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A B S T R A C T   

In this study, a surface functionalized Fe3O4 composite with core–shell structure was fabricated based on Schiff- 
base and thiol-ene click reactions. The Fe3O4@COF@NH2 magnetic nanoparticles were characterized by scan-
ning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectrometry, Fourier 
transform infrared spectroscopy, X-ray diffraction, Brunauer-Emmett-Teller and vibrating sample magnetometer. 
The material showed high specific surface area, high pore volume and satisfactory magnetism. Furthermore, the 
parameters for the extraction of four flavonoid glycosides, including the amount of adsorbent, adsorption time, 
pH value, adsorption temperature, ion strength, elution solvent and elution time, were investigated. While the 
adsorption capacity and adsorption mechanism were explored through static adsorption experiment, high 
adsorption capacity for rutin (31.6 mg/g), vitexin (36.7 mg/g), hyperoside (47.0 mg/g) and icariin (54.1 mg/g) 
were obtained based on the strongly π-π stacking, hydrogen-bonding and hydrophobic interactions. Furthermore, 
Freundlich model with higher R2 value than Langmuir model, was more appropriate for fitting the isotherm 
adsorption. Finally, the material was applied for the separation, pre-concentration and analysis of four flavonoid 
glycosides in the fruit of Crataegus pinnatifida extract and rat plasma. Under the optimal conditions, the re-
coveries of spiked samples were between 89.2% and 106.5% with RSDs ranged from 0.2% to 6.2%. The results 
revealed a fast binding kinetics, high adsorption capacity, satisfactory selectivity, very good reusability and 
storage stability of the Fe3O4@COF@NH2.   

1. Introduction 

Nowadays, magnetic solid-phase extraction (MSPE) has attracted 
more and more attention in consideration of the less solvent consump-
tion, time-saving and simple operation procedure [1] in contrast to the 
traditional pretreatment procedures such as liquid–liquid phase 
extraction and solid-phase extraction, which are always labor-intensive 
and solvent-consuming [2]. MSPE has a special extraction process that 
magnetic nanoparticles (MNPs) with captured target analytes are easy to 
be collected by employing an external magnetic field [3,4]. Bare Fe3O4 
nanoparticles were usually used as the core of MNPs, and proper surface 
modifications were indispensable to meet the needs of analyte 

extraction. The development of new functionalized magnetic nano-
materials with high physical and chemical stability, long service life, 
large adsorption capacity, high extraction efficiency and good selectivity 
is an important research topic in the field of MSPE [5,6]. 

Covalent organic framework (COF) is a type of crystalline material 
with regular, porous spatial crystalline structure, constructed with 
organic linkers through covalent bonds of light elements (C, O, N, H, 
etc.) [7–10]. COF has potential in a wide variety of applications, such as 
gas adsorption, catalysis, energy storage and photovoltaic installation 
[11]. In view of the advantages such as permanent porosity, physico-
chemical stability, low density and large specific surface [12], COF is 
characteristics of a good candidate for utilization as adsorbents in MSPE. 
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For example, Deng et al [13] proposed a method based on a core–shell 
structured magnetic covalent organic framework (Fe3O4@COF) as sor-
bent for the solid-phase extraction of endocrine-disrupting phenols in 
drink samples, which showed a good linear range, reproducibility and 
low detection limit. However, COF material usually can only provide π-π 
interaction and hydrophobic effect, and in contrast to easily modified 
porous material such as silica gel and zeolite, the post-synthetic modi-
fying process of COF is difficult in consideration of their absence of 
reactive sites [14]. Therefore, it is of great significance to develop 
mixed-mode and multi-target magnetic adsorption COF material to 
concentrate various targets from complex matrix samples. Nowadays, 
click chemistry has emerged in many fields as a powerful tool of the 
surface modifications for various materials [15]. Among various click 
reactions, thiol-ene click reaction has become a brilliant star in modern 
material science, because of its fascinating properties including 1) easily 
being triggered by free radicals, 2) without using expensive or toxic 
catalysts, 3) forming covalent bonding to achieve more stable modifi-
cation and 4) readily controlled preparation procedure [16]. 

Flavonoid glycosides (FGs), as a widespread group of phytochemi-
cals in plants, are attracting considerable attention owing to their 
diverse biological functions such as antioxidation, antimicrobial, 
immunomodulatory and anticancer activities [17,18]. Modern phar-
macological studies have revealed that the FGs in hawthorn (Crataegus 
pinnatifida) play an important role in the cardioprotective activity [19]. 

