Food Analytical Methods (2021) 14:2111-2120
https://doi.org/10.1007/512161-021-02042-z

=

Check for
updates

Preparation of Magnetic Dummy Template Molecularly Imprinted
Polymers for the Determination of Aminoglycosides Antibiotics in Milk

Xiaolin Cao'® - Zheng Zhang' - Guangyang Liu? - Ziping Zhang' - Jungang Yin'

Received: 6 November 2020 / Accepted: 23 April 2021 / Published online: 5 May 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

In this paper, the efficient magnetic dummy molecular imprinted polymers were firstly synthesized by dummy template (raf-
finose). The dummy molecularly imprinted layer was polymerized on the surface of Fe;O, nanoparticles modified with NH,
group. The micromorphology and chemical composites of prepared polymers were detailed characterized. Their adsorption
and desorption conditions including extraction time, adsorbent dosage, solution pH, washing solvent, and elution solvent
were carefully evaluated. The results showed that the obtained magnetic dummy template molecularly imprinted polymers
showed uniform sizes, high magnetic responsivity, core—shell structure, and selectively recognition capacity towards five
aminoglycoside antibiotics. Under optimum conditions, magnetic solid-phase extraction coupled high performance liquid
chromatography-tandem mass spectrometry for enriching and determining aminoglycoside antibiotics in milk samples was
developed. This method showed good linearity (501000 pg/kg) with 72 larger than 0.9923. The limits of detection (S/N=3)
were from 3.6 to 9.6 pg/kg. With spiked at three different concentration levels, the recoveries fell into 82.6-114.1% with
relative standard deviation from 2.8 to 13.2%. The established method based on magnetic dummy molecular imprinted
polymers proved to be highly sensitive and repeatable, providing the promising adsorbent for aminoglycoside antibiotics
analysis in the complex samples.

Keywords Magnetic dummy molecularly imprinted polymers - Aminoglycoside antibiotics - Magnetic solid-phase
extraction - Milk

Introduction promoting the growth of animals (Yue et al. 2021; Zhang

et al. 2020). In spite of their effectively antimicrobial effect,

Aminoglycoside antibiotics (AAs) are an important class of
antibiotics composed of amino sugars and aminocyclic alco-
hols via oxygen bridges (Wang et al. 2016). AAs have been
widely used in animal husbandry and veterinary medicine
for inhibiting the growth and reproduction of bacteria and
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AAs have also been banned for feed addition agent and
many countries have established the maximum residue lim-
its of AAs in food owing to the high toxic effects towards
the human beings such as nephrotoxicity, ototoxicity, and
neuromuscular blockade (Prayle et al. 2010; Jospe-Kaufman
et al. 2020). The residual AAs could be easily absorbed by
human body through food chain. Therefore, a highly sensi-
tive, rapid, and efficient method to determine AAs in foods
is mandatory.

The employed approaches for the determination of AAs
involve spectrophotometric, immunochemical, micro-
biological, and chromatographic techniques (Ghodake
et al. 2020; Mabrouk et al. 2020; Xu et al. 2011; Glinka
et al. 2020). Among them, solid-phase extraction (SPE)
coupled with high performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) was the com-
monly used method in different food matrix (Tarannum
et al. 2020).
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Although HPLC-MS/MS method could achieve satisfac-
tory limits of detection, the conventional SPE process often
lacked flexibility and consumed time. Furthermore, the used
enriching or purifying materials (e.g., exchange resin, Cg)
all lack selectivity towards AAs in both the reverse-phase
and the ion-exchange modes in SPE process. These short-
comings could not satisfy high-throughput screening of AAs
in complex samples and resulted in significant matrix effect
from food constituents (Farouk et al. 2015). In recent years,
magnetic solid-phase extraction (MSPE) is a new mode of
SPE based on magnetic inorganic material and non-magnetic
adsorbent, eliciting growing interest for sample pretreat-
ment. MSPE could overcome the deficiencies of SPE and
perform superiorities including easy operations, little or no
solvent consumption, and rapid extraction (Yu et al. 2019;
Li et al. 2018). The adsorbent plays a key role for enriching
targets and decides the performance of MSPE. Thus, in order
to develop a highly efficient MSPE process for AAs in food
samples, the new selective adsorbent should be designed.

