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In this paper, we provide an in-depth electrochemical characterization of a label-free impedimetric immuno-
sensor for rapid detection of ochratoxin A. The sensor was based on a carbodiimide-mediated amide coupling
reaction to immobilize a specific ochratoxin A antibody onto 4-mercaptobenzoic acid-modified commercial
screen-printed gold electrode. Different variables affecting the performance of the developed sensor were opti-
mized. Cyclic voltammetry and electrochemical impedance spectroscopy were used to analyse modifications of
the interfacial properties occurring at each step of the biosensor assembly. The free electrode surface area, the
diffusion coefficient, the peak-to-peak separation, the heterogeneous electron transfer constant, and charge
transfer resistance have been calculated and compared. The decrease of charge transfer resistance values was
linearly proportional to the ochratoxin A concentration in the range of 0.37— 2.86 ng/mL, with a detection limit
of 0.19 ng/mL, a limit of quantification of 0.40 ng/mL, very good selectivity, reproducibility, and storage sta-
bility in the absence of antifouling agents. Surface morphology and topographic data at each step of the
immunosensor assembly were studied by Atomic Force Microscopy, which also provided information on the
specific binding of ochratoxin A. Finally, contact angle measurements revealed the hydrophilicity evolution of
the surface during sensor assembly enabling OTA binding.

1. Introduction the fast detection of food and environmental contaminants possibly

affecting human health [7]. In this context, the availability of minia-

The development of electrochemical surface investigation provided
the basis for a mechanistic understanding of the electrochemical pro-
cesses occurring at the solid/liquid interface providing information on
charge transfer kinetics [1]. This knowledge laid foundations for the
development of important technological applications including, among
others, electrochemical sensors for environmental monitoring or di-
agnostics [2].

In the last two decades, the manufacture of electrochemical sensors
has been revolutionized by the screen-printing technology [3], pro-
moting the development of integrated measurement devices, e.g. lab-on-
a-chip or point-of-care instruments for medical purposes [4-6]. The agri-
food business also requires the adoption of reliable sensing systems for
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turized, fast-response, on-site detection systems represents complemen-
tary useful tools to the more complex and expensive chromatographic
and spectroscopic techniques which are the golden standard of con-
ventional analyses [8].

Screen-printed-electrodes (SPEs) are miniaturized, robust, and usu-
ally low-cost platforms offering versatile sensor design and transduction
systems. The possibility to modify the electrode surface with a plethora
of chemically different molecules enables the construction of selective
platform for the detection of a wide variety of analytes, de facto
expanding the application field of electrochemical sensors. Herein, the
formation of self-assembled monolayers (SAMs), achieved by either
adsorption or electrodeposition methods, is the basis for further
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functionalization steps conferring novel chemical, biological or me-
chanical interfacial properties to the bare electrode for targeted
analyses.

To probe the changes of the electrode/electrolyte interface proper-
ties occurring during sensor assembly and functioning, different non-
destructive electrochemical techniques, including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS), are typically
used [9-11]. Atomic Force Microscopy (AFM) is often used to explore the
morphological and topological changes occurring during the deposition
of monolayers [8,12,13]. Moreover, information on surface wetting by
using contact-angle measurements [14] could also provide crucial in-
formation for construction of biosensors.

In the field of immunosensors, where an antibody is used to recog-
nize a specific antigen (analyte), the EIS technique enables a label-free
detection of the immunocomplex, simplifying the measurement and
reducing costs due to the molecular labels [15,16].

The detection of toxins is of particular relevance for food safety and
several toxins-sensitive sensors have been developed over the years, as
reviewed in different works [16,17]. Ochratoxin A (OTA) is a mycotoxin
produced by fungal species of the genera Penicillium and Aspergillus [18],
contaminating several food commodities worldwide [19]. OTA has been
reported as hepatotoxic, nephrotoxic, immune suppressant, teratogenic,
and fetotoxic agent [20], and it has also been classified as a possible
human carcinogen (Group 2B) by the International Agency for Research
on Cancer [21]. Due to OTA potential toxicity, several countries have
implemented specific regulations for maximum residue levels (MRL) in
food products. European Union (EU) set the maximum OTA concentra-
tion in cereals to 5 ppb, 2 ppb in wine (or grape juice), and 5 ppb in
coffee products [22]. In 1999 the Italian Ministry of Health adopted the
limit of 3 ppb for cereal derivatives and established the Italian limit of
0.5 ppb for baby foods [23].

In the frame of a regional funded project aiming to construct a
portable, electrochemical multi-transduction device for environmental
and food safety monitoring, we set-up a model sensor to verify and test
the novel constructed instrument. In this work, we report about the deep
electrochemical characterization of screen-printed gold electrode
(SPGE) interface during the multistep OTA-biosensor build-up. The
biosensor was assembled on gold serigraphic platforms that are amid the
most versatile and customizable enabling surface coatings with a
plethora of thiol-conjugated bio/materials for the construction of a wide
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variety of electrochemical sensing platforms [24]. In particular,
commercially available, low-priced SPGEs were exploited to fabricate an
impedimetric label-free immunosensor for OTA detection, optimizing
previously reported procedures [25-27]. Exploring the surface proper-
ties and morphology by CV, EIS, AFM, and contact angle measurements,
areliable and efficient protocol was set-up overcoming some drawbacks
introduced by the printing technology (e.g., roughness, non-uniformity)
which often hamper the biosensor functionality.

