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Abstract: Aflatoxins are a group of extremely toxic and carcinogenic substances generated by the
mold of the genus Aspergillus that contaminate agricultural products. When dairy cows ingest
aflatoxin B1 (AFB1)−contaminated feeds, it is metabolized and transformed in the liver into a
carcinogenic major form of aflatoxin M1 (AFM1), which is eliminated through the milk. The detection
of AFM1 in milk is very important to be able to guarantee food safety and quality. In recent years,
sensors have emerged as a quick, low–cost, and reliable platform for the detection of aflatoxins.
Plasmonic sensors with molecularly imprinted polymers (MIPs) can be interesting alternatives for the
determination of AFM1. In this work, we designed a molecularly–imprinted–based plasmonic sensor
to directly detect lower amounts of AFM1 in raw milk samples. For this purpose, we prepared gold–
nanoparticle–(AuNP)−integrated polymer nanofilm on a gold plasmonic sensor chip coated with
allyl mercaptan. N−methacryloyl−l−phenylalanine (MAPA) was chosen as a functional monomer.
The MIP nanofilm was prepared using the light–initiated polymerization of MAPA and ethylene
glycol dimethacrylate in the presence of AFM1 as a template molecule. The developed method
enabled the detection of AFM1 with a detection limit of 0.4 pg/mL and demonstrated good linearity
(0.0003 ng/mL–20.0 ng/mL) under optimized experimental conditions. The AFM1 determination
was performed in random dairy farmer milk samples. Using the analogous mycotoxins, it was also
demonstrated that the plasmonic sensor platforms were specific to the detection of AFM1.

Keywords: aflatoxin M1; mycotoxins; gold nanoparticles; plasmonic sensor; enhanced surface
plasmon resonance; molecularly imprinted polymers

1. Introduction

Mycotoxins are secondary metabolites produced mainly by the filamentous fungi
of the species Aspergillus, Penicillium, Claviceps, Fusarium, and Alternaria which may con-
taminate food and feed products [1–3]. Mycotoxins play a critical role among chemical
contaminants [4–6]. Contamination with these compounds is a global concern, resulting in
toxic and carcinogenic effects that cause damage in humans [7]. In the food chain, the origi-
nal mycotoxin may be transformed into other toxic compounds that reach the consumer [8].
Aflatoxins (AFs) are a family of mycotoxins produced primarily by Aspergillus flavus and
Aspergillus parasiticus [9,10]. AFs have mutagenic, carcinogenic, teratogenic, hepatotoxic,
and DNA–damaging effects in humans as well as animals, even at lower concentrations.
Exposure to aflatoxins may occur by ingestion, inhalation, or dermal absorption [11]. Afla-
toxin B1 (AFB1) is a highly toxic aflatoxin and is a potent human carcinogen. It is found
in cattle feed products due to unsuitable cropping and storage conditions [12]. AFs are
found in animal–based foods including milk and dairy products, owing to the intake of
AFB1–contaminated feeds [13]. The most common instance of this is the formation of
aflatoxin M1 (AFM1) in milk products because of the presence of AFB1 in animal feed.
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Aflatoxin M1 (AFM1: C17H12O7; molecular weight = 328.27 g/mol) is the main hydroxy-
lated form and a major metabolite of AFB1. It is produced during the biological processes
of animals ingesting AFB1–contaminated feeds, and after the consumption of the con-
taminated feeds, it can be excreted in milk within 12 hours [8,14]. These highly toxic
aflatoxins are categorized as group one human carcinogenic compounds according to the
International Agency for Research on Cancer (IARC) of the World Health Organization
(WHO) [15,16]. The mutagenic and carcinogenic toxicity of AFM1 may be responsible for
human primary liver cancer. The legal limits for the amount of AFM1 in milk to decrease
the health risk have been set by various regulatory authorities given the high milk and
dairy sample consumption by humans, in particular children, and the negative effects of
AFM1 on humans’ health. Therefore, the Food and Drug Administration (FDA) of the
United States has established a maximum residue level (MRL) in milk of 0.5 µg/kg [17]. It
is estimated that around 25% of crops harvested worldwide are contaminated with myco-
toxins each year, causing significant economic losses. In summary, there is a requirement
for planning an integrated monitoring, control, and sensing system for the presence of
aflatoxins throughout the entire food chain [18,19].