Molecularly imprinted polymers (MIPs), as artificial-
synthetic biomimetic recognition materials, have been
widely utilized as promising adsorbent for a huge range of
target molecules in MSPE process, showing high selectiv-
ity, excellent mechanical and chemical stability, and allow-
ing to work in harsh conditions (Moura et al. 2018; Has-
san et al. 2018; Hu et al. 2018). In view of applications of
MIPs for AAs detection, only streptomycin as template was
used to form polymers (Ji et al. 2013) and recent several
studies directly bought expensive SPE-aminoglycoside car-
tridge from Sigma-Aldrich (Moreno-Gonzélez et al. 2015,
2017; Savoy et al. 2018). However, the further applications
of traditional MIPs not only consumed large amounts of
standard products, but also were greatly limited owing to
the unavoidable template leakage, influencing the accurate
quantization of the analytes. To avoid those deficiencies, the
synthetic strategy of MIPs with the structural analogs of ana-
lytes, named dummy templates, has been developed and the
obtained magnetic dummy template-MIPs (MDMIPs) were
successfully used for enriching different trace analytes in
MSPE process (Tan et al. 2016; Zhao et al. 2018; Guo et al.
2019; Gao et al. 2018; Dinc et al. 2019; Yuan et al. 2020;
Mar¢ and Wieczorek 2020; Fu et al. 2019). Recently, the
dummy molecularly imprinted polymers based on template-
raffinose by precipitation polymerization were synthesized
by our team and dummy molecularly imprinted polymers
(DMIPs) cartridge was applied to enrich AAs in environ-
mental water samples (Zhang et al. 2020). Considering the
mentioned superiority of MSPE, it is necessary to develop
magnetic enriching process. To the best of our knowledge,
there have been no articles reporting the use of magnetic
dummy molecular imprinted polymers for determining AAs
so far.

@ Springer

In this paper, based on the previous study (Zhang et al.
2020), the cheap, nontoxic compound-raffinose was used as
dummy template to furtherly synthesize magnetic polymers
by surface imprinting techniques. DMIPs shell was polym-
erized on the surface of Fe;O, and lessened the molecule
diffusion barrier, resulting in easily removing template.
The synthesis of MDMIPs for extracting and enriching
AAs was firstly described. The adsorption characteristics
and the selectivity of MDMIPs were investigated by binding
experiments. The MDMIPs as the adsorbent coupled with
hydrophilic interaction-high performance liquid chromatog-
raphy-tandem mass spectrometry (HILIC-HPLC-MS/MS)
were successfully applied to analyze AAs in milk.

Experimental
Materials

Methacrylic acid (MAA), trimethylolpropane triacrylate
(TRIM), tetraethyl orthosilicate (TEOS, 98%), (3-aminopro-
pyl) triethoxysilane (APTES, 98%), formic acid (FA, 98%),
and ammonium acetate were bought from Sigma-Aldrich
(St. Louis, MO, USA). The initiator 2,2-azobisisobutyroni-
trile (AIBN, >98%), FeCl;-6H,0 (99%), and FeCl,-4H,0
(98%) were supplied by the Reagent & H. V. Chemical Co.
Ltd. (Shanghai, China). Deionized water obtained from a
Milli-Q system (France) was used. Hexane (Hex), methanol
(MeOH), and acetonitrile (ACN) were supplied by Tedia
(Fairfield, USA). Raffinose (RAF) and six AAs including
kanamycin sulfate (KAM), apramycin sulfate (APM), gen-
tamycin sulfate (GNT), tobramycin (TOM), paromomycin
sulfate (PRM), and spectinomycin pentahydrate dihydro-
chloride (SPC) were purchased from Dr. Ehrenstorfer Gmbh
(Augsburg, Germany). These standards were stored under
refrigeration at 4 °C and used to prepare working standard
solutions.

