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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Smartphone-based electrochemical 
detection of aflatoxin B1 in cereals was 
achieved. 

• The electrode was modified with carbon 
black nanomaterial. 

• Validation confirmed a detection capa
bility of 2 μg/kg, the EU MRL for afla
toxin B1. 

• AflaESense app was developed to visu
alize the result in a traffic-light type 
format.  
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A B S T R A C T   

Considering the complexities and speed of modern food chains, there is an increasing demand for point-of-need 
detection of food contaminants, particularly highly regulated chemicals and carcinogens such as aflatoxin B1. We 
report a user-friendly smartphone-based magneto-immunosensor on carbon black modified electrodes for point- 
of-need detection of aflatoxin B1 in cereals. For buffered analyte solutions and a corn extract sample, the assay 
demonstrated a low limit of detection of 13 and 24 pg/mL, respectively. The assay was also highly reproducible, 
exhibiting mean relative standard deviations of 3.7% and 4.0% for the buffered analyte and corn extract samples. 
The applicability of the assay was validated on the basis of EU guidelines and the detection capability was lower 
than or equal to 2 μg/kg, which is the EU maximum residue limit for aflatoxin B1 in cereals. False-positive and 
false-negative rates were less than 5%. Additionally, an open-source android application, AflaESense, was 
designed to provide a simple interface that displays the result in a traffic-light-type format, thus minimizing user 
training and time for data analysis. AflaESense was used for smartphone-based screening of spiked corn samples 
containing aflatoxin B1 (0.1, 2, and 10 ng/mL), and naturally contaminated corn containing 0.15 ng aflatoxin 
B1/mL. The measured values were in close agreement with spiked concentrations (r2 

= 0.99), with recovery 
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values ranging between 80 and 120%. Finally, contaminated samples correctly triggered a red alert while the 
non-contaminated samples led to the display of a green color of AflaESense. To the best of our knowledge, this is 
the first smartphone-based electrochemical system effective for screening samples for contamination with afla
toxin B1.   

1. Introduction 

Aflatoxins are the secondary metabolites of Aspergillus flavus and 
Aspergillus parasiticus fungi, which contaminate a wide range of food and 
feed products including grains, nuts, and milk. They are chemically 
stable and cannot be eliminated by cooking, boiling, nor other food 
processing methods [1]. The most potent aflatoxin, aflatoxin B1, is a 
known human carcinogen (International Agency for Research on Cancer 
Group 1), and its dietary exposure is associated with the development of 
liver cancer [2,3]. The EU maximum residue limit (MRL) for aflatoxin B1 
in food and feed is 2 μg/kg [4–8]. At the beginning of 2020, in the EU 
rapid alert system for food safety, there were at least 100 notifications 
for aflatoxin B1, which were mostly confirmed contamination alerts [9]. 
Aflatoxin B1 contamination should be managed by strict food safety 
measures, however, the most effective tests for contamination are 
laboratory-based methods. Considering this limitation, together with 
the frequent occurrence of aflatoxin B1 contamination and its large 
health risk, there is an increasing need for on-site and point-of-need 
screening of aflatoxin B1 in every step of the food chain from farms to 
border inspections and even supermarkets [10]. 

The most common screening method for aflatoxin B1 detection is an 
enzyme-linked immunosorbent assay (ELISA) assay, based on robust 
antibody binding to the analyte, providing specific and sensitive 
detection with a limit of detection (LOD) lower than 2 μg/kg [4]. For 
precise quantification, such as needed for confirmation of suspected 
contamination after preliminary screening by ELISA, the most used 
methods are liquid chromatography combined with fluorescence 
detection or mass spectrometry [11–14]. These laboratory-based 
methods require transferring samples to a central laboratory to be 
tested by experts using expensive equipment and are not point-of-need 
compatible nor user-friendly for non-experts [10]. 

In recent years, the development of miniaturized and cost-effective 
potentiostats with smartphone connectivity has enabled the develop
ment of smartphone-based electrochemical biosensors with point-of- 
need detection compatibility [15,16]. Improved accessibility and 
user-friendliness of smartphone-based devices in combination with the 
sensitive and quantitative detection capability of immunosensors make 
them a promising candidate for point-of-need food analysis [17,18]. For 
example, integrated exogenous antigen testing (iEAT) is a 
smartphone-based magneto-immunosensor developed for food protein 
antigen detection with an LOD of 0.1 mg/kg [19]. The pocket-size 
potentiostat connected to a smartphone through Bluetooth was used 
for electrochemical measurements of protein antigens. With this tool, 
the hazard levels of allergens were displayed with a simple warning 
label on a customized application on the phone, minimizing the need for 
user training. Additionally, a smartphone-based lab-on-a-glove was 
developed for the qualitative detection of organophosphorus com
pounds on the surface of fruit and vegetables [20]. The glove was 
coupled with a miniaturized potentiostat capable of real-time wireless 
data transmission to a smartphone, and data was visualized as a current 
plot on the smartphone, which required further data analysis by experts. 
Smartphone-based optical biosensors for detecting aflatoxin B1 using 
the smartphone camera have been developed previously; they have an 
LOD of 10–20 ng/mL and suffer from environmental light interferences 
and smartphone variability [21,22]. The use of an electrochemical 
sensor may overcome these limitations, however, to the best of our 
knowledge, there is no reported smartphone-based electrochemical 
immunosensor for aflatoxin B1. 

