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Abstract: Oxygen plasma micro-nanostructured poly(methyl methacrylate) (PMMA) slides were
modified through silver microparticle deposition to create microarray substrates that enhance the
emitted fluorescence intensity. Silver deposition relied on a commercially available reagent and
was completed in two 30-min incubation cycles of the substrate with the reagent. The fluorescence
enhancement achieved using these substrates over flat PMMA slides was determined through
the development of a microarray for the multiplexed detection of four mycotoxins, aflatoxin B1,
ochratoxin A, fumonisin B1, and deoxynivalenol. It was shown that the implementation of silver-
plated oxygen plasma micro-nanotextured PMMA substrates increased the signals obtained for
aflatoxin B1 and ochratoxin A by approximately 2.8 times, 5.6 times for deoxynivalenol, and 16-times
for fumonisin B1, compared to flat PMMA substrates. Most notably, this signal increase was not
accompanied by a significant increase in the non-specific signal. In addition, the spot repeatability
both across a single slide as well as between different slides was high, with coefficients of variation
lower than 12%. The slides were also stable for at least three months, thus offering a microarray
substrate with improved properties compared to standard glass slides, regarding both the absolute
spot fluorescence intensity and between spots repeatability.

Keywords: silver-enhanced fluorescence; plasma micro-nanostructured substrates; microarrays;
multiplexed mycotoxin detection

1. Introduction

Mycotoxins are low molecular weight compounds, produced as secondary metabo-
lites by fungi, that contaminate agricultural products during cultivation, harvest and
post-harvest procedures and can have toxic effects on the livestock and humans that con-
sume the contaminated commodities [1]. Over 500 mycotoxins are known today and
new ones are continuously being identified; however, only a few have been studied and
monitored extensively [2,3]. Mycotoxins are known for their acute and chronic toxic, im-
munosuppressive, mutagenic, teratogenic, or even carcinogenic effects [3]. These effects
have generally been studied for individual mycotoxins or classes thereof, despite the fact
that several mycotoxins belonging to different classes might be found in a single prod-
uct [4,5]. Amongst the various mycotoxins of concern, with regard to effects on human
health, are aflatoxins, ochratoxins, fumonisins, and trichothecenes [1], and the main rep-
resentatives of these classes are aflatoxin B1 (AFB1), ochratoxin A (OTA), fumonisin B1
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(FB1), and deoxynivalenol (DON), respectively (Figure 1). It is, therefore, desirable in
order to protect both the health of the public but also the farmers and food producers
by unnecessary produce recalls, to detect multiple mycotoxins of different classes in a

single run.
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Figure 1. Structure of the four mycotoxins detected in the current study: (a) Aflatoxin B1; (b) Ochra-
toxin A; (c) Fumonisin B1, and (d) Deoxynivalenol.

High performance liquid chromatography (HPLC) and gas chromatography (GC) cou-
pled to mass spectrometry (MS) have become the methods of choice for the routine analysis
of mycotoxins in food and environmental samples, due to their sensitivity and reliability [6].
However, they are costly, time-consuming, involve tedious sample preparation procedures
and can be performed only by highly trained personnel. Alternatively, to provide rapid
and sensitive detection in a cost-effective and easy-to-use way that can even be conducted
by non-specialists, a series of so-called screening methods have been developed, including
traditional immunoassays (e.g., ELISA), biosensors, and microarray-based methods. The
latter have evolved into powerful tools for chemical, biological and pharmaceutical contam-
inants analysis since they meet the high-throughput and multiplex analysis requirements,
offering the specificity and speed of traditional immunoassays in a miniaturized format [7].
The immunochemical detection of mycotoxins, due to their low molecular weight, relies
mostly on competitive formats which, however, suffer from intrinsically low signal, and
thus, strategies that enhance the signal obtained by the specific antibody-analyte reaction
should be implemented. Moreover, although the analytical sensitivity is determined by the
antibody affinity constant, the low signal could lead to low sensitivity due to the need to
extent the assay duration.

The strategies for signal enhancement in a microarray rely either on the implementa-
tion of surfaces designed to promote biomolecular binding or increase the emitted signal,
or on the use of a system for multiplication of the signal obtained from a single binding
event [8-10]. Regarding the first approach, there is a trend to replace the standard two-
dimensional (2D) substrates that are routinely used for microarray fabrication with 3D
substrates that provide high ratios of area available for biomolecule immobilization per
projected area. In this context, our group has extensively studied the effect of oxygen,
fluorine and fluorocarbon plasmas on organic and Si-containing polymers in order to
fabricate micro-nanostructured 3D surfaces for biomolecule immobilization [11-17]. The
approach followed resulted in the simultaneous creation of micro-nanotopography and
chemical functionality. It has been shown that 3D micro-nanostructured polymeric surfaces
result in the immobilization of significantly higher amounts of proteins through physical
adsorption compared to the respective flat (untreated) surfaces. In particular, it has been
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shown that oxygen plasma 3D micro-nanostructured polymer substrates offer—due to the
increased surface area available for protein immobilization per spot—increased specific
signal, low spot-to-spot signal variation, and compatibility with all commercial microarray
printers and scanners [17].

