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Magnetic Reduced Graphene Oxide/Nickel/Platinum Nanoparticles
Micromotors for Mycotoxin Analysis

Agueda Molinero-Fernandez, Adrian Jodra,” Maria Moreno-Guzman,
Miguel Angel Lépez,® and Alberto Escarpa*® "
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Abstract: Magnetic reduced graphene oxide/nickel/platinum
nanoparticles (rGO/Ni/PtNPs) micromotors for mycotoxin
analysis in food samples were developed for food-safety di-
agnosis. While the utilization of self-propelled micromotors
in bioassays has led to a fundamentally new approach,
mainly due to the greatly enhanced target-receptor contacts
owing to their continuous movement around the sample
and the associated mixing effect, herein the magnetic prop-
erties of rGO/Ni/PtNPs micromotors for mycotoxin analysis
are additionally explored. The micromotor-based strategy for
targeted mycotoxin biosensing focused on the accurate con-
trol of micromotor-based operations: 1) on-the-move cap-
ture of free aptamers by exploiting the adsorption (outer

rGO layer) and catalytic (inner PtNPs layer) properties and\
2) micromotor stopped flow in just 2 min by exploiting the
magnetic properties (intermediate Ni layer). This strategy al-
lowed fumonisin BT determination with high sensitivity
(limit of detection: 0.70 ngmL™") and excellent accuracy
(error: 0.05% in certified reference material and quantitative
recoveries of 104 +4% in beer) even in the presence of con-
current ochratoxin A (105-108 £89% in wines). These results
confirm the developed approach as an innovative and relia-
ble analytical tool for food-safety monitoring, and confirm
the role of micromotors as a new paradigm in analytical
chemistry.

/

Introduction

The motion of self-propelled micromotors in extremely small
sample volumes for (bio)sensing purposes is one of the most
exciting areas in contemporary analytical chemistry."~’ Nano/
micromachines with different propulsion mechanisms such as
ultrasonic, magnetic, and fuel propulsion have been report-
ed.[3,679]

For micromotors chemically powered by bubble propul-
sion,"®" especially self-propelled motors based on hydrogen
peroxide,'*"¥ different aspects, such as their continuous move-
ment around the sample and the associated mixing effect due
to the generated microbubble tail,"* have allowed the on-the-
move target-receptor interaction to be greatly enhanced and
the binding efficiency and sensitivity of these assays to be im-
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proved. This ability of nano/microscale motors to capture and
transport specific target analytes in complex biological matri-
ces have laid the foundations for novel biosensing methods® '
and applications.["*¢16-18

Micromotors have been constructed by different approaches
including top-down photolithography, electron-beam evapora-
tion, and stress-assisted rolling of functional nanomembranes
on polymers."®"¥ However, template electrodeposition fabri-
cation has proved to be a simpler and more economical pro-
cesses for the preparation of bimetallic catalytic nanowires"%
and tubular micromotors.?"? Also, the incorporation of
carbon nanomaterials in tubular micromotors has improved
the propulsion performance because of the enhanced catalytic
activity and efficient bubble evolution compared with smooth
tubular micromotors.?>*** Specifically, the exceptional surface
properties of graphene have allowed the attachment of differ-
ent receptors for toxin detection,”®?” the capture and removal
of nerve agents and heavy metals,”® and excellent fluores-
cence-quenching ability based on an energy-transfer mecha-
nism.2934

On the other hand, mycotoxins are potent toxins that cause
negative effects on animal and human health, and are now
considered the most important chronic dietary risk factor, even
more than food additives or pesticide residues.®® Produced as
secondary metabolites by various filamentous fungal species
under different environmental conditions, their negative
impact on public health has lead into the establishment of
maximum permitted levels by the EU [e.g., 0.2 ugmL~" for fu-
monisin B1 (FB1) and 0.002-0.01 ugmL™" for ochratoxin A
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(OTA)L.B¥ Thus, the development of selective and sensitive ana-
lytical approaches is highly recommended.®>*® Immunochemi-
cal methods and liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) have also been used for myco-
toxin determination.®” However, these methodologies are lim-
ited by their nonportability, need for trained personnel, and la-
borious and time-consuming nature, which make their imple-
mentation in several applications difficult.

Graphene-based micromotors for fast and simultaneous mi-
cotoxins determination in food samples have recently been re-
ported by us." The assay principle was based on the on-the-
move fluorescence quenching of the free aptamer in the outer
layer of unmodified rGO as sensing layer. To extend the applic-
ability of the micromotors, in the present work, we used mag-
netic reduced graphene oxide/nickel/platinum nanoparticles
(rGO/Ni/PtNPs) micromotors for biosensing of target mycotox-
ins in food samples. Herein, their adsorption, magnetic, and
catalytic capabilities are reported.