Apparatus

FT-IR spectra were collected using a spectrum 100 instru-
ment (PerkinElmer, USA). Morphological characterization
was carried out on a scanning electron microscopy (S-8200
SEM, Japan) and a transmission electron microscope instru-
ment (TEM LIBRA-200 FE, Germany), respectively. The
magnetization curves were obtained by a LakeShore7407
vibrating sample magnetometer (VSM, USA). KQ-500DB
ultrasonic cleaner (Kunshan, China) was also used. An
HPLC system (ultraLC-100, AB Sciex, USA) coupled with
a triple quadrupole mass spectrometer (AB-4000, USA)
with an electrospray ionization source was used to analyze
AAs. The detailed parameters of mass spectrometer and
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chromatographic conditions were shown in supplementary
materials (Table S1 and Section S1.1).

Synthesis of NH,-functionalized Magnetic
Nanoparticles

The Fe;0, nanoparticles were prepared with chemical co-
precipitation method according to reported literature (Mash-
hadizadeh et al. 2013) and the detailed procedures were
listed in supplementary documents (Section S1.2).

The synthesized Fe;0, (0.5 g) were dispersed in 120 mL
ethanol-water (5:1, v/v) in 250 mL three-neck flask, fol-
lowed by the addition of 1.0 mL of ammonium hydroxide
(25 wt%) and 2.0 mL of TEOS sequentially. After the mix-
ture reacted for 24 h at room temperature under continuous
stirring, 1.5 mL. APTES was added into the mixture and
vigorously stirred for another 24 h at 40 °C. The obtained
Fe;0,@8Si0,-NH, microspheres were collected by mag-
netic separation and alternatively washed three times with
deionized water and ethanol. Finally, the Fe;0,@Si0O,-NH,
microspheres were dried under vacuum at 80 °C for 24 h.

Synthesis of Magnetic Imprinted Polymers

0.1 mmol template-RAF and 1.4 mmol functional mono-
mer-MAA were firstly dissolved in 10 mL methanol in a
150 mL round-bottom flask, and the flask was shaken for
30 min to pre-polymerize. After Fe;O,@SiO,-NH, micro-
spheres (100 mg) were dispersed in the pre-polymeriza-
tion solution, 1.0 mmol TRIM and 30 mg initiator-AIBN

Functional monomer

444 ol

@ s (@) rmrgt (g

e>§latc

5 .!f‘\k

Fe,04 ~
F0304@Sj02 F 0304@Si02'N Hz

'HPLC-MS/MS '

were added in the flask flowing with ultrasonication for
5 min. The mixtures were deoxygenated with a stream of
nitrogen. The flask was sealed and placed in water bath at
60 °C for 24 h. Then, MDMIPs were separated by mag-
net and eluted by methanol-acetic acid solution (9:1, v/v)
until RAF could not be detected. Finally, the polymers
were washed by methanol and dried in accordance with
the above method. The magnetic dummy non-imprinted
polymers (MDNIPs) were prepared following the same
procedure without RAF molecule.

Magnetic Solid-phase Extraction

A schematic representation of proposed MSPE process
based on MDMIPs was shown in Fig. 1. The detailed
procedure included the following steps: 30 mg MDMIPs
adsorbents were sequentially conditioned with 2 mL
methanol and 2 mL ultra-pure water with vortex for
1 min in 10 mL tube, and rapidly separated by the magnet.
Then, 5 mL milk extracts were added into this tube and
vortexed vigorously for 10 min in an oscillator to com-
pletely adsorb analytes. The adsorbents were separated
again from the mixture with external magnet. After wash-
ing with 2 mL ACN, 2 mL 0.5% FA-H,0:ACN (50:50
v/v, 1 mL for 3 min ultrasonication, repeated 2 times)
was used to elute AAs. After magnetic separation, the
desorption solution was transferred to a new 5 mL tube
and filtered through a 0.22 microfiltration membrane for
HPLC-MS/MS analysis.
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Fig. 1 The schematic representation of proposed MSPE process based on MDMIPs for AAs
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Binding Experiments

To study the adsorbing performance of MDMIPs, dynamic
absorption and static adsorption experiments were carried
out, respectively. Firstly, the sized and washed magnetic
adsorbents (10.0 mg) were added into 2 mL of 20 pg/g of
GNT water solution with different periods of shaking time
(5-180 min) to set the saturation adsorption time. Then, the
magnetic adsorbents (10 mg) were mixed into 2.0 mL of
GNT solution ranging from 10 to 1000 pg/g at saturation
adsorption time. After centrifugation, the supernatant was
diluted and analyzed by HPLC-MS/MS to quantify the con-
centration of free GNT. The adsorption capacity was calcu-
lated according to Scatchard equation (Eq. 1).

