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Abstract A sensitive and selective method for separat-
ing fluoroquinolones (FQs) from bovine milk samples
was successfully developed using montmorillonite mag-
netic molecularly imprinted polymers (MMMIPs) as ad-
sorbents. MMMIPs were prepared using montmorillonite
as carrier, fleroxacin (FLE) as template molecule, and
Fe;04 magnetite as magnetic component. MMMIPs pos-
sessed high adsorption capacity of 46.3 mg g ' for FLE.
A rapid and convenient magnetic solid-phase extraction
procedure coupled with capillary electrophoresis was
established with MMMIPs as adsorbents for simulta-
neous and selective extraction of four FQs in bovine
milk samples. Limits of detection ranged between 12.9
and 18.8 ug L', and the RSDs were between 1.8 %
and 8.6 %. The proposed method was successfully ap-
plied to spike bovine milk samples with recoveries of
92.7 %—-108.6 %.
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Introduction

Fluoroquinolones (FQs) are important antibiotics with
broad-spectrum activities against pathogenic Gram-
negative and Gram-positive bacteria by inhibiting DNA
synthesis in bacteria [1, 2]. FQs are normally used in
human and veterinary medicine to treat infectious diseases.
However, the extensive use of FQs in food-producing an-
imals has resulted in considerable concern because antibi-
otic residues in humans may exert possible toxic effects
and allergic reactions [1]. Numerous countries have
established tolerance levels and maximum residue limits
of food products obtained from animals that are common-
ly treated with FQs to ensure safe human consumption [1,
3-5]. To protect consumer health, the maximum residue
levels (MRLs) in milk have been strictly regulated by
the European Union (EU) [3]. The MRLs for veterinary
drug residues in milk were set at 30-100 pg kg ' for four
FQs regulated in bovine milk. These low values demand
the development of analytical methods that are sensitive
enough to monitor and determine these drugs in bovine
milk. Thus, developing a sensitive and selective analytical
method to monitor FQ residue levels and comply with
legislative requirements is necessary.

The majority of widely applied analytical methods for
monitoring FQ residues are based on high-performance liquid
chromatography mainly coupled with different detection tech-
niques, such as UV spectroscopy [6], fluorescence [7-9], di-
ode array detection [10], and mass spectrometry (MS)
[11-13]. MS is highly sensitive and selective, thereby ensur-
ing proper identification of compounds in samples. However,
the compatibility of MS should be considered when coupled
with other separation techniques. In addition, not all laborato-
ries can implement this technique because MS is fairly expen-
sive to perform.
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Capillary electrophoresis (CE) has been increasingly ap-
plied for analyzing FQ residues because it offers many advan-
tages over other techniques, such as fast separation, high sep-
aration efficiency, and low sample and reagent consumption
[14—17]. However, this method has limited sensitivity when
UV detectors are used despite the feasibility of obtaining ex-
cellent separation efficiency. Thus, several in- or off-line
preconcentration steps should be employed to assay trace-
level FQs in complex samples. Liquid-liquid extraction [18,
19], solid-phase extraction (SPE) [9, 20-22], solid-phase mi-
cro-extraction [23-25], and matrix solid-phase dispersion ex-
traction [26, 27] are commonly employed for sample pretreat-
ment. However, most of these methods show low selectivity,
so a more effective pretreatment method should be explored.

Molecularly imprinted polymers (MIPs) are artificial ma-
terials with highly selective binding capacity and molecular
recognition ability toward the template. Magnetic MIPs
(MMIPs), which are obtained by embedding ferroferric oxide
nanoparticles inside MIPs, have recently attracted much inter-
est because of their beneficial characteristics, such as excellent
magnetic response, high dispersibility, relatively large surface
area, fast and effective binding of targets, easy surface medi-
cation, and reversible and controllable flocculation. MMIPs
have been widely used as SPE sorbents [magnetic SPE
(MSPE)] in environmental and food sample pretreatment
[28-32], which is performed in biological processes, such as
bioseparation, drug delivery, and biomolecular sensing
[33-37]. Contrary to traditional SPE, MSPE sorbent does
not need to be packed into an SPE cartridge and is easily
separated from the matrix when an external magnetic field is
applied. Therefore, MSPE with magnetic separation provides
a simple, convenient, and highly efficient sample pretreatment
protocol.