Some of the biggest concerns in the dairy industry are the time–consuming and costly
detection methods for AFM1. High–performance liquid chromatography (HPLC) [20],
thin–layer chromatography (TLC) [21], and liquid chromatography–mass spectroscopy
(LC–MS) [22] are common analytical techniques that have been employed for AFM1
detection in milk samples. Although these analytical devices are currently used, the
lengthy sample preparation and expensive performance make these methods improper
for on–site detection. Moreover, the enzyme–linked immunosorbent assay (ELISA) is
another technique for the determination of AFM1 which provides a few commercial
kits [23]. Although ELISA has become a popular method for aflatoxin analysis [24], this
technique has flaws, such as the lack of good recoverability, the false–positive results,
and the high−cost of using antibodies. Thus, the development of a novel technology to
overcome these challenges is extremely in demand [25].

Some key fields of the food industries that may benefit from nanotechnology are
nanoscale processing, functionalization, novel product development, smart platform de-
sign, and instrumentation for improving biosecurity and food safety [26]. The food industry
needs to implement novel sensing methods that are simple to use, cheap, sensitive to a
specific analyte, and exhibit a quick detection capability. Sensors can meet all these re-
quirements and are an excellent example of an alternative platform to traditional methods
employed in food safety [27]. As promising and reliable alternatives, plasmonic sensors
have received noteworthy attention in recent years because of their characteristics, includ-
ing real–time analysis, rapid response, simplicity, low cost, and high specificity. Surface
plasmon resonance is a promising alternative technology to plasmonic assay–based label–
free sensors. Surface plasmon resonance (SPR) sensors are gaining increasing recognition
for their detection of chemicals and biological analytes [28]. A surface plasmon is a charge
density oscillation propagating along the interface between a metal and a dielectric. In this
sensing technique, the specific capture of the target analyte contained in a liquid sample
by the recognition elements anchored to the metallic (e.g., gold) sensor surface is detected
with the surface plasmons [29]. The technique measures the changes in the refractive index
that occur when affinitive molecules bind to molecules near a metallic surface.

Low–molecular–weight analytes such as mycotoxins and/or analytes are difficult to
detect directly at very low concentrations, as the response of the SPR sensor is proportional
to the mass of the target molecule. Therefore, alternative test formats are required for
aflatoxin detection using SPR technology. To increase the sensor response signal, nanopar-
ticles (quantum dots, magnetic nanoparticles, metallic nanoparticles, or fluorophores) are
preferred as an alternative sensing material. Recently, a polymer film with an immobilized
gold nanoparticle as a sensing material has been reported. The gold nanoparticles shift
the dip of an SPR curve to a higher SPR angle, and the signal amplification is enhanced
by the integration of the gold nanoparticles. AuNPs could be synthesized to achieve the
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advantage of a diversity of effects, such as changes to the refractive index by the particle
mass, enhanced surface area, and electromagnetic–field–coupling between the particles’
plasmonic properties and the emitted plasmons [30–32].

Molecularly imprinted polymers (MIPs) are one of the most interesting modifica-
tions that can be combined with these sensors [33]. MIPs have been demonstrated to be
reliable and low–cost materials for selective detection in various applications, such as
medical diagnosis [34], environmental monitoring [35], food control [36], and homeland
security [37]. MIPs highly prefer smart materials for biomimetic molecular recognition
because of their perfect affinity and selectivity, combined with their easy engineering,
robustness, and low costs. MIPs are artificial polymers manufactured by the synthesis of
a three−dimensional network around a template (target) analyte, thus building specific
recognition cavities [38–42]. Briefly, MIP synthesis includes a functional monomer and
crosslinking polymerization in the presence of the template analyte, which results in the
creation of size–, structure–, and stereo–specific cavities, followed by the removal of the
template analyte from the specific cavities, which makes them suitable for template re-
binding [43]. MIPs are synthetic antibody mimics showing a high affinity and selectivity
for template molecules ranging from ions [44] to small organic/inorganic molecules [33];
peptides [45]; and biological macromolecules such as proteins [46], viruses [47], and whole
cells [48]. The mechanical, chemical, and thermal stability, the ease of preparation, and
the relative cost-effectiveness of MIPs compared to biological recognition materials make
them important for different analytical applications [49]. The area of molecular imprinting
technique has seen a recent surge in growth, and a few commercially available products
are of great interest for sample cleanup to improve mycotoxin analysis. Several analytical
methods have also been developed for the isolation and detection of mycotoxins using
molecularly imprinted technology [50]. MIPs as synthetic analogues have been effectively
incorporated into analytical methods including assays [51], chromatography [52], and sen-
sor platforms [53]. The development of MIP–based instruments in combination with sensor
technologies appears to be one of the most promising selective and simple approaches for
the improvement of MIP performance and application. Therefore, we conjectured that the
cooperation of these two strategies, using both an analyte–binding selective polymer and
a gold nanoparticle, could produce a plasmonic sensor chip for the sensitive detection of
small molecules without requiring other reagents.

