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ABSTRACT

The study focused on exploring the potential of pristine boron nitride nanocluster (Bi12Ni2) as an
effective adsorbent and sensing material for the removal and detection of Aflatoxin M1 (AFM). Through
density functional theory simulations, the research revealed promising findings indicating that the
interaction between AFM and Bi2Ni2 is not only experimentally feasible but also exothermic and
spontaneous. Additionally, the influence of solvent, particularly water, was investigated, with results
demonstrating that the presence of water does not significantly impact these interactions. Furthermore,
the impact of temperature on the thermodynamic parameters was considered, with results indicating that
the adsorption process is more favorable at lower temperatures. The study also utilized frontier
molecular orbital calculations, which revealed a substantial change in the bandgap of B12Ni2 during the
adsorption process of AFM. Specifically, the bandgap was found to increase by 66.727%, from 6.716
(eV) to 11.197 (eV), indicating significant alterations in the electronic properties of Bi2Ni2 upon
interaction with AFM. Moreover, the investigation included Quantum Theory of Atoms in Molecules
(QTAIM) and Natural Bond Orbital (NBO) studies, which provided insights into the nature of these
interactions, indicating a physisorption nature. Overall, the theoretical findings strongly suggest that
B12N1» has the potential to serve as an excellent adsorbent and sensor for the removal and detection of
AFM. This research contributes valuable knowledge to the field of nanomaterials and offers a promising
direction for the development of effective strategies for addressing the challenges associated with AFM
removal and detection.
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Introduction

Aflatoxin My (Figure 1, AFM) is a toxic metabolite produced by certain molds, such as
Aspergillus flavus and Aspergillus parasiticus, which can contaminate food and feed [1]. This
toxin is of particular concern due to its potential adverse health effects on humans and animals
[2]. In dairy products, AFM can be present as a result of the ingestion of contaminated feed by
dairy cows [3]. When cows consume feed contaminated with Aflatoxin B1, they metabolize it
into AFM, which can then be excreted in their milk [4]. This poses a risk to human health as
AFM can persist in milk and dairy products [5]. Exposure to AFM has been associated with
various health risks, including carcinogenicity, hepatotoxicity, immunosuppression, and
developmental effects [6]. The International Agency for Research on Cancer (IARC) has
classified AFM as a Group 2B carcinogen, indicating that it is possibly carcinogenic to humans
[7]. To mitigate the risks associated with AFM contamination, it is crucial to implement good
agricultural and storage practices to prevent mold growth and mycotoxin production in food and
feed [8]. Additionally, regulatory measures and monitoring programs are essential to ensure the
safety of milk and dairy products [9]. In conclusion, AFM toxicity poses significant health
concerns and underscores the importance of addressing mycotoxin contamination in the food
supply chain [10]. Efforts to minimize exposure to AFM are essential for safeguarding public
health and ensuring the safety of dairy products [10]. Therefore, detection and removal of AFM
are of great importance. Several analytical techniques have been developed for this purpose,
including high-performance liquid chromatography (HPLC) [11], enzyme-linked immunosorbent
assay (ELISA) [12], and liquid chromatography-tandem mass spectrometry (LC-MS-MS) [13].
The challenges associated with aforementioned methods include high purchase and maintenance
costs, complexity in method development and optimization, time-consuming analysis, and
sensitivity to sample preparation [14]. These factors can impact the efficiency and accuracy of
the analytical process, requiring expertise and careful consideration to overcome these challenges
[15]. On the other hand, electrochemical sensors can be a good alternative for them owing to
their upsides such as high sensitivity for detecting low analyte concentrations, selectivity to
minimize interference, rapid response for real-time monitoring, and cost-effective production and
operation [16]. They are versatile, stable, and user-friendly, making them valuable for various

industries as technology progresses [17]. But, the crucial stage in creating an electrochemical
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sensor involves identifying an electrocatalytic modifier that can selectively interact with the
specific analyte of interest [18]. Various techniques have also been designed for the removal and
detoxification of samples from AFM [19]. Among these methods adsorptive removal is
preferable because of efficiently removing a wide variety of pollutants, such as organic and
inorganic contaminants, heavy metals, and specific gases [20]. This method can be adapted to
address specific pollutants, is cost-effective, and environmentally viable [21]. It is applicable in
industrial and domestic contexts, necessitates minimal upkeep, and provides an effective,
specific solution for managing contamination issues. However, finding an economic adsorbent
with high reusability is still a big challenge [21]. On the other hand, The B12N12 (Figure 1)
nanocluster is a fascinating structure with potential applications in various fields [22-24]. This
nanocluster consists of 12 boron and 12 nitrogen atoms, forming a unique and stable
arrangement [25-27]. The properties of the B12N12 nanocluster make it an intriguing subject for
scientific research and technological advancements [28]. The B12N12 nanocluster is a fascinating
topic in the field of nanotechnology because of its distinctive characteristics [29]. Its stability,
electronic configuration, and reactivity hold great potential for use in catalysis, electronics, and
material science applications [30]. Exploring and controlling these properties has the potential to
drive significant progress in this field [31]. In this respect, we investigated the performance of
B12N1> nanocage as adsorbent and sensing material for the removal and detection of AFM by
DFT simulations.

