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ion and determination of aromatic
amine metabolites in urine samples by using
magnetic covalent framework nanocomposites and
HPLC-MS/MS

Jingjing Yu, * Bing Wang, Junlan Cai, Quanping Yan, Sheng Wang, Ge Zhao,
Junwei Zhao, Lining Pan and Shaofeng Liu*

Purification and selective enrichment of ultra-low level metabolites in bio-samples is very important for

HPLC-MS/MS analysis. A magnetic covalent organic framework (i.e. COFs) (TpPa-1) (i.e. 2,4,6-

trihydroxybenzene-1,3,5-tricarbaldehyde-p-phenylenediamine) material was synthesized and used for

a magnetic solid phase extraction (MSPE) method in aromatic amine (AA) metabolites (i.e. 1-

naphthylamine, 2-naphthylamine, 3-aminobiphenyl and 4-aminobiphenyl) in urine, and then HPLC-MS/

MS was employed for analysis. The morphology, pore structure, surface area, chemical composition,

magnetic properties, and thermal stability of the synthesized magnetic COFs were characterized with

several analysis techniques, such as nitrogen adsorption–desorption isotherms, HRTEM, FTIR, XRD, and

so on. MSPE conditions were optimized and analytical performance of the developed method was

characterized. The limit of detection (LOD) and limit of quantification (LOQ) of four AAs ranged from

0.01 to 0.07 ng mL�1 and 0.04 to 0.22 ng mL�1, respectively. The recoveries of 1-NA, 2-NA, 3-ABP, 4-

ABP were in the range of 81.9–105%, 87.8–102%, 101–120%, 88.3–117%, respectively. Good intra-day

and inter-day precision were obtained with RSD of less than 5.8% and 9.9%, respectively. Furthermore,

the synthesized magnetic COFs absorbent could be recycled in MSPE at least 5 times. Analytical results

of AA metabolites in real urine samples with the developed method showed significant difference (p <

0.01) between smokers and nonsmokers. Thus, urinary AA metabolites could be exposure biomarkers for

cigarette smoke.
1. Introduction

The FDA established a list of harmful and potentially harmful
constituents in tobacco products and tobacco smoke in 2012.1 It
contains a series of aromatic amine (AA) compounds, such as 1-
naphthylamine (1-NA), 2-naphthylamine (2-NA) and 4-amino-
biphenyl (4-ABP). What's more, 2-NA and 4-ABP belong to Group
1 (“carcinogenic to humans”) classied by the International
Agency for Research on Cancer (IARC), while 1-NA is in Group 3
(“not classiable as to its carcinogenicity to humans”).2 It has
been reported that tobacco smoking is a major cause of bladder
cancer3–5 in humans without occupational exposure, such as
industries involving dyes, pharmaceuticals, pesticides and
plastics, while AAs and their derivatives were important chem-
ical intermediates.6–8 Urinary AAs could be used as exposure
biomarkers of tobacco smoke. Some research has indicated that
urinary AAs are higher in smokers than in nonsmokers.4,5,9,10
NTC, Zhengzhou 450001, China. E-mail:
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AAmetabolites can covalently bind to tissuemacromolecules
(proteins) and DNA to form adducts.4,5,11 And then the free,
acetylated and glucuronidated AAs excreted in urine.11 Thus, as
for the analysis of urinary AAs, acid, base, or enzyme hydrolysis
process were used for deconjugating rstly.4,5,9,10 Owing to the
ultra-low levels of AA metabolites in urine and the complexity of
urine matrix, some approaches involving complex sample
cleanup or derivatization4,5,11 were applied before GC-MS,4,5 GC-
MS/MS10,11 or HPLC-MS/MS9 analysis. Derivatization reaction
with AAs should be conducted for GC-MS or GC-MS/MS analysis
due to the higher polarity of AAs. HPLC-MS/MS has been shown
to be an efficient technique avoiding derivatization for the
determination of polar compounds, such as AAs. Various
sample clean-up procedures were applied for different sample
matrix, such as conventional liquid–liquid extraction,12 solid-
phase extraction (SPE) with SPE column9,13 and so on. For
example, Saha's group12 have used HPLC-MS/MS technique to
determine 6 AAs in cigarette smoke, and a liquid–liquid
extraction and concentration process were applied, which was
tedious and time-consuming. Our group9 has reported that
a polycyclic aromatic hydrocarbons (PAHs)-molecular
RSC Adv., 2020, 10, 28437–28446 | 28437

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04096g&domain=pdf&date_stamp=2020-07-31
http://orcid.org/0000-0002-3771-1119
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04096g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010047


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 3
:2

5:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
imprinting polymer (MIP) solid extraction column was used for
the determination of AAs metabolite in urine samples of
smokers and nonsmokers. The PAHs-MIP column could effec-
tively purify the urine samples and decrease the matrix effect.
However, the commercial SPE column was expensive and could
not be recycled.

