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A B S T R A C T   

Deoxynivalenol (DON), a cosmopolitan mycotoxin found in agricultural commodities causes serious health 
maladies to human and animals when accidently consumed even at a low quantity. It necessitates selective and 
sensitive devices to analyse DON as the conventional methods are complex and time-consuming. This study is 
focused on developing a selective biosensing system using iron nanoflorets graphene nickel (INFGN) as the 
transducer and a specific aptamer as the biorecognition element. 3D-graphene is incorporated using a low- 
pressure chemical vapour deposition followed by the decoration of iron nanoflorets using electrochemical 
deposition. INFGN enables a feasible bio-capturing due to its large surface area. The X-ray photoelectron spec
troscopy analysis confirms the presence of the hydroxyl groups on the INFGN surface, which acts as the linker. 
Clear Fourier-transform infrared peak shifts affirm the changes with surface chemical modification and bio
molecular assembly. The limit of detection attained is 2.11 pg mL� 1 and displays high stability whereby it retains 
30.65% of activity after 48 h. The designed INFGN demonstrates remarkable discrimination of DON against 
similar mycotoxins (zearalenone and ochratoxin A). Overall, the high-performance biosensor shown here is an 
excellent, simple and cost-effective alternative for detecting DON in food and feed samples.   

1. Introduction 

Mycotoxins are secondary metabolites with low molecular weight, 
generated predominantly by fungi from the genera Fusarium, Aspergillus 
and Penicillium and commonly invade the crops such as cereal grains, 
fruits, and even in beer and wine which become a platform for the 
propagation of fungi and vectors (Eivazzadeh-Keihan et al., 2017; Horky 
et al., 2018; Santos et al., 2019; Smith et al., 2016). Consequently, 
mycotoxin causes billions of dollars of loss to the farmers annually and 
even could cause some crops to be endangered (Srivastava et al., 2018). 
Mycotoxins are also found in food derived from the animals due to their 
consumption of the contaminated feeds (Vipotnik et al., 2017). 

Due to the omnipresent nature of mycotoxins in food and feed, 
human and animals are constantly exposed to the risk of ingesting 
mycotoxin-contaminated food. As a result, human cells and blood 
affected by mycotoxin lead to severe maladies such as cancer, inflam
mation, and growth impairments (Eivazzadeh-Keihan et al., 2017). 

Besides, accidental consumption of feed contaminated with mycotoxins 
by animals cause growth impairment, weak endocrine system and 
slowdown of the immune system in them (Gallo et al., 2015). Therefore, 
the issue of mycotoxin risk needs both agrotechnology and the scientific 
community’s attention (Horky et al., 2018). 

Among the major available mycotoxin classes, this study is desired 
on detecting deoxynivalenol (DON) via biosensor due to its high inci
dence and severe health effects in humans and animals (Afsah-Hejri 
et al., 2013). DON is also known as vomitoxin, a group B trichothecene, 
generally detected in cereal grains at high concentrations. DON is 
mainly produced by Fusarium graminearum in grains and cereals (Ran 
et al., 2013). In cases of accidental consumption of food and feed 
contaminated with DON, human and animals suffer from vomiting, 
gastroenteritis and immunotoxin effects. (Pagkali et al., 2018). Thus, the 
European Union (EU) has set the maximum allowed limits for DON in 
food and feed to protect human and animals from the exposure to this 
mycotoxin (Commission Recommendation 2006/576/EC, 
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2006/576/EC, 2006; Pagkali et al., 2018; Regulation, 2007). 
Currently, there are several techniques in detecting DON mycotoxin 

such as enzyme-linked immunosorbent assay (ELISA) (Lu et al., 2017), 
lateral-flow immunochromatographic assay (Kong et al., 2019), lateral 
flow immunoassay (Urusov et al., 2018), and Raman system based 
sensing (Yuan et al., 2017). Although these techniques demonstrate a 
good detection limit for DON mycotoxin, the methodologies are com
plex, time-consuming and costly. The advantages and disadvantages of 
these conventional methods are summarized in Table S1. 

