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Abstract
Fluoroquinolone (FQ) residues in foods of animal origin may threaten public health but are challenging to determine because of
their low contents and complex matrices. In this study, novel polyethyleneimine-functionalized Fe3O4/attapulgite magnetic
particles were prepared by a simple co-mixing method and applied as hydrophilic sorbents for the magnetic dispersive solid-
phase extraction (MSPE) of three FQs, i.e., ciprofloxacin, norfloxacin, and enrofloxacin, from chicken muscle samples. The
preparation of the magnetic particles was of high reproducibility and the products could be reused many times with high
adsorption capacity. The key experimental factors possibly influencing the extraction efficiencies, including sample solution,
extraction time, sample loading volume, desorption solution, desorption time, and elution volume were investigated. Under
optimum MSPE conditions, the analytes in chicken muscle samples were extracted and then determined by RPLC-MS/MS in
MRMmode. Good linearity was obtained for the analytes with correlation coefficients ranged from 0.9975 to 0.9995. The limits
of detection were in the range of 0.02–0.08μg kg−1, and the recoveries of the spiked FQs in chicken muscle samples ranged from
83.9 to 98.7% with relative standard deviations of 1.3–6.8% (n = 3). Compared with the traditional MSPE methods based on
hydrophobic mechanism, this hydrophilic interaction-based method significantly simplifies the sample pretreatment procedure
and improves repeatability. This method is promising for accurate monitoring of FQs in foods of animal origin.
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Introduction

Fluoroquinolones (FQs) are polar and zwitterionic molecules
[1], including ciprofloxacin (CIP, pKa1 6.1, pKa2 8.7, octanol/
water partition coefficient log P − 1.70) [2, 3], norfloxacin

(NOR, pKa1 6.2, pKa2 8.7, log P − 2.00) [3, 4], and
enrofloxacin (ENR, pKa1 6.03, pKa2 8.3, log P 1.88) [5, 6]
(see Supplementary Information (ESM) Fig. S1), etc. FQs are
widely used as feed additives in factory farms to prevent the
spread of infectious diseases in crowded living conditions.
Besides, the use of low and sub-therapeutic doses of FQs as
growth promoters enhances livestock production [1].
However, the overuse of FQs in animal husbandry threatens
public health because of the excess accumulation of FQ resi-
dues in food products. As antimicrobial resistance is becom-
ing a global threat [7], it is necessary to keep the FQ residues
in food products under frequent monitoring [8].

Nevertheless, it is challenging to determine FQ residues in
foods of animal origin because of their low contents and com-
plex matrices. Many sample preparation methods have been
developed to extract and purify FQs from food samples, e.g.,
immunoaffinity extraction/microextraction [9, 10], matrix
solid-phase dispersion (MSPD) [11–13], solid-phase
microextraction (SPME) [14, 15], stir bar sorptive extraction
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[16], dispersive liquid–liquid microextraction [17, 18],
QuEChERS (quick, easy, cheap, effective, rugged, and safe)
approach [19], and solid-phase extraction (SPE) [20, 21].
Among them, the traditional SPE and the SPE-related
methods such as MSPD are widely used. However, they are
time-consuming and laborious, because the sorbents (and the
samples of MSPD) packed in cartridges may result in column
blocking, high backpressure, and limitation of the diffusion
and the mass transfer rates. Besides, the packed column is
usually utilized only once, especially for MSPD. To overcome
the disadvantages, one solution is the magnetic dispersive
solid-phase extraction (MSPE)methodwith magnetically sep-
arable sorbents. In typical MSPE, magnetic sorbents are dis-
persed in the sample solution and separated by an external
magnet. The contact area between the sorbents and the
analytes is increased, leading to improved mass transfer and
extraction efficiency. Without column packing, the extraction
procedure is simplified and the magnetic sorbents can be eas-
ily reused. These advantages make MSPE a promising tech-
nique for sample preparation [22–29].

In recent years, many efforts have been made to develop
magnetic sorbents applied in flame retardancy [30],
photocatalysis [31, 32], oil/water separation [33], etc.
Various types of magnetic sorbents have also been explored
for food analysis, e.g., magnetic graphene [22], Zr–Fe–Cmag-
netic nanoparticles [23], one-dimensional polyaniline/
magnetic nanoparticles [24], magnetic nanoparticles modified
with polydimethylsiloxane and multiwalled carbon nanotubes
(magnet ic PDMS/MWCNTs-OH par t ic les ) [25] ,
Fe3O4@MCM-48 nanocomposite [26], Fe3O4@SiO2 micro-
s p h e r e s w i t h p h e n y l a n d t e t r a z o l y l g r o u p s
(Fe3O4@SiO2@TZ@Ph magnetic microspheres) [27], mag-
netic molecularly imprinted polymers [28], and surface-
imprinted magnetic carboxylated cellulose nanocrystals
(Fe3O4@CCNs@MIPs) [29]. The adsorption of these sor-
bents was mainly based on hydrophobic interaction. The ex-
tracts had to be dried and re-dissolved in a more polar solvent
(e.g., water) before separated by reversed-phase liquid chro-
matography (RPLC) [22, 24–29]. As a result, the error of
determination, as well as the time for sample pretreatment,
might increase. In contrast to the hydrophobic sorbents, hy-
drophilic sorbents are eluted by aqueous solutions or low-
concentrated organic solvents compatible with the following
RPLC. Additionally, since the real samples are commonly
treated by high-concentrated organic solvents (e.g., ACN) be-
fore SPE, the resultant organic phase can be loaded directly to
hydrophilic sorbents, further simplifying the pretreatment pro-
cedure. However, there has been no report upon the MSPE
method based on hydrophilicity to the best of our knowledge.

