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Abstract

An innovative ultrasensitive electrochemical aptamer-based-sensor was developed for Ochratoxin
A (OTA) detection in cold brew coffee through revolutionary combination of nanofibers,
electrochemical and aptamer technologies. The assembly of the aptasensor was based on the
activation of silanized cellulose nanofibrous membranes as a supporting matrix for methylene blue
(MB) redox probe labeled aptamer tethering. Cellulose nanofibrous membranes were regenerated
by deacetylating electrospun cellulose acetate nanofibrous membranes with deacetylation efficacy
of 97%, followed by silanization of the nanofiber surfaces by using 3-aminopropyl triethoxysilane
(APTES). A replacement of conventionally casted membranes by the nanofibrous membranes
increased the active surface area on the working electrode of a screen-printed three-electrode
sensor by more than two times, consequently enhancing the fabricated aptasensor performance.
The developed aptasensor demonstrated high sensitivity and specificity toward OTA in a range of
0.002-2 ng mL~1, with a detection limit of 0.81 pg mL~1. Moreover, the assembled aptamer-based-
sensor successfully detected OTA in cold brew coffee samples directly without any pretreatment.
The aptasensor exhibited good reusability and stability over storage time.
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Introduction:

Coffee is with no doubt the most popular and growing consumed functional beverage over
the world [1]. Drinking coffee is a part of many lifestyles and recognized with stimulatory
and healthy effects owing to the wide range of bioactive components and antioxidants it
contains [2-4]. Cold brew coffee is gaining a growing positive attention from the consumers
around the world, where its US market raised by about 580% in the last five years and
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gained $38 million in sales in 2017 alone [5]. While in 2018, the global size of the cold brew
coffee market was valued by $339.7 million with expecting growth to reach $1.63 billion by
2025 [6].

However, coffee could contain unfavorable and harmful substances such as toxigenic fungi
and their secondary metabolites such as ochratoxin A (OTA). OTA has been detected in
different countries before and after the roasting of coffee beans, where the roasting process
could not significantly reduce OTA content in coffee [7-9]. OTA is one of the most
frequently found, harmful and poisonous contaminant among all mycotoxins [10, 11].
Moreover, the presence of such chemicals in coffee may have a negative impact
economically on the producing nations.

This acute toxic present in the coffee samples in the part per billion concentrations. The
European Commission imposed limits for OTA of 5 ppb for roasted coffee beans, ground
roasted coffee and raw cereal grains, and 3 ppb in processed cereal foods [12, 13]. Based on
recently reported existence of OTA in coffee beans in international markets, the average
contents of OTA were found between <0.1-4.2 ppb [7-9, 14].

The detection and determination of such low level of toxins in coffee products are only
carried out by using ultrasensitive and specific analytical instruments and methods. Typical
analytical methods for OTA detection in foodstuffs are chromatography analytical methods
and immunosensing assay systems [15, 16]. Despite of the high sensitivity and selectivity,
the chromatography analytical methods have many drawbacks hindering the /in-situ
monitoring of OTA in coffee, such as requirement of highly trained professionals, use of
costly equipment, lengthy sample preparation and testing times. Moreover, the sensitivity of
ELISA systems is relatively low. In addition, these immunoassays are using antibodies and
enzymes which suffer from disadvantages such as the high cost of antibody/enzyme
production and ease denaturation of antibody/enzyme during storage [17].

The electrochemical biosensing technology has been introduced as an attractive,
advantageous, and promising alternative for the traditional methods[18]. Aptamers are a new
class of molecules, serving as innovative sensing tool suitable to detect different biological
targets. The aptamers are single stranded oligonucleotides (DNA or RNA) and have the
ability similar as an antibody to bind the target. These aptamers have several advantages
comparing to the conventional antibodies, including less expensive and easier to produce,
and more stable for reuses. Moreover, the aptamers can be tagged easily with different kinds
of labels, consequently increasing the suitability for other detection methods [19]. Therefore,
the aptamers are considered as an appropriate surrogate to the different biomolecules in the
fabrication of various sensitive, miniaturized, and selective sensing systems. The
electrochemical aptasensors are gaining a growing attention, and several efforts have been
reported for detection of the different mycotoxins by coupling the electrochemical and
aptamer technologies [20-25].