Recently, covalent organic frameworks (COFs) materials have
been widely used as solid extraction adsorbent due to their fasci-
nating properties including high specic surface area, excellent
thermal stability, high porosity.14–20 Magnetic solid-phase extrac-
tion (MSPE) has attracted increasing attention due to its high
extraction efficiency and recycled property. MSPE technique based
on COFs materials is a perfect combine and has been successfully
used in sample clean-up procedure.21–28 For example, Wang and
coworkers21 reported a COF-based magnetic adsorbent for solid
extraction of PAHs, and HPLC was employed for quantication.
The COF-LZU1@PEI@Fe3O4 displayed high extraction efficiency
for PAHs, which was mainly attributed to strong p–p stacking and
hydrophobic interaction. Chen and coworkers22 used a core–shell
structured magnetic COFs for MSPE for bisphenols from human
serum samples. The developed method was fast, simple, highly
efficient and sensitive, and the Fe3O4@COF nanocomposites
exhibited excellent reusability.

In the present work, a magnetic COFs (TpPa-1) composite
was prepared for MSPE technique, and then used for the
extraction of AAs metabolite in urine. The as-prepared magnetic
COFs material were characterized with different analysis tech-
niques, such as nitrogen adsorption–desorption isotherm, high
resolution transmission electron microscopy (HRTEM), X-ray
diffraction analyses (XRD) and small angle X-ray scattering
(SAXS), and so on. The conditions of MSPE were optimized and
analytical performance was characterized. What's more, the
reusability of as-prepared magnetic COFs material was studied
in this work. Four AAs (i.e. 1-NA, 2-NA, 3-ABP and 4-ABP) in
urine were determined and their urinary excretion levels for
smokers and nonsmokers were investigated as well.

2. Materials and methods
2.1. Chemicals and reagents

1-NA, 2-NA, 3-ABP, 4-ABP, 1-NA-d7, 2-NA-d7, 3-ABP-d9 and 4-ABP-
d9 were analytical standard and obtained from Dr. Ehrenstorfer
(purity$98%, Germany). Acetonitrile and methanol were HPLC
grade and purchased from Dikama Corp. (USA). Formic acid
was HPLC grade and obtained from TEDIA Company Inc. (USA).
Hydrochloric acid and sodium hydroxide were of analytical
reagent and obtained from ACROS ORGANICS (USA). Aqueous
ammonia was of analytical reagent (CNW Technologies, Ger-
many). All other reagents were analytical standard. Water was
puried with a Milli-Q system (Millipore, Bedford, MA, USA).

FeCl3$6H2O (97%) was ACS reagent from Sigma-Aldrich
(USA), ethylene glycol (99.9%) was purchased from KEMIOU
Chemical Reagents Ltd. (Tianjin, China). Anhydrous sodium
acetate with purity of 99% was obtained from Alfa Aesar (USA).
1,6-Diaminohexane (98%) was obtained from Sigma-Aldrich
(USA). 2,4,6-Trihydroxybenzene-1,3,5-tricarbaldehyde (Tp,
95%) was obtained from Ark Pharm, Inc. (United States). p-
28438 | RSC Adv., 2020, 10, 28437–28446
Phenylenediamine (Pa-1, 99%) was purchased from J&K Scien-
tic Ltd. (China). Other reagents were analytical reagent, such
as dimethylformamide and 95% ethyl alcohol.

2.2. Synthesis of amino-functionalized magnetic Fe3O4

nanoparticles

The amino-functionalized magnetic Fe3O4 nanoparticles were
prepared by hydrothermal reaction.29 FeCl3$6H2O (4.0 g),
anhydrous sodium acetate (8.0 g) and 1,6-diaminohexane (26.0
g) were added into ethylene glycol (120 mL) under mechanical
agitation at 50 �C for 0.5 h until homogeneous solution was
obtained. The mixture was added in Teon-line stainless-steel
autoclave, and sustained for 6 h at 200 �C. Aer the mixture
was transferred into a ask, the synthesized amino-
functionalized magnetic Fe3O4 nanoparticles was separated
with the help of a magnet, and washed with water and 95%
ethanol. The obtained magnetic nanoparticles dried in the air
for 4 to 8 hours, and then dried in vacuum oven at 50 �C for 12 h.