Attapulgite (ATP) is a low-cost natural nanostructural fi-
brillar material with large surface area, porous structure, ad-
justable surface chemistry, and cation exchange capacity. In
our previous work, it was introduced to monoliths to improve

the adsorption capacity and separation efficiency of hydro-
philic analytes [34, 35]. In this study, ATP and a cationic
polymer, polyethyleneimine (PEI), were used to prepare hy-
drophilic PEI-functionalized Fe3O4/ATP magnetic particles.
The developed hydrophilic magnetic particles were applied
as MSPE sorbent for the determination of three FQs in chick-
en muscle samples. The particles were characterized by scan-
ning electron microscopy/energy dispersive analysis of X-ray
(SEM/EDAX), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), vibrating
sample magnetometer (VSM), and X-ray diffraction (XRD).
The main factors affecting the extraction efficiency, i.e., sam-
ple solution, extraction time, sample loading volume, desorp-
tion solution, desorption time, and elution volume, were sys-
tematically investigated as well.

Material and methods

Reagents and materials

PEI (hyperbranched, M.W. 1800, 99.0%), iron (III) chloride
hexahydrate (FeCl3·6H2O, ≥ 99.0%), iron (II) sulfate
heptahydrate (FeSO4·7H2O, ≥ 99.0%), formic acid (LC-MS
grade, 99.0%), and KBr (FTIR grade, > 99.5%) were pur-
chased from Aladdin (Shanghai, China). HPLC-grade ACN
was obtained from Tedia (Fairfield, OH, USA). NH3·H2O
(25%), hydrochloric acid (37%), NaCl (99.5%), anhydrous
sodium sulfate (99.0%), and sodium hydroxide (96%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Natural ATP was provided by Jiangsu
Xuyi Anhalt Nonmetallic Mining Ltd. (Jiangsu, China). All
the FQ standards of CIP, ENR, and NOR were obtained from
Aladdin (Shanghai, China). Ultra-pure water was produced by
a Milli-Q system (Millipore, Molsheim, France). ProMax sy-
ringe filters (13 mm, 0.22 μm nylon) were supplied by Dikma
(Beijing, China).

Stock solutions (1.0 mg mL−1) of FQ standards were
prepared in ACN and stored at 4 °C before use.
Working standards with specific concentrations for
MSPE optimization were prepared daily by diluting a
mixture of the stock solutions.

Characterization

FTIR spectra were obtained on a Bruker MPA FTIR spec-
trometer (Bremen, Germany) using KBr pellets in the range
of wave number 400–4000 cm−1. The SEM images and
EDAX spectra were acquired using a Hitachi S-4800 scanning
electron microscope (Tokyo, Japan). The morphology of PEI-
functionalized Fe3O4/ATP magnetic particles was analyzed
by a Lorentz-TEM (JEM-2100F, Japan). The XRD patterns
were recorded on a Bruker AXS D8 Advance X-ray
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diffractometer using Ni-filtered Cu Kα radiation (Karlsruhe,
Germany). The magnetic properties were measured at
room temperature using a VSM (Lake Shore 7410,
Columbus, USA) in an applied magnetic field sweeping
between ± 20,000 Oe.

Preparation of the magnetic dispersive solid-phase
extraction sorbent

The natural ATP was acidified by hydrochloric acid before
use according to our previous method [36]. In a typical pro-
cedure, 1.46 g of FeSO4·7H2O, 2.13 g of FeCl3·6H2O, 0.6 g of
acidified ATP, and 0.15 g of PEI were ultrasonically dispersed
in 60mL ofwater for 70min. Subsequently, the homogeneous
yellow solution was added with 5 mL of NH3·H2O and
stirred at 70 °C for 1.5 h until black magnetite particles
were formed. The black products were collected by
magnetic separation, then washed to neutral with ultra-
pure water, and finally dried at 70 °C for 6 h.

Real sample preparation

Chicken muscle samples were obtained from a local super-
market (Ningbo, China) and stored at − 20 °C before use.
Briefly, appropriate volumes of working solutions of FQ stan-
dards were added into 5.0 g minced chicken muscle samples.
After that, 30 g anhydrous sodium sulfate was added, as well
as 25 mL acidified ACN consisting of 6 mol L−1 hydrochloric
acid-ACN (1:125, v/v). The mixture was homogenized and
mechanically shaken for 15 min, transferred to a 50-mL poly-
propylene tube, and centrifuged at 4500 r min−1 for 15 min.
The supernatant was moved to a 50-mL volumetric flask,
while another 20 mL of acidified ACN was added to the res-
idue which went through the above operations for a second
time. The supernatant was combined, and 2.5 mL of water was
added. The pH of the resulting solution was adjusted to neutral
with sodium hydroxide. Finally, the mixture in the 50-mL
volumetric flask was diluted to the mark with ACN for the
subsequent MSPE procedure. The final volume percentage of
ACN in this mixture was about 95%.