Scheme 1 Proposed reaction
scheme for the preparation of
MMMIP
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Montmorillonite (MMT) is a natural layered silicate, which
is formed by the intermolecular forces between each layer. It is
composed of silicon-oxygen tetrahedron and alumina-oxygen
octahedron according to the ratio of 2:1, and connected by a
common oxygen atom. Al atom is located in the center of the
aluminum oxygen octahedron. Silicon-oxygen tetrahedron is
arranged in a hexagonal mesh and extends indefinitely, so that
MMT is highly ordered [38]. The above-mentioned structural
characteristics makes it possess unique physical and chemical
properties, such as low cost, non-toxicity, lamellar structure,
large surface area, high sorption capacity, high cation-
exchange capacity, swelling ability, and so on. This has pro-
vided a broad space for the structural modification, functional
design, and industrial utilization of MMT. MMT has been
applied as an effective sorbent in medicinal and environmental
applications [39-43].

However, MMT, as an SPE stationary phase, also has some
drawbacks, such as long process of column packing, high
back pressure, and low flow rate. Hence, MMT powder and
magnetic nanoparticles can be used to prepare magnetic MMT
nanoparticles (MMNPs). MMNPs, as a SPE sorbent, can eas-
ily extract and magnetically separate the target analyte
[44-46].

Various approaches have also been recently applied for
preparing FQ-imprinted polymers [7, 47-50]. Sun et al. [7]
prepared MIPs by adopting a dummy template for FQs to
solve the leakage of the residual template. However, few stud-
ies have reported the determination of FQs in milk samples
based on MMT MMIPs (MMMIPs) and CE. Thus, a rapid and
selective method was developed in this study to improve and
simplify the determination of FQs in milk samples. MMMIPs
were synthesized using MMT as carrier, fleroxacin (FLE) as
template molecule, and Fe;0, magnetite as magnetic
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Fig. 1 Scanning electron
micrographs of MMMIP (a) and
MMNIP (b)
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component. The characteristics and binding properties of the
MMMIPs were investigated. A rapid and selective MSPE
procedure with MMMIPs as adsorbents was established, and
simultaneous detection of multiple FQs in bovine milk sam-
ples was performed.

Materials and methods
Chemicals and reagents

Fleroxacin (FLE), gatifloxacin (GAT), lomefloxacin (LOM),
and norfloxacin (NOR) were obtained from the National In-
stitute for the Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China). 4-Vinylpyridine (4-VP), ethylene glycol
dimethacrylate (EDMA), and azaodiisobutyronitrile (AIBN)
were purchased from Aladdin Chemical (Shanghai, China).
Ammonium iron sulfate hexahydrate, ammonium ferrous sul-
fate tetrahydrate, and MMT (¢$5 pm) were supplied by Xilong
Chemical (Shantou, China). Ultrapure water was used
throughout the experiment. All solutions for CE analysis were
passed through a 0.45 mm nylon filter before use, degassed by
sonication, and freshly prepared each day.

Instrumentation

A P/ACE TM MDQ capillary electrophoresis system
(Beckman Coulter, Brea, CA, USA) equipped with a UV de-
tector was applied for CE experiments. The pH values were
measured using a PHS-3CT pH meter (Dapu Instrumentation,
Shanghai, China).

Preparation of MMMIPs
Preparation of MMNPs

Ferric ammonium sulfate hexahydrate (15.4 g), MMT (2.1 g),
and ultrapure water (180 g) were placed in a three-necked
flask, ultrasonicated for 15 min, stirred at 300 rpm, and stored
at 30 °C for 3 h. A stable liquid suspension was subsequently
obtained. Ammonium ferrous sulfate tetrahydrate (3.54 g) was
dissolved into the liquid suspension by stirring at 600 rpm and
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80 °C under a nitrogen atmosphere. Ammonium hydroxide
was then added dropwise to the mixture with vigorous stirring
to adjust the pH to 9. The reaction was allowed to proceed for
30 min, after which magnetic separation was performed. The
MMNPs were washed with ultrapure water until they were
neutralized and dried in an oven at 35 °C.

