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ABSTRACT: Aflatoxin B1 (AFB1) solution certified reference materials
(CRMs) have been widely utilized in the measurements of AFB1
contaminations in foods and agricultural products. It is of great importance
to evaluate the stability of AFB1 solution CRMs in different matrices for
their practical applications. In this study, the stability of AFB1 solution CRM
was investigated and its degradation products under various conditions were
elucidated using ultra-high performance liquid chromatography coupled
with high-resolution mass spectrometry for the first time. Exposure to high
temperatures and UV light irradiation accelerated the degradation of AFB1
solution significantly, and the degradation products were largely dependent
on the solvents. Two degradation pathways were proposed based on the
degradation products. The addition reaction, oxidation reaction, and
modification of the methoxy group are the major processes involved in
the degradation of the AFB1 solution. The results of this study indicate that
the property value of the acetonitrile solution of AFB1 can be well retained when it is stored at temperatures lower than 60 °C, and
the exposure to UV light irradiation is avoided.

1. INTRODUCTION
Aflatoxins are low-molecular-weight secondary metabolites
produced mainly by the fungal species Aspergillus flavus,
Aspergillus parasiticus, and Aspergillus nomius.1−3 Up to now,
about 20 different types of aflatoxins have been found in
nature.4 As one of the aflatoxins, aflatoxin B1 (AFB1, its
chemical structure shown in Figure 1) has been classified as a
group I carcinogen by the International Agency Research on
Cancer (IARC).5 It has been widely found in agricultural
commodities and foods, i.e., grains, vegetables, oils, milk, and
eggs.6−9 In addition, AFB1 is highly toxic and has been
identified as hepatotoxic, carcinogenic, and teratogenic and can
cause other specific symptoms.3,10 Thus, AFB1 is the subject of
the regulations on foods and agricultural feeds. The
corresponding legislation in over 80 countries has established
the maximum permitted limit of AFB1 in various foods and
agricultural commodities aiming to protect human beings and
animals.10−12 Accurate measurement of AFB1 in various
matrices is a prerequisite for effectively limiting the fractions
of AFB1 in agricultural products and foods. The method has
been developed to measure the fraction of AFB1 in solutions
fast and facilely using ultra-high performance liquid chroma-
tography (UHPLC) coupled with a diode array detector
(DAD) or mass spectrometry (MS). It has been considered the
golden approach for the measurement of AFB1 fractions due to
its high reproducibility and accuracy.8,13−16 Nevertheless, the

accuracy of this method largely relies on the certified reference
materials (CRMs) of AFB1 solutions prepared with various
organic solvents.

CRMs are widely used for quality control, calibration of
instruments, and validation of analytical methods.17−19 To the
best of our knowledge, the CRMs of the AFB1 solution have
been rarely reported. This is possibly due to the high toxicity
and limited stability of AFB1 in solutions. The National
Institute of Metrology, China (NIM) has launched an
international comparison of the AFB1 CRM in coordination
with the Bureau International des Poids et Mesures (BIPM) in
2019.20−23 The comparison was conducted in cooperation
with 10 countries from Africa, America, Asia, and Europe.20 It
was found that the property value of the sample, which is the
acetonitrile solution of AFB1, remained stable in the interna-
tional comparison when the sample was shipped and stored in
the dark and at controlled temperatures.20 However, studies
also revealed that the solvent of the AFB1 solution, the ambient
temperature, and the exposure to light might have a great effect
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on the stability of the solution CRMs. Therefore, it is crucial
for the preparation, distribution, storage, and application of
AFB1 solution CRMs to investigate the stability of AFB1
solution under various conditions. The stability of AFB1 in a
few types of matrices has been investigated, and the
degradation pathways of AFB1 were studied upon the
decontamination or detoxification treatments, including
electrolyzed oxidizing, ozonolysis, and exposure to γ-ray,
electron beam, or high-voltage atmospheric cold plasma.4,24−30

Previous studies also indicated that the aflatoxins tended to
degrade in aqueous solution or in the solvents containing water
when stored at 4 or 20 °C.31−35 Nevertheless, the stability of
the AFB1 solution CRMs has not been systematically studied,
and the degradation mechanism of the AFB1 solution CRMs
has not been fully understood, although such knowledge is
essential for the development and utilization of the AFB1
solution CRMs.