As for the enhancement of the read-out signal, implementation of fluorescent labels is
considered the method of choice for microarrays; however, traditional organic-dye fluores-
cent labels have limitations regarding the detection sensitivity that can be achieved [18].
Increased effort has therefore been dedicated to developing new labels with specific optical
properties and/or enhancing the performance of already used labels. In the first direc-
tion, new fluorescent labels such as quantum dots have been introduced, while in the
other direction, a variety of metallic nanoparticles—predominantly noble ones, such as
gold and silver—have been evaluated for their fluorescence enhancing performance, in
the context of the so-called metal-enhanced fluorescence (MEF) [19]. MEF is attributed
to the localized surface plasmon resonance of metallic nanostructures, which results in
an enhanced electromagnetic field, when excited with photons [19]. MEF is applied in
microarray technology following mainly two approaches. The first one, and most usually
implemented, is through conjugation of the metal nanoparticles nearby to the fluorescent
dye [20-22]. This approach, however, leads to relatively high non-specific binding signals
due to the non-specific adsorption of fluorescent metal nanoparticle probes. The second
approach to enhance fluorescence signal, and thus the detection sensitivity, is through the
creation of metal nanostructures directly onto the substrates, thus enabling the microarray
substrate surface to play an active role in signal amplification. For example, a gold-based
2D plasmonic substrate has been reported for the sensitive detection of carcinoembryonic
antigen [23], another gold 2D plasmonic substrate has been employed for multiplexed
protein detection with microarrays demonstrating high sensitivity and broad dynamic
range [24], and a sensitive chip sensor for detection of OTA in food and drinks based on
silver film over a nanosphere substrate has been also presented [25].

Taking all the aforementioned information into consideration, the objective of the
current work was to combine—for the first time—the metal-surface enhanced fluorescence
approach with the plasma 3D micro-nanostructured surfaces in order to create microarray
substrates that can combine the virtues of both technologies and provide a means for the
development of highly sensitive fluorescence microarrays. To achieve this, glass slides
covered with film of poly(methyl methacrylate) (PMMA) were 3D micro-nanostructured in
oxygen plasma and then covered with a silver film through the self-nucleation of silver
ions in presence of a reducing agent. The substrates were employed for the fabrication of
microarrays for the simultaneous multiplexed immunochemical detection of four mycotox-
ins, namely AFB1, OTA, FB1, and DON, in corn samples since these four mycotoxins are
most frequently encountered in cereal grains and feeds (corn, oat, wheat, barley, etc.) [26].

2. Materials and Methods
2.1. Reagents and Chemicals

Ochratoxin A (OTA), aflatoxin B1 (AFB1), fumonisin B1 (FB1) and deoxivalenol (DON)
were purchased from Sigma-Aldrich (Darmstadt, Germany). Monoclonal antibodies against
AFB1 (mAb-AFB1; catalog number AB-03-04), FB1 (mAb-FB1; catalog number AB-05-01)
and DON (mAb-DON; catalog number AB-02-04) were purchased from Aokin AG (Berlin,
Germany). The polyclonal antibody against OTA had been previously developed by immu-
nizing New Zealand white rabbits with a synthetic OTA derivative conjugated to bovine
thyroglobulin through glutaraldehyde cross-linking, by following a previously described
procedure that was properly modified [27]. The whole immunoglobulin (IgG) fraction was
isolated from the anti-OTA rabbit antiserum by means of sequential precipitation with
caprylic acid and ammonium sulphate [28]; total protein concentration was determined
with a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA USA) according to
the manufacturers’ instructions, while purity was evaluated with sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) electrophoresis. The four mycotoxin—protein conjugates
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(OTA-OVA (catalog number CJ-04-OVA), AFB1-BSA (catalog number CJ-03-BSA), FB1-OVA
(catalog number CJ-05-OVA), DON-OVA (catalog number CJ-02-OVA) were also obtained
from Aokin AG (Berlin, Germany). The biotinylated goat anti-rabbit IgG antibody (catalog
number B7389) was purchased by Sigma-Aldrich. Goat anti-mouse IgG antibody (catalog
number AP124) was from Millipore-Merck (Darmstadt, Germany) and was biotinylated
in-house according to a previously published method [29]. Streptavidin, goat anti-rabbit
IgG antibody and goat anti-mouse IgG antibody labeled with AlexaFluor 647 were from
(Thermo Fisher Scientific, Waltham, MA USA) and bovine serum albumin (BSA) from
Acros Organics (Geel, Belgium). LI silver enhancement kit™ was a product of Molec-
ular Probes (Eugene, OR, USA). The QuEChERS extraction kit (OMK1-MP) was from
CHROMAtific UG (Heidenrod, Germany). Microscope glass slides (25 x 75 x 1.0 mm,
W x L x H) were purchased from Knittel Gldsser (Braunschweig, Germany). Poly(methyl
methacrylate) (PMMA) with molecular weight of 120 kDa, propylene glycol monomethyl
ether acetate (PGMEA) and (3-aminopropyl)triethoxysilane (APTES) were purchased from
Sigma-Aldrich. All other chemicals used in this work were of analytical grade and pur-
chased by Merck (Darmstadt, Germany). The water used throughout the study was
doubly distilled.

2.2. Preparation of Aminosilane-Coated Glass Slides

Glass slides were first cleaned and hydrophilized by O, plasma treatment (100 mTorr,
100 W, 100 sccm) for 10 min in a Reactive Ion Etcher. Then, the hydrophilized slides
were immersed for 20 min in a 2% (v/v) aqueous (3-aminopropyl)triethoxysilane (APTES)
solution. Afterwards, the slides were washed with distilled water, dried under a nitrogen
stream and cured by heating at 120 °C for 20 min. The APTES-modified slides were used
immediately for PMMA film deposition or kept under vacuum at room temperature (RT)
until use as microarray substrates.

2.3. Preparation of 3D Micro-Nanostructured Slides

A 25% (w/v) PMMA solution was prepared in anhydrous PGMEA and spin-coated
on APTES-modified glass slides at 1500 rpm for 30 s to create a film with a thickness of
~7 pum (thickness variation across the slide <1%), followed by baking at 180 °C for 2 h.
The PMMA-coated slides were then processed in oxygen plasma under highly anisotropic
etching conditions (plasma power 400 W, pressure 10 mTorr, gas flow 100 sccm) for 6 min
using a Nextral RIE parallel plate plasma reactor with an RF source of 13.56 MHz. Finally,
a thermal annealing step at 100 °C for 2 h was employed to stabilize the surfaces wetting
properties [17].

