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ARTICLE INFO ABSTRACT

Keywords: Okadaic acid (OA) is one of the most prevalent and largely distributed bio-toxin in the world. Consumption of
Okadaic acid OA results in a series of digestive ailments such as nausea and diarrhea. This study demonstrates the preparation
Phosphorene and functioning of an electrochemical microfluidic biochip for the detection of OA. The screen-printed carbon

Phosphorene-gold
2D nanomaterials
Microfluidics

electrode (SPCE) was modified by phosphorene-gold nanocomposite onto which an aptamer specific to OA was
immobilized. BP-Au nanocomposites were synthesized by an in-situ, one-step method without the use of a re-
ducing agent. Potassium ferro-ferri cyanide was used as a redox pair to quantify signal strength. To improve
reaction time, increase sensitivity and portability, a microfluidic platform was designed and developed. This
device comprised of channels identified for specific purposes such as sample mixing and incubation. Overall, the
integrated system consisted of a polydimethylsiloxane microfluidic chip housing an aptamer modified SPCE, as a
single detection module for Okadaic acid. The nanomaterials and the microfluidic channels prepared were
spectroscopically and electrochemically analyzed. Differential pulse voltammograms revealed a detection limit
of 8 pM, while a linear range was found between 10 nM-250 nM. Selectivity studies were also performed with
spiked mussel samples and other interfering species. This point-of-care device can be deployed to perform on-
farm assays in fishing units.

1. Introduction

Photosynthetic organisms (marine algal blooms) often flourish
during the warm summer months of the year. However, some phyto-
plankton, broadly classified under “harmful algal blooms” (HABs),
produce chemically stable compounds which negatively impact human
health (Hallegraeff, 1993). With shifting global dynamics, it has been
hypothesized that environmental changes and climatic fluctuations in-
crease the production of HABs (Landsberg, 2002). A by-product of HAB
is Okadaic Acid (OA), which originates from algal genera Prorocentrum
and Dynophysis. The okadaic acid group of biotoxins, consist of okadaic
acid (OA) and its analogues dinophysistoxins 1, 2 and 3 (DTX-1, DTX-2
and DTX-3) (Morabito et al., 2018). Chemically, OA [C45Hgg013] is a
polyether fatty acid derivative and has been recognized as a major toxic
compound in Diarrheic Shellfish Poisoning (DSP). OA accumulates
widely in the adipose tissue of bivalve marine species such as clams,
mussels, and scallops. Ingestion of OA contaminated seafood, results in
a series of gastrointestinal symptoms like vomiting, diarrhea, abdom-
inal cramps, collectively known as DSP (Ishihara et al., 1989). OA
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poisoning occurs by the inhibition of major Ser/Thr protein phospha-
tases — PP1, PP2A and PP2C. These phosphatases (enzymes) control
cellular phosphorylation and de-phosphorylation activities which help
maintain the cytoskeletal structural and functional integrity. In addi-
tion, OA is also a potent tumor promoter, known to initiate the TNF-a
pathway causing tumors in different parts of the body Haystead et al.
(1989); Cohen et al. (1990). Hence, the buildup of these biotoxins in
marine life has raised food safety concerns among fishing industries and
governments worldwide.