In this study, the stability of AFB1 solutions was evaluated,
and the related degradation mechanisms were investigated by
using UHPLC coupled with high-resolution Q Exactive plus
Orbitrap mass spectrometry (QE plus Orbitrap MS) aiming at
further advancing the application of the AFB1 solution CRMs.
The effects of different solvents, ambient temperatures, and
exposure to light irradiation on the stability of the AFB1
solution CRMs were considered in this study according to
ISO Guide 35.36 The degradation products were analyzed, and
the possible degradation pathways were proposed. The results
revealed that the double bonds of the furan ring and the
carbonyl and methoxy groups were the active sites for the
degradation reactions of AFB1. Moreover, the approach

developed in this work is also applicable for the analysis and
identification of the degradation products of AFB1 in other
matrices.

2. EXPERIMENTAL SECTION
2.1. Chemical Reagents and Solutions. Aflatoxin B1

(C17H12O6; 98.3 ± 1.0%) was obtained from the National
Institute of Metrology (GBW10172, Beijing, China). Aflatoxin
8,9-diol (98%, AFB1-diol, CAS: 196820-36-7) and aflatoxin P1
(98%, AFP1, CAS: 32215-02-4) were purchased from the First
Standard Co., Ltd. (Tianjin, China). (Note: AFB1 must be
treated with extreme caution and care. The safety rules
including wearing protective clothing, goggles, and gloves must
be strictly followed through the whole experiment. The AFB1
waste should be properly disposed of in a designated waste
container with 5% hypochlorite solution. All sample vials and
glassware used in the experiment were soaked in a 5%
hypochlorite solution for 72 h prior to proper disposal.37)
Acetonitrile (HPLC grade), methanol (HPLC grade), and
ammonium acetate (HPLC-grade, purity >99.89%) were
obtained from the Thermo Fisher Scientific Company (CA,
USA). Water (HPLC grade) was obtained from Merck
(Darmstadt, Germany). Chloroform (AR, with purity
>99.5%) was purchased from the Beijing Institute of Chemical
Reagents (Beijing, China). Acetonitrile, methanol, and chloro-
form were used as solvents to prepare the stock solutions of
AFB1, which were stored in bottles covered with foil paper and
held at −20 °C in a refrigerator for subsequent usages.
2.2. Aging at Various Temperatures and Exposure to

Light Irradiations. The acetonitrile solution of AFB1 was

Figure 1. Chemical structure of aflatoxin B1 (AFB1) and proposed chemical structures of its degradation products (P1 to P15) produced by UV light
exposure treatment in methanol and acetonitrile.
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held in the dark at 4, 20, and 60 °C, respectively, for 1, 3, 5,
and 7 days and then analyzed with UHPLC coupled with
Orbitrap MS. The same procedure was applied to the
methanol and chloroform solutions except that these two
solutions were held only at 60 °C. All three solutions were also
exposed to different light irradiations when they were held at
20 ± 3 °C. The distance between the solutions and the light
source was 90 cm in the experiments of exposure to the light
irradiation from a fluorescent lamp and a UV light lamp
(Spectroline, U.S.A., wavelength 360 nm), respectively. In the
case of exposure to the sunlight, the solutions were illuminated
by the sunlight directly. The experiments were performed in
triplicate for each sample, and the samples were characterized
on days 0, 1, 3, and 7. Five sample replicates were conducted
for each experiment.
2.3. Characterizations with UHPLC-QE Plus Orbitrap

MS. UHPLC characterization was performed on a Thermo
Vanquish ultra-high performance liquid chromatography
system (Thermo Fisher Scientific, U.S.A.) equipped with a
DAD, an auto-injector, and a binary solvent delivery system.
The DAD was set at 223, 263, and 360 nm. Chromatography
separation was performed on a Thermo BDS HYPERSIL C18
column (250 × 4.6 mm, 5 μm, Thermo Fisher Scientific,
U.S.A.). The column temperature was maintained at 27 °C.
The injection volume was 2 μL, and the flow rate was 0.8 mL
min−1. The mobile phase was composed of 2 mM ammonium
acetate aqueous solution (A) and acetonitrile (B). The
gradient elution started with 10% B for 5 min and then
increased linearly to 45% within 5 min, and the composition
was kept for 3 min. For the following 5 min, another linear
increased to 95% B and held for 3 min. Finally, B was switched

to 10% B in 21.01 min and kept for 4 min before the next
injection. The total operation time was 25 min.