2. Experimental
2.1. Materials

All chemicals from commercial sources were of analytical grade. 4-
Mercaptobenzoic acid (MBA, 99%), N-hydroxysuccinimide (NHS,
98%), N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide (EDC,
>97%), Ethanolamine (EtNHjy, >99.5%), 2-(N-morpholino) ethane sul-
fonic acid (MES, >99%), Potassium hexacyanoferrate (III) ([Fe(CN)6]3‘,
ferrocyanide, >99%), Potassium hexacyanoferrate (II) ([Fe(CN)6]4',
ferricyanide, >99%), Isopropanol (IpOH), Ethanol (EtOH, >99.8%),
Sulfuric acid (H2SO4, 95-99%), Sodium hydrogen phosphate (NagHPO4,
>99%), Potassium dihydrogen orthophosphate (KHoPO4, >99%), Po-
tassium chloride (KCl, >99%), and OTA from Aspergillus ochraceus were
purchased from Sigma-Aldrich (St. Louis, Mo, USA). Anti-Ochratoxin A
antibody (Ab-OTA) (5 mg/mL) was purchased from Abcam (Cambridge,
United Kingdom). Na;HPO4 and KHPO4 were used to prepare 0.1 M
Phosphate Buffer (PB) or 0.1 M Phosphate Buffer Saline by adding 0.1 M
KCI (PBS), and the pH was adjusted according to the experiment re-
quirements indicated in the text. A buffer solution 0.1 M MES pH 5.5 was
used to prepare OTA dilutions. Aflatoxin By, By Gy (purchased from
Sigma-Aldrich) were kindly provided by Prof. Laura Micheli. Milli-Q-
purified water Millipore (18.2 MQ cm) was used for the preparation of
all buffer solutions.

2.2. Apparatus

The electrochemical measurements were performed by using the
portable potentiostat PalmSens4 (Palm Instrument, The Netherlands)
connected to a laptop and controlled by PSTrace software. Disposable
SPGEs (DRP-250AT) were purchased from Methrom Italiana S.r.l.

y

a)

Fig. 1. Schematic representation of the SPGE-based immunosensor assembly for OTA detection. The EDC-mediated amide coupling reaction on electrode surface is
depicted from a) MBA functionalization of the SPGE to b) EDC/NHS reaction, including the initial incorporation of EDC, to x) generating the active O-acylisourea
intermediates. The Ab-OTA covalent immobilization and subsequent OTA binding are depicted in c¢) and d), respectively.
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(Rome, Italy). The SPGEs are made up of ceramic (L33 x W10 x HO0.5
mm) with silver electric contacts and incorporate a conventional three-
electrode configuration consisting in a working (gold, 4 mm diameter),
counter (platinum) and reference (pseudo-silver) electrode.

Atomic Force Microscopy (AFM) topographic images were recorded
in air in tapping mode by DIMENSION AFM system (BRUKER, USA)
equipped with a Si tips (BRUKER, TESP-V2) having nominal curvature
radius of 7 nm and 37 N/m nominal elastic constant. Height, peak force
error and in-phase images were also taken from selected samples in Peak
Force Tapping® mode by a Multimode 8 microscope (BRUKER, USA)
equipped with Silicon Nitride probes (SCANASYST AIR, BRUKER, USA)
having 2 nm nominal curvature radius and 0.3 N/m elastic constant.

2.3. Preparation of OTA-Immunosensor

SPGEs based immunosensors for detection of OTA were prepared
following a multi-step procedure. Initially, the SPGEs were cleaned in
isopropanol for 10 min to remove any impurities related to human
contact or dust, rinsed with Milli-Q water, and dried under N5 flow. All
the conditions adopted during the immunosensor fabrication steps and
reported below have been optimised as reported in the Supplementary
Materials. Subsequently, each electrode was treated by using 10 scans of
CV in the range between —0.3 V and 1.4 V, with a scan rate of 100 mV/s,
using 0.05 M H3SOy4 as electrolyte (Fig. S1; Table S1). The electrodes
were hence rinsed twice with 500 pL of acidified water, once with 500 uL
Milli-Q water, and dried under N5 flow. Then, a solution of 0.005 M MBA
in EtOH was electrodeposited on SPGEs surface by using chro-
noamperometry (CA) under a constant potential of 1.2 V for 20 min
(Table S2). The electrodes were hence rinsed twice with 500 uL of EtOH
solution, once with 500 pL Milli-Q water, and dried under Ny flow.
Carboxylic groups of electrodeposited MBA were, hence, activated by
dropping 10 pL of EDC/NHS water solution (1:1 v/v, freshly prepared by
mixing 0.005 M EDC and 0.005 M NHS), on working electrode and let it
to react for 20 min in the dark. Electrodes were, hence, rinsed three
times with 500 uL of Milli-Q water and dried under Ny flow. The
immobilization of Ab-OTA was carried out by dropping 10 pL of Ab-OTA
solution (5 pg/mL) in 0.1 M PBS pH 5.5 on functionalised SPGEs
(Fig. S2-S4). The electrodes were kept under constant agitation at room
temperature in the dark for 18 hr. Afterwards the electrodes were
washed twice with 500 pL of PBS pH 7, once with 500 uL of PBS pH 7

CPE
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plus 0.05% Tween 20 to reduce a-specific binding and let to dry at room
temperature. Successively, 100 pL of 1 M EtNHj solution pH 8.5 were
dropped onto the modified surface and incubated at room temperature
in the dark for 15 min to block unreacted active sites. After washing two
times with 500 uL of PBS pH 7 and once with PBS pH 5.5, 10 pL of
different OTA concentrations in the range 0-10 ng/mL were dropped on
the working electrode, incubated in the dark for 1 hr, washed three times
with 500 uL of PBS pH 7, and analysed (Fig. 1; Fig. S5).

