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ABSTRACT: Ochratoxin A (OTA)—a mycotoxin produced by
Aspergillus and Penicillium fungi—is a carcinogen and common
trace contaminant in agricultural and processed food products. As
consumption is detrimental to human and animal health, regular
product monitoring is vital, and highly sensitive and portable OTA
sensors are necessary in many circumstances. Herein, we report an
ultrasensitive, electroanalytical aptasensor for precise determination
of OTA at trace levels. The sensor leverages a DNA aptamer to
capture OTA and silver metallization as a signal enhancer.

Current (A)
\
NN
. YAV
MNNN

Potential vs Ag/AgCI (V)

Exonuclease I is used to digest unbound aptamers, engendering /\ A\ /\\ 5 ;}‘:; 2 = :L
excellent background signal suppression and sensitivity enhance- P T
ments. Efficient optimization of assay conditions is achieved using Ochratoxin A Ochratoxin A Exonuclease |  6-mercapto-1-  Silver metallized

Aptamer hexanol Aptamer

central composite design (CCD), allowing rapid evaluation of both

Downloaded by ETH ZURICH at 14:16:11:600 on June 29, 2019
from https://pubs.acs.org/doi/10.1021/acssensors.9b00237.

the electrode and square wave voltammetry parameter space. The sensor exhibits excellent analytical performance, with a
concentration limit of detection of 0.7 pg mL™’, a limit of quantitation of 2.48 pg mL ™, and a linear dynamic range (R* = 0.968)
of over 6 orders of magnitude (between 1 pg mL™" and 0.1 ug mL™"). Direct comparison with ultraperformance liquid
chromatography (UPLC) indicates excellent analytical performance for standard solutions (R* = 0.995) and spiked beer
samples (R* = 0.993), with almost quantitative recovery and less than 5% relative standard deviation (RSD).
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O chratoxin A (OTA) is a mycotoxin produced by various
types of Aspergillus and Penicillium fungi. It is classified as
a carcinogen to humans (Group 2B) by the International
Agency for Research on Cancer." It is commonly found in food
products, including wheat, corn, coffee, wine, beer, and nuts
because of the difficulty in controlling fungal growth,
particularly in soil environments.” The current gold-standard
for OTA detection uses HPLC coupled with fluorescence
detection,” but this is operationally complex, costly, and
limited for use in well-equipped laboratories. Accordingly,
there is a need for efficient, cheap, and rapid analytical tools for
application in nonlaboratory and in-the-field environments.*
Electrochemical detection is commonly used in toxin
analysis’ and, due to its instrumental simplicity and high
sensitivity, shows great promise for food and environmental
control in nonlaboratory or resource-limited settings.”’
Electrochemical detection is frequently facilitated through
the use of biorecognition elements such as DNA, enzymes, and
antibodies. Aptasensors, which use artificial oligonucleotides
(aptamers) as recognition elements in biosensing, have
recently been exploited as efficient and inexpensive bio-
recognition elements.” Indeed, such sensing platforms have
found application in food control for detecting toxins from
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fungi, bacteria, algae, viruses, drugs, pesticide residues, and
heavy metals.”

In a typical aptasensor, complementary DNA is used to
facilitate binding of reporters, which in turn generate an
electrochemical signal.lo_12 However, such an approach
increases both assay complexity and associated costs, and
thus it is preferable to use only single-stranded DNA (ssDNA),
without a complementary probe. Significantly, aptamers can be
directly modified with redox active labels (such as methylene
blue and ferrocene), to effect their use as ssDNA electro-
chemical probes.'>"* However, with only one dye molecule per
aptamer, at either the 3’ or 5" end, signal generation capacity is
severely limited. Furthermore, such dye-modified aptamers can
only be efficiently conjugated to electrode surfaces at densities
of below 10" molecules/cm™" Since the extraction of well-
defined electrochemical signals requires dye coverages of ~6 X
10" molecules cm™2, both sensitivity and limits of detection
are severely compromised.'® To address this issue, DNA
metallization (where electrostatic attraction between negatively