2.3. Synthesis of magnetic COFs material

The synthesis of magnetic COFs (TpPa-1) material was based on
Schiff-base mechanism30,31 and the synthetic route was as follows.
0.0630 g Tp (0.30 mmol) was dissolved in a certain volume of
ethanol (10–40 mL) by stirring. And then 0.1050 g the synthesized
amino-functionalized magnetic Fe3O4 nanoparticles was added
into the Tp solution, and then undermechanical agitation at 50 �C
for 0.5 h. 0.0486 g Pa�1 (0.45 mmol) was dissolved in the same
volume of ethanol as above (i.e. 10–40 mL). The obtained Pa-1
solution was added into the Tp mixture drop by drop for about
15 min under mechanical agitation in room temperature. The
reaction was sustained for 12 h, and the brown colored magnetic
COFs (TpPa-1) material was obtained.

The obtained mixture was dried under vacuum at 50 �C, and
then washed with dimethylformamide, 95% ethanol, and
methanol successively. Aer each step, the synthesized
magnetic nanoparticles could be collected from the mixture
with the help of a magnet. The obtained magnetic COFs mate-
rial was dried in vacuum oven at 50 �C for 12 h.

The synthesis process of COFs material (TpPa-1) was similar
to that of magnetic COFs material, except for the addition of
magnetic NH2–Fe3O4 nanoparticles.

2.4. Material characterization

Tristar II 3020 Surface Area Analyzer (Micromeritics Instrument
Ltd. USA) was applied to obtain surface area and pore size
distribution of the synthesized materials. The organo-
functional group of the synthesized materials was character-
ized with Fourier transform infrared spectrometer (FTIR,
BRUKER TENSOR 27, Germany). High resolution transmission
electron microscopy (HRTEM, USA FEI TECNAI G2 F20) was
used for the morphology characterization of the synthesized
materials. X-ray diffraction analyses (XRD, Germany Bruker D8
venture) and small angle X-ray scattering (SAXS, Germany
Bruker SAXS Nanostart) were used to characterize constitute
and structure of the synthesized materials. The vibrating
sample magnetometer (VSM) was used for magnetic sample
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04096g


Table 1 The specific parameters of AAs and internal standards for MRM analysis

Compounds
Precursor ion
(m/z) Production Ion (m/z) Dwell time (ms) CE (eV) DP (V)

1-NA 144.0 127.0a/77.0 50 30 100
2-NA 144.0 127.0a/77.0 50 30 100
3-ABP 170.0 153.0a/127.0 50 30 100
4-ABP 170.0 153.0a/127.0 50 30 100
1-NA-d7 151.0 132.0a/81.0 50 30 100
2-NA-d7 151.0 132.0a/81.0 50 30 100
3-ABP-d9 179.0 160.0a/136.0 50 30 100
4-ABP-d9 179.0 160.0a/136.0 50 30 100

a The quantitative ion pair.

Fig. 1 Synthesis scheme of magnetic COFs (TpPa-1) material.
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characterization (PPMS-9(VSM), Quantum Design, USA). Ther-
mogravimetric analysis (TGA) was measured with TGA IR ther-
mogravimetric analyzer (NETZSCH STA 409 PC, Germany).
Fig. 2 Nitrogen adsorption–desorption isotherms of the synthesized
materials (reaction solvent volume: 2–80 mL, 3–40 mL, 4–30 mL, 5–20

This journal is © The Royal Society of Chemistry 2020
2.5. Urine sampling

27 healthy volunteers containing 20 smokers and 7 nonsmokers
were recruited into the study. All volunteers were informed
materials. (1) Magnetic NH2–Fe3O4 material; (2–5) magnetic COFs
mL).

RSC Adv., 2020, 10, 28437–28446 | 28439
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Table 2 Surface area, pore volume and average pore diameter of the synthesized magnetic materials

Magnetic materials
Solvent volume
(mL)

BET surface
area (m3 g�1)

Pore volume
(cm3 g�1)

Average pore
diameter (nm)

NH2–Fe3O4 — 62.3 0.29 15.6
Magnetic COFs-2 80 94.3 0.26 8.3
Magnetic COFs-3 40 143.0 0.18 4.4
Magnetic COFs-4 30 174.1 0.18 3.9
Magnetic COFs-5 20 192.1 0.18 3.8
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about the aim of this study and freely gave written consent
about the donation of urine. Smokers were between 18 and 65
years old, and smoked more than 5 Chinese cigarettes every day
for more than 6 months. Urine samples of 24 hours for all
persons were collected, and frozen at �18 �C immediately.
Urinary creatinine was determined using an automatic
biochemical analyzer (Beckman-coulter SYNCHRON CX9, USA).
2.6. Sample ethical statement

