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A magnetic covalent organic framework nanomaterial (Fe;O,@
COFs) served as an adsorbent for enrichment and a new matrix
for SALDI-TOF-MS analysis of PAHs and their derivatives in PM,s.
The unique properties of Fes0,@COFs in terms of high enrichment
ability and matrix-free interference made it possible for sensitive
analysis of low-concentration organic small-molecule pollutants in
complex environmental samples.

PM, s, the particulate matter in air with a diameter less than
2.5 pum, is now a serious environmental problem all over the
world, especially in some developing countries, like China.'
PM, 5 exposure could lead to different human diseases, such
as lung injury and cardiac dysfunction,® and it has been proven
that these adverse health effects have significant correlation
with multiple PM, 5 compositions like heavy metals and organic
compounds.® Among the different PM, 5 components, polycyclic
aromatic hydrocarbons (PAHs) and their derivatives, nitro-PAHs
(NPAHs) and hydroxy-PAHs (OHPAHS), have attracted people’s
attention. It is not only because they have high concentrations
in PM, 5, but also they have toxicities which could affect human
health. Therefore, the determination of PAHs and their derivatives
in PM, 5 is an important way to evaluate the possible health
risks caused by PM, 5 exposure. Conventional methods to determine
PAHs, NPAHs and OHPAHs in PM, 5 mostly involve gas chromato-
graphy-mass spectrometry (GC-MS) or liquid chromatography-mass
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in PM, 5 by surface-assisted laser desorption/
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spectrometry (LC-MS).> These methods can provide good selectivity
and sensitivity and fulfil most analytical requirements, but they also
have some limitations such as tedious sample preparations,
complicated and time-consuming pre-treatment steps, long
analysis times and the use of considerable amounts of expensive
and toxic solvents. Therefore, the development of an alternative
approach for rapid analysis of PAHs and their derivatives in
PM, 5 is highly desirable.

Matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF-MS) is a powerful analytical
technique which was first reported in the 1980s.° It uses a
suitable matrix, which is an energy absorbing compound, to
convert laser energy to facilitate the desorption and ionization
processes of non-volatile compounds. However, due to large
interferences from conventional matrices such as a-cyano-4-
hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid
(DHB) in the low mass range (<500 Da), MALDI-TOF-MS could
not be used to achieve the analysis of small molecules like
PAHs. To solve this problem, “surface-assisted laser desorption/
ionization-time of flight-mass spectrometry (SALDI-TOF-MS)”
was developed with nanomaterials as matrices. In previous
work, there have been many kinds of nanomaterials including
carbon-based materials” and metal nanoparticles,® which have
been explored as matrices in SALDI-TOF-MS for the detection of
small molecules. Covalent organic frameworks (COFs) have
attracted much attention in recent years because of their
abundant interactions with other molecules and their tunable
structures.” Multiple advantages have enabled COFs to be used
in diverse fields like sample pre-treatment and catalysis.'® But
there has been limited previous work which has used COFs as
matrices for the detection of small molecules using MALDI-TOF-
MS.'" In this work, due to the relatively low concentrations of
PAHSs and their derivatives in PM, 5, a kind of novel magnetic
COF (Fe;0,@COFs) was synthesized and, for the first time, used
as an enrichment material and a SALDI matrix simultaneously.
With Fe;0,@COFs as both the enrichment material and the
matrix, SALDI-TOF-MS revealed intense signal and a clear matrix
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Fig.1 (A) SEM and (B) TEM images of Fes0,@COFs; (C) UV-visible
spectrum of a 1 mg mL™ Fe30,@COFs suspension; (D) an optical image
of 1 mg mL™! Fe;0,@COFs.

background for analysis of PM,s-bound PAHs, NPAHs and
OHPAHSs with trace concentrations level.

The synthesis pathways of Fe;0,@COFs were described in
our previous work."” Briefly, Fe;0, nanoparticles were prepared
by a solvothermal reaction. Then, the COF network was bonded to
the Fe;0, core by template-controlled precipitation polymerization
of 1,3,5-tris(4-aminophenyl)benzene (TAPB) and terephthaldi-
carboxaldehyde (TPA) in dimethyl sulfoxide (DMSO) based on a
Schiff-base reaction. The structure of Fe;O,@COFs was char-
acterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), as shown in Fig. 1A and B. The SEM
image and the TEM image of Fe;O,@COFs revealed that the
nanoparticles had good monodispersity and were well covered by
COF shells with a thickness of ~ 25 nm. Other characterization data
like an FT-IR spectrum is presented in Fig. S1 (ESIT).