Mass spectrometry was performed on a Thermo QE plus
Orbitrap MS detection system with an electrospray ionization
(ESI) source. The parameters were set as follows: spray
voltages were +3.50 kV in positive mode and −3.00 kV in
negative mode, the capillary temperature was 350 °C, the
auxiliary gas heater temperature was 475 °C, sheath gas flow
rate was 60 arbitrary units (arb.), auxiliary gas flow rate was 18
arb., sweep gas follow rate was 0 arb., and the S-lens RF level
was 50.0 V. The data was acquired in full MS/data-dependent
MS2 (dd-MS2) mode, which can provide an entire spectrum of
fragment ion peaks for each degradation product. The full MS
was scanned in the range of m/z 200−800 at a mass resolving
power of 70,000 FWHM. The isolation window of the dd-MS2

was set to 1.0 m/z with a resolution of 17,500 FWHM. The
normalized collision energies (NCEs) were set at 30, 50, and
70. The automatic gain control (AGC) target (the number of
ions to fill C-Trap) was set to 1.0 × 106 with a maximum
injection time of 50 ms. The data was acquired and processed
by Xcalibur4.1 software (Thermo Fisher Scientific, USA). The
Xcalibur4.1 could provide the chromatograms of different
samples and the accurate m/z of precursors and fragment ions.
Additionally, it could provide possible molecular formulas with
different elemental compositions and accurate double bond
equivalent (DBE). Thus, the potential structures of the
compounds were proposed. Next, the Mass Frontier 7.0
software was applied to simulate MS/MS patterns of the
proposed structures. The simulated MS/MS patterns of
fragment ions were then compared with the experimental
ones. If the mass deviation was less than 5 ppm, then the

Figure 2. (a) Variation of the normalized AFB1 fractions in various solvents at different temperatures (a) and in the cases of exposure to the
fluorescent lamp (b), the sunlight (c), and the UV light with a wavelength of 360 nm (d).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05829
ACS Omega 2022, 7, 40548−40557

40550

https://pubs.acs.org/doi/10.1021/acsomega.2c05829?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05829?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05829?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05829?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


proposed fragment ion was considered to represent the real
structure of the degradation product.32,38

2.4. Statistical Analysis. The AFB1 fraction of various
solutions at a certain moment was normalized by the initial
value according to the following equation:

C C/i 0= (1)

where C0 is the initial mass fraction of AFB1 in each solution
stored at −20 °C and Ci is the mass fraction of AFB1 at a
certain moment. The stability of the AFB1 solutions was
evaluated by analyzing the variation of θ under various
conditions according to ISO Guide 35.36 The basic model for
stability evaluation can be expressed as the following (eq 2):36

Y X0 1= + + (2)

where β0 and β1 are the regression coefficients, ε denotes the
random error component, X denotes time, and Y is the
property value of the AFB1 solutions. A small value of |β1| less
than t0.95, n−2 × s(β1) means that the property value under
discussion is stable, where t0.95, n−2 represents the value of t-
distribution with the degree of freedom of n − 2 (n is the
sample size) at a significance level of 0.95 and s(β1) is the
standard deviation of β1. Furthermore, the uncertainty (u) of
the property value resulting from the instability can be
calculated according to the following equation (eq 3):36

u s X( )1= × (3)

where X is the time elapsed since the initial property value of
the sample was characterized.
2.5. Method Validation. The acetonitrile solutions with

various known AFB1 concentrations were prepared and
analyzed by using UHPLC coupled with Orbitrap MS to
validate the method of measuring the AFB1 fractions in the
solutions. A linear response of the instruments was observed in
the AFB1 concentration range from 0.35 to 500 ng/mL. The
limit of detection (LOD), the limit of quantification (LOQ),
and repeatability were also evaluated to validate the method.
Five sample replicates were conducted for each experiment in
the study.