2.4. Experimental measurements

The OTA-immunosensor construction was electrochemically char-
acterised step by step by CV and EIS. The measurements were carried out
using a solution of 0.005 M ferro/ferricyanide (1:1 v/v) in 0.1 M PBS pH
7.0 as redox probe at room temperature. In the case of EIS measure-
ments, a frequency range between 0.1 Hz and 10° Hz, 10 frequencies per
decade, at an open circuit potential, with a voltage amplitude of 0.01 V,
was used, while data fitting was provided by Z-View software (Scribner
Associates Inc.). CV measurements were performed in the range —0.35
to 0.6 V vs reference electrode with a scan rate of 100 mV/s.

The OTA-immunosensor construction was monitored by AFM mea-
surements performed soon after each deposition step to avoid possible
sample degradation. For each step 512x512 point height images were
recorded in tapping mode. Scans from 4 to 5 randomly chosen locations
of the electrode and with different scan sizes were collected in order to
check the lateral uniformity of the surface morphology. Dimensions of
the scans varied between 3 x 3 pm and 10 x 10 pm.

AFM image were also recorded at better resolution (1024x1024
points) in Peak Force Tapping® mode after Ab-OTA immobilization on
MBA, and OTA specific binding on Ab-OTA. Root mean square (RMS)
roughness and peak-to-peak height of all the resulting scan images were
calculated by Nanoscope Analysis software (BRUKER, USA). Profile of
cluster were obtained by ImageSXM software [28].

To examine SPGEs wettability changes occurring after each deposi-
tion step, static contact angle was measured by the drop method. Mea-
surements were performed on Milli-Q water droplet (V = 5 uL) deposited
on and covering the entire working electrode (WE) surface, at room
temperature. Images were captured and elaborated with the Motic Im-
ages Plus 2.0 (China) to define the base length (D) and height (h) of the
drop. The contact angle (0) was determined as follows:

Y Y
1{s 1{s + Rct

Fig. 2. Schematic representation of equivalent Randles circuit. R;: Ohmic resistance; R charge transfer resistance; W: Warburg impedance; CPE: constant

phase element.
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Fig. 3. Electrochemical characterization of electrode interfaces during the multistep biosensor build-up. a) Cyclic voltammograms and b) Nyquist’s Plot recorded in
0.005 M [Fe(CN)6]*~/3~ in 0.05 M PBS (OTA 5 ng/ml). Curves of one representative SPGE fabricated sensor of at least 6 analysed SPGEs are presented.
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_ B
0 = 2tan (D) (@]
Each reported contact angle was the mean value of four measure-
ments (Table S4).

2.5. Analytical parameters calculation

Once optimized all the main experimental parameters affecting the
performance of the device, the analytical performance of the platform
was investigated measuring the signal change obtained with different
concentrations of OTA. The calibration curve was, hence, obtained by
plotting the value of OTA concentrations in semilogarithmic scale versus
ARt ARt was calculated by the following equation:

AR, =R —R 2

where R, ,,, is the value of charge transfer resistance when Ab-
OTA is immobilized on the electrode surface, and R, is the value of
charge transfer resistance after immune-complex formation. The stan-
dard curves were fitted using a Four Parameter Logistic (4PL) Regression
according to Warwick 1996 [29].

The limit of detection (LOD) and the limit of quantification (LOQ)
were defined as the decrease of the maximum signal equal to three and
ten times, respectively, the value of the standard deviations measured in
the absence of OTA.

The electronic transfer process has been studied using the hetero-
geneous rate constant (ko) for the redox process: [Fe(CN)6]3' + le” 2[Fe
(CN)6]4'_ The k° was calculated using CV, according to:

ClAb—OTA clora

K=

DyrvnF (%) “ 3)

RT \ Do,

where Do, and Dg.q are the diffusion coefficient for the ferricyanide
and ferrocyanide, respectively, v is the scan rate (V/s), n is the number of
electrons involved in the process, F is the Faraday constant (mol’l), Tis
the temperature (K), R is the universal gas constant (J/Kmol) and a the
dimensional transfer coefficient [30,31]. The latter was chosen to be
equal to 0.5 [32], assuming the ratio of the anodic and cathodic peak
equal approximately to 1 (I,a/Ipc = 1), as successively calculated and
reported (Table 1). The parameter ¢ can be obtained using the Nickolson
method, where for each peak-to-peak separation (AE) there is corre-
spondence with a ¢ value. For an accurate evaluation of this parameter,
the equation based on the Nickolson theory [26,28-30] was used:

(—0.6288 + 0.0021-AE)

T (1= 0.0170-AE) “)

Another method enabling k° values measurements for charge trans-
fer reactions is EIS [33,34]. Experimental data were fitted using PSTrace
software for a common Randles circuit (Fig. 2). This equivalent circuit,
which is one of the simplest possible models describing processes at the
electrochemical interface, consists of an active electrolyte resistance Rg
in series with the parallel combination of the double-layer capacitance
constant phase element (CPE). To the above-mentioned components, the
charge transfer resistance (Re) and the Warburg impedance (W) are
added. The latter are related to the electron transfer process and the
diffusivity of the redox probe between the solution and the electrode
surface, respectively.

In particular, assuming equimolar concentrations of oxidized and
reduced species at the electrode surface (in our cases Fe’*=Fe3t) at a
given time point, the determination of k® from EIS analysis is possible
(Eq. 5), as reported by Randiviir 2018 [33,35,36].

RT

R, =—
T 2 F2ACKY ®

This equation correlates the charge transfer resistance, R, calcu-
lated from equivalent circuit fitting in EIS experiments to the exchange
current density, ip, according to:

io = nFAK’C (6)

The Randles-Sevcik equation (Eq. 7) was used to determine the
electrochemically effective surface area (A) and the diffusion coefficient,
as previously reported [25,33]:

nFvD,
RT

1, = (0.4463)nFAC %)

where F is the constant of Faraday (mol’l), R the universal constant
of gas (J/Kmol), n the number of exchanged electrons, A the electrode
surface (cmz), C the analyte concentration (mol/cms), Dy the diffusion
coefficient (cmz/s), and v the scan rate (mV/s), respectively.