Hydrophilic interaction-based magnetic dispersive
solid-phase extraction

The above sample extract (10.0 mL) and 50.0 mg of PEI-
functionalized Fe3O4/ATP magnetic particles were mixed in
a 15-mL vial under the ultrasonic condition at 15 °C for
20 min to allow the targets trapped by the MSPE sorbents.
After that, the magnetic sorbents with FQs were isolated from
the solution by an external magnet. The elution was carried
out with 0.5 mL of 4.6 wt% NH3·H2O aqueous solution con-
taining 160 mM NaCl (pH 12.23) under the ultrasonic condi-
tion at 30 °C for 10.0 min. With the help of a magnet, the

eluate was collected and adjusted to neutral with hydrochloric
acid. Finally, the solution was filtered and then injected direct-
ly into RPLC-MS/MS system for subsequent analysis.

Evaluation of adsorption capacity

The adsorption capacity of the magnetic particles was evalu-
ated as described previously with a minor modification [37].
In brief, 1.0 mL of NOR at various concentrations in 95%
(v/v) ACN was loaded onto 50 mg of hydrophilic magnetic
particles with or without ATP, followed by the elution with
1.0 mL of 4.6 wt% NH3·H2O aqueous solution containing
160 mM NaCl (pH 12.23). At last, the eluate was filtered
and injected into the RPLC-UV system for analysis.

RPLC-UV and RPLC-MS/MS conditions

For the optimization and evaluation of the MSPE based on the
developed magnetic sorbent, the eluate was analyzed by
RPLC-UV which was carried out on an Ultimate 3000 LC
system consisting of an autosampler, a UV detector, a vacuum
degasser, a column oven, a quaternary pump, and a data ac-
quisition module (Dionex, Sunnyvale, CA, USA). The RPLC
separation was conducted in an Agilent InfinityLab Poroshell
120 EC-C18 column (150 mm× 4.6 mm, 4.0 μm) at a flow
rate of 0.8 mL min−1. The mobile phase was 10% buffer
(10 mM ammonium formate adjusted to pH 3.0 with formic
acid)-90% ACN. The injection volume was 20 μL, and the
temperature of the column oven was set at 30 °C. The wave-
length for UV detection was set at 280 nm. Baseline separa-
tion of the three FQs was completed within 6 min.

The method validation and application for FQs determina-
tion were performed on a triple quadrupole mass spectrometer
(MS/MS, AB4000 QTRAP, AB SCIEX, Ontario, Canada)
coupled to a Shimadzu HPLC system (LC-20AD, Kyoto,
Japan). Three FQs were separated by an Agilent XDB C18
column (150 mm× 4.6 mm, 5 μm). The binary mobile phases
were 0.1% formic acid in ACN (A) and 0.1% formic acid in
water (B). The linear gradient elution mode was as follows:
0.00–6.00 min = 95% B to 0% B, 6.00–11.00 min = 0% B,
11.00–11.20 min = 0% B to 95% B, and 11.20–15.00 min =
95% B. The column temperature, the flow rate, and the injec-
tion volume were 30 °C, 0.8 mL min−1, and 20 μL, respec-
tively. The mass spectrometer was operated in positive
electrospray ionization (ESI) and multiple reactionmonitoring
(MRM) modes. The source temperature and the ESI voltage
were 550 °C and 5500 V, respectively. Nitrogen was adopted
as the ion source nebulizing gas (gas 1, 50 psi) and the auxil-
iary gas (gas 2, 50 psi). Table S1 (see the ESM) shows the
MRM transitions (precursor ions → product ions) and colli-
sion energies. Note that although the analytes present different
log P values, they are ionized in the RPLC mobile phase
(pH 3.00), leading to similar retention times.

3531Polyethyleneimine-functionalized Fe3O4/attapulgite particles for hydrophilic interaction-based magnetic...



Results and discussion

Preparation of the polyethyleneimine-functionalized
Fe3O4/attapulgite magnetic particles

Novel PEI-functionalized Fe3O4/ATPmagnetic particles were
prepared by a simple co-mixing method. The mass ratio of
FeCl3·6H2O to ATP in the initial mixture was optimized with
the ratio of FeCl3·6H2O/FeSO4·7H2O kept consistent. ATP is
completely magnetized when the mass ratio of FeCl3·6H2O to
ATP is 3.55 (see ESM Fig. S2A). With a ratio of 2.34, only
some of the particles are attracted to the magnet (see ESM Fig.
S2B), while nomagnetic particles are formed on the surface of
ATP with even lower ratios. The reason may be attributed to
the adsorption of cations on the surface of ATP. In the initial
aqueous solution, Fe2+ and Fe3+ will be adsorbed to the neg-
ative centers on the surface of ATP introduced by the hydro-
chloric acid treatment. When NH3·H2O (pH 11.41) is added,
Fe3O4 particles will be formed by coprecipitation. If the Fe3+

and Fe2+ in the initial mixture are not sufficient, they will be
completely adsorbed on the ATP surface, with little iron ions
to form Fe3O4 particles. Therefore, FeCl3·6H2O andATPwith
a mass ratio of 3.55 were used for sorbent preparation.