To improve the sensitivity of electrochemical immunosensing for the 

detection of aflatoxin B1, several studies have reported different stra
tegies for signal amplification. A competitive immunosensor based on 
antibody-functionalized mesoporous carbon nanoparticles was devel
oped to detect aflatoxin B1. The detection limit for aflatoxin B1 in the 
buffer was 3 pg/mL [23]. Additionally, nafion-modified glassy carbon 
electrodes were used to electrostatically immobilize the aflatoxin B1 
antibody on the electrode. The real sample analysis was reported in Ten 
spiked peanut samples having different levels of aflatoxin B1 ranging 
from 20 to 1 ng/mL and the results were statistically equivalent to the 
data generated with a commercial ELISA kit analysis. More recent 
studies also reported using complex nanomaterials such as gold 
nanoparticle-tungsten disulfide-multi-walled carbon nanotubes and 
graphene quantum dots on molybdenum disulfide nanosheets modified 
indium tin oxide to create electrodes with an LOD values as low as 0.068 
pg/mL and 90 pg/mL, respectively [24,25]. Despite the low LOD and 
high sensitivity of these methods, the complicated synthesis and elec
trode modification limit the mass production of such electrodes. 

To achieve a lower limit of detections, carbon black nanomaterial 
(CB) has been introduced as an alternative signal amplification strategy 
to carbon nanotubes, graphene, and gold nanoparticles, since it can 
provide the same or higher levels of signal amplification at a lower cost 
(c.a. 1 €/Kg) [26]. Recent studies showed that electrode modification 
with CB provided a larger electroactive surface area, higher electrical 
conductivity, and faster charge transfer rates at the electrode surface 
[27,28]. Furthermore, CB has been used in combination with other 
nanomaterials and polymers for electrode modification, such as with 
platinum nanoparticles and poly(lactic acid) [29,30]. While these 
combinations achieved higher signal amplification and better electro
analytical performance, the use of CB alone can simplify the electrode 
modification process such that it can be done using commercial auto
mated reagent dispensers, and the stability of the CB suspension leads to 
high reproducibility in electrode modification. Indeed, CB-based elec
trochemical sensors have been used to detect diverse analytes including 
hydrogen peroxide [31], drugs [32], neurotransmitters [33], phenolic 
compounds [34], molybdenum disulfide in olive oil [35], and pesticides 
in water [36]. However, to the best of our knowledge, CB has not been 
used to detect aflatoxin B1. spec. 

In this study, we used CB for signal amplification to develop a 
smartphone-based magneto-immunosensor to detect aflatoxin B1 in 
cereals. For this purpose, screen-printed electrodes were modified with 
CB (SPE-CB). We characterized the electrochemical performance of SPE- 
CB using cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS). Then, we evaluated the analytical performance of 
SPE-CB for the detection of aflatoxin B1 using a magneto- 
immunosensing strategy based on indirect competitive ELISA. We vali
dated the magneto-immunosensor based on the current EU guideline for 
investigating biosensor applicability for aflatoxin B1 screening [37]. 
Finally, we integrated the sensor with a smartphone-based user-friendly 
open-source android application, which we called AflaESense. The 
application reported the result in a traffic-light-type format, ideal for use 
by non-experts. AlfaESense allows a first screening on-field avoiding the 
cost of standard lab analysis for all the samples. In this way, only the 
flagged samples (red-light results) will be sent to the lab for confirma
tory tests which will have a tremendous impact on lowering the final 
cost. 
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2. Material and methods 

2.1. Reagents, immunoreagents & equipment 

Magnetic beads, Dynabeads™ MyOne™ Tosylactivated (Cat. No 
65502) were purchased from Thermo Fisher Scientific (Waltham, Mas
sachusetts, United States). Other chemicals such as aflatoxin B1, afla
toxin B2, aflatoxin G1, aflatoxin G2 solutions, boric acid, sodium borate, 
ammonium sulfate, bovine serum albumin (BSA), sodium hydroxide, 
sodium citrate, citric acid, Tween 20, hydrogen peroxide, hydroquinone 
(HQ), methanol, ethanol, dimethylformamide (DMF), potassium chlo
ride, potassium ferricyanide, potassium ferrocyanide, were purchased 
from Sigma-Aldrich (St. Louis, Missouri, United States). The anti-mouse 
IgG (Fab specific)–peroxidase antibody produced in goat (HRP-pAb) 
(Pro. No 9917) was purchased from Sigma. The monoclonal antibody 
specific for aflatoxin B1 (AFB1-mAb) was produced according to the 
procedures outlined in Oplatowska et al., 2016 [38]. The aflatoxin 
B1− ovalbumin conjugate (AFB1-OVA) was produced with a modifica
tion of the method reported by Refs. [39,39]. The certified blank and 
naturally contaminated grain and corn samples were kindly provided by 
FoodSmartphone project partners: Prof. Michel Nielen (Wageningen 
Food Safety Research (WFSR), part of Wageningen University & 
Research, Wageningen, The Netherlands); Prof Chris Elliott (Institute for 
Global Food Security, School of Biological Sciences, Queen’s University 
Belfast); Dr. Michele Suman (Barila S.p.A., Advanced Laboratory 
Research, Barilla Research Labs, Parma, Italy). 

All buffer solutions were prepared with MilliQ water from Milli-Q 
Direct 8, Millipore device. The composition of the phosphate buffer sa
line (PBS) solution was 0.01 M phosphate buffer in a 0.8% (w/v) NaCl 
solution, pH 7.5, while in PBST as washing buffer, 0.05% (v/v) Tween 
20 was also added. The reagent dilution buffer was PBST with 1% BSA. 
The coating buffer, 0.1 M sodium borate buffer pH 9.5 was used for the 
coupling of magnetic beads with AFB1-OVA conjugate. The substrate 
solution consisted of 1 mM H2O2, 1 mM HQ in citrate-phosphate buffer 
0.05 M, potassium chloride 0.1 M, pH 5. 