3. RESULTS AND DISCUSSION
Generally, the solvents and environmental conditions affect the
stability of solution CRMs.31,39 The initial AFB1 fraction was
set to be 100 mg/L, the effects of the solvents, the storage
temperatures, and the exposure to light irradiation on the
stability of the AFB1 fractions were evaluated in this study, and
the results are presented below.
3.1. Effect of Temperature and Solvent. Shown in

Figure 2a is the variation of the normalized AFB1 fractions in
the various solvents with time. The data corresponding to
Figure 2a are summarized in Table S1. As indicated in Figure
2a and Table S1, the AFB1 fraction of the acetonitrile solution
hardly changed after the solution was held at the temperatures
of 4, 20, and 60 °C for 1, 3, and 7 days. A similar phenomenon
was observed for the methanol solution of AFB1, which was
held at 60 °C for 1, 3, and 7 days. A significant variation of
AFB1 fraction with time was observed for the chloroform
solution held at 60 °C. The AFB1 fraction decreased to 86% of
the initial value after 7 days of storage. The linear regression
analysis was made on these data according to ISO Guide 35,
and the parameters derived from the analysis are presented in
Table S2. The AFB1 fractions of the acetonitrile and methanol

solutions were considered stable at the investigated temper-
atures since |β1| < t0.95, n−2 × s(β1). In the case of the
chloroform solution held at 60 °C, a value of |β1| greater than
t0.95, n−2 × s(β1) indicates that the AFB1 fractions of the
chloroform solution should be considered unstable. Addition-
ally, the uncertainty (u) of the AFB1 fraction resulting from its
variation with time was also evaluated using eq 3 and
normalized by the initial AFB1 fraction. The normalized
uncertainty results are given in Table S2. As shown in Table
S2, the lowest uncertainty, 0.60%, was observed for the
acetonitrile solution held at 4 °C while the maximum
uncertainty, 3.4%, was observed for the chloroform solution
held at 60 °C. This indicates that acetonitrile is the preferred
solvent over methanol and chloroform to prepare AFB1
solution CRMs, and a low storage temperature of 4 °C is
beneficial for the stability of the AFB1 solution CRMs.
3.2. Effect of Exposure to Light Irradiation. The

acetonitrile, methanol, and chloroform solutions of AFB1 were
exposed to the irradiation of the fluorescent lamp (FL), the
sunlight (SL), and the ultraviolet light with a wavelength of
360 nm (UV light @360 nm) for 1, 3, and 7 days at a
temperature of 20 ± 3 °C, and the variation of the AFB1
fraction of each solution with time is shown in Figure 2b−d.
The data corresponding to Figure 2b−d are summarized in
Table S3. As revealed in Figure 2b, the AFB1 fractions of all
three solutions only changed slightly when they were exposed
to the light irradiation of the FL. A rapid decrease in the AFB1
fraction was observed for the methanol solution exposed to the
sunlight, while the acetonitrile and chloroform solution under
the same conditions only showed a slight variation of AFB1
fractions. The UV light with a wavelength of 360 nm was
selected to be used in the stability evaluation of the AFB1
solutions because the maximum absorption was observed at
360 nm for the acetonitrile solution of AFB1, as shown in
Figure S1. When exposed to UV light, all three solutions of
AFB1 exhibited a rapid decrease in the AFB1 fraction. The
AFB1 fractions of the methanol and chloroform solutions
decreased to (nearly) 0 within 1 day, while the corresponding
value of the acetonitrile solution reached 0 within 7 days. The
data presented in Table S3 were analyzed with the linear
regression technique, and the results are given in Table S4. All
solutions are considered stable under the light irradiation of
the FL in terms of the criterion |β1| < t0.95, n−2 × s(β1), while
they are unstable when exposed to UV light. The methanol
solution of AFB1 was very sensitive to exposure to sunlight, as
shown in Figure 2c. The instability of the methanol solution
was also confirmed by the statistical analysis (Table S4). It is
worth noting that the acetonitrile and chloroform solutions are
stable when exposed to sunlight. The uncertainties of the AFB1
fractions of the solutions originating from the exposure to the
light irradiation were evaluated, and the results are also
presented in Table S4. A normalized uncertainty of 0.37% was
observed for the AFB1 fraction of the acetonitrile solution,
which was exposed to the FL for 7 days. This implies that the
exposure to the FL has little effect on the stability of the
acetonitrile solution of AFB1, but the exposure to the UV light
irradiation should be avoided to prevent the solutions from
degradation.
3.3. Degradation Products of AFB1 Solutions Exposed

