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A B S T R A C T

The current study tries to find the impact of the integration of laccase enzyme (Lac) onto magnetized chitosan
(Cs) nanoparticles composed of molybdenum disulfide (MoS2 NPs) (Fe3O4/Cs/MoS2/Lac NPs) on the removal of
AFM1 in milk samples. The Fe3O4/Cs/MoS2/Lac NPs were characterized by FT-IR, XRD, BET, TEM, FESEM, EDS,
PSA, and VSM analysis. The cytotoxic activity of the synthesized nanoparticles in different concentrations was
evaluated using the MTT method. The results show that the synthesized nanoparticles don't have cytotoxic activ-
ity at concentrations less than 20 mg/l. The ability of the prepared nanoparticles to remove AFM1 was compared
by bare laccase enzyme, MoS2, and Fe3O4/Cs/MoS2 composite, indicating that the Fe3O4/Cs/MoS2/Lac NPs the
highest adsorption efficiency toward AFM1. Besides, the immobilization efficiency of laccase with a concentra-
tion range of 0.5–2.0 was investigated, indicating that the highest activity recovery of 96.8% was obtained using
2 mg/ml laccase loading capacity. The highest removal percentage of AFM1 (68.5%) in the milk samples was ob-
tained by the Fe3O4/Cs/MoS2/Lac NPs at a contact time of 1 h. As a result, Fe3O4/MoS2/Cs/Lac NPs can poten-
tially be utilized as an effective sorbent with high capacity and selectivity to remove AFM1 from milk samples.

1. Introduction

Mycotoxins are secondary metabolites of filamentous fungi in the
genus Aspergillus that can enter human and animal bodies through con-
taminated agricultural products or animal products (Mimoune et al.,
2016; Abdi-Moghadam et al., 2023a). The occurrence of mycotoxin
contamination leads to noteworthy financial loss to the food and feed
sectors, while also representing a serious threat to human health
(Meneely et al., 2023). Aflatoxins (AFs) are considered to be among the
most deleterious mycotoxins, which are generated by Aspergillus flavus,

Aspergillus parasiticus, and other fungi that are frequently observed in
the manufacturing and conservation of grain and feed (Alameri et al.,
2023; Shokri-Jokari et al., 2016; Shamloo et al., 2012; Shamloo and
Jalali, 2015). As a result of their toxicological attributes, specifically
their carcinogenic, teratogenic, and mutagenic properties, AFs have the
potential to cause harm to both animal and human health (Yang et al.,
2020; Rezagholizade-Shirvan et al., 2023a,b).

Aflatoxins M1 (AFM1) is a metabolite of aflatoxin B1, one of the envi-
ronment's most toxic and prevalent mycotoxins (Deng et al., 2018).
AFM1 is formed when dairy animals consume feed contaminated with
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aflatoxin B1, which is excreted in their milk, posing a risk to humans
who consume dairy products (Min et al., 2021). The toxicological and
carcinogenic impacts of AFM1 have been demonstrated, leading the In-
ternational Agency for Research on Cancer-World Health Organization
(IARC-WHO) to conduct a reassessment of its carcinogenicity classifica-
tion and upgrade it from group 2 to group 1 (Organization and Cancer,
1993). The maximum limit for milk and infant milk products has been
set by the United States at 500 ng/kg and 25 ng/kg respectively, while
the European Community (EC) and Codex Alimentarius have stipulated
a threshold of 50 ng/kg AFM1 in milk and 25 ng/kg for infant milk
products. Notably, Austria and Switzerland have established an even
lower maximum level of 10 ng/kg for infant food commodities (Fallah,
2010; Abdi-Moghadam et al., 2023b).

The consumption of AFM1-contaminated food and feed can have se-
vere side effects on human health. Chronic exposure to AFM1 has been
linked to an increased risk of liver cancer, particularly in populations
with high levels of contamination in their diet (Schrenk et al., 2020). In
addition to its carcinogenic properties, AFM1 can also cause acute toxic-
ity, leading to symptoms such as liver damage, immune suppression,
and growth retardation (Pickova et al., 2021). AFM1 contamination in
feed can result in reduced milk production, impaired reproductive per-
formance, and liver damage in animals (Seid and Mama, 2019).

Given the serious health risks associated with AFM1, it is crucial to
implement measures to remove this toxin from food and feed supplies.
Adsorption procedures have been widely studied and employed for re-
moving aflatoxins from contaminated samples (Muaz et al., 2024;
Hamad et al., 2023). Adsorption is a process that involves the binding
of aflatoxin molecules to a solid surface as a sorbent (Ghorbani et al.,
2020a,b 2024). These sorbents have high surface areas and specific
binding sites that can effectively capture aflatoxin molecules from the
surrounding environment (Gordi et al., 2020).

The importance of removing AFM1 through adsorption procedures
cannot be overstated. By effectively reducing the levels of AFM1 in food
and feed, the risk of exposure to this toxic compound can be minimized,
thereby protecting the health of humans and animals. Adsorption-based
methods offer a cost-effective and efficient means of removing AFM1
from contaminated samples, making them a valuable tool in food safety
and animal health practices (Ghorbani et al., 2017).