Cellulose is the most popular natural polymer on our planet and is considered as the key
material to unlock the gate toward a forthcoming sustainable society because of its attractive
properties such as renewability, hydrophilicity, biocompatibility, biodegradability,
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availability, and thermal stability [26]. Nowadays, cellulose has received growing attention
in a wide scope of applications, for instance, sensors, coatings, packaging, drug delivery, and
flexible electronic systems [27-31].

Electrospinning process is a straightforward and cost-effective method for producing
microporous nanofibrous membranes, which can serve as a unique matrix with desired
flexibility, huge surface area, as well as high porous structure. The applications of the
membranes in biosensors can provide a very large sensing surface area and easy access for
contaminants to the sensing sites. Additionally, the microporous nanofibrous structure offers
the advantage of desirable microenvironment and facilitate the movement of the electrons
between the active sites and the electrode [32-34]. Cellulose nanofibers (CNFs) show
promising results in immobilization of biomolecules. Nevertheless, the high crystallinity of
CNFs acts as a barrier in the directly electrospinning of the cellulose to nanofibrous
membranes [35]. As an alternative, cellulose acetate can be electrospun into nanofibrous
membranes, which can be subsequently deacetylated to result in cellulose nanofibrous
membranes [36, 37].

In this work, we integrate advantages of different technologies in development of an
ultrasensitive electrochemical sensing system, including functionalized cellulose
nanofibrous membranes as a supporting matrix and redox probe tagged aptamer as a
signaling label. The proposed highly-sensitive aptasensor was assembled by covalently
attaching methylene blue electroactive probe tagged anti-OTA aptamers onto the surface of
silanized cellulose nanofibrous membranes which was incorporated on a disposable screen-
printed carbon electrode (SPCE). The assembled apasensor was used for OTA detection
using Differential pulse voltammetry (DPV) in the cold brew coffee.

2. Materials and methods:

2.1. Reagents

Cellulose acetate (CA; white powder; Mw = 30,000 Da), N, N-dimethylacetamide (DMAC),
(3-aminopropyl)triethoxysilane (APTES), Ochratoxin B, Aflatoxin B1, Aflatoxin G1 were
purchased from Sigma (St. Louis, MO) and used as received. Ochratoxin A (from
Aspergillus ochraceous) was purchased from Enzo Life Sciences (Farmingdale, NY, USA).
N-Ethyl-N’-(3- dimethyl aminopropyl) carbodiimide hydrochloride (EDC), N-hydroxyl
succinimide (NHS), disodium hydrogen phosphate (Na,HPQO,), and monosodium
orthophosphate (NaH,PO,) were supplied by Acros Chemical (Pittsburgh, PA, USA).
Graphite (Electrodag 423SS) and silver/silver chloride (Electrodag 418SS) inks were
obtained from Acheson (Plymouth, UK).

The anti-OTA aptamer tagged with redox probe methylene blue was purchased from
Biosearch Technologies (Novato, CA, USA). The aptamer sequences are shown below as
that its 5’ end was modified with COOH™ and 3" end was methylene blue tagged. 5'-GAT
CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA-3’. This aptamer has an
affinity Kyof 49 nM toward OTA [38]. Aptamer solutions were prepared in phosphate buffer
saline (PBS) at pH 7.4.
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2.2. Cellulose nanofibrous membranes production and functionalization:

2.2.1. Regenerated cellulose nanofibrous membranes production—The
cellulose acetate nanofibrous membranes via electrospinning were obtained by using of a
DXES-1 spinning equipment according to Amaly et a/. [31]. Cellulose acetate NFMs were
deacetylated to generate cellulose nanofibrous membranes (Cel NFMs). The deacetylation
process was carried out in 0.05 M NaOH in 1:1 EtOH / water solutions at the room
temperature for 48 hr to hydrolyze the acetate groups and to produce Cel NFMs. After
subsequent rinsing with ultrapure water, the obtained Cel NFMs were dried at 80 °C for 12 h
in a vacuum oven. The acetyl % of the generated cellulose membranes was measured by
immersing a membrane sample in 20 mL of 0.05 N NaOH in 50% ethanol for 12 h at
ambient temperature and followed by titrating of excess alkali with 0.05 N HCI using a pH
meter. The percentage of acetyl % in cellulose was calculated according to equation (1) [39]:

Acetyl % = (Vg .Cg-Va .CA)4.3 /W )

Where W is the sample weight, Vg and Cg are the volume and concentration of NaOH
solution, and V5 and Cp are the volume and concentration of HCI solution, respectively.