Magnetic separation was performed in 2 mL Eppendorf tubes using a 
MagnaRack (Cat. No. CS15000) purchased from Invitrogen (Carlsbad, 
California, United States). Screen-printed electrodes (SPE) were printed 
in-house using a semi-automatic screen-printing machine (DEK 248) on 
a flexible polyester sheet (Autostat CT, Wantage, UK). The graphite, 
silver, silver/silver chloride, and dielectric ink were purchased from 
Gwent (Pontypool, UK). The SPE consisted of circular graphite with a 2 
mm diameter as the working electrode, a silver/silver chloride arc as the 
reference electrode, and a graphite arc as the counter electrode. CB 
(N220) was obtained from Cabot Corporation (Ravenna, Italy). The ul
trasonic homogenizer, Hielscher’s UP 200ST from Hielscher GmbH 
(Teltow, Germany) was used to prepare the CB dispersion with an 
amplitude of 80%, a pulse of 30%, and energy of 3800 W/mL. The CNC 
milling machine Bohr-Fräsmaschine BF20 L Vario Article No. 333 8122 
used to fabricate the magnetic-holder was from Optimum, Germany. The 
drilling head was from Stadelmann Maschinen AG, Schötz, Switzerland 
with cutting tools from favora with a diameter of 1 mm for the top part 
and 2 mm for the bottom part. Electrochemical measurements were 
performed using a MultiPalmSens4 potentiostat and MultiTrace4 soft
ware purchased from PalmSens (The Netherlands). Smartphone-based 
measurements were performed on Sensit Smart purchased from Palm
Sens (The Netherlands). Data analysis was performed using GraphPad 
Prism 9 software. 

2.2. Coupling of magnetic beads with AFB1-OVA conjugate 

The AFB1-OVA conjugate, which will function as the competing 
antigen, was coupled to the tosyl-activated magnetic beads according to 
the provider’s protocol (dynabeads_myone_tosylactivated_man.pdf). 
First, Dynabeads MyOne tosyl-activated magnetic beads stock solution 
100 mg/mL was vortexed for 30 s. Then, 200 μL of magnetic beads were 

washed three times with 300 μL of borate buffer 100 mM pH 9.5 in a 2 
mL Eppendorf. The magnetic beads were then resuspended by adding 
400 μL of different concentrations of AFB1-OVA in borate buffer (100 
mM pH 9.5). Next, 200 μL of borate buffer 100 mM pH 9.5 containing 3 
M ammonium sulfate was added and the mixture was incubated over
night at 37 ◦C while shaking with slow tilt rotation at 30 rpm in the dark. 
After that, the modified magnetic beads were washed three times in 
PBST 10 mM, pH 7.5, containing 0.5% (w/v) BSA, and incubated 
overnight at room temperature while shaking with slow tilt rotation at 
30 rpm in the dark. Finally, the magnetic beads were resuspended in 1 
mL of PBST, 0.1% (w/v) BSA, and kept at 4 ◦C in the fridge. According to 
the provider, the covalently modified magnetic beads with AFB1-OVA 
were stable for at least three months when stored at 4 ◦C. 

2.3. Modification of the SPE with CB 

The SPE was modified with CB as previously described [40]. A 
mixture of 3 mg/mL CB in DMF: H2O (1:1, v/v) was prepared. The 
mixture was sonicated using a Hielscher’s UP 200ST until homogenously 
dispersed, with an amplitude of 80%, a pulse of 30%, and energy of 
3800 W/mL. To modify the SPE, 1 μL of the carbon black dispersion was 
drop cast on the working electrode area using a Biodot XYZ3210 
dispenser. The modified electrodes were dried in a humidity chamber 
(65% humidity; 23–25 ◦C; overnight) to ensure uniform coverage and 
avoid coffee-ring formation. We reported previously the inter-day and 
intra-day stability of modified electrodes with CB using the same pro
tocol [41]. The electrochemical stability of CB-modified electrodes was 
analyzed using CV and EIS methods. The measurements were performed 
directly after modification (intra-day) and after 7, 20, 60, 90, and 180 
days of storage under vacuum (inter-day). Based on EIS analysis, the 
variance in electron transfer resistance after different storage times was 
lower for CB-modified electrodes compared to the bare electrodes. Also, 
the internal variance in anodic peak currents in CV analysis was reduced 
after the modification of SPE with CB. Based on CV and EIS analysis, the 
storage stability of electrodes after modification with CB was increased 
for up to at least six months. 

2.4. Electrochemical characterization of SPE-CB 

Electrochemical characterization of SPE-CB was performed using CV 
and EIS methods. The CV and EIS measurements were performed in 5 
mM [Fe(CN)6]3− /4− in MilliQ water pH 6.5 in presence of 0.1 M KCl at 
room temperature. In CV, the potential was scanned from − 0.3 to 0.6 V 
with a scan rate of 0.1 V/s and a step potential of 0.01 V for 2 cycles 
using 3 electrodes. EIS measurements were performed at an applied 
potential of 0 V versus VOCP, a frequency range of 0.1 Hz–100 kHz, and 
an amplitude of 10 mV using 3 electrodes. 

2.5. Design and fabrication of a micro-machined magnetic holder 

An external magnet was used for the immobilization of magnetic 
beads on the SPE working electrode. A micro-machined magnetic holder 
provided precise magnet placement under the working electrode. The 
magnetic holder was designed using Solidworks 2018 and fabricated 
with CNC machining (supporting information S1). The top part was a 1 
mm thick polycarbonate, and the bottom part was a 5 mm thick poly
methyl methacrylate substrate (supporting information S1). The top and 
bottom parts were milled with a feed rate X/Y/Z of 600 mm/min, and at 
a rotation speed of 3000 rpm. 