The development of an excellent biosensor requires two important 
factors, namely selectivity and sensitivity (Lakshmipriya et al., 2013). 
On top of that, correctly oriented biomolecular immobilization on the 
sensing surface and minimized non-specific biofouling were also 
important factors in developing high-performance biosensors. In this 
study, the biorecognition element was immobilized because the effi
ciency of non-specific antigen-capturing on the solid surface is lower 
compared to in-solution-based detection (Cheen et al., 2016). Also to 
minimize biofouling, the addition of blocking agent on the sensing 
surface is commonly favoured (Ong et al., 2018). On the other hand, the 
choice of biorecognition element also plays an important role for se
lective and sensitive detection. DON-antibody (Huang et al., 2020; 
Pagkali et al., 2018; Qing et al., 2016; Valera et al., 2019; Wei et al., 
2019; Yu et al., 2015) had been widely used as the biorecognition 
element in detecting DON mycotoxin in the past decades. However, the 
usage of antibodies as a biorecognition element has its disadvantages in 
terms of cost, uniformity, affinity control, and shelf-life compared to 
aptamers (Nimjee et al., 2004). 

In the past decades, the development of miniaturized biosensors is 
possible with the integration of nanostructured materials. Graphene has 
been a material of interest in various applications such as energy storage 
(Tang et al., 2019), absorbent (Ong et al., 2019) and sensors (Perumal 
et al., 2018) since its discovery by Geim and Novoselov. Its unique 
physical, chemical, optical and electrical characteristics make it an 
appealing material to be used as a biosensor. There are two approaches 
to synthesizing graphene, namely the top-down and bottom-up ap
proaches. However, graphene synthesized via top-down approach has 
major drawbacks such as low specific surface area attribute to the strong 
π-π interaction between the sheets of graphene (Georgakilas et al., 
2012). On the other hand, laser-scribed graphene via bottom-up 
approach demonstrated a large number of defects and hydrocarbon at
tachments on the surface of the graphene structure resulting in the 
deterioration of graphene properties (Vanegas et al., 2018). Recently, 
alternative techniques in the bottom-up approach such as self-assembly 
chemical vapour deposition have permitted the development of micro
porous three-dimensional graphene (Saheed et al., 2017). Graphene 
produced through this technique possesses fast electron kinetics and 
large specific surface area; characteristics required for the development 
of highly sensitive and selective biosensors (Shi et al., 2017). Further
more, metal oxide nanoparticles have been used for the immobilization 
of biomolecules due to their biocompatibility (Rahman et al., 2017). 
Among the metal oxides, iron oxides and (oxy) hydroxides nanoparticles 
have gained interest due to their unique optical, magnetic, and electrical 
properties (Ahmed et al., 2019; Rahman et al., 2017). Furthermore, the 
addition of these metal oxides on the surface of graphene would enhance 
the active surface area for the attachment of biomolecules and the 
charge transfer properties. 

In this study, DON-aptasensor is developed using a dandelion-like 
nanostructure, known as iron nanoflorets on the 3D-graphene-nickel 
substrate as the transducer element and DON-aptamer as the bio
recognition element. The 3D-graphene used in this study is synthesized 
using low-pressure chemical vapour deposition (LPCVD). This strategy 
benefits the ease of batch fabrication, tunability, and miniaturization. 
The 3D-graphene will recognize the electrical signal originated by the 
biomolecular interaction directly using a sensitive dielectric strategy. 
This is performed by measuring the electrical potential changes that 
occur on the surface layered with iron nanoflorets. The changes in 

electrical potential were determined using current-voltage (I–V) mea
surement. Iron nanoflorets is a promising material for the development 
of sensitive biosensor due to its high surface area to volume ratio. As for 
the biorecognition element, a tailor-made aptamer sequence is used for 
selective detection of DON mycotoxin. The limit of detection (LOD) 
achieved by the synthesized DON-aptasensor is up to 2.11 pg mL� 1. 

2. Experimental 

2.1. Materials 

The nickel foam was acquired from Shanghai Winfay Industry Ltd. 
Acetone (99.5%), ethanol (70%), iron (II) sulphate, (3-Aminopropyl) 
triethoxysilane (APTES), glutaraldehyde, phosphate buffer saline (PBS), 
DON mycotoxin and ethanolamine were purchased from Sigma Aldrich, 
USA. DON aptamer was synthesized commercially from Apical Scientific 
Sdn. Bhd. The sequence of aptamer chosen for this study was 
50–NH2–C6-GCATCACTA
CAGTCATTACGCATCGTAGGGGGGATCGTTAAGGAAGTGCCCG
GAGGCGGTATCGTGTGAAGTGCTGTCCC-3’. All chemicals were stored 
under the condition recommended by the supplier and used without 
further purifications. 