Besides, PEI in the initial mixture will be partially proton-
ated when NH3·H2O (pH 11.41) is added, because the pKa

values of the primary, secondary, and tertiary amine groups
of PEI are 4.5, 6.7, and 11.6, respectively [38]. Considering
the isoelectric point of the naked Fe3O4 of about 6.7 [39], PEI
cations will be adsorbed on the surface of ATP and naked
Fe3O4 particles. Thus, PEI has been added to the initial mix-
ture to improve the hydrophilicity of the developed particles.
The ratio of ATP to PEI was based on our previous work [40].

Characterization of the polyethyleneimine-
functionalized Fe3O4/attapulgite magnetic particles

The FTIR spectra of naked Fe3O4, acidified ATP, and PEI-
functionalized Fe3O4/ATP magnetic particles are presented in
Fig. S3 (see the ESM). A strong absorption band at 578 cm−1

is assigned to the Fe–O vibration of magnetite [41], appearing
in the FTIR spectra of the naked Fe3O4 particles (see ESM
Fig. S3A) and the PEI-functionalized Fe3O4/ATP magnetic
particles (see ESM Fig. S3C). Two intense absorption bands
located at 3545 and 3412 cm−1 are attributed to the stretching
vibrations of the Al–OH and Fe–OH groups [42], respective-
ly, appearing in the FTIR spectra of acidified ATP (see ESM
Fig. S3B) and PEI-functionalized Fe3O4/ATP magnetic parti-
cles (see ESM Fig. S3C). Besides, the bands at 1026 and
470 cm−1 correspond to the stretching vibrations of Si–O–Si
bonds [43]. In addition, a new peak at 1462 cm−1 due to the
coupling of C–N stretching vibrations and the N–H angular
deformation is presented in the FTIR spectrum of PEI-
functionalized Fe3O4/ATP magnetic particles (Fig. S3C)

[40]. Furthermore, there is a band at 1360 cm−1 which is
associated with the C–N stretching vibration of the tertiary
amine [44]. These results demonstrate that the PEI-
functionalized Fe3O4/ATP magnetic particles have been pre-
pared successfully.

Morphologies of acidified ATP and PEI-functionalized
Fe3O4/ATP magnetic particles are shown in SEM (Fig. 1)
and TEM images (see ESM Fig. S4). As shown in Fig. 1a,
the acidified ATP is in the form of separate fibers. It can be
seen in Fig. 1b and Fig. S4 (see the ESM), the surface of PEI-
functionalized Fe3O4/ATP magnetic particles has a layer of
granular material, indicating that the ATP provides stable an-
choring sites for the deposition of Fe3O4 particles.
Furthermore, the elemental compositions (except carbon) of
the acidified ATP (Fig. 1a) and the PEI-functionalized Fe3O4/
ATP magnetic particles (Fig. 1b) were determined by EDAX.
The former is composed primarily of oxygen, magnesium,
aluminum, silicon, and iron, while the latter is primarily nitro-
gen, oxygen, magnesium, aluminum, silicon, and iron. The
distinctive nitrogen element is attributed to the presence of
PEI. Besides, the increased content of iron indicates that the
magnetic particles have been trapped on the surface of ATP.

Since magnetization was crucial for MSPE operation, the
magnetic hysteresis loops of naked Fe3O4 and PEI-
functionalized Fe3O4/ATP were measured by VSM at room
temperature. The saturation magnetization values are found to
be 77.1 and 48.6 emu g−1, respectively (see ESM Fig. S5A). A
reduction of ~ 37% resulted from the combination of ATP,
PEI, and Fe3O4. This phenomenon may be attributed to the
surface effect on small particles, the increased surface disor-
der, and the diamagnetic contribution of ATP and PEI.
Nevertheless, the magnetism of the PEI-functionalized
Fe3O4/ATP particles is sufficient for magnetic separation.

The XRD pattern of PEI-functionalized Fe3O4/ATP is il-
lustrated in Fig. S5B (see the ESM). Six characteristic peaks
of Fe3O4 observed at 2θ= 30.21°, 35.62°, 43.27°, 53.44°,
57.17°, and 62.84° are indexed to the (220), (311), (400),
(422), (511), and (440) crystal planes, respectively. The re-
sults are in agreement with that of magnetite (JCPDS powder
diffraction data file No. 79-0418), indicating that the structure
of Fe3O4 has remained the same during the functionalization
process.