For example, vitexin (VIT) showed protective effects on ische-
mia–reperfusion injury to rat via regulating mitochondrial dysfunction 
induced by mitochondrial dynamics imbalance [20]. Hyperoside (HYP) 
acted as a protector that can effectively improve cardiac function and 
alleviate heart failure by changing apoptosis-related protein levels and 
inducing autophagy [21]. Rutin (RUT) significantly inhibited myocar-
dial oxidative insult by adjusting the levels of intracellular reactive ox-
ygen species and activating JunD signaling pathways [22]. Icariin (ICA) 
attenuated type 2 diabetes mellitus-induced diabetic cardiomyopathy by 
regulating extracellular matrix proteins in the heart tissue [23]. 
Although there were several methods of good sensitivity and accuracy 
have been reported for the determination of FGs, low concentrations and 
matrix interferences in real samples usually make them difficult to be 
directly quantitated [24]. Therefore, an efficient MSPE procedure for 
FGs before instrumental analysis is of significant importance. However, 
the reported MSPE methods are mainly focusing on high-content 
flavonoid aglycones, low-content FGs were rarely studied [25]. 

In this work, a core–shell Fe3O4@COF@NH2 composite was designed 
and synthesized via introducing COF and 4, 6-diamino-2-mercaptopyri-
midine hydrate (DAMP) units by Schiff-base and thiol-ene click re-
actions, respectively. The material was characterized and the 
parameters of extraction and desorption were systematically investi-
gated. Furthermore, the adsorption behavior and mechanism were 
elucidated by static adsorption study. Finally, the prepared 

Fig. 1. Schematic representation of the synthesis process of Fe3O4@COF@NH2.  
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Fe3O4@COF@NH2 composite was employed as a magnetic adsorbent to 
the recognition and selective extraction of four flavonoid glycosides in 
the fruit of C. pinnatifida extract and rat plasma. 

2. Materials and methods 

2.1. Chemicals and regents 

Ferric chloride hexahydrate (FeCl3⋅6H2O), acetic acid, sodium cit-
rate dehydrate (Na3Cit⋅2H2O) and sodium acetate were purchased from 
Chengdu Kelong Chemical Co., Ltd. (Sichuan, China). HYP, ICA and RUT 
were purchased from Chengdu Purechem-Standard Co., Ltd. (Sichuan, 
China). VIT was purchased from Chengdu DeSiTe Biological Technology 
Co., Ltd. (Sichuan, China). 2, 5-divinylterephthalaldehyde (DVP) was 
purchased from Jilin Chinese Academy of Sciences-Yanshen Technology 
Co., Ltd. (Jilin, China). DAMP and 1, 3, 5-Tris (4-aminophenyl) benzene 
(TAB) were purchased from Shanghai DiBai Biological Technology Co., 
Ltd. (Shanghai, China). Water used for all the experiments was purified 
by a water purification system (ATSelem 1820A, Antesheng Environ-
mental Protection Equipment Co., Ltd., Chongqing, China). The meth-
anol (MeOH) and acetonitrile (ACN) for the high performance liquid 
chromatography (HPLC) analysis were of HPLC-grade and purchased 
from Adamas-beta (Shanghai, China). 

2.2. Instrumentation 

Scanning electron microscopy (SEM) images were obtained using a 
field-emission scanning electron microscope (FESEM) (Quanta 650, FEI, 
Hillsboro, OR) at 20 kV. Transmission electron microscopy (TEM) im-
ages and element distribution analysis were recorded using a JEM 2100 
(JEOL Ltd. Tokyo, Japan) electron microscope working at 200 kV 
equipped with energy dispersive X-ray spectrometer (EDX). Fourier 
transform infrared spectra (FT-IR) were taken on a Bruker Tensor 27 
spectrometer at 4000–400 cm− 1 in KBr media. X-ray diffraction (XRD) 
patterns were obtained using X’pert Powder diffractometer (Malvern 
Panalytical Ltd., Netherlands) with secondary beam graphite mono-
chromated Cu Kα radiation. Nitrogen sorption studies were carried out 
using a Quadrasorb 2MP (Kantar, US) specific surface and aperture 
analyzer. Before the adsorption measurements, the samples were acti-
vated under vacuum at 120 ◦C for 24 h. The magnetic properties were 
measured using a vibrating sample magnetometer (VSM) model AGFM/ 
VSM 3886 (Kashan, Iran) at room temperature (about 25 ◦C) in a 
magnetic field strength of 2 T. 