Received: February 1, 2019
Accepted: May 7, 2019
Published: May 7, 2019

DOI: 10.1021/acssensors.9b00237
ACS Sens. 2019, 4, 1560—1568


pubs.acs.org/acssensors
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.9b00237
http://dx.doi.org/10.1021/acssensors.9b00237

ACS Sensors

charged DNA and positively charged metal ions is used to form
metal nanowires subsequent to the application of a reducing
agent or electric potential) can be used to realize sensitive
biological sensing.'” For example, Wang and co-workers have
used silver metallization on DNA structures to obtain well-
defined electrochemical signals,18 with the basic method
subsequently being used in a number of bioanalytical
applications."” That said, although DNA metallization can
provide for large enhancements in electrochemical signal,
problems with excessive background currents have limited its
application.”® In an effort to address this problem, Wu et al.
used exonuclease III, an enzyme that performs a unistrand 3’
to 5’ end digestion in double-stranded DNA (dsDNA), within
a DNA-based electrochemical system to digest unoccupied
DNA probes.”’ This approach successfully reduced back-
ground currents, and in turn enhanced both the sensitivity and
selectivity of the detection process. Inspired by these advances,
we herein report an electrochemical sensor for OTA detection
using silver metallization of aptamers on disposable screen-
printed gold electrodes (SPGEs), with sensitivity and
selectivity enhancements effected by exonuclease 1 (Exo I).
Exo I acts to digest ssDNA in the 3’ to 5" direction, and thus
removes unoccupied aptamers but cannot act on the G-
quadruplex formed upon OTA binding. This significantly
reduces nonspecific background metallization. Additionally,
both chemical and electrochemical reduction are used to
further enhance analytical sensitivity. For assay optimization
we employ a central composite design (CCD) approach to
explore assay parameter space in a rapid and eflicient
manner.”” Finally, the resulting sensor platform is used to
detect and quantify OTA in commercial beverage samples.

B MATERIALS AND METHODS

Materials and Reagents. The OTA aptamer (5'-HS(CH,)s AAA
AAA AAA AGAT CGG GTG TGG GTG GCG TAA AGG GAG
CAT CGG ACA-3') was purchased from Microsynth (Balgach,
Switzerland).>® Ochratoxin A (OTA), Aflatoxin B1 (AFB1), Aflatoxin
B2 (AFB2), AgNO;, NaBH,, HEPES, EDTA, Trizma base, NaNOj,
CaCl,, 6-mercapto-1-hexanol (MCH), K;[Fe(CN)¢], K,[Fe(CN)],
PBS tablets, NaOH, H,SO,, NaCl, and KCl were purchased from
Sigma-Aldrich (Buchs, Switzerland) and used as received. All other
reagents, including Ochratoxin B (OTB) (AdipoGen AG, Epalinges,
Switzerland), TCEP (Alfa Aesar, Karlsruhe, Germany), HCI (Fluka,
Buchs, Switzerland), and MgCl, (Acros Organics, Geel, Belgium),
were analytical reagent grade and used as received. Exo I was
purchased from New England Biolabs (Frankfurt am Main,
Germany). All aqueous solutions were prepared with DNase and
RNase free water (Thermo Fisher Scientific, Reinach, Switzerland).
Electrochemical measurements were performed with a PGSTAT204
AutoLab (Metrohm, Zofingen, Switzerland). Screen-printed gold
electrodes were purchased from Dropsens (Metrohm, Zofingen,
Switzerland). Cyclic voltammetry (CV) data for conductivity
characterization were collected at 100 mV s™' in 10 mM
Ki[Fe(CN)g], 1 M KCl, and 100 mM PBS (pH 7.42) unless
otherwise indicated. Electrochemical impedance spectroscopy (EIS)
was performed using an Impedance Analyzer SP-300 (Bio-Logic,
Seyssinet-Pariset, France) in 0.1 M PBS containing 10 mM
K;[Fe(CN)¢]/K,[Fe(CN)4] (1:1), with 1 M KCI as the supporting
electrolyte. Impedance spectra were recorded at frequencies between
1072 and 10° Hz. The applied potential was 0.2 V with a sinusoidal
potential of S mV amplitude.