0/C, = (Qpar — Q) /Kp (1

where Q and Q,,,. were the amount of GNT adsorbed
to polymers and the maximum number of binding sites,
respectively; C, and K, were the free GNT concentration
at equilibrium and the equilibrium dissociation constant,
respectively.

6,7mm x20.0k SE(UL

Milk Samples

The whole cow milk and the skimmed cow milk samples
were purchased from the local market in the city of Yantai.
Three milliliters of trichloroacetic acid (5% containing 0.5%
EDTA-2Na m/v) was added to 2 g of milk samples and the
mixture was vortexed for 3 min, then subjected to an ultra-
sonic bath for 5 min. After that, the samples were centrifuged
for 10 min at 6000 g and the supernatant was collected into a
tube. The above procedures were repeated with two times for
extraction and the supernatant was merged together.

Results and Discussion
Characterization of Polymers

Selection of appropriate dummy template molecule offers an
effective way to avoid the shortcoming of template leakage.
In this study, due to the similar spatial structure of three or
four six-membered ring with AAs (Fig. S1) and the abun-
dant OH groups providing hydrogen bonding interaction
with COOH in MAA, the RAF compound was selected as
dummy template to synthesize MDMIPs.

Fig.2 SEM graphs of Fe;0,@SiO,-NH, (a), Fe;0,@DMIPs (b); TEM graphs of Fe;0,@Si0,-NH, (¢), Fe;0,@DMIPs (d, e)
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Fig.3 FT-IR spectra (A) of
RAF (a), Fe;0,@Si0,-NH, (b),
MDMIPs (c), MNIPs (d), and
MDMIPs with template remov-
ing (e); magnetization curve

of magnetic dummy template-
MIPs (B)
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To understand morphology and chemical composites
of the synthesized polymers, SEM, TEM, and FT-IR were
used to characterize Fe;0,@Si0,-NH,, Fe;0,@DMIPs,
and Fe;0,@DNIPs (Fig. 2). SEM graphs revealed the mean
diameter of Fe;0,@Si0O,-NH, was about 20 nm. After
polymerizing the imprinted layers, the diameter of Fe;0,@
DMIPs increased to approximately 500 nm with a relatively
narrow particle size distribution. This indicated that the
dummy imprinted layers were successfully polymerized
on the surface of Fe;O, by the hydrogen bond interaction
between the functional groups of template-RAF, monomer-
MAA, crosslinking agent-TRIM, and NH, group of APTES
modified on the surface of Fe;O,. Compared to Fe;0,@
Si0,-NH,, the TEM images of Fe;0,@DMIPs were found
to be composed of the Fe;O, core (dark) and the polymer
shell (gray) with the thickness of approximately 60 nm, fur-
therly illustrated the uniform polymerization of DMIP shell
on Fe;0, and there were hardly any free Fe;O, NPs.

Figure 3A showed the adsorption peaks of polymers
measured by Fourier transform infrared. The spectra of
Fe;0,@8S10,-NH, displayed the specific peak at 1603 cm™!
assigned to N—H stretching vibration, illustrating the NH,
group of APTES successfully modified on Fe;0,@SiO, (Liu

Fig.4 Adsorption isotherms of
MDMIPs and MNIPs for GNT
(a); Scatchard plot analysis of
MDMIPs and MNIPs (b)
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et al. 2020). The characteristic peak at 966 cm™!, assigned
to glycosidic bond existed in RAF (curve a) and MDMIPs
(curve c), while MNIPs synthesized using the same proce-
dure without the template molecule RAF did not show the
peak (curve d) (Zhang et al. 2020). After the MDMIPs were
washed with HAc-MeOH, the intensity of 966 cm~! was dis-
appeared, indicating the template-RAF was removed. Also,
absorptions of 1732 cm™! and 1259 cm™! resulting from
carboxyl groups in the functional monomer-MAA existed
in all the three polymers (curves c, d, and e) (Ji et al. 2013).
Those spectra of FT-IR demonstrated the coatings of DMIPs
on the surface of magnetic nanoparticles.