According to European standards (CE No: 853/2004) the maximum
threshold level for OA in sea-food are set at 160 pg/kg (of shellfish
meat) (“European Food Safety Authority,” 2008). This low permissible
limit has urged scientists and researchers to look for effective detection
techniques. Various analytical methods have been developed over the
years, the first of which was the mouse bioassay (MBA). This in-vivo
assay was considered the standard method for the quantification of OA
until 2011 (EC No.15/2011). Although it is the simplest screening
method, MBA caused large variability in results due to mouse gender,
health and low specificity to toxins (Suzuki and Okada, 2018).
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Advancements in science and technology gave rise to lab-based tech-
niques which alleviated costly animal maintenance and ethical issues.
Chromatographic techniques such as Capillary Electrophoresis (CE) (de
la Iglesia et al., 2007) and liquid chromatography mass-spectroscopy
(LCMS) were introduced, which gave a limit of detection of ~0.015 ug/
g (Suzuki et al., 2009). The LCMS was later recognized as the standard
technique for OA detection due to good sensitivity, repeatability, and
insight into structural information (Sassolas et al., 2013). A combina-
tion of micellar electrokinetic chromatography and ultraviolet detec-
tion was used to determine the concentration of Okadaic acid in a
sample by (Bouaicha et al., 1997) with a linear range of 40-640 pg/ml.
In the last decade, immunological detection methods gained popularity
owing to their sensitivity, cost-effectiveness and high recovery. Direct
and competitive Enzyme-linked Immunosorbent Assay (ELISA) were
designed on the basis of simple antigen-antibody interaction. Variable
parameters for any immunological sensing system are (a) Mode of Ab
immobilization (b) choice of the transducer and (c) surface modifica-
tion (Stewart et al., 2009). Based o these considerations, several im-
munosensing platforms were developed namely: electrochemical, pie-
zoelectric, optical, surface plasmon resonance (SPR) and
chemiluminescence (Su et al., 2017). Among the above listed various
sensing techniques, electrochemical sensing has garnered attention due
to its selectivity, analyte specificity, and easy handling. However,
drawbacks include longer analysis time, multiple washing steps and
cost of antibodies.

With the development in molecular sciences, nanomaterials were
discovered to have enhanced properties as compared to their bulk
counterparts. The 2D nanomaterials (2DM) were preferred as they
possess a unique sheet-like ultrathin structure of a few atomic layers
(Zhang et al., 2018). Their simple preparation, easy functionalization,
and biocompatibility made 2DM a promising transducer modification
for improved biosensor performance. Further, challenges faced by im-
munosensor technology gave rise to the discovery of aptamers which
are short DNA strands, approximately 25 bases long. The Systematic
Evolution of Ligands by Experimental Enrichment (SELEX) process is
employed to screen large combinations of DNA libraries and the se-
quence having an affinity to target is isolated on the basis of its dis-
sociation constant (K4) (Wu and Kwon, 2016). Some of the advantages
aptamers have over antibodies include: (1) better shelf life and stability,
(2) can be made synthetically and does not require an animal source,
(3) kinetic parameters can be altered according to application, (4)
minimal batch to batch variation, and (5) high specificity (Teller et al.,
2009).

Herein, a unified aptasensing system for the detection of OA was
developed taking into account the positives of 2DM nanocomposites.
Phosphorene nanosheets have been chosen for the purposes of this re-
search, as they have proven to be a good alternative to graphene
(Ahmed et al., 2017). Black Phosphorous (BP) is known for stability,
unique hinge structure, high band gap and reactive edge structure (Ren
et al., 2017). A high bandgap activity of 0.36eV has been observed by
(Liu et al., 2014) indicating high hole mobility in exfoliated BP sheets.
Further, its property to reduce bulk gold into nanoparticles without the
use of a reducing agent, like sodium citrate has been validated in this
paper. The working of the electrochemical sensor was enhanced by
incorporating multiple layers of BP-Au NC. The synthesized BP-Au NC
served as a backbone to the aptamer sequence, fastening it throughout
the process. The use of a ferro-ferri cyanide redox probe eases the
sensing process, thus yielding a label-free electrochemical sensor. The
interaction of OA specific aptamer with target causes a variation in
charge transfer on the surface of the electrode. A higher concentration
of OA would lead to reduced current output while the reverse would
happen at lower concentrations. In addition, this paper also highlights
the fabrication of a microfluidic biochip for OA detection. This in-
tegrated chip comprises of specific zones for on-chip functions such as
incubation, mixing and sensing. The nanomaterials synthesized were
characterized wusing Transmission electron microscopy, Raman
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Spectroscopy, Energy Dispersive X-Ray Analysis (EDX) and UV- Visible
spectroscopy in addition to electrochemical studies such as Cyclic
Voltammetry (CV) and Differential Pulse Voltammetry (DPV).