2.4. Silver Film Deposition

A silver film was deposited on the oxygen-plasma treated 3D micro-nanostructured
substrates using a commercially available two components silver enhancement kit. The
two components were mixed in 1:1 volume ratio prior to application onto the surface. The
mixture was applied over the slides and left to develop for 30 min at RT. Then, the slides
were rinsed with deionized water and dried with a nitrogen stream, prior to application of
a freshly prepared silver enhancement mixture. After the completion of the second silver
deposition cycle, the slides were washed with deionized water, dried with nitrogen and
kept under vacuum at RT until use as microarray substrates. Herein, the slides will be
referred to as Ag-3D slides.

2.5. Surface Characterization

The surface morphology of flat PMMA slides, as well as of 3D micro-nanostructured
substrates, both prior to and after Ag deposition was characterized through scanning
electron microscopy employing a JSM-7401F SEM instrument (JEOL Europe B.V., Zaventem,
Belgium) working at 30 kV. Samples were observed at an angle of 0 = 45°. The wettability
of the surfaces was also assessed through measurements of the water contact at ambient
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atmospheric conditions using the GBX Digidrop instrument (GBX Scientific Ltd., Dublin,
Ireland). For each slide, 10 measurements were obtained using 5uL water drops.

2.6. Microarray Fabrication and Detection

For the preparation of microarrays for multiplexed mycotoxin detection, solutions of
the four mycotoxin—protein conjugates in 0.05 M carbonate buffer, pH 9.2 (coating buffer),
were spotted on the Ag-3D slides using a Bio-Odyssey Calligrapher™ microarray spotter
(Bio-Rad Laboratories, Hercules, CA, USA), equipped with a solid pin (SSP015; Arrayit
Corporation, Sunnyvale, CA, USA), in 4 x 4 spot arrays with a spot-to-spot distance of
1000 um. The concentrations of the four mycotoxin—protein conjugates used were 25, 50,
200, and 100 pg/mL for FB1-OVA, AFB1-BSA, OTA-OVA, and DON-OVA, respectively.
The slides were then incubated overnight at RT in a controlled humidity chamber (75%
humidity), washed with 0.01 M PBS, pH 7.4, 0.05% (v/v) Tween 20 (PBS-T), and immersed
in blocking solution (2% w/v BSA in 0.01 M PBS, pH 7.4) for 3 h at RT. Afterwards, the
slides were washed as previously, dried under a nitrogen stream, and assembled with
a 3 x 8-well silicone gasket (Arrayit Corporation, Sunnyvale, CA, USA) which allowed
for the simultaneous application of different calibrators and/or samples. Each well was
loaded with 100 pL of 1:1 volume mixtures of calibrators containing the four mycotoxins
at different concentrations (AFB1 from 0-5.0 ng/mL; OTA from 0-250 ng/mL; FB1 from
0-200 ng/mL; DON, from 0-200 ng/mL) along with a mixture of the four anti-mycotoxin
antibodies in 0.01 M PBS, pH 7.4, containing 0.4% w/v BSA (assay buffer), and the slides
were incubated for 60 min at RT. The concentration of anti-mycotoxin antibodies used
in the solution prior to mixing with the calibrators/samples were 2 pg/mL pAb-OTA,
0.5 pg/mL mADb-AFB1, 0.25 pg/mL mAb-FB1, and 1 pg/mL mAb-DON. After that, the
gasket was removed, the slides were washed with PBS-T and 100 pL of solution containing
10 pg/mL of biotinylated anti-rabbit IgG Ab and 10 pg/mL of biotinylated anti-mouse
IgG Ab in assay buffer was applied to the whole slide using a coverslip and incubated
for 45 min. The slides were then washed with PBS-T and incubated with 100 uL of a
2.5 pg/mL AlexaFluor 647-labeled streptavidin in assay buffer for 15 min, at RT. A final
washing step with PBS-T and distilled water was performed, and the slides were dried with
nitrogen prior to scanning. The slides were scanned using a Perkin Elmer Gx microarray
scanner (Perkin-Elmer, Norwalk, CT, USA) at fixed laser power (42%) and photomultiplier
voltage (42%). The fluorescence intensity of the spots was calculated using the Scan Array
Express System Software, and expressed as relative fluorescence units (RFU). A schematic
presentation of the procedures for both microarray fabrication and multiplexed detection
of the four mycotoxins is provided in Figure 2.

2.7. Analysis of Corn Samples

Corn samples were finely ground using a commercial grinder (Waring, Stamford, CT,
USA) and mixed for homogenization. Two and a half grams of grinded samples were spiked
with the four mycotoxins at 2 different concentration levels. Spiked samples were shaken
for 15 min and left to dry overnight at RT. Then, 10 mL of 80:20 v/v acetonitrile/water
mixture was added to each sample and the samples were vigorously shaken for 60 s,
followed by the addition of the QUEChERS extraction kit contents. After shaking for 60 s,
the samples were centrifuged at 2000 g for 10 min, and the collected supernatants were
diluted five times with assay buffer, to eliminate any matrix effect. Diluted corn samples
were analyzed as described above. Percentage recovery (%R) was calculated by applying
the following equation:

%R (mycotoxin amount determined in spiked sample — mycotoxin amount in sample prior to spiking
0. =

> x 100 (1)

mycotoxin amount added in the sample
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Figure 2. Schematic presentation of the procedures for both microarray fabrication and multiplexed mycotoxin detection

with it. The different steps of the assay are also depicted in the lower part of the figure.

