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Abstract The authors describe a label-free electrochemical
biosensor based on CNTs for picogram range detection of
the food carcinogen aflatoxin B1 (AFB1). A gold electrode
was modified with a cysteine (Cys) self-assembled layer,
and carboxyl-functionalized carbon nanotubes were cova-
lently attached to Cys for the subsequent tethering of anti-
body against AFB1 (anti-AFB1). Topographical images of
the biosensor surface were acquired by atomic force mi-
croscopy throughout the modification and assay procedure.
Upon exposure to samples containing AFB1, its binding to
anti-AFB1 will result in a change in electrical conductivity.
The use of CNT warrants enhanced electrical properties,
and the charge-transfer resistance (Rct) can be related to
the concentration of AFB1. Biosensor selectivity was test-
ed by using samples containing ochratoxin A. The elec-
trode displays a limit of detection as low as 0.79 pg·g−1,
and response is linear in the 0.1 to 20 pg·g−1 concentration
range. The assay was applied to the determination of AFB1
in contaminated corn flour at concentrations so low that
they cannot be quantified by established ELISAs. In our

perception, this method represents a viable point-of-care
probe for detection of AFB1.
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Introduction

Aflatoxin B1 (AFB1), produced by Aspergillus fungi of the
genus flavus and parasiticus [2] is considered the most
toxic aflatoxin and potential carcinogen classified in
Group 1 according to International Agency for Research
on Cancer [3]. Foodstuff and animal feed [4] including
cereals, legumes, groundnut and corn have important role
as complementary foods and are extremely vulnerable to
AFB1 contamination [5]. International maximum limits for
aflatoxins present in foodstuff are 50 pg·g−1 applied for
food safety and health of the population [6]. In European
countries, the highest permissible AFB1 concentration for
food intended for direct human consumption is 10 ng g−1.
For instance, its maximum tolerated level in maize is
5 ng·g−1, whereas in other foods as milk the limit is set to
5 pg·g−1 [7–9].

Thin layer chromatography, liquid chromatography, im-
munoaffinity chromatography, high-performance liquid
chromatography and enzyme-linked immunosorbent assay
(ELISA) are the most widely employed analytical tech-
niques for the identification and quantification of afla-
toxins [10]. Additionally, immunoassays are recognized
as highly sensitive for AFB1 assessment in food and agri-
cultural products. The lowest reported LOD for AFB1
using ELISA kits is 2 pg·g−1 [11]. However, these methods
are time consuming, require special equipment, trained
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personnel and additional pretreatment of the sample. As a
result, biosensors arise as an essential alternative devel-
oped to be rapid, practical and economical methods to-
wards AFB1 detection. Besides specific antigen-antibody
immunoreaction, other receptors such as aptamers are
emerging. Aptamers are single-stranded oligonucleotides
specifically raised to target molecules [12]. Although their
production is easier and less expensive in comparison to
antibodies, antibody industrial production is already large-
ly stablished and therefore easier to implement. Several
nanomaterials are used as supporting transducers or tracers
that amplify the detection signal of immunosensors and
immunoassays, recent results are summarized in a thor-
ough review [13]. Carbon nanotubes (CNT) are nanoparti-
cles exhibiting exceptional surface/volume ratio that en-
ables improved immobilization of biomolecules for the de-
velopment of sensor devices. Additionally, carbon nano-
structures can be multifunctionalized to be used as suitable
scaffolds to tether molecular probes onto them. In the last
five years, CNT-conjugates have been employed as bio-
sensing platforms to detect and transduce the recognition
response of cell-surface glycans [14, 15], enzymes and
protein receptors [16], DNA and chylomicrons [17, 18].
However, CNT-based immunosensors are considered to
be still in the early stage of development, requiring further
investigation [19]. Recently, it has been demonstrated that
multiwall CNT transducers enhance oxidation signals [20],
thus propelling electrochemical CNT-based biosensors
development.