Optimization of magnetic dispersive solid-phase ex-
traction conditions

Standard solutions of CIP, ENR, and NOR each at
0.01 mgmL−1 were used for MSPE optimization. The volume
percentage of ACN, a common organic solvent for HILIC
SPE, in the solution varied from 0 to 95%. The corresponding
recoveries are compared as shown in Fig. 2. The recoveries
remained almost unchanged until the ACN content reached
90% and increased sharply with the increase of ACN content
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from 90 to 95%. This interesting phenomenon is consistent
with the HILIC separation mechanism [45], indicating that the
interaction between three targets and PEI-functionalized
Fe3O4/ATP particles is mainly hydrophilic. Since the maxi-
mum recoveries were obtained with 95% ACN, it was
employed in the following experiments.

Salt in sample solution may affect the recoveries as well. In
95% ACN solution, the sodium sulfate added in the chicken
muscle pretreatment step for dehydration is virtually insolu-
ble. The solubility of other salts in such a highly concentrated
organic solvent is also very low. The maximum concentration
for NaCl in 95% ACNwas found to be 100 mM, and its effect
was investigated. The recoveries of NOR, CIP, and ENR in
95% ACN with or without 100 mM NaCl were 101.0%,
86.1%, 84.5% and 101.5%, 89.3%, 84.1%, respectively.

Since the salt showed little impact on the recoveries, it was
omitted to simplify the experimental procedure.

Magnetic extraction is generally carried out at room tem-
perature (~ 25 °C), which can be sped up by ultrasound [46].
Under such conditions, the recoveries of NOR, CIP, and ENR
were 81.4%, 82.1%, and 77.2%, respectively. When the tem-
perature of the ultrasonic bath was lowered to about 15 °C by
ice bags, the recoveries increased to 103.5%, 93.4%, and
96.1%, respectively. At this temperature, the maximum recov-
eries were reached after 20 min (see ESM Fig. S6). Hence, the
ultrasound-assisted magnetic extraction was performed in a
water bath at 15 °C for 20 min in the following experiments.

The effect of ultrasonic bath temperature (i.e., 25, 30, and
40 °C) on the recoveries during the desorption procedure was
also investigated (data not shown). The recoveries were pos-
itively correlated with the temperature in a range from 25 to
30 °C. The increase in recoveries can be ascribed to the cav-
itation bubbles, which are more likely to be produced at a
higher temperature thanks to lower liquid viscosity and tensile
stress. With the temperature further increasing from 30 to
40 °C, no obvious changes were observed in the recoveries,
indicating that most of the targets had already been desorbed
from the PEI-functionalized Fe3O4/ATP magnetic particles.
Thus, 30 °C was chosen as the ultrasonic bath temperature
in the desorption step for the subsequent studies.

The pH of the desorption solvent is a crucial factor that
determines the existing forms of the targets and the surface
charge of the PEI-functionalized Fe3O4/ATP magnetic parti-
cles. In our previous works, extremely acidic solvents were
used to elute targets from PEI-modified sorbents [40, 47, 48].
However, the naked Fe3O4 particles are unstable and tend to
be oxidized under extremely acidic conditions [49].

Fig. 1 SEM images and EDAX
spectra of acidified ATP (a) and
PEI-functionalized Fe3O4/ATP
magnetic particles (b)

Fig. 2 Effect of ACN concentration on recoveries of FQs. The
concentration of each FQ was 0.01 mg mL−1. The elution solution was
4.6 wt% NH3·H2O aqueous solution. Both extraction time and desorption
time were 10 min. The ultrasonic bath temperatures for adsorption and
desorption were both 25 °C. The sample loading and elution volumes
were 1.0 mL
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Accordingly, the alkaline solvent was used for desorption. We
compared the recoveries obtained by 5 mM ammonium for-
mate with pH values between 8.00 and 12.00 adjusted by
NH3·H2O, as well as an aqueous solution of 4.6 wt% NH3·
H2O at an even higher pH of 12.23 (Fig. 3). Theoretically,
under the alkaline condition, the tertiary amine groups (pKa ~
11.6) and the secondary amine groups (pKa ~ 6.7) of PEI will
partially carry positive charges, while the primary amines
(pKa ~ 4.5) of PEI are in the form of neutral molecules [38].
Therefore, with the increase of the pH from 8.00 to 12.23, the
positive charges on the surface of PEI-functionalized Fe3O4/
ATP will decrease. NOR, CIP, and ENR, with the pKa1/pKa2

values of 6.2/8.7, 6.1/8.7, and 6.03/8.3, respectively, will be
partially deprotonated and partially in neutral forms over a pH
range of 8.00 to 11.00 (pKa1 + 2), and will be completely
negatively charged when pH > 11 (pKa2 + 2). The negative
charges of the targets can interact with the positive charges
on the PEI-functionalized Fe3O4/ATP by electrostatic interac-
tion, while the targets in the neutral form can interact with the
natural form of the amine groups on the sorbent surface by
hydrogen bonding. It was found that with an increase of the
pH value from 8.00 to 11.00, the recoveries of all targets
increased. Because the targets became more negatively
charged and the developed sorbent was less positively
charged, leading to a reduction of the electrostatic interaction
and the hydrogen bonding. However, when the pH value fur-
ther increased, the recoveries of the three targets changed dif-
ferently. The reason may be ascribed to different interaction
mechanisms based on their molecular structures (see ESM
Fig. S1). ENR contains both cyclopropyl group and ethyl
group, while CIP contains a cyclopropyl group and NOR
has an ethyl group. The cyclopropyl group enhances electro-
static interaction but inhibits hydrogen bonding, while the
ethyl group on the contrary. For ENR and CIP, the major
interaction to the sorbent is electrostatic interaction which will
decrease when the pH value increased from 11.00 to 12.00,
leading to an increase in their recoveries. However, the main