Results and Discussion

Figure 1 illustrates the magnetic rGO/Ni/PtNPs micromotor-
based strategy for mycotoxin biosensing focused on accurate
control of micromotor-based operations: 1) on-the-move cap-
ture of free aptamers and consequently their fluorescence
quenching by exploiting the adsorption (outer rGO layer) and
catalytic (inner PtNPs layer) properties and 2) micromotor
stopped flow in just 2 min by exploiting the magnetic proper-
ties (intermediate Ni layer).

Incubation step Measurement

Stopped micromotors flow

On-the-move adsorption

I ‘rGO/Ni/PtNPsmicromolors ® Fluorophore /\ /" Mycotoxin specific aptamer () Mycotoxin I

Figure 1. Magnetic rGO/Ni/PtNPs micromotors-based strategy for mycotox-
ins biosensing.

Adsorption of the free dye-labeled aptamers on outer rGO
layer by mt—m interactions between ring structures of the nu-
cleotide bases and the hexagonal cells of graphene leads to
their fluorescence quenching. Simultaneously, the high affinity
of the specific aptamer to the mycotoxin causes formation of
the complex, which decreases the exposure of nucleotides to
the graphene micromotors and hence prevents aptamer ad-
sorption by the outer rGO layer and allows their fluorescence.

The motion of the micromotors around the small sample
volume, the mixing effect due to the localized fluid convection
and vortex streams associated with the rapid movement of the
micromotors, and the generated microbubble tail greatly im-
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prove the rGO-aptamer interaction. Thus, the required time for
the micromotors to swim through the sample solution and
reach the maximum number of free dye-labeled aptamers was
just 2 min. This adsorption time is essential to assess the ana-
lytical signal based on the fluorescence of the mycotoxin-apta-
mer complex and was tremendously improved even in com-
parison with other reported values of up to 80 min for a solu-
tion containing a dispersion of graphene under normal stir-
ring.“” When a shaking system (Thermoshaker at 950 rpm)
with identical sample volume was used for comparison, at
least 30 min was needed for a quenching efficiency of about
85%. This shows that the micromotors action greatly improves
the rGO-aptamer interaction, even on board of magnetic mi-
cromotors.

Characterization of rGO/Ni/PtNPs micromotors was also car-
ried out by SEM and energy-dispersive X-ray spectroscopy
(EDX) analysis. SEM-EDX images revealed a tubular shape (Fig-
ure 2A) and a composition (Figure 2B) of carbon, nickel and
platinum corresponding to the outer (rGO, adsorption), inter-
mediate (Ni, magnetic), and inner (PtNPs, catalytic) layers, re-
spectively. These results confirmed successful micromotor fab-
rication. Figure 2C shows the fluorescence mapping of fluoro-
phore-labeled aptamer specific for FB1 and FB1 mycotoxin. Ex-
citation and emission wavelengths of A2 =470 nm and A =
520 nm were chosen for FB1 detection.

FB1 aptamer

A =470
Ao =520

Figure 2. A) SEM analysis. Scale bar: 10 um. B) EDX analysis. Scale bar:
10 um. C) 3D fluorescence spectra of fluorophore-labeled aptamer and FB1
(300-540 nm for excitation and 300-700 nm for emission). Scale bar: 50 nm.

Then, the amount of micromotors and the concentration of
dye-labeled aptamers were carefully optimized. For a fixed
aptamer concentration of 5 um, which produces enough fluo-
rescence intensity, the influence of the amount of micromotors
on the aptamer adsorption and hence the fluorescence
quenching of the free aptamer is shown in Figure 3A. In the
absence of the mycotoxin (orange bars), with increasing
number of micromotors, fluorescence quenching also increas-
es, and the optimum number of micromotors to obtain the
maximum quenching effect is around 4500. Interestingly, when
a 1ugmL™" concentration of FB1 was added to the solution
(blue bars), the maximum fluorescence emission remained con-
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Figure 3. Optimization of the number of rGO/Ni/PtNPs micromotors (apta-
mer concentration: 5 um; A) and aptamer concentration (number of micro-
motors: ~4500; B). Blue and orange colors represent the presence of

1 pgmL~" mycotoxin and absence of mycotoxin, respectively.

stant, and it demonstrated the negligible quenching effect of
the FB1-aptamer complex.