Electrochemical Detection. SPGEs were electrochemically
cleaned using a series of oxidation and reduction cycles in 0.5 M
NaOH, 0.5 M H,S0,, 0.01 M KCI with 0.1 M H,SO,, and 0.05 M
H,S0,, using cyclic voltammetry (100 mV s™’, from —1 to 1 V) prior
to modification with the thiolated OTA aptamer. For sample analysis,
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different concentrations of the thiolated OTA aptamer were
pretreated with 10 mM TCEP in buffer (10 mM Tris-HCl, 1 mM
EDTA, 0.1 M NaCl, pH 7.4) for 30 min to reduce thiol—thiol bonds.
Next, 10 uL of the reduced aptamer solution was dropped onto the
electrochemically cleaned electrode surface, and kept under high
humidity in the dark and at room temperature for 12 h. Subsequently,
the modified surface was rinsed with buffer solution and then
passivated with MCH in Tris-HCl buffer (pH 8.3) for 30 min. After
washing, the electrode was dried using nitrogen gas, and again stored
in the dark under nitrogen.

For electrochemical detection, modified electrodes were immersed
for 10 min in the sample, as prepared in binding buffer (10 mM Tris,
pH 8.5, 120 mM NaCl, S mM KCl, 10 mM MgCl,, and 20 mM
CaCl,). Next, 50 uL of Exo I enzyme solution (100—500 U mL™")
was applied to the electrode, at room temperature, to digest excess
aptamer. The washed electrode was then immersed in 100 uM
AgNOj in 20 mM HEPES and 100 mM NaNO; (pH 7.4) for 1 h and
subsequently washed with water. Next, the modified electrode was
dipped into a freshly prepared 10 mM of NaBH, (in 20 mM HEPES
buffer) for 10 min, washed with water and placed in an electrolyte
(0.1 M NaCl and 0.1 M NaNO;) for the electrochemical
measurement. Electrochemical deposition was achieved with a —0.5
V applied potential prior to square wave voltammetry from —0.3 to
0.5 V versus Ag/AgCL

System Optimization. Central composite design (CCD) was
used to optimize key experimental variables including aptamer
concentration, enzyme concentration, and incubation time. All
studied parameters were considered to be independent. The ranges
and levels of the chosen variables are reported in Table 1. Three

Table 1. Experimental Range and Level of the Respective
Independent Variables for Electrode Optimization

actual coded level
variables (unit) low middle high low middle high
Aptamer concentration 0.5 1 LS -1 0 1
(uM)
Enzyme concentration 200 300 400 -1 0 1
(UmL™)
Incubation time (minutes) 30 60 90 -1 0 1

factors with a total of 20 e)gperimental runs were suggested by CCD,
as displayed in Table 2. Response surface modeling, statistical
analysis, and optimization were conducted using the matrix shown in
Table S1 and eqs S1 and S2. Paired t tests and coefficients of
determination (R*) were used in the analysis of output data. Currents
were normalized using the percentage difference between the analyte
peak and the background as shown in eq 1.

IIpeak - Ibackgroundl

Ipeak

Normalized current(%) = X 100

(1)

Here, I, is the current obtained in the presence of the analyte,
and Ip,aground 1S the current obtained in absence of the analyte.
Response data from experiments were expressed by polynomial
regression to generate the model shown in eq 2.

i=1 2)

i=1 j=itl

Here y represents the predicted responses, b; is the linear
coefficient, b; is the quadratic coefficient, b; is the interaction
coefficient, while X; and X; represent variables. Optimum values of
variables were predicted by response surface analysis of the combined
variables. The constraints in this study were applied to predict the
optimum variable conditions that would yield the highest normalized
current by inserting the desired conditions into the design shown in
Table 2. The efficiency of the model was evaluated by performing the
suggested experiments and comparing the output with the predicted

b.X?
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Table 2. Central Composite Design for Electrode Optimization Using Aptamer Concentration, Enzyme Concentration,
Incubation Time, and Normalized Peak Current Response Data

run aptamer (M) enzyme (U mL™")
1 1.5 (1) 400 (1)

