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Abstract

A method is described for the matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF)-based determination of
benzo[a]pyrene (BaP) by using the metal-organic framework MIL-101(Fe) as a matrix. Following optimization of the experi-
mental parameters, the method has a detection limit as low as 0.1 pg-L™", which makes it more sensitive than previous methods
for BaP analysis, and its analysis time is only 1 min. Its applicability was evaluated by analyzing sesame oil, linseed oil, camellia
seed oil, and olive oil spiked with BaP at three levels (10, 1, and 0.5 ugkg "), and the recovery range was found to range from
80.0 to 114.8% with relative standard deviations (RSDs) between 3.9 and 13.7%.

Keywords Benzo[a]pyrene - Metal-organic framework - Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry - Vegetable oil

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are formed as a
result of the incomplete combustion of oil, gasoline, wood,
coal, and solid waste. Benzo[a]pyrene (BaP) has been used as
a marker to study the occurrence and effects of carcinogenic
PAHs in food [1] because of its presence in many food items,
and despite being chemically inert, its metabolites are carci-
nogenic [2]. Many analytical methods have been developed
for detection of BaP, including high-performance liquid chro-
matography [3], gas chromatography mass spectrometry [4]
and fluorometry [5]. Although these methods are sensitive and
accurate, they require complicated sample pretreatment and
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are slow. Therefore, a method for rapid detection of BaP is
required.

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS), which is a
soft ionization technique, has become a very important
method because of its high-throughput and sensitivity. In
contrast to conventional techniques such as GC-MS and
HPLC-FLD, MALDI analysis has the advantages of a
short experimental cycle and low consumption of samples
(1 uL is sufficient). In addition, it does not require com-
plex pretreatment. Consequently, it has been widely being
used in the analysis of oligonucleotides, proteins, glycans,
peptides, and lipids [6]. Generally, MALDI-TOF MS is
difficult to apply to the detection of small molecules (<
600 Da) because the matrices in low molecular weight
(LMW) analysis produce strong matrix ion peaks.

In the past decade, new matrices have been developed for
MALDI-TOF MS of LMW compounds. These matrices in-
clude inorganic materials that do not ionize and produce little
background interference. Metallic oxide graphene [7], meso-
porous silica [8], carbon nanotubes [9], and fullerene [10]
have been used as matrices for the analysis of LMW com-
pounds. For example, Kim and co-workers reported the appli-
cation of TiO, nanowires to the detection of antibiotics in
dairy milk samples [11]. The specific surface areas and elec-
tronic transport abilities of inorganic materials make them
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suitable for use as MALDI matrices. However, upon laser
irradiation, inorganic materials can be easily lost from the
target plate and contaminate the ion source.

Organic molecules such as metal phthalocyanines have
also been used as MALDI matrices to detect LMW com-
pounds. Zhang and co-workers successfully used them in
the analysis of peptides, fatty acids, and phenols [12].
Although these organic molecules [13—15] are suitable
for small molecule analysis, their syntheses are time con-
suming. An alternative class of compounds for this appli-
cation is room temperature ionic liquids (RTILs) [16]. Li
and Gross have tested RTILs as MALDI matrices for the
quantification of oligodeoxynucleotides, peptides, and
small proteins. Compared with the traditional solid matri-
ces, RTILs show higher spot homogeneity and reproduc-
ibility because of their high solubilizing power, low vapor
pressure, and broad liquid-phase temperature range [17].
However, RTILs have mainly been used to detect carbo-
hydrates, alkaloids, nucleotides, and peptides and have
rarely been applied to hazardous substances in food.
Appropriate matrices are still required for analyzing haz-
ardous LMW compounds.

Metal-organic frameworks (MOFs) are porous mate-
rials constructed from inorganic metal ions and organic
ligands by self-assembly [18]. MOFs had been used in
adsorption, gas storage, catalysis, drug delivery, and lu-
minescence [19-21] because of their large surface areas
and high porosity. Shih investigated different MOFs as
matrices for surface-assisted laser desorption/ionization
mass spectrometry to detect PAHs and found they showed
high ionization capacity and provided stable and repro-
ducible results [22].

Compared to other MOFs, MIL-101 has good cell dimen-
sions (702,000 A%), pore sizes (29-34 A), and surface area
(5900 m? g ') [23]. The inorganic metal ions present in
MIL-101(Fe) generate coordinatively unsaturated metal sites
(CUS), while BaP possesses many 7t electrons; thus, MIL-
101(Fe) can form a stable mixture with BaP. Because the
absorption capability of MIL-101(Fe) is strong, it can transfer
energy to the analyte. As a result, MIL-101(Fe) was employed
as a matrix for analysis of BaP in this study.