Preparation of MMMIPs

FLE (0.4 g), 4-VP (6 mmol), and EDMA (2.26 mL) were
added to 30.0 mL of a mixed solution of methanol and chlo-
roform (1:1, v/v) under ultrasonic stirring for 60 min. In a
separate vessel, 10.0 mL of methanol was mixed with 1.5 g
of MMNPs. The two solutions were then mixed, and 0.04 g of
AIBN was added to the resultant solution under a nitrogen
atmosphere over a period of 5 min. The mixture was then
sealed and allowed to react at 60 °C for 12 h. The product
was filtered, washed successively with distilled water and eth-
anol for several times, and dried in vacuum.

After polymerization, MMMIPs were acquired by magnet-
ic separation and washed several times with methanol/acetic
acid (8:2, v/v) under vigorous shaking to completely remove
FLE. Finally, MMMIPs were rinsed with methanol to remove
remaining acetic acid and then dried under vacuum at 40 °C
for 12 h.

Magnetic MMT non-imprinted polymers (MMNIPs) were
synthesized following the same procedures described above
but without the template molecule FLE.
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Fig. 2 FT-IR spectra of MMT, Fe;0,@MMT, MMMIP, and MMNIP
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Rebinding experiment

The adsorption capacity of MMMIPs or MMNIPs was mea-
sured by equilibrating 20 mg of MMMIPs or MMNIPs with
2.0 mL of various concentrations of FLE standard solutions
(0.1-4.0 mg/mL in CAN), respectively. The samples were
oscillated in an incubator at room temperature for 24 h. The
MMMIPs or MMNIPs were magnetically separated from the
solution, and the remaining FLE in the solution was analyzed
by CE. The binding test was performed in duplicate, and the
mean value was used.

The adsorption capacity (Q, mol/L) was calculated as
follows:

(Co—C)V

0=

(1)
where Cy and C denote the initial and equilibrium con-
centrations of FLE, respectively; V' (L) is the volume of
the solution; M is the molecular weight of FLE; and W
is the mass of polymers (g).

Selective adsorption

Four FQs (FLE, GAT, NOR, and LOM) were selected to eval-
uate the selectivity of MMMIPs. MMMIPs (20 mg) were in-
cubated with 1 mL of each analyte solution in ACN at 2 mg/
mL at room temperature for 24 h. The supernatant was mag-
netically separated from polymers and quantified by CE anal-
ysis. Selective adsorption was executed in duplicate, and the
mean value was obtained.

Electrophoretic procedure

Separation was performed in a bare fused-silica capillary of
70 cm effective lengthx50 pum i.d. (375 um o.d.) from
Polymicro Technologies (Phoenix, AZ, USA). A negative
voltage of 15 kV was applied at 25 °C. At the beginning of
each day, the capillary was continuously rinsed with 0.1 M
NaOH (10 min), ultrapure water (10 min), and running buffer
solution (10 min). The capillary was flushed with buffer solu-
tion for 5 min between runs to maintain reproducibility. The

@ Springer

0.0 05 1.0 1.5 2.0 25 3.0 35 40 45
¢(mmol/L)

0 10 20 30 40 50 60 70 80 90 100
t(min)

UV detection wavelength was set to 280 nm. The hydrody-
namic injection mode was applied at 0.8 psi pressure for 5 s,
and the buffer solution was 50 mmol L™'. The mixture of
STEDE and phosphoric acid yielded a pH of 9.0.

Sample preparation

The sample was measured (5.0 mL) and placed in a centrifuge
tube with a plug. Acetone (5.0 mL) was added to the samples
to precipitate proteins, and the mixture solution was centri-
fuged at 10,000 rpm for 10 min using a vortex mixer. The
supernatants were collected, and the residues were centrifuged
again. All extract solutions were merged, filtered through a
0.22 pm membrane filter, and stored in a refrigerator for fur-
ther use.

Results and discussion
Preparation of MMMIPs

In this work, MMT was selected as the initial raw material for
synthetic MMMIP. The preparation procedure of MMMIP is
illustrated in Scheme 1.

