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a b s t r a c t

An innovative sandwich-structural Fe-based metal-organic framework magnetic material (Fe3O4@SW-
MIL-101-NH2) was fabricated using a facile solvothermal method. The characteristic properties of the
material were investigated by field emission scanning electron microscopy, transmission electron mi-
croscopy (TEM), energy-dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, X-ray
powder diffraction, vibrating sample magnetometry, and Brunauer-Emmett-Teller measurements.
Fe3O4@SW-MIL-101-NH2 is associated with advantages, such as robust magnetic properties, high specific
surface area, and satisfactory storage stability, as well as good selective recognition ability for chlorogenic
acid (CA) and its metabolites via chelation, hydrogen bonding, and p-interaction. The results of the static
adsorption experiment indicated that Fe3O4@SW-MIL-101-NH2 possessed a high adsorption capacity
toward CA and its isomers, cryptochlorogenic acid (CCA) and neochlorogenic acid (NCA), and the
adsorption behaviors were fitted using the Langmuir adsorption isotherm model. Then, a strategy using
magnetic solid-phase extraction (MSPE) and ultra-performance liquid chromatography coupled with
quadrupole time-of-flight tandem mass spectrometry (UPLC-Q-TOF MS/MS) was developed and suc-
cessfully employed for the selective pre-concentration and rapid identification of CA metabolites in rat
plasma, urine, and feces samples. This work presents a prospective strategy for the synthesis of magnetic
adsorbents and the high-efficiency pretreatment of CA metabolites.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chlorogenic acid (CA), synthesized in plants via the esterifica-
tion of caffeic and quinic acids during aerobic respiration, is usually
found in traditional Chinesemedicines, such as burdock, dandelion,
honeysuckle, Chrysanthemum indicum, and hawthorn [1,2], as well
as in various natural products, such as coffee, plums, and potatoes
[3,4]. Predominant activities of CA, such as antioxidant and anti-
inflammatory effects, have attracted the attention of researchers
[5]. Modern pharmacological studies have shown that CA possesses
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many biological activities [6,7], including cholagogic, antibacterial,
hypotensive [8], anti-cancer [9], and anti-AIDS effects [10]. More-
over, CA is an important raw material in food, drug, cosmetic, and
other industries [11].

The metabolic fate of CA in various biological samples has been
studied using ultra-high-performance liquid chromatography
coupledwithquadrupole time-of-flightmass spectrometry (UPLC-Q-
TOF MS) [12]. Nevertheless, the direct determination of the metab-
olites of CA in complex biological samples is usually difficult because
of the complicated biological matrix interferences and low concen-
tration of structurally similar metabolites. Therefore, to separate
metabolites from complex matrices and obtain a high detection
sensitivity, sample pretreatment procedures are indispensable. To
date, the most widely used sample pretreatment methods for
metabolism studies are liquid-liquid microextraction, solid-phase
extraction (SPE) (C18 SPE column, hydrophilic-lipophilic balance
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Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fengqingyang@cqu.edu.cn
mailto:yuanjiahu@um.edu.mo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2022.01.002&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2022.01.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2022.01.002
https://doi.org/10.1016/j.jpha.2022.01.002


S.-J. Yin, X. Zhou, L.-J. Peng et al. Journal of Pharmaceutical Analysis 12 (2022) 617e626
column), and solid-phase microextraction [13e17]. However, these
methods have some inherent weaknesses, including time-
consuming, complicated procedures, high organic solvent con-
sumption, and low selectivity. Thus, the development of efficient and
reliable sample pretreatment techniques with short extraction
equilibration time and high selectivity to target analytes is an
essential prerequisite for thehighlyefficientdetection ofmetabolites.

Recently, magnetic solid-phase extraction (MSPE), a pre-
enrichment procedure for concentrating target analytes from
complex samples by applying an external magnetic field and
magnetic adsorbent [18,19], has received significant attention
owing to its low cost, fast separation, and targeting ability [20,21].
Although various materials [22,23], such as metallic oxides, carbon
nanotubes [24,25], polydopamine, covalent organic frameworks,
cyclodextrin, and surfactants, have been used as modifying agents
for the synthesis of magnetic sorbents for MSPE, the synthesis of
new magnetic adsorbents for achieving high adsorption capacity
and binding specificity is still highly desired. Metal-organic
frameworks (MOFs), a type of porous coordination polymers
formed by the self-assembly of metal ions or metal clusters with
bridged ligands through coordination bonds [26,27], are associated
with advantages, such as large surface area, high porosity, tunable
pore size, controllable morphology, and simple functionalization
[28,29]. These unique properties make MOFs ideal MSPE adsor-
bents. At present, two types of MOF-based magnetic materials are
commonly used [30]. With respect to the core-shell structure ma-
terial [31], the large mass proportion of Fe3O4 limits its adsorption
capacity. Furthermore, the use of acids as modulation agents, which
can regulate the crystal structure, should be avoided in order to
protect magnetic nuclei during the material preparation process.
Another common type of MOF-based magnetic material is MOF
surface modified by Fe3O4 using the co-precipitation method [32],
but the magnetic property of the adsorbent is easily lost during
repeated use due to the weak connection between Fe3O4 and MOF.
In addition, although MSPE has been widely employed in the pre-
concentration of water pollutants, heavy metal ions, pesticide
residues, endogenous hormones, and natural active compounds,
the use of MSPE in metabolic studies of CA has not been reported.