In this study, we demonstrate an MIP nanofilm–based plasmonic sensor for the
real−time, selective, and quick detection of AFM1. For signal amplification, AuNPs were
prepared and then characterized by dynamic light−scattering and transmission electron
microscopy devices. The AuNPs were integrated into the MIP nanofilm to design an
advanced plasmonic sensor that was highly sensitive and selective toward small molecules.
The AFM1–imprinted sensors showed a wide dynamic concentration range. Selectivity
studies for the MIP−based plasmonic sensors were carried out regarding the binding of
the other three mycotoxins (aflatoxin B, ochratoxin A, and citrinin). The detection of AFM1
was also tested using a milk sample. In addition, the polymer film coating characteristics,
the real–time monitoring, and the reusability of the novel MIP−based plasmonic sensor
for the detection of AFM1 in milk were evaluated.

2. Materials and Methods
2.1. Chemicals and Apparatus

Aflatoxin M1 (AFM1), aflatoxin B1 (AFB1), citrinin (CIT), and ochratoxin A (OTA) were
obtained from R–Biopharm Rhone (Germany). Ethylene glycol dimethacrylate (EGDMA),
2–hydroxyethyl methacrylate (HEMA), gold (III) chloride trihydrate, and sodium citrate
tribasic dihydrate were obtained from the Sigma Aldrich company. Potassium dihydrogen
phosphate (KH2PO4), disodium hydrogen phosphate (Na2HPO4), azobisisobutyronitrile
(AIBN), hydrogen peroxide, and other chemicals were purchased from Merck AG (Darm-
stadt, Germany).
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The SPR imager II plasmon–based sensor device (GWC Technologies, Madison, WI, USA)
was employed for AflaM1 kinetic analysis. Gold SPR sensor chips (SPRchipTM), measuring
1 mm × 18 mm × 18 mm and with a gold surface thickness of ~50 nm, and an SF10
equilateral prism were provided by the GWC company. Ultrapure water was provided
by the Barnstead D3804 NANOpure® water purification system, with an 18.0 MΩ/cm
resistance indicating pure water. A UVP Blak–Ray B–100AP high–intensity UV lamp
(100 watt, 360 nm UV) was used for polymerization.

2.2. Preparation of Gold Nanoparticles

Turkevich’s protocol was applied for the preparation of citrate−stabilized AuNPs [54].
Briefly, gold nanoparticles were prepared by the addition of gold (III) chloride trihydrate
(HAuCl4.3H2O) salt to preheated sodium citrate solution. The change in color of the
solution to the characteristic wine–red indicated the formation of AuNPs. The nanoparticle
size and morphology were measured using transmission electron microscopy (TEM) (Zeiss
Evo 40, Oberkochen, Germany) and dynamic light scattering (DLS) (NanoS, Malvern
Instruments, London, UK).

