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ABSTRACT

In this paper, a novel DNA-based biosensor is proposed, which is based on paramagnetic microbeads
carrying an ochratoxin A (OTA) capture aptamer. A sandwich-like detection complex is linked to the
capture aptamer and is able to trigger, in presence of OTA, an isothermal rolling circle amplification (RCA)
reaction. This latter generated autocatalytic units with a peroxidase activity (DNAzyme) that, in presence
of a proper substrate, gave a blue-coloured product visible by the naked eye. The capture aptamer,
blocked onto magnetic beads, allowed the specific capture of OTA in liquid samples. The modified
detection aptamer, annealed to a circularized probe, was then used to detect the toxin capture event.
Indeed, in the presence of OTA and an isothermal enzyme, the circular DNA was amplified, producing a
single-stranded and tandem repeated long homologous copy of its sequence. In the DNA strand, a self-
catalytic structure was formed with hemin as the catalytic core, inducing the development of blue colour
in the presence of ABTS and hydrogen peroxide. The results showed that the biosensor has high sensi-
tivity and selectivity for the detection of OTA, as low as 1.09 x 10~'> ng/mL. Moreover, the proposed
biosensor was successfully used for the detection of OTA in naturally contaminated rat urine. Accuracy
and repeatability data obtained in recovery experiments were satisfying, being recoveries >95% with
relative standard deviations in the range 3.6—15%. For the first time, an aptasensor was successfully
applied to detect OTA in biological fluids. It can be used for mycotoxin biomonitoring and assessment of
individual exposure.
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Abbreviations

OTA Ochratoxin A
RCA Rolling circle amplification
AFB,4 Aflatoxin B4

ZEN Zearalenone

FB,4 Fumonisin B4
DON Deoxynivalenol
OTa Ochratoxin a
CssDNA  Circular ssDNA
(&) Capture system
DS Detection system

1. Introduction

Many fungal species of the genera Penicillium and Aspergillus
produce the mycotoxin ochratoxin A (OTA) in their secondary
metabolism [1]. OTA contamination can occur in the field and/or
during storage in a variety of food and feed [2—4]. OTA has hepa-
totoxic, immunotoxic, neurotoxic, nephrotoxic, and teratogenic
effects on several animal species. After ingestion, OTA is absorbed
in the small intestine and excreted into bile and urine. OTA ab-
sorption is species-dependent, and in humans it occurs with high
levels (62%—100%) [2,5]. When ingested, OTA can be metabolized
resulting in the presence of different metabolites, including
ochratoxin « (OTa), formed by the cleavage of the phenylalanine
moiety of OTA [2—5]. Several in vivo studies showed that free OTA is
more prevalent in urine and feces than OTA metabolites due to low
level of metabolization [2—5]. Thereof, determination of OTA levels
in biological fluids reported in many studies has demonstrated its
capacity to be used as a biomarker and a good indication of OTA
exposure [6]. Because of the severe dose-dependent effects of OTA
on human health, it is of paramount importance to collect infor-
mation on exposure to this mycotoxin for a risk evaluation. As such,
its analysis in foods and biomonitoring in human biological sam-
ples play a very important role and are also recommended [6,7].

Assessment of mycotoxin exposure by biomonitoring a
biomarker in biological fluids or tissue (internal exposure assess-
ment) is considered the best way to assess individual exposure to
mycotoxins rather than external exposure assessment (determi-
nation of mycotoxin occurrence in foods and combining with in-
formation on food consumption) [5]. Of course, measurement of
internal exposure to mycotoxins needs validated biomarkers, vali-
dated analytical methods and easily accessible biological samples,
such as biological fluids. Urine is considered the best matrix to
estimate mycotoxin exposure as sampling is non-invasive, and it
contains biomarkers for most mycotoxins.

Taking into account the literature, free OTA in biological fluids is
one of the most widely studied mycotoxin biomarker for human
biomonitoring [8—11]. Most of these studies analysed OTA in bio-
logical samples from humans or animals by liquid chromatography
techniques, often coupled with tandem mass spectrometry (MS) or
high resolution mass spectrometry. These techniques allowed the
detection of OTA in urine samples from adults and infants with a
limit of detection (LOD) of 0.03 ng/mL [12]. However, although
chromatographic techniques offer high sensitivity and specificity,
they require expensive analytical equipment and trained operators.
Furthermore, they cannot be used for on-site detection. Biosensors,
on the other hand, represent a valid alternative for mycotoxin
detection in a wide range of matrices due to their high portability
potential and ease of use [13].