All experiments were performed in accordance with the guidelines
“Technical specication of management for eld survey in large
population-based cohort study (T/CPMA OO1-2019)” draed by
Chinese preventive medicine association, and approved by the
ethics committee at Zhengzhou University. Informed consents
were obtained from human participants of this study.
2.7. Urine sample preparation and MSPE

Urine sample was thawed at room temperature. Before MSPE,
sample was treated for acid hydrolysis as follow. 5 mL urine sample
was put into 50mL centrifuge tube, and 1mL concentratedHCl was
added and reacted in 80 �Cwater bath for 1 h. Aer cooling in an ice
bath, 2.4 mL 5 mol L�1 NaOH solution were added to neutralize
excess acid and the pH of nal urine sample was adjusted to 12–13.

As for MSPE, a certain amount of mixed internal standard
solution (1-NA-d7, 2-NA-d7, 3-ABP-d9 and 4-ABP-d9) was added
into the treated urine sample. Then, 20 mg magnetic COFs
material was added, and the mixture was oscillated for 20 min
with vortex apparatus (TALBOYS Advanced multi-tube vortexer,
Germany) at room temperature. Aer extraction of the analytes,
an external magnet was utilized to separate the magnetic
materials. Aer urine was discarded, 5 mL water was used to
wash the magnetic COFs material, and then 5 mL methanol
each time was applied to elute analytes on the magnetic COFs
material for three times with 3 min oscillation extraction each.
Magnetic COFs material was separated with the help of
a magnet. All the elution solution was mixed and dried to 1 mL
with a nitrogen blowing concentrator (Caliper Life Sciences
Turbovap II, USA) at 50 �C, and then 50 mL aqueous ammonia
was added and mixed for HPLC-MS/MS analysis.
Fig. 3 HRTEM image of synthesized magnetic materials ((a) and (b)
magnetic NH2–Fe3O4 nanoparticles; (c) and (d) magnetic COFs material).
2.8. Instrument conditions

AA metabolites in urine were determined with an Agilent 1200
HPLC instrument (USA) coupled with an AB SCIEX Triple QUAD
5500 mass spectrometer (AB Sciex Instruments, Germany). A
Waters Symmetry Shield™ RP18 column (150 mm � 2.1 mm
28440 | RSC Adv., 2020, 10, 28437–28446
i.d., 3.5 mm) was chosen for HPLC analysis with the ow rate of
300 mL min�1 and the injection volume was 10 mL. The mobile
phase A was water with 0.1% formic acid, while B was aceto-
nitrile with 0.1% formic acid. The gradient elution program was
as follows: 0–3.0 min, 100% A; 3.1–17.0 min, 78% A and 22% B;
17.1–22.0 min, 100% B; precondition: 5 min.

Mass detection conditions were as follows: ionization mode,
positive ESI; ion spray voltage, 5000 V; ion source temperature,
550 �C; curtain gas, nitrogen; setting: 30 psi; ion source gas 1 (GS1),
setting: 70 psi; ion source gas 2 (GS2), setting: 70 psi. Two ion pairs
were chosen as qualitative ion pairs and a quantitative ion pair was
used with multiple reaction monitoring (MRM) mode. The
parameters of MRM containing precursor ion, production ion,
dwell time, collision energy (CE), declustering potential (DP) for
four AAs and the internal standards were shown in Table 1.
3. Results and discussion
3.1. Fabrication and characterization of magnetic COFs
material