To investigate the electrochemical properties of the reversible redox
probe employed in this work ([Fe(CN)6]3_/ 4) the following equation
have been used [37]:

E,.+E,.
B — ﬁu;‘ pe (€]
AE=E,, —E, ~ 0'?159 9
I
I]];“c =1 (10)
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3. Results and discussion

3.1. Assembly of a label-free impedimetric SPGE-based immunosensor for
OTA detection

CV and EIS were used as complementary tools to deeply characterize
the electrochemical behaviour of the electrode/electrolyte interface at
each step of the biosensor fabrication, comprehensively described in par.
2.4.1 and showed in Fig. 1. CV and EIS responses obtained by using [Fe
(CN)6]>7* as electroactive probe are shown in Fig. 3a and Fig. 3b,
respectively. In particular, the frequency response from the EIS mea-
surements were fitted to the Randles equivalent circuit (Fig. 2), from
which the charge transfer resistance, Ry, was extracted.

Furthermore, to robustly study the electron transfer process, the k°
was assessed for each assembly step. Two notable theories allow us to
completely measure and understand this parameter: Randles’s theory
and Marcus’s theory, respectively. The first method, developed in 1947,
describes how to determine the heterogeneous electron transfer constant
impedimetrically [31,32]; the second-one, elaborated in 1956, reports
the calculation of the k° using voltammetric techniques [33,36]. In this
work, these theories are both used, and the data collected are reported in
Table 1 and Table 2, respectively.

Voltammograms depicted in Fig. 3a, reveal the effects of the different
chemical and biological layers over the electrical conductivity and re-
sistivity of the electrode/electrolyte interface, influencing the SPGE
performance. In particular, the construction of the immunological chain
produces a significant decrease in the magnitude of both voltammetric
peaks, reported as anodic and cathodic peak current (I, and Iyc),
respectively. This is due to a dramatically decrease of the redox probe
diffusivity close to WE interface, deriving by the sequential immobili-
zation on the electrode surface of MBA, EtNH; and the final addition of
the polyclonal Ab-OTA. Similarly, the Nyquist plots show an increase of
the total impedance of the system (bare-OTA) indicating that an
increased coverage of the electrode surface involves a slower electron
transfer rate and higher charge transfer resistance compared to the bare
platform. These phenomena are ascribable to the layer coating of the
electrode surface, which became thicker with the assembly procedure,
whereby reducing [Fe(CN)¢]®’*  permeability ~through the

Table 1

Anodic and cathodic peak ratio (I,./Ipc), peak-to-peak separation, effective
surface area (A) and heterogeneous electron transfer rate constant (k°) estimated
for SPGE using CV in 0.005 M [Fe(CN)e]*/*, in PBS pH 7.0, during OTA-
immunosensor fabrication. Average values of at least 6 SPGE are presented.

Layer Tpa/Tpe AE (mV) A (sz) K° (cm/s)

Bare 1.02 + 0.01 89 +8 0.027 £+ 0.01 1.2+ 0.3)-10'2
H,S04 1.04 + 0.02 127 +9 0.022 + 0.01 (4.0 + 0.7)-10°
MBA 1.07 + 0.02 189 + 14 0.019 + 0.001 (1.9 + 0.4)-10°
EDC/NHS 0.99 + 0.02 138 £ 8 0.021 + 0.002 33+ 0.5)-10'3
Ab-OTA 0.97 + 0.06 284 +43 0.015 + 0.002 (1.9 + 0.5)-10™*
EtNH, 0.95 + 0.07 258 £ 16 0.016 + 0.002 (3.3 +1.5)10*
OTA 0.95 + 0.09 225+ 29 0.018 + 0.002 (7.8 + 0.8)-10™

Table 2

Charge transfer resistance (R.), Warburg resistance (W) and heterogeneous
electron transfer rate constant (k®) estimated for SPGE using CV in 0.005 M [Fe
(CN)e]*’*, in PBS pH 7.0, during OTA-immunosensor fabrication. Average
values of at least 6 SPGEs are presented.

Layer R (KQ) W (Ko) I (cm/s)

Bare (9.0 + 0.5)-10° 0.20 + 0.06 (1.20 + 0.07)-102
H,S04 (1.12 + 0.24)-101 0.27 + 0.01 (9.8 +2.0)-10™*
MBA (3.25 + 0.48)-10! 0.28 + 0.01 (3.3 +0.5)-10*
EDC/NHS (1.19 £ 0.18)-10 0.29 + 0.05 (9.0 +£1.4)10*
Ab-OTA (13.4 + 0.89)-10 0.30 + 0.03 (7.9 + 0.5) 10°
EtNH, (12.3 +1.24)-10! 0.31 + 0.03 (8.7 +0.9) 10°
OTA (5 ng/mL) (6.40 + 0.59)-10! 0.29 + 0.02 (1.7 £0.1) 10
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immobilization of the layers.

3.2. Layer-by-layer electrochemical characterization of the OTA-
immunosensor

Bare SPGE. For bare-SPGE, a typical electrochemically reversible
couple voltammogram was obtained. In fact, both species (Fe?* and
Fe®!) rapidly exchange electrons with the working electrode and the
peak-to-peak separation is lower than 59 mV/e™ (Fig. 3a). In line, the
Nyquist plot (Fig. 3b, black line) shows a smaller semicircle domain in
comparison with the modified gold surfaces, indicating a small charge
transfer resistance (R.), meaning a small resistance encountered by the
electron as it travels between the redox species and electrode surface.
Low R values indicate a more electrochemically active surface[38].