To evaluate the feasibility of using Fe;0,@COFs as a SALDI
matrix, the Fe;0,@COFs solution was tested by UV-visible
spectroscopy. As shown in Fig. 1C, Fe;0,@COFs was well
dispersed in water and the suspension had strong adsorption in
the near UV region (~280 nm), which made it possible to absorb
laser energy and transfer energy to analytes. At the same time,
compared with a traditional matrix like CHCA, Fe;0,@COFs could
achieve a homogeneous crystal layer with analytes (Fig. 1D), which
is beneficial for SALDI analysis with low variability.

Based on our previous work,'? Fe;0,@COFs showed relatively
good performance in the enrichment of hydrophobic peptides.
Due to the low concentration levels of the target compounds in
PM, 5, in order to improve the sensitivity of the method, in this
work, Fe;0,@COFs was not only used as a SALDI matrix, but also
as an adsorbent for enrichment. The enrichment behaviour was
based on multiple interactions between Fe;0,@COFs and PAHs/
NPAHs/OHPAHS. For example, hydrophobic interactions between
Fe;0,@COFs and analytes are interactions which can enhance
adsorption; m-n interactions between the benzene rings in the
COF shells and PAHs/NPAHs/OHPAHs are propitious to the
capture of analytes; hydrogen-bonding interactions between
the COFs shells and the nitro/phenol-groups in NPAHs/OHPAHSs
are also favorable for adsorption. To enrich PM, s-bound PAHs,
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NPAHs and OHPAHS, a dried droplet method was selected for
sample pre-treatment.’® A total of 4 PAHs (biphenyl, acenaphthy-
lene, phenanthrene, and pyrene), 4 NPAHs (1-nitronaphthalene,
3-nitrodibenzofuran, 9-nitroanthracene, and 7-nitrobenz[a]-
anthracene) and 4 OHPAHS (2-hydroxynaphthalene, 2-hydroxy-
phenanthrene, 4-hydroxybiphenyl, and 3-hydroxyfluorene) in
PM, 5 samples were analysed. The whole sample pre-treatment
procedures are shown in Scheme S1 (ESIt). Because the enrichment
performance can directly influence signal intensity of SALDI-TOF-
MS, to obtain the best enrichment performance, different adsorption
times (Fig. S2, ESIt) and enrichment dosages (Fig. S3, ESIT) were
optimized. The trend of enrichment time was obvious, which was
that after 20 min there was not a significant increase in the recovery.
But for the added Fe;O,@COFs for enrichment, it also needed to be
considered that Fe;0,@COFs would be directly used as the SALDI
matrix after adsorption. Although the recovery was kept at a relatively
stable level in different Fe;O,@COFs dosages (80-120%), the MS
signal intensities had obvious differences when different amounts of
Fe;0,@COFs were used as the SALDI matrix. Three model samples
(pyrene, 7-nitrobenz[alanthracene, and 2-hydroxyphenanthrene)
were tested using SALDI-TOF-MS under different Fe;O,@COFs
(matrix) dosages and 1 mg was the best (Fig. 2a—c). Instrumental
laser energies were also optimized for better SALDI-TOF-MS
intensities and 60% laser energy was the final choice (Fig. 2d-f).
The laser energy could still be enhanced, but with the increase
of laser energy, the signal of the background was also more
intense. The detection of real samples may be influenced by
this, so laser energy higher than 60% was not selected. To do a
comparison, a matrix-first method was also tried for determination
with Fe;0,@COFs as the matrix. The method only used Fe;0,@
COFs as the matrix without the enrichment step to detect
100 ng pyrene, 7-nitrobenz[a]anthracene and 2-hydroxyphen-
anthrene using SALDI-TOF-MS (Fig. S4, ESIt). Fe;0,@COFs only
as the matrix could provide good intensities for PAHs, NPAHs and
OHPAHSs. But after enrichment, with same amounts of target
compounds, the MS signals were more intense. This was because
after enrichment, higher ionization efficiency was obtained like
the previous work."® The SALDI-TOF-MS spectra, recorded under
optimized conditions, of 4 PAHs, 4 NPAHs and 4 OHPAHs are
shown in Fig. S5 (ESIT). Based on chemical characteristics, both
positive mode (PAHs) and negative mode (NPAHs and OHPAHS)
were used for detection.””** PAHs had better signal to noise ratio
(S/N) in positive mode than in negative mode. This was because
the PAHs had relatively stable structures and did not have

193.11
[M-H]

193.03
[M-H]

