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In this work, a novel kind of core-shell magnetic molecularly imprinted polymers (MIP) for

sulfamethazine (SMZ) was synthesized by surface-initiated atom transfer radical polymerization

10 (ATRP) strategy. In this protocol, the polydopamine was formed on the Fe;O, nanoparticles (NPs)
in 10 mM Tris-HCI buffer solution (pH 8.5). The initiator bromide reagent of ATRP was then
grafted onto the polydopamine surface. Finally, the MIP layer was formed on the surface of Fe;O,

by the copolymerization of sulfamethazine as template, methacrylic acid as functional monomer,

ethylene glycol dimethacrylate as cross-linking agent using organometallic catalyst comprising

15 Cu(I)Br and pentamethyldiethylenetriamine. The morphology, magnetic, adsorption and

recognition properties of Fe;0,@SMZ-MIP NPs were characterized using transmission electron

microscope (TEM), Fourier transform infrared (FT-IR) spectrometer, vibrating sample

magnetometer (VSM), X-ray diffractometer (XRD), thermogravimetric analysis (TGA) and re-

binding experiments. The controllable nature of ATRP allows the growth of uniform MIP layer

0 with adjustable thickness, providing a large adsorption capacity (680.27 ug g™, a fast kinetics

about 40 min to equilibrium, and a considerable high imprinting factor with 17.02. The feasibility

of enrichment of sulfonamides by Fe;0,@SMZ-MIP was demonstrated using egg samples spiked
with SMZ and SMR. The recoveries of SMZ and SMR ranged from 76.7 to 93.0% and 69.3 to
77.2%, respectively and the relative standard deviations (RSD) (< 7.0%). In addition,

s Fe;0,@SMZ-MIP showed good reusability for at least five repeated cycles.

1. Introduction

The sulfonamides (SA) are a family of synthetic
broadspectrum antibiotic drugs used in veterinary clinical
treatment and in animal feeds to promote livestock growth"2,
30 The continual over use of sulfonamides can lead to the
antibacterial resistance, and then do harm to human health and
ecological environment™!. Because of the safety concern,
licensed uses of sulfonamides is now limited. The European
Commission (EC), America and other countries, for example
35 China, have adopted a maximum acceptable limit of residual
sulfonamide in foods of animal origin, for example meat, milk
and eggs in order to control illegal usage and exceeding
contamination that would affect human health®. Therefore,
there is an urgent need to establish a reliable, rapid, sensitive
40 and low cost method for monitoring the trace levels of
sulfonamide residues in foods, environmental and biological
samples. Several methods have been reported for detecting
sulfonamides in the numerous matricesﬁ, such as high-
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performance liquid chromatography (HPLC)® and gas
ss chromatography (GC)>'°, high-performance liquid
chromatography—mass spectrometry (HPLC-MS)"',
HPLC/MS/MS'? and capillary electrophoresis (CE) . Due to
the interference from the complex matrix, sample preparation
is a key step prior to the detection of sulfonamides present in

6 various matrices. Many sample preparation methods,
including liquid-liquid ~extraction (LLE)", solid-phase

(SPE)”® and solid phase
(SPME)'®'” have been applied for extraction of sulfonamides.
To improve the efficiency and selectivity by which analytes

s are isolated, the application of SPE/SPME procedure
involving the use of molecularly imprinted polymers (MIPs),
a novel type of adsorbent, called MISPE, has been widely
applied for preconcentration and separation of trace analytes
in the complex samples'®>%,

70  MIPs are tailor-made materials that can exhibit high
affinity and selectivity towards a given target or group of
target molecules, which are prepared by copolymerization of
functional monomers and cross-linkers around a template.
Extraction of the template leaves behind recognition sites of