Sorbents play a crucial role in the adsorptive removal of AFM1 from
food and feed products (Aoyanagi et al., 2023; Jahanmard et al., 2021).
Sorbents are materials that have the ability to selectively bind and re-
move contaminants like AFM1 from a solution through the process of
adsorption, leading to high adsorption capacities and selectivity toward
AFM1 (Ghorbani et al., 2019, 2020a,b). Therefore, preparing a new and
efficient sorbent is important for removing AFM1 while leaving other
compounds in the solution unaffected. This ensures that the adsorptive
removal process is efficient and does not lead to the loss of valuable nu-
trients or compounds present in the food or feed (Othman et al., 2018).

Laccase is an enzymatic catalyst that comprises four copper ions and
can be obtained from certain microorganisms, such as white rot fungi
(Liu et al., 2020). Laccase immobilization employing MoS2 nanoparti-
cles has been investigated in several researches (Zhang et al., 2020a;
Rubio-Govea et al., 2020). The immobilized laccase demonstrated sig-
nificant loading capacity and activity retention along with high stabil-
ity across a broad spectrum of pH, temperature, and storage periods.
Additionally, it manifested excellent recyclability and adeptness in the
removal of cancer-causing pollutants (Muthuvelu et al., 2020). MoS2
nanoparticles have been found to possess numerous benefits in the con-
text of immobilizing laccase. One of the advantages of utilizing these
nanoparticles is the enhancement of enzyme stability and reusability,
thereby enabling the occurrence of multiple adsorption-desorption cy-
cles (Alvarado-Ramírez et al., 2021). Furthermore, the immobilized lac-
case exhibits a substantial percentage of its preliminary activity even af-
ter undergoing multiple cycles (Datta et al., 2021). Another benefit that
can be attributed to these nanoparticles is their ease of recovery from

the reaction mixture through using a magnetic field (Yadav et al.,
2021).

In this current investigation, the primary objective is to stabilize the
laccase enzyme derived from fungi onto biocompatible and non-toxic
nanoparticle support to eliminate aflatoxin from milk. On the other
hand, immobilizing laccase on nanoparticles led to the reduction of
aflatoxin concentration in milk. For this purpose, a new sorbent
(Fe3O4/Cs/MoS2/Lac NPs), including four components (Fe3O4, chi-
tosan, MoS2 NPs, and laccase enzyme), was prepared to remove AFM1
from milk samples. In the sorbent, MoS2 NPs with a high surface area
was selected as the sorbent core in which the other components place
on it. The magnetic Fe3O4 NPs were used as a sorbent component to its
simple separation from the milk samples after adsorbing AFM1 on the
sorbent surface. Finally, chitosan with amine functional groups and lac-
case enzyme with carboxyl and amine functional groups were used in
the sorbent composite to interact with functional groups of AFM1
through forming the hydrogen bonds.

2. Method and materials

2.1. Materials

Laccase from Trametes versicolor (specific activity = 136 U/mg),
chitosan (low molecular weight, DDA 80%), Trypan blue, foetal bovine
serum (FBS), penicillin/streptomycin (Penstrep) and dimethylsulphox-
ide (DMSO) were purchased from Sigma–Aldrich (St.Louis, MO, USA).
Sodium dodecyl benzene sulfonate (NaDBS), Ferric chloride hexahy-
drate (FeCl3⋅6H2O), ferrous chloride tetrahydrate (FeCl2⋅4H2O), Hy-
drochloric acid (37%), ammonium hydroxide (99%), glacial acetic acid
(98%), chloroacetic acid sodium molybdate dehydrate, sodium triph-
enylphosphine (TPP), glutaraldehyde (50% solution in water) and
Bradford reagent were obtained from Merck (Darmstadt, Germany). All
reagents utilized were of high purity. All solutions were provided in
double distilled water.

2.2. Preparation of Fe3O4 NPs

The mixing of 80 mL of deionized water was carried out in a three-
necked flask, which underwent a 30-min process of nitrogen purging at
a temperature of 65 °C, alongside incessant stirring. After adding
FeCl3·6H2O (2.4 g) and FeCl2·4H2O (0.9 g), then the pH of the solution
was regulated to 9–10 with NH3·H2O while being stirred for 1 h at
70 °C. The resulting product was isolated utilizing a magnetic bar, and
the Fe3O4 NPs were washed thoroughly with deionized water and
methanol until the pH reached approximately 7. Subsequently, the
Fe3O4 nanoparticles were subjected to vacuum freeze-drying until a
constant weight was achieved (Liang et al., 2019; Farhadi et al., 2022;
Khosravi-Darani et al., 2019; Shamloo et al., 2023; Ghorbani et al.,
2016).