2 1.5 (1) 401 (1)

3 1.5 (1) 200 (—1)
4 1.5 (1) 200 (1)
3 0.5 (~1) 400 (1)

6 0.5 (-1) 401 (1)

7 0.5 (1) 200 (-1)
8 0.5 (-1) 200 (1)
9 1.84 (1.68) 300 (0)
10 0.16 (—1.68) 300 (0)
11 1(1) 468 (1.68)
12 1(1) 132 (—1.68)
13 1(1) 300 (0)
14 1(1) 300 (0)
15 1(1) 300 (0)
16 1(1) 300 (0)
17 1(1) 300 (0)
18 1(1) 300 (0)
19 1(1) 300 (0)
20 1(1) 300 (0)

%difference of peak and background

incubation time (minutes) experiment predicted
90 (1) 84.45 81.54
30 (1) 79.37 8225
90 (1) 76.55 78.03
30 (1) 62.57 60.99
90 (1) 87.73 87.81
30 (1) 77.82 74.83
90 (1) 90.92 86.54
30 (-1) 54.40 55.81
60 (0) 83.46 82.82
60 (0) 80.96 83.73
60 (0) 81.84 82.87
60 (0) 62.84 63.94
1104 (1.68) 81.01 83.69
9.6 (~1.68) 59.02 58.47
60 (0) 75.08 75.03
60 (0) 7491 75.03
60 (0) 74.64 75.03
60 (0) 74.66 75.03
60 (0) 75.96 75.03
60 (0) 75.33 75.03

Scheme 1. Schematic Illustration of the Silver Metallization Assay for OTA Detection Using Enzyme-Assisted Background
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results. The coefficient of determination (R*) and t-test (paired) were
used to determine model robustness. The numerical optimization of
the response was predicted based on a second order polynomial
model.

For square wave voltammetry parameters, CCD was used to
determine the step potential, amplitude, and frequency using a similar
protocol as described for electrode optimizations, as shown in Table
S3. In addition, peak potential and peak full-width-half-maximum
(fwhm) were used to identify optimum values for square wave
voltammetry.

Real Sample Analysis. Ultraperformance liquid chromatography
(UPLC) was used to compare both standard OTA solutions and
spiked-beer samples, obtained from a local store, using conditions as
reported by Wei et al.”®> Beer samples were degassed with argon gas
before being directly applied to either the aptasensor electrode or
UPLC analysis. Testing was performed by spiking OTA into beer at
concentrations of 1, 10, and 100 ng mL™".
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B RESULTS AND DISCUSSION

The electrochemical aptasensor system described herein solves
problems associated with both matrix interference in solution-
based reactions and high background signals from DNA
metallization. The assay procedure is illustrated in Scheme 1.
OTA from the sample binds to the aptamer on the electrode
surface, forming a G-quadruplex.”® Exo I is introduced to
digest unoccupied aptamers, leaving only G-quadruplexes that
cannot be digested. Next, a Ag" solution is applied (activation
step), followed by a reducing agent (NaBH,) to form silver
metallized aptamers (reduction step). Further reduction is
achieved by applying a potential lower (more negative) than
the reduction potential of Ag", to form additional Ag."” Finally,
square wave voltammetry is used to detect the silver—
metallized aptamer.

DOI: 10.1021/acssensors.9b00237
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Figure 1. MCH modified (MCH), aptamer modified (Apt), ochratoxin A-aptamer modified (OTA-Apt), and screen-printed gold electrodes
(SPGE) were compared using (a) square wave voltammetry, (b) cyclic voltammetry, and (c,d) electrochemical impedance spectroscopy. Square
wave voltammograms of silver-metallized electrodes were carried out using a potential step of 0.01 V, an amplitude of 0.06 V, and a frequency of
200 Hz. For cyclic voltammograms and Nyquist plots, 10 mM [Fe(CN)¢]>/# in 0.1 M PBS were used as the working solution and 0.1 M PBS was

used as the background electrolyte. The reversible cyclic voltammograms were carried out using a scan rate of 100 mV s

~1, while Nyquist plots were

obtained by applying a S mV sine wave potential within a frequency range of 1072 to 10° Hz.