2.3. Preparation of Fe3O4@COF@NH2 

The preparation procedures of Fe3O4@COF@NH2 were illustrated in 
Fig. 1. In the first step, Fe3O4 MNPs were prepared by a solvothermal 
reaction method. In brief, 2.7 g FeCl3⋅6H2O were dispersed in 80 mL 
glycol under ultrasonication. Then, 6.2 g sodium acetate and 0.81 g 
sodium citrate were added to the suspension and stirred for 30 min at 
150 ◦C. After that, the solvothermal reaction was carried out at 200 ◦C in 
a Teflon-lined stainless-steel autoclave (100 mL capacity) for 8 h. The 
product was washed three times with deionized water and ethanol, 
respectively, and dried at 50 ◦C under vacuum for 8 h. In the second step, 
Fe3O4@COF was prepared by the Schiff-base reaction adapted from a 
previous report [26] with minor modifications. In brief, 86 mg DVP, 106 
mg TAB and 200 mg Fe3O4 were dispersed in binary solvent 1,4- 
dioxane/butanol (1:1, v:v, 40 mL). After being ultrasonicated for 20 
min, 0.5 mL acetic acid as catalyst was added and stirred for 2 h at room 
temperature (25 ◦C). Afterwards, acetic acid/deionized water (2:1, v:v, 
4.5 mL) was added and the mixture was refluxed at 70 ◦C under nitrogen 
gas atmosphere for 48 h. Finally, the brown product were collected and 
washed three times with acetone and tetrahydrofuran, respectively, and 
dried at 50 ◦C under vacuum for 8 h. In the third step, Fe3O4@COF@NH2 
was prepared via the thiol-ene click reaction. The 10 mg 2, 2-azobisiso-
butyronitrile, 60 mg DAMP and 100 mg Fe3O4@COF were dispersed in 
20 mL dimethylsulfoxide and ultrasonicated for 5 min. Then, the 
mixture was refluxed at 80 ◦C under nitrogen gas atmosphere for 12 h. 
Finally, the acquired red-brown Fe3O4@COF@NH2 microspheres were 
separated by magnet and washed three times with dimethylsulfoxide 
and MeOH, respectively, and were dried under vacuum at 50 ◦C for 
further use. 

2.4. Preparation of sample solutions 

2.4.1. Preparation of reference standard solutions 
The stock solutions of four FGs were prepared at a concentration of 2 

mg/mL by dissolving their reference standards in MeOH and stored at 
4 ◦C. All the reference standard solutions were freshly prepared and used 
(diluted to the desired concentrations) within three days. To investigate 
the tolerance of the developed method in the analysis of hawthorn 
extract and rat plasma samples, spiked recovery study was conducted by 
triplicate analysis of three spiked concentration levels (1.0, 5.0 and 15.0 
µg/mL) of the reference standards. 

2.4.2. Preparation of hawthorn extract 
Hawthorn (C. pinnatifda) was purchased from Kangmei 
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Fig. 2. SEM images of Fe3O4 (a), Fe3O4@COF (b), Fe3O4@COF@NH2 (c), and TEM images of Fe3O4@COF (d) and Fe3O4@COF@NH2 of different sizes (e, f).  
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Pharmaceutical Co., Ltd. (Guangdong, China). The dried raw hawthorn 
was pulverized and griddled through 50 mesh sieves. Powders of 10.0 g 
hawthorn were refluxed with 100 mL of MeOH-water (70:30, v/v) at 
80 ◦C for 2 h. Then, the extract was rotationally evaporated at 50 ◦C. 
After that, the hawthorn extract was re-dissolved in MeOH-water 
(40:60, v/v) with the concentration of 50 mg/mL. Finally, the solution 
was filtered through a 0.45 μm membrane (Shanghai Titan Scientific, 
Shanghai, China) and stored at 4 ◦C for further extraction and analysis. 

2.4.3. Preparation of rat plasma 
Female Sprague-Dawley (SD) rats (200–220 g) were provided by the 

Animal Centre of Chongqing Medical University (Chongqing, China). 
The animal experiments were approved by the Institutional Animal 
Ethical Committee of Chongqing University (Chongqing, China). 
Treatments were followed the “Guideline for the Care and Use of Lab-
oratory Animals” published by the US National Institutes of Health (NIH 

Publication No. 85-23, 1996). Before the experiments, all the rats were 
fasted for 12 h and provided with water. Blood was collected into plastic 
tubes and anti-coagulated with 1% heparin sodium (heparin sodium: 
blood, 1:9, v/v). Then the obtained plasma was treated by centrifugation 
at 2259×g for 10 min and stored at − 20 ◦C for further extraction and 
analysis. 