2.2.2. Cel NFMs functionalization with silane coupling agent—The
functionalization step with APTES was performed by immersing the Cel NFMs in APTES/
anhydrous toluene solution at concentration of 10 % (v/v) under vigorous stirring at 80 °C
for 60 min. Following the functionalization, the Cel NFMs were then rinsed with toluene
and ethanol to remove any APTES residual, dried at 80 °C, and finally designated as Cel-
NHo NFMs.

2.3. Immobilization of methylene blue tagged Aptamer onto Cel-NH, NFMs

A 4 mm Cel NFM disc with 0.05 mm thickness was laminated on the working electrode of
the SPCE using a conductive paste to fabricate Cel NFM/SPCE, and similarly Cel casted
membranes were used for in parallel preparing of Cel CM/SPCE. The aptamer marked with
the methylene blue (MB) redox probe and carboxylic group on 3’ and 5’ ends, respectively.
Prior to the immobilization, the 5" end of the aptamer was activated by EDC/NHS mixture at
a concentration of 100/25 mM for 1 hr. A 20 pL of EDC/NHS preactivated aptamer solution
at concentration of 1.5 umol/L was dropped on the Cel-NH, NFM/SPCE and incubated for
one hour in humid atmosphere condition. Subsequently, the resultant electrode (Apt/Cel
NFM/ SPCE) was washed to remove any unbounded aptamer by using PBS several times,
followed by blocking the remaining active groups with 100 pL of 2% ethanolamine (EA) at
room temperature for 1 hr, then rinsed again with PBS and stored at 4°C to use.

The functional performance of the assembled sensor-based-aptamer was investigated by
dropping of 100 pL of OTA solution at different concentrations on the surface of the
aptasensor for 30 min incubation time. Prior to the electrochemical measurements, any
unreacted OTA was removed by washing.
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2.4. Electrochemical measurements

The screen-printed electrodes were fabricated based on the three-electrode system as
described previously [40]. The electrochemical characterizations for the assembled sensor-
based-aptamer were performed by cyclic voltammetry and Electrochemical impedance
spectroscopy (EIS) in a 2.5 mM ferri/ferrocyanide ([Fe(CN)g]*3") solution. The signal
generation was based on the reduction of MB redox probe, which was recorded by
Differential pulse voltammetry (DPV) using the following parameters: 0.5 s interval time,
0.005 V step potential, 0 V standby potential, 0.10005 V modulation amplitude, applied
potential range of =200 — —=700 mV vs Ag/AgCl. The electrochemical measurements were
conducted at least in triplicates using a 263A potentiostat/galvanostat equipped with a
frequency response detector (FRD100) (Princeton Applied Research Co., Oak Ridge, TN,
USA).

2.5. Real sample analysis

The assembled aptasensor applicability was investigated for OTA detection in cold brew
coffee, the coffee samples were purchased from a local market. The absence of OTA firstly
was confirmed using HPLC before spiking the cold brew coffee samples with various OTA
concentrations in the range of 0.01 - 1 ng mL~1. The aptasensor was used for directly
analyses of the spiked samples without any pretreatment, using DPV at applied potential
range of =200 — =700 mV vs Ag/AgCI.

3. Results and discussion

3.1. Sensing mechanism of the proposed OTA aptasensor

The OTA detection strategy using the designed aptasensor relied on target-initiated structure-
changing of the attached redox probe labeled aptamer. Without OTA, the immobilized
aptamer is kept in the unfolded form, and the methylene blue redox probe is relatively
farther to the surface of the electrode. With the binding of OTA onto the aptamer, the
aptamer structure is switched to G-quadruplex form, and this conformational change results
in reduced distance between the electroactive probe and the electrode surface. As a result,
the methylene blue probe comes close to the electrode surface, triggering increasing
electrochemical signals on the redox probe.