The synthesis of COFs (TpPa-1) material was based on the
principle of Schiff-base reaction. Before the synthesis of COFs
material, the amino group of magnetic Fe3O4 nanoparticles was
This journal is © The Royal Society of Chemistry 2020
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reacted with aldehyde group of Tp, which could promote the
generation of COFs on the surface of magnetic nanoparticles.
The synthesis scheme of magnetic COFs material was shown in
Fig. 1. Nitrogen adsorption–desorption isotherm was used to
characterize surface area and pore volume of the synthesized
magnetic COFs material, which was shown in Fig. 2. The
magnetic COFs material exhibited a typical type-I reversible
isotherm characteristic of microporous property. However,
a sharp rise of adsorption volume at higher relative pressure (P/
P0 ¼ 1) for N2 adsorption–desorption isotherm indicated that
large pore formed by particle packing. The BET surface area,
pore volume and average pore diameter was shown in Table 2.
The inuence of temperature, stirring speed, reaction time,
reaction solvents and solvent volume on the surface area of the
synthesized magnetic COFs materials was investigated in this
work. And only reaction solvent volume inuenced surface area
of the obtained materials obviously. With the decrease of
reaction solvent volume, surface area of the obtained materials
increased. The magnetic COFs material with the reaction
solvent volume of 20 mL showed the highest surface area, which
was applied for MSPE of urinary AAs. And the BET surface area
was 192.1 m3 g�1, pore volume was 0.18 cm3 g�1, and average
pore diameter was 3.8 nm. As for magnetic NH2–Fe3O4 nano-
particles, N2 adsorption–desorption isotherm indicated that
large pore existence formed by particle packing. Aer the
information of COFs material on the surface of magnetic NH2–
Fig. 4 (A) FT-IR spectra of magnetic COFs (a) and COFs (b); (B) XRD spe
loops of magnetic COFs (a) and magnetic NH2–Fe3O4 nanoparticles (b); (
COFs (b).

This journal is © The Royal Society of Chemistry 2020
Fe3O4 nanoparticles, the obtained magnetic COFs material
showed the increased surface area. What's more, the magnetic
COFs materials were synthesized with the reaction solvent
volume of 20 mL for three times in this work. The BET surface
area was 189.3, 192.1, 200.2 m3 g�1, respectively. And their
extraction capacity for AAs metabolite in urine was investigated
and the results were comparable. Thus, the preparation repro-
ducibility of the magnetic COFs nanoparticles was acceptable.
And the prepared magnetic COFs nanoparticles of three times
were mixed for the MSPE experiment in the work.

Other structure analysis and characterization was performed
for magnetic COFs material with the reaction solvent volume of
20 mL. HRTEM was applied to characterize morphologies of the
synthesized magnetic materials as shown in Fig. 3. Magnetic
NH2–Fe3O4 nanoparticles showed a uniform particle size of
about 20 nm. The particle size of magnetic COFs materials
(Fig. 3d) was larger than magnetic NH2–Fe3O4 nanoparticles
(Fig. 3b) due to the formation of COFs on the surface of
magnetic nanoparticles. And magnetic COFs material was
a complex of COFs@ NH2–Fe3O4 nanoparticles and needle
shaped COFs materials as shown in Fig. 3c.

FT-IR spectra showed chemical composition and structure
information of magnetic nanomaterials. FT-IR spectra of COFs
was shown as Fig. 4A. And the characteristic peak at 3500 cm�1

corresponding to –NH2 vibration, the adsorption bands at
1589 cm�1 was associated with carboxyl groups, and the peak at
ctra of magnetic COFs, and the inset was SXRD spectra; (C) hysteresis
D) TGA curves of magnetic NH2–Fe3O4 nanoparticles (a) and magnetic

RSC Adv., 2020, 10, 28437–28446 | 28441
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1267 cm�1 was the characteristic adsorption related to C]N,
which indicated the C]N vibration was formed for COFs
materials. Compared with COFs material, the FI-IR spectra of
magnetic COFs material (Fig. 4A) showed a new characteristic
peak at 575 cm�1 which was corresponding to the Fe–O–Fe
vibration, indicated that COFs material was warped on the
magnetic NH2–Fe3O4 nanoparticles successfully. XRD spectra
were shown in Fig. 4B, which gave the crystalline structure of
the obtained magnetic COFs material. The diffraction peaks at
30.1�, 35.4�, 43.2�, 53.7�, 57.1� and 62.9� in the 2q region of 30–
40�, which can be assigned as (220), (311), (400), (422), (511) and
Fig. 5 Effect of MSPE conditions on extraction performance of urinary 4 A
(D) sorbent amount, (E) different elution solvent, (F) elution time. Data in

28442 | RSC Adv., 2020, 10, 28437–28446
(440) planes in the magnetic NH2–Fe3O4 nanoparticles.25 The
diffraction peak at 0.6� in SXRD spectra might be related to the
low crystallinity of magnetic COFs material. A magnetic
hysteresis curve for magnetic NH2–Fe3O4 nanoparticles and
magnetic COFs material were shown in Fig. 4C, and the satu-
ration magnetic values were estimated to be 71.8 emu g�1 and
46.3 emu g�1, respectively. It was obviously, magnetic COFs
material showed lower magnetic property than magnetic NH2–

