety
industry.

The successful attachment of anti-HT2 (10) Fab onto the ERGO working electrode was monitored by
electrochemical impedance spectroscopy (EIS). The amount of applied anti-HT2 (10) Fab was
transformed into nanogram per square millimeter of working electrodes (ng - mm~2). As can be seen in
Fig. 4(b), the increasing concentration of attached anti-HT2 (10) Fab resulted in incremental change of
the depressed semi-circles in the Nyquist diagram. The impedance measurements were fitted using an
equivalent circuit (Fig. 4(b) inset) and the corresponding electronic circuit elements were calculated.
The resistive element, labelled in equivalent circuit R, showed increasing trends with increasing amount
of applied anti-HT2 (10) Fab (Fig. 4(c)). The amount of applied anti-IC-HT2 scFv-ALP was optimized
in order to obtain minimal background response. The same corresponding concentrations of anti-IC-
HT2 scFv-ALP were incubated with the anti-HT2 (10) Fab modified electrodes anti-HT2 (10) Fab
without introduction of the HT-2 toxin. In our workflow of washing steps, 30 uL of anti-IC-HT2 scFv-
ALP (2.5 ug - mL1)~75 ng was selected as the optimal amount of anti-IC-HT2 scFv-ALP added onto
the electrode (Fig. 4(d)). Background signal in case of higher anti-IC-HT2 scFv-ALP concentrations
substantially increased which is not desirable.

Using optimized conditions, the biosensor was used to determine different concentrations of HT-2 toxin.
The response of the biosensor showed increasing DPV 1-N signals with increasing concentrations of
HT-2 toxin and showed good linear dependence (Fig. 4(e)) with a limit of detection (LOD) of
1.6 ng- mL™t. The low LOD observed is comparable with other methods such as ELISA, surface
plasmon resonance biosensors or high-performance liquid chromatography with fluorescence detection
(Lippolis et al. 2008; Meneely et al. 2010; Yoshizawa et al. 2004). Khan et al. (Khan et al. 2018) reported
on a fluorescence resonance energy transfer amplified aptasensor with T-2 toxin (T-2 toxin is rapidly
hydrolyzed to HT-2 toxin in vivo) with a LOD of 0.93 pg - mL . Detection limit of 0.38 ng - mL* was

reported for non-competitive immunoassay based on utilization of time-resolved fluorescence resonance
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energy transfer (Arola et al. 2016). However, in our case the sensitivity, as well as other detection

parameters, can be further tuned by prolonging the incubation times of the substrate with the
immobilized ALP (during longer incubation time anti-IC-HT2 scFv-ALP will produce more 1-N). The
inset of Fig. 4(e) shows a representative response of the biosensor to 6.3 ng- mL ™ of HT-2 toxin.
Noticeably, the peak of 1-N shifted from +0.05V, in the case of 1-N sensing of the bare ERGO
microelectrode, to —0.08 V. This shift can be attributed to a change of the pseudoreference electrode
potential due to multiple incubation and washing steps. The analytical parameters of HT-2 detection
with the proposed system are shown in Tab. 1. Nowadays, ordinary smartphones can be used as complete
electrochemical workstations and miniaturized commercial potentiostats are available. Consequently the
reported electrode can be used as a part of affordable and portable point-of-need analytical devices
beneficial for food quality control and smart farming (da Silva et al. 2017; Vashist et al. 2015). The
reported fabrication procedure enables to manufacture the working electrode arrays attractive for
analysis multiplexing. Fabrication of such sensors on transparent plastic materials can be beneficial for
integration of additional sensing devices with optical readout.

As matrix effects can significantly influence the sensitivity of analysis, an assessment of the matrix
effects on the detection of HT-2 were tested using spiked fetal bovine serum (FBS). To determine
analytical recovery, one volume of HT-2 standard solution (1 pg - mL™) was mixed with 9 volumes of

FBS and a blocking buffer in ratio of 1:1. Recovery of the standard ranged from 87.8 to 108.5 % (n = 5).
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Tab. 1. Analytical parameters of electrochemical detection of HT-2 toxin.

Linear

Working Regression LODY
Substance dynamic range R?2)

electrode equation (ng - mLY)

(ng - mL™)
y =1.240x —
HT-2 toxin ERGO 6.3—100.0 0.999 1.6
3.583

a) Regression coefficient; b) LOD (S/N=3).

4. Conclusion

In this study we focused on the fabrication of reduced graphene oxide working electrodes, where reduced
graphene was not only the modifier of highly conductive electrode material but also the electrode
material itself. We designed and formulated a water-based commercial GO ink that was then used to
inkjet print graphene GO, measuring 78 um in width, onto plasma-treated and chemically etched
poly(ethylene 2,6-naphthalate) substrates with screen-printed Ag/AgCl pseudoreference electrode,
graphite counter electrode and a graphite working electrode track. The electrochemical reduction of the
graphene oxide strip was performed in a KCI solution, where the reduction parameters and electrolyte
concentrations were optimized. The successful reduction of the GO was confirmed by Raman
spectroscopy, where an increase of D and G peak ratio was observed. The DPV sensing of 1-naphthol
with the ERGO microelectrode was optimized with the intention to create an enzymatic electrochemical
immunosensor of HT-2 mycotoxin. More precisely, the residual carboxylic groups in ERGO revealed
by XPS facilitated the covalent attachment of anti-HT2 (10) Fab via carbodiimide coupling. The
presence of analyte in solution was reported by anti-immunocomplex scFv antibody labelled with

alkaline phosphatase which produced electroactive 1-naphthol from non-electroactive substrate. The
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proposed biosensor reached biologically relevant analytical parameters and satisfactory recovery in

biological matrix.
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