Experimental
Materials and reagents

«-Cyano-4-hydroxycinnamic acid (CHCA), 2,5-
dihydroxybenzoic acid (DHB), sinapic acid (SA), and
BaP were purchased from Sigma-Aldrich (MO, USA,
www.sigma-aldrich.com). FeCl;.6H,O and trifluoroacetic
acid (TFA) were purchased from Tianjin Chemical Reagent
Factory (Tianjin, China, www.sjyc.company.lookchem.
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cn). Terephthalic acid and N,N-dimethylformamide were
purchased from Chinese Medicine Group Chemical
Reagent Co., Ltd. (Shanghai, China, http://www.
sinoreagent.com/). Distilled water was obtained using a
Milli-Q system (MA, USA, http://www.emdmillipore.
com/US/en). Ethanol, methanol, and acetonitrile were of
high-performance liquid chromatography grade, and all
other reagents were of analytical grade. Vegetable oil sam-
ples were purchased at JD Mall (www.jd.com).

Instrumentation

An ultraviolet-visible spectrometer (Evolution 300, Thermo
Fisher Scientific, Waltham, MA, www.thermofisher.com), a
Fourier transform infrared spectrometer (Vector 22, Bruker
Daltonik GmBH Life Sciences, Bremen, Germany, https://
www.bruker.com/cn.html), and an X-ray powder diffractom-
eter (D8 Advance, Bruker, Germany, https://www.bruker.
com/cn.html) were used for the analysis of the samples.
Scanning electron microscopy (SU1510, HITACHI, Japan,
http://www.hitachi.com.cn/) was also employed.

MALDI-TOF MS analysis

All measurements were carried out using a Bruker
UltrafleXtreme™ time-of-flight mass spectrometer (Bruker
Daltonik GmBH Life Sciences, Bremen, Germany, https://
www.bruker.com/cn.html) equipped with a nitrogen laser
(A=337 nm). The instrument was operated in positive ion
reflectron mode. Spectra were recorded from the sum of 500
laser shots. The instrument was calibrated with CHCA for
accurate mass measurements. A polished steel target plate
was used as the MALDI substrate. Data analysis was
accomplished using FlexAnalysis 3.4 (Bruker Daltonik
GmBH Life Sciences). All mass spectra were recorded in
the m/z range from 220 to 280.

Preparation of the MOFs

MIL-101(Fe) was synthesized by the solvothermal method
according to a previous report [24].

Preparation of MALDI-TOF sample

MIL-101(Fe) (6 mg) was dispersed in 1 mL of a mixed solu-
tion of ethanol and 0.1% TFA (1:1, v/v) by sonication for
5 min. An aliquot (1 uL) of the suspension was pipetted onto
the target plate quickly, and the target was left at room tem-
perature for 5—10 min to allow the suspension to form a thin
matrix layer. Then, 1 uL of a solution of the analyte was
pipetted onto the matrix layer. After evaporation of the sol-
vent, the prepared target plate was subjected to analysis by
MALDI-TOF MS.
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A saturated solution of CHCA and DHB was prepared in
acetonitrile/0.1% TFA (3:7, v/v), and a saturated solution of
SA was prepared in ethanol.

Real samples detection

Individual stock solutions (I mg'-mL ") of BaP were prepared
in acetonitrile and stored in a refrigerator (—20 °C). Working
standards (0.25-50 pg-L™") were prepared by diluting an ap-
propriate volume of the stock solution in acetonitrile.

Vegetable oil (1.5 g) was dissolved in 4 mL of acetonitrile/
acetone (6:4, v/v), followed by centrifugation for 10 min and
transfer of the supernatant to a new glass tube (15 mL). The
extraction procedure was repeated three times, and the super-
natants were combined and dried under a stream of nitrogen at
40 °C. The residue was reconstituted in 2 mL of n-hexane.
Finally, 1 pL of the suspension of MIL-101(Fe) was pipetted
onto the target plate, which was then left at room temperature
to evaporate the solvent and form a thin film. Then, 1 pL of
the analyte solution was dropped onto the matrix layer for
subsequent analysis by MALDI-TOF MS.

Results and discussion
Choice of materials

MIL-101(Fe) provides high absorption capability in the UV-
visible range, which meant that the material would be com-
patible with a standard MALDI-TOF MS equipped with a
nitrogen laser. The iron in MIL-101(Fe) can produce
coordinatively unsaturated metal sites of mixed valence iron
(Fe**/Fe’*), while BaP possesses many 7t electrons; thus,
MIL-101(Fe) can form a stable mixture with BaP. Compared
to other MOFs, MIL-101(Fe) has good cell dimensions
(702,000 A%), pore sizes (29-34 A), and surface area
(5900 m* g "). All these characteristics imply that it has supe-
rior potential for use as new matrix for MALDI-TOF MS.