A schematic diagram of the assembling process and sensing mechanism of the OTA
aptasensor is illustrated in Scheme 1.

3.2. Physico-Chemical characterizations of the produced Cel NFMs

Cellulose nanofibrous membranes were first fabricated v/a a regeneration method from
cellulose acetate nanofibers (Figure 1A). Fourier-transform infrared spectroscopy (FT-IR)
was employed to confirm the successful conversion of acetate group of cellulose acetate to
hydroxyl groups of cellulose. FT-IR spectra of the cellulose acetate NFMs and Cel NFM
were collected with a Nicolet 6700 spectrometer.

Figure 1B presents the FT-IR spectra of the Cel NFM (curve b) and the pristine cellulose
acetate NFM (curve a). As can be seen in the Figure 1B, a new characteristic peak appeared
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at around 3450 cm™! belonged to the stretching vibration of -OH, and the peak around 1750
cm™1 assigned to C=0 of the ester of cellulose acetate disappeared after the conversion
process, indicating successful conversion of acetate to hydroxyl groups.

SEM images of electrospun cellulose acetate NFMs in Figure 1 C and D demonstrated that
the cellulose acetate nanofibers were aligned and assembled with average diameter of 290
nm as a non-woven fabric. The cellulose acetate nanofibers ester groups were converted
through the deacetylation process to hydroxyl groups, the Cel NFMs still retained the
morphology and similar average diameter (Figure 1 E and F).

Cellulose acetate concentrations (5, 10, 15 and 20 %) in electrospinning process affected
nanofiber diameters and morphologies, which was studied to obtain the finest and uniform
NFM with high surface areas. It is a key step to ensure the most important advantageous of
microporous and nanofibrous structures with desired fast access to target molecules. As
presented in Fig. S1, the nanofiber diameter increased by increasing cellulose acetate
concentration, which could be due to increase chain entanglements at a higher concentration,
as a result to the high resistance of the solution to stretching with rising the solution
concentration [41]. Balancing the needs of small diameter, morphology of the membranes,
and easy production, membranes produced from 10 % cellulose acetate solution was
employed in the fabrications of the biosensors.

Deacetylation degree of the regenerated cellulose is a factor affecting the activation process
of cellulose and subsequently efficiency of aptamer immobilization. The maximum
deacetylation and removal of ester groups on the regenerated cellulose were achieved in
aqueous as well as alcoholic NaOH solutions. The deacetylation % of CA in alcoholic
NaOH solution was 85 % where in NaOH aqueous solution 97%, consistent with FTIR
results (Fig. S2). The ester peak intensity changes at 1700 cm~1 indicate the conversion of
cellulose acetate under both aqueous and ethanolic hydrolyses. Hydrolysis time could
impact completeness of deacetylation, prolonged deacetylation process of 48 hours could
reach maximum 97 % of removal of the ester groups (Fig. S3).

3.3. Activation of Cel NFMs surface

Silanization is a recognized and efficient process to activate the surfaces of cellulose for
biomolecular immobilization in the development of biological platforms or microfluidic
devices for cell and tissue engineering applications. The process provides simplicity and
efficiency of establishing covalent connections between electrode surfaces and the
biomolecules [42-44]. Herein, the functionalization of Cel NFMs with APTES works as an
active spacer arm to afford the desired amine functional groups for immobilization of the
MB labeled aptamer by reacting with its 5’-terminus end carboxylic group. Furthermore, it
is necessary to keep the redox probe in a long distance from the surface of the electrode to
reduce the background current generated from the unfolded aptamer in absence of the target,
and consequently, improving the sensitivity of the assembled sensing system.