The present work describes the construction of a label-
free electrochemical immunosensor based in carboxyl-
functionalized multiwall carbon nanotubes for detecting
AFB1 in corn flour samples. A homogeneously distribut-
ed self-assembled cysteine (Cys) layer proved to be an
efficient linker for CNT. AFB1 monoclonal antibodies
(anti-AFB1) are directly tethered to the nanostructured
film by covalent linkages. Sensitivity and selectivity of
the biosensor were studied by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and atomic
force microscopy (AFM). Interference was studied by
testing ochratoxin A (OTA) contaminated corn flour sam-
ples. OTA is a nephrotoxic and carcinogenic mycotoxin
produced by species of Aspergillus in warmer climates of
the South America and Africa. Compared to current im-
munological methods, the system is fast to construct, se-
lective and stands out as a highly sensitive point-of-probe
monitoring biosensor. It may help agricultural producers
to enhance the yield of current crop stocking methods.
Other methods such as immunochromatographic strips
[42] are also easier to use and simpler to analyze, al-
though their sensitivity and limit of detection (LOD) pre-
vents their use as monitoring tools, since their positive
result would represent the loss of the product.

Experimental

Materials

Potassium ferrocyanide and potassium ferricyanide
K4[Fe(CN)6]/K3[Fe(CN)6], 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide (EDC), N-hydroxysuccinimide
(NHS), multiwalled CNT, bovine serum albumin (BSA),
Cys, monoclonal antibody anti-AFB1, AFB1 and OTA were
purchased from Sigma-Aldrich (St. Louis, USA http://www.
sigmaaldrich.com). Corn flour samples contaminated with
AFB1 and OTA were purchased from Neogen Food Safety
(Lansing, USA http://foodsafety.neogen.com). All chemicals
and solvents were of analytical grade and used as received,
without further purification.

Construction of the immunosensing platform

A gold electrode (BGE) was polished with 0.05 μm α-Al2O3

paste and carefully cleaned by rinsing and set in an ultrasonic
bath in ultrapure water for 10 min. Cleaning procedure was
repeated each time after exposure to samples during electro-
chemical characterization and testing. Modification process of
Cys-CNT-Anti-AFB1-BSA-modified electrode is shown n
Fig. 1. Initially, 3 μL of a 15 mM Cys solution was carefully
dropped over the BGE and allowed a 20-min incubation time
at 25 °C to create a self-assembled layer (Fig. SI.1).
Subsequently, the electrode was set in an ultrasound bath for
1 min. Cys-CNT system was constructed by wise-dropping
3 μL of an aqueous solution containing carboxyl-CNT diluted
in a 1:1 of a EDC (0.4 M), NHS (0.1 M), and carefully incu-
bated for 50 min at 25 °C. Afterwards, 3 μL of a 25 mg mL−1

Anti-AFB1 solution diluted in 1:1 EDC: NHS was added
dropwise over the activated platform and let to incubate for
40min at 25 °C (Fig. SI.2.). Finally, the remaining nonspecific
sites were blocked with 1 μL of a 10% w/v BSA solution
incubated for 5 min. After this point, the biosensor is ready
to be exposed to AFB1 samples.

Detection of AFB1 in standard and corn flour samples

The biosensing ability of the Cys-CNT-Anti-AFB1-BSA-mod-
ified electrodes was evaluated by use of standard solutions
adjusted at different concentrations of pure AFB1 [0.1, 1.0,
3.0, 6.0, 9.0, 11.0 and 20.0 pg·g−1], 2 μL were added dropwise
and let to incubate for 15 min at 25 °C. Corn flour samples
spiked with AFB1 (0.1, 5.0, 9.0, 11.0 and 15.0 pg·g−1 concen-
trations) were used to evaluate the sensitivity of the sensor. In
addition, corn flour samples spiked with OTA [0.1, 5.0, 10.0
and 15.0 pg·g−1] were used as negative control to evaluate the
specificity of the immunosensor. Validated protocols detailing
aflatoxin extraction from grain samples usually appoints meth-
anol or water-methanol solutions as solvents [21]. Thus, to
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avoid interferences caused by the possible denaturation of Anti-
AFB1 by interaction with alcohol, 1 g of each contaminated
corn flour sample was first mixed in methanol, followed by
clarification through centrifugation process. Subsequently, the
supernatant was collected and evaporated according to Haskard
et al. [22] with a slight modification on the heating temperature
at 70 °C in a waterbath for 10 min. After this time, 1 mL of
ultrapure water was added to the precipitate.