75 functional and shape complementarity to the template>?*,
Unlike antibodies, enzymes or biological receptors, MIPs
possess the greater stability and applicability in harsh
chemical media without loss of binding properties, as well as
lower cost, rapid and easier preparation. Several MIPs for

so sulfonamides®>" have been prepared as the stationary phase

extraction microextraction
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for HPLC and as solid-phase extracting agents in the past
decade. However, most MIPs for sulfonamides have been
synthesized in bulk polymerization, followed by a grinding
and sieving process to acquire the desired particles, which
suffer from several disadvantages, including heterogeneous
distribution of the binding sites, poor site accessibility, and
low mass transfer. To resolve these disadvantages, a surface
imprinting has been proposed as a feasible strategy for
sulfonamides imprinting®®**°. In the previous study,
developed the synthesis of silica-coated MIPs nanospheres for
selective extraction of sulfonamides from milk and eggs
samples with highly imprinting effect and adsorption
capacity®®. The magnetic nanoparticles coated with MIPs will
facilitate the recognition and can be easily isolated from the
real samples. We also reported the core-shell magnetic MIPs
prepared by copolymerization of vinyl grafted to the surface
of Fe;04 and functional monomer methacrylic acid (MAA),
applied magnetic MIPs to separate
sulfamethazine from the poultry feed samples®®. Dai et al.
synthesized a 13 nm MIP shell through reverse atom transfer
radical polymerization (RAFT), which exhibited excellent
selectivity and good reuse in the analysis of sulfamethazine*'.
There is an increasing MIPs which have been prepared via
controlled/living radical polymerization*>. The atom transfer

we

and and enrich

radical polymerization (ATRP)**, a catalyst-activated
controllable  radical polymerization method produces no
solution phase radical species, the solution-phase

polymerization is avoided. Because ATRP can provide
definite structure and uniform molecular weight distribution,
it has been used to graft MIPs from solid substrate*°,

In this work, we develop a surface-initiated ATRP strategy
for highly dense imprinting of sulfamethazine (SMZ) at the
surface of Fe;O4 NPs. The sulfamethazine-imprinted Fe;O,
(Fe;0,@SMZ-MIP) NPs possess good biocompatible
properties, and could be easily isolated from samples by using
an external magnetic field without the need of complicated
centrifugation steps or filtration. Moreover, it exhibited the
greater imprinting factor and quick mass transfer in the
sulfamethazine adsorption. Importantly, it worked well when
it was applied to the enrichment of sulfamethazine and
sulfamerazine in spiked eggs.

2. Experimental
2.1 Chemicals

The five sulfonamides including sulfamethazine (SMZ),
sulfadiazine (SDZ), sulfamerazine (SMR), sulfameter (SME)
and sulfamethoxazole (SMO) were obtained from Sigma -
Aldrich (USA), and their structures are shown in Figure 1.
The methacrylic acid (MAA), ethyleneglycol dimethacrylate
(EGDMA), 2-bromoisobutyrylbromide and 1,1°,4,7,7°-
pentamethyldiethylenetriamine ~ (PMDETA) also
purchased from Sigma-Aldrich (USA). Dopamine and 4-
dimethylaminopyridine (DMAP) were purchased from Alfa
Aesar. Azo-bis-isobutyronitrile (AIBN) was provided by
Shanghai Chemicals. FeCl;*6H,0, CuBr, ammonium acetate,
sodium citrate, methanol, ethanol, acetonitrile, hydrochloric
acid, acetic acid, phosphoric acid, dichloromethane and

were

2

=y
a

triethylamine were purchased from Tianjin Chemicals
(China). HPLC-grade acetonitrile (ACN) was purchased from
Merck (Darmstadt, Germany). All reagents used were of
analytical or HPLC grade further
purification. Highly purified water (18MQ cm’') obtained
from a WaterPro Water System (Aquapro Corporation, AFZ-
6000-U, China) was used in the experiments. analyses. Highly
purified water was prepared with a Milli-Q water purification
system (Millipore, Milford, MA).