2. Experimental procedure
2.1. Materials

Black phosphorous powder was obtained from ACS Materials (CA,
USA). Hydrogen tetrachloroaurate (III) hydrate (HAuCl,. 3H,0), po-
tassium hexacyanoferrite (K3 [Fe(CN)g]), potassium hexacyanoferrate
(K4 [Fe(CN)gl), phosphate buffer saline (PBS) tablets, N-methyl-2-pyr-
rolidone (NMP) and Lysozyme (chicken egg white) were purchased
from Millipore Sigma (Oakville, ON, Canada). Milli- Q water (18.2 M,
DI water) was used throughout the experiment and fresh buffers were
prepared whenever required. Carbon screen-printed electrodes (SPCE)
were obtained from Orion High Technologies (Spain). The SPCE has a
working electrode of 4 mm diameter, an (Ag/AgCl) reference electrode
and a carbon counter electrode on a flexible PET substrate. For the
preparation of microfluidic chips, PDMS (Sylgard, 184), an elastomer
base and curing agent were obtained from Dow Corning (Canada). SU-8
Photoresists (SU-8 2025) and developer were purchased from
MicroChem Corp. (Westborough, MA, USA). Okadaic acid sodium salt
and Brevetoxin were acquired from Abcam (Canada). Aptamer se-
quences specific to Okadaic acid were determined from previous studies
(Eissa et al., 2013; Wu et al., 2015) and synthesized by IDT Technolo-
gies (USA). The aptamer (OA- Apt) sequence chosen is as follows:

5’- Thiol -GGTCACCAAC AACAGGGAGC GCTACGCGAA GGGTCAA
TGT GACGTCATGC GGATGTGTGG-3'.

The 5’ end of the aptamer was thiolated (-SH) so that it can readily
bind with the synthesized BP-Au nanocomposite. TE buffer (10 mM
Tris/1 mM EDTA) was used to re-suspend the lyophilized aptamer to
yield a stock solution of 100 uM.

2.2. Nanocomposite synthesis and characterization

The BP-Au nanocomposite preparation was based on the in-situ
reduction capacity of BP nanosheets on HAuCl,. In brief, 20 mg BP
crystals were dispersed in 20 ml of NMP and exfoliated for a period of
8h (Fig. S1). The sonication tip was set to a power of 200 W with a 2s
ON time and a 4 s OFF time. The mixture was immersed in an ice bath
to maintain the temperature around 5 °C throughout the process. Fur-
ther, the dispersion was centrifuged at 5000 rpm for 10 min to obtain
BP nanosheets. BP-Au nanocomposite (BP-Au NC) was prepared by the
addition of 5ml of BP stock solution to 20 ml of boiling water. To this
dispersion, 20 mM of HAuCl, was added and allowed to boil for a
period of 2 min. A change from blackish-yellow to a deep purple color
marked the formation of BP-Au NC. Further, the mixture was taken off
the heat and allowed to stir at room temperature for a period of 2h.
Once cooled, BP- Au NC was stored in the refrigerator at 4 °C for later
use.

Characterization of the synthesized BP and BP- Au NC was done
using UV- VIS Spectrophotometer (DR- 6000 UV-VIS, Hach, Germany),
Transmission Electron Microscopy (TEM, Tecnai G2 F20,USA), Raman
Spectroscopy (Renishaw inVia Raman Microscope) and EDX Energy
Dispersive X-Ray Spectroscopy (FEI Inspect S50, SEM, USA).

2.3. Electrode modification

Bare screen-printed carbon electrodes (SPCE) were first character-
ized for their current characteristics before modification. The CV stu-
dies were performed in the presence of 5mM [Fe(CN)g] 3-/4 redox in-
dicator. Working electrodes were modified by drop casting 10 L of the
synthesized BP-Au NC dispersion on the working electrode. Following
that, the electrodes were oven dried at 40 °C to promote adhesion to the
surface. Multiple layers of BP-Au NC were drop-cast, to ensure an even
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Fig. 1. Microfluidic electrochemical aptasensor for the detection of Okadaic Acid: (A) Graphical of the fabricated PDMS microfluidic chip (B) Schematic re-

presentation of the process of aptamer-based sensing.

coat of nanocomposite on the surface. These SPCEs were further func-
tionalized by immobilizing the aptamer specific to Okadaic acid
(Fig. 1B). Various aptamer concentrations ranging from 0.25 uM-2 uM
were drop-cast onto the functionalized electrodes and incubated over-
night in a moisture chamber at 6 °C. At the end of the binding process,
the electrodes were gently washed using DI water to remove unbound
aptamers. The prepared electrodes were stored at 4 °C for later use.