Fig. 2 Optimization of matrix dosage (a—c, laser energy: 50%) and laser
energy (d—f, matrix dosage: 1 mg) with 100 ng of a single standard.
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substituted groups such as those of the NPAHs and OHPAHs. The
frameworks of Fe;O,@COFs with numerous aromatic rings could
enhance the energy transfer to the PAHs through m electron
stacking. This was the same as using graphene as a matrix to
detect PAHSs.”? In this work, the major ions of the PAHs that were
produced were [M]". The characteristic [M]" ions of biphenyl,
acenaphthylene, phenanthrene and pyrene had m/z values of
154.20, 152.19, 178.20 and 202.21 (Fig. S5, ESIt). According to
the previous literature,"* matrices with aromatic m-conjugated
structures were beneficial for laser adsorption and energy transfer
for the detection of NPAHs and OHPAHs in MALDI-TOF-MS,
which means that Fe;0,@COFs may have a similar function.
NPAHs and OHPAHs have substituted nitro (NO,) groups and
hydroxy (OH) groups, respectively. The NO, groups in NPAHs have
strong electron affinities and they were easily ionized through
negative-ion transfer reactions.’> For OHPAHS, the benzene ring
was a group with electron affinity when it was bounded to phenolic
hydroxyl. The hydrogen group in the OH group was quite active
and was easy to lose. So, the signals for the NPAHs and OHPAHSs in
MALDI-TOF-MS in negative mode were better than those in positive
mode. In this work, the NPAHs produced [M]™ and [M-NO] . The
characteristic ions of 1-nitronaphthalene, 3-nitrodibenzofuran,
9-nitroanthracene and 7-nitrobenz[ajanthracene had m/z values
of 173.11/143.15, 213.15/183.09, 223.16/193.20 and 243.16,
respectively (Fig. S5, ESIt). The major peaks of the OHPAHSs
were [M-H] ™. The major ions had m/z values of 143.10, 193.14,
169.13, and 181.15 for 2-hydroxynaphthalene, 2-hydroxyphen-
anthrene, 4-hydroxybiphenyl and 3-hydroxyfluorene, respectively
(Fig. S5, ESIt). The spectra of mix standards of PAHs, NPAHs and
OHPAHSs were also obtained (Fig. S6, ESIt). The blank of the pure
Fe;0,@COFs, which was used as the matrix was also given in
Fig. S6 (ESIT). As for the mixture of the standards, the response
had a little decrease because of the increase in concentration of
the compounds. Because of the limited resolution of SALDI-
TOF-MS, the MS peaks of [1-nitronaphthalene - NO]™/[2-hydroxy-
naphthalene - H]™ and [9-nitronaphthalene - NO] /[2-hydroxy-
phenanthrene - H]™ coincided (Fig. S6, ESIT). In order to do a
comparison, backgrounds with the conventional matrix, CHCA,
were obtained (Fig. Sée and f, ESIf). It was obvious that the
intensities of the interference peaks (CHCA) in the small molecule
regions were too high for CHCA to be used as the matrix.

To investigate the feasibility of using Fe;0,@COFs as an
enrichment material and a SALDI matrix simultaneously, a real
PM, s sample was applied for analysis by this method. Detailed
PM, s sample collection is described in the ESL{ From Fig. 3a
(positive mode) and Fig. 3b (negative mode), almost all target
compounds in the PM,; sample could be detected with
Fe;0,@COFs as an enrichment material and a SALDI matrix.
In positive mode, [M]" ions (PAHs) of biphenyl (a1), acenaphthylene
(a2), phenanthrene (a3) and pyrene (a4) were observed (Fig. 3a). In
negative mode, for NPAHs and OHPAHs, due to the overlap of
molecule weights, the [M-NOJ ™ ion of 1-nitronaphthalene and the
[M-H] ™ ion of 2-hydroxynaphthalene (b1/c1), and the [M-NO]~ ion
of 9-nitroanthracene and the [M-H]™ ion of 2-hydroxyphenanthrene
(b3/c2) had the same MS peaks. In addition, in the NPAHs group,
the [M]™ ion of 1-nitronaphthalene (b1), and the [M-NO]~ ions