Fe3O4 nanoparticles owing to warping with COFs material.
However, magnetic COFs material possessed great magnetic
responsiveness and could be separated with external magnetic
As: (A) sample solution pH, (B) NaCl amount, (C) vortex extraction time,
(A)–(D) was average (�SD) after three repetition experiments.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 HPLC-MS/MS-MRM spectra of AAs and their corresponding
internal standard in a spiked smoker urine sample. (a) 1-NA; (b) 2-NA;
(c) 3-ABP; (d) 4-ABP; (a0) 1-NA-d7; (b0) 2-NA-d7; (c0) 3-ABP-d9; (d0) 4-
ABP-d9.
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eld. TGA curves were shown in Fig. 4D, which gave the mass
ratios of COFs and Fe3O4 nanoparticles, and the thermal
stability of magnetic COFs material. Magnetic NH2–Fe3O4

nanoparticles showed 4.7 wt% loss in the temperature range of
200–300 �C, which was attributed to the weight loss of the
absorbed water, and the 5.2 wt% loss in the temperature range
of 300–557 �C was due to the loss of amino functional groups on
the surface. As for magnetic COFs material, the 6.1 wt% loss in
the temperature between 200–430 �C was attributed to the
weight of loss of the absorbed water, and 35 wt% loss in the
range of 430–730 �C was due to the loss of COFs material.
Obviously, the magnetic COFs material had excellent thermal
stability under 430 �C.
3.2. Optimization of MSPE conditions

Owing to the lower content of AA metabolites in urine sample,
a mixed urine sample spiked with a certain amount of AAs
standard solution was used to optimize MSPE conditions and
characterize analytical performance of the developed method.
To obtain the best extraction performance, some conditions of
MSPE were optimized in this work, such as urine solution pH,
NaCl amount, vortex extraction time, sorbent amount, different
elution solvent and elution time.

Firstly, sample solution pH was investigated. With the increase
of sample solution pH, the extracted amount of urinary AAs
Table 3 Linear concentration range, calibration curve in solvent and uri

Compounds

Linear
concentration
range (ng mL�1) Calibration curve in solvent C

1-NA 0.5–25 y ¼ 0.102x � 0.014 (r ¼ 0.9999) y
2-NA 0.25–12.5 y ¼ 0.259x � 0.0086 (r ¼ 1) y
3-ABP 0.10–5.0 y ¼ 0.276x + 0.00049 (r ¼ 0.9998) y
4-ABP 0.05–2.5 y ¼ 0.0558x + 0.00036 (r ¼ 0.9996) y

This journal is © The Royal Society of Chemistry 2020
increased, and the maximum was obtained at pH about 12.0
(Fig. 5A). The pKa of 4 AAs (1-NA, 2-NA, 3-ABP and 4-ABP) was 4.21
� 0.10, 4.32 � 0.10, 4.34 � 0.10, 4.26 � 0.10, respectively. Thus,
they were almost completely molecular state when the solution pH
of 12.0–13.0. What's more, the synthesized magnetic COFs (TpPa-
1) material possessed imine groups in the framework, and showed
molecular state in higher pH solution also. At higher pH solution
(i.e. pH 12.0–13.0), AAs compounds could be easily adsorbed on
the magnetic COFs materials due top–p stacking. Thus, aer acid
hydrolysis, urine was adjusted to about pH 12.0–13.0 for MSPE in
this work. To further improve extraction efficiency, a certain
amount of NaCl was added into the treated urine for salting-out
effect. As shown in Fig. 5B, with the increase of NaCl amount,
the extracted amount of AAs enhanced until the addition amount
of 2.0 g. When continuing to add NaCl, it could not be dissolved
and a NaCl saturated solution was obtained. Thus, the amount of
NaCl added was 2.0 g. Inuence of vortex extraction time and
magnetic absorbent amount used were studied also. As shown in
Fig. 5C and D, the maximum extracted amount of AAs could be
obtained aer 20min vortex extraction with 20mg the synthesized
magnetic COFs material.

Aer vortex extraction, different solvent was used to elute,
such as acetone, acetonitrile, 5% ammonia/methanol and
methanol. As shown in Fig. 5E, the maximum extracted amount
of AAs was obtained with methanol as elution solvent. The
extracted amount of AAs aer methanol elution was higher than
that for 5% ammonia/methanol, which indicated there was
mainly p–p stacking, not electrostatic interaction between AAs
and magnetic COFs (TpPa-1) material. And as shown in Fig. 5F,
aer elution with 5 mL methanol, 80% 1-NA, 60% 2-NA, 70% 3-
ABP and 60% 4-ABP was eluted frommagnetic COFs. And aer 3
times elution, over 95% of all AAs were eluted. Thus, 5 mL
methanol each for three times was applied to elute AAs on
magnetic COFs sorbent.