Furthermore, in order to easily separate MDMIPs from
matrix solution in MSPE process, the magnetic property
of MDMIPs was evaluated by the vibrating sample mag-
netometer at room temperature. As showed in Fig. 3B,
both remanence and coercivity were zero, confirming that
the polymers were paramagnetic. The magnetic satura-
tion value of MDMIPs was 12.4 emu-g~! without mag-
netic hysteresis. Additionally, the MDMIP microspheres
could be rapidly collected from the sample solution with
external magnet (Fig. S2). The sample became clear and
transparent after magnetic separation, indicating that the

b
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MSPE process could simplify the pretreatment steps for
complex matrix.

Binding Study and Scatchard Analysis

To evaluate the binding properties of MDMIPs and
MNIPs, equilibrium absorption and Scatchard analy-
sis were employed. The saturation adsorption time
(120 min) was obtained by adding 10 mg of magnetic
adsorbents into 2 mL of 20 pg/g GNT water solutions
(Fig. S3). In static adsorption experiment, the same dos-
ages of magnetic adsorbents were mixed with GNT water
solution (2.0 mL) from 10 to 1000 pg/g for 120 min,
respectively (Fig. 4a). In spite of both the increasing

Fig. 5 Effect of extraction 0, a
time (a), adsorbent dosage

(b), solution pH (c), washing
solvents (d), elution solvents (e)
on recoveries of KAM, APM,
GNT, TOM, PRM
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o
3
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adsorption amounts of MDMIPs and MNIPs for GNT
with the increasing initial concentration, the higher
binding capacity (16.0 mg/g) of MDMIPs than MNIPs
(9.0 mg/g) at the initial concentration of 500 mg/L was
performed owing to the specific binding sites of GNT
molecules on MDMIPs. Furthermore, the apparent maxi-
mum binding amount (Q,,,,) and the equilibrium dis-
sociation constant (K,) were calculated by Scatchard
equation (Eq. 1). As shown in Fig. 4b, two different
linear regression equations were achieved for MDMIPs.
According to the equilibrium theory, it was inferred
that the binding sites in MDMIPs were heterogeneous.
The theoretical maximum adsorption amounts were
calculated to be 8.7 mg/g for the low affinity sites and
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20.5 mg/g for the high affinity sites, and the calculated
values for K, were 17.39 pg mL~" and 129.81 pg mL~!,
respectively. All of above results indicated the favorable
adsorbing capacity of MDMIPs for GNT.

Optimization of Magnetic Solid-phase Extraction
Conditions

To ensure the analytes completely being adsorbed and des-
orbed from MDMIPs adsorbent, the adsorption and the
desorption parameters including extraction time, adsorbent
dosage, solution pH, washing solvents, elution solvent, and
elution volume were optimized, respectively. Five-milliliter
milk extracts with spiked concentration of 1 mg/kg of each
AAs were used in the following optimizing experiments.

Extraction Time

During the equilibrium-based MSPE process, extraction
time is one of the primary factors which influence the
extraction recovery. The extraction time from 1 to 20 min
was investigated (Fig. 5a). The results indicated that AAs
recovery both improved (e.g., KAM from 42.6 to 91.0%)
with the increasing extraction time from 1 to 10 min, and
then did not obviously change from 10 to 15 min. When the
extraction time was more than 15 min, the recovery of AAs
tended to lightly decrease. This might be the occurrence of
desorption. Thus, the extraction time of 10 min was chosen
for the complete extraction time.