Therefore, in the present study, a novel sandwich-structured Fe-
based MOF magnetic material (Fe3O4@SW-MIL-101-NH2) was
prepared using a facile and sustainable process for the MSPE of CA
based on its interaction with Fe(III) to form CA-Fe(III) complexes
[33,34]. The Fe3O4 nanoparticles were modified on the surface of
MIL-101-NH2 by the dropwise addition of dispersed Fe3O4, and
then MIL-101-NH2 was further modified on Fe3O4@MIL-101-NH2 to
prepare Fe3O4@SW-MIL-101-NH2 using the solvothermal method.
The synthesizedmaterial has a large specific surface area, abundant
binding sites, and stable magnetic properties. Furthermore, CA and
its isomers, cryptochlorogenic acid (CCA) and neochlorogenic acid
(NCA), were selected as target analytes to study the optimal
adsorption-desorption conditions, adsorption mechanism, repeat-
ability, stability, and analytical performance of the proposed
method. Finally, the Fe3O4@SW-MIL-101-NH2/MSPE and UPLC-Q-
TOF MS/MS analysis were successfully used for the selective pre-
concentration and rapid identification of CA metabolites in rat
plasma, urine, and feces samples.

2. Materials and methods

2.1. Materials and reagents

Ferric chloride hexahydrate (FeCl3$6H2O, purity>98%), NaCl,
KH2PO4, K2HPO4, N,N-dimethylformamide (DMF, purity>99%), and
acetic acid (AA, purity>99%) were purchased from ChengDu Chron
Chemicals Co., Ltd. (Chengdu, China). Fe3O4 was purchased from
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Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). 2-
aminoterephthalic acid (H2BDC-NH2, purity�98%) was purchased
from Shanghai DiBai Biotechnology Co., Ltd. (Shanghai, China). CA
(purity�98%) was purchased from Chengdu Herb Substance Co.,
Ltd. (Chengdu, China). CCA (purity�98%) and NCA (purity�98%)
were purchased from Chengdu Desite Biological Technologies Co.,
Ltd. (Chengdu, China), and their chemical structures are shown in
Fig. S1. The water used for all the experiments was purified using a
water purification system (ATSelem 1820A, Antesheng Environ-
mental Protection Equipment Co., Ltd., Chongqing, China). All the
solvents used in high-performance liquid chromatography (HPLC)
analysis, such as methanol (MeOH) and acetonitrile (ACN), were of
HPLC-grade and purchased from Adamas-beta (Shanghai, China).

2.2. Preparation of Fe3O4@SW-MIL-101-NH2

Fe3O4@SW-MIL-101-NH2 was synthesized using a facile three-
step strategy. MIL-101-NH2 was prepared by the solvothermal
method according to Guo et al. [35] with some modifications.
FeCl3$6H2O (4 mM) and H2BDC-NH2 (4 mM) were added and well
dispersed in DMF (90 mL) in a 250 mL flask under sonication for
0.5 h. Then, 3.6 mL of AA was added and stirred for another 0.5 h.
The mixture was stirred uniformly and sealed in a teflon-lined
autoclave. The autoclave was heated to 110 �C and maintained for
24 h. The prepared MIL-101-NH2 were centrifugally separated,
washed with DMF (50 mL for twice) and ethanol (50 mL for twice),
and dried under vacuum at 60 �C for 12 h.

Fe3O4 was immobilized on the surface of MIL-101-NH2 using the
following procedure. First, 100 mg of MIL-101-NH2 was dispersed
into 15 mL of DMF and ultrasonicated for 0.5 h at room temperature
(approximately 25 �C). Then, 15 mL of Fe3O4 (0.6 mM) was added to
the suspension at room temperature and stirred at 500 r/min. Finally,
the sediments were collected using an external magnet, washed
with 30 mL of DMF three times and re-dispersed in 12 mL of DMF.

In the last procedure, H2BDC-NH2 (4 mM) and FeCl3$6H2O
(4 mM) were dissolved in DMF (3 mL) as solution A. Then, 4 mL of
Fe3O4@MIL-101-NH2 and 1 mL of solution A were mixed and heated
at 120 �C and stirred for 8 h. MIL-101-NH2 grew uniformly on the
surface of the precursor material. The resultant Fe3O4@SW-MIL-101-
NH2 was collected by using an external magnet and washed with
30 mL of DMF three times. Subsequently, it was dried under vacuum
at 60 �C for 12 h. The instruments and conditions for the charac-
terization of the materials are described in the Supplementary data.