Fe;04@MMT was prepared via wet impregnation process
followed by co-precipitation process [S1]. At the beginning,
Fe*" and Fe*" ions were introduced onto the surface of the

Table 1  Selective coefficient K and relative selective coefficient  of

tested substrates on MNIP and MMIP

Sample A; MMIP MNIP o
Ar  Qu(mglg) Kn Ar  Qu(mg/g) Ky

FLE 0.5 0.118 46.29 0.333 14.99

GAT 0412 0.18 2393 1.9 0.268 13.26 1.1 1.7

NOR 0451 0.234 25.72 1.8 0323 12.61 12 15

LOM 0433 0.198 30.86 1.5 0319 13.26 1.1 14

Aj: the absorbance before adsorption; A: the absorbance after adsorption;
Qn: MMIP adsorption capacity (mg/g); Qn: MNIP adsorption capacity
(mg/g); Kn: MMIP selectivity coefficient; Ky: MNIP selectivity coeffi-
cient; K=Q/Qy(M for analogue), a=Ky/Kn
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MMT through complexation reactions. After that, Fe*" and
Fe** ions were transformed to Fe;0, and immobilized on
the surface of MMT under alkaline conditions.

MMMIPs were grafted onto the surface of Fe;0,@MMT
by surface molecularly imprinted technology using FLE as the
template molecule, 4-VP as the functional monomer,
EDGMA as the cross-linker, and AIBN as the initiator. In
order to obtain high adsorption capacity and selective recog-
nition of MMMIPs, some acritical factors such as functional
monomer (MAA and 4-VP), porogenic solvent (ethanol,

methanol, and chloroform), and the molar ratio of
template:functional monomer:cross-linker (1:6:10, 1:6:20,
and 1:6:30) were chosen to optimize the condition during
the preparation procedure.

The experiment results indicated that the highest adsorp-
tion capacity and molecular recognition ability of the polymer
could be achieved under the following conditions: 4-VP as
functional monomer, methanol-chloroform (1:1, v/v) as
porogenic solvent, and the molar ratio of template:functional
monomer:cross-linker at 1:6:20.

Fig. 4 Effects of MMMIPs mass
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Characterization of MMMIPs

The micromorphologic structures and sizes of MMMIPs and
MMNIPs were investigated by SEM as shown in Fig. 1.
MMMIPs and MMNIPs exhibited uniform shapes with diam-
eters in the range of 0.2—0.8 um. The imprinted film was well
distributed on the surface of Fe;0,4 nanoparticles.

The FT-IR spectra of MMT, Fe;O4@MMT, MMMIP, and
MMNIP are shown in Fig. 2. For MMT, the broad bands at
3633 and 3435 cm ' were assigned to the O—H stretching
vibration of Si—-OH and H-OH vibration of the retained water
molecules, respectively [52]. The peak at 1639 cm ™' was the
bending vibration of O—H bonds of the retained water mole-
cules. The strong absorption peak at 1035 cm™' corresponded
to the Si—O-Si groups. For Fe;O,@MMT, the peak at
3406 cm ' was due to the O—H stretching vibration from
Fe;0, [53]. The strong absorption peak at 588 cm ' derived
from the Fe—O stretching vibration.

For MMMIP and MMNIP, the strong absorption peak at
588 cm ! was characteristic of the Fe—O stretching vibration,
and 1054 cm™' was assigned to the stretching vibration of Si—
O [54, 55]. The peak at 3425 cm ' was the stretching vibration
of O—H bonds, and the peak at 2950 cm ™' was the stretching
vibration of C—H bonds. The strong absorption peak at
1730 em ™' corresponded to the stretching vibration of C=0
bonds. These peaks indicated that Fe;0,4 successfully bonded
to the polymer.

Adsorption property of MMMIPs

The adsorption abilities of MMMIPs and MMNIPs on FLE
were investigated. The adsorption performance of MMMIPs
and MMNIPs was investigated in standard FLE solutions of
different concentrations. The resulting isothermal adsorption
diagrams are plotted in Fig. 3a.

The adsorption capacities of MMMIPs and MMNIPs in-
creased with increasing standard solution concentration. The
adsorption capacity reached saturation at 2.0 mmol/L solution,
at which the adsorption curves were mild. The adsorption
capacity of MMMIPs in the substrate was far greater than that
of MMNIPs. Specifically, the maximum adsorption capacity
of MMMIPs was 43.1 mg/g, whereas that of MMNIPs was
22.6 mg/g. The high adsorption capacity is due to more active

binding sites on the internal and external layers of MMMIPs
being available [38, 45, 56, 57].