To the best of our knowledge, few biosensors have been used to

analyse mycotoxins in biological fluids in the last years, and a few of
them achieved the determination of mycotoxins in real samples
[11]. For OTA detection, different types of biosensors have been
developed, based on the specific recognition of OTA by aptamers
[14—18]. None of these aptasensors have been applied to detect OTA
in biological fluids. Therefore, there is a need to develop and
research new biosensors for mycotoxin determination in biological
samples, and new advances are required to enhance their selec-
tivity and sensitivity.

Aptamers are nucleic acids oligomers selected in vitro by the
SELEX process [19] that can recognize different analytes. Aptamers
recognizing low-molecular-weight substances as cocaine [20],
flavin and NAD" cofactors [21] or adenosine triphosphate (ATP)
[22] are available. Furthermore, aptamers against various myco-
toxins such as aflatoxin B; and B, OTA and fumonisin B; were
obtained [23]. The aptamer functions can benefit from complexing
with other molecules as catalytic nucleic acids, with the possibility
to obtain bifunctional nucleic acid complexes that include a capture
and a reporter sites that can eventually provide a measurable
signal.

Catalytic nucleic acids are deoxyribonucleic (DNAzymes) or
ribonucleic (ribozymes) acid structures that have catalytic func-
tions. While ribozymes are used as catalysts by living cells, DNA-
zymes have been obtained synthetically [24—26]. A DNAzyme
frequently used for biosensing is an oligonucleotide with
peroxidase-like catalytic activity [27], e.g. for the detection of
nucleic acids [28,29]. To exert their catalytic activity, these DNA-
zymes have to fold in a G-quadruplex structure, thus binding hemin
molecules and catalysing a redox reaction between ABTS and
hydrogen peroxide, with the production of oxidized ABTS and
consequently of a colorimetric reaction. These peculiar properties
have been used to develop "DNA-based nano-machines” able to
catalyse reactions in response to specific recognition or capture
events associated to aptamers [30]. These detection systems are
highly sensitive and can be valid substitutes of the PCR amplifica-
tion processes [31]. Indeed, with appropriate engineering of the
template DNA sequences, it is possible to synthesize large quanti-
ties of DNAzymes during an isothermal reactions as Rolling Circle
Amplification (RCA) reactions, thus producing high throughput and
high sensitivity systems [32]. On these basis, DNA-based biosensors
appear to be promising in the detection of mycotoxins, since
biodegradable, highly selective and easy to obtain.

The direct amplification of specific nucleotide sequences
without the use of thermal cycling is possible because of the
strand-displacement activity of some DNA polymerases that ca-
talyse amplification in very high yields, without the need of a
denaturing step at high temperature [33—35]. A commonly used
enzyme with strand displacement activity is the $29 DNA poly-
merase, a highly processive one whose error rate is in the range of
2.2 x 107> to 4 x 1078 [34,36,37]. This enzyme is routinely used in
the RCA reactions. RCA allows the extension of an oligonucleotide
annealed to complementary sequences on a circular single-
stranded DNA (ssDNA) template, thus triggering the synthesis of
a long DNA molecule. This ability is useful for the detection of low
amounts of target sequences [38]. For example, Lagunavicius et al.
[39] applied this technique for the visualization of individual RNA
targets in situ in cell cytoplasm. Taking into account all these fac-
tors, RCA can be used for the analysis of individual molecules [40].

In this research, we developed a DNAzyme-based biosensor for
the detection of OTA, based on the use of magnetic microbeads
specifically functionalized for the selective capture of OTA (Fig. 1).
This system allows OTA to be concentrated in the samples, and its
presence in positive samples to be visualized as a colour change of
the solution. A quantitative detection is also possible by a spec-
trophotometer. A specific aptamer for the capture of the toxin was
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Fig. 1. Schematic diagram of aptamer-based biosensor for OTA detection, based on rolling circle amplification (RCA) and an auto-catalytic DNAzyme structure.

Capture aptamers are linked to paramagnetic beads by biotin-streptavidin interaction. OTA is captured specifically and a second aptamer is used for its detection. This latter contains
a DNAzyme generating sequence and an RCA priming sequence for the isothermal DNA amplification triggered by a circular ssDNA. In the presence of hemin and ABTS a blue colour
is generated when OTA is captured. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

used to coat paramagnetic microbeads. Once in the sample, these
beads captured the target toxin and were recovered by a magnet. A
further detection aptamer was used as a reporter for the presence
of the captured toxin on the microbeads. This second aptamer was
modified with a priming sequence that triggers a solid-phase
isothermal RCA amplification when the toxin is present.