interaction between NOR and PEI-functionalized Fe3O4/ATP
magnetic particles is hydrogen bonding when pH > 11.00.
Therefore, the charge state of the sorbent had a slight impact
on the recovery of NOR at pH 11.00–12.00. When 4.6 wt%
NH3·H2O (pH 12.23) was used instead of 5 mM ammonium
formate, ENR and NOR could form strong hydrogen bonding
with NH3·H2O, resulting in the recovery increase. However,
the recovery of CIP obtained with 4.6 wt% NH3·H2O
(pH 12.23) was similar to that obtained with 5 mM ammoni-
um formate at pH 12.00. The reason may be ascribed to the
cyclopropyl group of CIP. At pH 12.23, the electrostatic in-
teraction could be still playing a major role and the increase of
pH from 12.00 to 12.23 had little impact on the recovery of
CIP. Since satisfactory recoveries for all three targets were
obtained at pH 12.23, the aqueous solution of 4.6 wt% NH3·
H2O was chosen for further optimization.

The effect of salt in desorption solution was studied via
varying the NaCl concentration in 4.6 wt% NH3·H2O from 0
to 160 mM. The recoveries of the three analytes decrease with
an increasing salt concentration to 4 mM, followed by an
increase at higher salt concentrations (Fig. 4). The partitioning
model for HILIC assumes the presence of a water-rich liquid
layer on the sorbent surface [45]. Higher salt concentration
will drive more solvated salt ions into this layer, thus increas-
ing its volume or hydrophilicity, leading to strong retention
and reduced recoveries of the analytes [50]. However, when
the salt concentration further increases, the electrostatic inter-
action is more notable than the hydrophilic interaction [51].
Therefore, the recoveries increased accordingly. Besides,
more salt was found to be beneficial to magnetic separation.
Hence, further experiments were carried out with 160 mM of
NaCl in the desorption solvent.

The effect of desorption time on the recoveries of FQs was
also studied. With ultrasonic assistance, 10 min is found to be
suitable for desorption as shown in Fig. S7 (see the ESM). A
slight drop in the recoveries is observed with a longer desorp-
tion time, which is consistent with the previous reports [25,
28]. The reason can be the reversible adsorption to some de-
gree during the excessive time.

Fig. 3 Effect of pH on recoveries of FQs. Each FQ was prepared in 95%
(v/v) ACN/H2O at a concentration of 0.01 mg mL−1. The extraction time
and desorption were 20 min and 10 min, respectively. The ultrasonic bath
temperatures for adsorption and desorption were 15 °C and 30 °C,
respectively. The sample loading and elution volumes were 1.0 mL

Fig. 4 Effect of salt concentration on recoveries of FQs. Other conditions
were the same as those in Fig. 3
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Additionally, the effect of sample loading volume on the
recoveries is illustrated in Fig. S8 (see the ESM). Higher re-
coveries (> 85%) were achieved with loading volumes of 1.0–
10.0 mL. Further increase of the volume led to an obvious
decrease in recoveries. As a result, 10.0 mL of sample loading
volume was implemented in the subsequent experiments.

The effect of desorption volume on the recoveries was also
evaluated (see ESM Fig. S9). With the increase of the volume
from 0.2 to 0.5 mL then to 1.0 mL, the recoveries increased to
a maximum and remained almost unchanged, indicating 0.5–
1.0 mL of desorption solvent would be sufficient. When the
volume increased from 1.0 to 3.0 mL, the recoveries of NOR
and CIP remained the same, while that of the ENR slightly
decreased. This phenomenon may be explained as follows.
The large contact area between PEI-functionalized Fe3O4/
ATP magnetic particles and analytes increases the possibility

of reversible adsorption. Being more hydrophobic than NOR
and CIP, ENR is more likely to interact with the reticulated
carbon chains on the PEI-functionalized Fe3O4/ATPmagnetic
particles, resulting in a slight decrease in its recovery.
Considering the recoveries and to obtain better detection
limits, 0.5 mL of desorption solvent was adopted.

Reproducibility of sorbent preparation

Under the optimized conditions, the reproducibility of the
preparation of PEI-functionalized Fe3O4/ATP magnetic parti-
cles is evaluated with the FQ recoveries (Table 1). The recov-
eries ranged from 91.0 to 101.5% with the relative standard
deviations (RSDs) of 2.1–2.5% within one batch. The batch-
to-batch recoveries ranged from 90.7 to 99.9% with the RSDs
of 2.3–4.9%, demonstrating good reproducibility of the sor-
bent preparation and the robustness of the method.