A spiked smoker urine sample was analyzed with HPLC-MS/
MS technique aer MSPE under the optimized conditions. As
shown in Fig. 6, both 4 AAs and their corresponding isotope
internal standard showed well-dened peaks, which could
satisfy quantitative analysis.
3.3. Analytical parameters

AAs standard working solution was prepared with 5%
ammonia/methanol, which showed a well-dened chromato-
graphic peak in HPLC-MS/MS, while standard working solution
prepared with methanol gave a poor peak. A 5-point calibration
ne matrix, LOD and LOQ of the developed method

alibration curve in urine matrix Slope ratio
LOD
(ng mL�1)

LOQ
(ng mL�1)

¼ 0.102x � 0.026 (r ¼ 0.9996) 1.00 0.07 0.22
¼ 0.268x � 0.0080 (r ¼ 0.9997) 0.97 0.03 0.09
¼ 0.274x + 0.051 (r ¼ 0.9994) 1.01 0.01 0.04
¼ 0.0507x + 0.035 (r ¼ 0.9896) 1.10 0.01 0.04

RSC Adv., 2020, 10, 28437–28446 | 28443
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Table 4 Recovery, inter-day and intra-day precision of the developed method

Compounds Spiked level Recovery (%)
Intra-day precision
(n ¼ 6, %)

Inter-day precision
(n ¼ 5, %)

1-NA Low 81.9–95.2 4.5 9.8
Mid 100–105
High 95.7–101

2-NA Low 87.8–92.8 4.6 8.3
Mid 89.9–102
High 97.8–101

3-ABP Low 102–112 5.6 9.1
Mid 101–120
High 101–107

4-ABP Low 102–112 5.8 9.9
Mid 88.3–117
High 89.8–93.9
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curve was carried out by internal standard method. The
concentration of 1-NA-d7, 2-NA-d7, 3-ABP-d9 and 4-ABP-d9 for
each working solutions was 20 ngmL�1, 15 ngmL�1, 7 ngmL�1,
16 ng mL�1, respectively. Another calibration curve was
prepared with urine matrix, which was calibrated by spiking
a series of AAs standard solution in nonsmokers' urine extracts
aer MSPE based on magnetic COFs material. And the nal
concentration range was the same as that of calibration curve in
solvent. The series of standard working solution prepared in
solvent and urine matrix were analyzed using HPLC-MS/MS.
And the linear concentration range of AAs and linear equation
was shown in Table 3. According to the linear correlation
coefficient (r), the linearity was good for calibration curves for
both solvent and urine matrix (r > 0.99). What's more, as shown
in Table 3, the slope ratios of two linear equations for four AAs
are 1.00, 0.97, 1.01, 1.10, respectively. It indicated matrix effect
was decreased signicantly, which was attributed to that
respective isotope internal standards of AAs were used, and
urine sample was puried effectively with MSPE technique
based on magnetic COFs material. Thus, the calibration curve
in solvent could replace the calibration curve in urine matrix,
and could be used for urine samples analysis.
Fig. 7 Extracted amount of AAs after several times reuse.

28444 | RSC Adv., 2020, 10, 28437–28446
In addition, the lowest concentration standard working solu-
tion prepared in urine matrix was determined in HPLC-MS/MS for
ten replicates. Limit of detection (LOD) and limit of quantication
(LOQ) were obtained from three and ten times of the standard
deviation of these determinations. As shown in Table 3, LODs and
LOQs of four AAs ranged from 0.01 to 0.07 ng mL�1 and 0.04 to
0.22 ng mL�1, respectively. Compared with previous work, the
LODs of this work were higher than those of four AAsmetabolite in
urine using a MIPs-SPE coupled with HPLC-MS/MSmethod in our
previous work9 (i.e. 1.5–5 ng L�1). It was mainly because that the
LODs in this work was conducted with the lowest concentration
working solution prepared in urine matrix, but the LODs in ref. 9
was obtained with the lowest concentration working solution in
solvent. However, the LOQs of AAs in this work were lower than the
lowest concentration of calibration curve, which satised the
requirement of quantitative analysis.