Ninhydrin color test, a common colorimetric indication of primary or secondary amine
existence in materials, was utilized to indicate successful modification of the surface of the
Cel NFMs by APTES, as the siloxane peak could not be accurately characterized by FTIR
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due to an overlap with the stretching region of the acetal bonds of the Cel NFMs [45].
Ninhydrin test was conducted following a procedure reported by Qi and his colleagues [46].
According to the mechanism shown in Fig. 2a, by incubating the Cel-NH, NFMs with
ninhydrin in ethanol, the light-yellow color of the ninhydrin solution turned to dark purple
(Fig. 2b). This sharp color change reveals that APTES molecules were loaded on the
cellulose chains.

Furthermore, EDX analysis was used to confirm the successful silanization of Cel NFMs
hydroxyl group with the silane coupling agent. In the spectrum (Fig. 2c), the peaks of the
carbon and oxygen were appeared. After the activation of the Cel NFM with APTES, Si
peak was observed (Fig. 2d). This observation proved that chemical activation of the Cel
NFMs by APTES was achieved.

The optimization of the silanization process was carried out by the Ninhydrin test as well.
As shown in Fig. S4a, with rising APTES concentration the color intensity increased and
reached at a maximum with APTES at 10 % (v/v). Similarly, increasing the activation time
led to increase of the purple color intensity which plateaued at the activation time over 60
min (Fig. S4b).

The abovementioned results agreed well with the wetting properties of the different
nanofibrous membranes. Hydrophobic/hydrophilic nature of the different surfaces was
investigated by measuring contact angles of water droplets on the membranes to confirm the
deacetylated then the silanization of the cellulose acetate NFMs and the Cel NFMs,
respectively. The hydrolysis process of the cellulose acetate NFMs to the Cel NFMs led to
decrease in the contact angle from 85° to immediately wet due to conversion of acetate
groups of the cellulose acetate NFMs to hydroxyl groups in cellulose, increasing the
hydrophilicity of the membranes. The water drop contact angle on the surface of the Cel
NFMs was not measurable (Fig. S4c) since the water droplet is quickly absorbed onto the
material surface. However, as expected, with the surface modification of the cellulose
hydroxyl groups by the silane coupling agent, the membranes exhibit a hydrophobic surface
with a contact angle of 52°. Thereby, this could serve as a further proof to the successful
grafting of APTES molecules on the Cel NFMs surfaces.

3.4. Electrochemical characterization

The impact of the nanofibrous membranes to the immobilization matrix of the aptasensor
was investigated by using screen-printed electrodes modified with Cel casted membranes
(Cel CM/SPCE) and Cel nanofibrous membranes (Cel NFM/SPCE), respectively.

The effective surface area of the different modified electrodes was calculated according to
Randles-Sevcik equation [47].

i,=2.69x10° An’/?D!/ 2Cpl /2 2

where A is effective area of an electrode, n is electrons transferred number, D is the diffusion
coefficient, C is K3Fe(CN)® solution concentration while vis the scan rate. After achieving a
linear correlation from plotting the peak current versus the square root of scan rate (Fig. 3A
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/nsel) and according to the above equation, the effective surface areas of Cel CM/SPCE and
Cel NFM/SPCE were found to be 9 and 25 mm?, respectively (Fig. 3A). The higher
electroactive surface area of the Cel NFM/SPCE in comparison with the Cel CM/SPCE is
due to the unique microporous structure of the nanofibrous membranes that can facilitate
easy access of analytes toward the surface of the electrode and accelerate the electron
moving between the analyte and the electrode surface, making this unique material
introduced as an ideal matrix for fabricating highly sensitive sensing systems.

EIS is a suitable tool for studying the surface features of the different modified electrodes
through the assembling and the dynamic performances of electrochemical processes [48].
Herein, the EIS was used to prove the aptasensor fabrication steps. The impedance spectra
contain two parts: the first portion at the higher frequencies is a semicircle that reveals the
electron-transfer-resistance (Ret) of the electrode surface, while the second part at the lower
frequencies is a linear portion which presents the diffusion-limited process [49].