Characterization of Modified Electrodes. Silver-metal-
lized electrodes were investigated using a range of electro-
chemical methods. Figure la shows square wave voltammo-
grams of the bare SPGE, MCH modified (MCH), aptamer and
MCH modified (Apt/MCH) and OTA-aptamer and MCH
modified (OTA-Apt/MCH) electrodes, illustrating well-
defined peaks from the Apt/MCH and OTA-Apt/MCH
electrodes. Data were in good agreement with previous
reports,”””’ and can be explained by consideration of
electrostatic attraction between the negatively charged
aptamers and positively charged Ag®. Figure 1b shows
reversible cyclic voltammograms of the silver metallized
aptamers, suggesting chemical reduction—oxidation. In the
presence of 10 mM [Fe(CN)]*/#, the cathodic and anodic
peaks of the metallized aptamer showed greater peak currents
than the unmodified electrode. The increase in the
voltammetric peaks obtained with metallized DNA on the
working electrode surface could be indicative of an increased
electroactive surface area due to solid silver deposition on the
DNA.*® Significantly, silver chloride redox peaks were
observed in cyclic voltammograms of [Fe(CN)s]*/* in the
presence of the metallized aptamer, suggesting both an
increased active electrode area and conductivity.

Electrochemical impedance spectroscopy (EIS) was then
used to evaluate the success of electrode modification with the
aptamer. EIS is an effective method for evaluating the
interfacial electron transfer efliciency at different stages of
biosensor preparation, since each step can be evaluated by
monitoring the change in electron transfer resistance (R.,), as
read from the EIS plot.”” As shown in Figure 1c, the Ry, of the
bare SPGE was the lowest, which implies that the electroactive
ions of [Fe(CN),]>/* are rapidly transported to the electrode
interface. After MCH modification of the electrode the R,
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value increased, which is in line with an expected decrease in
transport kinetics due to impairment by the MCH. Self-
assembly of the thiolated aptamer onto the electrode surface
led to a significant increase in R, since oligonucleotides
exhibit low electroactivity. The R, increased significantly upon
further addition of OTA, due to the steric effect of the OTA-
aptamer G-quadruplex structure hindering electro-active
species from reaching the electrode surface. When Exol was
used to digest the unoccupied aptamers from an aptamer-
modified electrode (Apt/MCH, no OTA), the R value was
only marginally different from the MCH-modified electrode,
indicating full DNA digestion, leaving only MCH on the
electrode surface. The dome-shaped portions of the plots in
Figure 1c indicate a kinetically controlled domain, and suggest
impairment of electron transport to the electrode surface. This
characteristic disappeared after silver metallization of Apt/
MCH and OTA-Apt/MCH electrodes, as shown in Figure 1d.
Yet, silver metallization of the MCH electrode exhibited only a
slight difference after metallization. In addition, coulometric
analysis was carried out using a 0.2 V applied potential for a
duration of 60 s, comparing the bare, aptamer-modified and
silver-metallized aptamer-modified electrodes (Figure S1).
Charge was calculated from the area under the i—t curve,
and the amount of silver deposited was calculated to be 38.8 ng
on the aptamer-modified electrode. This result confirmed that
silver metallization of the DNA was successful. Together, these
results indicate rapid kinetics in the silver-metallized electro-
des, due to the deposition of solid silver on the DNA. In
summary, the EIS data confirm that aptamer modification,
aptamer binding, and aptamer metallization on the SPGE were
successful.