The resulting isothermal adsorption diagrams are plotted in
Fig. 3b. The isothermal adsorption results indicated that the
absorption capacities of MMMIPs and MMNIPs increased
with increasing adsorption time at the beginning of adsorp-
tion, and the adsorption capacity of MMMIPs was much
higher than that of MMNIPs. The adsorption capacities
reached maximum values with an adsorption time of 30 min
and then plateaued with increasing time. Therefore, the time
for selective adsorption was set to 30 min in subsequent
experiments.

Selective adsorption

Analogs of GAT, NOR, and LOM were selected to investigate
the adsorption property of MMMIPs. The results of selective
adsorption tests are listed in Table . MMMIPs exhibited high
binding amounts with the four FQs. GAT, NOR, and LOM
and matched the imprinting cavities very well because of their
highly similar functional groups and molecular structure with
FLE. The adsorption capacity of MMMIPs in the substrate
was significantly greater than those of the analogs with selec-
tivity coefficients (K) of 1.9, 1.8, and 1.5. The K values of
MMNIPs in the template molecule were 1.1, 1.2, and 1.1,
which were smaller than those of MMMIPs.

Optimization of MSPE conditions

The influencing factors of extraction efficiency of MSPE pa-
rameters, namely, sample pH, mass of adsorbent, extraction
time, elution solvents, and desorption time, were investigated
and optimized. When one influencing factor was changed, the
other factors were fixed at optimized values.

Adsorbent mass

The mass of the adsorbent required to achieve high extraction
efficiency was determined. Different masses of MMMIPs
ranging from 10 mg to 50 mg were used to extract FQs from
2 mL of milk sample. The peak areas of four FQs increased
rapidly with increasing MIP mass and then became almost
invariant above 30 mg of MMMIPs (Fig. 4a). Thus, 30 mg
of MMMIPs was employed in further studies.

Table 2  Correlation coefficients, repeatability, intermediate precision, limits of detection, and recovery study of the proposed method

Analyte Linear range (1g Lfl) Slope Intercept Correlation coefficient R LOD (ng Lfl) LOQ (ng Lfl)
FLE 30-1000 1.7986 —3.1443 0.9964 14.9 494

GAT 50-1000 1.9824 3.7326 0.9972 18.8 61.9

LOM 30-1000 2.1523 1.1070 0.9957 17.6 57.9

NOR 30-1000 1.8633 0.9035 0.9984 12.9 42.8
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Table3 Recoveries (%) and precision (RSD, %) of four fleroxacin FQs
in bovine milk samples

Analyte Detected (ug L")  Recovery+RSD(%, n=3)

20ug L™ 50 pug L™t 100 pg L7
FLE nd? 105.6+3.7 103.7£1.8 1052+3.4
GAT n.d. 97.5+8.6 101.5+22 102.2+2.8
LOM n.d. 96.8+5.6 105.1£3.9 104.2+3.6
NOR n.d. 102.3+4.5  92.7+4.6 108.6x1.5

n.d.: Not detected

Sample pH

The effect of pH was determined at different pH values (3.0—
9.0) of 2 mL of milk samples. The results are presented in
Fig. 4b, which showed that the extraction progress was obvi-
ously affected by pH. The highest peak areas of four FQs were
obtained at pH 6.0. The pH values were between pK,; and
pK.» of FQs, ranging from 5.5 to 6.3 and from 9.1 to 9.3,
respectively [58]. FQs were in cationic forms at below pK,;,
but they were in anionic form at above pK,,. FQs in interme-
diate forms could be extracted by MMMIPs. Thus, pH 6.0 was
the optimal pH for further experiments.

Extraction time

The effect of extraction time on peak areas was investigated.
Adsorption equilibrium was reached after 20 min (Fig. 4c).
Therefore, 20 min was chosen as the suitable extraction time.

FElution solvents

The effect of the ratio of MeOH and 50 mM KH,PO, (pH 6)
as eluting solvent on the extraction efficiencies of FQs was
evaluated. The highest peak areas of FQs were obtained at
80 % MeOH (Fig. 4d). Therefore, 80 % MeOH was selected
as the eluting solvent in subsequent experiments.