2.2. Synthesis of iron nanoflorets graphene nickel 

The synthesis of graphene followed the previously published report 
(Saheed et al., 2017). Briefly, nickel foam (2 cm � 2 cm) with 1 mm 
thickness is cleaned with acetone and isopropanol each for 15 min using 
sonication to remove organic contaminants. The cleaned nickel foam is 
placed in the LPCVD furnace at a pressure of 3 Torr (approx. 399.97 Pa) 
with constant argon and hydrogen flow at 200 and 40 sccm, respec
tively. The furnace was then heated-up to 1000 �C and maintained for 
10 min to stabilize before purging in methane gas at 160 sccm for 20 min 
for the growth of graphene. Subsequently, iron nanoflorets are deco
rated on the 3D-graphene surface using electrochemical deposition for 4 
min; with pure iron 99.99% as an anode, 3D-graphene as a cathode and 
iron (II) sulphate as the electrolyte. The obtained iron nanoflorets gra
phene nickel (INFGN) foam is then washed with deionized water and 
dried at room temperature. 

2.3. Characterization of INFGN 

To affirm the synthesis of iron nanoflorets on the 3D-graphene, it is 
characterized by using field emission scanning electron microscopy 
(FESEM, Zeiss Supra55 VP) with elemental mapping analysis. X-ray 
photoelectron spectroscopy (XPS, Model: Thermo Scientific. K-alpha) is 
used to verify the surface elemental analysis of INFGN with a mono
chromatic A1 Kα1 source with 1596 eV. The surface modification and 
biomolecule immobilization are verified by Fourier-transform infrared 
spectroscopy (FTIR, Model: Pelkin Elmer, Spectrum One) at the range of 
200–2500 cm� 1. 

2.4. Surface chemical functionalization and biomolecular immobilization 

The surface chemical functionalization and biomolecular immobili
zation on the INFGN are performed using the layer-by-layer deposition 
method. Firstly, the INFGN surface is washed with 70% ethanol to 
remove impurities from the surface. Once dried, 2.5% APTES is drop 
coated on the surface of INFGN and incubated for an hour at room 
temperature. Then, the unreacted APTES is removed by rinsing with 10 
folds volume of 10 mM PBS (pH 7.4). To terminate the INFGN surface 
with aldehyde groups, 3% glutaraldehyde is chemically interacted on 
the surface and kept for an hour. Next, pre-heated 10 μL of DON aptamer 
at 92 �C for 2 min is cooled to room temperature and immobilized on the 
INFGN surface for 30 min. Then, 10 μL of 1 M ethanolamine is applied to 
the surface for 15 min to block the aldehyde terminated groups that are 

C.C. Ong et al.                                                                                                                                                                                                                                   



Biosensors and Bioelectronics 154 (2020) 112088

3

not attached by the aptamer. After applying the blocking agent, a drop of 
diluted DON mycotoxin interacted with the surface for 5 min. DON 
mycotoxin is diluted in a serial dilution method from 1 ng mL� 1 to 1 fg 
mL� 1 and interaction is carried out independently from the lowest 
concentration of DON mycotoxin. All washings are performed between 
each immobilization step with 10 fold volume of PBS. 

2.5. Specificity and spiking experiment with real plant sample 

For the specificity test, different mycotoxins such as zearalenone 
(ZEA) and ochratoxin A (OTA) are used to interact on the surface of the 
aptasensor at a concentration of 1 ng mL� 1. For the spiking experiment, 
paddy (Oryza sativa) is crushed with a mortar and pestle to collect its 
sample and diluted in 1 mL of deionized water. This sample is spiked 
with 1 mL of 1 ng mL� 1 of DON and immobilized on the developed 
aptasensor surface to observe its selectivity towards DON when mixed 
with plant extract. 

2.6. Voltammetry measurements 

The current-voltage (I–V) measurement is conducted using picoam
meter (Keithley model 6487, 10 fA resolution, voltage source) to 
determine the electrical conductivity changes after biomolecular inter
action and detection. The I–V values for each immobilization step are 
recorded by applying a voltage sweep (0–2 V). During measurements, 
the condition is kept as wet and washing steps were carried out between 
each immobilization/interaction. Every measurement was conducted in 
a closed chamber with minimum environmental disturbance. 