Bi2N12 AFM

Fig. 1. The optimized structures of BN Nanocage and AFM (yellow: carbon, pink: oxygen,
white: hydrogen, blue: nitrogen, red: boron)
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Computational Details

The B12N12, AFM, and their combinations were designed using GaussView 6 [32] and Nanotube
Modeler 1.3.0.3 [33] software versions, and then geometric optimization was performed for each
structure. Subsequently, the optimized structures underwent various computations, including
infra-red (IR) spectra, frontier molecular orbital (FMO), natural bond orbital (NBO), and
quantum theory of atoms in molecules (QTAIM). The density functional theory (DFT) method,
particularly the B3LYP/6-31G (d) level of theory, was consistently applied using Gaussian 16
[34] software version. This level of theory was chosen due to its prior acceptance and consistent
alignment with experimental findings, as well as its proven reliability in predicting experimental
results. This selection was made to ensure that the theoretical calculations closely correspond to
the actual observations, thereby enhancing the validity and applicability of the research findings
[26-30]. The DOS spectra were acquired using GaussSum 3.0 software [35] to analyze electronic
structure, while QTAIM computations were carried out with AIM 2000 [36]. The study
conducted computations in both vacuum and aqueous phases employing the CPCM [37]
solvation method. Temperatures varying from 298 K to 318 K were examined, focusing on
adsorbate adsorption onto an adsorbent material. The goal was to comprehend how solvation and
temperature impact the process, particularly in agueous environments. This approach offers
insights into the thermodynamics of adsorbate adsorption and could potentially contribute to
enhancing adsorbate delivery systems in water-based settings [38]. The following process was

scrutinized:
Adsorbate + Adsorbent — Adsorbate-Adsorbent 1)

We assessed the adsorbate-adsorbent interaction by calculating adsorption energy values (Ead)
and various thermodynamic parameters, including the thermodynamic equilibrium constant (K),
entropy changes (ASad), Gibbs free energy changes (AGag), and adsorption enthalpy changes
(AHag) using equations 2—6 [39]. The following formulas were used for calculation of the

aforementioned parameters:

Ead = (E':CﬂmplEX:' - [E':Adsnrhatejl + El:AdsDrhent}+El:BESE})) (2)
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‘ﬁHad = (Hl:Cnmplex} - [Hfﬁdsnrbate} + Hl:ﬁdsnrhenﬂl))
ﬁGad = (G':Ccumplex} - [G':Adsnrbate} + G':Rdsnrehnt} })

‘ﬁsad = (SI:CDmplex} - [Hl:Adsnrhate} + Hl:ﬁdsnrhent}))

Ky, = (exp — (AG,4/RT))

In the aforementioned equations, the variable E represents the total electronic energy for each
structure being studied. Egsse, on the other hand, denotes the basis set superposition correction
that was carried out for estimating the basis set error. The variable H encompasses the total
energy of the evaluated materials along with the thermal correction of enthalpy. Similarly, G
symbolizes the total energy plus the thermal correction of the Gibbs free energy, as described in
reference. R refers to the constant of the ideal gas, while S represents the thermal correction
entropy for the structures under investigation. Lastly, T corresponds to the temperature, as
outlined in reference [40-42]. These equations, specifically equations 7-12, are utilized for the
computation of several crucial properties. The bandgap (Eg), chemical hardness (1), chemical

potential (p), maximum charge capacity (ANmax), and electrophilicity (w) of frontier molecular

orbitals are all calculated using these equations [43].
E; = Erymo — Enomo
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In the given equations, ELumo represents the energy of the lowest unoccupied molecular orbital,
while Exomo represents the energy of the highest occupied molecular orbital. The bandgaps of
the Nano-adsorbent and AFM-Adsorbent complexes are denoted as Eg: and Ega, respectively
[43].