2.5. Magnetic solid phase extraction 

The flow diagram of MSPE procedure was shown in Fig. S1. In brief, 
1 mL of sample solution, containing RUT, VIT, HYP and ICA at the 
concentration of 25 μg/mL, was prepared in a 2-mL centrifuge tube. The 
pH value of the sample solution was adjusted to 7.0 with phosphate 
buffer solution (0.5 mM). Then, 0.9 mg of prepared Fe3O4@COF@NH2 
microspheres were dispersed in the sample solution with ultrasonication 
and the mixture was shaken on a temperature-controlled air bath shaker 

FeSO

NC

250 nm

Fig. 3. Dark-field TEM image and the corresponding EDX elemental mapping of the prepared Fe3O4@COF@NH2.  
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(SHZ-82, Jintan Zhengrong Experimental Instrument Factory, Jiangsu, 
China) at 150 rpm for 20 min under 30 ◦C to acquire adsorption equi-
librium. Subsequently, the MNPs were easily separated by an external 
magnet and the supernatant was discarded. Followed, 1.0 mL of MeOH- 
acetic acid (70:30, v/v) was added and stirred at 150 rpm for 20 min 
under room temperature. Finally, the resulting desorption solution was 
filtered by a 0.22 µm filter (Shanghai Titan Scientific, Shanghai, China) 
before HPLC analysis. The detail chromatographic conditions and cor-
responding method validation were described in Supplementary 
Material. 

3. Results and discussion 

3.1. Characterizations of the prepared materials 

The surface morphology of the prepared materials was investigated 
by SEM and TEM. The average diameter of pure Fe3O4, which was 
uniformed in shape and size (Fig. 2a), was mainly distributed in the 
range of 100–200 nm. A visible increasing diameter can be observed 
after modifying by COF (Fig. 2b) and DAMP (Fig. 2c). The results also 
indicated that a smooth and uniform layer had been successfully coated 
on the Fe3O4 MNPs surface (Fig. 2b, Fig. 2c). Furthermore, the TEM 
images of functionalized MNPs showed the core–shell structure and 
apparently chromatic aberration between the magnetic core and well- 

defined coating (Fig. 2d, Fig. 2e), and the thickness of Fe3O4@-
COF@NH2 layer was approximately 55 nm (Fig. 2f). The spatial 
elemental distributions of C, N, O, S and Fe of Fe3O4@COF@NH2 were 
investigated by EDX. The EDX elemental mapping result (Fig. 3) indi-
cated that all element signals were localized homogeneously. In addi-
tion, a characteristic element of sulfur after modifying by DAMP was 
confirmed. All these results revealed the successful immobilization of 
COF and DAMP on the MNPs composite. 

The functional groups on the surface of the prepared materials were 
characterized using FT-IR spectroscopy, and the results were shown in 
Fig. 4a. For Fe3O4, the strong adsorption peak at 594 cm− 1 was assigned 
to the characteristic peak of Fe-O bond stretching vibration [27], as well 
as the absorption peaks observed at 3423 cm− 1, 1629 cm− 1 and 1066 
cm− 1 were corresponded to the stretching vibration of the O–H bond, 
C=O bond and C-O bond, respectively. For Fe3O4@COF, new charac-
teristic absorption peaks were observed at 1450–1600 cm− 1, 1516 cm− 1 

and 1610 cm− 1, which were attributed to the benzene skeleton, aro-
matic C=C and C=N vibrations of the COF, respectively, proving that 
Fe3O4 was successfully coated with COF [26]. For Fe3O4@COF@NH2, 
the absorption peaks of N–H was covered by the O–H bond, therefore, 
there was no new absorption peak observed. 

The X-ray diffraction patterns for MNPs were shown in Fig. 4b. The 
positions of all the diffraction peaks at 30.3◦, 35.5◦, 43.3◦, 53.7◦, 57.2◦

and 63.0◦ were originally derived from Fe3O4 MNPs (220), (311), 

(a) (b)

(d)(c)

Fig. 4. FT-IR spectra (a), XRD spectra (b), magnetic hysteresis curves of Fe3O4, Fe3O4@COF and Fe3O4@COF@NH2 (c), and N2 adsorption–desorption isotherms (d) 
of Fe3O4 and Fe3O4@COF@NH2. 
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Fig. 5. Effects of the amount of adsorbent (a), adsorption time (b), pH value (c), adsorption temperature (d) and ion strength (e) on the adsorption percentage of four 
FGs, and elution time (f) on the recovery of four FGs. RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 
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(400), (422), (511) and (440) crystal plane diffraction [28], respec-
tively, indicating that the modification process of COF and DAMP did 
not destroy the crystal structure of Fe3O4. It was hard to observe the 
diffraction peaks of COF shell might be attributed to the lower 
crystallinity. 

The magnetization curves of prepared materials were shown in 
Fig. 4c. All the prepared microspheres exhibited super paramagnetic 
characters without hysteresis, coercivity or remanence in the magneti-
zation process. The saturated magnetization values of Fe3O4, Fe3O4@-
COF and Fe3O4@COF@NH2 were 59, 34 and 26 emu/g, respectively. In 
the inset of Fig. 4c, the synthetic Fe3O4@COF@NH2 not only showed 
excellent dispersion in incubation solvent, but also could be thoroughly 
collected from their uniform dispersion solution within 3 s. 