Il ﬁ
HZNO—ﬁ—NH H:NOﬁ—NH
)\\\, 8 Jen

and used without
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Figure 1 Molecular structure of the five sulfonamides (SMZ, SDZ,
SMR, SME and SMO) used in this study.

2.2 Characterization

The morphology of Fe;04, polydopamine-coated Fe;O,
(Fe;0,@PDA) and Fe;0,@SMZ-MIP NPs were examined by
Tecnai G2 T2 S-TWIN TEM. The infrared spectra of Fe;0y,
Fe;0,@PDA, Fe;0,@PDA-Br and Fe;O,@SMZ-MIP were
recorded with Nicolet AVATAR-360 FT-IR spectrometer.
After vacuum drying, the magnetic particle samples were
thoroughly mixed with KBr (weight ratio of sample/KBr was
1%) in a mortar, and then pressed the fine power into a pellet.
Then the FT-IR spectrum was recorded. The magnetic
properties were analyzed with a vibrating sample
magnetometer (VSM) (LDJ 9600-1, USA). The identification
of the crystalline phase of obtained Fe;O4, Fe;0,@PDA,
Fe;0,@PDA-Br and Fe;0,@SMZ-MIP NPs was performed
on a Rigaku D/max/2500v/pc(Japan) X-ray diffractometer
with a Cu Kasource. The 260 angles sprobed were from 10° to
80° at a rate of 4° min™'". Thermogravimetric analysis (TGA)
was performed in nitrogen atmosphere at a heating rate of
10°C min™' from room temperature to 800°C (NETZSCH,
TG209, Germany).

2.3 HPLC analysis

The HPLC analyses were performed on a Shimadzu LC-20A
HPLC system including a variable wavelength UV detector
(Shimadzu, Kyoto, Japan). The instrument control and data
processing were carried out by the LC solution software. A
Shimadzu VP-ODS C18 (5 pum particle size, 150 mm x 4.6
mm) analytical column was used for analytes separation. The
mobile phase was acetonitrile-10 mmol L~ ' H,P0O, (0-13 min
(12:88, v/v), 13-30 min (12:88-30:70, v/v), 30-50 min (30:70-
12:88, v/v)) at a flow rate of 1.0 mL min~'. The injection
volume was 20 yL, and the column effluent was monitored at
270 nm.
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Analytical Methods

2.4 Preparation of core-shell sulfamethazine-imprinted Fe;O,
particles (Fe;0,@SMZ-MIP)

First, Fe;O, nanoparticles (NPs) were synthesized according
to a solvothermal method as reported previously’'. Typically,
0.675g FeCl;*6H,0, 1.925 g NH,;Ac and 0.2 g sodium citrate
were dissolved in 35 mL ethylene glycol and then transferred
in a Teflon-lined stainless-steel autoclave, sealed and heated
to 200°C for 16 h. After the autoclave was cooled to room
temperature, the obtained Fe;O, NPs were washed 5 times
with water and ethanol, and collected using a magnet, and
then dried under vacuum at 50°C.

The Fe;O, NPs was then modified with dopamine to
introduce amine groups®*. Briefly, 100 mg Fe;O, NPs were
dispersed in 50 mL 10 mM Tris-HCI (pH 8.5) buffer solution
by 15 min sonication. Next 50 mg dopamine was added the
mixture, and the reaction solution was mechanically stirred at
500 rpm for 12h. The product defined as
Fe;04@polydopamine (Fe;0,@PDA) was separated by a
magnet, washed with highly purified water 5 times, and dried
under vacuum at 50°C.

The detail of the synthesis of Fe;O4@initiator was as the
following®®. 300 mg Fe;0,@PDA, 30 mL dichloromethane, 1
mL triethylamine, and 1.3 mg DMAP as a catalyst were added
individually into around flask, followed with 15 min
sonication. The mixture was bubbled with high-purity
nitrogen at 0°C for half an hour. Then 300 uL 2-
bromoisobutyrylbromide was added, and the mixture was
mechanically stirred at room temperature for 12 hours. The
product Fe;0,@PDA@Br was washed with dichloromethane
5 times, and finally dried at room temperature.