Adsorbent Dosage

In order to obtain the highest recovery for enriching AAs,
the adequate amount of MDMIPs is a critical factor. In this
experiment, 10 to 40 mg of adsorbents were evaluated for
extracting AAs in 5 mL milk extracts. Then, oscillation was
performed for 10 min, and 2 mL H,O was used for wash-
ing. From Fig. 5b, it was showed that the recovery of five
AAs reached a plateau while the added amount was 30 mg.
Therefore, the optimum amount of adsorbents was 30 mg in
the following experiments.

Solution pH

The recognition sites in the MDMIPs mainly depend on the
hydrogen bonding interaction between OH or NH, groups
in AAs and COOH in MAA. The pH value of the sample
extracts is an important factor affecting not only the behavior
of the liquid charge present on the surface of MDMIPs, but
also the physical-chemical properties of analytes (Fang et al.
2021; Dinali et al. 2021). In this study, milk extracts with
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different pH in the range of 3.0-11.0 adjusted by ammo-
nia and formic acid were studied. As shown in Fig. 5c, the
recoveries of AAs increased from 3 to 7 and then decreased
substantially. This might be that the strongest recognition
capacity of imprinted polymers towards targets could be
performed while the solution pH was close to their pKa.
Therefore, the optimized pH value was at 7.

Washing Solvents

In the adsorbing process for AAs based on MDMIPs, the
washing step could minimize unspecific interactions between
the un-targeted molecules (e.g., organic acid, amino acid,
carbohydrate) and the binding sites, effectively reducing the
matrix effect. So, different washing solvents including 2 mL
of Hex, ACN, MeOH, and H,O were investigated, respec-
tively. In this experiment, after MDMIPs adsorbent adsorbed
AAs, different solvents were added and vortexed for 2 min,
respectively. Figure 5d showed that the higher recoveries of
most AAs were achieved when 2 mL. ACN used as washing
solvent. So, 2 mL. ACN was applied.

Desorption Conditions

After extracting AAs under optimum conditions (5 mL
milk extracts, 30 mg adsorbents, 10 min of extraction time,
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Fig. 7 The recoveries of AAs with different recycling times
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Table 1 The parameters of the Aminoglycoside Linear range  Regression equation P LODs (pg/kg) LOQs (pg/kg)
developed method for AAs antibiotics (ng/mL)

KAM 50-1000 y=-819+151x 0.9923 5.7 19

APM 50-1000 y=377+53.7x 0.9947 7.5 25

GNT 50-1000 y=—1070+419%« 0.9966 3.6 12

TOM 50-1000 y=416+173x 0.9960 8.4 28

PRM 50-1000 y=-587+11.6x 0.9961 9.6 32

2 mL ACN for washing), the analytes should be desorbed
from MDMIPs before detected by instruments. Different
elution conditions have great influence on the desorbing
efficiency. In order to obtain maximum efficiency, opti-
mum elution condition should be established. Firstly, dif-
ferent elution solvents including 3 mL 1% FA-H,0 and 1%
FA-ACN:H,0 (20:80, 50:50, 80:20 v/v) were investigated,
respectively. After ultrasonic elution for 3 min, the elution
ability of 1% FA-H,0:ACN (50:50 v/v) showed the highest
recovery than other solvents (Fig. 5e). Then, the concen-
tration of FA in elution solvent was also optimized. One
milliliter of H,0:ACN (50:50 v/v) including 0.1%, 0.5%,
and 1% FA was investigated. The recoveries improved with
the increasing concentration of FA, a satisfactory recovery
could be obtained when the concentration of FA reaches
0.5%, while the recoveries almost unchanged with 1% FA.
Furthermore, the elution volumes were compared (Fig. S4)
and it was found that 1 mL 0.5% FA-H,0:ACN (50:50
v/v) with ultrasonic elution for 3 min by two repeats was
the optimal volume and desorption time. Therefore, 2 mL

0.5%FA-H,0:ACN (50:50 v/v) was finally selected as elu-
tion solvent.

Specific Recognition

As shown from Fig. 6, the molecular structure of SPC has
relative structure with RAF. In order to evaluate the specific
recognition ability of MSPE based on MDMIPs, the milk
samples spiked at 1 pg/mL of each AAs were treated by
MDMIPs. The recovery of SPC (17.7%) was obviously much
lower than KAM, APM, GNT, TOM, and PRM (88.3%,
92.0%, 90.0%, 97.3%, 95.2%), indicating that MDMIPs pos-
sessed excellent class-specific recognition capacity towards
those five targeted AAs.