3. Results and Discussion
3.1. Plasmonic 3D Substrate Preparation

The rationale behind the fabrication of Ag-3D substrates was to combine the metal-
enhanced fluorescence properties of silver nanoparticles with the high probe loading
capacity of plasma micro-nanostructured polymeric surfaces in order to create microar-
ray substrates that could considerably increase the fluorescence signal received from the
immunoreactions. In this context, 3D micro-nanostructured polymer films spin-coated
over conventional glass slides, which have been previously employed as microarray sub-
strates [16,17] were implemented for preparation of metal-coated 3D substrates using a
commercially available silver enhancement kit. This kit is composed of two components,
one containing the free Ag ions and the other a reducing agent, whose mixture nucleates
rapidly in the presence of gold nanoparticles, increasing their size and facilitating their
optical detection. Although nucleation is very limited in absence of gold nanoparticles,
from preliminary experiments it was found that nucleation and Ag deposition is possible
on both flat, as well as on micro-nanotextured surfaces, especially when repetitive cycles
of silver enhancement solution application followed by washings were applied. Thus, at
first, the number of Ag deposition cycles was optimized using 3D micro-nanostructured
slides and determining the fluorescence signal obtained for the zero calibrator, i.e., the
highest signal obtained in the competitive immunoassay, of each of the four mycotoxins.
The duration of each silver deposition step was 30 min, which is the longer incubation
time suggested by the silver enhancement kit manufacturer. As shown in Figure 3, the
maximum fluorescence signal enhancement was observed after two cycles of Ag deposi-
tion. The high signals received were preserved after a third Ag deposition step, however,
they were diminished when a fourth or fifth deposition cycle was applied. In fact, the
fluorescence signals received from 3D micro-nanostructured surfaces after four or five
cycles of Ag deposition were lower than the respective signal obtained from these surfaces
without any Ag deposition. Regarding, the fluorescence signal increase obtained using 3D
micro-nanostructured slides after two or three silver deposition cycles was 2.5 times for
FB1 and DON, about 2.1 times for AFB1 and 1.75 times for OTA.
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Figure 3. Fluorescence intensity values corresponding to zero calibrators of each one of the four tar-
geted mycotoxins obtained with 3D micro-nanostructured poly(methyl methacrylate) (PMMA) slides
non-treated with silver enhancement solution (column group 0) or treated with silver enhancement
solution for 1 to 5 consecutive times (columns groups 1 to 5, respectively). The column designation is
as follows: orange fumonisin B1 (FB1); green aflatoxin B1 (AFB1); purple ochratoxin A (OTA); yellow
deoxynivalenol (DON). Each value is the mean of 16 spots & SD.

In addition to comparison with the 3D micro-nanostructured PMMA slides, the fluo-
rescence intensity values obtained for the zero calibrators of the four targeted mycotoxins,
i.e., the highest signal obtained for each assay in absence of analyte in a competitive im-
munoassay format, were compared using the same scanning conditions to those obtained
using glass slides modified with APTES without further processing, as well as after the
application of 2 Ag deposition cycles. Moreover, the fluorescence values obtained from
flat PMMA slides, i.e., slides non-treated with oxygen plasma were also provided. As
shown in Figure 4, the fluorescence signals intensity was significantly improved in case
of APTES-modified slides for three out of the four mycotoxins, i.e., FB1, AFB1 and DON,
whereas for OTA there was no any signal enhancement. On the other hand, for the PMMA
slides, there was a considerable increase in the fluorescence signal obtained for the zero
calibrators from the combination of micro-nanostructuring and Ag plating. More specif-
ically, the zero calibrator signals of AFB1 and OTA increased by 2.8 times after oxygen
plasma micro-nanostructuring and Ag plating, the DON signal increased 5.6 times, while
for FB1 an increase of up to 16-times was observed compared to flat PMMA slides. Most
notably, this increase in the zero calibrator signal was not accompanied by a significant
increase (approx. 50% increase compared to flat PMMA) in the blank signal (blue columns
in Figure 4) which corresponds to fluorescence intensity value determined from slide areas
outside the spots. The blank signal is the sum of the background signal (light reflected by
the substrate) and the non-specific binding of the antibodies, both primary and secondary,
at the areas outside the spots.
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Figure 4. Fluorescence intensity values corresponding to zero calibrators of each one of the four
targeted mycotoxins obtained with (3-aminopropyl)triethoxysilane(APTES)-modified glass slides
(column set 1), APTES-modified /Ag plated glass slides (column set 2), flat PMMA slides (column
set 3), 3D micro-nanostructured PMMA slides (column set 4) and 3D micro-nanostructured/Ag
plated PMMA slides (column set 5). The column designation is as follows: orange FB1; green AFB1;
purple OTA; yellow DON; blue blank. Each value is the mean of 16 spots & SD.

3.2. Plasmonic 3D Substrates Characterization

Scanning electron microscopy (SEM) imaging was implemented to investigate the
morphology of the Ag film deposited over the 3D micro-nanostructured PMMA substrates.
The SEM images received from PMMA 3D micro-nanostructured slides prior to and after
Ag deposition, as well as images of a non-treated PMMA surface (flat) on which Ag
deposition was performed are provided in Figure 5. For comparison, an SEM image of the
flat PMMA substrate is provided in Figure S1 of Supplementary Material. The SEM image
of 3D micro-nanostructured PMMA surface obtained prior to Ag deposition reveals the
highly rough structure of the surface with the brush like structures, whereas the image
received after Ag deposition shows a complete coverage of the surface with structures of
various shapes with a mean diameter of about 100-150 microns (see Figure 5c). A closer
look at the surface after the Ag deposition (Figure 5c) shows that although the structure of
the underlying PMMA is to a great degree inaccessible, the fact that the Ag layer has been
developed on top of this structure leads to a surface of a considerable higher roughness
compared to that created on PMMA that has not undergone oxygen plasma treatment
(Figure 5d).