Optimization. Aptamer Silver Metallization. DNA
metallization usually proceeds via three steps: activation,

DOI: 10.1021/acssensors.9b00237
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Figure 2. (a) Square wave voltammograms of silver metallization comparing chemical, electrochemical, and combined reductions. (b) Deposition
time of Ag on the aptamer-modified SPGE. An applied potential of —0.5 V, a potential step of 0.01 V, an amplitude of 0.06 V, and a frequency of

200 Hz were used.
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theoretical optimum values, and the blue points indicate the practical optimum values. (d) Plot of the predicted values as obtained from regression

(eq 3) against experimental values.

reduction, and growth. For the reduction step, either chemical
or electrochemical reduction is utilized. The combination of
both reduction methods has not been reported previously.
Herein, we observed that metallization using only a reducing
agent provided a higher electrochemical signal compared to
voltage-induced metallization, as illustrated in Figure 2a.
Furthermore, we observed that a combination of both methods
increased the electrochemical signal by a factor of 2.
Specifically, an applied potential of —0.5 V (vs Ag/AgCl)
was chosen. This is lower than the reduction potential of AgCl
to Ag as indicated in the cyclic voltammogram (Figure 1b). An
electrochemical reduction time of 3 min was observed to
provide the highest electrochemical signal, allowing for full
growth of silver on the aptamer (Figure 2b).

Central Composite Design. Having established the working
principle of the OTA aptasensor electrode, we then set out to
establish which experimental parameters yield optimal signal
strength. We used central composite design as the analytical
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optimization model. CCD not only minimizes the number of
experimental trials, but also provides linear, quadratic, and
interaction information, which is inaccessible through a one-
factor-at-the-time approach. Table 1 and Figure S2 show the
independent variables tested, as well as their actual and
associated coded values, the latter being used to avoid
experimental bias. CCD analysis was performed as described
in the Methods section, using the model shown in Table 2.
This resulted in the following polynomial regression

y = 75.03 — 0.27(Aptamer) + 5.63(Enzyme)
+ 7.51(Time) + 2.92(Aptamer)* — 0.58(Enzyme)®
— 1.40(Time)* + 0.56(Aptamer X Enzyme)

— 3.42(Aptamer X Time) — 4.44(Enzyme X Time)
()

DOI: 10.1021/acssensors.9b00237
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Figure S. (a) Electrochemical signal from the silver-metallized aptasensor in the presence of potential interferents, with OTB and AFB2
concentrations of 1.0 ng mL™", an OTA concentration of 0.1 ng mL™", and their mixture (N = 3). (b) Stability of the electrochemical aptasensor for
detecting OTA (0.01, 0.1, and 1 ng mL™") over 30 days (N = 3). Comparison of OTA concentrations between the electrochemical aptasensor and
UPLC carried out from the (c) standard solutions and (d) spiked beer samples.

which provides the percentage difference between the
electrochemical signal and the background current. The
predicted values obtained from eq 3 were compared with
experimental data (shown in Table 2). Paired t-tests showed
that the experimental and predicted data sets (n = 20) are not
significantly different, as the t-value (0.002) is smaller than t-
critical (2.09). Furthermore, both experimental and predicted
data were compared and shown to exhibit excellent
correspondence (R* = 0.956) (Figure 3d).

Equation 3 yields theoretical optimal values of 1.39 uM, 327
U mL7, and 104 min for aptamer concentration, enzyme
concentration, and incubation time, respectively. These values
gave a predicted a response of 80% normalized current for 1 ng
mL™" of OTA. To optimize the practical value of the assay, we
sought to further reduce the assay time and reagent
consumption (enzyme and aptamer). This was done by
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consulting the CCD model data (Figure 3a—c) and deriving
minimized parameter values that would still yield a sufficient
normalized current. Setting a threshold of 78% predicted
normalized current (i.e, a 2% reduction), practical optimal
values of 1.25 uM, 300 U mL™!, and 75 min were obtained, for
aptamer concentration, enzyme concentration, and incubation
time, respectively. Thus, for a minor reduction in signal,
significant reductions in assay time and reagent consumption
were achieved.

Next, we attempted to optimize the square wave
voltammetry variables of amplitude, voltage step, and
frequency. These control peak current, as shown in eq 4.