The regenerated Cel NFMs were used as a tethering matrix for fabricating the aptasensor.
Fig 3B confirmed the successful assembly of the sensor by showing the semicircle portion of
the different electrodes and the electron transfer resistances, the unmodified SPCE reveals a
very low resistance value (curve a). As shown in curve (b), the lamination of the Cel NFMs
onto the SPCE surface led to an increase in the semicircle domain, due to hindrance of the
nanofibrous membrane to the electron movement between the electrolyte solution and the
electrode surface. Additional increase in the Rq; was achieved after the silanization of the
Cel NFM (curve c). The immobilization of the aptamer onto the Cel-NH, NFM (Apt/Cel
NFM/SPCE) prompted an expansion in the resistance as can be seen in curve (d), and it
could be attributed to the attached aptamer hindered the electron transfer and the repulsion
between the negatively charged redox solution and the negative phosphate backbone of the
aptamers. In the same vein, the blockage of the remaining amine groups by ethyleneamine
(EA) in the membrane (EA/Apt/Cel NFM/ SPCE) induced increase in the R (curve e), an
evidence of the effective blocking step. With the existence of OTA in the system
(OTA/EA/Apt/Cel NFM/SPCE) (curve (f)), the binding of the OTA molecules with the
anchored aptamer led to deterrence of the electron transfer and consequently further increase
in the semicircle diameter, probably owing to conformational changes of the attached
aptamer to G-quadruplex form after binding with OTA molecules. Also, this increase of the
Ret could be caused by the presence of the carboxylic groups and phenolic moieties of OTA
molecules. The above-mentioned results confirmed the successful completion of every steps
of the sensor-based-aptamer fabrication process.

3.5. Optimization of experimental parameters

3.5.1. Aptamer concentration—Aptamer concentration is another key parameter for
the sensitivity of the biosensor as high concentrations of the aptamer may influence the
detection limit owing to the self-complementary between the neighboring individual
aptamers. Also, increase of the aptamer concentration leads to increase of both negative
current from the unfolded state and costs of analysis [50].

As shown in Fig. S5A and S5B (curve a), the negative current increased with the increment
of aptamer concentration from 0.25 to 3 umol/L. In presence of 0.5 ng mL~1 OTA (Fig. S5B
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curve b), with increase of the aptamer concentration from 0.25 umol/L, the generated current
obviously was increased to reach a maximum at the concentration of 2 pmol/L and then
declined afterward. The reduction of the current could be caused by hindering effect of the
additional immobilized aptamer onto the surface of the matrix to the transfer of the electrons
toward the electrode surface. Thus, a concentration of 1.5 pmol/L was chosen for the further
experiments as it provides the proper current signal with lowest background current (Fig.
S5A (insel)).

3.5.2. Immobilization time—The required time for attaching the aptamer onto the
silane coupling agent grafted Cel NFMs/SPCE was adjusted with the tethering time
increased from 20 to 120 min. It can be seen in Fig. S5C that the peak current changed alone
with the increase in the binding time of the aptamer on the surface of Cel-NH, NFMs from
20 min up to 60 min, resulting in an increase of the current signal, and then a plateau at the
immobilization time over 60 min, indicating a saturation of the active sites on the
nanofibrous matrix. Thus, the time of 60 min was used in the rest experiments for the
aptamer attachment.

3.5.3. Aptamer-OTA reaction time—The optimization of the necessary time for
incubating the aptasensor with the sample was carried out by exposing the assembled
aptasensor with 0.5 ng mL~1 OTA for different durations. The signal responses obviously
increased with the increase of the exposure time to reach to a plateau after the time of 30
min (Fig. S5D). Therefore, 30 min was chosen as a sufficient incubating time for the
detection of the target OTA.

3.6. Analytical performance of the aptasensor

With optimizations of the different parameters, OTA was detected at different concentrations
using the assembled aptasensor. As DPV responses illustrated in Fig. 4A, the obtained
current increased with the rising OTA concentration. A proportional linear relation was
achieved between the generated current and the logarithm of OTA concentration (Fig. 4B) in
arange of 2 pg mL™1 to 2 ng mL™1 (R2=0.9934), and the assembled aptasensor
demonstrated a high sensitivity toward OTA with a limit of detection (LOD) at 0.81 pg mL™~1
(LOD=3Sy4 /b, where Sy is the blank standard deviation and b is the calibration plot slope.).
Every experiment was carried out in triplicates.