In the RCA reaction, a high number of self-catalytic DNAzyme
structures are generated causing a blue-coloured tone as a visual
sign of a positive reaction, which is also quantifiable. This biosensor
was in-house validated and applied for OTA detection in rat urine.

2. Materials and methods
2.1. Reagents and DNA oligomers

The sequences of the oligomers used in this study are reported
in Table 1. They were synthesized by ThermoFisher Scientific
(Milan, Italy) with the required terminal modifications and with
HPLC purification grade. The padlock probe was designed to

Table 1
Sequences of the oligonucleotides used in this study.

incorporate the template sequence for the synthesis of the PS2.M
DNAzyme [27] with a peroxidase-mimicking activity in the pres-
ence of hemin. The OTA aptamer reported by Cruz-Aguado and
Penner [41] was used for the study.

Oligonucleotides were diluted in ultrapure water (18.25 MQ cm)
at the concentration of 100 uM. Tubes were incubated at 95 °C for
5 min and cooled down to room temperature for 2 h before use.
These oligonucleotides stock solutions were aliquoted and stored
at —20 °C, and then kept on ice during the experiments.

ABTS and hemin were purchased from Sigma Aldrich (Milan,
Italy). ®29 DNA polymerase, Exonuclease I, Exonuclease III, T4 DNA

ligase and T4 polynucleotide kinase were purchased from Ther-
moFisher Scientific.

2.2. Mycotoxins and chemicals

Solid standards of mycotoxins were purchased from Sigma-
Aldrich. Unless otherwise stated, all chemicals used were of
analytical grade.

Oligo name Sequence (5’ - 3')

Terminal modification

Ligation template cttagcgccttagaatctggtttagetac

None
Padlock probe ctaaggcgctaagaaacatcgaaaaaCCCAACCCGCCCTACCCAaaaaccacggggaaggegtagetaaaccagatt® 5’ phosphate
OTA capture aptamer gttgggcacgtgttgtctctetgtgtctegtgeccttegetaggece 3’ biotin
Detection OTA aptamer (modified) gttgggcacgtgttgtetetctgtgtetegtgeccttegetaggecccccgtggCGATGTTTCTTAGCGCCTTACY None

b

@ Capital letters in the padlock probe sequence indicate the PS2.M DNAzyme scaffold template.
capital letters in the detection OTA aptamer indicate the target sequence for the circular RCA probe.
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A 1 mg/mL stock solution of OTA was prepared in 1% acetic acid
in toluene. A 10 pg/mL OTA standard in methanol was also prepared
and spectrophotometrically analysed at 332 nm (e = 6330 cm?/
mmol). For HPLC calibration, the 500 pg/mL OTA solution in
acetonitrile was dried under a nitrogen stream and dissolved in 15%
methanol in water. OTA standard solutions for the calibration of the
biosensor and for urine spiking in recovery tests were prepared in
PBS buffer diluting the 500 pg/mL OTA solution in acetonitrile.

Multi-toxin standard solutions containing or not OTA in addi-
tion to aflatoxin B; (AFB1), deoxynivalenol (DON), T2 and HT-2,
fumonisin By (FB1), OTa, and zearalenone (ZEN), at the concentra-
tion of 10 ng/mL, were prepared from 10 x stock solutions of the
single mycotoxins. Preparation of these standard solutions and
analysis by Ultra-Performance Liquid chromatography, coupled
with Fluorometric or UV detection (UPLC-FLD/PDA) was performed
according to Avantaggiato et al. [42].

2.3. Circular probe synthesis

Since required for the ligation of 3’ and 5’ termini, the single-
stranded padlock probe DNA had to be phosphorylated at 5’-hy-
droxyl terminus before circularization. A T4 polynucleotide kinase
was used to transfer the y-phosphate in the 5’ terminus ATP of the
padlock probe. In the phosphorylation reaction, 300 pM of the
padlock probe, 1 mM of ATP, 10 U of T4 polynucleotide kinase and
1 x of the specific reaction buffer were added, and the tubes were
incubated at 37 °C for 30 min and then at 65 °C for 20 min.