The influence of aptamer concentration was also tested. As
shown in Figure 3B, 5 um was the optimum concentration,
since lower aptamer concentration produces a weaker fluores-
cence signal, even in the presence of the mycotoxin. This indi-
cates that the signal is limited by the aptamer concentration
and not by the quenching effect. Fluorescence increased in
the absence of the mycotoxin for higher aptamer concentra-
tions, as a consequence of an excess of the dye-labeled apta-
mer over the micromotor amount avoiding total quenching.

Table 1 lists the analytical characteristics of the rGO/Ni/PtNPs
micromotors-based method for FB1 mycotoxin determination.
Excellent linearity (r=0.990) as well as limits of detection
(LOD=0.7 ngmL~', S/N=3 criterion) and quantification (LOQ=
5ngmL™", S/N=10 criterion) were obtained for the FB1 assay.

Table 1. Analytical characteristics of the rGO/Ni/PtNPs micromotors-
based approach.

Myco- Linear range Equation r LOD
toxin [ugmL 1 [ugmL ]
FB1 0.005-1 y=903.9x+3093.3 0.990 0.0007
OTA 0.01-10 y=1043x+682.8 0.990 0.004

These values, which are well below the legal requirements of
the EU (0.2 ugmL™" for FB1),*” reveal the suitability of this
novel strategy for FB1 assessment in foodstuffs. Evaluation of
precision at two mycotoxin concentrations (0.01 and
1 ugmL™") yielded relative standard deviations (RSD) of 7 and
5%, respectively (n=35, independent micromotor batches).

Since OTA is a common concurrent mycotoxin with high sig-
nificance, its determination by this approach was also ex-
plored. By using appropriate excitation and emission wave-
lengths for both mycotoxins (A2 =470 nm, A% =520 nm;
9™ =585 nm; A2 =602 nm), good selectivity (cross-reactivity
of 5 and 10% for FB1 and OTA determination, respectively)
was obtained. The OTA calibration data are also listed in
Table 1.

Table 2 lists the results of FB1 determination in food sam-
ples. Outstanding accuracy was obtained when certified refer-
ence material (CRM) was analyzed (error < 0.05%). Also, quan-
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Table 2. Analysis of food samples.
Myco-  Sample Reference Found Error/
toxin value [ugmL™"1  value [ugmL™'l  recovery [%]
FB1 CRM 0.23£0.05 0.23£0.02 0.05

beer 0.20 0.21£0.01 104+4
OTA white wine  0.20 0.22£0.02 108 £8

red wine 0.20 0.21£0.02 105+8

titative and reproducible recoveries (1044+4%) obtained
during the analysis of beer samples revealed its suitability for
their analysis. Excellent quantitative and reproducible recover-
ies of 108 +8% were also obtained for OTA assessment in
wine samples (even in red wines, which are quite difficult),
which demonstrated the accuracy in the simultaneous determi-
nation of concurrent mycotoxins and revealed the analytical
potency of the approach.

Indeed, this strategy exploits not only the adsorption prop-
erties of outer rGO layer, but also the magnetic properties de-
rived from the Ni layer, which allowed accurate control of mi-
cromotor operations. Because of the adsorption of the aptam-
ers on the outer rGO layer, the rGO/Ni/PtNPs micromotors
played a unique role, since they acted as mobile micro clean-
up/sorbent systems. Indeed, they allowed very easy removal of
the clear supernatants with the aid of a magnet, and thus
open novel avenues for analytical operations involving hetero-
geneous phases. Therefore, this approach is a clear alternative
to magnetic particles with the inherent advantages of micro-
motor self-mixing in ultrasmall sample volumes (<10 uL) and
functionalization opportunities for on-the-move biosensing.

Figure 4 and Video S1 (Supporting Information) show the
rGO/Ni/PtNPs micromotors swimming in the analyzed samples
(PBS-T buffer, CRM, beer, white wine, and red wine) with
speeds of 120430, 90420, 110+30, 90+10, and 80+
20 ums™, respectively (at 1% v/v added H,0,). As expected,

PBS-T buffer Red Wine

»

_ _ 80£201um s

900l ims !