2.3. Synthesis of Fe3O4/Cs/MoS2 NPs

The procedure for synthesizing Cs/MoS2 hybrid NPs involves a two-
step process. First of all, a solution of chitosan (50 mg or 0.2% W/V)
was dissolved in 1% of a 50 mL acetic acid solution under magnetic stir-
ring at 25 °C. Subsequently, MoS2 nanosheets (25 mg or 0.1% W/V),
prepared according to a previous study (Nazifi et al., 2021), were added
to the aforementioned chitosan solution. The resulting mixture under-
went ultra-sonication for 5 h to create a MoS2-dispersed chitosan ma-
trix (0.1:0.2% W/V ratio), where the sonication process effectively ex-
foliated MoS2 particles into nanosheets. The product was then cen-
trifuged at 6000 rpm for 15 min to isolate any remaining bulk non-
exfoliated MoS2 particles from the reaction mixture. In the second step,
a solution containing 20 mg of previously prepared Fe3O4 nanoparticles
was added to the viscous solution, which was then stirred mechanically
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for 2 h at 25 °C. Paraffin, a hydrocarbon mixture consisting of alkane
molecules, was added to the dispersion in a quantity of 10 mL, along
with the addition of 4 mL of Span-80 emulsifier, a nonionic surfactant,
at a temperature of 40 °C through 1 h. Subsequently, a solution of glu-
taraldehyde (5 mL; 2.5%; v/v), a cross-linking agent commonly used in
biological applications, was gradually incorporated into the reaction
mixture. To enhance the composite's properties, 25 ml of TPP solution,
which is a compound frequently used as a reducing agent, was added
and then subjected to ultrasonic treatment for 40 min at room tempera-
ture. The modified cross-linking composite was then exposed to heat at
50 °C for 1 h. To obtain the magnetics/MoS2 NPs, the final product was
collected via the application of a magnetic field and subsequently
washed twice with ethanol and deionized water. The reaction mixture
was then dried in an oven (80 °C) (Farhadi et al., 2022; Khosravi-Darani
et al., 2019; Nazifi et al., 2021; Rezagholizade-shirvan et al., 2022;
Rezagholizade-shirvan et al., 2023a,b;Rezagholizade-Shirvan et al.,
2024; Shokri et al., 2023; Shokri et al., 2024).

2.4. Immobilization of laccase on Cs/MoS2/Fe3O4 NPs

First, an amount of 0.1 g of Fe3O4/Cs/MoS2 NPs was added to a solu-
tion of Glutaraldehyde (2.5%v/v) and allowed to be treated for 2 h at a
temperature of 25 °C. Subsequently, the activated nanocomposite was
separated using a magnet and then washed with sodium acetate buffer
three times. Secondly, the activated Fe3O4/Cs/MoS2 NPs were poured
into a solution of laccase (2 mg/ml) and shaken for 6 h at 25 °C. Ulti-
mately, the immobilized laccase on Fe3O4/Cs/MoS2 NPs (IM-laccase)
was isolated, washed repeatedly, and kept in a buffer solution at a tem-
perature of 4 °C (Zhang et al., 2020b; Atabati et al., 2020).

2.5. Characterization of nanocomposite

2.5.1. Interactions
The Fourier infrared spectrometer (FTIR) was attained on Bruker

Vector-22 FTIR to determine molecular interactions in the nanocom-
posite compounds. The FTIR spectra of the prepared KBr tablet contain-
ing sorbent were recorded in the number wave range of 500–4000 nm.

2.5.2. Particle size and dispersibility of composite NPs
Transmission Electron Microscopy (TEM, JOEL JEM-3010) was em-

ployed to observe the particle size and dispersibility of composite
nanoparticles.

2.5.3. Crystallinity of nanoparticles
X-ray diffractometer (XRD) pattern was acquired on a Rigaku-12

KW X-ray diffractometer in the 2 Theta range of 10-80° to investigate
crystallinity of nanoparticles.

2.5.4. Magnetic property of nanoparticles
The magnetic feature of NPs was detected through a vibrating sam-

ple magnetometer (VSM, Lakeshore).

2.5.5. Morphology of NPs
Field Emission-Scanning Electron Microscopy (MIRA3 TESCAN,

Czech Republic) was utilized to study the morphology of the sorbent.

2.5.6. Absorbance property of sorbent
Additionally, the absorbance was determined with an ultraviolet

spectrophotometer (UV–Vis, JENWAY 7313, UK).

2.5.7. Analysis of AFM1
The HPLC Knauer (Germany) equipped with a Eurospher 100/5C18

column was utilized to perform AFM1 determination. The mobile phase
(flow rate of 1.0 ml/min) included phosphate buffer (pH 4, 0.05 mM)
and acetonitrile/methanol solution (50:50 v/v) with a ratio of 60:40 v/

v. Besides, an emission wavelength of 435 nm and an excitation wave-
length of 362 nm were selected for the fluorescence detector (RF-20A
fluorescence detector) for determining AFM1 (Ghorbani et al., 2023).

2.6. Enzymatic activity assay

The enzymatic activity of IM-laccase and bare laccase was assessed
using 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as
the substrate.

The enzymatic activity of IM-laccase and bare laccase were assessed
by employing 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) as the substrate. Specifically, the ABTS solution was prepared
using a citrate buffer solution (1 mM) as the substrate. An appropriate
quantity of bare laccase or various concentrations (0.5, 1, 1.5, 2 mg/
ml) of immobilized laccase were added to the substrate. The mixture
was then allowed to react at a fixed temperature for 5 min. Subse-
quently, the absorbance of the supernatant was measured using a
UV–vis spectrometer at 420 nm. The enzymatic activities were evalu-
ated by performing three parallel measurements for each sample and
then calculating the average of the results. These measurements were
conducted in triplicate to ensure accuracy and reliability. In this assay,
one unit (1U) of enzyme activity was defined as the amount of enzyme
required to catalyze the oxidation of 1 μmol of substrate per minute.
The computation of the activity was determined by following the given
formulae:

Where A is the absorbance of ABTS2+ at λ = 420 nm; Vt represents
the total volume of the volume of the reaction (L); ε is the molar extinc-
tion coefficient of ABTS + at λ = 420 nm (36000 M−1 cm−1); t is the
reaction time (min); m discusses the total weight of the nanocomposite
(g) (Qiu et al., 2021).