The porous structure of Fe3O4@COF@NH2 was confirmed by N2 
adsorption–desorption isotherms. As shown in Fig. S2 and Fig. 4d, the 
pore size distribution curve of Fe3O4@COF@NH2 showed the average 
pore diameter was 3.76 nm, indicating that flavonoid glycosides could 
be adsorbed on both the pore channel and surface of adsorbent. 

Fe3O4@COF@NH2 displayed a type IV isotherm, suggesting the main 
mesoporous structure that distinguished from the type II isotherm of 
Fe3O4. In addition, Fe3O4@COF@NH2 showed a higher BET specific 
surface area (251.8 m2/g) and pore volume (0.1182 cm3/g) than that of 
Fe3O4 (specific surface area of 0.182 m2/g and pore volume of 0.055 
cm3/g). Therefore, the introduction of COF@NH2 endowed Fe3O4 with 
high specific surface area, making Fe3O4@COF@NH2 more suitable as 
an MSPE sorbent. 

3.2. Optimization of extraction conditions 

3.2.1. Amount of adsorbent 
The amount of adsorbent played an important role in the extraction 

process. To obtain a satisfactory extraction performance, the amount of 
adsorbent was studied in the range of 0.1–1.1 mg/mL. As shown in 
Fig. 5a, the adsorption percentage of four FGs increased rapidly when 
the adsorbent amount of Fe3O4@COF@NH2 from 0.1 to 0.9 mg/mL, and 
the rate of adsorption percentage tended to be equilibrium afterwards. 
When the amount of adsorbent increased to 1.1 mg/mL, the adsorption 
percentage of VIT decreased slightly owing to the increased aggregation 
of the adsorbent, resulting in the decrease of accessible surface of the 
adsorbent for sorbent-analyte interaction. Therefore, the amount of 
adsorbent was 0.9 mg/mL in subsequent studies. 

3.2.2. Adsorption time 
Rational adsorption time is essential to attain adsorption equilibrium 

between analytes and adsorbent. Therefore, the effect of adsorption time 
on the adsorption percentage of four FGs was investigated by employing 
different adsorption time from 5 to 25 min. As shown in Fig. 5b, when 
the extraction time extended to 20 min, the adsorption percentage 
reached a plateau value. The rapid adsorption process could be attrib-
uted to the high specific surface area and multiple strong interactions 
between the analytes and adsorbent. Therefore, 20 min was sufficient for 
achieving satisfactory adsorption of FGs and could meet the re-
quirements of rapid analysis. 

3.2.3. Extraction pH 
The pH value, which determines the existing forms and stability of 

analytes, as well as the charge property of the sorbents surface, is one of 
the most significant factors during extraction process. Considering that 
the pure Fe3O4 nanoparticles will be degraded when the pH value was 
lower than 2.0 [29]. Therefore, the effect of sample pH on the adsorption 
percentage of four FGs was tested within the range of 3.0–11.0. As 
shown in Fig. 5d, the highest adsorption percentage of FGs was obtained 
at pH 7.0, which may be attributed to the strong multiple interactions, 
including electrostatic force, π-π and hydrophobic interactions, between 
the sorbent and analytes. In addition, as the pKa values of the four FGs 
were close to 6.0–7.0 (Table S1), most of the FGs were in neutral form at 
pH 7.0. When the pH value was above 7.0, the FGs deprotonated and the 
positively-charged amino moieties of adsorbent reduced gradually, 
resulting in the significant decline of extraction efficiency due to the 
decrease of electrostatic interaction. Hence, pH 7.0 was more appro-
priate for the effective enrichment of FGs. 

3.2.4. Temperature and ion strength 
Temperature and ion strength are crucial factors for controlling the 

mass transfer of FGs from the sample solution to the adsorbent. In this 
study, the influence of temperature and ion strength on the adsorption 
percentage of FGs were investigated at the temperature range from 25 to 
45 ◦C and ion strength (NaCl) range from 0 to 20 mM, respectively. The 
increase of extraction temperature could accelerate the mass transfer of 
analytes and reach a faster equilibrium, but the higher temperature 
could also result in a decline of partition coefficient. As illustrated in 
Fig. 5c, temperature showed little impact on the adsorption of FGs. Thus, 
for both reducing the impact of ambient temperature and saving of 
energy, 30 ◦C was selected as the optimal adsorption temperature. The 

Fig. 6. Effects of different elution solutions on the recovery of four FGs. RUT, 
rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 

Fig. 7. The static adsorption isotherms of Fe3O4@COF@NH2 for the four FGs. 
RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 
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effect of ionic strength on FGs adsorption was presented in Fig. 5e. The 
adsorption percentage of FGs declined obviously with the increase of 
NaCl concentration, as the existence of salt ions could destroy the 
hydrogen bond between the FGs and adsorbent [27]. Therefore, NaCl 
was not added in the subsequent experiments. 