The wetting properties of the 3D micro-nanostructured PMMA substrates were also
determined prior to and after Ag deposition through measurements of water contact
angles. For the 3D micro-nanostructured slides, a mean water contact angle of 70 4 5° was
determined, while for the Ag-3D substrates the mean contact angle value was 73 £ 6°. In
other words, Ag deposition over the micro-nanoscructures created onto the PMMA film
through the oxygen plasma treatment does not affect the wetting properties of the surface.
This is an important finding since in a previous report it was shown that the wettability of
the 3D micro-nanostructured substrate is a crucial characteristic determining the quality
of spots and especially the spot size and uniformity, thus also determining the detection
sensitivity of the microarrays [17].
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Figure 5. SEM image of: (a) a 3D micro-nanostructured PMMA surface, (b) a 3D micro-nanostructured PMMA surface
after two cycles of Ag deposition, (c) a higher analysis image of (b), and (d) a flat PMMA surface after two cycles of Ag
deposition the inserts in (a,b) show the corresponding water contact angles measurements performed in each surface.

3.3. Analytical Performance of Multiplex Microarray

The potential of the Ag-3D slides to serve as microarray substrates for the develop-
ment of sensitive multiplex assays was investigated through design and fabrication of a
microarray for the simultaneous immunochemical detection of four mycotoxins, namely
FB1, AFB1, OTA and DON, in a single run. Due to the low molecular weight of the
mycotoxins/analytes, an indirect competitive immunoassay format was employed using
mycotoxin—protein conjugates as solid-phase reagents and highly specific anti-mycotoxin
antibodies to detect all four targeted analytes. Thus, at first the cross-reactivity of each
one of the antibodies used was tested against the other three mycotoxins conjugates in a
microarray experiment. It should be noticed that from the four antibodies employed the
three, i.e., those for FB1, AFB1 and DON, are mouse monoclonal antibodies, whereas the
OTA antibody is a rabbit polyclonal one. In Figure 6, a representative image, obtained
after scanning a microarray in which all the conjugates have been spotted in rows and
then reacted with each of the antibodies as well as with a mixture of the four antibodies,
is provided. As shown, all four antibodies were highly specific for the corresponding
mycotoxin, showing no cross-reaction with any of the other three mycotoxins since no
fluorescence signal was detected from spots where the other three mycotoxin-conjugates
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well 1

have been immobilized, whereas a signal is obtained in all cases from the spots correspond-
ing to the mycotoxin conjugate the particular Ab recognizes. In addition, the fluorescent
signals obtained from the spots after incubation with each one of the antibodies separately
were not statistically different from the signals obtained when a mixture of all four an-
tibodies was applied. This finding is an indication that the binding of each antibody to
the corresponding analyte is not hindered by the presence of the other three antibodies
in the mixture. The lack of cross-reactivity towards the three other mycotoxins was also
demonstrated for each antibody by the absence of any signal drop when running the assay
with each anti-mycotoxin antibody separately and using calibrators containing the other
three mycotoxins.

mAb-AFB, pPAb-OTA mAb-DON Mix of 4 Abs

Conjugate immobilized:
FB1-OVA

AFB1-BSA

OTA-OVA

DON-OVA

well 2 well 3 well 4 well 5

Figure 6. Representative fluorescence image obtained from a microarray created on an Ag-3D slide by spotting each one of
the mycotoxin-conjugates along the long axis of the substrate (row 1: FB1-OVA; row 2: AFB1-BSA; row 3: OTA-OVA; row 4:
DON-OVA) and probing four spots of each conjugate with either each one of the mycotoxin antibodies separately (wells 1

to 4) or a mixture of all antibodies (well 5).