In order to assess the recovery, a smoker urine sample with
spiking standard solution of AAs in three different concentra-
tion levels was analyzed. Each concentration level was per-
formed with three replicate measurements. As is shown in Table
4, higher recoveries of 1-NA, 2-NA, 3-ABP, 4-ABP were obtained,
which are in the range of 81.9–105%, 87.8–102%, 101–120%,
88.3–117%, respectively. Intra-day and inter-day precisions were
Table 5 Statistical result of 4 AA metabolites content in smoker and
nonsmoker urine samples

Compounds

AA metabolites content (pg mg�1

creatinine)

Maximum Minimum Median Average

Smoker 1-NA 492 9 169.73 189.60
2-NA 1463 25 281.99 416.21
3-ABP 720 0 103.80 172.87
4-ABP 2184 14 264.82 419.27

Nonsmoker 1-NA 184 0 20.37 39.56
2-NA 282 0 45.17 66.22
3-ABP 0 0 0 0
4-ABP 48 0 9.87 15.99

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Average and variation range of AA metabolites in smoker and nonsmoker urine samples.
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investigated using a spiked urine sample (Table 4). The urine
sample was analyzed 6 times on the same day to investigate the
intra-day precision, and the RSDs were less than 5.8%. And the
urine sample was analyzed on 5 different days to obtain the
inter-day precision, and the RSDs were less than 9.9%.

3.4. Recycle performance

The recycle performance of magnetic COFs material was
investigated also. As shown in Fig. 7, the extracted amount of 4
AAs maintained over 90% aer 5 times reuse. However, the
extracted amount of AAs was less than 90% at 6 times reuse.
Thus, the synthesized magnetic COFs material could be recy-
cled as sorbent in MSPE process for at least 5 times.

Owing to the ultra-low content of AA metabolites in urine,
a MIPs-SPE was chosen to purify urine for AA metabolites
analysis,9 while a mixed type cation exchange SPE cartridge was
suitable for purifying cigarette smoke sample13 nor urine
sample9 for AAs analysis as shown in our previous work.9,13

Magnetic COFs material prepared in this work also could purify
urine matrix and achieve the analysis of AA metabolites.
However, compared with commercial SPE columns used in
previous works which applied HPLC-MS/MS technique,9,13 the
magnetic COFs material and MSPE showed some advantages.
For example, the magnetic COFs material could recycle, which
was more economical. And the sample pretreatment with MSPE
technique was simple and practicable.

3.5. Human urine samples analysis

The developed method was applied to determine 4 AA metab-
olites in 27 urine samples collected from 20 smokers and 7
nonsmokers. And the result was calibrated with urinary creati-
nine and analysis of variance was applied for data processing.
This journal is © The Royal Society of Chemistry 2020
Table 5 and Fig. 8 showed the maximum, the minimum, the
median, the average and variation range of 4 AA metabolites
content in smoker and nonsmoker urine. It was obviously, all 4
AAmetabolites content in smoker urine sample was higher than
that for nonsmoker. And the P value between smoker and
nonsmoker for 1-NA, 2-NA, 3-ABP and 4-ABP was 0.0009, 0.0006,
0.0008, and 0.0030 (i.e. p < 0.01), respectively, which indicated
there was signicant difference between the 4 AA metabolites
content in smoker and nonsmoker urine. Thus, urinary AA
metabolites could be as an exposure biomarker for cigarette
smoke.

4. Conclusion

A magnetic COFs (TpPa-1) material was synthesized and char-
acterized in this work. The magnetic COFsmaterial basedMSPE
technique was developed for the determination of AA metabo-
lites (i.e. 1-NA, 2-NA, 3-ABP and 4-ABP) in urine with HPLC-MS/
MS analysis. Under the optimum conditions of MSPE, the
analytical performance of the developed method was charac-
terized also. Calibration curves in solvent and urine matrix were
conducted, and their slope was near. It indicated that matrix
effect was decreased signicantly attributing to the effective
purication with MSPE based on magnetic COFs material.
LODs and LOQs of four AAs ranged from 0.01 to 0.07 ng mL�1

and 0.04 to 0.22 ng mL�1, respectively. As for recovery, 1-NA, 2-
NA, 3-ABP, 4-ABP were in the range of 81.9–105%, 87.8–102%,
101–120%, 88.3–117%, respectively. The intra-day and inter-day
precisions were good also with RSDs of less than 5.8% and
9.9%, respectively. In addition, the synthesized magnetic COFs
material could be recycled as sorbent in MSPE process for at
least 5 times. The developed method was applied in the deter-
mination of four AAs in urine samples of smokers and
RSC Adv., 2020, 10, 28437–28446 | 28445
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nonsmokers. AA metabolites contents in smoker urine samples
were higher than those for nonsmoker. And there were signi-
cant difference between smoker and nonsmoker urine (p <
0.01). Thus, urinary AA metabolites could be as an exposure
biomarker for cigarette smoke.
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