Furthermore, the k° indicated roughly identical values when calcu-
lated using CV or EIS, thus confirming the accuracy of the methods.

H3S04 treatment of SPGE. Electrodes were electrochemically
treated by using the sulphuric acid potential cycling method as reported
in section 2.5.1.

The potential-difference between the anodic and cathodic peak
currents (AE, = 127 mV) and the charge transfer resistance (R¢; = 0.112
KQ) calculated by using CV and EIS, showed an increase of AE and R
values compared to the bare platforms. This behaviour indicates the
formation of gold oxide layer [39-41] which slows down the electronic
transfer, as also shown by the decrease of k° reported in Table 1 and
Table 2. These data are confirmed by the calculated electrodic area (A),
which was reduced from 0.027 (bare) to 0.018 cm? (H2SOg4-treated
SPGE). These data lead also to hypothesize the occurrence of possible
surface imperfections (roughness, indentations), due to the printed
technology, as widely reported in different morphological character-
izations of Dropsens 250 AT [42,43].

MBA deposition on SPGE. The possibility to functionalise gold
working electrode with thiolated compounds through electrodeposition
has attracted a considerable scientific interest, due to the capability to
create more stable surfaces compared to SAM [22,44]. In this work, we
exploited 4-MBA for developing OTA sensitive SPGE-based sensor with
tuneable chemical functionalities, enabling the monitoring of the
electrode-solution interface (electron transfer properties).

From the voltammograms reported in Fig. 3a, it is possible to observe
a significant decrease in the magnitude of the voltammetric peaks (I,
I,c) and an important increase of peak-to-peak separation (AE = 169
mV). This is ascribable to the highly shielding characteristic of the
electrodeposited layer, which gradually hampers the electron transport
onto the gold electrode surface [45,46]. This hypothesis is supported by
the important decrease of k® and A (40-fold and 2-fold decrease,
respectively) compared to the bare SPGEs, as reported in Table 1. To get
more kinetic information on a wider time-constant range also EIS
analysis was employed. A clear increase of total impedance was
observed between bare SPGE (R¢; = 0.009 KQ) and MBA functionalised
electrode (MBA-SPGE, R = 0.325 KQ). This effect is due to the chemical
properties of the MBA-SPGE preventing almost all-faradaic currents
from penetrating to the surface (due to the thiol high insulating prop-
erties) [45]. In fact, the reaction rate of the ferro/ferricyanide couple for
this step becomes gradually slower than the previous one, as shown by
the increased peak-to-peak separation (quasi-reversible voltammograms
shape) and the heterogeneous electron transfer constant calculated
using CV and EIS (Table 1 and Table 2), according to previously reported
data [25,46,47].

EDC/NHS activation of MBA-SPGE. After MBA electrodeposition, it
was necessary to activate the carboxylic acid end-groups of MBA to
enable the construction of the immunosensor. The chemistry of the
carbodiimide provides one of the most popular and versatile method for
the covalent attachment of proteins to SAMs. EDC is generally used in
combination with NHS to immobilize proteins for biosensoristic pur-
poses. This reaction favours the surface activation and subsequent co-
valent attachment of biological specimen on the self-assembled
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Fig. 4. Electrochemical processes occurring at the electrode surface. In a) the CV traces recorded at different scan rates (250, 200, 150, 100, 50, 25 e 10 mV/s) with
bare (inset CVs) and with OTA immunosensor and in b) the linear dependence between Ip,, and I, as a function of y°'5 for the same platforms, obtained using 0.005 M
[Fe(CN)s]*~" solution in 0.05 M PBS, pH 7.0. CVs of one representative SPGE fabricated sensor are presented along with current intensities of at least 3 analysed
SPGEs. The error bars in panel b are the standard deviation calculated on three independent electrodes for each tested condition.

monolayers. The electrochemical surface characterization of EDC/NHS
treated MBA-SPGE was performed by using CV and EIS. By analysing the
voltammograms and the Nyquist’s plot recorded for EDC/NHS step
(green-line) reported in Fig. 3a, it is possible to observe that after the
activation of MBA carboxyl groups by carbodiimide to form O-acyli-
sourea intermediates, the electrostatic interaction between the posi-
tively charged intermediates and the negatively charged [Fe(CN)g]* /3~
probes decreased the charge transfer resistance (MBA R = 0.325 KQ,
and EDC/NHS R.; = 0.119 KQ), resulting in the occurrence of reduction
and oxidation reactions of the probe more similar to the ideal reversible
(quasi-reversible) voltammograms (MBA AE = 189 mV, EDC/NHS AE =
138 mV, MBA Ip,/Ipc = 1.07, and EDC/NHS I,,5/T,,c = 0.99 respectively)
[48]. In fact, the negatively charged MBA layer hinders the access of the
[Fe(CN)6]4’/ 3~ redox probe to the gold electrodes surface. Once the
carbodiimide-mediated activation and acylation reactions occurred, the
negatively charged barrier formed by MBA decreases facilitating again
the electron transfer as demonstrated from the k° values calculated for
the EDC/NHS step (3-fold higher compared to k° calculated for MBA)
and reported in Table 1 and Table 2. The free electrode surface area (A)
has roughly similar values for MBA-SPGE and EDC/NHS-MBA-SPGE as
shown in Table 1; likewise, also the W values (Table 2) are comparable,
indicating the carbodiimide-mediated activation does not affect the
diffusional process.