Figure 4. rGO/Ni/PtNPs micromotors swimming in different samples (1%
H,0, added). Scale bar: 5 um.

the speed of magnetic rGO/Ni/PtNPs micromotors was de-
creased in comparison with nonmagnetic ones (rGO/PtNPs)
with speeds of 360+60, 260+50, 3204+90, and 280+
90 ums~', for PBS-T buffer, CRM, and beer, respectively,"” due
to the incorporation of Ni. However, this did not hamper ob-
taining excellent analytical performance during the analysis of
food samples, as is demonstrated in Table 2. Furthermore, the
fluorescent mycotoxin—-aptamer complex and the quenching
effect of the free aptamer by micromotors gave identical
values in both food samples and standards and thus revealed
the adsorption capacity of rGO in real environments due to ef-
ficient micromotor navigation in food samples.
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Conclusion

Magnetic rGO/Ni/PtNPs micromotors are a smart and powerful
analytical tool for mycotoxin analysis in foods. Exploiting ad-
sorption, magnetic, and catalytic properties allowed accurate
control of micromotor operations. The on-the-move adsorption
of free aptamer was performed in just 2 min, a dramatic im-
provement compared to the reported literature, with excellent
sensitivity, selectivity, and accuracy in concurrent FB1 and OTA
mycotoxin analysis in food samples. These results allow an ex-
citing future for the novel applications of micromotors in unex-
plored fields such as food safety diagnosis to be envisioned
and confirm the role of micromotors as a new paradigm in an-
alytical chemistry.

Experimental Section
Reagents and materials

Fluorescein amidine (FAM) labeled at the 5-end aptamer, specific
for FB1 (FAM-5'-ATA CCA GCT TAT TCA ATT AAT CGC ATT ACC TTA
TAC CAG CTT ATT CAA TTA CGT CTG CAC ATA CCA GCT TAT TCA
ATT AGA TAG TAA GTG CAA TCT-3') and the ROX-OTA aptamer, spe-
cific for OTA and labeled at the 5" end with rhodamine X (ROX)
(ROX-5-GGG AGG ACG AAG CGG AAC CGG GTG TGG GTG CCT
TGA TCC AGG GAG TCT CAG AAG ACA CGC CCG ACA-3'), were syn-
thetized by Microsynth (The Swiss DNA company, Switzerland).
Graphene oxide (GO) was purchased from Sigma-Aldrich
(2mgmL™" dispersion in H,O, ref: 763705). FB1, OTA, hydrogen
peroxide, sodium dodecyl sulfate (SDS), H,SO,, Na,SO,, H,PtCl,
boric acid, propan-2-ol, and ethanol were purchased from Sigma-
Aldrich. Hydrogen peroxide solution (1% v/v) was used as the
chemical fuel, and SDS solution (1% v/v) as the surfactant in all
propulsion experiments. Aptamers were reconstituted in 10 mm
Tris-HCl buffer (pH 7.5, 100 um) and stored at +4°C until use.
Stock dilution of FB1 (50 pgmL~') was done in ethanol. Phosphate-
buffered saline (100 mm pH 7.5) was prepared with Milli-Q water
and 0.01 % of Tween (PBS-T) and used for dilution of FAM-aptamer,
ROX-aptamer, and mycotoxins. All chemicals used were analytical-
grade reagents, and deionized water was obtained from a Millipore
Milli-Q purification system (18.2 MQcm at 25°C).

Maize fumonisin CRM ([FB1]=2.0+04 mgkg™'; [FB2]=05%+
0.2mgkg'; [FB3]=0.240.1 mgkg ') was purchased from Pribo-
labs (Singapore). According to the instructions recommended by
the supplier, 1 g sample aliquots were extracted with 4 mL of ace-
tonitrile/PBS (50:50, v/v) under refrigeration conditions by tip soni-
cation (VCX130, Sonics, Newtown, USA) for 20 min (5 min/cycle) at
117 W. After centrifugation at 4000 rpm for 10 min, the supernatant
was separated. Beer (Draught Guinness, Dublin, Ireland) was first
degasified for 20 min in an ultrasonic bath and immediately spiked
with different FB1 concentrations. White and red wines (Catalufia,
Spain) were spiked with different concentrations of OTA.