Results and Discussion

Structural analysis

The initial and optimized structures of the AFM-B12N1> complexes are depicted in Figure 2. The
investigation aimed to determine the most stable configuration by studying the AFM interaction
with B12N12 across three different conformers. In the A-Conformer, the adsorbent was positioned
in close proximity to the carbonyl groups of AFM. Moving on to the B-Conformer, the adsorbent
assumed a parallel orientation with respect to the furan rings of AFM. Finally, in the C-
Conformer, B12N12 was inserted in a parallel fashion towards the benzene ring of AFM. These
variations in conformers allowed for a comprehensive exploration of the interaction between
AFM and Bi12N12, shedding light on the potential configurations that result in the most stable
complex formation. After the geometrical optimizations, it is evident from the optimized
structures that there are no significant structural deformations observable. This implies that the

nature of interactions can be attributed to physisorption [44].

The lack of noticeable changes in the structures indicates that the interactions are primarily
governed by physical forces such as van der Waals interactions, rather than chemical bonding
[45]. This suggests that the molecules or atoms involved in the interactions are attracted to each
other due to temporary dipoles or induced dipoles, rather than forming strong covalent or ionic
bonds [46]. The absence of structural deformations further supports the idea that the interactions
are predominantly of a physical nature, with no major rearrangements or distortions occurring in

the molecular or atomic structures [47].
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Table 1. The calculated values of total electronic energy, adsorption energy, zero-point energy
(ZPE), maximum and minimum IR frequency, and dipole moment

NO Total Adsorption Zero-point energy Vmin Vmax
electronic energy
ener (kcal/mol) (cm™) (cm)
gy
(kcal/mol)
(a.u)
AFM (Vacuum) -1159.81512 193.1 38.9 4231.7
AFM (Water) -1159.82134 193.6 39.2 4329.9
B12N12 (Vacuum) -938.54305 93.6 369.8 1653.6
B12N12 (Water) -938.54616 95.9 371.2 1650.0
A-Conformer (Vacuum) -2098.41576 -26.7 287.8 15.2 3780.6
A-Conformer (Water) -2098.40843 -20.4 288.9 16.9 3781.2
B-Conformer (Vacuum) -2098.39321 -17.7 291.8 8.3 4234.5
B-Conformer (Water) -2098.38912 -14.9 288.1 9.1 4236.7
C-Conformer (Vacuum) -2098.42309 -32.8 289.2 8.5 4319.6
C-Conformer (Water) -2098.41908 -30.4 290.3 11.0 4321.7

The electronic energies in Table 1 indicate that the C-Conformer is the most energetically
favorable, suggesting it may have a lower energy state and greater stability compared to other
conformers [48]. The negative adsorption energies obtained indicate that the interaction of
B12N1> with AFM is indeed feasible from an experimental standpoint [49]. Furthermore, the
impact of water as a solvent on the adsorption energy values was investigated, and the resulting
negative values suggest that these interactions are also viable in an aqueous environment [48].
The data presented in Table 1 also includes the minimum and maximum IR frequencies. It is
evident from the results that no negative frequency was observed, indicating that all of the

structures analyzed are indeed true local minimums [47].
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Initial Structures Optimized Structures

A-Conformer

B-Conformer

C-Conformer

Fig. 2. The initial and optimized structures of AFM-B12N1> complexes (yellow: carbon, pink:

oxygen, white: hydrogen, blue: nitrogen, red: boron)
Thermodynamic parameters

The results in Table 2 show the variations of AHad, AGad, Kith, and ASaq With temperature. It is
evident that the interaction between AFM and B12Ni2 is spontaneous, exothermic, reversible, and

thermodynamically feasible [45]. The negative values of AHad and AGad, along with the small
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values of K for both conformers, support this conclusion. Surprisingly, the presence of water as

the solvent does not significantly affect these thermodynamic parameters [44].

Table 2. The calculated thermodynamic parameters in the temperature ranges of 298-308 K at
10° intervals in both vacuum and aqueous phases