The SMZ surface-imprinted polymers were synthesized by
ATRP procedure®. Firstly, 0.2226 g SMZ (0.8 mmol) as
template, 0.407 ml MAA (4.8 mmol) as monomer, 4 ml
EGDMA (24mmol) as cross linking agent were dissolved in
12 mL acetonitrile for prepolymerization at room temperature.
Then, transferred the mixture to a three-neck round-bottom
flask, and added 120 mg Fe;0,@PDA@Br. The mixture was
mechanically stirred at 300 rpm till it was well-distributed.
After the air was exchanged with nitrogen three times, 25 pL
PMDETA and 11.2 mg CuBr were quickly added. With
freeze-pump-thaw three times, the system proceeded at 70°C
with mechanical stirring for 24h. The polymer was washed
with acetonitrile and water several times to remove any
unreacted substances and then immersed into CH;OH-HAc
(v/v, 9:1) to remove the templates. Finally, the product
Fe;0,@SMZ-MIP was dried under 50°C.
Correspondingly, template imprinted polymers
(Fe;0,@NIP) was generated in the same way without adding
SMZ.

vacuum at
without

2.5 Adsorption properties studies of Fe;0,@SMZ-MIP and
Fe;0,@NIP

In kinetic adsorption experiment, 10 mg Fe;O,@SMZ-MIP were
suspended in 3 mL 40 pg mL™" SMZ acetonitrile solutions, and
incubated at regular time intervals, and then the supernatants
were separated by the magnet. The concentration of SMZ in the
supernatants was measured by HPLC analysis.

z
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In thermodynamic adsorption experiment, 10 mg Fe;0,@SMZ-
MIP and Fe;0,@NIP were suspended in 3 mL SMZ acetonitrile
solutions of various concentrations from 0.1 to 60 ug mL™', and
shook for 40 min. The concentration of SMZ in the supernatants
of Fe;0,@SMZ-MIP and Fe;0,@NIP was measured by HPLC
analysis.

In selective adsorption experiment, 10 mg Fe;O,@SMZ-MIP
and Fe;0,@NIP were suspended in 3 mL 40 pug mL™' mixed
acetonitrile solution of SMZ and its analogues (SDZ, SMR, SME,
SMO), and then shook for 40 min. The concentration of five
analytes in the supernatants of Fe;O,@SMZ-MIP
Fe;0,@NIP was measured by HPLC analysis.

and

2.6 Reusability of Fe;0,@SMZ-MIP

To estimate the reusability of Fe;O0,@SMZ-MIP, 10 mg
polymers were added to the solutions of SMZ in 3 mL 40 ug
mL™! SMZ and shook for 40 min. Then, Fe;0,@SMZ-MIP
were separated by the magnet and the bound amount of SMZ
was measured by HPLC. The recovered Fe;0,@SMZ-MIP
were washed with CH;0H-HAc (v/v, 9:1) till we ensure
complete removal of residual SMZ in the polymers and
washed with ethanol for several times, then dried under
vacuum at 50°C and reused for adsorption of SMZ.

2.7 Separation and determination of SMZ and SMR in eggs

Eggs purchased from the market were spiked with SMZ and
SMR at three concentration levels: 0.1, 0.2 and 0.5 ug g’
First, 20 mL ethanol-water (v/v, 6:4) was added to 4 g egg
sample spiked the standard SMZ and SMR mixed solution in a
50 mL polypropylene tube. The mixed sample was shaken for
2 h, then centrifuged at 3000 rpm for 10 min, the supernatant
solution was filtered through a 0.22 um filter®>. The filtrate
was dried by rotary evaporator, and then dissolved in 50 mL
acetonitrile. Next, 20 mg Fe;0,@SMZ-MIP was added to 10
mL of the above treated solution and then incubated for 40
min. After discarding the supernatant solution using a magnet,
the polymer which had absorbed the target molecule was
eluted with 9:1 (v/v) methanol-acetic acid. Finally, the eluent
was collected and dried by rotary evaporator, and then the
residue was dissolved in 1 mL acetonitrile and measured by
HPLC.