Electrochemical characterization

The electrochemical response of the biosensor was monitored
throughout the construction process by using an Autolab
PGSTAT 128 N potentiostat/galvanostat interfaced with
NOVA 1.1 software (Metrohm Autolab Inc., Netherlands
http://www.metrohm-autolab.com). All measurements were
performed on a three-electrode-configured electrochemical
cell and a 10 mM K4[Fe (CN)6]/K3[Fe(CN)6] (1:1) solution
redox probe solution was used for VC and EIS analyses in
order to compare with previous published works [23–25].
Working solution was added with 10 mM PBS used as
supporting electrolyte and pH was adjusted to 7.4 to provide
maximum response according to a previous publication [26].
CV measurements were swept between −0.2 and +0.7 V at
50 mV·s−1 scan rate. Impedance measurements were per-
formed in the range between 100 mHz to 100 kHz frequency
under a + 10 mV sine wave potential. The gold electrode and
its subsequent modifications were used as the working elec-
trode, while a platinum and Ag/AgCl electrodes (in 3 M KCl)
were used as counter and reference electrodes, respectively.
All electrochemical measurements were triplicate repeated at
room temperature inside a Faraday cage. The impedimetric
responses were modelled using NOVA 1.1 software
(Metrohm Autolab Inc., Netherlands) according to the equiv-
alent circuit shown in inset of Fig. 3a. The modelled Cole-
Cole diagrams present two distinct segments, a semicircle at
higher frequencies, assigned to the electron transfer, and a
posterior straight line occurring at lower frequencies attributed
to the diffusion limited electron transfer process.

Topographical characterization

Surface characterization of the sensor was performed using an
atomic force microscope (SPM-9500 J2; Shimadzu, Tokyo,
Japan). Cantilevers with a silicon AFM probe (Tap190Al-G,
190 kHz resonant frequency, 48 N m−1 force constant) were
used for the noncontact mode AFM in air at room temperature
(approximately 25 °C). Lateral resolution was set to 512 × 512
pixels in a scan area of 10 × 10 μm.At least three areas in each
sample were macroscopically separated for analysis. The
AFM Gwyddion software was used to analyze the images
[27].

Results and discussion

Topographical analyses

Figure 2 shows the changes in roughness of the electrode
surface after the immunosensor assembly process. After incu-
bation with cysteine, the molecules organize themselves in the
form of a self-assembled monolayer (SAM) over the gold
surface favored by the terminal thiol groups of Cys (Fig. 2a).
In Fig. 2a, an effective Cys dense film modifying the surface
topography with a height of 24 nm is observed. Compared to
previous reported works [28, 29], a similar height of this new
topography is confirmed, however, this method results in a
more dense and homogeneous film. After the covalent anchor-
age of CNT on Cys layer, a distinctive change in height to
96 nm is observed (Fig. 2b). After Anti-AFB1 immobiliza-
tion, the average height increased to 110 nm (Fig. 2c).
However, a smoother morphology with an average height of
136 nm is observed after blocking nonspecific sites with BSA.
Cys-CNT-Anti-AFB1-BSA surface becomes more homoge-
neous (Fig. 2d). The Cys-CNT-Anti-AFB1-BSA-AFB1
immunosensor after exposure to an AFB1-contaminated corn
flour sample at 15.0 pg·g−1 concentration is shown in Fig. 2e.
In addition, a drastic change in the morphology of the surface
including a height increase to 440 nm is observed. This

Fig. 1 Schematic construction of AFB1 immunosensor based on carbon nanostructures and cysteine for use in food safety
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behavior confirms that, even after being adsorbed on the sur-
face of carbon nanotubes, Anti-AFB1 retained its bioactivity.
As an experiment control, the surface of the Cys-CNT-Anti-
AFB1-BSA immunosensor after being exposed to an OTA-
contaminated corn flour sample at 15.0 pg·g−1 concentration
(Fig. 2f) is shown. As expected, no significant height change
was observed. Thus, the specificity of the constructed
immunosensor towards other mycotoxins is verified.