Stability and reusability of the developed magnetic
sorbent

As mentioned above, the optimum desorption solvent was
4.6 wt% NH3·H2O aqueous solution containing 160 mM
NaCl (pH 12.23), which was very alkaline and might affect
the stability and the reusability of the developed magnetic
sorbent. Therefore, successive MSPE tests were carried out.
In each MSPE test, the PEI-functionalized Fe3O4/ATP mag-
netic particles were eluted by 0.5 mL of the optimum desorption

Table 1 Within-batch and batch-to-batch precisions of the preparation
of PEI-functionalized Fe3O4/ATP magnetic particles as hydrophilic
MSPE sorbent (n = 3)

Analyte Within-batch Batch-to-batch

Recovery (%) RSD (%) Recovery (%) RSD (%)

NOR 101.5 2.1 99.9 3.3

CIP 91.0 2.1 90.7 2.3

ENR 98.2 2.5 91.0 4.9

Fig. 5 Adsorption isotherms of
NOR on the PEI-functionalized
Fe3O4/ATP magnetic particles (a)
and the PEI-functionalized Fe3O4

magnetic particles (b) and the re-
lated Langmuir adsorption
models of NOR on the PEI-
functionalized Fe3O4/ATP mag-
netic particles (c) and the PEI-
functionalized Fe3O4 magnetic
particles (d)
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solvent, then washed with 38% (v/v) ACN in water until the
solution pH became neutral. After that, the particles were dried
for the next use. The RSDs of the peak areas of NOR, CIP, and
ENR for 40 runs within 8 days were 4.1%, 5.6%, and 8.1%,
respectively. The results demonstrate that the PEI-
functionalized Fe3O4/ATP magnetic particles are stable in the
alkaline desorption solvent and can be reused at least 40 times.

Adsorption capacity of the developed magnetic
sorbent

The adsorption capacities of NOR on the PEI-functionalized
Fe3O4/ATP magnetic particles and the PEI-functionalized
Fe3O4 magnetic particles were compared to evaluate the effect
of ATP. The amount of NOR adsorbed on the sorbent (Qe,
μg mg−1) is calculated from the concentration of the eluate.
Conversely, Ct is determined using the following equation:

Ct ¼ C0−Qem=V ð1Þ
where C0 and Ct are the initial and equilibrium concentrations
(μg mL−1) of NOR in solution, V is the volume (mL), andm is
the mass (mg) of the hydrophilic magnetic particles [52].

The adsorption isotherms of NOR show that the adsorption
amount of PEI-functionalized Fe3O4/ATP magnetic particles
is far from the maximum (Fig. 5a) when the adsorption
amount of PEI-functionalized Fe3O4 magnetic particles
reaches a plateau of about 7.5 mg g−1 (Fig. 5b). The adsorp-
tion capacity is also estimated based on the Langmuir iso-
therm model [53]:

Ct=Qe ¼ Ct=Q0 þ 1= KLQ0ð Þ ð2Þ
where Q0 refers to the maximal adsorption capacity (mg g−1),
and KL denotes the Langmuir isotherm constant (L mg−1). As
shown in Fig. 5c, d, good linear relationships between Ct/Qe and
Ct are presented with the correlation coefficients (R2) > 0.99. For
the PEI-functionalized Fe3O4 magnetic particles with a regression
equation of y= 0.132x+ 3.211 (y referring to Ct/Qe and x to Ct),
the maximal adsorption capacity was calculated to be 7.58mg g−1

using the slope. It is consistent with the previous result obtained by
the adsorption isotherm (Fig. 5b). For the PEI-functionalized
Fe3O4/ATP magnetic particles with a regression equation of y=
0.0577x+ 0.822, themaximal adsorption capacitywas found to be
17.33 mg g−1, significantly improved by ATP introduced to the
magnetic particles. The reasonmay be that the acidifiedATPbears
three different types of water molecules (i.e., sorption water on the

surface, zeolitic water in the micro-channel, and structural water)
and reactive –OH groups, improving hydrophilic interaction be-
tween the sorbent and the analytes [34].

Table 2 Linear relationships,
LODs, and LOQs of the FQs in
chicken muscle samples obtained
by MSPE coupled with RPLC-
MS/MS (n = 3)

Analyte Linear range (μg kg−1) Regression equation R2 LOD (μg kg−1) LOQ (μg kg−1)

NOR 0.05–100 y=80,056x+4679 0.9980 0.02 0.05

CIP 0.25–100 y=18,159x+1346 0.9975 0.08 0.25

ENR 0.20–100 y=23,107x+1656 0.9995 0.06 0.20

Fig. 6 Extracted ion chromatograms of NOR, CIP, and ENR in chicken
muscle sample spiked at 0.05, 0.25, and 0.20 μg kg−1, respectively
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Method validation