2.4. Microfluidic device design

A soft lithographic technique was used to fabricate a flexible PDMS
microfluidic chip. Fig. 1(A) is a graphical representation of the fabri-
cated Y- channel microfluidic device comprising of two inlets, an in-
cubation channel, a sensing zone, and outlets. The microfluidic channel
was first designed using AutoCAD® software, which was developed into
the desired photomask (CAD/Art Services, Inc., OR, USA). Next, SU-8
negative photoresist was carefully spin coated (Brewer Science, USA)
on the surface of a clean silicon wafer. The modified silicon wafer was
baked for a stipulated time period to improve adhesion between the
resist and the substrate. This step was followed by exposing the sub-
strate to UV light (UV- KUB2) through the photomask to develop the
required pattern. Post-exposure baking and SU-8 development were
done to obtain the final master mold. Meanwhile, a mixture of Sylgard
184 PDMS and its curing agent, in the ratio 10:1 was mixed vigorously
and degassed. This mixture was carefully poured over the master mold
and cured for a period of 3hat 75 °C in a hot air oven. At the end of the
curing period, the PDMS replica of the mold was peeled off and holes
for inlet and outlet were punched.

The bottom layer was prepared by pouring a thin layer of PDMS
onto a mold containing a chamber matching the dimensions of the
SPCE. The PDMS obtained was cut in accordance with previously pre-
pared channel bearing layer. OA-Apt functionalized SPCE was precisely
glued onto the groove of the bottom layer. Following this, both layers
were treated with oxygen plasma (Harrick Plasma, PDC-32G, USA) for
30s. The top and the bottom layers were carefully aligned and bonded,
with the help of a light microscope. Care was taken to ensure no leakage
occurred between the layers.

2.5. Electrochemical detection of OA

The fundamental working principle of this sensor is based on the
interaction between OA specific aptamer sequence and the incoming
target. A change in overall resistance is observed when the OA- Apt
sequence (attached to BP-Au NC) captures the OA in solution. In order
to determine the interaction time required between OA and OA- Apt,
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various intervals ranging from 5 to 60 min were studied. Okadaic acid
stock solution (1 mM) was prepared in 1 mMTE buffer (pH 7.0).
Different concentrations of OA targets were injected manually into the
sensing zone and allowed to interact at room temperature.

The performance of the aptasensor for OA was tested with the help
of PalmSens’ (PalmSens4, Netherlands) electrochemical interface.
Electrochemical parameters such as Cyclic Voltammetry (CV) and
Differential Pulse Voltammetry (DPV) were explored. A solution of
5mM [Fe(CN)]*>”* in 1 mlTE buffer was used as a redox pair for the
experiment. CV measurements were recorded in the range —0.5V to
0.8 V with a scan rate of 20 mV/s. The OA- OA Apt binding studies were
performed using DPV in the scan range —0.2-0.5Vat a scan rate of
25mV/s and amplitude of 50 mV. A step potential of 2mV and a cur-
rent range of 1 pA was set for all DPV studies. The microfluidic chip
integrated with the modified SPCE was connected to the potentiostat
for electrochemical measurements.

2.6. Real sample preparation

Fresh mussels were purchased from the local market and its tissue
was separated from the shell. The mussel tissue mass was run under DI
water and the excess fluid was strained off using absorbent towels. The
extraction process was adapted from (Weng and Neethirajan, 2018)
wherein briefly, 250 mg of mussel tissue was homogenized with the
help of a laboratory blender to make a smooth paste. To this, 1 ml of
50% methanol was added and mixed for 5 min. The methanolic extract
was later subject to centrifugation at 4000 rpm for 5min. The super-
natant was isolated into a fresh centrifuge tube and flash heated for
5min at 80 °C and centrifuged at 5000 rpm for 7 min. Again, 100 uL of
this supernatant was suspended in TE buffer and stored at 4°C for
further experimentation (Fig. S5).