Electrochemical characterization

After each assembly step, one can observe an increase in the
diameter of the Nyquist semicircle that is directly related to the
Rct. The response is a result of the antigen-antibody complex,
thus contributing to our findings about the maintenance of
Anti-AFB1 bioactivity, even after being adsorbed on the sur-
face of carbon nanotubes [30]. The BGE impedimetric re-
sponse is mainly related to diffusion processes with Rct values
equivalent to 249Ω. Cys-CNT-Anti-AFB1 system presents an
increase in impedimetric response (Rct = 4.03 kΩ) due to a
shielding effect of the layer avoiding the electrochemical
probe transfer. Next, when the immunosensor is exposed to
an AFB1 positive sample, the captured molecules provide an
additional blocking layer that decreases the redox probe flux
nearby the transducer.

Changes in voltammetric behavior during the construction
stages of the biosensor are shown in Fig. 3b. The initial BGE
signal presents a reversible voltammogram compatible to the
response of the redox probe. Thus, diffusion processes control
the reactions that lead the electron transfer. After modifying
the electrode to obtain the immunosensor, we notice a de-
crease in the amperometric response in accordance with the
hampered motility of the redox probe towards the transducer
found in the impedimetric results. After exposing the

immunosensor to an AFB1 sample, a drastic decrease of the
oxidation/reduction signals is observed, including a separation
of the anodic and cathodic peaks. Despite the observed quasi-
reversible behavior, the gathered results suggest that the de-
celeration of the redox couple transfer rate towards the trans-
ducer is proportional to the amount of surface coating.

Sensitivity of the immunosensor

To assess reproducibility and standard experimental deviation
(S.D.), the following data is presented as the result of three
replicates performed for each sample. Sensitivity was evalu-
ated by creating a calibration curve from the EIS responses
resulting from the exposure of the immunosensor to pure stan-
dard AFB1 samples.

In Fig. 4a we present the impedimetric responses of the
immunosensor after its exposure to AFB1 standard solutions
at the following concentrations: 0.1, 1.0, 3.0, 6.0, 9.0, 11.0,
15.0 and 20.0 pg·g−1. The scattered points represent the ex-
perimental results while the solid black lines show the fitting
curves resultant from the equivalent circuit (Fig. 4a). From the
first sample detection (0.1 pg·g−1), one can see a gradual in-
crease in Rct resistance from 6.97 to 84.33 kΩ (20.0 pg·g−1).

The results of modeled the data with basis in the equivalent
circuit are shown in Table SI.1. Since the most altered param-
eter is the Rct, it is convenient to evaluate the antigen-antibody
interaction in terms of the relative variation of the Rct as
defined by:

%ΔRct ¼ RctCNT−antiAFB1−AFB1−RctCNT−antiAFB1
RctCNT−antiAFB1

�
�
�
�

�
�
�
�
x 100 ;

According to this equation, the RctCNT-antiAFB1 corresponds
to the initial immunosensor response and RctCNT-antiAFB1-AFB1

Fig. 2 3D AFM images of Cysteine SAM (a), Cys-CNT (b), Cys-CNT-Anti-AFB1 (c), Cys-CNT-Anti-AFB1-BSA (d), Cys-CNT-Anti-AFB1-BSA-
AFB1 as positive sample (e) and Cys-CNT-Anti-AFB1-BSA-OTA as negative sample (f). Scan area of 10 μm × 10 μm
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is the charge transfer resistance of the biosensor response after
its interaction with AFB1. Sensitivity and reproducibility were
assessed from the relationship existing between ΔRct % and
the concentration of AFB1 and its plot is shown in Fig. 4b.
The linear relationship was modelled by ΔRct % = 98.19 +
92.38 [AFB1 pg·g−1] with a coefficient of determination of
0.99. From the impedimetric analysis, LOD was estimated
based on the S.D. of the responses and the calculated slope
as follows: LOD = 3.3 σ·s−1. In this expression, s is the slope
of the calibration curve and σ, is the S.D. of the intercept of the
regression line. The LOD value obtained (0.79 pg·g−1) was a
lower value than that found in current AFB1 tests run by
ELISA (2 pg·g−1) and lower than recent AFB1-detecting
molecular biosensors ranging from 3.5 pg·g−1 to 5 ng·g−1

[25, 31–35].