_ nFADY?C*
b= ﬂl/ztll’/z %(AES’EP)

(4)
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Table 3. Determination of OTA Concentration in Spiked Beer Samples Comparing the Electrochemical Aptasensor with

UPLC
detected (ng mL™") recovery (%) %RSD

sample spiked OTA (ng mL™") this study UPLC this study UPLC this study UPLC t-value

Beer 1 1 1.00 + 0.01 1.00 + 0.02 100.4 99.69 1.04 2.63 0.28
S 491 + 0.03 4.86 + 0.0 98.13 97.29 1.36 1.98 0.28
10 9.66 + 0.18 9.50 + 0.32 96.57 94.97 1.45 1.01 0.08

Beer 2 1.00 + 0.02 0.99 + 0.04 100.4 99.17 0.49 0.46 0.06
S 4.88 + 0.04 4.66 + 0.10 97.54 93.14 0.47 1.61 0.01
10 10.3 + 0.21 11.1 £ 0.31 103.4 110.7 1.58 0.55 0.01

Beer 3 1.10 + 0.01 1.06 + 0.05 109.7 105.8 0.55 1.41 0.04
S 4.92 + 0.05 4.59 + 0.12 98.40 91.81 0.61 1.41 0.01
10 10.1 + 0.2§ 10.7 £ 0.35 100.9 107.5 1.97 0.70 0.01

Here, i, is the measured current during each pulse (A), nis
the number of electrons transferred, F is the Faraday constant
(C mol™), A is the area of the electrode (cm?), D is the
reactant diffusion constant (cm? s7'), C* is the bulk
concentration of the reactant (M), t, is the pulse width (half
of the staircase period) (s), and ¢, is the dimensionless current
function which depends on step height (AE,) and square wave
amplitude (,TEI,).S’O’S’1

After applying CCD for square wave voltammetry
optimization, the model suggested using the maximum value
for all variables (as shown in Figure S3 and Figure S4). For
further analysis, we took into consideration the peak height,
peak position, and peak full-width-half- maximum (fwhm) as
indicators of the optimum variable combination, where the
peak height should be as high as possible, peak position of
silver oxidation versus Ag/AgCl should be at 0 V, and the
fwhm should be 90.5 mV (corresponding to one electron
involved in the redox reaction).”” These conditions are
indicated as bound regions in (Figure SS). From this, the
practical optimum values obtained were an applied step
potential of 0.01 V, an amplitude of 0.06 V, and a frequency of
200 Hz.

Analytical Performance. Dynamic Range, Limit of
Detection, and Limit of Quantitation. After obtaining
optimum values for each variable, a calibration curve was
constructed using an OTA concentration series between 1073
and 10* ng mL™". Using the optimized parameters, square wave
voltammograms at each concentration were obtained, as
shown in Figure 4a. The obtained electrochemical peak values
(N = 5) were plotted against concentration, shown in the
calibration curve in Figure 4b, yielding a linear range between
1073 and 10> ng mL™" (Figure 4b inset). The limit of detection
(LOD) and limit of quantitation (LOQ) were calculated using
3 and 10 times the background standard deviation,
respectively, and determined from fits to the calibration
curve. An LOD of 0.7 pg mL™" and an LOQ of 2.48 pg mL™*
were obtained.

The analytical performance of the electrochemical aptasen-
sor was compared with published studies on the electro-
chemical detection of OTA, as shown in Table S4.
Significantly, the current approach provides a lower LOD
and wider working range compared to other silver
metallization assays.””~* The LOD of our system is marginally
higher than the platforms presented in refs 44,45; however, it is
important to note that the linear range in the current system is
much wider and the method far simpler to implement due to
the use of disposable SPGEs.
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Selectivity and Stability. The selectivity of our electro-
chemical aptasensor was assessed by examining its response to
potential (and common) interferents, including ochratoxin B
(OTB), aflatoxin B1 (AFB1), and aflatoxin B2 (AFB2). In the
current experiments, the concentration of each interferent (1.0
ng mL™') was made 1 order of magnitude higher than that of
OTA (0.1 ng mL™"). The results of the selectivity assessment
are shown in Figure Sa. In contrast to the significant square
wave voltammetry signal of OTA and a mixed solution
containing OTA, a negligible response was observed on
addition of all interferents. This indicated excellent selectivity
of the electrochemical aptasensor for OTA over the OTB,
AFBI1, and AFB2, which was attributable to the high selectivity
of the aptamer probe sequence.