After showing lack of cross-reactivity towards the other mycotoxins for each anti-
mycotoxin antibody used, the parameters of each assay were optimized bearing in mind
that common buffers and durations of the different assay steps should be used. In this
context, the two basic parameters of every indirect competitive immunoassay, i.e., the con-
centration of conjugate used for coating and the concentration of analyte-specific antibody;,
were optimized. These two parameters determine not only the zero calibrator’s signal am-
plitude, but also the assay detection limit, i.e., the lowest analyte concentration that can be
discriminated from the zero calibrator. To determine the optimum mycotoxin—protein con-
jugate and anti-mycotoxin antibody concentrations for each one of the assays, Ag-3D slides
were spotted with conjugate concentrations ranging from 25 to 400 ng/mL and probed
with a 1 pg/mL solution of each antibody. As shown in Figure 52, maximum plateau values
were obtained for conjugate concentrations equal to or higher than 25 ug/mL for FB1-OVA,
50 pg/mL for AFB1-BSA, 200 pg/mL for OTA-OVA, and 100 pug/mL for DON-OVA. Using
these conjugate concentrations for spotting, the fluorescence intensity values obtained
for the zero calibrator using antibody concentrations ranging from 0.1 to 5 pg/mL were
determined. From the results presented in Figure S3, it can be concluded that maximum
plateau fluorescence values were obtained using 0.25 pug/mL of mab anti-FB1, 0.5 pg/mL
of mADb anti-AFB1, 2 pg/mL of pAb anti-OTA, and 1 pug/mL of mAb anti-DON. Based
on these results the mycotoxin—protein conjugate and respective antibody concentrations
finally selected were as follows: for FB1 25 ug/mL of FB1-OVA and 0.25 pg/mL of mAb
anti-FB1; for AFB1 50 pug/mL of AFB1-BSA and 0.5 pg/mL of mAb anti-AFB1; for OTA:
200 pg/mL of OTA-OVA and 2 ug/mL of pAb anti-OTA, and for DON: 100 pg/mL of
DON-OVA and 1 pg/mL of mAb anti-DON. The reaction with the mycotoxin-specific
antibody (primary immunoreaction) was followed by two additional reactions aiming at
signal enhancement. These reactions employed, first, a mixture of biotinylated secondary
antibodies (anti-mouse IgG and anti-rabbit IgG antibody) and, second, streptavidin labeled
with the fluorescent dye AlexaFluor 647, as is schematically depicted in Figure 2. The
implementation of these two additional reaction steps aimed at increasing the fluorescence
signal without causing substantial increase in the total analysis time. As shown in Figure 54
the fluorescence intensity values obtained using fluorescently labeled secondary antibodies
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were two to three times lower than those obtained for the same reaction duration (60 min)
using biotinylated labeled secondary antibodies in combination with fluorescently labeled
streptavidin. Thus, the three steps assay that included the primary immunoreactions, the
reaction with the biotinylated secondary antibodies and the streptavidin was selected. The
reaction time with the biotinylated secondary antibodies was optimized with respect to the
zero calibrator fluorescence intensity signals and it was found that the maximum plateau
values were obtained after 45 min of reaction (Figure S5). Similarly, the reaction with the
fluorescently labeled streptavidin reached plateau values after 15 min of reaction. Keeping
the duration of the above reaction steps stable, i.e., 45 min for biotinylated secondary
antibodies and 15 min for fluorescently-labeled streptavidin, the duration of the primary
immunoreactions was optimized. It was found that for all assays, maximum plateau values
were obtained for primary reaction duration of 1 h, although for OTA and DON, a 30-min
primary reaction was adequate to obtain the maximum plateau values. Thus, the total
analysis time was set to 2 h, not-including the washing and scanning steps. Once the assay
conditions for each one analyte were established, the multiplex microarrays were prepared
by spotting the four mycotoxin conjugates (four spots from each conjugate in a 4x4 spots
array with a between-spots-distance of 1 mm) onto the area defined by a single well in the
gasket and the arrays created were used to receive the final calibration curves and analyze
the corn samples.

Prior to corn sample analysis, the effect of the matrix on the calibration curves was
investigated by determining the zero calibrator signal obtained for each one of the four
analytes in presence of corn extract diluted with assay buffer one to 20 times. This inves-
tigation was necessary, since in order to extract the mycotoxins from the corn samples
treatment with an acetonitrile /water mixture (80:20 v/v) was employed followed by the
addition of the QUEChERS extraction kit contents. Thus, the solution to be analyzed had
a quite different composition from the assay buffer used to prepare the calibrators and
perform the assay, which might influence the fluorescence signals obtained. In addition,
the corn extract might contain—in addition to the mycotoxins—other residual substances,
e.g., proteins, sugars, etc., that could interfere with the assay. As shown in Figure 7, a
five-time dilution of corn extract with assay buffer was enough to eliminate any matrix
effect since the values received for the four analytes were identical to those obtained with
assay buffer. On the other hand, the use of less diluted samples had a detrimental effect on
the zero calibrator signals.

The effect of the corn extract matrix on the calibration curves was also determined. In
Figure 8, typical calibration curves for the four targeted analytes obtained using calibrators
in assay buffer or in 5-fold diluted corn extract are provided. As shown, the two calibration
curves are identical, providing further indication that there is no matrix effect. In addition,
representative fluorescence images obtained from each mycotoxin analysis are shown as
inserts. From the images, it is obvious that the Ag-3D slides do not suffer from the “coffee-
ring effect”, i.e., the high signal intensity at the periphery of the spots, which is common on
microarrays spotted on flat glass substrates. This was one of the main advantages of the 3D
PMMA slides when they were implemented as microarray substrates and it seems that this
is preserved after Ag deposition [17]. The spots were also quite uniform, with within spot
fluorescence intensity variations of less than 10%, and between spot intensity coefficients
of variation for the same slide of less than 12% for all four analytes. The slide-to-slide
repeatability was also quite good, with coefficients of variation ranging from 12 to 16% for
the four analytes. In addition, the batch-to-batch reproducibility was tested by preparing
five batches of four slides each and testing them with respect to the zero calibrator signals
obtained for all four mycotoxins. The results obtained from the different batches were
repeatable with coefficients of variation less than 16% for the four analytes, demonstrating
the repeatability of the fabrication procedure. The stability of Ag-3D slides over time
was also evaluated by preparing a batch of six, storing them in a desiccator away from
direct light, and testing them every 15 days over a period of 3 months. It was found, that
the absolute fluorescence intensity values were dropped about 10% after storage for up
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to 3 months, while the intra- and between-spots repeatability for a single slide was not
affected. Thus, the proposed Ag-3D substrates exhibit a shelf life of at least 3-months,
although use after this time could be possible.

60,000
| FB1

= AFB1
2 50,000 L 1 L OTA
x DON
240,000 -
)]
[
9
'€ 30,000 -
o T T T
(&)
$ 20,000
(&)
o
S 10,000
LL

0 1 r 1 r 1 r 1 r r-l;l l—l

Assay buffer 20X 5X 2X 1X
Dilutions

Figure 7. Zero calibrator signals obtained from microarrays prepared in Ag-3D slides for each one of
the four mycotoxins in assay buffer or in corn extract diluted 1X to 20X with assay buffer. Each bar
represents the mean value of 3 measurements (16 spots each) &+ SD.