2.6. Magneto-immunoassay 

To perform the competitive assay, 100 μL of the magnetic beads 
conjugated with AFB1-OVA (MB-OVA-AFB1) solution was incubated 
with the AFB1-mAb and with different concentrations of aflatoxin B1 in 
reagent dilution buffer for 1 h at room temperature with a continuous 
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slow tilting rotation. Then, the Eppendorf tubes were put on the mag
netic rack for 2 min and the supernatant was removed. The magnetic 
beads were then resuspended in 1 mL of the washing buffer and placed 
back on the magnetic rack for 2 min after which the supernatant was 
removed again. The washing step was repeated three times. Next, 100 μL 
of the HRP-pAb in reagent dilution buffer was added to Eppendorf tubes 
and incubated for 30 min at room temperature with slow tilt rotation. 
The previously described washing step was repeated three times. 

2.7. Electrochemical measurements 

For electrochemical measurement, magnetic beads were resus
pended in 40 μL of citrate-phosphate buffer (0.05 M, pH 5). The SPE was 
fixed in the magnetic holder with an external magnet under the working 
electrode. Then, 10 μL of the magnetic beads’ suspension was dropped 
on the working electrode. Immediately after the addition of the mag
netic beads, 35 μL of the substrate solution (1 mM HQ, 1 mM H2O2 in 
citrate-phosphate buffer) was added to the cell and mixed carefully so 
that the SPE surface was covered. After 2 min of reaction time, the 
chronoamperometric measurements were performed at − 0.2 V at an 
interval time of 0.1 s for 30 s. The reaction time was chosen based on the 
previously reported protocols for amperometry measurement of the 
HRP/HQ/H2O2 system and the reaction mechanism [42–44]. During the 
2 min reaction time, the HRP catalyzes the oxidation of hydroquinone 
(HQ) by hydrogen peroxide (H2O2) producing benzoquinone (BQ). 
Then, the current produced by the reduction of BQ was measured by the 
chronoamperometry method. 

The currents generated from the reaction after 30 s were plotted in 
front of aflatoxin B1 concentration. The standard curves were fitted to a 
four-parameter dose-response curve with variable slope based on the 
equation below: 

Y =

(
A − B

[
1 + 10(logIC50− X)D

]

)

+ B (1) 

A is the maximal current, B is the minimum current, IC50 is the 
concentration producing 50% of the maximal current, and D is the slope 
at the inflection point of the sigmoidal curve. Unless otherwise indi
cated, the data presented correspond to the average of at least 3 
replicates. 

2.8. Aflatoxin B1 extraction procedure 

To extract the aflatoxin B1 from cereal samples, 10 mL of extraction 
solvent (80% methanol solution) was added to 5 g of finely grounded 
samples. The mixture was vortexed for 15 min and then left to settle 
down for 2 min. Next, the supernatant was filtered with a 2 μm syringe 
filter. The extract was used for measurements after 10 times dilution in 
reagent dilution buffer with no further clean-up. Based on the extraction 
procedure, the EU MRL for aflatoxin B1 of 2 μg/kg corresponds to an in- 
assay concentration of 100 pg/mL. Using the same extraction procedure, 
the effect of potential interfering aflatoxins B2, G1, and G2 on the 
selectivity of the assay was also evaluated. 

Fig. 1. Electrochemical characterization of CB modified electrode (SPE-CB) in 5 mM [Fe (CN)6]3-/4- containing 0.1 M KCl solution. A) Cyclic voltammograms SPE-CB 
and SPE electrodes. After modification of electrode with CB, the current peaks increased, and peak-to-peak potential difference decreased which indicated an increase 
in both surface area and electron transfer rate on the modified electrode. B) Nyquist plots on SPE-CB and SPE electrodes. The semicircle diameter corresponding to 
charge transfer resistance of electrode decreased almost 30 times after modification with carbon black nanomaterial, indicating higher electron transfer and better 
electrochemical performance of SPE-CB. C) Cyclic voltammogramms on SPE-CB at increasing scan rate from 0.05 to 1 V/s. Lower scan rate was indicated with light 
color and an increase in scan rate was shown by increasing darkness of color. The current peaks increased with increasing scan rates as expected for a diffusion 
limited electron transfer D) The plot shows the linear regression of peak current versus square root of the scan rate used for the calculation of SPE and SPE-CB 
electroactive surface area. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.9. Validation study 

In-house validation was performed based on the EU commission 
regulation (EU) No 519/2014. The protocol included 20 blank samples 
of cereals (non-contaminated) certified by the HPLC-MS and ELISA 
methods (supporting information S2). The 20 blank samples were spiked 
with aflatoxin B1 stock solution at the screening target concentration 
which was set at 2 μg/kg based on the EU Commission Regulation (EC) 
No. 1881/2006. All samples were tested using the magneto- 
immunosensor to detect aflatoxin B1. Each sample was tested in tripli
cates. The samples were analyzed under intermediate precision condi
tions over five different days in random blind order. 