2.3. Development of Molecularly Imprinted–Based Plasmonic Sensor
2.3.1. SPR Sensor Chip Modification

The MIP nanofilm synthesis was handled by the radical polymerization of a monomer
mixture and AuNPs in the presence of aflatoxin M1 as a model template on a sensor chip
coated with allyl mercaptan. In the first step, the gold SPR sensor chip was rinsed using hot
piranha solution (3:1 H2SO4:H2O2, v/v) for 3 min. After 3.0 M of allyl mercaptan (C3H6S)
was dropped onto the gold surface, it was incubated overnight at room temperature. The
sensor chip was successively rinsed with water/ethanol mix. The preparation of the
aflatoxin M1–imprinted enhanced SPR (AFM1−MIP) chips is illustrated in Figure 1.
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Figure 1. Schematic representation of MIP–based plasmonic sensor chip fabrication process.

The AFM1–imprinted enhanced SPR sensor was prepared by the following protocol:
the functional monomer MAPA and the AFM1 template molecule were formed into a
precomplex (molar ratio 2:1). Afterward, the precomplex was added to 2.0 µmol of the
HEMA monomer, 4.0 µmol of the EGDMA crosslinker, and 2.5 µmol AuNP solution.
For polymerization initiation, 2 mg of AIBN was added to the monomer solution. The
monomer phase was dropped onto on an allyl mercaptan–modified gold surface. UV
polymerization was initiated (100 watt, 360 nm) and proceeded for 45 min. A nonimprinted
polymer (NIP)−based plasmonic sensor was also designed via the same operation without
a template analyte (AFM1). Finally, the sensor chips were rinsed with water and dried.



Chemosensors 2021, 9, 363 5 of 15

2.3.2. The Removal of Template Molecule

The aflatoxin M1−imprinted plasmonic sensor chip was successively rinsed with
methanol/acetic acid solution. The PBS/methanol/acetic acid was used for the removal of
the template molecule AFM1 [20,55].

2.3.3. Characterization of SPR Sensor

The unmodified, AFM1–MIP, and NIP SPR sensor chips were characterized using
ellipsometry, scanning electron microscopy (SEM), and atomic force microscopy (AFM). A
Nanofilm−EP3 Nulling Ellipsometer, Accurion GmbH, Germany was employed to analyze
the gold SPR chip surface layer thickness. The imaging ellipsometer used classical null
ellipsometry. The SEM device (QUANTA 400F Field Emission) was used for the surface
morphology of the designed nanofilm−coated plasmonic sensor. AFM measurement
(Veeco MultiMode V) was performed to characterize the roughness of the SPR sensors’ gold
surfaces. AFM is employed to image the topography of solid surfaces at a high resolution.
AFM images were obtained in noncontact mode.

2.4. Detection of AFM1

The SPR sensor system was used for the detection of AFM1 in both buffer and milk
samples at different concentrations. The AFM1 monitoring was carried out at room
temperature. The equilibration buffer, pH 7.4 PBS containing 0.05% Tween-20, flowed
through the SPR sensor for 30 min. Thus, the baseline was stabilized. Afterwards, the
resonance angle of the SPR sensor device was adjusted with a mirror system, and kinetic
studies of the AFM1 were performed at this angle. AFM1 solutions were prepared at a
concentration range of 0.0003 ng/mL–20.0 ng/mL and flowed into the SPR sensor system
one by one (5.0 mL sample; 0.5 mL/min flow rate). The percentage change in reflectivity
(%∆R) of the SPR sensor response was monitored in real−time. Desorption of the AFM1
captured on the sensor chip surface was performed by a desorption reagent for 10 min
(15 mL). After the desorption step, the AFM1−MIP enhanced SPR sensor surface was
rinsed in distilled water.

2.5. Selectivity, Reusability, and Stability Studies

Imprinted materials have a high chemical and thermal stability. They show a high
affinity and selectivity towards the target analyte [56]. The selectivity of the molecularly
imprinted−based enhanced SPR sensor was examined. The SPR sensor response was
described by applying the 1.0 ng/mL AFB1 (312.27 g/mol), CIT (243.21 g/mol), and OTA
(403.81 g/mol) mycotoxin solutions to evaluate the selectivity of both the AFM1−MIP
and the NIP sensor. These three mycotoxins were selected because they are highly toxic
and have similar chemical structures. Moreover, competitive binding studies were ap-
plied to describe the selectivity of the developed AFM1−imprinted plasmonic sensor.
The single, double, and total aflatoxin solutions were prepared at 1.0 ng/mL concen-
tration. The total aflatoxin solution contained AFB1, AFB2, AFG1, and AFG2. Finally,
the reusability and stability of the AFM1−MIP plasmonic sensor were also examined by
applying 0.025 ng/mL–3.0 ng/mL of the AFM1 solutions.