3. Result and Discussion
3.1 Preparation and characterization of Fe;0,@SMZ-MIP

The synthesis of Fe;0,@SMZ-MIP via a multistep procedure
is illustrated in Figure 2. Firstly, the polydopamine (PDA)
layer formed on the surface of Fe;O, NPs in a weak alkaline
Tris-HCI buffer solution (pH 8.5). Recently, catecholic amino
acid 3,4-dihydroxy-L-phenylalanine secreted from mussels
binds strong to a broad spectrum of inorganic and organic
surfaces>>. It has been reported that dopamine was utilized as
a versatile and intriguing started material for solid surface
modification and autopolymerized to form PDA films under
mild condition®*>. The PDA coating on magnetic Fe;0,
remain stable even if in harsh environment such as strong acid
solution, so it can protect the magnetic particles from etching
in acid solution. The conjugation to PDA is easily adapted for

This journal is © The Royal Society of Chemistry [year]
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a variety of materials without surface pretreatment, and more
important, it offers selectivity of reaction with amine or
imidazole functional groups of a variety of molecules. The
secondary amino groups of PDA could be easily modified

s with 2-bromoisobutyrylbromide to introduce the initiator.
Then, initiator bromide reagent was efficiently grafted onto
the PDA surface. Finally, MIP shell was coated onto the
surface of Fes0,@PDA@Br NPs via ATRP, after extraction
of templates to generate the recognition sites.

PDA layer

7 NH
:0 :)H\ Br
. N
dopamine 0) iE" w )\ks' SMZMAA
—_—
TEA o CuBr,PMDETA

+ — template

Figure 2 Outline of the fixation of an ATRP agent onto Fe;O4 NPs and
the grafting of MIP shell from Fe;O4 NPs via ATRP.

1o  TEM images of Fe;O,, Fe;O,@PDA, and Fe;0,@SMZ-
MIP were shown in Figure 3. The Fe;O, NPs were regular
spherical particles with a mean diameter of about 300 nm
(Figure 3a). After coating with dopamine, the PDA layer with
a thickness of 20 nm existed on the surface of Fe;O4; NPs

15 (Figure 3b). The TEM image of Fe;0,@SMZ-MIP displayed
the shell further increase along with imprinting process. It is
estimated that the diameter of the resulting MIP layer was
about 15 nm (Figure 3c). The value was basically consistent
with the previous work*>*°. The uniform and thin layer was

0 expected to be effective to the mass transport between
solution and the surface of Fe;0,@SMZ-MIP.

Figure 3 TEM images of (a) Fe;0s, (b)Fe;04@PDA, and (c)
Fe;0,@SMZ-MIP particles.

The FT-IR spectra of Fe;0,4, Fe;0,@PDA, Fe;0,@PDA-Br,
Fe;0,@SMZ-MIP and Fe;0,@NIP were compared in Figure
4. The bands of 1595 cm™ and 1406 cm’' (Figure 4a) are

25 corresponding to the stretching vibrations of asymmetric
COO- and symmetric COO- on the Fe;O, NPs using citrate as
stable agent. The bands from 1500 to 1641 cm™ (Figure 4b)
can be attributed to the characteristic peaks of phenyl group,
and the new peak at 2980 cm™' is -NH-. The notable change

3 from Figure 4b to Figure 4c is the disappearance of 2980 cm™
peak, which demonstrates the initiator had been modified to
Fe;0,@PDA. The peaks of 2920 and 1438 cm™' represent C-H
of methyl and C-O respectively, which demonstrates the
imprinted polymer coatings had been successfully grafted

35 from Fe;0,@ PDA-Br. The absorption bands of Fe;O,@NIP
prepared without SMZ is almost the same as Fe;O,@SMZ-
MIP which obtained after removal of SMZ (Figure 4e).