Construction of the immuno-complex layer on MBA-SPGE. As for
the other steps, CV and EIS were performed in the presence of [Fe
(CN)6]4’/ 3- as electroactive probe in order to ascertain the Ab-OTA
immobilisation. The MBA layers and the consecutive immobilization
of Ab-OTA caused a significant decrease of the electron transfer rate,
measured by CV, with a 2-fold increase in peak-to-peak separation from
AE = 138 mV for EDC/NHS to AE = 284 mV for Ab-OTA (see Table 1),
and reduction of anodic and cathodic peaks due to hindering effects of
the layer. The latter, along with MBA, creates a charge density barrier,
which considerably slows down oxidation of Fe*", and the following
reduction of Fe®*, as shown by the k° value calculated using either CV or
EIS (10-fold decreased compared to EDC/NHS step). A further confir-
mation is the sharp decrease in the free electrode area, which is 2-fold
lower compared to the EDC/NHS SPGE (see Table 1). Furthermore, a
10-fold increase of total impedance was recorded compared to the
previous step (EDC/NHS R¢; = 0.138 KQ and Ab-OTA R = 0.134 KQ,
respectively). This is because the hindrance of the Ab-OTA-MBA layer
prevents redox probe from penetrating to the platform interface (SPGE),
dramatically slowing down the discharge process (from quasi-reversible
to non-reversible process).

After the immobilization of Ab-OTA, a cupping reaction with EtNH,
was carried out to block unreacted active sites and reduce a-specific
binding [49]. From CV and EIS spectra recorded for this step, no sig-
nificant difference was observed when the EtNH; was dropped to Ab-
OTA-MBA-SPGE, in contrast to the immobilization of Ab-OTA mole-
cules, which gives rise to a substantial increase of total impedance.
Voltammetric and impedimetric analyses provided roughly similar re-
sults for EtNH;-blocking (A = 0.016 cm?, AE = 258 mV, Ret = 0.123 KQ,
kOEIs =8.7-10% cm/s; kocv =3.3.10* cm/s) and Ab-OTA immobilization
steps (A = 0.015 cm?, AE = 284 mV, Rer = 0.134 KQ, K%;g = 7.9-10°
cm/s; kocv =1.9-.10* cm/s).

Finally, we studied the electrochemical behaviour of the immuno-
complex formation (OTA/Ab-OTA). In Fig. 3, the voltametric and
impedimetric responses achieved after incubation with OTA solution at
5 ng/mL concentration, and the computed electrochemical parameters
have been reported in Table 1 and 2. It is possible to observe that the
immuno-complex formation did not give rise to changes in the active
surface area, as expected (OTA/Ab-OTA, A =0.018 cm?, AE = 225 mV).
To the other hand, an important increase in electronic transfer rate was
recorded as indicated by the k° value, which assumed value 4-fold of
magnitude higher than antibody immobilization step (k® = 1.9-10, and
7.8:10* cm/s for Ab-OTA and OTA step, respectively). EIS analyses
further supported these data, in fact, the binding of OTA to its antibody
induces a capacitance decrease, which is directly related to the amount
of antigen used (see Fig. S3), according to previously reported data [25].
Specifically, a two-fold decrease of charge transfer resistance (R¢t) was
recorded after OTA binding compared to the Ab-OTA deposition (0.640
KQ and 0.134 KQ for OTA and Ab-OTA, respectively). Thus, the
immuno-complex formation causes differences in the dielectric and
conductivity properties of the electrode surface resulting in a more
effective electronic transfer process, as demonstrated by the k° value
reported in Table 2.

3.3. Diffusivity process at the electrode interface

To study the nature of the electrochemical process occurring at the
electrode surface, the effect of scan rate on the redox peak currents was
studied. As shown in Fig. 4a faster the scan rates lower the size of the
diffusion layer, consequently, increased current values are observed.
Being the [Fe(CN)6]4*/ 3~ areversible and freely diffusing redox species,
the Randles-Sevcik equation (Eq. 7) describes how the anodic and
cathodic peak currents (Ip,, Ipc) increase with the square root of the scan
rate (y). Plotting the I, and I, as a function of yo‘s (Fig. 4b) a linear
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Table 3

Diffusion coefficient (D) estimated for SPGE using CV in 0.005 M [Fe(CN)g] 43

in PBS pH 7.0, during OTA-immunosensor fabrication. Average values of at least
3 SPGEs are presented.
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concentration gradients [51].

By further manipulating [52] Eq. (7), the diffusion coefficient (Do),
was calculated and reported in Table 3. In particular, the anodic (Doy)
and cathodic (Dgeg) diffusion coefficients (Dg) of [Fe(CN)G]‘P/ 3*, using

Layer Anodic Doy (cm?/s) Cathodic Dgeq (cm?/s) Do (cm?/s) 100 mV/s as scan rate, have been calculated. The results were compared
Bare 517 200210° (.01 £ 0.01)10° (5.09 £ 0.01710° to Konopka (Doy = 7.26 - 10°® cm?/s) and McDuffie (Dgeq = 6.67-10°°
MBA (3.59 + 0.01)-10® (3.35 £ 0.01)-10° (3.47 £ 0.01)-10° cm?/s) coefficients [53]. Data reported in Table 3 highlight the bare
Ab-OTA (2.46 + 0.02)-10° (2.60 + 0.01)-10® (2.53 + 0.01)-10° electrode presents diffusional characteristics very similar to those of
OTA (2.57 + 0.01):10° (210 + 0.01)-10° (2:34 £ 0.01)10° Konopka and McDuffie and, also, reveal an impairment of the diffusivity