3.2.5. Elution solvent and time 
The elution solvent should have a strong desorption ability and 

showed a good compatibility with the subsequent HPLC analysis. Ac-
cording to the adsorption mechanism of the adsorbent, organic solvents 
are beneficial to destroy the π-π and hydrophobic interactions between 
the adsorbent and analytes. Therefore, MeOH and ACN were firstly 
taken into consideration as the elution solvent. As shown in Fig. 6, 
MeOH showed a better elution performance than ACN because MeOH 
could compete for the hydrogen bond binding sites with FGs, thereby, 
destroy the formed hydrogen bonding. However, the pure MeOH as 
elution solvent had poor recovery (about 50%). In order to improve the 
elution performance, different proportions of acetic acid were added. 
When the ratio of MeOH to acetic acid was 7:3, satisfactory recoveries 
were achieved (about 96%), which could be ascribed to the destruction 
of multiple interactions by 1) changing the solubility of FGs, 2) 
competing binding sites and 3) changing the state of charge of the FGs 
and adsorbent. Subsequently, the influence of elution time on the re-
covery was studied from 5 to 25 min. As shown in Fig. 5f, the desorption 
efficiency increased with the increase of elution time, the four FGs were 
almost completely eluted when the elution time reached 20 min. In 
addition, the further increase of elution time could not significantly 

improve the desorption efficiency. Therefore, the 1.0 mL of MeOH-acetic 
acid (7:3, v/v) solution for 20 min was adopted as elution conditions. 

Finally, based on the results of optimization tests, the adsorption and 
desorption conditions were determined as follows: 0.9 mg/mL 
Fe3O4@COF@NH2 magnetic nanoparticles as sorbent, 1 mL sample so-
lution of pH 7.0 without the addition of NaCl, extraction time of 20 min 
at 30 ◦C; desorption time of 20 min using 1 mL MeOH-acetic acid (7:3, v/ 
v) as elution solvent. 

3.3. Evaluation of adsorption capacity of Fe3O4@COF@NH2 magnetic 
sorbent 

The adsorption capacity study was performed by adding 0.9 mg 
adsorbent into 1 mL solution containing four FGs with the concentra-
tions range from 25 to 200 μg/mL, the adsorption and desorption pro-
cess were conducted according to Section 2.5. The equilibrium 
concentrations of FGs [Qe (mg/g)] were calculated based on the 
following equation: 

Qe =
(C0 − Ce) × V

m
(1)  

where C0 and Ce (mg/mL) represented the initial and equilibrium con-
centrations of each FG, V (L) and m (mg) represented the volume of 
solution and the weight of adsorbent, respectively. 

The static adsorption behaviors of the adsorbent toward FGs were 
displayed in Fig. 7. The results showed that the equilibrium adsorption 
amount increased with the increase of initial concentration, the highest 

Table 1 
Adsorption isotherm parameters of four FGs on Fe3O4@COF@NH2.  

Compounds Langmuir Freundlich 
Regressive equation Qm 

(mg/g) 
Kl(mL/mg)  R2 Regressive equation 

Kf (mg
1−

1
nL

1
ng− 1)  

1
n 

a  R2 

RUT y = 0.160x + 0.037  27.012  0.231  0.945 y = 0.277x + 2.090  8.083  0.277  0.998  

VIT y = 0.101x + 0.034  29.789  0.332  0.944 y = 0.273x + 2.254  9.527  0.273  0.998  

HYP y = 0.029x + 0.027  37.509  0.934  0.958 y = 0.252x + 2.702  14.911  0.252  0.997  

ICA y = 0.032x + 0.023  43.516  0.718  0.975 y = 0.279x + 2.777  16.071  0.279  0.991 

RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 
a 0.1 <

1
n 
≤ 0.5 represented that the adsorption is very easy to perform; 0.5 <

1
n 
≤ 1 represented that the adsorption is easy to perform; 1 >

1
n
represented that the 

adsorption is difficult to perform. 

