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Abstract
Aflatoxins are sequential of derivatives of coumarin and dihydrofuran with similar chemical structures and well-known 
carcinogenic agent. Many studies performed to detoxify aflatoxins, but the result is not ideal. Therefore, we studied struc-
tural, infrared spectrum, mechanical, and optical properties of these compounds in the aim of perspective physics. Mulliken 
charge distributions and infrared spectral analysis performed to understand the structural difference between the basic types 
of aflatoxins. In addition, the effect of pressure, different polarized, and incident directions on their structural changes was 
determined. It is found that  AFB1 is most stable structure among four basic types aflatoxins  (AFB1,  AFB2,  AFG1, and  AFG2), 
and IR spectra are analyzed to exhibit the difference on structures of them. The mechanical properties of  AFB1 indicate that 
the structure of this toxin can be easily changed by pressure. The real 
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 parts of the dielectric 
function, and the absorption coefficient �(�) and energy loss spectrum L(�) were also obtained under different polarized and 
incident directions. Furthermore, biological experiments needed to support the toxic level of  AFB1 using optical technologies.
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1 Introduction

Aflatoxins are sequential of derivatives of coumarin and 
dihydrofuran with similar chemical structures and well-
known carcinogenic agent. As the secondary metabolites of 
Aspergillus flavus and Aspergillus parasiticus [1, 2], above 
20 different types of aflatoxins have been isolated and identi-
fied, among which  AFB1,  AFB2,  AFG1, and  AFG2 are four 
basic types. Aflatoxins occur in many countries, especially 
in the tropical and subtropical regions where the conditions 
of temperature and humidity are optimal for the growth of 
moulds and for the production of the toxin. Agriculutral 
commodities and important crops are susceptible to such 
contamination. Aflatoxin contamination is considerable seri-
ous in the progress of crop receipt, storage, and transporta-
tion [3–7]. The removing of aflatoxins in foods and feed with 
high efficient and safe method is a significant subject in the 
field of agriculture and industry of grain and oil.

In general, aflatoxins are insoluble in water, petroleum 
ether, ethyl ether, and ethane, but dissolved in polar solvents 
such as methanol, acetone, and chloroform. Furthermore, 
aflatoxins are relatively stable in neutral solution and can 
be slightly decomposed in strong acidic solution. Aflatoxin 
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 B1  (AFB1) is the most toxic, mutagenic, and carcinogenic in 
nature, classified as level-1carcinogen by the Word Health 
Organization (WTO). It is most common in naturally con-
taminated foods [8]. The structure of  AFB1 is composed 
of a two-furan ring (basic toxic structure) and an oxidized 
naphthalene ortho ketone (carcinogenic structure). In fact, 
 AFB1 is not carcinogenic before metabolic activation. How-
ever,  AFB1 is translating into strong carcinogenic under the 
metabolic action of the mixed-functional oxidase in hepato-
cyte endoplasmic reticulum microsomes after entering body. 
Thus,  AFB1 is also known as pre-carcinogen. A number of 
physical, chemical, and biological methods employed to 
change the basic structure of aflatoxins [8–10].

According to the chemical properties of aflatoxin, there 
are mainly three ways to reduce the toxicity, i.e., physical, 
chemical, and biological methods [11–15]. Physical methods 
mainly include high-temperature method [16], ultraviolet 
irradiation [17], and γ-ray irradiation [18]. High tempera-
ture can destroy the aflatoxin molecule and reduce its toxic-
ity, but also degrades the nutritional content of food. This 
method is not suitable for the removal of aflatoxins in food. 
Furthermore, UV irradiation is used in the food industry, due 
to its common disinfecting and sterilizating nature. Because 
of UV irradiation, aflatoxins could degrade to some extent. 
However, UV irradiation also not ideal, since the penetra-
tion of UV light is weak. Thus, it can work in the surface 
of material, while cannot be exposed to  AFB1 inside [17]. 
γ-ray is the atomic energy level transition when the radia-
tion releases with strong penetration and high cell lethal-
ity. Studies have shown that γ-ray can inhibit the growth 
of aspergillus flavus and can inactivate aflatoxin [18]. Irra-
diation can be used for food sterilization and preservation, 
and also be applied to the removal of pollutants. However, 
there are still unavoidable problems in the application of 
irradiation technology in food quality and safety. Due to 
the different understanding of irradiated food, the degree of 
recognition and acceptance is limited in the daily life. Some 
studies indicate radiation could change the quality of food, 
and the radiation itself acts as pollutant, resulting in strict 
restriction about the application of radiation technology in 
the field of food. Montmorillonite can also adsorb aflatoxins 
and the maximum adsorption capacity was above 600 μg/g, 
but the adsorption could not completely remove residual 
toxin in food [11]. The chemical method mainly involves 
the change the molecular structure of aflatoxins, translat-
ing them into non-toxic or low-toxic nature. As chemical 
treatment can change the color of food and increase the 
content of non-protein nitrogen, results indicate not suit-
able method to remove aflatoxins from contaminated food. 
Biological methods include biological enzymatic hydrolysis, 
microbial adsorption, as well as degradation of toxins by 
microbial metabolites, whereas the toxin also cannot remove 
thoroughly [10].