The procedure for the synthesis of the circular probe is detailed
in Fig. 2. The ligation template and the phosphorylated padlock
probe were annealed in 1:1 ratio by incubating 300 pM of each
oligonucleotide at 25 °C for 2 h. Subsequently, the padlock probe
was circularized by linking its 5 phosphorylated end to the 3’
terminus, using T4 DNA ligase. For the ligation reaction 100 pM of
the phosphorylated padlock probe, 100 pM of ligation template and
10 U of T4 DNA ligase, were added in a final volume of 100 pL. Tubes
were incubated at room temperature for 30 min. In the presence of
a dsDNA portion (Fig. 2a), the nick repair activity of T4 DNA ligase
closed the linear padlock probe thus generating a single-stranded
circular DNA, annealed with the ligation template.

A. Ligation

Fig. 2. Preparation of the circular ssDNA probe.

QH

5'|.LH.I.HI.I.|.LL3' Exo

To degrade the annealed ligation template 10 U of Exonuclease I
and 10 U of Exonuclease Il were added and tubes incubated at 37 °C
for 30 min and then at 95 °C for 10 min (Fig. 2b). By the end of the
procedure, a circular ssDNA (CssDNA) was obtained.

2.4. Biosensor preparation

The workflow for the preparation of the biosensor is detailed in
Fig. 3. Paramagnetic streptavidin-coated beads were obtained by
Thermo Fisher Scientific. Beads were washed 5 times with 1 mL of a
buffer solution (namely OTA buffer) containing 120 mM Nadl,
20 mM CaCl,, 10 mM Tris pH 8.5, and 5 mM KCl [18,43], to remove
any residual of the storage buffer in which the magnetic particles
were supplied. Washing was performed by placing the particles
solution on a magnetic stand (DynaMag™-2, Thermo Scientific) for
3 min and removing the solution with a pipette.

Different amounts (10-10~'2 ng/mL) of OTA were tested in the
capture reaction, in the presence of 0.1 pM OTA-capture aptamer
and in a final volume of 10 uL of OTA buffer. The OTA-capture re-
action was conducted at 25 °C. Then, the capture mix was supple-
mented with 100 pg of paramagnetic beads in a total volume of
100 pL of OTA buffer. The reaction mixture was then incubated at
room temperature for 30 min. In this reaction, the complex was
captured by the streptavidin on the surface of the magnetic beads,
thus forming the capture system (CS) of the biosensor. The solution
was gently mixed and placed on a magnetic stand to collect the
magnetic beads on a side of the tubes. The beads were then washed
three times with 200 pL of clean OTA buffer to remove eventually
unbound aptamers. Finally, the apta-beads were resuspended in
10 pL of OTA buffer.

The detection system (DS) was prepared by annealing the
detection aptamer with the circular DNA. In this reaction, 0.1 pM of
OTA detection aptamer were mixed with the circular DNA in 1:1
ratio. The reaction mix was incubated at 95 °C for 5 min then slowly
cooled to room temperature for 2 h to allow the annealing of the
complementary sequences on the two oligomers. The structure of
the detection system is detailed in Fig. 4.

In the OTA detection reaction, 10 pL of the CS were incubated
with 0.1 M of OTA DS in a total volume of 20 pL. Unbound DS was

B. Cleaning

Circular

ssDNA

5!
////////////43’

A. The phosphorylated padlock probe is annealed to the ligation template to bring near the 5'(P) to the 3/(OH) terminus. This creates a dsDNA portion with a nick on the padlock
probe strand. The nick repair activity of the T4ADNA ligase joins the 5'(P) to the 3/(OH) terminus on the padlock probe strand thus generating a circular ssDNA annealed with the
ligation template. B. Exonuclease III (Exolll) catalyses the removal of mononucleotides from 3 terminus of the double-stranded DNA portion. Exolll also acts at nicks in non-ligated
ds DNA to produce single-strand gaps and thus degrading the extremities of the non-ligated padlock probe. At the same time, Exonuclease I (Exol) hydrolyses single-stranded DNA
in the 3’—5’ direction, thus removing linear ssDNA still available in the reaction. The products remaining after the cleaning step is the circular ssDNA and mononucleotides.
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The main steps for the construction of the OTA biosensor include the build-up of a capture system and a detection system in two separate reactions. The final detection is performed

when the final biosensor is fully assembled.

removed by placing the tubes on a magnetic stand following three
washes with OTA buffer.