Recyclability of MDMIPs

Because MDMIPs adsorbent is the key factor deciding the
final results and the detecting cost, it is necessary to verify

Table 2 The recoveries of AAs

. Analyte  Spiked (pg/kg)  Whole cow milk (pg/kg) Skimmed cow milk (pg/kg)
from milk samples
Found (ng’kg) R (%) RSD (%) Found (pg/kg) R (%) RSD (%)
KAM 0
50 494 98.8 4.2 43.7 87.4 43
100 99.3 99.3 2.8 91.4 91.4 3.1
200 191.8 95.9 11.5 186.2 93.1 5.4
APM 0 nd nd
50 43.7 87.4 10.1 41.3 82.6 5.1
100 114.1 1141 9.2 89.7 89.7 52
200 210.2 105.1 132 189.6 94.8 33
GNT 0 nd nd
50 48.5 97.0 11.0 45.6 91.2 35
100 105.6 105.6 10.1 89.2 89.2 53
200 184.6 92.3 9.5 175.8 87.9 4.5
TOM 0 nd nd
50 45.6 91.2 5.8 422 84.4 4.3
100 110.8 110.8 74 91.0 91.0 7.3
200 208.6 1043 95 181.8 90.9 29
PRM 0 nd nd
50 56.3 1126 5.1 472 94.4 33
100 103.3 103.3 4.8 95.0 95.0 3.6
200 206.8 103.4 4.9 186.6 93.3 4.9
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the recyclability of MDMIPs. After MDMIPs were com-
pletely eluted by 0.5% FA-50% ACN and furtherly rinsed by
3 mL MeOH and 3 mL deionized water, they were reused to
extract AAs from milk samples. From Fig. 7, it could be seen
that even after 6 recycling uses of MDMIPs, the recoveries
of AAs were more than 80%.

Method Validation

The blank milk extracts without AAs were obtained by
treating liquid milk with the MSPE process described in
“Synthesis of Magnetic Imprinted Polymers” and “Magnetic
Solid-phase Extraction” sections. The standard calibration
curves were established using the blank milk extracts at six
different concentration levels (50, 100, 200, 500, 800, and
1000 pg/kg for each AAs) and analysis were performed with
five replicates for 50 pg kg~!. Linearity, correlation coef-
ficient (%), and limits of detection (LODs) were carefully
studied. The results showed that all the analytes exhibited
good linearity with 7 larger than 0.9923 (Table 1). The
LODs (S/N=3) were from 3.6 to 9.6 pg/kg. Those data illus-
trated the developed method was sensitive and applicable.

Analysis of Real Milk Samples

In order to further verify the accuracy of the method, the
whole cow milk and the skimmed cow milk samples were
obtained in local market in the city of Yantai and analyzed by
MSPE-HPLC-MS/MS based on MDMIPs under optimized
conditions. None of AAs was detected in actual milk sam-
ples. Both the two types of liquid milk were also spiked at
three different concentration levels of AAs (50, 100, 200 ug/
kg), and the typical chromatogram has been listed in Fig. S5.
Table 2 showed that the recoveries fell into 82.6-114.1% and
relative standard deviations (RSDs) were from 2.8 to 13.2%.
Those results furtherly proved that the developed method
possessed high accuracy and good repeatability.

Conclusions

This study showed that the efficient magnetic dummy molec-
ular imprinted polymers with core—shell structure were suc-
cessfully synthesized. The obtained MDMIPs showed uni-
form sizes, high magnetic responsivity, and avoided template
leakage in the sample pretreatment, making simple operation
and good selective enriching capacity towards AAs. Under
optimum conditions, MSPE-HPLC-MS/MS method was
successfully applied to determine AAs in milk samples.
The established method proved to be highly sensitive and
repeatable, providing the promising potential adsorbent and
method for AAs analysis in the complex samples.
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