3. Results and discussion
3.1. BP-Au NC synthesis and SPCE modification

The BP nanosheets were synthesized using a facile liquid exfoliation
technique of bulk phosphorene crystals. The structural and functional
properties of phosphorene were analyzed using various characteriza-
tion techniques. Elemental analysis (EDX) on exfoliated phosphorene
and phosphorene gold nanocomposite were performed to understand
the distribution of AuNP on the surface of BP (Fig.S2(A)). The presence
of phosphorous, carbon and oxygen in the synthesized nanosheets
proves the formation of BP. Morphological characteristics of BP na-
nosheets were further explored using TEM where a dispersion of BP



S. Ramalingam, et al.

Biosensors and Bioelectronics 135 (2019) 14-21

(A)

o
§f 10-
0.5+
0.0 . . r
400 500 600 700 800
Wavelength (nm)

(B)

Fig. 2. Structural Characteristics of BP-Au NC: (A) UV-Vis Spectra of BP, BP- Au and Au Nanoparticles (B) TEM image of (i) BP sheets and (ii) BP-Au Nanocomposites.

nanosheets (1 mg/ml) was briefly sonicated drop-cast onto a mesh grid
and air dried (Fig. 2B(i)). The TEM studies revealed that the BP na-
nosheets had a typical layered structure and sheet-like pattern. Inter-
layer interactions between BP sheets are governed by weak van der
Waals forces and strong in-plane bonds (Stanford et al., 2018). These
properties lead to stacking-up of a few layers to form one of the most
stable 2D materials. The synthesis of BP- Au nanocomposites was per-
formed by an in-situ, single step method without the presence of a re-
ducing agent. Citrate reduction is ideally used for the reduction of gold
salt into Au nanoparticles. It was identified that, when Au salt was in-
troduced into a boiling solution of phosphorene in DI water, the solu-
tion turned purple within 4 min. This observation validated the redu-
cing nature of BP in an aqueous medium and further confirmation was
obtained using microscopic studies. TEM of BP-Au NCs confirmed the
attachment of Au nanoparticles to the surface of phosphorene sheets. A
higher magnification was employed to understand the surface mor-
phology of the nanocomposite. A larger population of Au nanoparticles
were observed around the edges of the BP nanosheets. This could be
due to sheet-like structure of BP and AuCly-attaching itself to the cor-
ners as a starting point for further nucleation (Shi et al., 2013). The size
of the Au nanoparticles (Fig. 2B(ii)) was calculated using ImageJ and
was averaged to be ~6nm. This finding can be attributed to the fact
that the addition of water during BP-Au synthesis plays a significant
role in the degradation of BP and hence the growth of Au on its surface
(Huang et al., 2017). The UV-VIS spectroscopic analysis was performed
on BP nanosheets, BP-Au NC and prepared Au nanoparticles. A wide
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excitation band observed in the UV- NIR region is responsible for a light
yellowish color to the prepared BP nanosheets. A strong absorbance
band was observed due to surface plasmon resonance by the Au na-
noparticles around 550 nm (Fig. 2A). The BP-Au NCs UV-VIS spectra
also exhibited the characteristic gold peak conforming the formation of
the composite. The Raman spectra of phosphorene nanosheets gave an
insight to its Raman active modes. As shown in (Fig. S2 (B)), A7 and B}
in-plane modes were observed at 467 cm ' and 439 cm ~ ! respectively.
Out -of- plane modes (A};) vibrational mode was observed at 362 cm ™ !.
In the case of Bg vibrational mode, the phosphorous atoms vibrate in
the arm-chair plane, while in the Aé mode they vibrate along the zig-zag
direction (Wu et al., 2018). The BP-Au NCs however, exhibited a slight
red shift which could be due to the influence of Au nanoparticles. The
observed results were in tandem with previously established studies
(Yang et al., 2017).