2.7. MTT assay

The L929 fibroblast cell line was obtained from the National Cell
Bank of Iran (NCBI). The cells were seeded in DMEM medium (Gibco,
Germany) supplemented with 10% FBS (Gibco, Germany), 1% peni-
cillin G, and streptomycin, and incubated at 37 °C under 5% CO2. The
effect of conjugated nanoparticles (MoS2/Fe/Cs and Fe3O4/MoS2/Cs/
Lac) and free MoS2 nanoparticles on cell viability was determined via
the MTT assay. Cells (5 × 10³ cells/well) were seeded in 96-well plates
containing DMEM medium supplemented with 10% FBS and incubated
overnight. Cells were then treated with various concentrations
(0.0625–160 ppm) of MoS2, MoS2/Fe/Cs, or Fe3O4/MoS2/Cs/Lac at
37 °C for 48 h. After treatment, 20 μl MTT reagent (2 mg/ml) was
added to each well and incubated at 37 °C for 4 h. Subsequently, 100 μL
DMSO was added to each well to solubilize the formazan crystals. The
absorbance (OD) of the samples was measured at 570 nm using a Bio-
Rad microplate reader (Hercules, California, USA). Cell viability in
treated cells was expressed as a percentage of the untreated control.

2.8. Removal of AFM1 in milk

Several sorbents, including bare laccase, Fe3O4/Cs/MoS2 NPs, and
Fe3O4/Cs/MoS2/Lac nanocomposite, were utilized to remove AFM1 in
the spiked milk samples. Each sorbent (40 mg) was individually added
to 2 ml milk into microtubes, followed by adding 1 mL of AFM1 solu-
tion (0.5 ppb) to each microtube. The microtubes were then subjected
to vortex for 5 min and placed in a shaker-incubator at a temperature of
25 °C for three variety contact times (20, 40, and 60 min). The samples
were subsequently isolated from the AFM1 solution through centrifuga-
tion at 29,000×g for 15 min, and the AFM1 concentration in the super-
natant was determined using the HPLC method (Khiavi et al., 2020).
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2.9. HPLC method validation

Validation of the HPLC method for determining AFM1 was con-
ducted for linearity, precision, limit of detection (LOD), and limit of
quantification (LOQ). The linearity of this approach was determined by
analyzing the responses obtained from injecting three replicates (20 μL)
of seven different concentrations of AFM1 standard solutions (0.1, 0.5,
0.75, 1, 1.25, and 1.5 ng/mL). The calibration curve indicated accept-
able linearity (R2 = 0.999) over the concentration range of
0.02–1.5 ng/mL with a linear equation of Y (Peak area) = 98600C (ng/
mL) + 920.9. The method's accuracy was determined through a recov-
ery assay. The recovery of AFM1 for spiking milk samples with a con-
centration of 0.5 ng/mL was 98.6%. Precision was evaluated by intra-
day and inter-day repeatability experiments. For this purpose, the intra-
day and inter-day relative standard deviation was calculated by tripli-
cate determination of AFM1 in the spiked milk samples on one day and
three consecutive days, respectively. To prevent AFM1 degradation, the
extracts utilized for inter-day injections were stored under appropriate
laboratory conditions at 20 °C in darkness. The intra-day and inter-day
RSDs for triplicate determination of AFM1 with a concentration of
0.5 ng/mL were 1.89 and 2.05%, respectively. Limit of detection (LOD)
and limit of quantitation (LOQ) were established for determining AFM1
through the use of signal-to-noise ratios of 3:1 and 10:1, respectively.
The LOD and LOQ for determining AFM1 were 0.005 and 0.017 ng/mL,
respectively.

3. Results and discussion

3.1. Characterization of NPs

3.1.1. TEM analysis
TEM analysis was performed to characterize the structure and mor-

phology of MoS2, Cs/MoS2, and Fe3O4/Cs/MoS2/Lac NPs (Fig. 1). TEM
images revealed that MoS2 exhibited a thin, smooth, layered structure
(Fig. 1a). Cs NPs displayed a homogeneous, porous distribution with
spherical morphology, while Cs/MoS2 displayed a thicker, rough, and
less-defined nanostructure. The incorporation of Cs into MoS2 signifi-
cantly altered the surface morphology and roughness of the pristine
MoS2 NPs (Fig. 1b and c). Besides, as noted in previous literature, the
Fe3O4 magnetic nanoparticles with a spherical or elliptical shape and a
size lower than 30 nm are displayed on the sorbent surface (Qiu et al.,
2021; Khiavi et al., 2020; Kim et al., 2018). In other words, the success-
ful synthesis of Fe3O4/Cs/MoS2/Lac NPs is evidenced by the even distri-
bution of homogenous magnetic nanoparticle particles on the Cs/MoS2
composite surface.

3.1.2. FE-SEM analysis
The FESEM images of MoS2 and Fe3O4/Cs/MoS2/Lac NPs are dis-

played in Fig. 2. In Fig. 2a, it can be observed that the MoS2 particles ex-
hibit a cylindrical shape with thin threads on their surface. These sur-
face structures enhance the surface area of the compound, leading to
improved absorption of AFM1. Fig. 2b shows the Fe3O4/Cs/MoS2/Lac
NPs with significant aggregation, attributed to the magnetic properties
of Fe3O4 and the polymeric structure of Cs. Additionally, spherical par-
ticles can be seen on the surface of the cylindrical MoS2 particles, likely
stemming from the presence of magnetic Fe3O4 and Cs nanoparticles.
The small size of the Lac particles may explain their absence in this im-
age.