4000 l 35|00 I 30100 ' 25I00 I 20|00 ' 15100 I 10|00 ' 500
Wavenumber(cm™)

Figure 4 FT-IR spectra of (a) Fe;O4, (b) Fe;0.@PDA, (c)

Fe;0,@PDA-Br, (d) Fe;0,@SMZ-MIP and (e) Fe;O4,@NIP

particles.

60

40 A
20 A

0

M (emu/g)

-20 4

40 4

60

T T T T T T T T T T T
-6000 -4000 -2000 0 2000 4000 6000
H (Oe)

Figure 5 (A) Magnetization curve of Fe;0, (a), Fe;0,@PDA-Br (b)
and Fe;0,@SMZ-MIP (c); (B) dispersion of Fe;04,@SMZ-MIP; (C)
separation of Fe;0,@SMZ-MIP by a magnet.
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Vibrating sample magnetometry (VSM) was employed to
study the magnetic properties of the synthesized magnetic
nanoparticles. The magnetic hysteresis loops of the dried
samples at room temperature were illustrated in Figure 5A. It
is obvious that there is no hysteresis, both remanence and
coercivity suggesting that the samples
superparamagnetism. The saturation magnetization values
were 48.56, 38.18 and 31.85 emu g’l for Fe;0,, Fe;0,@PDA-
Br and Fe;0,@SMZ-MIP, respectively. Compared with Fe;0y,,
the decrease in magnetization value of Fe;O,@PDA-Br and
Fe;0,@SMZ-MIP is attributed to the PDA layer and
imprinted shell on the surface of Fe;O4 NPs to influence the
magnetic response of Fe;O, NPs. However, the magnetic
Fe;0,@SMZ-MIP NPs still performed strongly magnetic
strength at room temperature and allowed for effective
magnetic separation. Figure 5B, 5C showed the dispersion and
separation process of Fe;0,@SMZ-MIP. In the absence of an
external magnetic field, a dark homogeneous dispersion
existed. When a magnet was applied, the black particles were
attracted to the wall of the beaker and the dispersion became
clear and transparent.

The crystalline structure of synthesized Fe;O4, Fe;04@PDA-
Br and Fe;0,@SMZ-MIP were determined by powder X-ray
diffraction (XRD) (Figure 6). In the 20 range of 20-80°, six
characteristic peaks for Fe;O, (20 = 30.38°, 35.58°, 43.14°,
53.48°, 57.08° and 62.66°) were observed for the three
samples. The peaks at the corresponding 20 values were
indexed as (220), (311), (400), (422), (511), and (440)
respectively, which matched well with the database for
magnetite in the JCPDS-International Center for Diffraction
Data (JCPDS Card: 19-629) file. The XRD patterns also show
that PDA, Br atoms and MIP functionalization on MNPs did
not change the Fe;0,4 phase.

are Zero, are

31

440
511

0 422 c

400
A

Intensity(a.u.)

A

. . : : T : .
20 30 40 50 60 70
26 (degree)

Figure 6 XRD patterns of Fe;O, (a), Fe;04@PDA-Br (b) and
Fe;0,@SMZ-MIP (c).

TGA was employed to further estimate grafting yield of
coating and quantify the amount of Fe;04
encapsulated in the magnetic particles. As shown in Figure 7a,
about 17.5% weight loss is observed on the curve of cirtate
stabilized Fe;O0, NPs corresponding to the evaporation of the
adsorbed solvent and the decomposition of citrate. In Figure

40

45

70

7b, a more 10% weight loss is due to decomposition of
organic structure of the PDA layer. As shown in Figure 7b
and Figure 7c, there exsits 15.81% weight difference between
Fe;0,@PDA-Br and Fe;0,@SMZ-MIP related to the MIP
layer, which means the imprinted shell content was roughly
15.81 wt% and the remaining magnetite content is around
56.72 wt% in Fe;0,@SMZ-MIP.