2.10. Development of the smartphone application: AflaESense 

The electrochemical output data from the magneto-immunosensor is 
in the format of a graph of the current signal over time. To determine the 
aflatoxin B1 concentration in the sample, the data should be analyzed by 
an expert to extract the average current value, interpolate the aflatoxin 
B1 concentration using the calibration curve, and determine the level of 
contamination compared to the EU MRL. To overcome the need for 
expertise to perform this analysis, we developed a smartphone appli
cation to automate the data analysis and provide a non-expert and user- 

friendly output. Thus, an open-source Android application was devel
oped for the miniaturized potentiostat, Sensit Smart using a PalmSense 
software development kit. The codes were written in Visual Studio.NET 
using Xamarin and C# programming language. The PalmSens.Core.dll 
open-source wrapper was utilized for basic functions such as connecting 
to the device, running the measurements, defining the chro
noamperometry method parameters, and logging the data. The user 
interface forms, and data analysis codes were also written using Xamarin 
and C# programming language. The open-source application, which we 
called AflaESense, can be downloaded from AflaESens.app. 

https://drive.google.com/file/d/1Mv0SHkmWrd-DITKYRlSEGEG 
S0kcGOMAr/view. 

3. Results & discussion 

3.1. Electrochemical characterization of SPE-CB 

To improve the electrochemical performance of bare SPE electrodes 
for the detection of aflatoxin B1, CB coating was used to modify the SPE 
surface as a signal amplification strategy owing to its low cost, high 
reproducibility, and storage stability [41]. We characterized SPE-CB 
electrodes by CV and EIS to investigate the effect of CB on the electro
chemical performance of modified electrodes. 

Fig. 2. Optimization of the immunoreagents concentrations MB-OVA-AFB1, AFB1-mAb, AFB1-OVA density on magnetic beads, and HRP-pAb. A) The non- 
competitive binding curves of AFB1-mAb to increasing concentration of MB-OVA-AFB1 at 3 different AFB1-OVA densities (a: 2.27, b: 4.55, c: 9.10 × 10− 12 mol/ 
μm2) in the absence of free aflatoxin B1. The optimum concentration of MB-OVA-AFB1 producing 90% of saturating signal were 0.7, 0.4, and 0.1 mg/mL at AFB1- 
OVA densities of a, b, and c, respectively. The magnetic beads with the lowest density of AFB1-OVA, batch a, required the highest concentration of MB-OVA-AFB1 to 
reach the saturation signal. B) The non-competitive binding curves of the optimum MB-OVA-AFB1 obtained in A to increasing concentration of AFB1-mAb in the 
absence of free aflatoxin B1. The optimum concentration of AFB1-mAb producing 90% of saturating signal were 0.015, 0.05, and 0.2 μg/mL for a, b, and c 
respectively. C) The competitive binding curves of aflatoxin B1 using optimum concentrations of AFB1-mAb and MB-OVA-AFB1 with AFB1-OVA densities of a, b, and 
c. The magnetic beads with the lowest density of AFB1-OVA (a) distinguished the aflatoxin B1 concentrations at 0.3, 0.03, and 0.003 ng/mL. D) The competitive 
binding curves of aflatoxin B1 using optimum concentrations of AFB1-mAb and MB-OVA-AFB1 with AFB1-OVA density of 2.27 × 10− 12 nmol/μm2 (a) with different 
HRP- pAb concentration 1/1500 (a), 1/1000 (b), and 1/500 (c) dilutions of stock solution 0.8 mg/mL. The assay distinguished aflatoxin B1 concentrations of 0.3, 
0.03, and 0.003 ng/mL using HRP- pAb dilution 1/1000 (80 μg/mL).The standard deviations correspond to measurements performed using three different SPE- 
CB electrodes. 
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To characterize the effect of CB modification on the electrochemical 
performance of the SPE electrode, we analyzed the electron transfer rate 
on the surface of SPE with and without CB coating with CV. In the 
resulting cyclic voltammograms, the anodic and cathodic peak currents 
of the [Fe(CN)6]3-/4- standard solution depends on the surface area of the 
electrode and electron transfer rate, while the peak-to-peak potential 
difference qualitatively indicates the electron transfer rate. Based on CV 
analysis, anodic peak current using SPE-CB was 1.5 times higher than 
SPE, and the peak-to-peak potential difference using SPE-CB was 2.5 
times lower than SPE indicating an increase in both the electroactive 
surface area and electron transfer rate after modification of the electrode 
with CB (Fig. 1A). The peak current increased by increasing the scan rate 
from 0.05 to 1 V/s in [Fe(CN)6]3-/4- standard solution for both unmod
ified and modified electrodes (Fig. 1C) [45]. Based on the relationship 
between peak current and scan rate, the electroactive surface area was 
calculated with the Randles-Sevcik equation; it increased from 0.027 ±
0.001 to 0.056 ± 0.007 cm 2 after modifying the electrodes with CB 
(Fig. 1D) (see supporting information S3 for calculations). 

To characterize the influence of CB modification on the electro
chemical performance of the SPE electrodes, we analyzed the interfacial 
electron transfer on the SPE with and without CB coating with EIS. The 
semicircle diameter in the Nyquist plot of impedance spectra corre
sponds to the charge transfer resistance on the electrode surface, which 
in turn affects the electron transfer rate [45]. The Nyquist plot in Fig. 1B 
shows the impedance spectra of SPE-CB and SPE in [Fe(CN)6]3-/4- 

standard solution over a frequency range of 0.1–1000 kHz. The spectra 
were fitted to a Randles circuit (Fig. 1B inset) and consisted of the 
electrolyte resistance (Rs), interfacial charge transfer resistance (Rct), 
the analytes diffusion or Warburg impedance (Zw), and double-layer 
capacitance (Cdl) (see supporting information S4 for detailed parame
ters of the fit). The electron transfer resistance (Rct) on the SPE-CB 
decreased 30 times from 4596.7 to 164.8 Ω, resulting in a higher elec
tron transfer rate. The results of this impedance analysis were in 
agreement with the cyclic voltammetry results and previous reports on 
the electrochemical characteristics of CB-modified electrodes [42,46]. 
These data confirm the signal amplification and better electrochemical 
performance of SPE after modification with CB. 