2.3. Sample preparation

Information on animal administration is provided in the
Supplementary data. The blood was collected from the fundus
venous plexus with heparin sodium tubes at 0e0.5 h, 0.5e4 h and
4e8 h after administration. The urine and feces samples were
collected at 0e4 h and 4e8 h after administration. Plasma was
obtained using centrifugation at 2259 g for 10 min at 4 �C. The feces
samples were suspended in MeOH (200 mg of feces sample:1.0 mL
of MeOH) through ultrasonic extraction for 10 min. Then, the sus-
pension liquid was treated by centrifugation at 2259 g for 20 min
and the supernatant was collected. All samples were stored
at �20 �C for further extraction and analysis.

2.4. Magnetic solid-phase extraction procedure

The Fe3O4@SW-MIL-101-NH2 adsorbent (2 mg) was added to
the sample solution (pH 5.0). The MSPE process was performed at
30 �C in a temperature-controlled air bath shaker (SHZ-82, Jintan
Hongke Instrument Factory, Jintan, China) for 7.5 min at 180 r/min.
An external magnet was then used to assist the separation of the
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adsorbed analytes from the sample solution. The analytes were
then eluted by dispersion of the adsorbent in a mixed solution
containing 0.8 mL of Na3PO4 (50 mM) and 0.2 mL of MeOH, which
was assisted by ultrasonication for 5 min. Subsequently, the eluate
was isolated from the adsorbent with the aid of an external magnet
and collected in a 1.5 mL centrifuge tube. Finally, the resulting
desorption solution was filtered through a 0.22 mm filter (Shanghai
Titan Scientific Co., Ltd., Shanghai, China) before being injected into
the high-performance liquid chromatography (HPLC) or ultra-per-
formance liquid chromatography-electrospray ionization with
quadrupole-time of flight tandem mass spectrometry technology
(UPLC-ESI-Q-TOF MS/MS) system for analysis. The detailed chro-
matographic conditions are shown in the Supplementary data.
3. Results and discussion

3.1. Characterization of Fe3O4@SW-MIL-101-NH2

The morphology and structure of the prepared MIL-101-NH2,
Fe3O4@MIL-101-NH2, and Fe3O4@SW-MIL-101-NH2 were studied
Fig. 1. Scanning electron microscopy (SEM) images of (A) MIL-101-NH2, (B and C) Fe3O4@M
images of (E) Fe3O4@MIL-101-NH2 and (F) Fe3O4@SW-MIL-101-NH2; (G and H) energy-disp
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thoroughly using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) (Fig. 1). Fig. 1A shows a
micrograph of MIL-101-NH2, which presents a regular octahedron
with a smooth surface. Furthermore, the combination of Fe3O4 and
MIL-101-NH2 resulted in uniformly dispersed Fe3O4 spheres on
MIL-101-NH2, resulting in the rough surface of thematerial (Figs.1B
and C). Fig. 1D shows the SEM image of the Fe3O4@SW-MIL-101-
NH2, which clearly shows that the regular octahedral structure
was maintained. As shown in Fig. 1E, Fe3O4 agglomerated on the
outer surface of MIL-101-NH2. However, it can be seen that part of
the Fe3O4 was shed after the ultrasonic preparation of the TEM
sample, a procedure that is detrimental to the reuse of the mate-
rials. Moreover, TEM revealed that the Fe3O4 were firmly fastened
onto Fe3O4@SW-MIL-101-NH2 (Fig. 1F). With the same ultrasonic
treatment, no significant shedding of Fe3O4 was observed. In
addition, the mapping and energy-dispersive X-ray spectrometer
results in Figs. 1G and H confirmed the presence of C, N, O, and Fe.

The presence of functional groups on the material was investi-
gated using Fourier transform infrared (FT-IR) spectroscopy (Fig. 2A).
The strong adsorption peak in the 3500e3200 cm�1 region is
IL-101-NH2, and (D) Fe3O4@SW-MIL-101-NH2; transmission electron microscopy (TEM)
ersive X-ray spectroscopy results of the main elements.