The energy-dispersive X-ray spectroscopy (EDX) pattern of the
Fe3O4/Cs/MoS2/Lac nanocomposite is depicted in Fig. 2c. This pattern
reveals that the composite material consists of carbon, oxygen, iron,
sulfur, nitrogen and molybdian elements, with weight percentages of
16.32%, 47.28%, 35.38%, 0.53%, 0.08% and 0.41%, respectively. No-
tably, oxygen and nitrogen exhibit the highest and lowest weight per-
centages within the sorbent structure.

3.1.3. XRD analysis
The XRD test was employed to evaluate the crystalline and amor-

phous characteristics of the Fe3O4/Cs/MoS2/Lac composite compo-
nents, as depicted in Fig. 3. The utilization of this technique enabled the
determination of the structural properties of the composite, thus pro-
viding valuable insights into its composition and morphology. The re-
sults obtained from this experiment are crucial in furthering our under-
standing of the physicochemical properties of the material. Transition
metal dichalcogenides, for instance, molybdenum disulfide, have been
identified as two-dimensional layered nanostructures, with X-ray dif-
fraction peaks at 2θ = ∼15°, ∼37.5°, ∼44°, and ∼66° corresponding to
the (002), (100), (103), and (110) crystalline planes of MoS2 (JCPDS
37–1492) respectively. (Geioushy et al., 2019a; Cao et al., 2019). The
introduction of Cs polymer leads to a reduction in the intensity of the
XRD peaks of chitosan and MoS2. This finding provides evidence of a
chemical reaction between chitosan and MoS2 during the process of fab-
rication, as well as the achievement of great functionalization of the Cs
matrix. Moreover, after the incorporation of Fe3O4 and Lac into the
Cs/MoS2 composite, the observed peaks, occurring at specific angles of
2θ including 15°, 16.5°, 18°, 30.1°, 32°, 35.2°, 39.8°, 43.2°, 57.2°, and
62.2°, were closely aligned with the distinctive peaks that are typical of
the crystal structure of Fe3O4 magnetic nanoparticles (JCPDS N°
19–407 0629) (Qiu et al., 2021; Khiavi et al., 2020; Kim et al., 2018;
Cao et al., 2019; Geioushy et al., 2019b; Silveira et al., 2020; Yousefi et
al., 2024; Azari et al., 2024). The retention of the same characteristic
peaks and the unchanged strength of the peaks after the activation of
Fe3O4/Cs/MoS2/Lac nanoparticles coated by Cs/MoS2 composite im-

Fig. 1. TEM images of MoS2 NPs (a) and Fe3O4/Cs/MoS2/Lac NPs (b and c).
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Fig. 2. FESEM images of MoS2 (a) and Fe3O4/Cs/MoS2/Lac NPs (b), and EDX pattern (c) of the Fe3O4/Cs/MoS2/Lac NPs.

plies ideal compatibility and good interaction with the preservation of
the crystal structure of magnetic nanoparticles at a high level.

3.1.4. BET analysis
The porosity of Fe3O4/Cs/MoS2/Lac NPs was examined using BET

analysis. The BET plot revealed a BET constant (C) of 69.498, specific
surface area (as) of 81.47 m2 g−1, monolayer adsorption amount (Vm)
of 19.06 cm3 (STP) g−1, adsorption space volumes (Va) of 1497.4, mean
pore diameter of 4.5967 nm, and total pore volume of 0.4172 cm3 g−1.
These results suggest that the sorbent possesses an adequate surface
area for adsorbing AFM1. Additionally, the BJH model indicated an ap

of 63.194 m2 g−1, an adsorption pore radius (rp) of 1.32 nm, and a pore
volume (PV) of 0.095417 cm3 g−1. The pore radius of 1.32 nm classifies
the prepared composite as a microporous material.

3.1.5. FTIR analysis
FTIR spectroscopy was employed to identify the variety of organic

functional groups present in the sorbents. Fig. 4 shows the FTIR spectra
of MoS2, Cs, Lac, Fe3O4, MoS2/Cs/Fe3O4, and Fe3O4/Cs/MoS2/Lac NPs.
As depicted in Fig. 4, the vibrational spectrum of Cs displays distinctive
peaks at various wavenumbers, including 3494 cm−1, 2872 cm−1, 1637
and 1577 cm−1, 1418 cm−1, 1157 cm−1, and 1098 cm−1, which were
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Fig. 3. XRD pattern of Fe3O4/Cs/MoS2/Lac NPs.

Fig. 4. FTIR spectra of Fe3O4 (a), Cs (b), MoS2(c), Fe3O4/Cs/MoS2 (d), Lac (e),
Fe3O4/Cs/MoS2/La (f) NPs.

assigned to the O–H, -CH2, bending vibrations of C O and N–H, C–N,
C–O, and C–O–C, respectively (Alizadeh Sani et al., 2022; Sani et al.,
2023). Distinctive frequencies corresponding to the vibrations of Mo–O
and Mo–S were detected and recorded to be situated at 599 cm−1 and
480 cm−1, respectively (Cao et al., 2019). Additionally, the peak at
3382 cm−1 is related to the adsorbed H2O. It is noteworthy that these
results have noteworthy implications for the study of MoS2 and its prop-
erties. Similarly, IR peaks of Fe3O4 nanoparticles were observed at
3402, 1623, 1400, 579, and 440 cm−1. The emergence of peaks at
2931 cm− 1 (CH2) and 1715 cm− 1 (C O stretching) and the lack of an
S–H group can be explained by the coupling of mercaptoacetic acid on
MoS2 in the context of Fe3O4/Cs/MoS2/Lac (Qiu et al., 2021). The pres-
ence of the stretching vibrations of amide I at 1631 cm−1 (C–O and
N–H) and the bending vibrations of amide II at 1522 cm−1 (N–H) in the
IR spectra analysis of Cs and enzyme, suggests the formation of amide
bonds (–NH–CO-) between Cs and mercaptoacetic acid on MoS2, and
the efficacious fabrication of Fe3O4/Cs/MoS2 NPs loaded with Lac. The
analysis conducted using FTIR spectroscopy provides conclusive evi-
dence indicating that magnetic particles underwent the process of mod-
ification via the use of Cs and an enzyme (Silveira et al., 2020).