The working electrode of the SPCE was modified with BP-AuNCs
and its performance as a biosensor was evaluated. Pristine carbon
electrodes were subject to CV where 5 mM [Fe(CN)¢] 3-/4 was used as a
redox couple. The inert nature of carbon did not contribute to any
unique response in peak current. On the other hand, electrode mod-
ification with BP-AuNC provided a significant change in anodic and
cathodic peak current. The cyclic voltammograms of electrode mod-
ifications are illustrated in (Fig. S3(A)). Maximum peak current was
observed in BP-Au NC modified electrodes while the same greatly re-
duced when OA target interacted with OA Apt on the electrode surface.
The BP-Au NC peak current characteristics were in accordance to the
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structural characteristics of BP-AuNC. BP nanosheets are known to
exhibit up to 1000 cm?/V.s of electron carrier mobility (Tuteja and
Neethirajan, 2018) while its integration with Au nanoparticles would
promote charge transfer among the lattice structure of exfoliated layers.
Scan rate dependency studies shown in (Fig. S3 (B)) demonstrates the
reversible nature of the redox probe and a linear relationship between
the anodic and cathodic peaks with increasing scan rate. The absence of
extraneous peaks at higher scan rates (10 mV/s to 200 mV/s) accounts
for the stability of BP-AuNC. In addition to CV studies, electrochemical
impedance spectroscopy (EIS) was performed to understand the beha-
vior of the synthesized nanocomposite BP-Au using 5 mM [Fe(CN)g]>”*
as redox probe. The Nyquist plots and its equivalent circuit (inset) of
Fig. S4 represent electron transfer kinetics of different modifications of
screen-printed carbon electrodes. The semicircle (high frequency) and
line (lower frequency) indicate that the sensing process is governed by
electron transfer and diffusion characteristics respectively. The dia-
meter of the semicircle corresponds to the charge transfer resistance
(R on the electrode surface, which, as expected is highest for the bare
electrode. The Warburg Impedance element and the resistances R, and
R3 collectively provide an idea of the solution resistance in the sensing
system. A lower resistance was observed on BP modification. Least R
was observed in the synthesized BP-Au nanocomposite which proves
that the electrochemical performance of the synthesized BP-Au nano-
composites is much higher than Au nanoparticles. Hence, a 3 layer
deposition of 1 mg/ml BP-Au NC was selected for further studies.

3.2. Optimizing sensor parameters

Working of the sensor was assessed by functionalizing BP-AuNC
coated electrode surface with OA-Apt. The redox activity of these
electrodes was examined by differential pulse voltammetry (DPV) stu-
dies using 5 mM [Fe(CN)g]>7*. The aptamer specific to okadaic acid
was synthesized with Thiol group (-SH) attached to the 5’ end. Thiol-
gold bonding is an established mechanism of interaction, where the
thiolated biomolecule readily attaches itself to AuNP. This form of
chemical adsorption has does not affect the structural or functional
properties of the aptamer, thus keeping its sensitivity and selectivity
uncompromised (Pensa et al., 2012). The concentration of thiolated
aptamer (OA-Apt) deposited on the surface of the electrode was opti-
mized before carrying out redox studies. OA-Apt concentrations ranging
from 0.25uM to 2uM were immobilized on the surface of modified
electrodes in triplicates. Upon aptamer immobilization the WE surface
undergoes steric hindrance or blocking, causing a significant reduction
in electron transfer kinetics. An apparent current saturation was ob-
served atl pM shown in (Fig. 3A). Therefore, to avoid higher resistance
and lower affinity to aptamer-target binding 1 uM of aptamer was se-
lected for further studies.