Fig. 2. (A) The Fourier transform infrared (FT-IR) spectra and (B) X-ray diffraction (XRD) of Fe3O4, MIL-101-NH2, Fe3O4@MIL-101-NH2 and Fe3O4@SW-MIL-101-NH2. (C) Magne-
tization hysteresis loops of Fe3O4 and Fe3O4@SW-MIL-101-NH2. The inset picture is the disperse state of the Fe3O4@SW-MIL-101-NH2 adsorbent in aqueous solution and under an
external magnetic force. (D) Nitrogen adsorption-desorption isotherm of Fe3O4@SW-MIL-101-NH2; inset shows the pore-size distribution of Fe3O4@SW-MIL-101-NH2.
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attributed to the OeH stretching vibration of the hydroxyl group on
the Fe3O4 surface or the NeH asymmetrical and symmetrical
stretching vibration of the amino group [36,37]. The characteristic
absorption peaks observed at 1450e1600 cm�1 and 1531 cm�1 were
attributed to the benzene skeleton and aromatic C]C bonds. The
adsorption peaks at 1656 cm�1 and 1385 cm�1 were assigned to the
C]O and O]CeO stretching of the carboxylic groups [38]. As can be
seen in the FT-IR spectrum of Fe3O4, the single absorption peak at
582 cm�1 is attributed to FeeO stretching [39], proving that Fe3O4
were successfully anchored on MIL-101-NH2. For Fe3O4@SW-MIL-
101-NH2, the adsorption peaks of MIL-101-NH2 were significantly
enhanced (compared toFe3O4@MIL-101-NH2),butnonewabsorption
peaks appeared, indicating that the MIL-101-NH2 shell layer was
successfully wrapped. As shown by the X-ray diffraction (XRD) pat-
terns (Fig. 2B), the six characteristic peaks at 2q¼ 30.0�, 35.2�, 42.9�,
53.6�, 56.7�, and 62.4� can be attributed to Fe3O4, a finding that is in
agreement with the Fe3O4 standard (JCPDS, No. 65e3107). As can be
seen in the XRD patterns of Fe3O4@SW-MIL-101-NH2 and Fe3O4@-
MIL-101-NH2, the characteristic peaks at 2q ¼ 4.0�e20.0� are attrib-
uted to the crystalline MIL-101(Fe) with a face-centered cubic
structure [40].

A vibrating sample magnetometer (VSM) was used to measure
the magnetic properties of Fe3O4@SW-MIL-101-NH2 and Fe3O4 at
about 25 �C. The magnetic behavior of the materials was identified
based on the VSM curve (Fig. 2C). The magnetic hysteresis curves of
Fe3O4 and Fe3O4@SW-MIL-101-NH2 indicated that the magnetiza-
tion saturations of Fe3O4 and Fe3O4@SW-MIL-101-NH2were 49.1 and
14.3 emu/g, respectively. Although the modification of SW-MIL-101-
NH2 resulted in partial loss of magnetism compared to Fe3O4, it was
sufficient for the saturation magnetization of the Fe3O4@SW-MIL-
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101-NH2 adsorbent to complete the fast magnetic separation under
an external magnetic field. The inset of Fig. 2C illustrates that the
adsorbent could be completely collected from a uniformly dispersed
solutionwithin 15 s. Nitrogen adsorption-desorption isothermswere
obtained to evaluate the surface area and porous structure of
Fe3O4@SW-MIL-101-NH2 (Fig. 2D). The adsorption-desorption
isotherm can be classified as type II isotherms with an H3-type
hysteresis loop, indicating the existence of particle aggregates with
pore networks [41]. In addition, the Brunauer-Emmett-Teller specific
surface area was 901.4 m2/g, which can be attributed to the fact that
the complete octahedral shape of the material is maintained during
synthesis. The Barrett-Joyner-Halenda average pore width was 50 Å,
and the pore volume was 0.67 cm3/g.

3.2. Optimization of MSPE conditions

To achieve the optimum extraction efficiency, several
adsorption-desorption conditions were systematically studied and
optimized, including amount of adsorbent, extraction time, ion
strength (NaCl and KH2PO4eK2HPO4), pH value, and extraction
temperature (adsorption conditions), as well as elution solvent and
elution time (desorption conditions). The MSPE parameters for the
extraction of CA, CCA, and NCA of Fe3O4@SW-MIL-101-NH2 were
investigated by changing one variable at a time during optimiza-
tion. All experiments were performed in triplicate. In addition, the
HPLC method used in the quantitative analysis was developed and
validated (Table S1).

A suitable adsorbent amount for MSPE performance is important
for obtaining a high extraction efficiency. Therefore, different adsor-
bent amounts (0.5e3 mg) were investigated. Fig. 3A shows that the



Fig. 3. Effects of (A) the amount of adsorbent, (B) extraction time, (C) extraction temperature, (D) ion strength (KH2PO4eK2HPO4), (E) ion strength (NaCl), (F) pH value (10.0 mM
NaOHeHCl), and mixed reference compounds solutions at different pH conditions (inset) on the adsorption percentage. Effects of (G) elution solvent type and (H) elution time on
the recovery of analytes using Fe3O4@SW-MIL-101-NH2 as an adsorbent. CA: chlorogenic acid; CCA: cryptochlorogenic acid; NCA: neochlorogenic acid.
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extraction efficiencies of CA, CCA, and NCA were enhanced by
increasing the adsorbent amount. To facilitate the optimization of
other conditions, 2 mg was selected for the subsequent study.
Furthermore, theeffectsof2.5e12.5minextraction timeonextraction
efficiencywere studied. The extraction efficiency gradually improved
with the increase inextraction timeandreachedthehighest at7.5min
621
(Fig. 3B). Therefore, 7.5minwas selected for further studies. The rapid
adsorptionof the analytesmaybe ascribed to the high specific surface
area and porous structure of the adsorbent.