Based on the literature information, the detoxification 
of aflatoxins still cannot be resolved yet. Therefore, it is 
need to explore new and efficient detoxification meth-
ods. The ideal method of detoxification requires: (1) high 
toxicity, toxin is destroyed or converted into non-toxic 
compounds; (2) low price, easy to implement; (3) does 
not produce toxic products and does not affect the physi-
cal quality or chemical quality. Using pressure can effi-
ciently transform the properties of the toxic  substances9. 
In addition, AFB1 is the most stable structure among dif-
ferent types of aflatoxins. Hence, we made an effort under 
pressure-dependent changes for structural, mechanical, 
and optical properties to detoxify aflatoxins.

2  Computational details

The basic structure of  AFB1 molecule under different 
temperatures was obtained by Avogadro code [19], and 
then, infrared spectrum was calculated using Gaussion 
program combined with B3LYP/6-31G(d) SP basis set 
[20]. The calculations on mechanical and optical proper-
ties performed with the Cambridge Serial Total Energy 
Package (CASTEP) program [21, 22], using density 
function theory with Norm-conserving pseudopotentials 
[23]. The generalized gradient approximation (GGA) 
with Perdew–Burke–Ernzerhof (PBE) parametrization 
was employed [24]. The cut-off energy for plane waves 
was set to 500.0 eV. The pseudoatomic calculations were 
performed for H  1s1, C  2s22p2, and O  2s22p4. Brillouin-
zone sampling was performed using Monkhorst–Pack 
scheme with a k-point grid of 4 × 4 × 2 [25]. The values 
of the kinetic energy cutoff and the k-point grid were 
determined to ensure the convergence of the total ener-
gies to within 0.01%. The structures under pressures 
were relaxed using Broyden–Fletcher–Goldfarb–Shannon 
(BFGS) method [26, 27]. In the geometry relaxation, the 
total energy of the system converged to less than 1.0 × 
 10−6 eV/atom, the residual force to less than 0.002 eV/Å, 
the displacement of atoms to less than 0.002 Å, and the 
residual bulk stress to less than 0.1 GPa. The structure of 
 AFB1 was obtained from Cambridge structural database 
(CSD) operated by CCDC [28], which has been affirmed 
by experiments under room temperature. Our calculations 
performed on the one unit cell with four molecules in the 
geometry optimization. The hydrostatic pressure range of 
our calculations was 0–70 GPa. The crystal parameters 
of  AFB1 are applied as a = 7.840, b = 6.360, c = 28.350, 
and the crystal belongs to Orthorhombic (space group: 
19, P212121).
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3  Results and discussion