Fig. 8. Chromatograms of reference standard solution (25 μg/mL) before extraction (a), supernatant after extraction with Fe3O4 (b), Fe3O4@COF (c) and 
Fe3O4@COF@NH2 (d). RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 
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adsorption capacity of adsorbent to RUT, VIT, HYP and ICA were ob-
tained as 31.6, 36.7, 47.0 and 54.1 mg/g, respectively, under 200 μg/mL 
loading concentration. The high adsorption capacity could be ascribed 
to the high specific surface area, abundant binding sites and strong 
multiple adsorption forces of the sorbent. Furthermore, the Langmuir 
and Freundlich models were selected to evaluate the binding properties 

and expressed as following equations: 

Langmuir :
Ce

Qe
=

1
QmKl

+
Ce

Qm
(2)  

Freundlich : LnQe = Ln
Ce

n
+LnKf (3)  

where Qm (mg/g) represented the maximum adsorption capacity, Kl 
(mL/mg) represented the Langmuir adsorption coefficient. Kf 

(mg1− 1
nL1

ng− 1) and n represented the Freundlich constants and adsorption 
affinity of the sorbent toward adsorbent, respectively. 

The parameters obtained from the two models were summarized in 
Table 1, the results (Fig. S3 and Fig. S4) indicated that Freundlich 
equation with higher R2 value was better fitting the isotherm adsorption 
than Langmuir equation. Freundlich model was suitable for multilayer 
adsorption of a heterogeneous system [30], which indicated that the 
binding sites were distributed on the heterogeneous surface of the pre-
pared MNPs and multiple interactions presented in the adsorption pro-
cess. In general, the results showed that the adsorbent possessed very 
good adsorption capacity. 

3.4. Evaluation of adsorption performance of the materials before and 
after modification 

In order to prove the necessity of COF and DAMP modifications, 
extraction performance of the prepared Fe3O4@COF@NH2 was 

(a)

(b)

Fig. 9. Evaluation of reusability (a) and storage stability (b) of 
Fe3O4@COF@NH2. 

Table 2 
Recoveries of the four FGs with Fe3O4@COF@NH2 sorbent after extracting spiked rat plasma and hawthorn extract (n = 3).  

Samples Spiked (μg/mL) RUT VIT HYP ICA 

RSD 
(%) 

Recovery 
(%) 

RSD 
(%) 

Recovery 
(%) 

RSD 
(%) 

Recovery 
(%) 

RSD 
(%) 

Recovery 
(%) 

Rat plasma  1.0  2.3  100.9  3.5  101.6  3.1  95.3  2.5  98.3   
5.0  4.4  102.3  5.2  99.4  1.8  98.1  1.5  98.9   

15.0  4.3  96.8  4.9  95.4  1.1  99.2  0.2  100.9  

Hawthorn extract  1.0  5.1  89.2  4.4  92.2  4.6  102.1  6.3  91.7   
5.0  2.1  106.5  0.9  98.0  1.2  99.4  2.0  101.5   

15.0  2.6  96.2  2.7  98.0  1.8  95.0  3.0  98.6 

RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 

Fig. 10. Chromatograms of FGs reference standards solution (a), prepared 
blank rat plasma sample solution (b), rat plasma sample spiked with FGs at the 
concentration of 5 μg/mL (c), and eluent of spiked rat plasma after extracting 
by Fe3O4@COF@NH2 (d). RUT, rutin; VIT, vitexin; HYP, hyperoside; 
ICA, icariin. 
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compared with those of Fe3O4@COF and bare Fe3O4 nanoparticles. As 
illustrated in Fig. 8, the peak areas of FGs in the supernatant from high to 
low was after treatment by Fe3O4, Fe3O4@COF and Fe3O4@COF@NH2, 
indicating the highest adsorption was obtained by Fe3O4@COF@NH2. 
As shown in Fig. S5, FGs possess the main functional groups such as 
phenyl, carbonyl and hydroxyl groups. After being modified by COF, 
abundant phenyl groups could facilitate the π–π and hydrophobic in-
teractions of MNPs with FGs. Furthermore, the clicking with DAMP can 
improve the hydrophilicity and enhance the dispersibility of the mate-
rial. In addition, hydrogen bonding was expected to be formed between 
the amino functional groups of DAMP and carbonyl or hydroxyl groups 
of FGs. Therefore, it is reasonable to believe that the COF and DAMP 
modifications are indispensable for the adsorption of four FGs. 

3.5. Reusability and storage stability of Fe3O4@COF@NH2 

Through repeated adsorption and desorption tests, the reusability of 
Fe3O4@COF@NH2 was investigated. As depicted in Fig. 9a, the 
adsorption percentage of adsorbent toward FGs varied slightly during 
the first three cycles. In the fifth and seven applications, the adsorption 
percentage of FGs declined about 12% and 23%, respectively, which 
indicated that some adsorption sites were occupied or lost after multiple 
repeated adsorption and elution. These results indicated that the 
adsorption feature of the synthesized material was found to be appar-
ently stable after at least three cycles. Furthermore, as shown in Fig. 9b, 
the adsorption percentage for FGs showed no significant change after 
the Fe3O4@COF@NH2 being stored for 28 days. The good storage 

stability of this material was possibly attributed to the COF shell and 
covalent bonding formed by thiol-ene click reaction to achieve stable 
modification. 