Several researchers have reported developments of aptasensors for OTA detection, exhibiting
superiority combining broad detection ranges and excellent LODs (Table 1). Most of the
studies focused on enhancement of the sensitivity of the aptasenors by using conductive
metals, which could increase the cost and background current, consequently decreasing the
sensitivity of the sensor. Also, some of the impedimetric aptasensors [21, 22] require
negative control samples, and others use a complementary aptamer sequences [21, 23, 24] in
assisting DNA modified with MB, a more complicated method with increased analysis time.
The aptasensor prepared in this work was developed based on a signal-on strategy with very
low off-signal without using a control, consequently lowering risk of false positive. The use
of the nanofibrous membranes could amplify the achieved current and enhance the
performance of the sensor by about three time. Moreover, the aptasensor analysis time was
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only 30 min, which could be attributed to the porous structure and high surface areas of the
sensor matrix with facilitated access to the immobilized biorecognition elements and
reduced diffusion limitation. These promising performances of the sensor in comparison
with the other OTA aptasensor further demonstrated that the nanofibrous membranes are a
desired matrix for the fabrication of highly sensitive biosensors.

3.7. Specificity, reusability, and stability of the assembled aptasensor

The specificity of the analytical tool toward the desired target is considered among of the
most significant challenges, and the selectivity of the assembled nanofibrous-based-
aptasensor was examined in the presence of ochratoxin B (OTB), aflatoxin B1 (AFB1), and
aflatoxin G1 (AFG1). The responses of the aptasensor to AFB1, AFG1, OTB at the
concentrations of 0.1 and 10 ng mL~1 and a mixture of them in presence of 0.1 ng mL™1 of
OTA were measured. As shown in Fig. 5. There were no any significant cross-reactions or
interferences observed for the OTA detection in coexisting of other common mycotoxins at
the same concentration or with 100 folds higher than the OTA concentration in the sample.
The achieved results confirm the high specificity of the fabricated sensor towards OTA
detection.

The reusability of the nanofiber-based aptasensor was examined following a method as
previously reported [52]. It was carried out by dropping 50 pL of a regenerating solution
(methanol: regeneration buffer (10.0 mM TRIS, 1.0 mM EDTA, pH 9.0) (1:4 v/v) on the
working electrode of the aptasensor for 30 sec, afterward extensively washing the sensor
with deionized water. It was shown that the assembled nanofiber-based aptasensor is
reusable after the simple regeneration approach. The regeneration step showed no significant
impact on the aptasensor response in OTA detection for 6 cycles, and the developed
aptasensor maintained about 86% of its initial activity after 9 assays.

Moreover, the stability of the proposed aptasensor over storage time is another crucial
feature for a successful biosensing system. Therefore, the stability of the assembled sensor-
based-aptamer was examined during a storage at 4 °C for 3 months, the current responses of
the aptasensor nearly 92.3% of its initial value, demonstrating the assembled aptasensor has
good storage stability.

3.8. Real samples analysis:

The feasibility of the developed sensors to real sample analysis without any tedious
pretreatment is considered as the way to achieve the real goal as a point-of-use device.
Herein, the fabricated sensor-based-aptamer was investigated to detect OTA in cold brew
coffee samples directly without sample cleaning-up. Cold brew coffee samples were firstly
analyzed using HPLC before spiking to confirm the absence of OTA, then were spiked with
various OTA concentrations ranging from 0.01 to 1 ng mL~1. The spiked samples were
analyzed directly by the developed aptasensor, and each measurement was tested three
times. As shown in Table S1, the recovery results demonstrate sensitive and quantitative
OTA detection by the electrochemical aptasensor, appropriate to the directly within the real
samples with recovery rates of 94.3% to 97.5% and a relative standard deviation (RSD%) of
about 6.4%.
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Although the promising advantages of rapid, portable, low-cost, specific, and sensitive
characteristics, the aptasensor still has several key scientific limitations and challenges. The
aptasensor is not compatible with the presence of ADNase in samples, pH conditions, and
limited storage conditions of humidity and temperature. In addition, the screening of
aptamers specific to mycotoxins is a complex and time-consuming process as until now only
a few aptamers against mycotoxins such as OTA, AFB1 and fumonisin B1 have been
successfully identified and applied. Therefore, the bottleneck problem on the development of
mycotoxin aptasensors is how to identify and detect multiple mycotoxins using the limited
variety of mycotoxin aptamers, especially for structurally similar mycotoxins [53].