3.2. Optimization of the magneto-immunosensor 

Having established the effective signal amplification and better 
electrochemical performance of using SPE-CB electrodes, the analytical 
performance of the magneto-immunosensor for detecting aflatoxin B1 
was optimized using SPE-CB electrodes. The analytical performance of a 
magneto-immunosensor as a heterogeneous binding assay depends on 
the antigen density of the magnetic beads, the concentrations of beads, 
and the concentration of antibodies [47]. The magneto-immunosensor 
working principle was based on indirect competitive ELISA. First, afla
toxin B1 in the sample competed with AFB1-OVA on magnetic beads 

(MB-OVA-AFB1) for binding to a certain number of antibodies (AFB1-
mAb). After separating the magnetic beads, HRP-pAb is bound to the 
AFB1-mAb on magnetic beads. Then, magnetic beads were immobilized 
on the electrode using an external magnet underneath the electrode. The 
current generated from the HRP reaction with the substrate (HQ/H2O2) 
was inversely proportional to aflatoxin B1 concentration. Higher con
centrations of aflatoxin B1 in the sample resulted in a lower amount of 
bound HRP-pAb to the magnetic beads and a lower current signal. 

The concentrations of MB-OVA-AFB1, AFB1-mAb, and HRP-pAb 
were optimized for detecting aflatoxin B1 by using different densities 
of AFB1-OVA covalently immobilized on magnetic beads 2.27⋅10− 12, 
4.55⋅10− 12, and 9.10⋅10− 12 mol/μm2 labeled as a, b, and c respectively 
(see supporting information S5 for calculations). First, the MB-OVA- 
AFB1 and AFB1-mAb were optimized using a non-competitive immu
noassay in the absence of aflatoxin B1. Then, the HRP-pAb and the 
magnetic-based density were optimized by competitive binding in the 
presence of aflatoxin B1 [48]. 

A non-competitive titration of MB-OVA-AFB1 with a constant 
amount of AFB1-mAb (0.25 μg/mL) and HRP-pAb (160 μg/mL), con
centrations selected based on ELISA assay results (supporting informa
tion S6), as performed (Fig. 2A). The optimum concentrations of MB- 
OVA-AFB1 observed to saturate the signal by 90% were 0.7, 0.4, and 
0.1 mg/mL of beads, and AFB1-OVA densities of 2.27, 4.55, and 
9.10⋅10− 12 mol/μm2 (a, b, and c) respectively. The use of a higher 
number of beads produced a saturated current signal at a lower AFB1- 
OVA density. The optimum MB-OVA-AFB1 concentrations were then 
used for AFB1-mAb optimization. The optimum AFB1-mAb concentra
tions producing 90% of saturation signal were 0.015, 0.05, and 0.2 μg/ 
mL at AFB1-OVA with densities 2.27, 4.55, and 9.10⋅10− 12 mol/μm2 (a, 
b, and c), respectively (Fig. 2B). At this step, the lowest AFB1-mAb 
required to saturate the signal was observed using the highest concen
tration of MB-OVA-AFB1 with the lowest OVA-AFB1 density (batch a, 
Fig. 2B). 

In the next step, the density of the magnetic beads was optimized 
using the competitive binding of aflatoxin B1 to AFB1-mAb, with a 
constant concentration of HRP-pAb. Only the use of MB-OVA-AFB1 with 
the lowest density of AFB1-OVA (batch a, Fig. 2C) allowed for dis
tinguishing the low levels of aflatoxin B1 concentrations in the range of 
0.3, 0.03, and 0.003 ng/mL. This may be due to better binding kinetics 
and a higher probability of binding when using a higher number of beads 
with a lower density of AFB1-OVA. Moreover, the combination of a 
higher number of beads and a lower density of AFB1-OVA resulted in a 
lower number of final immunocomplexes on a single bead. Thus, the 
signal variability due to the loss of a few beads was minimized, 
improving reproducibility. Finally, the HRP-pAb concentration was 
optimized using MB-OVA-AFB1 with 2.27⋅10− 12 mol/μm2 of AFB1-OVA. 
Using an HRP-pAb dilution of 1/1000 (80 μg/mL) (Fig. 2D, red) led to 
the determination of aflatoxin B1 concentrations at 0.3, 0.03, and 0.003 
ng/mL. While using a higher concentration of HRP-pAb (1/500 dilution) 

Fig. 3. Detection of different concentrations of afla
toxin B1 in buffer and corn extract. The assay was 
based on an indirect competitive immunoassay. The 
current response decreased as aflatoxin B1 concen
tration increased. The dashed line indicates the EU 
MRL for aflatoxin B1 (2 μg/kg), which lies in the 
assay dynamic range in both buffer and corn extract. 
The highlighted area of the curve in pink shows the 
linear range of the magneto-immunoassay in extract 
producing 20–80% of the maximum signal. The 
binding curve in the extract is the average of three 
independent calibrations over three days, where each 
concentration was measured on three different SPE- 
CB electrodes. Low RSD values in the buffer and 
extract indicated high reproducibility of the assay. 
(For interpretation of the references to color in this 

figure legend, the reader is referred to the Web version of this article.)   
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led to a steeper difference between 0.3 and 0.03 ng/mL of aflatoxin B1 
concentrations, it was not possible to distinguish between lower con
centrations of 0.03 and 0.003 ng/mL of aflatoxin B1 with these condi
tions. Thus, the HRP- pAb at 1/1000 dilution was chosen as the optimum 
concentration. 