3.1.6. Particle size analysis
The particle size of the composite ingredients was determined using

a particle size analyzer (PSA), as shown in Fig. 5. The results indicate a
particle size range of 400–450 nm with a polydispersity index (PDI) of
0.15–0.2, suggesting good dispersion in the solution. This observation
indicates that the surface modification did not affect the charge distrib-
ution of the nanoparticles, which is consistent with previous findings.
This successful surface modification achieved the desired functionaliza-
tion without compromising the inherent properties of the nanoparti-
cles. The enhanced dispersion stability of the carrier is crucial for effi-
cient enzyme immobilization, leading to improved catalytic perfor-
mance and a longer lifespan for the immobilized enzymes. These factors
contribute to a more cost-effective and sustainable application of the
enzymes (Qiu et al., 2021; Khiavi et al., 2020; Kim et al., 2018; Cao et
al., 2019; Geioushy et al., 2019b; Silveira et al., 2020).

3.1.7. VSM analysis
VSM measurements of the hysteresis curves revealed the magnetic

properties of Fe3O4/MoS2/Cs/Lac NPs, confirming superparamagnetic
behavior with zero coercivity and remanence (Fig. 6). Fe3O4 NPs exhib-
ited significant magnetization, measuring approximately 50 emu/g.
This reduction in magnetization to 20 emu/g from 50 emu/g in Fe3O4
NPs is likely due to the presence of additional materials within the
nanocomposites, which could influence the magnetic properties of the
Fe3O4 NPs (Kadam et al., 2020; Ran et al., 2019). Furthermore, these
nanocomposites exhibited easy separation from aqueous solutions. This

Fig. 5. Particle size of Fe3O4/Cs/MoS2/Lac NPs.

Fig. 6. Magnetic hysteresis loop of Fe3O4, and Fe3O4/MoS2/Cs-Lac NPs.
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unique combination of superparamagnetism and easy separation makes
Fe3O4/MoS2/Cs/Lac NPs promising materials for various industrial ap-
plications, such as magnetic separation, catalysis, and drug delivery
within the field of materials science.

3.2. Laccase immobilization efficiency

Fe3O4/Cs/MoS2 NPs were successfully employed for laccase im-
mobilization, achieving a high immobilization efficiency with 95.8%
activity recovery and a loading capacity of 2 mg/ml laccase. This
immobilization strategy resulted in enhanced enzyme loading and ac-
tivity, as shown in Table 1. Increasing the laccase concentration from
0.5 to 2 mg/ml led to a significant increase in IM-laccase activity
from 48.6% to 96.8%. This improvement is attributed to the strong
interaction between laccase and the carrier, as well as the favorable
microenvironment provided by the ionic liquid structure, which facil-
itates enzyme binding to the substrate.

Previous research by Sadeghzadeh et al. (Sadeghzadeh et al., 2020;
Zappi et al., 2018) demonstrated the successful immobilization of cross-
linked laccase aggregates onto magnetic nanoparticles for bisphenol A
removal. However, their approach resulted in a lower retention of bare
laccase activity (27%), achieving an elimination efficiency of 87%.

The immobilization technology enables the reuse of laccase, reduc-
ing economic costs and promoting its practical application in various
industries. This study found that immobilizing laccase onto the
nanocomposite resulted in the highest level of AFM1 reduction (68.5%)
after 1 h. These findings demonstrate the potential for utilizing IM-
Laccase as an efficient sorbent for AFM1 removal.

3.3. MTT assay

The MTT assay was applied to measure the cell viability of
L929 cells after 48 h of exposure to different concentrations
(0.0625–160 ppm) of MoS2 or Fe3O4/MoS2/Cs NPs or Fe3O4/MoS2/Cs/
Lac NPs. The MTT results demonstrated that L929 cell viability was re-
duced in the presence of MoS2 or Fe3O4/MoS2/Cs NPs or
Fe3O4/MoS2/Cs/Lac NPs when compared with untreated control. The
significant reduction in cell viability in the presence of MoS2 started
from a concentration of 20 ppm (% cell viability: 85.75 ± 5.48;
P < 0.05) and reached to maximum in the 160 ppm (% cell viability:
57.70 ± 12.89; P < 0.001). The results showed that treatment with 20
(% cell viability: 76.64 ± 7.75; P < 0.01) to 160 ppm (% cell viability:
58.48 ± 3.9; P < 0.001) of Fe3O4/MoS2/Cs nanoparticles causes a se-
vere reduction in the percentage of L929 cell viability. The reduction of
cell viability in a concentration of 10 ppm of Fe3O4/MoS2/Cs (% cell vi-
ability: 89.12 ± 5.8; P < 0.05) was higher than MoS2 (% cell viability:
93.69 ± 0.87). The cell viability of L929 normal cells in presence of 10,
20, 40, 80 and 160 ppm of Fe3O4/MoS2/Cs/Lac NPs was 92.64 ± 2.5;
(P < 0.064), 83.65 ± 1.6; (P < 0.01), 69.27 ± 6.04; (P < 0.001),
67.73 ± 0.08; (P < 0.001), and 57.93 ± 3.9; (P < 0.001). The reduc-
tion of cell viability in response to Fe3O4/MoS2/Cs/Lac NPs was signifi-
cant from a concentration of 20 ppm relative to the untreated control.
Fe3O4/MoS2/Cs/Lac NPs at concentrations ranging from 0.625 to 10 g/
mL for 48 h did not affect cell viability. These findings demonstrated
that Fe3O4/MoS2/Cs/Lac NPs had no significant cytotoxic activity at
concentrations less than 20 ppm; nonetheless, the cytotoxic effect of
these rises with increasing concentration (Fig. 6).