2.5. OTA detection and colorimetric reaction

The capture of OTA was detected by a solid-phase RCA, ac-
cording to the protocol used by Gomez et al. [44]. The reaction
volume was 10 pL and contained the biosensor particles, 1 x of $29
DNA polymerase buffer, 1 mM of dNTPs, 2 mg/mL of BSA, 5 U of $29
DNA polymerase and 200 nM of CssDNA. Tubes were incubated for
4 h at 30 °C. For colour development, the protocol suggested by
Travascio et al. [45] was used with some modifications. Hemin was
added to the RCA product to reach a final concentration of 0.5 pM.
The mixture was incubated at room temperature for 30 min to

allow the hemin to complex with DNA, forming the self-catalytic G-
quadruplex DNAzyme structure. Then, 5 mM of both ABTS and
stabilized H,0, were added to the RCA product solution. Absor-
bance data were obtained at 420 nm by a spectrophotometer
(Multiskan EX, Labsystem).

2.6. Intra-laboratory validation of the biosensor as a quantitative
method

To assess cross-reactivity and selectivity of the system, the
biosensor was tested against OTo. and other six mycotoxins
commonly occurring in biological samples, i.e. AFBy, ZEN, FB1, DON,
T2, HT-2. Two multi-mycotoxin solutions, containing (mix OTA+)
or not OTA (mix OTA-), at the concentration of 10 ng/mL for each
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Fig. 4. Structure of the detection system (DS) and product of the RCA biosensor reaction.

A. The circular ssDNA is generated by annealing of the ligation template (green), that joins the 5’ phosphate and the 3’ termini of the padlock probe. The T4 DNA ligase repairs the
nick, thus closing the padlock probe into a circular single strand DNA molecule. The detection aptamer is modified by adding a 21 nt tail which anneals to its complementary
sequence on the circular ssDNA (CssDNA), thus forming the DS. B. In presence of OTA, RCA reaction generated high amounts of long branched DNA that precipitates and is visible at
naked eye. The arrow indicates the DNA precipitate in the reaction tube. C. In the presence of the CS:0TA:DS, the DNAzyme-hemin catalysed the peroxidation of ABTS?" generating a
coloured product (ABTS ) that stained the solution in blue; whereas in the absence of CssDNA, the RCA reaction did not take place, and the solution remained colourless. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

toxin, were analysed as reported above. Absorbance values recor-
ded for the mycotoxin mixtures were compared to those obtained
for OTA standard solutions standing alone and containing the same
amount of toxin. Experiments were performed in triplicate and
repeated three times on different days.

Standard curves in PBS buffer, determination coefficients, and
linear equations were determined by plotting OD4,¢ values versus
OTA concentration. The experiment was conducted in triplicate and
repeated three times on different days. Results were expressed as
mean + standard deviation (n = 9). OTA concentrations ranged
from 10 to 10~'%> ng/mL. Limit of blank (LOB) was calculated as
LOB = mean pjank + 1.645(G plank), Where opjank is the standard
deviation of blank absorbance measurements at 420 nm [46]. Limit
of quantification (LOQ) and LOD were calculated according to
Shrivastava and Gupta (2015) [47] as: LOD = 3(g/s), LOQ = 10(a/s).
In these formulas, s is the slope of the calibration curve, and ¢ is the

standard deviation of the response. The relative standard deviation
(RSDy;), a measure of relative variability among tests, was calculated
as (o/mean) x 100.

For recovery experiments, the procedure described above was
applied to blank urine samples of rats that were spiked in triplicate
with OTA at final concentrations of 0.001, 0.01, 0.1, 1, and 10 ng/mL.
Recovery experiments were performed in triplicate and repeated in
three different days. Results were reported as mean
values + standard deviations (n = 9). To analyse urine samples by
the biosensor, no pre-treatment was required except an initial 1:4
dilution with 100 mM PBS, pH 7.2. For spiked urine samples, the
determination of OTA concentration was carried out by interpola-
tion of the OD420 nm Values for the samples into the calibration plot
constructed with OTA in the buffer. Also, parameters of OTA cali-
bration curves in buffer and urine were compared.