NO AHad AGad ASad Kth
(kcal/mol)  (kcal/mol)  (cal/mol)
A-Conformer-Vacuum-298 -25.4 -12.0 -45.2 6.1x10%08
A-Conformer-Vacuum-308 -25.0 -10.6 -45.8 3.2x10*%7
A-Conformer-Vacuum-318 -24.5 9.2 -46.4 2.0x10*%
A-Conformer-Water-298 -3.2 -12.0 -43.8 6.1x10*%8
A-Conformer-Water-308 -2.7 -10.3 -44.4 1.9x10%%
A-Conformer-Water-318 -2.3 -8.6 -45.2 7.9x10%%
B-Conformer-Vacuum-298 -17.7 -5.6 -40.8 1.2x10*%4
B-Conformer-Vacuum-308 -17.3 -4.6 -41.4 1.9x10%%3
B-Conformer-Vacuum-318 -16.8 -3.7 -42.0 3.3x10*%2
B-Conformer-Water-298 -15.0 -2.8 -43.3 1.2x10%02
B-Conformer-Water-308 -14.5 -2.4 -42.8 4.8x10%%
B-Conformer-Water-318 -14.1 -1.9 -43.4 2.1x10*%1
C-Conformer-Vacuum-298 -31.5 -18.1 -43.9 1.7x10*13
C-Conformer-Vacuum-308 -31.0 -17.3 -44.5 1.8x10%12
C-Conformer-Vacuum-318 -30.6 -16.5 -45.1 2.2x10*1
C-Conformer-Water-298 -29.1 -18.1 -42.3 1.7x10*13
C-Conformer-Water-308 -28.7 -16.8 -42.9 7.8x10%11
C-Conformer-Water-318 -28.2 -15.5 -43.5 4.2x10%10
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Additionally, the impact of temperature on the adsorption process indicates that lower
temperatures favor the interactions [43]. The negative ASaq values imply that the adsorption
process is unfavorable in terms of entropy, suggesting a decrease in disorder during the
interactions. This could be due to the aggregation that occurs during complex formation [44].
Overall, these findings provide valuable insights into the thermodynamics of the AFM-B12N12
interaction and highlight the importance of considering temperature and entropy effects in such
systems [45].

QTAIM and NBO Studies

As the presented data in Fig. 3 show clearly, at A, B, and C conformers 2, 4 and 2 bond critical
points (BCPs) have been observed after geometrical optimizations between AFM and the
adsorbent. The relevant data to these BCPs are given in Table 3. As can be observed, the values
of G + v(-1) are bigger than 1 which implies the BCPs have a non-covalent nature except the
O7...B and Os...B BCPs in A and C conformers because G + v(—1) values are 0.791 and 0.776
indicating the partly covalent nature of the BCPs [46]. Furthermore, the NBO results of the same
BCPs that are given in Table 4 also confirms the aforementioned results because the values of
E(2) are low in most BCPs but in the cases of O7...B and Os...B this parameter increased

significantly indicating more energy is required for the breaking of those bonds in comparison to
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Fig. 3.

The BCPs between AFM and BN nanocage
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Table 3. BCPs data (in a.u.) from QTAIM in molecular analysis

BCPs | Rho(r) | Vp | G(r) | H() v(r) | E(A...B)=v/2 | G +v(=1) | bond type
AC 06...N | 0.006 | 0.041 | 0.008 | 0.003 | -0.005 -1.673 1.470 non-covalent
-Conformer
07...B | 0103 | 0538 | 0.183 | -0.048 | -0.231 -72.489 0.791
C8...N | 0.003 | 0.018 | 0.003 | 0.001 | -0.002 -0.661 1.553 non-covalent,
02.....N' | 0.003 | 0.022 | 0.004 | 0.002 | -0.002 -0.706 1.703 non-covalent
B-Conformer | H29...N | 0,000 | 0.002 | 0.000 | 0.000 | 0.000 -0.039 2.179 non-covalent
H35...N
0.000 | 0.001 | 0.000 | 0.000 | 0.000 -0.024 2.257 non-covalent
C25...N | 0.010 | 0.052 | 0.010 | 0.003 | -0.007 -2.338 1.374 non-covalent
C-Conformer
03....B | 0.099 | 0.475 | 0.167 | -0.048 | -0.215 -67.375 0.776
Table 4. NBO analysis of BCPs
BCPs Donor NBO (i) Acceptor NBO (j) E(2) kcal/mol
06...N |42.LP( 1)O 6 /248.BD*( 1) N 54-B 58 0.22
A-Conformer
07...B |[CR( 1)O 7 /166. LP*( 1) B 57 417
N51...C | 160.LP ( 1) N 51 /200.BD*( 2)C 15-C 21 0.14
B-Conformer 02...N 134.LP( 1)O 2 /244.BD*( 1) N 51-B 56 0.07
T l135.LP( 2) O 2 /244.BD*( 1)N 51-B 56 | 0.15
H25. N 21.BD( 1)C 10-H 25 |/235.BD*( 1)B 46-N 60 0.05
C-Conformer T 1169.LP (1) N 60 /190.BD*( 1)C 10-H 25 |3.42
03....B | 137.LP( 2O 3 /147. LP*( 1)B 38 272.94