3.1  Basic structures and Infrared (IR) spectra 
of aflatoxin

The results confirmed that the furan ring is the basic toxic 
structure and the oxidized naphthalene ortho ketone is the 
carcinogenic structure in the four basic types of aflatoxin 
structures  (AFB1,  AFB2,  AFG1, and  AFG2). The detoxifica-
tion of aflatoxin is corresponding to the destruction of furan 
ring and oxidized naphthalene ortho ketone in the structure 
of aflatoxin. It is necessary to have a deep understanding on 
the basic molecular structures and the difference among four 
basic structures of aflatoxin. The basic molecular structures 
of  AFB1  (C17H12O6),  AFB2  (C17H14O6),  AFG1  (C17H12O7) 
and  AFG2  (C17H14O7) combined with Mulliken atomic 
charge distribution are illustrated in Fig. 1. The basic toxic 
structure (two-furan ring structure) and carcinogenic struc-
ture (oxidized naphthalene ortho ketone) are also marked 
in each molecule. The red and green colors represent the 
density of states of electrons, indicating the addition and loss 

of electrons, respectively. In the two-furan ring structure, the 
Mulliken charge of O5 atoms in  AFB1,  AFB2,  AFG1, and 
 AFG2 are − 0.0.525, − 0.528, − 0.525, and − 0.527, while O6 
atoms correspond to − 0.455, − 0,474, − 0.455, and − 0.473, 
respectively. Though the charge difference of these four type 
structures is less, one can find that the Mulliken charge value 
of O5 and O6 is same for  AFB1 and  AFG1, and they are also 
almost same for  AFB2 and  AFG2. The most obvious char-
acter of the oxidized naphthalene ortho ketone structure is 
the existence of two oxygen atoms (O1 and O4). However, 
the values of Mulliken charge of O1 and O4 for these four 
molecules are discrepant. For O1 atom, they are − 0.429, 
− 0.431, − 0.427, and − 0.420 for  AFB1,  AFB2,  AFG1, and 
 AFG2, respectively. For O4 atom, it is − 0.541 for  AFB1 and 
− 0.540 for  AFB2, while − 0.533 for  AFG1 and − 0.531 for 
 AFG2. One can find that the values become less for  AFG1 
and  AFG2 compared with  AFB1 and  AFB2. Correspond-
ingly, the value of Mulliken charge increases for the carbon 
atoms linked these two oxygen atoms (C6 for  AFB1 and 
 AFG1 and C8 for  AFB2 and  AFG2). It was demonstrated 
that  AFB1 is most stable structure for aflatoxin and presents 

Fig. 1  Basic molecular structure of a  AFB1  (C17H12O6), b  AFB2 
 (C17H14O6), c  AFG1  (C17H12O7), and d  AFG2  (C17H14O7) combined 
with Mulliken atomic charge distribution. Mulliken charge of C and 

O atoms is also calculated in each molecule. The basic toxic structure 
(two-furan-ring structure) and carcinogenic structure (oxidized naph-
thalene ortho ketone) are also marked in each molecule
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the highest toxicity. The bond order between them plays an 
important role on the stable of these four structures.

Figure 2 shows the IR reflectivity spectra of different afla-
toxin structures. The total vibrational modes are 99, 105, 
102, and 108 for  AFB1,  AFB2,  AFG1, and  AFG2, respec-
tively. Here, the main vibrational modes are given to ana-
lyze the obvious change of modes among these four struc-
tures. The following spectral changes exist among them: the 
position of v1 mode in  AFB1 and  AFG1 is 1883 cm−1, but 
shifts to lower frequency (1876 cm−1) for  AFB2 and  AFG2; 
the intensity of v1 mode for  AFG1 structure corresponds to 
strongest peak in these four structures. Through the analy-
sis of vibrational modes, v1 mode represents the stretching 
vibration between C1 and O6 in the oxidized naphthalene 
ortho ketone structure for both  AFB1 and  AFG1, indicating 
that these two bonds are strongest in these four structures. 
Inversely, it is weakest for the bond formed between C8 atom 

and O1 atom in  AFB2. Another striking difference is the 
high intensity of v3 mode in  AFB2, mainly attributes to the 
carbon atoms’ stretching vibration in the oxidized naphtha-
lene ortho ketone structure, i.e., the vibrations among C1, 
C3, and C10–C13 carbon atoms. v9 mode mainly results 
from the vibrations in the furan ring structures, while v10 and 
v11 stem from the stretching vibration of hydrogen atoms in 
methyl groups.