2.6. Detection of AFM1 in Milk Samples

To ensure consumer safety and human health, it is very important to monitor the
concentration of AFM1 in milk samples in real−time [57]. The preparation procedure
of milk samples was as follows: the raw milk sample was defatted by centrifugation for
10 min at 5000× g rpm at 25 ◦C. After centrifugation, the two phases were separated and
the supernatant part was collected to carry out the experimental work [58]. The standard
addition method was applied to the detection of the concentration of AFM1 in AFM1-free
raw milk samples. AFM1−free milk samples were spiked with the stock solution of AFM1
to obtain final concentrations of 0 ng/mL to 20.0 ng/mL.
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3. Results and Discussion
3.1. Characterization of AuNPs

The AuNPs’ size and morphology were characterized by DLS and transmission
microscopy analysis (DLS result Figure 2a; TEM image Figure 2b). In Figure 2a, the average
diameters of the AuNPs are exhibited (14.81 ± 1.69 nm). The polydispersity index (PdI)
value was 0.545. According to the results of the TEM images, the AuNPs were seen on their
own and in clustered groups. The TEM micrograph for the typical sample resulting from
the AuNPs showed an average diameter of ∼20.52 ± 5.87 nm. The results obtained were
further corroborated by the TEM observations, as shown in Figure 2b. From the figure, it
can be seen that the morphology consisted of a mixture of spherelike nanoparticles.
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3.2. Characterization Results of SPR Sensor Chips

Ellipsometry, SEM, and AFM measurements were employed to characterize the sur-
face properties of the polymer−coated nanofilm sensor surface. The AFM1−imprinted
chip surface and the nonimprinted chip surface morphologies were characterized by AFM.
Figure 3a,b show the AFM images of the chips. The average roughness of the AFM1-
imprinted and nonimprinted chips were determined to be 8.08 and 4.84 nm, respectively.
These results showed that the aflatoxin M1−imprinted and nonimprinted nanofilms were
uniformly attached to the allyl mercaptan−coated chip surface. The modified polymer
nanofilm chip surface morphology was investigated by SEM analysis. The SEM images
of the AFM1−MIP nanofilm−coated plasmonic sensor demonstrated the modification
of the polymer film layer and showed that the thickness of the polymer film layer was
~108 nm (Figure 3c,d). Ellipsometer analysis was carried out to determine the thicknesses
of the bare chip and the MIP SPR chip after nanofilm coating (Figure 3e,f). The sur-
face depths of the bare SPR chip and the AFM1−MIP SPR chip were analyzed as being
10 ± 2 nm and 82 ± 3.4 nm, respectively. The characterization results showed that the
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nanofilm−coated SPR sensor surfaces were prepared homogeneously, and the polymer
film thickness was suitable.
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3.3. Plasmonic Sensor for Aflatoxin M1 Detection

A plasmonic−based SPR sensor setup utilizing the refractive index change of the
surface plasmons was employed. A quartz halogen lamp (6 V, 10 W, 2000 H) laser passed
through the SF10 glass prism at a right angle. A peristaltic pump was used at a flow rate
of 0.5 mL/min to pass the milk samples over the sensor surface. Kinetic analysis was
carried out for the detection of AFM1. The PBS–Tween20 buffer or milk was spiked with
AFM1 at concentrations ranging from 0.0003 to 20.0 ng/mL. The samples were prepared
by the sequential diluting of 10 µg/mL AFM1 stock solution in the PBS buffer. Figure 4
shows that the AFM1−MIP SPR sensor displayed quick responses when the analyte
samples reached the SPR chip surfaces. Afterward, the desorbed SPR chip was washed in
distilled water before the AFM1 samples were injected onto the plasmonic sensor platform.
The main interaction between the functional monomer and the template molecules is
thought to be through hydrophobic interactions. An SPR sensorgram graph with the
simultaneous measurement of the change of the refractive index for the AFM1 samples
was experimentally demonstrated. The change in the refractive index of the SPR sensors
took place on the thin metal layer, i.e., the distance (<200 nm) at which the analyte–ligand
interaction effectively disrupts the plasmonic wave and produces a detectable signal. The
signal values in the sensorgram changed in direct proportion with the increasing AFM1
concentrations, as shown in Figure 4. The graph showing the ∆R over time acquired from
the MIP SPR sensor experiment using different AFM1 concentrations is demonstrated in
Figure 5a.
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The AFM1−MIP SPR sensor displayed a wide linear range of concentrations from
0.0003 ng/mL to 20 ng/mL. Table 1 shows the comparison of the different sensor systems,
with their published and obtained limit-of-detection values. The designed plasmonic sensor
had a good linear range and a low limit-of-detection value, as reported by the sensors; this
showed that the novel molecularly-imprinted-nanofilm-coated enhanced plasmonic sensor
was a suitable sensing platform.
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Table 1. Comparison of different sensing platforms for the detection of Aflatoxin M1 in milk samples.