Table 1
Immobilization efficiency Fe3O4/MoS2/Cs-Lac NPs.
Laccase concentration (mg/ml) Activity recovery (%)

0.5 48.6
1 67.1
1.5 81.6
2 96.8

The L929 cell viability in the response to MoS2 or MoS2/Fe/Cs NPs
or Fe3O4/MoS2/Cs/Lac NPs treatments. The cells were treated with dif-
ferent concentrations (0.0625–160 ppm) of the mentioned treatments
for 48 h, and the percentage of cell viability was determined in com-
pression with non-treated control. All values are shown as the
mean ± SD of three individual experiments performed in triplicate and
presented as the mean. *p < 0.05 **p < 0.01 and ***p < 0.0001 vs
non-treated cells.

3.4. Effect of the sorbent type

The ability of the laccase, MoS2 NPs, Fe3O4/Cs/MoS2 NPs, and
Fe3O4/Cs/MoS2/Lac NPs to remove AFM1 was compared using the re-
moval percentage (R%). Each sorbent (40 mg) was individually added
to 2 ml milk into microtubes containing AFM1 with a concentration of
5 mg/l, followed by shaking for 40 min at 150 rpm. the removal per-
centage (R%) was calculated using the following equation:

Where Ci and Cf are the spiked concentration of AFM1 and the final
concentration of AFM1 in the milk sample after removing process. The
results are presented in Table 2, indicating that the highest R% was ob-
tained using Fe3O4/Cs/MoS2/Lac NPs as a sorbent. Besides, MoS2 NPs
have the lowest R% which is due to the lowest interaction between
MoS2 NPs and AFM1 through interaction between sulfur atoms in MoS2
NPs and AFM1 functional groups containing oxygen. A better R% was
obtained using laccase as a sorbent because of hydrogen bonding be-
tween carboxyl and amine groups in laccase with AFM1 functional
groups containing oxygen atoms. A significant increase in R% was ob-
served using Fe3O4/Cs/MoS2 NPs compared to laccase as a sorbent that
is due to the increase of the surface area of the sorbent using nanoparti-
cle and hydrogen bonding between amine groups of chitosan with
AFM1 functional groups containing oxygen atoms. Finally, the synergis-
tic effects of chitosan and laccase on the sorbent surface lead to the
highest R% toward AFM1.

3.5. Removal of AFM1

The AFM1 removal through different samples was investigated after
three different contact times (20, 40, and 60 min) (Fig. 7). As depicted
in this Figure, all the synthesized sorbents significantly removed AFM1
from milk samples in the removal percentage ranges of 20%–70%. In
general, increasing the contact time meaningfully increased the absorp-
tion of AFM1 on all sorbents. The order of effect of different sorbents to
remove AFM1 was found as follows: Fe3O4/Cs/MoS2/Lac
NPs > Fe3O4/Cs/MoS2 NPs > bare laccase. According to these results,
the highest R% of AFM1 (68.5%) was achieved using the immobiliza-
tion of laccase enzyme into Fe3O4/Cs/MoS2 NPs as a sorbent at a con-
tact time of 60 min. However, it can be seen that the potency of the free
enzyme is lower compared to the enzyme immobilized on
Fe3O4/Cs/MoS2 NPs. These outcomes are in line with the findings of the
studies that reported that laccase enzyme immobilization on
Fe3O4/Cs/MoS2 NPs increases its stability and surface area to interact
between functional groups of Fe3O4/Cs/MoS2/Lac NPs with AFM1,

Table 2
Effects of sorbent type on the removal of AFM1.
Sorbent R%±SDa

MoS2 NPs 22.36 ± 1.67
Laccase 26.87 ± 1.92
Fe3O4/Cs/MoS2 NPs 47.42 ± 1.86
Fe3O4/Cs/MoS2/Lac NPs 61.93 ± 1.84
a Removal percentage ± Standard devation
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Fig. 7. The removal of AFM1 in milk at different contact times with Bare lac-
case, synthesized nanocomposites, and immobilized laccase on nanocomposite
samples.

leading to improvement in its performance as a sorbent (Kadam et al.,
2020; Nadaroglu et al., 2019; Rostami et al., 2022). In other words, an
increase in the removal percentages of AFM1 using Fe3O4/Cs/MoS2/Lac
NPs is due to several properties of the sorbent. (i) Using Fe3O4/Cs/MoS2
NPs as a sorbent component leads to an increase in the sorbent surface
area, as a result, the R% of AFM1 was enhanced. (ii) The presence of lac-
case enzyme immobilization on the sorbent can interact with AFM1
through hydrogen bonding between carboxyl or amine groups of lac-
case enzyme and AFM1 functional groups containing oxygen (ester or
ether). (iii) Chitosan nanoparticles have the ability to chelate different
compounds due to having amine functional groups (Ramadan et al.,

2020). Therefore, chitosan nanoparticles can significantly interact with
AFM1 by the formation of hydrogen bonds between the functional
group of chitosan and AFM1. Other researchers have also stated similar
findings (Abdelnaby et al., 2021; Hemmati et al., 2022).