Based on the calibration curves presented in Figure 8, the analytical characteristics of
the developed multiplex microarray assay of the four mycotoxins in corn samples were
determined and are summarized in Table 1, along with the respective maximum residue
limits (MRL) set by the EU for corn. The limit of detection (LoD) for each individual assay
was defined as the concentration corresponding to percent signal equal to 100-3SDs of the
mean value of 16 spots corresponding to the zero calibrator. As can be concluded from the
values presented in Table 1, the LoDs achieved for each one of the four mycotoxins were
below the respective MRLs, and thus, the developed multiplex assay meets the current
regulatory limits enabling a reliable and sensitive determination of the four mycotoxins.
It should be noted that the LoDs obtained from microarrays prepared using 3D-slides
not modified with Ag, were approximately two times higher for FB1 and OTA (8 and
0.5 ng/mL, respectively), three times higher for DON (12.5 ng/mL) and five times for
AFBI1 (1 ng/mL). In addition, the linear response ranges were quite broad, thus allowing
the detection of the four mycotoxins in a wide range of concentrations. The intra-assay
coefficients of variation (CVs) were determined by analyzing a corn extract spiked with
three levels of each one of the four mycotoxins in three different slides within the same
day, while the inter-assay CVs were determined by analyzing the same samples in three
different slides run in three different days within a period of one month.
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Figure 8. Typical calibration curves obtained with calibrators prepared in assay buffer (black squares) or 5-times diluted
corn extract (red circles). Inserted into each graph are representative fluorescence images of the spots corresponding to the

calibrator concentrations shown on the right of each image.

Table 1. Analytical characteristics of the multiplex mycotoxin assay.

. Multiplex Microarray Multiplex
Mycotoxin EU lv([fg]“/l?gl)com Linear Working Range Microarray LoD Intra-Assay CVs Inter-Assay CVs
(ug/kg) (ng/kg)

FB1 500 10-400 4.0 3.6-5.6 5.1-8.9
AFB1 2 0.5-20 0.2 2.9-6.1 4.6-8.5
OTA 3 0.5-400 0.2 3.7-72 55-9.1
DON 750 10-400 4.0 4.1-6.9 47-8.4

To validate the accuracy of the multiplex assay, corn samples were spiked with the
four mycotoxins, and then the sample preparation procedure was followed (extraction and
five-time dilution) and percent recovery was determined as described in the experimental
section. Table 2 summarizes the % recovery values determined for each mycotoxin. In all
cases, the percent recovery values fall within the acceptable range of 80-120%, certifying
the analytical accuracy of the developed multiplex microarray.
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Table 2. Recovery of exogenous added mycotoxins in corn samples.

Mvcotoxin Amount Added Amount Determined % Recove
Yy (ng/mL) (ng/mL) ° Y

. 100 107 £ 6.0 107 £ 6.0

300 310 + 16 103 +£52

0.45 0.42 + 0.04 933+ 95

AFBL 10 11.1 + 0.08 11472

0.60 0.50 + 0.04 833 + 8.0

OTA 10 115+ 0.38 115 + 33

100 116 + 5.4 116 + 5.4

DON 300 327 +22 109 + 6.7

4. Discussion

Glass slides coated with a PMMA layer which underwent micro-nanostructuring
through treatment in oxygen plasma were characterized by an increased protein adsorption
capability (six-fold compared to untreated surfaces and four-fold compared to the epoxy-
coated glass slides) [16]. This increase was attributed to an almost six times increase
in the active spot area with respect to the projected one, as a result of surface micro-
nanostructuring, and led to a considerable increase in detection sensitivity. In addition
to the improved spot fluorescence intensity, it was found that the spot homogeneity and
reproducibility within the slide was considerably improved, mainly due to the lack of the
“coffee-ring” effect observed for the spots created on the epoxy-coated glass slides that were
implemented for comparison [17]. The latter feature greatly facilitated the automatic spot
intensity calculation by the dedicated scanner software. On the other hand, fluorescence
signal enhancement by implementation of noble metals (mostly gold and silver) in the
form of either free standing nanoparticles [20,22] or nanostructured surfaces [23,24] is also
well documented and attributed to plasmonic effects [21].

In order to combine these two fluorescence signal enhancement mechanisms, in
the current work, oxygen plasma micro-nanostructured PMMA slides—referred to for
simplicity reasons as 3D slides—were exposed to further processing by Ag deposition
onto their surface. This was achieved by implementing a commercially available silver
enhancement kit that combined free Ag ions with a reducing agent to induce size growth
of gold nanoparticles by Ag deposition. The size increase is proportional to the duration of
gold nanoparticles incubation with the reagent and it could be applied multiple times to
achieve the required detection sensitivity. In theory, Ag deposition should be negligible in
absence of gold nanoparticles, nonetheless we observed that Ag deposition was possible
onto several surfaces after prolonged incubation with the Ag deposition solution. Moreover,
through repetition of the incubation, an almost homogeneous Ag layer could be obtained.

It is important to notice that a higher increase in the fluorescence intensity was
achieved by the surface that had been exposed to two to three cycles of Ag deposition, while
further repetition of the process resulted in a dramatic reduction in the fluorescence signal.
This result can be attributed to the fact that in order to benefit from the increased surface
area for biomolecule immobilization and the plasmonic fluorescence signal enhancement,
Ag deposition should not completely cover the underlying micro-nanostructure. This is
evident in the SEM images of the Ag plated 3D slides (Figure 5b,c), where the creation of
Ag particles onto the surface was shown to preserve the 3D structure. The application of
more Ag deposition steps could lead to reduction in the 3D structure of the surface, similar
to the one created in the flat PMMA slides (Figure 5d). In addition, the film created might
quench rather than enhance the emitted fluorescence signal due to the darker surface color
(near black) of the substrates subjected to four or five cycles of Ag deposition.