3.2  Elastic and mechanical properties

The elastic constants, since the elastic constants of materi-
als under pressure are essential to predict and understand 
material response, strength, mechanical stability, and phase 
transition [29]. In general, the number of properties can 
be calculated from elastic constants [30]. In this work, we 
mainly studied the mechanical properties of  AFB1, since it 
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Fig. 2  Infrared spectra under room temperature of four basic types 
aflatoxin: a  AFB1, b  AFB2, c  AFG1, and d  AFG2. The positions of 
each peaks are indicated with red dots. The main peaks correspond 

to various vibrational modes are also marked for comparison among 
these four type structures
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is usually found in the greatest concentration in foods and 
is the most acutely toxic of the aflatoxins. To calculate the 
elastic constants under hydrostatic pressure, the symmetry-
dependent strains are non-volume conserving. The elastic 
constants, Cijkl , with respect to the finite strain variables are 
defined as follows [29, 31]:

Here, �ij and ekl are the applied stress and Eulerian strain 
tensors, and X and x are the coordinates before and after 
deformation, respectively. Under hydrostatic pressure,

where Cijkl denotes the second-order derivatives with respect 
to the infinitesimal train and � is the finite strain variable. 
The fourth-rank tensor Cijkl generally reduces greatly when 
taking into account the symmetry of the crystal. In this 
study, the crystal of  AFB1 contains four molecules and 
belongs to tetragonal structure, and then, Cijkl is reduced 
to eight components, i.e., C11 , C22 , C33,C44 , C55 , C66 , C12 , 
C13 , and C23 . The calculated elastic constants of Cijkl under 
pressures are given in Fig. 3a. The criteria for mechanical 
stability are as follows:

Based on the above formulas, one can get the mechanical 
properties of  AFB1 under different pressures. From Fig. 3a, 
it can be seen the elastic modulus present rising trend on the 
whole, but show a descent trend under 15 and 20 GPa for 
C66 . Another descent point is 40 GPa. Thus, the structure of 
 AFB1 is not stable under these pressures. In fact, the value of 
C11 + C22 − 2C12 is about − 4.6 GPa, while C22 + C33 − 2C23 
equals approximately − 28.8 GPa for the elastic modulus 
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ily change the structure of this organic toxin. However, the 
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Fig. 3  a Calculated elastic constants of  AFB1 under different pres-
sures. b Variation of bulk modulus B and shear modulus G under dif-
ferent pressures
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In the above formulas, subscript V denotes the Voigt bound, 
R denotes the Reuss bound, and H denotes the Hill average. 
The Voigt bound calculated by the average polycrystalline 
moduli based on an assumption of uniform strain through-
out a polycrystal and is the upper limit of the actual effective 
moduli. The Reuss bound calculated by assuming a uniform 
stress and is the lower limit of the actual effective moduli. The 
arithmetic average of Voigt and Reuss bounds is termed as the 
Voigt–Reuss–Hill approximations. The variation of bulk mod-
ulus B and shear modulus G with pressure is shown in Fig. 3b.

3.3  Optical properties

Considering the most common method on destroying the 
structure of organic substances using ultraviolet irradia-
tion, it is necessary to have a detail investigation on the 
optical properties of  AFB1. This can offer useful assis-
tance on reducing the toxicity using optical technology. 
The optical properties of the complex dielectric function 
are �(�) = �1(�) + i�2(�) , where �1(�) and �2(�) represent 
the real part and the imaginary part of dielectric function, 
respectively. In general, �2(�) , resulting from direct inter-
band transition, can be obtained from Fermi’s golden rule:

where � denotes the frequency of the electromagnetic radia-
tion in energy unit. Ω represents the cell volume and �0 is the 
dielectric constant in free space. c and v indicate the conduc-
tion and valence band states, respectively. In addition, u and 
r denote the vector defining the polarization of the incident 
electric field and the position vector, respectively. The real 
part of the dielectric function �1(�) can be evaluated with 
its imaginary part �2(�) using the Kramers–Kronig relation 
as follows [32]:

where P is the principal value of the integral. Other opti-
cal properties such as absorption coefficient �(�) and energy 
loss spectrum L(�) can be expressed in terms of �1(�) and 
�2(�) as follows [33]:

Figure 4 gives the results of the real and imaginary part 
of the dielectric function of aflatoxin  B1 under different 
polarizations. The dielectric peaks of �2(�) of the dielectric 
function are related to the real transitions between occupied 
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and unoccupied electronic states. From Fig. 4b, one can see 
that the dielectric function is in accordance with the Lorentz 
model, which is described as follows:

where �O is the oscillator frequency. Lorentz dispersion 
theory is based on the damped harmonic oscillator approxi-
mation. On the other hand, the peak values of real (3.87) and 
imaginary (3.33) dielectric function for (0, 1, 0) direction 
under polarized condition are highest compared with other 
conditions. The dielectric function also indicates that this 
toxin presents well-insulating properties under 0 GPa. The 
optical absorption spectrum represents the fraction of energy 
that loses in passing through materials, and is directly related 
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to the imaginary part of refractive index. The absorption 
coefficient over a wide range of frequencies, from the infra-
red to the ultraviolet regimes, is illustrated in Fig. 5, includ-
ing polarized and unpolarized conditions. Through com-
parison, one can find that the absorption coefficient under 
polarization is larger than that under unpolarized conditions 
overall. The absorption behaviors are distinct for different 
polarization and incident directions. For the polarization 
direction (1, 0, 0), the absorption coefficient of infrared spec-
trum is highest, while (0, 0, 1) direction presents an excellent 
absorption of ultraviolet spectrum. Inversely, the absorption 
coefficient of infrared spectrum is highest for the incident 
direction corresponding to (0, 0, 1), while (1, 0, 0) incident 
direction exhibits a strong absorption for ultraviolet spec-
trum. Finally, the energy loss function is an important opti-
cal parameter, which describes the energy loss of electrons 
fast traversing in materials. The peaks of L(�) characterize 
the plasma resonance and their peak positions correspond to 
the relevant plasma frequencies. The calculated energy loss 
function of  AFB1 under various pressures is illustrated in 

Fig. 6. One can find that the peak value along (0, 1, 0) polar-
ized direction is highest at about 6.27 eV among different 
polarized and incident directions, meaning the energy loss 
of red light. On the other hand, the energy loss of ultraviolet 
becomes highest along the polarized direction (0, 0, 1). This 
is consist with the previous conclusion about absorption 
coefficients. Through the analysis of optical properties of 
 AFB1 under different conditions, one can find the absorption 
coefficient, dielectric function, and energy loss function of 
light are susceptible to the polarized and incident directions. 
These conclusions can offer important help on eliminating 
toxicity of  AFB1 using optical technologies.

4  Conclusions

The present study demonstrates basic structural, infrared 
spectrum, mechanical, and optical properties of aflatoxin 
under optimal pressure. The Mulliken charge distribution 
calculation explains detailed understanding of structural 
difference among four basic types of aflatoxins. The elas-
tic constants and mechanical properties of  AFB1 calcu-
lated using first-principle calculations. In addition, it can 
be confirmed that pressure can easily change the structure 
of this organic toxin, since the values of C11 + C22 − 2C12 
and C22 + C33 − 2C23 are negative for the elastic modu-
lus of  AFB1 under 0 GPa. The real ( �1(�) ) and imaginary 
( �2(�) ) parts of the dielectric function, the absorption coef-
ficient �(�) , and energy loss spectrum L(�) are determined 
under different polarized and incident directions. A very 
important phenomenon is that these parameters of  AFB1 
are anisotropic under different conditions. For the polariza-
tion direction (1, 0, 0), the absorption coefficient of infrared 
spectrum is highest, while (0, 0, 1) direction presents an 
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Fig. 5  Absorption coefficient of  AFB1 with various frequencies under 
different polarization and incident directions
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excellent absorption of unltraviolet spectrum. Inversely, the 
absorption coefficient of infrared spectrum is highest for the 
incident direction corresponding to (0, 0, 1), while (1, 0, 0) 
incident direction exhibits a strong absorption for unltravio-
let spectrum. For the energy loss function of  AFB1, the value 
along (0, 1, 0) polarized direction is highest among different 
polarized and incident directions, meaning the energy loss 
of red light, while the energy loss of ultraviolet becomes 
highest along the polarized direction (0, 0, 1). Based on the 
results, we conclude, detoxification of  AFB1 using optical 
technologies is an economical and non-laborites method. 
Furthermore, biological experiment combined with pressure 
technology should be conducted to have a further study on 
the pressure-dependent detoxification of aflatoxins.
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