100 4
90 -
80 4

82.55%

70 72.53%

Weight(%)

60 .
56.72%
50

40

i | 4 = 7 = T 1 = =
0 100 200 300 400 500 600 700 800
Temperature(C)

Figure 7 TGA curves of of Fe;O, (a), Fe;04@PDA-Br (b) and
Fe;0,@SMZ-MIP (¢).

3.2 The binding capacity and kinetic study of imprinted
materials

The binding capacity and kinetic study of the imprinted core-
shell materials Fe;0,@SMZ-MIP prepared by the ATRP
strategy were investigated. Figure 8A presents the adsorption
kinetics of SMZ solution onto Fe;0,@SMZ-MIP. It is
required only about 40 min to reach equilibrium for SMZ,
making it be a time-saving method to apply for the practical
analysis. The result justly demonstrated that the uniform and
thin layer could make the imprinted sites more accessible and
effective to transport, thus
drawbacks of traditionally packed imprinted materials.

Further studies were carried out to determine the binding
isotherms of SMZ onto Fe;0,@SMZ-MIP and Fe;O,@NIP in
the concentration range of 0.1-60 ug mL™ (initial
concentration) and the results were shown in Figure 8B. It is
obvious that the amount of SMZ bound to the Fe;0,@SMZ-
MIP increased quickly along with the increasing initial
concentration of SMZ when it was below 40 ug mL™. In
contrast, the amount of SMZ bound to NIP was a low and
nearly steady level. The adsorption curve reaches saturation at
a high concentration of 40 ug mL™".

To gain further insight into the phenomenon of SMZ binding
by the Fe;0,@SMZ-MIP nanoparticles, the binding data were
fitted into a Langmuir isotherm model. The Langmuir
equation is as follows:

[SMZ]/Q=1/(Qumax Kp)+[SMZ]/Quax
Where Q is the amount of SMZ bound to Fe;0,@SMZ-MIP

the mass overcame SsSome

s at equilibrium, Q. is the apparent maximum adsorption

capacity, [SMZ] is the free analytical concentration at
equilibrium and Ky, is the dissociation constant. The values of

This journal is © The Royal Society of Chemistry [year]
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Kp and the Q. can be calculated from the slope and
intercept of the above equation.
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Figure 8 (A) Adsorption kinetics of Fe;0,@SMZ-MIP to SMZ.
Condition: 10 mg Fe;0,@SMZ-MIP NPs dispersed in 3 mL 40 ug
mL™' SMZ solutions. (B) Adsorption isotherms of Fe;O,@SMZ-
MIP and Fe;0,@NIP to SMZ. Condition: 10 mg MIP or NIP
dispersed in 3 mL 0.1-60 ug mL™ SMZ solutions. (C) Langmuir
plot to estimate the binding mechanism of Fe;O,@SMZ-MIP
towards SMZ.

According to Langmuir model, adsorption was occurred
uniformly on the active sites of the adsorbent. Once a
s template molecule occupied the site, no further adsorption
could take place at this site. It was observed that the
experimental data was fitted to Langmuir adsorption isotherm
model in Figure 8C. The adsorption process of SMZ onto
Fe;0,@SMZ-MIP could be considered the monolayer

10 adsorption. The linear regression equation for the linear

o

20

2!

G

30

35

40

45

region is [SMZ]/Q=0.00342+0.00147[SMZ] (r=0.9979). From
the slope and the intercept of the straight line obtained, the
values of Kp, and Q. were 0.420 mL pg™' and 680.27 pg g
respectively.