For validation purposes, naturally contaminated urine samples
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were analysed. These samples were collected from rats fed by
naturally contaminated feed, and provided by University of Bari
Aldo Moro. Samples were obtained from previous studies per-
formed according to EU Dir. 2010/63 and Italian law on the care and
use of experimental animals (D. Lgs March 4th, 2014 nr. 26), and
approved by the local Ethical Committee (nr. 39161-X10,
31.05.2017). For naturally contaminated samples, the determina-
tion of OTA concentration was carried out by interpolation of the
ODg430 nm Values for the samples into the calibration plot con-
structed with OTA spiked urines. To validate the system as a
quantitative method, naturally contaminated samples of rat urine
were analysed by the RCA biosensor and an in-house validated
HPLC-FLD method detailed below.

2.7. HPLC-FLD analysis of OTA in urine samples

HPLC-FLD analysis of OTA in rat urine was performed according
to Akdemir et al. [48] with minor changes, which was in-house
validated. Validation studies included the determination of myco-
toxin linearity dynamic ranges by standard calibration curves (in
mobile phase) and matrix-assisted calibration curves, the signal
suppression/enhancement value (SSE), the LOD and LOQ, the ac-
curacy and the precision. To measure OTA in the urine of rats
exposed to the toxin, 6 mL of ammonium acetate buffer were added
to 0.5 mL of the urine sample. Then, the suspension was incubated
with 25 pL of B-glucuronidase/arylsulfatase (30/60, Merck Milli-
pore, Vimodrone, IT) and shaken at controlled temperature of 37 °C
(0.5 °C), at a speed of 70 rpm for 16 h. After the incubation period,
the sample was diluted with 6 mL of PBS and 1 mL of methanol.
Prior clean-up step, the sample was clarified by centrifugation
(4500 rpm for 15 min), and the whole supernatant was passed
through an immunoaffinity (IMA) column previously attached to a
vacuum manifold.

Ochratest™ [MA columns (VICAM Science Technology, Water-
town, MA, USA) were used to clean-up the samples. Elution of
samples was performed at a flow rate of about 1 drop per s.
Washing with 5 mL of saline solution containing tween 20 (0.01%)
and 5 mL of water was followed before eluting OTA with 2 mL of
methanol. The eluate was collected in an amber silanized vial and
dried at 50 °C. OTA was reconstituted adding 250 pL of methanol/
water (15/85). OTA was analysed using an Agilent 1100 HPLC sys-
tem (Germany) with degasser (G1379A), quatpump (G1311A), auto-
sampler (ALS) (G1313A), column oven (G1316A), and an Agilent
1200 fluorescence detector (FLD) (G1321A). The software Chem
Station (Rev A 10.2, Agilent Technologies) was used.

Chromatographic elution was achieved through a Kinetex PFP
analytical column, 50 x 4.6 mm i.d., 2.6 pm particle sizes (Phe-
nomenex, Bologna, Italy) at 35 °C. Isocratic mobile phase containing
a mixture of water/methanol/acetonitrile (50/25/25) and acetic
acid (1%) was eluted at 0.8 mL/min flow rate for 12 min. The
injected volume was 100 pL (corresponding to 0.2 mL urine injec-
ted). The fluorescence detector was set at 333 nm (Aex) and 460 nm
(Aem)- OTA retention time was 7.0 min. For the external matrix-
assisted calibration, calibrant solutions were prepared in blank
sample extracts and cleaned up using IMA columns. The standard
solution was then added to the eluate (methanol) and the final
solution was dried down. The residue obtained was dissolved in
250 pL of methanol/water (15/85).

Matrix-matched and standard calibration curves in the mobile
phase showed good linearity (r = 0.999) over the concentration
range tested (1-500 ng/mL, 6 mycotoxin levels). Considering that
100 pL calibrant solution or purified sample extract (equivalent to
0.2 mL urine) was injected for HPLC analysis, the equivalent toxin
concentrations in urine ranged between 0.5 and 250 ng/mL urine.
Linear equations for OTA standard calibration curve in the mobile

phase and OTA matrix-assisted calibration curve were y = 1371x +
3777 and y = 1283x — 3.3, respectively, where y is the area of OTA
peak and x is OTA concentration (pg/mL).