Another important factor that contributes to the performance of the
sensor is assay time. Optimizing the interaction between OA target and
OA-Apt on sensor surface helps in effective sensing. 250 nM of OA was
added to the surface of aptamer modified BP-AuNC electrode and al-
lowed to interact. The time span was varied between 5 min—-60 min and
changes in output current were measured using DPV with 5mM [Fe
(CN)6I®>”# as redox indicator (Fig. 3B). The highest peak current was
obtained at 5 min and an exponentially decreasing signal was observed
with increasing time, finally attaining saturation. The high peak current
prior to 30 min could be due to improper binding of OA with OA-Apt,
while in the case of longer time periods (60 min) no significant binding
occurred. Hence, an incubation time of 30 min was chosen for the final
experiment.

3.3. Microfluidic OA aptasensing
The lab - on - chip-based detection system has proven to be a great

platform for sensitive biochemical applications. Point-of-care micro-
fluidic devices facilitate low sample consumption, faster and reliable
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analysis, and high sensitivity. However, utmost care has to be taken in
fabrication to avoid deposition of dust and formation of air — pockets,
leading to improper adhesion and leaking. In this work, a flexible PDMS
based SPCE integrated microfluidic chip was fabricated for the detec-
tion of Okadaic acid. A simple Y- channel continuous - flow micro-
fluidic set up was used. The design was specifically made to provide
maximum time for incubation of OA Apt, as the sample travels from the
inlet to the sensing zone. The width of each channel was set to 200 um
and the sensing zone had a diameter of 4 mm. A zig-zag pattern with
corrugation was used to increase mixing effects (Fig. 4B). The micro-
fluidic- SPCE set up was attached to the potentiostat port and the inlets
were used to manually inject 50 pL of the sample. This set up is sche-
matically represented in (Fig. 4A). The interaction of OA sample with
OA- Apt resulted in a significant reduction of peak current. This change
can be related to the repulsion experienced between the negatively
charged redox probe [Fe(CN)¢]>”* and negatively charged aptamer
sequence thus reducing peak current. Hence, for microfluidic aptasen-
sing of OA, optimized parameters of 1 uM of OA- Apt and 30 min in-
cubation time were employed.

Differential pulse voltammetry was used to determine the sensitivity
and selectivity of the OA microfluidic biosensor. Aliquots of different
concentrations ranging from 50 pM-250nM were prepared in TE
buffer. Form the DPV data shown in (Fig. 5A), it can be understood that
the cathodic peak current (8.889 pA) was the highest in the absence of
OA (blank). However, when the concentration of OA was increased to
250nM the cathodic peak current dropped to 2.5pA (E,, = 0.15V).
The 250 nM concentration Okadaic acid, produced the least amount of
current (~0.25pA) upon interaction with the aptamer. It can be con-
cluded from the study that with increasing concentration of target there
is a significant decrease in peak current. This is due to the conforma-
tional change occurring in the DNA sequence in the presence of the
target molecule. A linear fitting model was developed on the basis of
the DPV results where the current was varied against the concentration
of OA used. An average of triplicates for each concentration was plotted
and the respective standard deviation was represented as error bars
(Fig. 5B). is a graphical representation of the obtained current for the
various concentrations of Okadaic acid in TE buffer. Various aliquots of
OA ranging from 0 to 250 nM were tested with the fabricated biochip
and the peak currents were recorded. A good linear relationship was
obtained between 10 nM and 250 nM concentration of Okadaic acid,
which can be represented by the equationy = —0.0142x+6.1139. The
correlation coefficient of the linear range was determined to be
R? = 0.9887. The limit of detection of the biochip was calculated using
the standard deviation method, given by the formula (3*0)/slope. The
limit of detection (LOD) of the system was determined to be 8 pM.

A recent study on mouse bioassay revealed that variability in mice
strain had a significant effect on its reaction to DSP(Suzuki, 2012).
However, with the development of DNA based detection techniques, a
more rapid and reliable monitoring system can be achieved. Hence, this
study proposes a disposable microfluidic platform as a point of care
device for the detection of okadaic acid. The limit of detection of this
sensor is comparable to other research works in the same field (Eissa
et al., 2013; Rhouati et al., 2013; Hayat et al., 2011). According to food
safety standards and guidelines, the minimum dietary limit to cause a
significant reaction is 160 pg/kg which is well above the LOD of this
sensor. The obtained results demonstrate a proof- of —concept study on
the applicability of this sensor in real time.