dependence is observed with both bare SPGE and OTA-SPGE immuno-
sensor. The deriving slopes (HA/ (mV/s)O's) were calculated: 20.35 (R2 =
0.999), —21.52 (R* = 0.999), 14.93 (R? = 0.997) and, —14.10 (R* =
0.996), corresponding respectively to I, and Ip. linear correlation ob-
tained for bare SPGE and OTA immunosensor. This behavior indicates
the oxidation/reduction reactions of the [Fe(CN)6]4’/ CT mainly
diffusion-controlled in agreement with planar diffusion controlled pro-
cesses [50]. Thus, the rate of the electron transfer mechanism for the
redox process is faster compared to the rate at which the electroactive
species migrate from the bulk solution to the electrode interface due to

of the electrochemical probe proceeding with the construction of the
biosensor, according to the calculating diffusion coefficients. In partic-
ular, the Dy values decrease mainly after MBA and Ab-OTA deposition,
reaching a 0.7 and 2-fold decrease compared to the bare SPGE, respec-
tively. These CVs analyses revealed crucial to understand how the
immunological chain construction influenced the diffusion of the redox
probe at the electrode interface, a process that was less evident by
performing EIS measurements. In fact, by comparing the Warburg
resistance (W) reported in Table 2, negligible variations between each
step have been observed. In addition, the Nyquist plot of bare and
modified electrodes present a diffusive contribute (the straight line)
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Fig. 5. Analytical performance of OTA immunosensor. a) Nyquist’s Plot and b) calibration curve obtained using different OTA concentration in the range 0-10 ng/
mL, in 0.005 M [Fe(CN)s]*~/3~ in 0.05 M PBS. Representative curves of at least 6 fabricated SPGEs are presented. The error bars in panel b are the standard deviation

calculated on 6 independent electrodes for each tested OTA concentration.
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Fig. 6. Selectivity and stability of SPGE-based OTA immunosensor. a) Selectivity study. Effect of the presence of the aflatoxins AfB;, AfB,, AfG, and their mix on the
impedimetric responses obtained for 2.5 pg/mL OTA solution. b) Stability study. The Ab-OTA-SPGE electrodes were tested after several days of storage at 4 °C in
humid chamber and impedimetrically analysed at the indicated times with 2.5 pg/mL OTA concentration. The error bars are the standard deviation calculated on
three independent electrodes for each tested condition.
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Fig. 7. AFM step-by-step surface characterization. 10 um x 10 um AFM images: a) bare SPGE, z scale = 741 nm b) SPGE after treatment in 0.05 M HSOy,, z scale =
740 nm; c) SPGE after MBA electrodeposition, z scale = 599 nm; d) MBA-SPGE after Ab-OTA immobilization, z scale = 333 nm e) OTA immunosensor surface, z scale
= 562 nm; f) RMS roughness values of each step of the immunosensor assembly. The error bars are the standard deviations of the RMS roughness calculated by 4-6

images from randomly chosen regions of the same surface.

with a slope (angle), which are roughly the same for each layer
deposition.

3.4. Analytical performance of SPGE-based OTA immunosensor

The analytical performance of the OTA immunosensor was tested
with different OTA concentrations ranging from 0 to 10 ng/mL. The
obtained results indicated the higher the OTA concentration the smaller
the recorded R (Fig. 5, Fig. S6). The reproducibility of the response of
the immunosensor was investigated by analysis of the same concentra-
tion of OTA (2.5 ng/mL) using six equally prepared electrodes, and a
relative standard deviation of 7% was calculated (Table S2). Moreover,
the relative standard deviation calculated for each OTA concentration is
also reported in Table S2.

The sensor exhibited similar analytical performance compared to
previously reported electrochemical immunosensor [25,54-56]. In
particular, the LOD and LOQ values were 0.19 and 0.40 ng/mlL,
respectively, the linear range was 0.37-2.86 ng/mL, and the sensitivity
1.01 kQ mL/ng, leading to hypothesize a possible application of the
developed immunosensor to real food samples, in agreement with the
EU imposed MRL (Table S3).

3.5. Selectivity and stability of the SPGE-based OTA immunosensor

The selectivity of the fabricated sensors was evaluated by impedi-
metric measurements of a 2.5 ng/mL OTA solution in the presence of
different compounds: Aflatoxin By, By Go (AfB1, AfBy, AfGy), and a mix
of the three aflatoxins at a concentration ratio of 1:5 (analytes solution:
interference tested). The signals obtained for these solutions were
compared with those for the standard solution in the absence of any
interferent. The results reported in Fig. 6a indicated high selectivity of
the fabricated sensors, in fact the AR values were not affected by the

presence of single aflatoxins (approx. 97% of the AR values registered
for the 2.5 ng/mL OTA). However, the incubation with a mixed solution
of aflatoxins determines a 30% reduction of this value.

To evaluate the stability of the biosensor in storage condition, the
response of Ab-OTA-MBA-SPGE platforms was tested by storing the
modified SPEs in PBS, pH = 7 at 4 °C in humid chamber up to 28 days
and evaluating its ability to detect 2.5 ng/mL OTA solution. The data,
reported in Fig. 6b, indicated a very good stability of the fabricated
sensor during the first 14 days. Nevertheless, an important reduction of
the performance was observed after 21 and 28 days, reporting decreases
of the AR values of 27% and 34%, respectively.

3.6. Atomic Force Microscopy (AFM) characterization of the
immunosensor surface

AFM measurements have been performed in order to confirm step-
by-step the successful coating of the SPGE. Representative morphology
and topographic data of the immunosensor construction steps are shown
in Fig. 7. Morphology of bare SPGE surface (Fig. 7a), electrode surface
after HpSO4 treatment (Fig. 7b), MBA-SPGE (Fig. 7c), Ab-OTA-MBA-
SPGE (Fig. 7d), EtNH; blocking layer (image not shown here) and
OTA-Ab-OTA final sensor (Fig. 7e) were compared. In Fig. 7f) the RMS
roughness values calculated for each fabrication step and averaged over
4-6 images from randomly chosen location of the same sample are re-
ported. The error bars are the standard deviations of the averaged RMS
roughness values.