Desorption time

To optimize the desorption time, different time intervals (5—
50 min) were evaluated. The results revealed that 20 min
was sufficient to accomplish desorption (Fig. 4¢). There-
fore, 20 min was set as the optimal desorption time in this
work.

Optimization of CE conditions

The running buffer significantly affects the separation of FQs.
The effect of pH ranging from 8.0 to 9.5 of 12 mM Na,B40,—
38 mM NaH,PO, on the separation performance was investi-
gated according to a previous study [59]. Enhanced baseline
separation was observed at pH 9.0. Thus, 12 mM Na,B,O0—
38 mM NaH,PO, at pH 9.0 was selected as the running buffer
for separation.

The effect of different applied voltages (10-20 kV)
was compared. Higher values of separation voltage re-
sulted in faster migration rate of ions, shorter separation
time, and lower resolution. The optimal separation per-
formance was obtained when the voltage was 15 kV.
Therefore, a separation voltage of 15 kV was used in
subsequent experiments.

Analytical performance

A series of concentrations of FQ standard solution was
prepared and separated under optimal electrophoresis
conditions in the section “Optimization of MSPE condi-
tions,” and relevant peak areas were acquired. A linear
relationship was determined using concentration and
corresponding peak area as horizontal and vertical coor-
dinates, respectively. The parameters of this relationship
are provided in Table 2. The correlation coefficients
(R?) of all four FQs exceeded 0.9956, which suggested
a favorable linear relationship between concentration
and peak area. The limits of detection (LODs) were
12.9-18.8 pg/L (S/N=3), and the limits of quantitation

Table4 Comparison of MSPE-CE-UV with other methods for determination of FQs in bovine milk samples

Analytical Extraction method Target analytes Linear range ~ LODs Recoveries (%) RSD (%)  References
method (gL (igL™h
HPLC-FLD  on-line column-switching ~ CIP, ENR, SAR, OXO, 108-113 81.3-121 2.3-6.5 [44]
FLU
HPLC-UV Fe;0,@POSS OFL, DAN ENR 50-1000 1.76-12.42  30.7-114.5 1.6-14.9 [45]
Magnetic SPE
CE-UV Magnetic SPE DAN, CIP, MAR, ENR,  27-1000 9-12 74-98 1.03-9.87  [46]
DIF, OXO, FLU
CE-UV Pipette tip SPE OFL, CIP, NOR 20-250 7.5-11.6 84-106 2.649 [44]
CE-UV MSPE FLE, GAT, LOM, NOR  30-1000 12.9-18.8 92.7-108.6 1.8-8.6 This work
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(LOQs) were 42.8-61.9 ug/L (S/N=10). The four FQs
exhibited stable migration times and peak areas, with
RSD values ranging from 1.8 % to 8.6 % and recovery
rates from 92.7 % to 108.6 %. These results reflected
the favorable accuracy and high precision of the
established method.

Real sample analysis

Commercially available bovine milk samples were subjected
to FQ detection. The detection results are listed in Table 3. The
proposed method was successfully applied to measure bovine
milk samples under optimized conditions, with recoveries of
92.7 %—108.6 % and RSDs of 1.8 %—8.6 %. FQ residues were
not detected in these samples.

Comparison of MMMIPS with other methods

The proposed technique and other related methods for mea-
suring FQs in bovine milk samples were compared, and the
results are presented in Table 4. The LODs of this technique
were better than on-line column-switching HPLC coupled
with an FLD detector. The results indicated that MMMIPs
had highly selective enrichment capabilities for analyzing
the four FQs in complex samples. Moreover, MMIP prepara-
tion is simple and easy to perform to avoid potential environ-
mental threat.

Conclusion

A sensitive and selective method was successfully de-
veloped for extracting and determining four FQs from
bovine milk samples using novel MMMIPs as adsor-
bents for MSPE. The MMMIPs were characterized in
detail. The LODs were found to be 12.9-18.8 pg L',
and the LOQs were 42.8-61.9 pug L' using MSPE
coupled with CE analysis. Recoveries were 92.7 %-—
108.6 % with RSD values ranging from 1.8 % to
8.6 %. These results reflected the favorable accuracy
and high precision of the established method. The pro-
posed MSPE-HPCE method was successfully applied to
detect FQs in bovine milk samples.
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