3.4. Interference studies and real sample analysis

Evaluating cross-reactivity is an important factor in biosensor as-
sessment. It must be ensured that the percentage of false positives in
practical applications is kept minimal. To check the selectivity of the
OA aptasensor, negative control studies were performed. A concentra-
tion (50 nM) of each toxin was prepared in TE buffer and injected into
the microchannels. After the incubation time period of 30 min, 100 uL
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interaction time between OA- Apt and OA target in the presence of 5mM [Fe(CN)¢]>"*
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Fig. 4. (A) Schematic of the overall working mechanism of the microfluidic biochip (B) (i) PDMS channels containing inlet, mixing channels, incubation chambers
and modified SPCE on a glass substrate (for illustration) and (ii) Prototype of the final sensor (a) Microscopic image of inlet channel (b) Mixing channels having

corrugations to facilitate mixing under 50X magnification.

of 5mM [Fe(CN)g]>”* was used to obtain a DPV response graph. An
average of 3 trials (n = 3) was performed for each, to acquire statistical
significance. As shown in the graph (Fig. S6), the anodic peak current
obtained for all recognition molecules other than OA, was close to
blank. This indicates that the interaction between OA-Apt and other
biomolecules were non-existent. The average error range for the per-
formed trials was between (6-8%) showing good responsiveness to OA
samples. The fabricated sensor did not display any cross-reactivity with
brevetoxin or lysozyme.

In addition, fresh mussel samples (uncontaminated) were prepared
by steps explained in Section 2.6. The extracts were spiked with a
known concentration of OA and injected into the microfluidic channels.
DPV analysis of all the different concentrations was run to validate the
extent of detection when it comes to shellfish samples. Results discussed
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in Table 1 explain the extent of recovery for each of the samples ex-
amined. The recovery observed was between 2 and 7% for an average
of n = 3 replicates. Low error in spiked samples proves the performance
of the biosensor in a more complex food matrix. Table S2 compares
some of the recent research conducted in the detection of okadaic acid
with this study. From these results, it can be concluded that the fabri-
cated microfluidic biosensor can be applied to facilitate real-time
monitoring of Okadaic acid levels.

4. Conclusion

This work elucidates the fabrication and working of a microfluidic-
based aptasensor for the detection of okadaic acid. An electrochemical
approach was preferred for its sensitivity and recovery. Phosphorene,
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Fig. 5. Okadaic acid aptasensing: (A) DPV signals obtained for various test concentrations of okadaic acid using a ferro-ferri cyanide indicator (B) Peak currents
obtained for various concentrations of OA in TE buffer and (Inset) Linear fitting of peak current obtained for OA concentrations (10nM-250nM) having an

R? = 0.9887.

Table 1
Detection of Okadaic acid from spiked mussel extract.

Spiked Concentration (pM) Detected Concentration (pM) % Recovery

50 52.18 104.06
500 510.21 102.012
1000 985.25 98.51
2000 1916.79 95.832
5000 4750.53 95

known for its stability and the layered structure was paired with Au
nanoparticles for enhanced electroconductivity. This nanocomposite
functionalization proved to be effective in anchoring of the aptamer
specific to OA without flaking. The aptamer's ability to bind only with
incoming OA sample was hypothesized and experimented in a micro-
fluidic setup. The use of a flexible polydimethylsiloxane substrate
highly facilitated the integration of the modified SPCE. Sample with
various concentrations of OA was administered in a portable fashion
and DPV studies were performed in the presence of 5mM [Fe(CN)g] 8-/4-
as a redox indicator. An average assay time of 30 min was required to
obtain results for samples with and without OA. The fabricated apta-
sensor was capable of detecting up to 8 pM of OA sample having a
correlation of determination of 0.9887 (R2). The aptasensor did not
show any cross-reactivity with other types of food toxins. It can be
concluded that his microfluidic electrochemical aptasensor is not only
an easy-to-use, point- of- care device bust has immense scope in being
deployed for on-field assay.
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