3.6. Applications in the extraction of FGs in hawthorn extract and rat 
plasma 

In order to explore the practical applicability of the proposed 
method, recovery studies were performed on real samples including rat 
plasma and hawthorn extract. Three different concentration levels (1, 5 
and 15 μg/mL) were tested. Each sample was determined in three par-
allel replicates and the results were displayed at Table 2. Good re-
coveries (89.2–106.5%) for each of the spiked plasma and hawthorn 
extract samples were achieved with RSDs < 6.3%, which further 
confirmed the accuracy and applicability of the developed method. 
Moreover, the chromatograms of the mixed reference standards solu-
tion, prepared rat plasma or hawthorn extract solution, spiked sample 
solution and the elution solution from adsorbent were shown in Fig. 10 
and Fig. 11, respectively. These results indicated that the Fe3O4@-
COF@NH2 MNPs was promising adsorbent to selective recognition and 
extraction of FGs from different complex samples. 

3.7. Comparison with previously reported methods 

The comparison of the developed method with the previously re-
ported MSPE or magnetic molecular imprinting (MMIP)-based methods 
for the determination of flavonoid aglycones or flavonoid glycosides in 
complex matrix samples were shown in Table 3 [31–37]. The proposed 
method in this study has many advantages such as low adsorbent con-
sumption, rapid adsorption and desorption, high adsorption capacity 
and reliable recovery in different matrix samples, which were compa-
rable or superior to those reported methods. In addition, the developed 
method also provided simplicity, low organic solvent consumption and 
high sensitivity for the HPLC analysis. Hence, the established method 
was expected to be a low-cost competitive approach for the analysis of 
FGs in complex matrix samples. 

4. Conclusion 

In summary, a kind of core–shell structure Fe3O4@COF@NH2 MNPs 
has high specific surface area and pore volume, and abundant active 
sites was successfully fabricated for the pre-concentration and separa-
tion of four FGs in complex matrices. As the functionalization with hy-
drophobic skeleton structures of COF and amino-containing DAMP, the 
Fe3O4@COF@NH2 MNPs presented an outstanding adsorption capacity 
and good adsorption performance through hydrogen bonding, π–π and 
hydrophobic interactions. For the hawthorn extract and rat plasma 
samples analysis, a MSPE with HPLC analysis method providing a wide 
linear range, good reproducibility, satisfactory recovery and low limit of 
detection and limit of quantitation was proposed and validated. All these 
results indicated that the amino functionalized magnetic COF micro-
sphere is a promising and realistic solution for the selective recognition 

Fig. 11. Chromatograms of FGs reference standard solution (a), prepared blank 
hawthorn extract sample solution (b), hawthorn extract sample spiked with FGs 
at the concentration of 15 μg/mL (c), and eluent of spiked hawthorn extract 
after extracting by Fe3O4@COF@NH2 (d). RUT, rutin; VIT, vitexin; HYP, 
hyperoside; ICA, icariin. 

Table 3 
Comparison of the proposed method with the previous reported methods for the determination of flavonoid and related compounds.  

Methods Analytes Sorbent 
(mg) 

Time 
(min) 

Capacity 
(mg/g) 

Recovery 
(%) 

RSD 
(%) 

Applications [Ref] 

MSPE Quercetin, luteolin and kaempferol 4 100 – 90.1–97.6 3.3–5.0 Urine [31] 
MMIP Hesperetin 40 240 2.10–3.90 90.5–96.9 4.0–8.9 Citrus reticulata extract [32] 
MMIP Silybin 40 420 7.19 – – Milk thistle seeds extract [33] 
MMIP Quercetin, isorhamnetin and kaempferol 50 20 3.0–5.5 93.6–96.8 0.8–1.2 Ginkgo biloba leaves extract [34] 
MMIP Kaempferol and protoapigenone 50 60 0.56, 2.11 92.3–102.7 5.2–8.5 Macrothelypteris torresiana extract [35] 
MSPE Quercetin 60 40 – 92.8–105.2 3.1–7.1 Tea extract [36] 
MMIP Farrerol, taxifolin, kaempferol and hyperin 10 60 10.04–20.66 64.0–105.5 1.1–3.7 Fruit juice and green tea [37] 
MSPE RUT, VIT, HYP, ICA 0.9 40 31.7–54.1 89.2–106.5 0.2–6.3 C. pinnatifida extract and rat plasma Present work 

MSPE, magnetic solid-phase extraction; MMIP, magnetic molecular imprinting; RUT, rutin; VIT, vitexin; HYP, hyperoside; ICA, icariin. 
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and determination of FGs in complex matrix. 
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