3.3. Analytical performance of the magneto-immunosensor 

The analytical performance of magneto-immunosensor for detection 
of aflatoxin B1 has been evaluated using the optimum parameters of 
AFB1-OVA density of 2.27⋅10− 12 mol/μm2 on magnetic beads, MB-OVA- 
AFB1 concentration of 0.7 mg/mL, AFB1-mAb concentration of 0.015 
μg/mL, and HRP-pAb concentration of 80 μg/mL. The calibration curves 

in Fig. 3 show the sigmoidal curves of aflatoxin B1 antibody binding to 
different concentrations of aflatoxin B1 in buffer and non-contaminated 
corn extract. The nonlinear fit of binding curves was performed based on 
equation (1) (see Material & methods, 2.5), using four parameters log 
inhibitor vs current response with variable slope at a 95% confidence 
interval. Limit of detection (LOD), half-maximal inhibitory concentra
tion (IC50), and linear range of the assay were calculated as the con
centration of aflatoxin B1 which gives 90%, 50%, and 20–80% of the 
maximum current signal produced by the binding reaction, respectively. 
LOD values were estimated to be as low as 13 and 24 pg/mL for buffer 
and corn sample extract, respectively. The EU MRL for aflatoxin B1 of 2 
μg/kg corresponding to an in-assay concentration of 100 pg/mL was 
covered in the assay linear range both in buffer and corn extract. The 
inter-assay precision was also investigated by testing the same corn 
sample extract with a magneto-immunosensor under the same experi
mental conditions over three days. The non-contaminated extracts were 
spiked with different concentrations of aflatoxin B1 from 30 to 0.003 
ng/mL. Mean relative standard deviations of the assay were 3.7% and 
4.0% in buffer and three non-contaminated corn extracts spiked with 
aflatoxin B1 measured over three days, respectively, indicating high 
reproducibility of the assay. The relative standard deviation for each 
aflatoxin B1 concentration was obtained using three different SPE-CB 
electrodes. 

Selectivity of the magneto-immunoassay was evaluated by per
forming a control experiment in the presence of the most prevalent 
potential interfering aflatoxins: aflatoxin B2, aflatoxin G1, and aflatoxin 
G2, all commonly found in corn extract. The non-contaminated corn 
extract was spiked with aflatoxin B1 at 2 μg/kg, which corresponds in 
the assay to a concentration of 0.1 ng/mL, and aflatoxin B2, G1, and G2 
at 4 μg/kg (which corresponds in the assay to a concentration of 0.2 ng/ 
mL, the EU MRL for total aflatoxins B1, B2, G1, and G2). Based on one- 
way ANOVA analysis, no significant differences between the blank 
signal and the magneto-immunosensor signals for aflatoxin G1, G2, and 
B2 were observed with p values of 0.38, 0.96, and >0.99 respectively 
(Fig. 4). There were significant differences when the blank signal was 
compared with aflatoxin B1 and the mixture signals with p values of 
0.0009 and 0.0026, respectively, while there was no significant differ
ence between aflatoxin B1 and the mixture signals with a p-value of 
0.086. Therefore, the magneto-immunosensor demonstrated good 
selectivity to detect aflatoxin B1 in the cereals extract at the studied 
concentrations. 

Fig. 4. Selectivity of developed magneto-immunosensor for aflatoxin B1 
detection. As a control experiment, the non-contaminated corn sample (blank) 
extract was spiked with 4 μg/kg of aflatoxins G1, G2, and B2, 0.2 ng/mL in 
assay concentration. One-way ANOVA analysis of the assay response showed no 
significant (ns) difference between blank, aflatoxin G1, G2, and B2 responses 
while there was a significant difference between blank and aflatoxin B1 at 2 μg/ 
kg, 0.1 ng/mL in-assay concentration and the mixture of aflatoxins responses 
(** equals p < 0.01 and ***p < 0.001). The mixture contained each aflatoxin 
G1, G2, and B2 at 4 μg/kg and aflatoxin B1 at 2 μg/kg. The standard deviations 
correspond to the measurement using three SPE-CB electrodes. 

Fig. 5. In-house validation of the magneto-immunoassay for detection of aflatoxin B1. Any sample producing a signal greater than the cut-off value (Fm − 0.72 μA) is 
positive or suspect and any sample producing a signal less than the threshold value (T − 0.77 μA) is negative or non-contaminated. The standard deviations of mean 
blank and mean MRL is the average standard deviation of 20 measurements, each performed in triplicates using three SPE-CB electrodes. 
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3.4. Validation study 

Having accomplished the good analytical performance of magneto- 
immunosensor for detection of aflatoxin B1 with a low LOD of 24 pg/ 
mL and mean RSD of 4.01%, the magneto-immunosensor applicability 
as an aflatoxin B1 screening test for cereals was further investigated. For 
this purpose, an in-house validation study based on EU guidelines (EU 
commission regulation (EU) No 519/20149) for screening tests was 
performed using 20 certified non-contaminated cereal samples (blank 
samples). After extraction, all non-contaminated samples were spiked 
with aflatoxin B1 at a screening target concentration of 2 μg/kg, cor
responding to 0.1 ng/ml in assay concentration (EU MRL for aflatoxin 
B1). The measurements were performed over five days in triplicates 
under intermediate precision conditions, i.e. keeping all the experi
mental conditions constant with the day of experiment as the only 
variable. The threshold (T) and the cut-off factor (Fm) values determine 
the decision limit for negative and positive samples, respectively. They 
were determined using the equations below: 

T = B − 1.64 ​ SDB ​ (2) 

(EU commission regulation (EU) No 519/2014) 