Stability over time and reproducibility are key factors in the
practical application of sensing systems. To test storage
stability, aptasensors were kept at 4 °C under nitrogen for
up to 30 days, with square wave voltammetry then used to
study the electrochemical response for 0.01, 0.1, and 1 ng
mL™' OTA using the optimum conditions (Figure Sb). It
should be noted that electrodes were not reused, due to the
silver reduction occurring directly on the aptamer structure.
Data indicate a minimal change in response to a series of OTA
concentrations in comparison to a freshly prepared electrode.
A t-test comparison showed no significant difference between
the fresh and stored electrodes (t-values for the three
concentrations were 0.09, 0.02, and 0.001 for 0.01, 0.1, and
1 ng mL ™Y, respectively, where t-critical = 1.94). However, the
average current of the stored electrode did exhibit a 10%
reduction in electrochemical signal (shown in the inset of
Figure Sb), which is likely a result of partial decomposition or
deconjugation of the aptamer on the electrode surface.

Real Sample Analysis. The results using model samples
indicate that the electrochemical aptasensor exhibits excellent
biosensing performance, including high sensitivity, high
selectivity, high stability, and good reproducibility. To further
validate the sensor, it was compared to the gold standard
UPLC method, using OTA concentrations between 1 and 10
ng mL™'. Data presented in Figure Sc, show excellent
agreement between the detection methods (R* 0.995).
Finally, to verify the practical applicability of the electro-
chemical aptasensor, sensing was performed using a real
sample matrix, with beer chosen as an exemplar system.
Different OTA concentrations (1, 5, and 10 ng mL™") were
spiked into the degassed beer samples, and the presence of
OTA detected and quantified using the aptasensor calibration
curve shown in Figure 4b. As shown in Table 3, recovery
ranged from 96.6% to 109.7%, with an RSD of less than 5%.
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The obtained results were compared to UPLC, confirming
excellent correspondence (R = 0.994, as shown in Figure 5d),
and demonstrating the potential for use with real samples.

B CONCLUSIONS

We have presented a novel electroanalytical method to detect
OTA using an enzyme-assisted silver-metallized aptasensor.
The aptamers, which were readily conjugated to disposable
SPGEs, exhibited excellent specificity for the target analyte.
Degradation of unoccupied aptamers after addition of the test
sample was performed by the enzyme Exo I, which significantly
reduced the background signal and increased sensitivity.
Addition of AgCl followed by a double reduction method
metallized the target-bound aptamers, yielding a significant
signal enhancement in square wave voltammetry-based
measurements. Electrode preparation variables and square
wave voltammetry parameters were optimized using central
composite design, which allowed eflicient and rapid assay
optimization. The resultant electrochemical aptasensor ex-
hibited an LOD of 0.7 pg mL™", an LOQ of 2.48 pg mL™", and
a linear range between 0.001 and 100 ng mL™" (6 orders of
magnitude) against standard OTA solutions. The electro-
chemical aptasensor was compared to gold-standard UPLC
analysis, confirming excellent agreement when using both
standard and beer-spiked OTA samples. It should be noted
that use of an enzyme in such a sensor could pose potential
complications for in-the-field application. However, recent
advances in the preparation of freeze-dried enzymes on paper-
based diagnostic strips,*”*” which are stable when stored and
reactivated when sample is added, suggest that electrodes
could be made using a similar approach. Overall, the developed
aptasensor allows the detection of OTA with high sensitivity,
selectivity, accuracy, precision, and robustness in real samples.
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