To assess any effect of matrix on mycotoxin quantification, the
SSE% index (signal suppression/enhancement) was calculated as
the ratio (%) of the slope of the matrix-matched curve to that of the
standard calibration curve. Negligible suppression of the signal due
to the matrix was recorded, being the value of SSE% of 94%. LOD and
LOQ in urine were 0.1 and 0.5 ng/mL respectively. Recovery ex-
periments were performed by spiking blank urines with OTA at 1.0,
10, 50 and 100 ng/mL. For each spiking level, six different replicates
were analysed. A volume of 0.5 mL of each spiked sample was
purified by IMA columns as described above. The amount of
recovered toxin was calculated by using external matrix-assisted
calibration. The results for the within-day precision, expressed as
relative standard deviation (RSD;), were satisfying being < 4%.
Mean recoveries ranged from 99 to 108%. This method was suc-
cessfully used to quantitatively determine OTA in rat urine and to
validate the RCA biosensor.

3. Results and discussion
3.1. Design strategy

In our study, we used engineered DNA to combine aptamer
chemistry with an isothermal DNA amplification, and to obtain a
system with high throughput and selectivity. A cheap and easy
biosensor for the on-site detection of OTA was developed, which
resulted in more easily affordable tool than traditional chromato-
graphic techniques, since it does not require special costly equip-
ment for the analysis.

The working principle of the signal amplification strategy is
represented in Fig. 1. It foresaw a capture system (CS) and a
detection system (DS). OTA-capture aptamer (CA) included a 3’
biotinylated terminus that allowed its link to paramagnetic
streptavidin-coated beads, thus forming the CS. In the presence of
OTA, CA captured the toxin. A second aptamer, the OTA-detection
aptamer (DA) included a 3’ primer sequence of 21 nucleotides
length, which was complementary to a target sequence in a circular
ssDNA (CssDNA) probe. This latter contained also a sequence that
was complementary to the functional site of an auto-catalytic
DNAzyme (PS2.M). The CssDNA and the annealed DA formed the
DS, which selectively binded the OTA captured by the CS. The for-
mation of the complex CS:0TA:DS allowed, in presence of the
enzyme $29 DNA polymerase, the RCA reaction of the CssDNA. The
$29 is a highly processive enzyme from bacteriophage ®29 of Ba-
cillus subtilis [49]. This enzyme catalyses the synthetic reaction of
5’-to-3’ polymerization, and the degradative reaction of 3’-to-5’
ssDNA exonucleolysis and has a strand displacement activity
[50—52]. The 5'—3’ polymerization produces tandem repeats of a
sequence that is complementary to the CssDNA template. On the
other side, the degradative 3'—5’ ssDNA exonucleolytic activity
ensures highly accurate DNA synthesis, giving to ¢$29 a high
proofreading activity [53]. Furthermore, this DNA polymerase can
synthesize DNA chains greater 10 kilobases, from each priming
event, thus producing about an order of magnitude more DNA than
PCR-based methods [54].

The result of the amplification was the formation of a DNA
precipitate that was visible at naked eye (Fig. 4B). The formation of
the precipitate was due to the presence of the DS bound to OTA,
since the washing steps guaranteed the elimination of unbounded
complexes. Therefore, no RCA reaction occurred in absence of OTA,
as reported in Figs. 4C and 5A. In the presence of hemin, the PS2.M
sequences formed a G-quadruplex DNAzyme, with a peroxidase-
mimicking activity [55]. With the addition of H,0,, the DNAzyme
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induced the oxidation of ABTS, giving a blue colour to the reaction
mix measurable at about 420 nm. Furthermore, no white precipi-
tate, no color reaction, and no absorbance was visible or recorded in
the absence of OTA (Figs. 4C and 5A-B).

3.2. Intra-laboratory validation of the biosensor as a quantitative
method

The DNAzyme biosensor was validated to determine selectivity,
linearity, repeatability, accuracy, LOQ and LOD.

A positive signal was obtained either when OTA was analysed
alone or included in a multi-mycotoxins mixture (Fig. 5A). The
absorbance values recorded for the multi-mycotoxin standard so-
lutions containing OTA at 10 ng/mL were similar to those recorded
for the single mycotoxin standard solutions containing the same
amount of OTA. No signal was recorded when OTA was excluded
from the multi-mycotoxins mixture (Fig. 5A). These results showed
that the biosensor was selective for the detection of OTA, and it
does not cross-reacted with mycotoxins other than OTA, including
its metabolite OTo.

The quantification of OTA by the biosensing complex was per-
formed using a standard curve in PBS buffer obtained by serial di-
lutions of the toxin from 10~'? to 10 ng/mL (Fig. 5B). The equation of
the standard curve in buffer was Log[Absorbance4zonm] = 0.075 Log
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Fig. 5. OTA detection and quantification with RCA biosensor.