4. Adsorption mechanism

Laccase is an enzyme that can degrade various pollutants. When im-
mobilized on a nanocomposite, it retains its ability to interact with
AFM1, primarily through hydrogen bonding and electrostatic interac-
tions (Fig. 8). The enzyme contains functional groups such as carboxyl
(―COOH) and amino groups(―NH2), which can form bonds with
AFM1 molecules. MoS₂ is used for its high surface area and ability to
form a stable support structure. It can engage in π-π interactions with
the aromatic rings of AFM1, facilitating the adsorption process (Datta et
al., 2021).

MoS₂ also provides a large surface area for the adsorption of AFM1
(Geioushy et al., 2019b). Chitosan is a biopolymer with numerous
amino groups that can interact with AFM1 through hydrogen bonding
and electrostatic interactions. The presence of these functional groups
enhances the adsorption capacity of the nanocomposite (Liang et al.,
2019). The magnetic core (Fe₃O₄) allows for the easy separation of the
nanocomposite from the solution after adsorption. This magnetic prop-
erty is crucial for practical applications, where the nanocomposite can
be quickly removed from the contaminated sample. Both chitosan and
laccase have functional groups that can form hydrogen bonds with
AFM1. Specifically, the hydroxyl(―OH), amino(―NH2), and car-
boxyl (―COOH) groups in chitosan and laccase interact with the oxy-
gen-containing functional groups in AFM1 (such as the lactone ring and
methoxy groups). Chitosan, being positively charged under acidic con-
ditions, can interact with negatively charged regions of AFM1. This in-
teraction enhances the binding of AFM1 to the nanocomposite, particu-
larly in environments where AFM1 is partially ionized. MoS₂, a layered
material with delocalized π-electrons, can interact with the aromatic
rings of AFM1 through π-π stacking (Ran et al., 2019). This non-covalent
interaction adds another layer of adsorption, stabilizing the AFM1 mole-

Fig. 8. Possible mechanism of AFM1 adsorption on Fe3O4/Cs/MoS2/Lac NPs.
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cules on the nanocomposite surface. These functional groups contribute
to the overall adsorption process by providing multiple avenues for in-
teractions, leading to strong binding and efficient adsorption of AFM1
onto the Fe3O4/Cs/MoS2/Lac NPs (Sirajudheen et al., 2024).

4.1. Composition of AFM1 in milk

According to the results, the proposed adsorbent has a high capabil-
ity for interaction and efficient adsorption of AFM1 in milk samples. The
combination of these interactions—hydrogen bonding, electrostatic
forces, π-π stacking, and physical adsorption—creates a synergistic ef-
fect, leading to a high adsorption efficiency of the nanocomposite
(Nicolle et al., 2021). Each component enhances the overall perfor-
mance, making the composite more effective than any single material
alone. When the magnetic Laccase/MoS₂/Chitosan nanocomposite is
introduced into an AFM1-contaminated solution (e.g., milk), the follow-
ing steps occur (Nicolle et al., 2021).

1) AFM1 molecules diffuse towards the surface of the nanocomposite
due to concentration gradients.

2) AFM1 initially binds to the surface of the nanocomposite through
hydrogen bonding and electrostatic interactions with chitosan and
laccase.

3) The AFM1 molecules further stabilize on the nanocomposite
surface through π-π stacking with MoS₂ and physical adsorption in
the pores and on the surface of the nanocomposite.

4) After sufficient contact time, the nanocomposite, now loaded with
AFM1, can be easily separated from the solution using an external
magnetic field.

The highest removal efficiency observed in the study was 68.5% af-
ter 60 min of contact time, indicating that the nanocomposite is highly
effective in adsorbing AFM1 from milk samples. This efficiency is attrib-
uted to the combined effects of high surface area, multiple interaction
mechanisms, and the stable immobilization of laccase on the nanocom-
posite.

5. Conclusions

The Fe3O4/Cs/MoS2 NPs prepared in this study showed great poten-
tial as a laccase carrier for the efficient removal of AFM1 from milk sam-
ples. The successful immobilization of laccase onto the nanoparticles
was confirmed through various analyses, and the highest removal effi-
ciency of 68.5% was achieved in just 1 h. Under optimum conditions, a
loading laccase amount of 2 mg/ml on Fe3O4/Cs/MoS2 NPs with an im-
mobilization efficiency of 96.8% was obtained. The MTT assay indi-
cated that Fe3O4/MoS2/Cs/Lac NPs had no significant cytotoxic activity
at concentrations less than 20 ppm. These results suggest that
Fe3O4/MoS2/Cs/Lac NPs could be a promising solution for environmen-
tal protection applications, offering improved performance in AFM1 re-
moval compared to bare laccase enzyme, MoS2 NPs, and
Fe3O4/MoS2/Cs. This study highlights the potential of these composite
nanoparticles as effective enzyme carriers for environmental remedia-
tion.
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