The effect of extraction temperature on the extraction efficiency
was assessed over a temperature range of 20e40 �C. The extraction
efficiency exhibited a remarkable increase from 20 to 30 �C and
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became steady with a further increase in temperature (Fig. 3C). For
minimal energy consumption and satisfactory extraction efficiency,
an extraction temperature of 30 �C was chosen. The effect of ionic
strength was investigated by adding NaCl or KH2PO4eK2HPO4 to
the tested solution in a concentration range of 0e50.0 mM. How-
ever, the addition of salt had a negative effect on the extraction
efficiency (Figs. 3D and E). The viscosity of the aqueous solution
increased with the addition of salt, which resulted in difficulty
during mass transfer. Furthermore, the addition of salt also reduced
the interaction of analytes with the sorbent surface, thereby
reducing the extraction efficiency. In addition, for the
KH2PO4eK2HPO4 system (Fig. 3D), the extraction efficiency
declined sharply with the increase in salt concentration, whichmay
be attributed to the competition of phosphate groups on the
adsorption sites by chelation. Hence, chelation may be the primary
interaction between CA, CCA, NCA, and the adsorbent, and no salt
was added to the samples in the subsequent experiments.

The pH value of the sample solution plays an important role in
the adsorption of the target analytes onto the adsorbent because it
can regulate the surface charge species and density, as well as the
stability of the adsorbent and analytes. Different pH values
(1.0e9.0) were evaluated for the extraction of CA, CCA, and NCA by
the adsorbent. The extraction efficiency increased with an increase
in the pH value of 3.0e5.0, but decreased at a pH of 5.0e9.0
(Fig. 3F). These results can be attributed to the following factors: 1)
The pKa values of CA, CCA, and NCA are approximately 3.59
(Table S2), when the pH > pKa, the presence of target analytes in
molecular form will facilitate their adsorption on Fe3O4@SW-MIL-
101-NH2. When the pH was 3.0, the analytes could be ionized,
weakening their adsorption. Furthermore, the nitrogen atoms of
amino groups (eNH2) are protonated at low pH, and the H-bond
and dipolar-dipolar interactions between the adsorbent and ana-
lytes are also weakened. 2) At a slightly acidic pH (pH 5.0), surface
complexation can be formed through a combination of acidic hy-
droxyl (eOH) groups and carboxyl (eCOOH) groups of analytes and
positive charge sites (Fe3þ) on the adsorbent. However, at a high
acidic pH, excessive Hþ can lead to the protonation of hydroxyl and
carboxyl groups, reducing the electron donor and coordination
capacity of O atoms. 3) As shown in the inset of Fig. 3F, the solution
gradually turns dark yellow when the pH is 7.0e13.0, which in-
dicates that the analyte is stable under acidic conditions and un-
stable under neutral and alkaline conditions. The degradation of
the analytes increases with an increase in alkalinity. In addition,
NCA presents a faster degradation rate because it can be isomerized
into CA and CCA [42]. Therefore, a pH value of 5.0 was selected as
the optimum condition.

The type of elution solvent is a significant factor that influences
the extraction recovery. Three different solvents, namely, ACN,
MeOH, and ethanol, were compared. The results (Fig. 3G) indicate
that MeOH has a better elution recovery; therefore, KH2PO4
(20 mM), KH2PO4 (40 mM)-20% MeOH, and KH2PO4 (40 mM)-40%
MeOH were further investigated. As shown in Fig. 3G, the elution
solvent KH2PO4 (40 mM)-20% MeOH had the highest recovery. This
Table 1
The linear relationship and parameters of Langmuir and Freundlich adsorptions.

Compounds Langmuir

Regressive equation Qmax (mg/g) Kl (mL/mg) R

NCA Y ¼ 0.143X þ 0.065 15.4 0.45 0
CA Y ¼ 0.084X þ 0.027 37.0 0.32 0
CCA Y ¼ 0.100X þ 0.023 43.5 0.23 0

0.1 < 1/n� 0.5 represents that the adsorption is very easy to perform; 0.5 < 1/n � 1 repres
difficult to perform. CA: chlorogenic acid; CCA: cryptochlorogenic acid; NCA: neochlorog
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may be because KH2PO4 and MeOH have the capability to compete
for binding sites for complexation and hydrogen bonding, respec-
tively. Therefore, KH2PO4 (40 mM)-20% MeOH was selected as the
appropriate desorption solvent. In addition, the influence of
desorption time was investigated in the range of 1e6 min. The
results (Fig. 3H) confirmed that 5 min is enough to elute the ana-
lytes from the Fe3O4@SW-MIL-101-NH2 adsorbent.
3.3. Static adsorption

The concentration-dependent adsorption capacity was deter-
mined to investigate the binding ability of Fe3O4@SW-MIL-101-
NH2. The equilibrium adsorption concentration of the analytes
(ce, mg/mL) in the collected supernatant was measured by HPLC
analysis. The equilibrium adsorption capacity (Qe, mg/g) was
calculated using the following equation:

Qe ¼ co � ce
m

� V

where Co (mg/mL) is the initial concentration, m (g) is the mass of
the Fe3O4@SW-MIL-101-NH2 adsorbent, and V represents the vol-
ume of the analyte solution.