[OTA concentration (ng/mL)]+0.14, with R? = 0.99. The LOB was 0.19,
corresponding to 1.46 x 107> ng/mL of OTA. LOD and LOQ were
calculated in a log-log linear regression and were 1.03 x 10~'% and
1.09 x 10~'2 ng/mL, respectively. The method was selective, sen-
sitive and fast, with the possibility to detect and determine very
low levels of OTA.

The suitability of the biosensor for the determination of OTA in
complex matrices as urine samples, its accuracy and the repeat-
ability were evaluated by analysing spiked samples of rat urine. A
calibration curve was obtained by spiking rat urine with different
concentrations of OTA (from 0.001 to 10 ng/mL) (Fig. 5C). The
standard curve, linear equation, and R? coefficient were determined
by plotting Log [Absorbancesonm] (y-axis) values against Log[OTA
concentration] (x-axis). The equation for the spiked urine calibra-
tion curve was: Log[Absorbanceonm] = 0.079 Log[OTA concentration
(ng/mL)]+ 0.17. For linearity, the determination factor R* was >0.99.
The slope of the calibration curve obtained with spiked urines was
not different (p > 0.05) from that obtained with OTA standards in
the buffer (Fig. 5B and C). Negligible enhancement of the signal due
to the matrix was recorded, being the value of SSE% of 105%.
Thereof, no matrix effect on the biosensor was observed and urine
samples did not require further pre-cleaning treatments before
OTA detection. This reduced either cost of OTA analysis in urine or
detection time. Besides, a matrix-assisted calibration curve is not
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represent standard deviations (n = 9).
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required to measure OTA in urine samples. Indeed, the determi-
nation of OTA in urine samples can be carried out by interpolation
of the absorbance measured with the DNA sensor from the cali-
bration plot prepared with OTA standards in PBS buffer. Accuracy
and repeatability data obtained in recovery experiments were
satisfying, being overall average recoveries >95%, with relative
standard deviations in the range 3.6—15%. The values of accuracy
and precision obtained for the OTA biosensor herein developed
fulfil the criteria of acceptability of an analytical method for OTA
determination fixed by the European Commission [56].
Comparison of data obtained by measuring OTA in urine sam-
ples of rats fed OTA contaminated feed, by RCA biosensor and HPLC-
FLD validated method was performed by t-Test analysis. Differences
between the two methods were not significant (p < 0.05) (Fig. 5D).

4. Conclusions

Unlike the PCR, the RCA can be ran at a constant temperature in
solution or on a solid support such as paramagnetic microbeads.
The possibility to generate long DNA chains from a single molecular
binding event using RCA allows the detection of single molecules of
targets [57,58]. By appropriate sequence engineering in the padlock
probe, the RCA allows the formation of highly processive DNA
based nanomachines with auto-catalytic detection of target mole-
cules in liquid samples, in the presence of cofactors such as hemin.
Aptamer based sandwich assays have been successfully used for the
detection of OTA [59] and other small molecules, such as 2,4,6-
trinitrotoluene (TT)N [60]. Furthermore, the portability of this
system is guaranteed by the chance to perform the RCA at a tem-
perature range of 30—37 °C and to generate a visual signal in the
presence of a positive reaction. Furthermore, the system can be
made quantitative using a portable photometer.

The engineering versatility of DNA makes this polymer a
powerful and programmable element for the construction of nano-
and micro-scale systems that are useful for a broad range of ap-
plications in biosensing [61]. On the other hand, some features of
the RCA system for practical applications can still be improved. The
main practical challenges are the need of large quantities of high-
purified circular templates, and the few companies that provide
this synthesis service. Additionally, long RCA products aggregate in
solution, therefore it is not advisable to store the amplification
products for subsequent analysis and colour reaction must be
promptly performed. However, these drawbacks will reasonably
have a future solution with the technological advance.

The biosensor herein developed can be considered selective,
sensitive and accurate for the detection and quantification of OTA in
complex matrices as urine. Further ongoing studies are focused on
the improvement of the preparation steps, as well as on the vali-
dation of the OTA biosensor on other matrices, including biological
samples other than urine, and foodstuffs. Furthermore, the system
proposed in this research can be putatively translated for the
detection of other target molecules, by simply modifying the
sequence of the detection aptamer. For example the system can be
applied to the rapid and early detection of plant or human patho-
gens, which is of paramount importance to apply effective control
means [61—63].
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