to UV Light. The methanol and acetonitrile solutions of AFB1
were analyzed by using the hyphenated instruments of
UHPLC and QE plus Orbitrap MS after they were exposed
to the UV light irradiation to identify the degradation
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products. The typical total ion chromatograms (TICs) of the
degraded solutions are shown in Figure 3. Eight and seven
peaks were observed in the TICs of the degraded methanol
(Figure 3a) and acetonitrile (Figure 3b) solutions of AFB1,
respectively. The peaks and the corresponding degradation
products are named P1, P2, P3 ..., and P15. TICs shown in
Figure 3 also indicate that the degradation products were well
separated by UHPLC. The precursor ions were acquired in the
full MS mode in the study to identify the molecular formulas
and chemical structures of the degradation products of AFB1.
The experimental mass values of precursor ions with high
accuracy were measured and then analyzed with the
Xcalibur4.1 software to deduce the possible molecular formula.
The theoretical mass of each proposed molecular formula was
compared with the as-obtained experimental value, and a
proposed molecular formula was accepted if its theoretical
mass agrees with the experimental value within 5 ppm.32,38 The
degradation product P11 was taken as an example to illustrate
the process of determining the molecular formula. Three
formulas, C19H16O7N, C16H18O10, and C26H12O2N, were
proposed for the precursor ion of P11, and the deviations of
the theoretical mass of each proposed formula from the

experimental value were −0.56, 2.47, and 5.67 ppm,
respectively. Another key parameter to estimate the molecular
formula is the double bond equivalent (DBE) of the products,
which should be close to that of AFB1.

32 The DBE value of
AFB1 is 12, while the DBE values for C19H16NO7, C16H18O10,
and C26H12NO2 are 13, 8, and 21.5, respectively. Therefore,
C19H16NO7 was accepted as the correct formula since its DBE
is the closest to that of AFB1 and it has the least deviation from
the experimental mass value. The retention time (RT),
molecular weight, proposed molecular formula, mass error,
and double bond equivalent (DBE) of the 15 degradation
products are summarized in Table 1.

The data-dependent MS2 (dd-MS2) can provide the exact
masses of the fragments.38 Consequently, the dd-MS2 was used
to further elucidate the exact mass of the fragmental ions and
the possible structures of the degradation products. Mass
Frontier 7.0 was applied to simulate MS/MS patterns with
mass deviations less than 5 ppm in the study, which enables
the prediction of the most likely parental and fragmental
structures of the degradation products. The corresponding
MS/MS and fragmentations of the degradation compound P10
of the acetonitrile solution of AFB1 are shown in Figure 3c.

Figure 3. TIC of methanol (a) and acetonitrile (b) solutions of AFB1 that were exposed to the UV light irradiation with a wavelength of 360 nm;
(c) QE plus Orbitrap MS spectra and the proposed fragmentations of the degradation product (P10) of the acetonitrile solution of AFB1 exposed to
the UV light irradiation.

Table 1. Mass of the Precursor Ions of the Degradation Products Measured Using UHPLC Coupled with QE Plus Orbitrap MS

precursor ions accuracy

degradation products RT (min) molecular weight (Da) experimental mass (m/z) theoretical mass (m/z) Δppm molecular formula DBE

P1 5.14 332.05322 333.06009 333.06049 1.2 C16H12O8 11
P2 5.45 304.05830 305.06503 305.06560 1.9 C15H12O7 10
P3 7.55 362.10017 363.10785 363.10744 1.1 C18H18O8 10
P4 8.16 348.08452 349.09177 349.09179 0.06 C17H16O8 10
P5 8.51 316.05830 317.06537 317.06558 0.7 C16H12O7 11
P6 9.12 344.08960 345.09604 345.09688 −2.4 C18H16O7 11
P7 9.66 344.08960 345.09531 345.09688 −4.4 C18H16O7 11
P8 9.87 344.08960 345.09720 345.09688 0.09 C18H16O7 11
P9 5.50 274.04774 275.05466 275.05501 1.3 C14H10O6 10
P10 7.12 346.06887 347.07538 347.07614 −2.2 C17H14O8 11
P11 7.70 369.08485 370.09192 370.09213 −0.56 C19H15NO7 13
P12 8.06 332.05322 333.06049 333.06049 0 C16H12O8 11
P13 8.37 369.08485 370.09171 370.09213 −1.1 C19H15NO7 13
P14 8.48 330.03757 331.04440 331.04484 −1.3 C16H10O8 12
P15 8.86 298.04774 299.05432 299.05501 −2.3 C16H10O6 12
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The P10 yielded the precursor ion (C17H15O8, [M + H]+ at m/
z 347.07538) peak, and several peaks of ionic fragments
appeared at m/z 329.06485 [C17H13O7, M-H2O]+, 301.07004
[C16H13O6, M-H2O-CO]+, and 273.07520 [C15H13O5, M-
H2O-CO-CO]+. Based on these peaks, the P10 was considered
to be formed via the addition of the −OH group on the
furofuran ring of AFB1.