The calibration curves were constructed by plotting the peak
areas obtained by RPLC-MS/MS under MRM mode (i.e., Y,
counts) against the spiked concentrations of the FQs in the blank
matrix (i.e.,X,μg kg−1). As shown in Table 2, good linearity was
achieved with R2 ranging from 0.9975 to 0.9995. The limits of
detection (LODs) and the limits of quantification (LOQs) were
determined by decreasing the spiked concentrations of the FQs to
signal-to-noise ratio of 3 and 10, respectively. As a result, the
LODs and LOQs for NOR, CIP, and ENR were 0.02, 0.08,
0.06 μg kg−1 and 0.05, 0.25, 0.20 μg kg−1, respectively.
Figure 6 shows the typical extracted ion chromatograms of
NOR, CIP, and ENR in blank chicken muscle sample spiked at
0.05, 0.25, and 0.20 μg kg−1, respectively. The LOQs are far
below the maximum residue limits defined in the Official
Journal of the European Union (e.g., 100 μg kg−1 for ENR),
demonstrating good sensitivity of this method.

To evaluate the matrix effect of real samples, calibration
curves were established using standard FQ solutions. The FQs
were dissolved in 95% (v/v) ACN at the same concentrations
as those spiked in matrix-matched solutions (data not shown
here). The slope ratios of the matrix-matched curves to the
standard ones (i.e., in 95% ACN) for NOR, CIP, and ENR
were calculated to be 1.07, 0.84, and 1.10, respectively. With
the slope ratios between 0.8 and 1.2, the matrix effects are
relatively tolerable [54]. Nevertheless, to obtain more reliable
results, the matrix-matched calibration standard curves were
used for the determination of FQs in real samples.

Application

Under the optimal conditions, the FQs spiked at three
levels in chicken muscle samples were determined three
times by the developed hydrophilic interaction-based
MSPE method coupled with RPLC-MS/MS. The con-
centrations of NOR, CIP, and ENR in the studied

original chicken muscle samples were lower than the
LODs. The recoveries are calculated by the formula as
follows:

Recovery %ð Þ ¼ Cfound−Crealð Þ=Cspiked � 100 ð3Þ

where Cfound, Creal, and Cspiked are the quantity
(μg kg−1) of analyte recovered from the spiked sample,
the quantity of analyte in the original chicken muscle
sample, and the quantity of analyte added, respectively.
As shown in Table 3, satisfactory recoveries between
83.9% and 98.7% are obtained with acceptable RSDs
less than 6.8%. The results demonstrate that the pro-
posed hydrophilic interaction-based MSPE method is
selective, accurate, and reliable for real sample
monitoring.

Comparison of the proposedmethod with other MSPE
methods

To the best of our knowledge, this is the first study reporting
the hydrophilic interaction-based MSPE method for the anal-
ysis of FQs in foods. Previously reported MSPE methods for
FQ determination are mainly based on hydrophobicity
(Table 4). Therefore, one or two extra drying steps are re-
quired, diminishing the repeatability. In contrast, the PEI-
functionalized Fe3O4/ATP magnetic particles extract FQs
based on hydrophilic mechanism, producing eluate compati-
ble with the following RPLC. Therefore, the sample pretreat-
ment procedure can be greatly simplified without those
drying steps, leading to improved repeatability with bet-
ter RSDs (Table 4). In addition, coupling the hydrophil-
ic MSPE with RPLC-MS/MS provides excellent sensi-
tivity with low LODs for the FQs in the real sample. It
is demonstrated that this method is promising for accu-
rate monitoring of FQs in food products.

Table 3 Recoveries and RSDs of
the FQs spiked at three levels in
chicken muscle samples (n = 3)

Analyte Creal (μg kg−1) Cspiked (μg kg−1) Cfound (μg kg−1) Recovery (%) RSD (%)

NOR n.d. 2.5 2.333 93.3 3.2

25 24.67 98.7 1.9

100 97.50 97.5 3.3

CIP n.d. 2.5 2.098 83.9 3.1

25 23.22 92.9 1.3

100 94.70 94.7 5.3

ENR n.d. 2.5 2.155 86.2 6.8

25 24.15 96.6 1.4

100 92.20 92.2 5.4

n.d. not detected
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Conclusions

Hydrophilic PEI-functionalized Fe3O4/ATP magnetic particles
were successfully fabricated by a simple co-mixing method for
the first time. PEI and Fe3O4 magnetic particles were trapped
spontaneously on the ATP surface, with good preparation repro-
ducibility. The as-prepared magnetic particles were stable in alka-
line solution and could be reused at least 40 times. Thanks to the
ATP introduced to the magnetic particles, the maximal adsorption
capacity is significantly improved to be 17.33mg for NOR. Based
on the developed magnetic particles, MSPE pretreatment was op-
timized and combined with RPLC-MS/MS to determine three
FQs in chicken muscle samples. This promising method provides
low LODs, satisfactory repeatability, high recoveries, and wide
linear ranges. Compared with the existing MSPE methods for
FQ determination, the sample preparation procedure is simplified
by omitting drying steps because of the hydrophilic interaction-
based MSPE. It has the potential for applications in the daily
monitoring of FQs in food products of animal origin.
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