The equilibrium isotherms (Fig. S2) were obtained using
different initial analyte concentrations (25e400 mg/mL) under the
optimized adsorption conditions. The Qe value increased remark-
ably with an increase in the initial concentration from 25 to
200 mg/mL, and then reached saturation adsorption at 400 mg/mL.
The experimental results showed that the maximum adsorption
capacities of the adsorbents for CA, CCA, and NCA were 39.5, 43.9,
and 15.6 mg/g, respectively. Furthermore, two adsorption isotherm
models, Langmuir and Freundlich, were employed to investigate
the binding properties of the adsorbent. As shown in Table 1 and
Fig. S3, the adsorption isotherms of Fe3O4@SW-MIL-101-NH2 can
be better described by the Langmuir model, and their R2 values are
higher than 0.99, indicating that the surface of the material is
homogeneous with a predominant chemical adsorption mecha-
nism. In addition, the Qmax values calculated from the Langmuir
equations were very close to the Qe values obtained from the
experiments.
3.4. Reusability and storage stability

Reusability is a crucial parameter for evaluating the stability and
efficiency of an adsorbent. To examine the reusability of the
adsorbent, Fe3O4@SW-MIL-101-NH2 was vortexed twice sequen-
tially with deionized water after desorption of the target analytes,
and the dried adsorbent was introduced into another adsorption-
desorption cycle. As shown in Fig. S4A, the adsorbent can be
reused at least 12 times without significant loss of extraction effi-
ciency (<5%) and magnetism. The storage stability of the adsorbent
is an important factor for practical applications, which was inves-
tigated by using the adsorbents for 42 days of storage at room
Freundlich

2 Regressive equation Kf

mg

�
1�

1
n

�
L
1
ng�1

1
n

R2

.992 Y ¼ 0.093X þ 2.245 175.8 0.09 0.949

.994 Y ¼ 0.219X þ 2.550 354.8 0.22 0.957

.998 Y ¼ 0.233X þ 2.576 376.7 0.23 0.939

ents that the adsorption is easy to perform; 1 > 1/n represents that the adsorption is
enic acid.



Table 2
Mass spectrometry and chromatography information of chlorogenic acid and its metabolites.

No. Retention
time (min)

Formula [M�H]� (m/z) MS/MS fragment ion Metabolic pathway Real samples

Theoretical Experimental Error (mDa) Feces Plasma Urine

0�4 h 4�8 h 0.5 h 4 h 8 h 0�4 h 4�8 h

C0 15.952 C16H18O9 353.3046 353.1407 �0.46 353.1407 ([M�H]�),
190.9291 ([M�H
eC9H6O3]�), 178.9049
([M�HeC7H10O5]�),
135.1120 ([M�H
eC7H10O5eCO2]�)

Parent (CA) þ þ þ þ þ þ þ

C1 13.550 C9H8O4 179.1518 179.1082 �0.24 179.1082 ([M�H]�),
135.1371 ([M�H
eCO2]�), 117.7631
([M�HeCO2eOH]�),
93.0342 ([M�HeCO2

eC2H2O]�)

Hydrolysis to caffeic
acid

e e þ þ þ e e

C2 12.969 C11H10O5 221.1889 221.1540 �0.16 221.1540 ([M�H]�),
179.1226 ([M�H
eC2H2O]�)

Acetylation of C1 þ þ þ þ þ þ þ

C3 13.536 C11H11NO5 236.2036 236.1730 �0.13 236.1730 ([M�H]�),
162.0954 ([M�H
eC2H4NO2]�), 93.0336
([M�HeC5H5NO4]�)

Glycine conjugation of
C1

e þ þ þ þ þ þ

C4 16.141 C16H18O9 353.3046 353.2109 �0.27 353.2109 ([M�H]�),
190.9096 ([M�H
eC9H6O3]�), 178.9049
([M�HeC7H10O5]�),
135.1120 ([M�H
eC7H10O5eCO2]�)

4-caffeoylquinic acid þ þ þ þ þ þ þ

C5 17.095 C16H20O9 355.3204 355.1577 �0.46 355.1577 ([M�H]�),
191.2094 ([M�H
eC9H8O3]�)

Reduction þ þ þ þ þ þ þ

C6 17.083 C15H18O10 357.2930 357.1599 �0.37 357.1599 ([M�H]�),
181.0272 ([M�H
eC6H8O6]�)

Glucuronidation of C1
and reduction

þ þ e e e e e

C7-1 14.321 C17H20O9 367.3314 367.2422 �0.24 367.2422 ([M�H]�),
193.2617 ([M�H
eC7H10O5]�), 191.2581
([M�HeC10H8O3]�),
173.2477 ([M�H
eC10H8O3eH2O]�),
134.0059 ([M�H
eC9H13O7]�)