Additionally, dd-MS2 and fragmentations of the other 14
degradation products (P1 to P9 and P11 to P15) are summarized
in Figures S2−S15, respectively. The structures of the 15
degradation products were proposed based on the accurate
mass values of the parent ions and fragments and are presented
in Figure 1 with the corresponding IUPAC names listed in
Table S5. The 15 degradation products maintained the
chemical structures similar to AFB1. The different parts in
the structure were highlighted in colors. Obviously, the
degradation processes were relevant to the slight modifications
of the furofuran ring and cyclopentenone and methoxy groups
in the structure of AFB1 during the UV light irradiation.
3.4. Degradation Pathway of AFB1 Solutions Exposed

to UV Light. As discussed above, the methanol and
acetonitrile solutions of AFB1 exhibited different degradation
behaviors at the exposure of UV light. The degradation
pathway of the methanol solution of AFB1 is presented in
Figure 4. The degradation products are P1 ([M + H]+ at m/z
333.06009), P2 ([M + H]+ at m/z 305.06503), P3 ([M + H]+
at m/z 363.10785), P4 ([M + H]+ at m/z 349.09177), P5 ([M
+ H]+ at m/z 317.06537), P6 ([M + H]+ at m/z 345.09604),
P7 ([M + H]+ at m/z 345.09531), and P8 ([M + H]+ at m/z
345.09720), which were confirmed by QE plus Orbitrap MS.
The reactive species generated by the UV light irradiation have
been considered to be responsible for the AFB1 degradation.
According to previous reports, the radiolysis of methanol could
produce various chemical species, including methoxy species
(−OCH3), methyl species (−CH3), hydroxyl species (−OH),

and hydrogen species (−H).40,41 These chemical species were
considered to be initiators of the degradation of AFB1. The
degradation took place mainly via the addition reaction and
oxidation reaction (Figure 4). In the first reaction path, the
active species were added on the C8�C9 double bond of the
furan ring of AFB1. The P6, P7, and P8 were the corresponding
products of such addition reactions when the −OH, −H,
−OCH3, and −CH3 groups reacted with the double bond
(C8�C9).

42 Moreover, after the −OH group was added on
the double bond (C8�C9) to form an intermediate product,
the double bond (C4�C5) of the intermediate product could
be further hydrogenated by −H species to produce the P4.

43

When the −OH and −OCH3 groups reacted with the double
bond (C8�C9), followed by the hydrogenation of the
carbonyl group (C1�O14), the degradation product P3 was
obtained.33 When the hydration reaction takes place on the
C8�C9 double bond, and the −OCH3 group at the C4 site was
transformed to −OH, the degradation product P5 was
obtained.28,32 The second reaction path mainly included
epoxidation, oxidation, and addition reactions. The epoxida-
tion of the double bond (C8�C9) of AFB1 was the first step
for the formation of degradation product P1.

4 The epoxidation
reaction was due to the hydroperoxyl radical (HO2

·) that was
generated during the UV light exposure.24 The epoxide group
of the intermediate product was further cleaved and oxidized
to form P1.

4 Then, the −OCH3 group at the C4 site was
cleaved and the carbonyl group at C1 was hydrogenated to
form the degradation product P2.

24,44,45

Nevertheless, as for the acetonitrile solution of AFB1
exposed to the UV light irradiation, the degradation products
are P9 ([M + H]+ at m/z 275.05466), P10 ([M + H]+ at m/z
347.07538), P11 ([M + H]+ at m/z 370.09192), P12 ([M + H]+
at m/z 333.06049), P13 ([M + H]+ at m/z 370.09171), P14
([M + H]+ at m/z 331.04440), and P15 ([M + H]+ at m/z
299.05432). The degradation pathway of AFB1 in acetonitrile

Figure 4. Degradation pathway of the methanol solution of AFB1 exposed to the UV light irradiation with a wavelength of 360 nm.
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solution is shown in Figure 5. Similar to those in the methanol
solution, the degradation processes in acetonitrile involved the
addition and oxidization reactions. The photolysis of
acetonitrile could lead to the formation of cyanomethyl species
(−CH2CN), cyano species (−CN), methyl species (−CH3),
and hydrogen species (−H).46 Moreover, the photolysis of
H2O by the UV light can generate the hydroxyl species
(−OH).47 Consequently, it was supposed that −CH2CN,
−OH, −H, and −CH3 radicals were the reactive species
involved in the degradation process, which were generated in
acetonitrile under the UV light irradiation. The addition of
−CH2CN and −OH groups on the double bond (C8�C9) of
the furan ring of AFB1 led to the formation of degradation
products P10, P11, and P13.