Conclusion:

In this study, the developed nanofibers-based-aptasensor demonstrated the promising
performance in fabricating highly sensitive electrochemical sensors. A rapid signal-on
aptasensor was assembled using silanized cellulose nanofibrous membranes as supporting
material for the immobilization of methylene blue electroactive probe tagged anti-OTA
aptamers for OTA detection in the coffee beverages. The use of cellulose in nanofibers form
as an immobilization matrix provides a high surface area with a microporous structure that
can remarkably enhance the performance of the aptasensor comparable with and superior
than the previous studies. These developed aptasensor could be applied in the limited
resources sites, affording a rapid, specific, accurate and simple guarantee against
contaminated staples.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.:
(A) Scheme of deacetylation process of cellulose acetate. (B) FT-IR spectra of (a) cellulose

acetate NFM, (b) regenerated Cel NFM. (C) SEM images and (D) diameter distribution of
cellulose acetate NFM. (E) SEM images and (F) diameter distribution of Cel NFM.
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(a) Scheme of ninhydrin reaction with a primary amine group, (b) Ninhydrin color test for
Cel NFM before and after modification with APTES, (c) EDX spectra of Cel NFM, (d) EDX
spectra of Cel-NH, NFM.
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(A) Cyclic voltammograms of 2.5 mM [Fe(CN)g]3~4~ at a scan rate of 25 mV s~1 for: (1)
Cel CM/SPCE and (11) Cel NFM/SPCE. (B) Nyquist semicircle plots of EIS in 2.5 mM
[Fe(CN)6]473~ of assembly steps of the OTA aptasensor: (a) unmodified SPCE, (b) Cel
NFM/SPCE, (c) Cel-NH, NFM/SPCE, (d) Apt/Cel NFM/ SPCE, () EA/Apt/Cel NFM/

SPCE, and (f) OTA (0.5 ng mL™~1) JEA/Apt/Cel NFM/ SPCE.
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Fig. 4.
(A) DPVs responses of the fabricated aptasensor toward different OTA concentrations at

applied potential range of =200 — =700 mV vs Ag/AgCl: (a) 0.002 ng mL™1, (b) 0.005 ng
mL=2, (c) 0.01 ng mL~2, (d) 0.05 ng mL™1, () 0.1 ngmL~2, (f) 0.5 ng mL™L, (g) 1 ng mL™1,
(h) 2 ng mL~1; (B) Calibration curve of the net response of aptasensor for OTA detection at
different concentrations. (n=3)
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Scheme 1:
Fabrication process and sensing mechanism of OTA aptasensor
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Table 1.

Comparison of the developed apatsensor with recently reported electrochemical OTA aptasensors:

Electrochemical aptasensor Range (ngmL™)  LOD (pg mL™) Ref.

1 Apt-SWCNT-MB-AUE 0.07-12 21 [23]
2 Apt-mesoporous silica NPs-GCE 0.001-20 1.2 [51]
3 Apt/MoS,-AuNPs-B-CD/AUE 0.04- 20 243 [25]
4 Apt/g-CNNS/AUE 0.08 - 200 29.6 [21]
5 Apt/AuNPS/CA/AUE 0.1-10.0 30 [22]
6 Apt/DNA/CAS QDs/GCE 0.02-2 49 [24]
7 Apt/Cel NFM/SPCE 0.002 -2 0.81 This work

Apt — Aptamer; SWCNT - singled wall carbon nanotubes; MB — Methylene blue; AuE — Gold electrode; NPs — Nanoparticles; GCE — Glassy
carbon electrode; AuNPs — Gold nanoparticles; p-CD — B-cyclodextrin; g-CNNS — graphite-like carbon nitride nanosheet; CdS QDs — Cadmium
sulfide semiconductor quantum dots; Cel NFM — Cellulose nanofibrous membrane; SPCE — Screen-printed carbon electrode.
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