Characterization of the MIL-101(Fe)

The ultraviolet-visible absorption peak for MIL-101(Fe) ap-
peared between 300 and 400 nm and was attributed to the
carboxyl groups (Fig. 1). This indicated that the material
would be compatible with a standard MALDI-TOF MS
equipped with a nitrogen laser.

The FT-IR spectrum of MIL-101(Fe) (Fig. SIA) showed
peaks at 1600 em Y, 1392 cm ™!, and 552 cm™!, which were
attributed to the asymmetrical stretching vibration, symmetri-
cal stretching vibration, and bending vibration of the carboxyl
groups, respectively. These results indicated that carboxylic
acids were present in the ligands of MIL-101(Fe). Peaks for
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Fig. 1 UV-visible absorption spectra of MIL-101(Fe)

C=C bonds (1504 cm ') and the surface bending of C-H
bonds (749 cm™ ") were characteristic of the benzene ring.

X-ray powder diffraction analysis of MIL-101(Fe)
(Fig. S1B) showed large peaks at 10° and between 15° and
20°. These results were in accordance with the literature [30]
and indicated that the synthesis of MIL-101(Fe) was successful.

Scanning electron microscopy of MIL-101(Fe) (Fig. 2)
showed that MIL-101(Fe) was 1 um in diameter, was a pyra-
mid, and was homogeneous. The homogeneous MIL-101(Fe)
was uniformly dispersed in the organic solvent after sonica-
tion and formed a homogeneous layer with the analyte. A
homogeneous layer is beneficial for experimental repeatabili-
ty. The simple structure of MIL-101(Fe) produces little back-
ground interference, which greatly enhances the ion signal.
These characteristics suggest that MIL-101(Fe) will perform
well as a matrix for MALDI- TOF MS.

MIL-101(Fe) as matrix for analysis of BaP

The suitability of MIL-101(Fe) for MALDI-TOF MS
analysis was evaluated in comparison with the matrices
CHCA, DHB, and SA. Mass spectra of BaP were obtain-
ed with some background interference when CHCA
(Fig. 3a) and DHB (Fig. 3b) were used as the matrix

Fig. 2 SEM image of MIL-101(Fe)
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but were almost not observed when SA was used as the
matrix (Fig. 3c). Without any matrix, the ion signal of
BaP can be detected (Fig. 3d) but with signal interfer-
ence. With MIL-101(Fe), a strong ion signal was ob-
served at 252.332 Da without background interference
(Fig. 3e) and with a signal-to-noise ratio (S/N) up to 98
because the carboxylic acids in the ligands of MIL-
101(Fe) can transmit protons for the desorption/
ionization of BaP during laser irradiation. Moreover, the
iron in MIL-101(Fe) can produce coordinatively unsatu-
rated metal sites (CUS) of mixed valence iron (Fe**/Fe™)
with thermal activation between 150 and 250 °C [25, 26].
In MALDI-TOF MS, laser irradiation can easily increase
the temperature of the matrix to 200-250 °C [27]. BaP
possesses many 7t electrons, and Fe** CUS can act as a
Lewis acid site to induce interactions with BaP molecules
(electron donors), while Fe>* CUS can also establish fur-
ther interactions with BaP through 7t back donation [26].
Therefore, MIL-101(Fe) can form a stable mixture with
BaP, which would allow the matrix to deliver energy to
the analyte more effectively.

Fig. 3 MALDI-TOF mass a
spectra of BaP (1 mg-L™") with 1 -~
different matrices. a CHCA. b
DHB. ¢ SA. d No matrix. e MIL-
101(Fe)

The relative standard deviation (RSD, %, n=3) for the
signal intensity with MIL-101(Fe) was 5.3%, while the
RSDs were above 15% when conventional matrices were
used. Fig. S2 shows the surface morphologies of these
matrices. The traditional organic matrices appear as
lumpy crystals, whereas MIL-101(Fe) exhibits very ho-
mogenous co-crystallization of the matrix and analyte
(Fig. S2D). Inhomogeneous morphology affects shot-to-
shot reproducibility [13], which suggests that MIL-
101(Fe) should provide excellent spot-to-spot reproduc-
ibility. The homogeneity of the MIL-101(Fe) matrix
means that instead of having to find the optimum position
for the laser, the sample can be analyzed at any point.
Therefore, MIL-101(Fe) is suitable for quantitative analy-
sis of BaP by MALDI-TOF MS.