FMO Analysis

The DOS spectra of B12N12 and its complexes with NM are presented in Figure 8. It can be
observed that the bandgap of BN nanocage is 6.716 eV. However, when AFM is adsorbed on its
surface, the bandgap increases to 9.545 eV, 11.142 eV, and 11.197 (eV) in A, B, and C
conformers respectively, representing an incrementing of approximately 42.132%, 65.917% and
66.727%. The bandgap of a compound is inversely related to its electrochemical conductivity. A
molecule with a narrow bandgap exhibits higher conductivity compared to a compound with a
wider bandgap [43]. Therefore, significant changes in the bandgap can serve as an analytical

signal for the detection of the desired analyte, in this case, AFM. In this regard, B12N1> appears
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to be a suitable sensing material for the detection of AFM as its bandgap gets wider significantly
when AFM adsorbs on Bi12Ni2 surface [44]. Additional molecular orbital parameters such as
chemical potential, chemical hardness, electrophilicity, and maximum transferred charge were
also calculated and are reported in Table 5. The negative values for the chemical potential
indicate that all of the studied structures are thermodynamically stable [45]. The chemical
hardness of AFM is 5.568 eV, and when it interacts with B12N12, this parameter experiences a
slight decrease in the case of A-Conformer and a negligible increase in the cases of B and C
Conformers. Chemical hardness is inversely proportional to chemical reactivity, meaning that a
compound with lower chemical hardness is more reactive than one with a higher value [46].
Therefore, it can be inferred that the chemical reactivity of AFM complexes with BN did not
experience a remarkable change in comparison to the pure AFM without any nanocage. The
calculated values of electrophilicity and maximum transferred charge are also provided in Table
3. Both indices indicate the tendency of a molecule to absorb electrons. It is evident from the
table that both indices for AFM show a significant increase after interaction with BN nanocluster
[47]. Thus, it can be concluded that AFM complexes with B12N12 are more electrophilic than

pure AFM without any nanostructures [48, 49].

Table 5. The calculated FMO parameters for AFM, B12N12, and their complexes

Ashtari Mahini et al
I

NO Eromo (eV) | ELumo (eV) | Eg (eV) %AEg nEev) | puEv) | oV ANmax
(eV)
AFM -6.37 4.77 11.14 - 5.57 -0.80 0.06 0.14
B12N12 -7.96 -1.24 6.72 - 3.36 -4.60 3.15 1.37
A-Conformer -6.53 3.01 9.55 42.13 4.77 -1.76 0.32 0.37
B-Conformer -6.39 4.76 11.14 65.92 5.57 -0.81 0.06 0.15
C-Conformer -6.76 4.43 11.20 66.73 5.60 -1.17 0.12 0.21
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Fig. 4. DOS spectrums of B12N12, AFM and their complexes

Conclusion

This study focused on investigating the potential of pristine boron nitride nanocluster (B12N12) as
an effective adsorbent and sensing material for the removal and detection of Aflatoxin M1
(AFM). The results indicated that the interaction between AFM and Bi2Ni2 is not only
experimentally feasible but also exothermic and spontaneous, suggesting that BioNi» holds
promise as an adsorbent for AFM. In addition to exploring the interaction in a vacuum, the study
also investigated the influence of solvent, particularly water, on these interactions. The results
showed that the presence of water does not significantly impact the interactions between AFM
and B12N12, further supporting the potential effectiveness of B1oN12 as an adsorbent in aqueous

environments. Furthermore, the study considered the impact of temperature on the
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thermodynamic parameters of the adsorption process. The findings revealed that the adsorption
process is more favorable at lower temperatures, indicating that temperature can play a
significant role in the efficiency of AFM removal using Bi12Nio. Frontier molecular orbital
calculations were also employed to analyze the electronic properties of B12Ni2 during the
adsorption process of AFM. The results demonstrated a substantial change in the bandgap of
B12N12, indicating significant alterations in its electronic properties upon interaction with AFM.
This suggests that B1oN1> has the potential to serve as a sensing material for the detection of
AFM, in addition to its role as an adsorbent. Moreover, Quantum Theory of Atoms in Molecules
(QTAIM) and Natural Bond Orbital (NBO) studies provided insights into the nature of these
interactions, indicating a physisorption nature. This further supports the potential of B12N12 as an
effective adsorbent for AFM removal.Overall, the theoretical findings strongly suggest that
B12N12 has the potential to be an excellent adsorbent and sensor for the removal and detection of
AFM. This research contributes valuable knowledge to the field of nanomaterials and offers a
promising direction for the development of effective strategies for addressing the challenges
associated with AFM removal and detection.
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