Methylation þ þ þ þ þ þ þ

C7-2 16.872 C17H20O9 367.3314 367.2422 �0.24 367.2422 ([M�H]�),
193.2617 ([M�H
eC7H10O5]�), 191.2581
([M�HeC10H8O3]�),
173.2477 ([M�H
eC10H8O3eH2O]�),
134.0059 ([M�H
eC9H13O7]�)

Methylation þ þ þ þ þ þ e

C8-1 17.586 C16H18O10 369.3040 369.1726 �0.36 369.1732 ([M�H]�),
192.9726 ([M�H
eC6H8O6]�), 134.0127
([M�HeC6H8O6

eC2H3O2]�)

Methylation and
glucuronidation of C1

þ þ þ þ þ þ e

C8-2 17.809 C16H18O10 369.3040 369.1727 �0.36 369.1727 ([M�H]�),
193.0284 ([M�H
eC6H8O6]�), 149.1840
([M�HeC6H8O6

eCO2]�)

Methylation and
glucuronidation of C1

e e e e e e þ

C8-3 7.426 C16H18O10 369.3040 369.1732 �0.35 369.1726 ([M�H]�),
193.0281 ([M�H
eC6H8O6]�), 149.1838
([M�HeC6H8O6

eCO2]�), 134.0125
([M�HeC6H8O6

eC2H3O2]�)

Methylation and
glucuronidation of C1

þ þ þ þ þ e þ

C9 16.237 C16H20O10 371.3198 371.2193 �0.27 371.2193 ([M�H]�),
195.3327 ([M�H
eC6H8O6]�)

Methylation,
glucuronidation of C1
and reduction

þ e e þ e e þ

C10 13.228 C20H27NO11S 488.4912 488.5079 0.03 488.5079 ([M�H]�),
387.3297 ([M�H
eC4H7NO2]�), 367.3683

Methylation and
cysteine conjugation

e þ þ þ þ þ þ

(continued on next page)
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Table 2 (continued )

No. Retention
time (min)

Formula [M�H]� (m/z) MS/MS fragment ion Metabolic pathway Real samples

Theoretical Experimental Error (mDa) Feces Plasma Urine

0�4 h 4�8 h 0.5 h 4 h 8 h 0�4 h 4�8 h

([M�HeC3H7NO2S]�),
191.2087 ([M�H
eC3H7NO2S
eC10H8O3]�), 181.0788
([M�HeC3H7NO2S
eC7H6O6]�), 120.0823
([M�HeC17H20O9]�)

C11 11.803 C20H27N3O10S 500.5053 500.2758 �0.46 500.2758 ([M�H]�),
320.8935 ([M�H
eC9H7O4]�), 303.2319
([M�HeC9H7O4

eH2O]�)

Methylation and
glutathione Michael
addition of C1

e e e e e e þ

C12 12.118 C22H30N2O12S 545.5430 545.5468 0.01 545.5468 ([M�H]�),
367.0912 ([M�H
eC5H8O3N2Se2H]�),
191.3247 ([M�H
eC5H8O3N2S
eC10H10O3]�), 93.2103
([M�HeC5H8O3N2S
eCH3eC7H10O6

eC3H3O2)�]), 85.0024
([M�HeC5H8O3N2S
eC10H9O3eC3H7O4]�)

Methylation and
cysteinylglycine
conjugation of C1

þ þ þ þ þ þ þ

þ: detected; �: not detected.
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temperature. Fig. S4B shows that the recovery did not change
significantly, indicating that the material has excellent stability.
Therefore, the developed Fe3O4@SW-MIL-101-NH2 could be a green
and stable adsorbent.

3.5. Application in rat metabolism study

CAand itsmetabolites, afterMSPE treatment,were analyzedusing
UPLC-Q-TOF-MS/MS with an ESI source in the negative ion mode.
Based on an attentive study of the fragmentation behaviors, retention
Fig. 4. Proposed biotransformation pathways of chlorogeni
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time, and comparison with literature data and some reference com-
pounds (Supplementary data), the parent compound CA (C0) and its
fifteen metabolites (C1eC12) were identified and detected in
differentmetabolite samples. The retention time,major product ions,
metabolic type, and test results of the different samples are summa-
rized in Table 2. The related MS and MS/MS spectra of the parent
compound and its metabolites are shown in Figs. S5 and S6.

C0 was confirmed as CA by comparing the retention time
(15.952 min), experimental MS at m/z 353.1407 [M�H]�, and the
MS/MS spectrawith the reference compound. TheMS/MS fragment
c acid in rat. C0eC12 are the same as those in Table 2.



Table 3
Comparison of the developed method with other reported metabolic sample pretreatment methods.

Pretreatment
method

Extraction conditions Analytical method Time
(min)

Application Sample Refs.