Selectivity of the immunosensor, analysis of corn flour
samples

Selectivity was assessed by testing the immunosensor towards
corn flour samples contaminated with AFB1 for positive sam-
ples and OTA for negative samples. Figure 5a presents the
impedimetric responses of the immunosensor after exposure
to corn flour samples contaminated with AFB1 at different
concentrations [0.1, 5.0, 9.0, 11.0, 15.0 pg·g−1]. The incuba-
tion of the immunosensor with AFB1 samples resulted in an
increase of the Rct, this behavior is associated to the redox
probe being obstructed in its way towards the transductor
interface.

The experimental bioactivity was analyzed through ΔRct%
responses related to the concentration of the mycotoxins.

Fig. 4 Nyquist plots (a) and histogram of ΔRct (%) of the
immunosensor (b) after exposure to different concentrations of
AFB1 standard 0.1, 1.0, 3.0, 6.0, 9.0, 11.0, 15.0 and 20.0 pg·g−1.

Three replicates for each experimental condition were used.
Experimental values are reported as the mean values ± their half-
deviation (less than 1%)

Fig. 3 Nyquist plots (a) and cyclic voltammograms (b) for each step in the assembling of the immunosensor. Inset: Equivalent circuit used to fit the
impedance results
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Table 1 Comparison of some analytical features of Label-Free CNT immunosensor for AFB1 to those of other immunosensors

Detection technique Sensor type Assay platform Linear range LOD Construction/
measure (t)

Ref

Electrochemical immunosensor Graphene/conducting
polymer/ gold Np/ionic
liquid composite film

3.2–32 fg mL−1 312 ag mL−1 27 h/15 min [40]

Electrochemical immunosensor SWCNT /chitosan 0.01–100 ng mL−1 3.5 pg mL−1 2 h/3.5 h [31]

Electrochemical immunoassay Printed carbon electrode 0.125–16 ng mL−1 125 pg mL−1 3 h/15 min [41]

Electrochemical immunosensor MWCNT /Polymer/Pd-Au
nanoparticles

0.05–25 ng mL−1 30 pg mL−1 3 h/15 min [23]

Surface plasmon resonance immunosensor Polymeric brushes/Au
nanoparticles (NPs)

0.1 ng/mL μg mL−1 18 pg mL−1 13 h/55 min [33]

Mechanical immunosensor immunosensor Gold surface 0.1–50 ng mL−1 30 pg mL−1 2 days/1 h [34]

Optical/ fluorescence immunosensor Planar waveguide 73–400 pg mL−1 45 pg mL−1 5 h/20 min [35]

Fluorescence immunoassay Quantum dots 0.1–0.6 μmol mL−1 0.2 pmol mL−1 8 h/3 min [12]

Immunochromatographic strip immunoassay Nitrocelulose/
Antibodies

- 0.1 ng mL−1 5 min [42]

Portable electrochemical immunosensor Gold surface 5–20 ng mL−1 5 ng mL−1 4 h/1 h [25]

Electrochemical impedance Aptasensor Thiolated aptamers 0.1–100 nmol mL−1 0.12 ng mL−1 - [43]

Differential pulse voltammetry Aptasensor Printed/ magnetic Nps-Biotin
Aptamer

1–50 ng mL−1 0.11 ng mL−1 - [44]

Differential pulse voltammetry Aptasensor Thiolated aptmers/ labeled Fc 0.005–10 ng mL−1 0.001 ng mL−1 - [45]