Apparatus

Template-assisted electrochemical deposition of micromotors was
carried out with a p-Autolab Type Il electrochemical station (Eco
Chemie, Utrecht, Holland). SEM images were obtained with a JEOL
JSM 6335F instrument at an acceleration voltage of 22 kV. EDX
mapping was performed with an EDX detector attached to the
SEM instrument. A Dilor XY Raman spectrometer, equipped with
two types of detectors (one matrix-type and one photomultiplier)
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with measurement in the sample and by microscope, was used. It
is equipped with two alternative sources: Kr* Coherent Innova 70-
K laser and Ar" Coherent Innova 90C laser. An inverted optical mi-
croscope (Nikon Eclipse 80i upright microscope), coupled with dif-
ferent objectives (10x, 20x, and 40x), a B2-A fluorescence filter
(Aex=470 nm, A, =520 nm) for FAM, G-2A fluorescence filter (A, =
585 nm, A.,=602nm) for ROX, a Hamamatsu C11440 digital
camera, and NIS Elements AR 3.2 software, was used for capturing
images and movies at a rate of 30 frames per second. A PerkinElm-
er LS-50B luminescence spectrophotometer equipped with a Xe
flash lamp and quartz cuvettes of 1 cm path length thermostated
with a Thermomix BU bath for fluorescence measurements was
also used. The excitation and emission slit widths were 5 nm and
the scan speed was 1000 nmmin~'. Data acquisition and analysis
were carried out with the PerkinElmer Flwin Lab software. The
speed of the micromotors was tracked with an NIS Elements track-
ing module. The fluorescence signal produced by the hybridization
process between the dye-aptamer and the target mycotoxin was
estimated by analyzing the corresponding time-lapse images with
the Gwyddion software. Aptamer-mycotoxin incubation steps
were performed in a Thermoshaker TS-100C from Biosan (Latvia).

Methods

Electrosynthesis of graphene micromotors: The rGO micromotors
were prepared by electrochemical reduction of graphene oxide
into 5 um-diameter conical pores of a polycarbonate membrane
(Catalog No. 7060-2513, Whatman, Maidstone, UK). The branched
side of the membrane was treated with a sputtered thin gold film
to perform as a working electrode. The membrane was assembled
in a Teflon plating cell with aluminum foil serving as an electrical
contact to the working electrode for the subsequent electrodeposi-
tion. GO (0.5 mgmL™") was first dispersed in a solution containing
0.1m H,SO, and 0.5m Na,SO, in an ultrasonic bath for 15 min. The
electrochemical reduction of GO was carried out by cyclic voltam-
metry (+0.3 to —1.5V vs. Ag/AgCl (3m KCl) at 50 mVs™' for five
cycles; n=5) by using a Pt wire as counter electrode. A magnetic
layer of Ni was incorporated in the micromotor structure for effi-
cient magnetic control of the micromotor. The nickel tube layer
was plated inside the reduced carbon layer by galvanostatic
method. First, ten pulses of —20 mA were applied for 0.1 s to gen-
erate nucleation spots. Then, a constant current of —6 mA was ap-
plied for 300 s to grow the nickel layer.*” Subsequently, a platinum
layer was plated inside the rGO tube. The inner PtNPs layer was de-
posited by amperometry at —0.4 V for 750 s from an aqueous solu-
tion containing 4 mm of H,PtCl, in 0.5m acid boric. The sputtered
gold layer was gently hand polished with 1 um alumina slurry.
After that, the membrane was dissolved in dichloromethane for
30 min to completely release the microtubes. The microrockets
were placed on the magnet holding block and the supernatant
was removed. Afterwards, successive washes with propan-2-ol and
ethanol (both twice) and ultrapure water (18.2 MQ cm, three times)
were performed with 2 min on the magnet holding block between
each wash. All microtubes were stored in ultrapure water at room
temperature when not in use. The template preparation method
resulted in decidedly reproducible micromotors. Template prepara-
tion of micromotors is depicted schematically in Figure 5.

Micromotor-based mycotoxin assay

A solution containing 5 um of the specific fluorophore-labeled
aptamer and FB1 or OTA was incubated at 25°C with gentle stir-
ring for 15 and 60 min for selective recognition, respectively. Then,
5 uL of this mixture containing the aptamer-mycotoxin complex

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lytic layer (PtNPs) (iii), and micromotors release (iv).
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and/or free aptamers was transferred to a microcentrifuge tube
containing around 4500 rGO/Ni/PtNPs micromotors, 1 uL of SDS
(1% v/v final concentration), and 5 pL of H,0, (1% v/v final con-
centration). Under these conditions, micromotors were allowed to
autonomously swim into the solution to perform on-the-move cap-
ture of free aptamers by the outer graphene layer of the micromo-
tors. After 2 min, micromotors were stopped by placing the tube
on a magnetic holding block, and three 1 pL aliquots of superna-
tant were transferred to an inverted optical microscope to record
the fluorescence signal. Fluorescence measurements were per-
formed with a B2-A filter (A.,,=520 nm; 1.,=470 nm) for FB1 and
G2-A filter (Aq, =602 nm; A, =585 nm) for OTA. The LOD and LOQ
were obtained for S/N=3 and S/N=10 criteria, respectively. To this
end, S was estimated as the fluorescence of the lowest concentra-
tion of the calibration graph (n=10) and N as the fluorescence in
the absence of mycotoxin.
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