LLE 100 mL of sample and 300 mL of acetonitrile UPLC-Q-TOF MS >20 Quercetin-3-O-b-D-
glucopyranosyl-(4e1)-a-L-
rhamnoside metabolites

Rat plasma,
urine, and
bile

[44]

LLE Dilute 200 mL of sample and CHCl3 (600 mL)-n-BuOH (600 mL) HPLC-SPE-NMR
coupled with HPLC-
HRESIMS

e Sinisan metabolites Rat urine [45]

SPE 0.5 mL of sample eluted with 3.2 mL of MeOH UPLC-ESI-Q-TOF MS e Radix Paeoniae Alba extract
metabolites

Rat bile,
plasma, and
urine

[46]

MMIP 100 mg of feces eluted with methanol LC-LTQ-Orbitrap-MS 73 Panax notoginseng metabolites Rat feces [47]
MSPE 5 mL of sample-20 mg of HCP/Fe3O4 eluted with 2 mL of ACN LC-MS/MS 10 Nitrofuran metabolites Honey [48]
MSPE 20 mg of magnetic COFs eluted with 5 mL of MeOH LC-MS/MS 29 Aromatic amine metabolites Human urine [49]
MSPE 1.0 mL of sample and 2.0 mg of adsorbent eluted with mixed

solution containing 0.8 mL of Na3PO4 (50 mM) and 0.2 mL of
MeOH

UPLC-Q-TOF MS/MS 12.5 Chlorogenic acid metabolites Rat plasma,
urine, and
feces

This
work

COFs: covalent organic frameworks; HCP: hypercrosslinked polystyrene; HPLC-HRESIMS: high performance liquid chromatography-high resolution electrospray ionization
mass spectrometry; HPLC-SPE-NMR: high performance liquid chromatography-solid phase extraction- nuclear magnetic resonance; LC-LTQ-Orbitrap-MS: liquid chroma-
tography-linear ion trap-orbitrap mass spectrometry; LC-MS/MS: liquid chromatography-tandem mass spectrometry; LLE: liquid-liquid extraction; MMIP: magnetic mo-
lecular imprinting; MSPE: magnetic solid-phase extraction; UPLC-ESI-Q-TOFMS: ultra-performance liquid chromatography-electrospray ionization with quadrupole time-of-
flight tandem mass spectrometry; SPE: solid phase extraction.
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ion atm/z 190.9291 ([quinic acid�H]�) was yielded by the breaking
of the ester bond and m/z 178.9049 ([caffeic acid�H]�) is the break
of the CeO bond. Furthermore, CA produces characteristic sec-
ondary generation product ions at m/z 135.1120, which are formed
by the neutral loss of 44 Da (CO2) from the ion atm/z 178.9049. For
the identification of other metabolites, please refer to
Supplementary data. The identification results indicated that glu-
curonidation, reduction, methylation, and hydrolysis are the prin-
cipal metabolic pathways of CA, and the proposed metabolic
pathways are shown in Fig. 4.

3.6. Adsorption mechanism

The extraction efficiency of Fe3O4 and the prepared Fe3O4@SW-
MIL-101-NH2 were compared, and it was found that sandwich-
structured materials played a major role in the extraction process.
This can be attributed to the following facts: 1) both the ligand
H2BDC-NH2 and CA contain benzene ring structures that can
generate a strong p stacking interaction. 2) CA and its isomers and
metabolites contain abundant carboxyl and hydroxyl groups, leading
to the formation of hydrogen bonds with the amino groups of the
preparedmaterial.When the pH is decreased and free hydrogen ions
are increased, flexible free hydrogen ions can overlay the electro-
negative atoms, resulting in a loss of hydrogen bonding. Therefore,
the highest extraction efficiency was achieved at pH 5.0, proving the
existence of hydrogen bonding. 3) Previous studies have shown that
Fe3þ can chelate with CA to form an Fe3þ-CA complex. When
phosphate was added to compete with the chelation site, the
adsorption efficiency was significantly decreased, proving that che-
lation played a significant role in the extraction process.

3.7. Comparison with previous methods

The sample pretreatment method is an essential link in the
quality analysis process, which determines the accuracy and
reproducibility of the analytical results [43]. Some of the previously
reported pretreatment methods for biological samples in metabolic
studies, including SPE, liquid-liquid extraction, MSPE, andmagnetic
molecular imprinting, are summarized in Table 3 [44e49]. In this
study, MSPE was employed for the first time as a preparation
method for the determination of CA metabolites in biological
samples. Compared with other methods, the present method,
based on the high-efficiency adsorbent Fe3O4@SW-MIL-101-NH2,
625
has advantages, such as short analysis time, low organic solvent
consumption, and high specificity.
4. Conclusion

In summary, a sensitive and selective pretreatment and deter-
mination method for CA metabolites in rat plasma, urine, and fecal
samples is proposed. In this method, new sandwich-structured Fe-
based MOF magnetic nanoparticles, which are easy to prepare, have
a large specific surface area, sufficient magnetic properties, satis-
factory chemical and mechanical stability, and good selectivity, were
synthesized and characterized. Through the pretreatment process
based on Fe3O4@SW-MIL-101-NH2, the primary metabolites of CA
were identified, and metabolic pathways such as reduction and
methylation were proposed. In short, MSPE/UPLC-Q-TOF MS/MS can
be employed as an alternative approach for the pretreatment and
analysis of CA metabolites in rat biological samples.
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