This journal is © The Royal Society of Chemistry 2019

View Article Online

Communication

000
(a) PAHs with enrichment + (b) NPAHs/ OHPAHs =

with enrichment

Intensity (a.u.)
H

Intensity (a.u.)
§

% (b4)243.05

3 8
£ g
* *

(b1/c1) 14313

*
*

130 150 170 1% 210 20 250 130 150 170 190 210 20 250
m/z m/z

(c) PAHs without enrichment ~ + (d) NPAHs/ OHPAHs -

without enrichment

Intensity (a.u.)
§

Intensity (a.u.)
H

(c3) 169.17

¥
o
*

3

% (b4)243.07

°
%* (a4) 202.07

3
°

190 19 210 230 250
m/z m/z

Fig. 3 Real sample SALDI-TOF-MS spectra with (a and b) and without
(c and d) enrichment using FezO4@COFs ((al) acenaphthylene; (a2) biphenyl;
(@3) phenanthrene; (a4) pyrene; (bl) 1-nitronaphthalene; (b2) 3-nitrodi-
benzofuran; (b3) 9-nitroanthracene; (b4) 7-nitrobenzlalanthracene; (c1)
2-hydroxynaphthalene; (c2) 2-hydroxyphenanthrene; (c3) 4-hydroxybiphenyl;
(c4) 3-hydroxyfluorene).

of 3-nitrodibenzofuran (b2) and 7-nitrobenz[a]anthracene (b4)
were observed. In the OHPAHs group, the [M-H| ions of
4-hydroxybiphenyl (c3) and 3-hydroxyfluorene (c4) were detected.
A parallel PM, s sample was also analysed by SALDI-TOF-MS
without enrichment for performance comparison. This parallel
PM, ; sample was treated with ultrasonic extraction with 100 mL
hexane/acetone (1:1, v/v). Then the extract was concentrated to
1 mL and used directly in SALDI-TOF-MS analysis only using
Fe;0,@COFs as the matrix. Fig. 3¢ (positive mode) and Fig. 3d
(negative mode) are MS spectra of the extract of the parallel
PM, s sample. Although the background signals of the MS
spectra were more intense in Fig. 3a and b than in Fig. 3c and d,
which was because Fe;0,@COFs did not have selectivity, so other
containments also could be trapped, only pyrene in positive
mode (Fig. 3¢) and 4-hydroxybiphenyl, 3-hydroxyfluorene, 9-nitro-
anthracene/2-hydroxyphenanthrene, and 7-nitrobenz[alanthracene
in negative mode (Fig. 3d) could be detected without enrichment
because of the low concentrations of the target compounds in
PM, ;. So, the enrichment function of Fe;0,@COFs played an
important role in the determination of the PAHs and their
derivatives in PM, s by SALDI-TOF-MS.

Based on this method, a quantitative analysis was performed.
Pyrene (PAH) and 7-nitrobenz[aJanthracene (NPAH) were selected
as model compounds for positive and negative mode. Linear
relationships (R*> > 0.99) were found between the MS signal
intensities and different amounts (0.1-100 ng) for pyrene
(Fig. S7, ESIt) and 7-nitrobenz[a]anthracene (Fig. S8, ESIt).
Fig. S9 (ESIt) shows the intensity reproducibilities of pyrene
and 7-nitrobenz[a]anthracene with 10 continuous determinations
using the developed method. The relative standard deviations
(RSDs) were 6.3% for pyrene and 6.1% for 7-nitrobenz[a]anthracene
and the values were acceptable for quantification analysis. The
limit of detections (LODs), which were defined as 3 times the S/N,
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of the model compounds were 0.08 ng (pyrene) and 0.01 ng
(7-nitrobenz[a]anthracene). Their values were lower or at similar
level compared with previous works.'® The quantification results
of the samples presented in Fig. 3a and b are listed in Table S1
(ESIt). In order to confirm the results from SALDI-TOF-MS, the
samples were also tested by GC-MS, based on our previous
developed method"® and the results are listed in Table S1 (ESIT).
In Table S1 (ESIt), the quantification results of pyrene and 7-nitro-
benz[a]anthracene are in good accordance with those obtained by
GC-MS, which means that the results from SALDI-TOF-MS are
credible.

In conclusion, we firstly developed the Fe;O,@COFs as an
adsorbent and matrix for the determination of PAHs, NPAHs
and OHPAHSs in PM, s by SALDI-TOF-MS in different modes.
Compared to the conventional method, this method was more rapid
without complicated sample preparation and long instrumental
running time for the determination of PAHs and their derivatives
in PM, s. Based on our work, it was found that Fe;O,@COFs had a
relatively clear background in the SALDIF-TOF-MS small molecule
region when it was used as a matrix. At the same time, its specific
structure made it provide high sensitivity as a matrix and give an
enrichment function for some small molecule organic pollutants.
Therefore, the Fe;0,@COFs had good potential for rapid deter-
mination of trace and ultra-trace level organic pollutants in
complex environmental matrices as an adsorbent and a matrix
simultaneously.
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