Sensor Type Method Linear Range LOD Sample Ref.

Plasmonic Gold-nanorod-etching-based
plasmonic immunoassay 0.25–10 ng/mL 0.11 ng/mL Milk

(supermarket) [59]

Colorimetric Microfluidic paper-based
analytical device

328.27 ng/mL–
0.33 pg/mL

0.98 pg/mL–
3.28 pg/mL

Standard buffer and
spiked buffalo milk [60]

Electrochemical
Target-induced immobilization

of AuNP-based
electrochemical aptasensor

0.002–
0.6 ng/mL 0.9 pg/mL Milk and serum

sample [61]

Impedimetric Label-free silver-wire-based
impedimetric immunosensor

0.25–
100 pg/mL 1.0 pg/mL Milk [62]

Fluorescence Switching aptasensing platform 0.001–2 ng/mL 0.005 ng/mL Milk (local market) [63]

Plasmonic Poly(2-hydroxyethyl
methacrylate) p(HEMA) brush

0.1–
1000 ng/mL 18.0 pg/mL Milk [64]

Plasmonic
(SPR sensor)

Molecularly imprinted polymer
nanofilm with embedded

gold nanoparticles

0.0003–
20 ng/mL 0.4 pg/mL Buffer solution and

spiked raw milk
This
work

3.4. Kinetic Analysis and Adsorption Isotherm

Kinetic analysis of the aflatoxin M1–imprinted plasmonic sensor was utilized to
determine the target molecule–polymer nanofilm interactions. The equilibrium analysis
and binding kinetic analysis graphs are given in Figure 5b,c. The ∆Rmax, ka, kd, KA, and KD
values obtained from the equations of these graphs are summarized in Table 2.

Association binding kinetic
d∆R

dt
= kaC

(
∆Rmax − ∆Req

)
− kd∆R (1)

Scatchard
∆Rex

[C]
= KA

(
∆Rmax − ∆Req

)
(2)

Table 2. Kinetic and isotherm parameters of MIP−based plasmonic sensor.

Association Binding
Kinetic

Equilibrium Analysis
(Scatchard) Langmuir Freundlich Langmuir–Freundlich

ka
(ng.mL−1)−1.s−1 0.0025 ∆Rmax 13.64 ∆Rmax 12.5 ∆Rmax 3.42 ∆Rmax 16.66

kd (s−1) 0.0033 KA (ng.mL−1)−1 0.14 KD (ng.mL−1) 4.75 n 1.28 1/n 0.28
KA (ng.mL−1)−1 0.75 KD ng.mL−1 1.91 KA (ng.mL−1)−1 0.38 R2 0.9819 KD (ng.mL−1) 5.16

KD ng.mL−1 1.32 R2 0.8908 R2 0.9795 KA (ng.mL−1)−1 0.19
R2 0.9755 R2 0.9819

An adsorption isotherm is a measure of the relationship between the equilibrium
concentrations of confined and free guests over a certain concentration range [65]. The
Langmuir and Freundlich models are the two frequently used adsorption models. The
interaction pattern between the AFM1 molecules and the nanofilm–coated SPR chip was
investigated using the Langmuir, Freundlich, and Langmuir–Freundlich isotherm models
(Figure 5d–f). The applied linear model could be determined using the following equations:

Langmuir ∆R =

{
∆Rmax [C]

KD
+ [C]

}
(3)

Freundlich ∆R =
{

∆RmaksC1/n
}

(4)
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Langmuir–Freundlich ∆R =

{
∆Rmax [C]1/n

KD
+ [C]1/n

}
(5)

The change in the reflectivity response is ∆R; KA (ng/mL)−1 and KD (ng/mL) are the
association and dissociation equilibrium constants; the AFM1 concentration is C (ng/mL);
1/n is the Freundlich exponent; ka (ng/mL.s) and kd (s−1) are the association and disso-
ciation kinetic rate constants; and the subscripts ex, max, and eq refer to experimental,
maximum, and equilibrium, respectively.

The Langmuir model was proposed to define the adsorption of analytes onto homoge-
neous solid surfaces that show one type of adsorption site [66,67]. The Langmuir isotherm
model is more accurate when a monolayer is formed [68]. The Langmuir isotherm model
was found to be the most suitable isotherm model for the AFM1–imprinted sensor. There
were no lateral interactions in this model, which represented the homogeneous distribu-
tion of interaction points with similar energy levels. All adsorption sites are equivalent,
distinguishable, and independent in the Langmuir model; furthermore, each adsorption
site can bind only a single molecule [69]. The linearity of the Langmuir model was more
compatible with the linearity of the Scatchard equation. The calculated Rmax value was
very close to the experimental value (12.5 ng/mL). The KA and KD values were calculated
by the Langmuir equation as 0.38 ng/mL and 4.75 ng/mL, respectively.

3.5. Selectivity

The nonimprinted (NIP) chip was also tested to determine the selectivity of the
MIP−based plasmonic sensor chip. Mycotoxin solutions with a concentration of 1.0 ng/mL
were sent to the SPR sensor system. The signal values from the MIP and NIP sensors are
given in Figure 6a,b. The relative selectivity coefficients compared to the other mycotoxins
were found to be higher than one. When the selectivity (k) and the relative selectivity
coefficient (k’) were calculated, the results showed that the SPR sensor was more selective
and sensitive to the template molecule (Table 3).
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1.0 ng/mL); (d) real–time monitoring of AFM1 in spiked milk sample.
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Table 3. The selectivity coefficient (k), relative selectivity coefficient (k’), and imprinting factor (IF) results.

Mycotoxin
MIP NIP IF (MIP/NIP)

∆R k ∆R k k’

AFM1 3.38 – 0.8 – – 4.22
AFB1 1.62 1.87 0.5 1.6 1.33 3.16
OTA 0.98 3.44 0.99 0.80 4.26 0.98
CIT 0.77 4.38 1.05 0.76 5.76 0.73

The binding ratio between the MIP and the control sensor (NIP) was calculated using
the imprinting factor (IF), which was determined as ∆R–MIP/∆R−NIP. The imprinting
factors, calculated as the binding ratios between MIP and NIP, for AFM1, AFB1, OTA, and
CIT were 4.22, 3.16, 0.98, and 0.73, respectively. ∆R−MIP and ∆R−NIP are the percentage
changes in reflectivity of the mycotoxins. Figure 6b shows that the IF results for AFM1
were higher than for the other three mycotoxins. The MIP plasmonic sensor could signifi-
cantly enhance the selective capacity, and the specific cavity sites were improper for other
mycotoxins. The results indicated that the imprinted polymer−coated plasmonic sensor
could discriminate efficiently between the different mycotoxins. Selectivity studies with
the total aflatoxin solution were also carried out with the double and total aflatoxin (AFB1,
AFB2, AFG1, and AFG2) mixed solutions. The response of the MIP sensor sensorgram to
these aflatoxins is seen in Figure 6c. When the double and total aflatoxin solutions were
examined, it was observed that the ∆R value increased in the mixtures with AFM1 com-
pared to when the single solution was used. This showed that when the other molecules
were combined with AFM1, the other aflatoxins acted as competitive agents and caused an
increase in the ∆R value.