Optimization of method
The following parameters were optimized: (A) dispersant

for MIL-101(Fe), (B) concentration of MIL-101(Fe), (C)
sample preparation protocol, (D) type of target plate, and
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Table 1 Comparison of the method with other published methods of PAHs analysis

Method Matrix Analytes LOD/analysis time Ref.
GC-MS/MS - 23 PAHs 0.1-10 ug~L71/— [28]
UHPLC-APCI-MS (Qtrap) - 13 PAHs 0.002-0.786 ng mL /22 min [29]
MALDI-TOF/MS Fe;0,@Si0O,/OCNT BaP 2 ugL 7~ [30]
SALDI MS MIL-100(Fe) 5 PAHs 0.95-32.82 pg-L™'/1 min [22]
MALDI-TOF MS Graphene 6 PAHs 107 M/~ [31]
MALDI-TOF MS MIL-101(Fe) BaP 0.1 pg-L"/<1 min this work

(E) laser energy. Respective data and figures are given in
the Electronic Supporting Material. We found the follow-
ing experimental conditions to give the best results: (A)
dispersant for MIL-101(Fe): ethanol/0.1% TFA (1:1, v/v),
(B) concentration of MIL-101(Fe): 6 mg-mL_], (C) sam-
ple preparation protocol: matrix/analyte sample prepara-
tion, (D) Type of target plate: polished steel, and (E) laser
energy: 66%.

Validation of the method

To verify whether the MIL-101(Fe)-based MALDI-TOF
MS method can be used for quantitative analysis, a series
of experiments regarding the limit of detection (LOD), lin-
ear range (LR), and repeatability were performed under the
optimized conditions. A series of BaP solutions at five
concentration levels of 0.25, 1, 5, 10 and 50 pLgL*1 were
prepared for the establishment of the calibration curve. For
each concentration level, five replicate determinations
were performed. As a result, a good linearity for BaP was
observed in the concentration range of 0.25-50 pg L'
The linear regression equation was Y =52.63X + 148.34,
with a determination coefficient (R?) above 0.99. Here, Y
represents the signal intensity of the analyte, and X repre-
sents the concentration of the analyte (ug L™"). Based on a
signal to-noise ratio of 3, the LOD was 0.1 pug L

The repeatability of the method was evaluated by measur-
ing the relative standard deviation (RSD) values acquired by
conducting five parallel experiments at a concentration of
1 ug L™". The RSD for BaP was 9.9%, indicating that the
method has excellent stability and repeatability and can be
used for quantitative analysis of BaP.

The method was compared with other reported method for
the determination of BaP relative to LODs and analysis time
(Table 1). As shown in Table 1, because the current MIL-
101(Fe)-MALDI-TOF MS method is fast enough (only
1 min) and has low detection limits, it can meet the needs of
the determination of BaP in complex samples. Application to
the Detection of BaP in Vegetable Oil.

The method was applied to the analysis of BaP in four
vegetable oil samples: sesame oil, linseed oil, camellia seed
oil, and olive oil. As a result, BaP was detected in all the blank

samples. The highest level detected was 3.1 pgkg ', which is
lower than the maximum limit (< 5 pg-kg ') set by the Codex
Alimentarius Commission [32].

To validate the accuracy of the method, the four sam-
ples were spiked with standards of BaP at concentrations
of 10, 1 and 0.5 pg'kg ' and analyzed by the established
method. Calculating the mean value of five duplicates, as
listed in Table S1, showed that the recovery values were
high (80.0—114.8%) and that the RSDs ranged from 3.9 to
13.7%. The mass spectra of the four vegetable oils are
given in Fig. S4. These results reveal that the method
can be applied to the analysis of real samples.

For real samples, extraction of linseed oil cannot be dried by
nitrogen blow to result a little fat residue in redissolving, which
will influence the quantitative accurate. Another the fat residue
is not easy to dry on the target plate to affect the peak of target
cause damage to the instrument. Therefore, it is necessary to
develope a more effective sample extraction technique.

Conclusions

In summary, a MALDI-TOF MS method for the determina-
tion of BaP by using MIL-101(Fe) as the matrix was devel-
oped, and the method has excellent sensitivity. Compared with
conventional matrices, such as CHCA, DHB, and SA, MIL-
101(Fe) can give minimal background interference and can
improve shot-to-shot reproducibility. The method has a wide
range of linearity and good reproducibility, which can be used
for quantitative analysis of actual samples, but the pretreat-
ment of sample need to improve.
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