Fm = M + 1.64 ​ SDM (3) 

(EU commission regulation (EU) No 519/2014). 
B is the mean and SDB is the mean relative standard deviation of the 

blank samples signal. M is the mean and SDM is the mean relative 
standard deviation of the spiked samples signal. The current values for 
B, SDB, M, and SDM were − 0.92 ± 0.09 μA, − 0.65 ± 0.04 μA, respec
tively. Then, the Fm and T values were − 0.72 and − 0.77 μA, respec
tively. Based on the validation experiment, the cut-off factor (Fm) was 
smaller than the threshold value, indicating a detection capability (CCβ) 
less than or equal to 2 μg/kg, a false-negative rate lower than 5%, and a 
false-positive rate lower than 5% (Fig. 5). Any sample producing a signal 
greater than the cut-off value (Fm − 0.72 μA) is considered positive or 
suspect and any sample producing a signal less than the threshold value 
(T − 0.77 μA) is considered negative or non-contaminated within the 5% 

Fig. 6. AflaESense user interface. A) the main page includes the device connection status, running the measurement, reaction time progress bar, measured current 
value, estimated result, and save result option; B) the test page shows the sample name (editable), timestamp (date), location (latitude and longitude), the numerical 
value of the result, traffic light type indication of result, save, share, and delete option; C) menu includes tests table, setting, about, and close options; D) setting page 
includes threshold (T), cut-off factor (Fm), and calibration parameters based on equation (1), the maximal current (A), the minimum current (B), the concentration 
producing 50% of the maximal current (IC50), and the slope at the inflection point of the sigmoidal curve (D); E) AflaESense result page for real sample analysis. The 
screenshot shows the results for a blank sample (row 1) spiked samples at 0.1, 2, and 10 ng/mL (rows 2, 3, 4, and 6), and a naturally contaminated sample at 0.15 ng/ 
mL (row 5). 
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false-positive and false-negative rates. 

3.5. Real sample analysis using a smartphone 

The Android application AflaESense was developed to provide a 
user-friendly interface for non-expert users (Fig. 6). AflaESens enables 
the user to perform the electrochemical measurement of the magneto- 
immunosensor on a commercial miniaturized potentiostat (Sensit 
Smart, Palmsens, Netherlands) connected to the phone via a USB. 
AflaESense was used as the measurement interface to detect aflatoxin B1 
in spiked corn samples containing 0.1, 2, and 10 ng/mL aflatoxin B1 and 
a naturally contaminated sample, F042, with 0.15 ng aflatoxin B1/mL. 
After performing the magneto-immunoassay, the magnetic beads were 
transferred to the SPE-CB electrode connected to the Sensit Smart de
vice. Then the substrate was added, and the measurement was started by 
pressing the measure button on the phone (Fig. 6A). The current signal 
was measured after 2 min of reaction time. The data was analyzed 
automatically based on the validation study and calibration curve in the 
corn extract. As shown in Table 1, the reported result with AflaESense 
was in close agreement with the spiked concentrations (r2 = 0.99) with 
recovery values between 80 and 120%. These recovery values were in 
the acceptable range based on the EU guideline for screening tests for 
aflatoxin B1 (EU commission regulation (EU) No 519/2014), which 
demonstrated the AflaESense capability in performing the measurement 
and data analysis. The result sheet including a timestamp, GPS location, 
and sample name can be saved on the phone’s internal storage or shared 
via other applications (email, Bluetooth, WhatsApp …). 

Quantitative results in the ng/mL range produced by AflaESense are 
similar to the quantification range of previously reported smartphone- 
based applications such as point-of-care testing systems for neuron- 
specific enolase and PfHRP2 detection [49,50]. Smartphone-based ap
plications reported in previous studies are mostly designed for in-house 
potentiostats with smartphone connectivity, reducing costs relative to 
using AflaESense [51]. However, the use of a commercially available 
smartphone potentiostat, Sensit Smart, is advantageous due to its wide 
availability. 

4. Conclusion 

Applicability and user-friendliness are key features of point-of-need 
biosensing devices but are often overlooked in research. In this study, 
we developed a highly sensitive and reproducible magneto- 
immunosensor for point-of-need detection of aflatoxin B1 by non- 
expert users. The LOD values of 13 and 24 pg/mL and mean relative 
standard deviations (RSD) of 3.7% and 4.0% were obtained in the buffer 
and extract, respectively. The sensor can be used to detect aflatoxin B1 at 
a concentration of 2 μg/kg, the EU MRL (in-assay concentration of 100 
pg/mL), and it was validated to have a CCβ lower or equal to this value. 
The false-positive and false-negative rates were less than 5%, meeting 
regulatory requirements for food safety testing. Finally, AflaESense, a 
user-friendly android application, was designed based on validation 
results such as threshold and cut-off values. AflaESense, combined with 

a commercial miniaturized potentiostat connected to the smartphone 
was effectively used to accurately evaluate various samples that were 
either not contaminated or spiked with increasing amounts of aflatoxin 
B1 (0.1, 10, and 20 ng/mL), as well as naturally contaminated samples. 
The results were also visualized in a simple to interpret, traffic-light-type 
format; red for contaminated samples and green for non-contaminated 
samples minimizing the need for user training and cumbersome data 
analysis. Thus, the method described here combines a CB-coated elec
trochemical immunosensor, a miniaturized potentiostat, and a custom
ized smartphone App, demonstrating an innovative proof of concept for 
point-of-need food safety testing for aflatoxin B1 by non-experts. For the 
widespread application of such devices, further work is needed to 
address the integration and automation of multiple sample preparation 
steps such as extraction and washing, which are critical for reliable 
results. 
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