3. Results and discussion 

3.1. Field emission scanning electron microscopy 

Fig. 1a shows the schematic illustration of iron deposition decorated 
on the surface of 3D-graphene and its corresponding FESEM image of 

bare 3D-graphene and INFGN. The growth of dandelion-like nano
structure, iron nanoflorets on the surface of 3D-graphene is observed to 
be uniform. The elemental mapping of INFGN verifies the uniform 
elemental distribution of iron and oxygen throughout the surface of 3D- 
graphene as shown in Fig. 1b. Furthermore, these nanoflorets are uni
form in size and distributed on a large surface area, useful to capture a 
high number of biomolecules. The attachment of iron nanoflorets on the 
graphene surface is aided by the presence of wrinkles (Ong et al., 2020). 
The formation of wrinkles is due to the thermal expansion coefficient 
difference between the nickel and deposited carbon layer (Saheed et al., 
2017). The electrons will accumulate at the ridge of the wrinkles and 
thereby attracts a large number of iron ions to be deposited. This leads to 
the formation of a dandelion-like nanostructure. 

3.2. X-ray photoelectron spectroscopy of INFGN 

Fig. 1c and d reveal the narrow scan for Fe2p and O1s regions for 
INFGN. In the Fe2p region, there are two peaks at 711.88 and 725.18 eV 
assigned to the Fe2p3/2 and Fe2p1/2, respectively. The presence of these 
broad peaks is due to the electrostatic interaction between spin-orbit 
coupling, photoionized Fe2p core hole, crystal field interaction and 
Fe3d electrons (Baltrusaitis et al., 2007). The peaks of interest lie in the 
O1s region, the Fe–O and Fe–OH seen at 530.28 and 531.58 eV, 
respectively. The presence of hydroxyl groups will provide the necessary 
binding sites for the attachment of APTES on the surface of INFGN as 
shown in Fig. 2a. 

3.3. Fourier-transform infrared spectroscopy 

APTES and glutaraldehyde are used to modify the surface of INFGN 
as linkers for the attachment of aminated DON-aptamer as shown in 
Fig. 2a. Initially, the surface is drop-coated with APTES and followed by 
glutaraldehyde. Subsequently, the DON-aptamer is immobilized on the 
surface via the glutaraldehyde linker. Fig. 2b shows the FTIR analysis for 
each surface modification and immobilization steps. APTES attached to 

Fig. 1. a) Illustration of electrochemical deposition of iron nanoflorets on 3D-graphene and FESEM image of 3D graphene and INFGN. b) Elemental mapping of 
INFGN showing the uniform elemental distribution of iron and oxygen throughout the surface of 3D-graphene. Narrow scan of XPS at c) Fe2p region. d) O1s region. 
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INFGN via hydroxyl groups present on the surface. FTIR spectrum shows 
the characteristic of Si–O rocking, bending and stretching at 457, 802 
and 1081 cm� 1, respectively (San Andr�es et al., 2000). Besides that, the 
–NH peaks were also present at 1630 cm� 1 signifies the NH2 group of 
APTES structure (Aneja et al., 2015). Upon the modification by glutar
aldehyde, the C––O peak appeared at 1719 cm� 1. The broad peak at 
1627 cm� 1 verifies the presence of C––N, which is the linker between 
APTES and glutaraldehyde. This peak became more prominent as 
aptamer is attached on the surface via C––N imine bond. 

3.4. Electrical potential of INFGN 

Fig. 3a shows the reproducibility of the three similar INFGN bare 
devices based on the reading of current generated through iron nano
florets at the supplied voltage. The current of the three devices ranges 
from 0.09 to 0.1 nA. The current generated curve shows a similar trend 
across all three devices with a relative standard deviation (RSD) of 
4.09%. 