3.6. Milk Sample

To prove the feasibility of the designed MIP−based enhanced SPR sensor in the
sensing of food samples, raw milk samples were spiked with different concentrations of
AFM1. The prepared milk samples were analyzed under optimum experimental conditions
at twelve concentration stages. AFM1 concentrations ranging from 0 ng/mL to 20.0 ng/mL
were added to the raw milk solutions. It was observed that the AFM1−imprinted SPR
sensor’s response changes were proportional to the increase in the AFM1 concentration.
The sensorgram graph of the raw milk sample is given in Figure 6d. The developed
plasmonic sensor allowed the detection of AFM1 in milk samples at concentrations as low
as 0.3 pg/mL within 8 min. In this research, a label−free and rapid plasmonic sensor was
designed, and the high selectivity and sensitivity of this SPR sensor was displayed using
buffer solutions and milk samples at 0.003–20.0 ng/mL concentrations. The changes in the
signal response of the MIP−based plasmonic sensor were consistent with the changes in
the concentration of the AFM1 in the spiked milk samples and the AFM1 concentration in
the buffer solution.

3.7. Reusability and Stability

The reproducibility, storage stability, and reusability of the plasmonic sensor were also
studied. The AFM1−MIP SPR sensor was stored at 4 ◦C. There was no significant instabil-
ity in the responses of the SPR sensor for the detection of AFM1 after repeated experiments
every three months for one year. No significant signal loss was observed after the same
period. It can be said that the SPR signal response decreased by 12.08% after 12 months
compared to the initial response, but this method showed acceptable stability and sensi-
tivity (Figure 7a). Notably, the reproducibility of the AFM1−MIP sensor’s signals to the
template analyte was not influenced by adsorbate’s nature, with relative standard deviation
(RSD%) values ranging from 2 to 5%. The plasmonic sensor fabricated using MIP−based
nanofilm that was tested in this study demonstrated the reusability of the AFM1–imprinted
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sensor and gave rise to well−defined, reproducible signal responses. Figure 7b indicates
the time−shifts of the equilibrium–adsorption–desorption cycle as percentage change in re-
flectivity (∆R). The MIP−based plasmonic sensor demonstrated here for the simultaneous
analysis of AFM1 samples with reusability and a good storage capability is a noteworthy
consideration for the development of plasmon−based sensor technology.
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4. Conclusions

Phytopathogenic and mycotoxigenic fungal residues have always been one of the top
concerns for agriculture and food safety around the world. Current aflatoxin pollution af-
fects peoples’ quality of life with each passing day. It is very important to develop rapid and
reliable methods for the detection of these secondary metabolites formed in crops under cer-
tain humidity and temperature conditions. AFM1 is the major metabolite and the hydrox-
ylated form of AFB1. It is produced by dairy cows receiving AFB1−contaminated feeds.
Today, molecular imprinting technologies have received great attention and MIP−based
SPR sensors, which can be used as a preliminary study for the development of rapid and ef-
fective detection methods for these toxins, have been prepared and their usability has been
demonstrated. For the more sensitive and selective determination of low molecular weight
analytes, a gold−nanoparticle−integrated molecularly imprinted polymer film−coated
sensitized SPR sensor was designed. The sensitivity of the sensor was greatly improved
due to the nanofilm containing gold nanoparticles; the proposed sensors exhibited excellent
selectivity towards AFM1, owing to the molecularly imprinted polymer nanofilm. The
MIP−based plasmonic sensor was successfully applied for the detection of AFM1 in raw
milk samples. The plasmonic sensor demonstrated a wide linear range, from 0.0003 ng/mL
to 20.0 ng/mL in both the buffer and the spiked milk. The limit-of-detection value was
found to be 0.4 pg/mL. Herein, a novel and highly sensitive SPR sensing platform was de-
veloped that demonstrated simplicity, speed, cost−effectiveness, and high selectivity and
sensitivity, evidencing its perfect potential for application in milk product control. There-
fore, considering the cost−effective design, the ease of use, and the quick read−out, the use
of this molecularly imprinted–based plasmonic sensor could contribute to safeguarding
consumers’ health. As a result, integrating AuNP structures enhances the sensitivities of
plasmonic sensors and enables the development of a new generation of sensors.
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