Another interesting finding was the fact that the fluorescence signal increase with
respect to the 3D non-plated slides was not the same for all assays; 2.5 times for FB1 and
DON, about 2.1 for AFB1 and 1.75 for OTA. These differences might reflect the fact that the
effect of Ag nanoparticles on the fluorescence signal enhancement depends on the initial
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signal amplitude, since the ratio of signal increase is higher for the higher signals and lower
for the lower ones. The differences between the assays were more pronounced when the
Ag-3D slides were compared with the flat PMMA slides. In this case, the signals of AFB1
and OTA were found to increase by 2.8 times after oxygen plasma micro-nanostructuring
and Ag plating, 5.6 times for DON, and 16 times for FB1. This difference might also reflect
a different surface adsorption capacity towards the four mycotoxin—protein conjugates
since the flat PMMA surface is far from the ideal microarray support. The multi-parametric
nature of the observed fluorescence enhancement is also depicted in the findings regarding
glass-slides modified with APTES prior to and after Ag deposition. The highest signal
increase was observed for FB1 (by almost eight times), whereas the signal for OTA was
reduced by approximately 40%. On the other hand, the signal increases for AFB1 and
DON were 2.6 and 5.6 times, respectively, in other words close to those obtained when
moving from flat PMMA to Ag-3D slides. Nonetheless, even after Ag deposition, the
signals obtained from the APTES-modified glass slides were at least 2.5 times lower than
the respective ones obtained for the Ag-3D slides.

Another characteristic of the 3D slides that was conserved after Ag deposition, was
the quality of the spots regarding the within-spot homogeneity as well as the spot-to-spot
repeatability [17]. This arises from the fact that neither of the two substrates suffer from
the “coffee-ring effect” and that the water contact angle of the Ag-3D slides is the same
as that of the 3D slides prior to Ag deposition. Despite this, a constant difference in the
size of spots corresponding to the OTA was observed, which were significantly smaller
in diameter compared to the spots corresponding to the other three analytes. Taking into
account that the size of the spot is mainly defined by the contact angle of the surface and
the surface tension of the droplet, the smaller spot size of the OTA-OVA conjugate might
arise from the fact that the concentration of the OTA-OVA conjugate used for spotting
was higher compared to the other three conjugates. To the advantages of the proposed
microarray substrates, one could also count the fact that, for the period of time examined
(three months), neither the absolute fluorescence intensity nor the spot uniformity and
repeatability was affected.

The unique characteristics of the Ag-3D slides were exploited through the develop-
ment of a microarray for the multiplexed immunochemical determination of four mycotox-
ins, namely FB1, AFB1, OTA and DON. A competitive immunoassay format was employed
using mycotoxin—protein conjugates as solid phase reagents, non-labeled primary and
biotinylated secondary antibodies detected by fluorescently-labeled streptavidin. The
multiplexed determination of the four mycotoxins was facilitated by the fact that there
was no detectable cross-reaction of the primary antibodies implemented towards the other
three analytes. In addition, the use of biotinylated secondary antibodies in combination
with fluorescently-labeled streptavidin offered further signal enhancement, reducing the
whole analysis time to 2 h. Since these two reaction steps were performed on the whole
slide by applying a coverslip, the consumption of the reagents was the minimum possible
one. The assays developed had limits of detection (LoD) below the MRLs set by the EU
legislation, wide linear response ranges, and high repeatability and accuracy regarding the
determination of the four mycotoxins in corn extracts.

In conclusion, the Ag-3D slides provided significant fluorescence signal enhance-
ment compared to both 3D PMMA and APTES-modified glass slides along with excellent
spot-to-spot and slide-to-slide repeatability. The compatibility of the Ag-3D slides with
commercially available microarray spotters and scanners facilitates their implementation
as substrates for microarrays for multiplexed determination of analytes in a single run.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/2/392/s1, Figure S1: SEM image of a flat PMMA surface (prior to plasma micro-nanostructuring),
Figure S2. Fluorescence intensity values obtained from Ag-3D slides versus the mycotoxin—protein
concentration used for spotting when each antibody has been used at a concentration of 1 pug/mL.
Black squares correspond to FB1, red circles to AFB1, blue up triangles to OTA, and green down
triangles to DON. Each point is the mean value of 16 spots £ SD, Figure S3. Fluorescence intensity
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values obtained from Ag-3D slides spotted with 25 pug/mL of FB1-OVA, 50 ug/mL of AFB1-BSA,
200 pg/mL of OTA-OVA, and 100 ug/mL of DON-OVA versus the anti-mycotoxin antibody concen-
tration. Black squares correspond to FB1, red circles to AFB1, blue up triangles to OTA, and green
down triangles to DON. Each point is the mean value of 16 spots & SD, Figure S4. Fluorescence
intensity values received using secondary antibodies either fluorescently labeled (orange bars) or
biotinylated in combination with fluorescently labeled streptavidin (purple bars). The primary
immunoreactions duration was 1 h in all cases. Each point is the mean value of 16 spots & SD,
Figure S5. Fluorescence intensity values versus the reaction time with the biotinylated secondary
antibodies. Orange bars correspond to FB1, green bars to AFB1, purple bars to OTA, and yellow
bars to DON. The primary immunoreactions’ duration was 1 h in all cases and the reaction with
the fluorescently labeled streptavidin lasted 15 min. Each point is the mean value of 16 spots & SD,
Figure S6. Fluorescence intensity values versus the primary immunoreactions” duration. Orange
bars correspond to FB1, green bars to AFB1, purple bars to OTA, and yellow bars to DON. The
reaction time with the biotinylated secondary antibodies was 45 min and with the fluorescently
labeled streptavidin 15 min. Each point is the mean value of 16 spots & SD.
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