The bare SPGE electrode is very rough (see Fig. 7a), with large dif-
ference, up to 1.4 pym, in surface height as already reported in literature
for screen printed electrode [57]. RMS roughness averaged on six
different regions of the same electrode is 254 nm with standard devia-
tion of 44 nm, that provides a measure of the vertical unevenness of the
electrode. The HSO4 treatment of the SPGE surface reduces such
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Fig. 8. High resolution 3 mm x 3 mm AFM scans of the immunosensor surface after OTA exposure. a) Topographic (height) image; b) plot profiles of the clusters
labelled #1 and 2# along the lines shown in a); c¢) peak force error and d) phase contrast maps.

unevenness as shown by the decreases in the standard deviation of the
RMS roughness (Fig. 7f), while preserving the morphological charac-
teristic facets of the gold film (compare Fig. 7a and Fig. 7b). In the
following fabrication step, successful MBA electrodeposition results in
smoothing of the electrode surface as indicated by the decreases in the
RMS roughness without affecting the surface morphology (Fig. 7c). The
subsequent immobilization of Ab-OTA (Fig. 7d) is then proven by the
increase in the average surface RMS roughness (Fig. 7f). However, the
increase in the standard deviation of the RMS roughness, measured on
six images, also points to an uneven distribution of Ab-OTA on the
surface. Interestingly, after Ab-OTA immobilization, the AFM image of
the electrode surface shows very flat region (indicated by arrow in
Fig. 7d) probably ascribable to residual of salts from the deposition
process that are not washed away by the gentle rinse with milli-Q water.
The next deposition of the blocking EtNH; layer results in flattening of
the surface (image not shown) and reduction in RMS roughness as
shown in Fig. 7f, due to the selective deposition of the EtNH; molecules
to block nonspecific sites. The subsequent exposure of the Ab-OTA-SPGE
to OTA results in remarkable increase in the average RMS roughness
calculated on five images and in its standard deviation. These data seem
to point to successful specific OTA binding only to Ab-OTA covered
regions.

To better investigate the surface of the electrode after Ab-OTA
deposition (see Fig. S7) and OTA exposure, AFM images were

recorded at higher resolution (1024x1024 points). AFM images (3x3
um) of OTA-Ab-OTA surface are reported in Fig. 8. The surface topog-
raphy (Fig. 8a) shows rounded particles (bright in the image), tens of
nanometers height and hundred in diameter (Fig. 8b), attributable to
clusters of Ab-OTA protruding from the rough electrode surface.

To overcome the drawback due to the high surface roughness and
large height variation of SPGEs, Peak Force Error (PFE) and in-Phase
Imaging mode AFM scans were also recorded simultaneously to the
topography, as more suitable for finding small features on the rough
surface sensors (see Fig. 8c and Fig. 8d). In addition, the changes in
phase lag mapped in in-Phase Imaging mode can indicate changes in the
mechanical properties of the scanned surface.

PFE image in Fig. 8c allows to clearly identify both isolated and
partially coalesced particles. Some of these particles possess very
different surface properties compared to the overall immunosensor
surface as they appear as dark regions (regions with a low phase shift) in
the in-Phase Imaging scan shown in Fig. 8d. Such dark regions, not
observed in AFM Phase Imaging scan recorded on Ab-OTA-SPGE before
exposure to OTA (see Fig. S7), could be ascribed to modification of the
Ab-OTA viscoelastic properties due to OTA specific binding, hence
supporting the conclusions of the electrochemical characterization of
the immunosensor.



R. Cancelliere et al.

0

Applied Surface Science 567 (2021) 150791

Fig. 9. Contact angle images for droplets water. a) bare SPGE; b) H,SO4 treated SPGE; ¢) MBA modified-SPGE; d) Ab-OTA immobilised platforms.

3.7. Static contact angle measurement

The hydrophilicity of the sensing platform during the preparation of
OTA immunosensor was investigated by contact angle measurements.
Fig. 9 shows the lower the angle, the higher the hydrophilicity. In most
of the literature is reported that the contact angle of gold surface is
mostly measured to be hydrophilic (6 < 90°) and hardly hydrophobic (8
> 90°) [58,59]. In our measurements (Table 4S), SPGE contact angle
was 80.1° + 2.0°, which is in agreement with values found in literature.
The voltammetric cycling procedure in HoSO4 caused an improvement
of the hydrophilicity of SPGEs (69.6° + 5.1°) suggesting the presence of
gold oxide [39,60]. After the electrodeposition of MBA, the hydrophi-
licity increased (59.6° + 5.6°), due to the presence of carboxylic groups
on the surface, which can provide a good biological microenvironment
for biomolecules immobilization [61]. It also increased after the
immobilization of Ab-OTA, showing the smallest contact angle value
(40.7° £ 6.5°), suggesting the successful fabrication of the immuno-
sensor (Table S4).

4. Conclusions

In this work, disposable, simple, low-cost, label-free impedimetric
immunosensor for OTA detection was successfully constructed and
characterized morphologically and electrochemically. A quantitative
characterization study of diffusion and electron transfer processes at the
interface was undertaken by combining CV and EIS techniques, allowing
us to understand and explain the chemistry underlying the interface
modifications occurring during the biosensor construction. The sensor
exhibited low detection limit, good sensitivity, reproducibility, selec-
tivity and storage stability for commercial screen-printed platforms,
paving the way to its potential exploitation for the detection of OTA in a
wide range of foodstuffs. Finally, the sensor architecture, due to its
simplicity and versatility, is suitable to be repurposed in different
application fields.
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