3.5. Concentration-dependent analysis – LOD determination 

Fig. 3b shows the sensitivity of the DON-aptasensor for detecting 
DON mycotoxin. A range of concentrations from 1 fg mL� 1 to 1 ng mL� 1 

is used to determine the LOD of DON-aptasensor. The LOD for DON- 

aptasensor was calculated to be 2.11 pg mL� 1, displaying 2 folds 
higher than the previously reported biosensors (Qing et al., 2016) 
(Table S3). The current-based LOD determinations for DON as stated by 
various studies are in the nanoscale range. Although recent studies have 
reported detecting DON as low as 0.07 pg ml� 1 using mimotopes, they 
are comparatively difficult to be produced in addition to the safety 
concerns and society reluctance to use genetically engineered bacterial 
viruses (Peltomaa et al., 2017; Yan et al., 2019). In this study, the 
aptamer is used as the biorecognition element owing to its high speci
ficity, selectivity, and long shelf life compared to the antibodies (Sharma 
et al., 2016). Initially, the current decreases upon immobilization of 
aptamer on INFGN as shown in Fig. S1. Fig. 3c shows the biasing of the 
DON-aptasensor at 2 V, in which the current changes for 10 pg mL� 1 

shows up to 7.7 times difference from the bare DON-aptasensor, signi
fying the higher sensitivity towards DON mycotoxin. Since DON 
mycotoxin is a polar compound (Catteuw et al., 2019), electrons can 
transfer via two pathways; one is through iron nanoflorets and another 
through the biomolecule (Fig. 3d). Upon addition of DON mycotoxin, it 
shows improvement in conductivity and a concomitant enhancement 
has been found by the dose-dependent DON interaction. This proves that 
the electron opted for the biomolecular pathway with a lower resistance, 
thus improving the conductivity. A linear increment trend can be 
observed in the calibration plot (Fig. S2 and Table S2), signifying the 
higher concentration of biomolecule will increase conductivity up until 
saturation point. The mechanism of signal generation in the dielectric 
sensor is the dipole moment, a phenomena when the generated charge 
displace with strong confinement (Balakrishnan et al., 2014). During the 
current measurements, the formation of molecular complex structure 
provoked vibrations, which cause the charge displacement at the 
dielectric gap. 

3.6. Stability and selectivity analysis 

Fig. 3e shows the stability results after two days (48 h), where the 
developed DON-aptasensor is stable and able to maintain 30.65% of its 
activity. In addition, the selectivity of the DON-aptasensor is determined 
by using other mycotoxins such as ZEA and OTA. Fig. 3f shows 7 times 
greater affinity of DON-aptasensor to the DON mycotoxin compared to 
ZEA and OTA. This shows that DON-aptasensor is very selective towards 
DON mycotoxin. 

3.7. Detection of deoxynivalenol in presence of plant extract-spiking 
experiment 

For the application of plant extract to detect DON, the solution 
containing 1 mL of plant extract is spiked with 1 ng mL� 1 of DON 
mycotoxin as shown in Fig. S3a. DON-aptasensing is prepared similarly 
with the previous experiment with the plain plant extract dropped on 
the surface and measured. Evidently from Fig. S3b, there is a negligible 
current change after the introduction of the plant extract on the DON- 
aptamer attached surface and showing no affinity towards other com
pounds in the extract. Meanwhile, the mycotoxin spiked plant extract 
demonstrates a clear current change at 2 V with 1.5 times of the DON- 
aptasensor current. 

4. Conclusion 

In this study, DON-aptasensor is successfully developed with high 
sensitivity at the LOD of 2.11 pg mL� 1 and good selectivity (against ZEA 
and OTA). This DON-aptasensor can maintain its performance of 
30.65% after 48 h and able to detect specifically DON mycotoxin in the 
presence of plant extract. The biosensor developed with the material 
used in INFGN is achieved through the large surface area of iron nano
florets coupled with the excellent electrical property of graphene. The 
addition of aptamer as the biorecognition element instead of antibody 
and enzyme contributes a consistency in terms of the high-performance. 

Fig. 2. a) INFGN surface reacted with APTES and glutaraldehyde for the 
attachment of aptamer. b) FTIR analysis of INFGN with various surface func
tionalization. Scanned from 200 to 2500 cm� 1. 
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The scheme of using 3D graphene as template for the growth of iron 
nanoflorets by electrochemical deposition opens new possibilities to use 
other metal and metal-oxides. This could be useful in improving the 
stability and reusability of biosensor with addition of targeted surface 
functionalization. The proposed strategy here provides an excellent 
platform for future development with graphene-based biosensors as it 
contains abundance of oxygen species, crucial for attaching linkers and 
biorecognition elements. It offers a large surface area for the studies of 
disease biomarkers, especially hazardous mycotoxins plaguing agricul
tural products. 
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