24,28,33,44,45,48 The −OCH3 group at
the C4 site of P10 was cleaved and replaced by the hydroxyl
species (−OH) to form the degradation product P12. Further
oxidation of P12 led to the formation of P14. Moreover, the
−OCH3 group of AFB1 could be cleaved, and then, the −OH
group was added to form the degradation product P15.

4,45

Moreover, the furofuran ring of AFB1 could be cleaved and
further oxidized to produce degradation product P9.

24,45 More
importantly, among the degradation products, P10 and P15 were
interpreted as aflatoxin B1 8,9-dihydrodiol (AFB1-diol) and
aflatoxin P1 (AFP1), respectively. The commercially available
AFB1-diol and AFP1 were analyzed by QE plus Orbitrap MS,
and their spectra exhibited features closely similar to those of
P10 and P15, respectively, as shown in Figures S16 and S17,
confirming the chemical structure of P10 and P15, respectively.

According to the proposed degradation pathways of the
methanol and acetonitrile solutions of AFB1, the addition,
epoxidation, hydration, and hydrogenation reactions of AFB1
are responsible for the formation of various degradation
products. In addition, the double bond, methoxy group, and
carbonyl group (C8�C9, C4�C5, C1�O14, and C13−O12) of

AFB1 could act as the active sites during the degradation
process when exposed to the UV light. The double bond
(C8�C9) and methoxy group (−OCH3) were active in both
methanol and acetonitrile solutions. The above-mentioned
reactions as well as active sites were also observed when plasma
and ozone treatments were applied to AFB1.

3,13,18,32 However,
the other reaction sites, such as C3 and C9a in AFB1, were
efficiently activated only by microsomal enzymes, which
resulted in the formation of other degradation products.49,50

Thus, the degradation products and degradation pathways of
the solutions of AFB1 are dependent on the treatment
techniques. Moreover, it was found that the degradation
products and degradation pathways were also strongly related
to the solvents to dissolve AFB1. This provides new insight into
the degradation behavior of the solution CRMs of AFB1.

The method used in this study to characterize the
degradation of the AFB1 solutions was evaluated to validate
its applicability. The linearity, limits of detection (LODs),
limits of quantification (LOQs), and the precision of this
method when it was applied in characterizing the AFB1
solutions are summarized in Table S6. The data presented in
Table S6 indicate that our method is reliable, accurate in the
characterization of the degradation of the AFB1 solutions.

4. CONCLUSIONS
In summary, the effects of the solvents, storage temperature,
and exposure to light irradiation on the stability of the AFB1
CRM solutions were evaluated for the first time. The results
indicate that the stability of the AFB1 solutions is dependent
on the solvent, storage temperature, and light irradiation. UV
light irradiation accelerates the degradation of AFB1 in all
solutions. The degradation products and degradation pathways
of the methanol and acetonitrile solutions of AFB1 were
studied using ultra-high performance liquid chromatography

Figure 5. Degradation pathway of the acetonitrile solution of AFB1 exposed to the UV light irradiation with a wavelength of 360 nm.
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coupled with high-resolution mass spectrometry. The double
bonds of the furan ring (C8�C9), carbonyl group, and
methoxy group of AFB1 were the reaction active sites in the
degradation process. Different degradation behaviors were
observed for the methanol and acetonitrile solutions of AFB1.
The possible degradation pathways were proposed based on
the structures of the degradation products. The acetonitrile
solution of AFB1 can be very stable when it is stored at low
temperatures, and the exposure to the UV irradiation is
avoided. The findings of this study provide useful guides not
only for the production, storage, and transportation of the
solution CRMs of AFB1 but also for the quantitative analysis of
the possible impurities occurred in the solution CRMs of
AFB1.
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