Electrochemical impedance Immunosensor Covalent/
Cys-MWCNT-AcAFB1

0.1–20 pg mL−1 0.79 pg mL−1 2 h/15 min This work

Fig. 5 Nyquist plots (a) and
histogram showing the ΔRct (%)
of the immunosensor after
exposure to corn flour infected
with AFB1 as positive samples
[0.1, 5.0, 9.0,11.0 and
15.0 pg·g−1] (b) and with OTA as
negative samples [0.1, 5.0, 10.0
and 15.0 pg·g−1] (c). Three
replicates for each experimental
condition were used.
Experimental values are reported
as the mean values ± their half
deviation (less than 1%)
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Figure 5b shows the bioactivity of positive samples of corn
flour contaminated with AFB1. In addition, the
impedimetric result for negative samples of corn flour
contaminated with OTA at different concentrations [0.1,
5.0, 10.0 and 15.0 pg·g−1] is shown in Fig. 5c. Blue
columns represent the ΔRct% found for AFB1 samples.
As it can be observed, there is a large linear variation
of the Rct from 107.9% to 1421.1% for the immunosensors
exposed to AFB1 samples. On the other hand, the
immunosensors exposed to OTA samples presented almost
unchangeable ΔRct%, even at increasing concentrations, with
49.43% as mean value. This behavior categorically supports
the selectiveness of our immunosensors besides supporting
our findings about the maintenance of Anti-AFB1 bioactivity
even after being covalently-immobilized onto the surface of
the carbon nanotubes.

It is important to highlight that not all reported electro-
chemical platforms developed to detect AFB1 consider cova-
lent immobilization of the antibody to the carbon material
itself. For instance, in Table 1 we compare some analytical
features of our system to those of other immunosensors. Of
note, although physicochemical interactions are preferred,
CNT-based transducers are relatively easy and fast to con-
struct. Carbon-based transducers are the preferred option for
electrochemical immunosensors. In addition, the reported
time for a complete detection in these methods is also fast.
The development of this immunosensor asserts the direct co-
valent immobilization of Anti-AFB1 to the CNT by initially
constructing a dense Cys SAM that is able to immobilize a
considerable amount of CNT nanostructures, increasing thus
the amount of sites available for Anti-AFB1 binding. The
presented methodology dispenses the use of unspecific ionic
interactions to immobilize CNT as it is currently done with
ionic matrixes, thus resting in CNT electrical properties [36,
37]. For the most probable, the simplicity and precision of our
mounting methodology is essential to attain a 0.79 pg·g−1

LOD. In addition, our methodology was found to be among
the mean preparation time of current electrochemical
immunosensors with 2 h for construction and 15 min detec-
tion. Furthermore, our immunosensor was also comparable
with other LOD reports on commercial AFB1 ELISA
kits [38] (MyBioSource: 250 pg·g−1; Quicking Biotech:
100 pg·g−1; MaxSignal: 50 pg·g−1; Diagnostic Automation:
5 pg·g−1). It’s worth highlighting that our system re-
vealed a good sensitivity and performance when com-
pared with sensors based on aptamers. In addition, some
authors revealed that aptamer systems possesses difficult
to detect AFB1 in real samples at low concentrations.
Finally, the interest in using carbon nanomaterials in
electrochemical platforms continues to grow at a fast
pace [39], and improving their performance is essential
to attain the sensitivity once predicted by theoretical
works.

Conclusions

In this paper, we have presented a simple and sensitive
impedimetric immunosensor for AFB1 detection based in a
cysteine self-assembled layer, which was used for the covalent
anchoring of carboxyl-functionalized CNTs. Compared to oth-
er nanostructured immunosensors, the preparation of our plat-
form is simple an efficient. We improved the nanostructuration
of the immunosensor by employing covalent interaction of the
platform with the substrate, as a manner of increasing the re-
sistance to peeling off. In this context, the incubation time and
temperature control are critical parameters to attain the initial
dense Cys film on which the subsequent tethering depend.
Electrochemical characterization, CV and EIS, conjointly with
AFM topographical analyses confirmed that the bioactivity of
the antibodies is maintained after their covalent immobilization
while maintaining high specificity towards AFB1. The system
is sufficiently sensitive to dismiss the use of signal amplifiers.
Despite improvements in terms of fast construction, surface
coverage optimization and high specificity, our immunosensor
is still difficult to regenerate working as a single time analysis,
and therefore, the system has to be constructed from scratch
each time before use. When compared to current traditional
methods and alternative immunological biosensors, our biosen-
sor showed fast fabrication (2 h) and operation (15min) besides
acceptable reproducibility (RSD < 5%). When testing AFB1
standards, the biosensor performed with a low LOD of
0.79 pg·g−1 and a linear detection range between 0.1 to
20 pg·g−1. Such level of sensitivity in a portable label-free
detector would facilitate in-field use, or for instance, alterna-
tive continuous quality monitoring of crop storages.
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