3.3 The specific selectivity of SMZ imprinted materials

In order to verify the specific selectivity of the Fe;0,@SMZ-
MIP to the template SMZ, four other sulfonamide analogs
SDZ, SMR, SME and SMO (Figure 1) were selected as the
comparative substrates. As shown in Figure 9, we can see that
the amount of SMZ bound to MIP decreased to 321.97 pg g’
in comparison with only SMZ in solution. On the contrary, the
amount of SDZ and SMR bound to MIP had a relatively high
level of 98.71 and 90.86 ug g”', and only the amount of SMO
was very low about 26.98 ug g'. The results are ascribed to
SMZ, SDZ, SMR and SME possess the closer structure, which
have two N atoms in the pyrimidine ring, whereas SMO has
one N atom and one O atom in the oxazole ring. Because the
specific imprinted polymers are
complementary in shape, size and spatial distribution to
template molecule, the template molecule has advantage in
occupying the binding sites over the other sulfonamides,
Fe;0,@SMZ-MIP showed the highest binding capacity. And
because the structure of five sulfonamides is analogous, the
binding capacity of Fe;0,@SMZ-MIP to SMZ, SMO, SME,
SMR and SDZ is greater than that of Fe;O,@NIP.

sites existed in the

350
Il Fe30:@SMZ-MIP
300+ V) Fe:04@NIP
250 4
200+
°
j=)}
2 150 4
g
100
50
o | 77 _— 7 727 V)
smz SMO SME SMR sDz

Figure 9 Binding capacity of Fe;0,@SMZ-MIP and Fe;0,@NIP
towards five sulfonamides in the mixture in which SMZ, SMO,
SME, SMR and SDZ with a concentration of 40 pg mL" for each
compound.

Additionally, the partition coefficients, the imprinting
factor (IF) and selectivity coefficient (SC) were used to
evaluate the imprinting effect and selectivity properties of
MIP and NIP toward template and other competitors. The
partition coefficient K was determined according to the
following formula®®:

K=C,/C;

Where C, is the amount of test analyte bound by
Fe;0,@SMZ-MIP or Fe;0,@NIP and C; is the concentration
of test analyte remaining in solution.

IF is taken as the ratio of partition coefficient of analyte for
the Fe;0,@SMZ-MIP and Fe;O0,@NIP and SC is defined as
the ratio of IF of template with respect to that of other
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Analytical Methods

competitor. The IF for binding SMZ was 17.02, and is also
higher than that of the other surface imprinting technology for
sulfonamides®® 3% The IF of other sulfonamides SMR, SDZ,
SME and SMO were 5.51, 4.62, 3.97 and 4.08, respectively

s (Table 1). The results further demonstrated that the excellent
imprinting efficiency of the present ATRP method and
Fe;0,@SMZ-MIP was expected to be applied to the
enrichment of sulfonamides.

Table 1 The adsorption capacity, partition coefficients, imprinting
factors and selectivity coefficients of SMZ and its analogues SMO,
SME, SMR and SDZ for the imprinted Fe;O,@SMZ-MIP and
control Fe;0,@NIP NPs* (n=3).

Analytes  Quis(uge™)  Qurs(nzg™  Kum(mLg') Kup(mLg™ ¥ sc

SMzZ 321.97 1931 8.14 0.48
SMO 26.98 6.63 0.68 0.17 4.08 4.18
SME 73.57 18.59 1.84 0.46 3.97 4.29
SMR 90.86 16.57 229 0.41 5.51 3.09
SDZ 98.71 21.46 248 0.54 4.62 3.68

‘In this experiment, 10 mg of Fe;0,@SMZ-MIP or Fe;0,@NIP
NPs, were added to the 3 mL of acetonitrile solution containing the
mixture of SMZ, SMO, SME, SMR and SDZ with a concentration
of 40 ug mL™' for each compound.

3.4 Reusability of SMZ imprinted materials

10 To examine the reusability of MIP, adsorption—desorption cycle

was repeated five times by using the same Fe;0,@SMZ-MIP.
The adsorbed SMZ could be eluted with CH;OH-HAc (v/v, 9:1).
In Figure 10, there is about 10.2% loss was observed for the
binding capacity of Fe;0,@SMZ-MIP to SMZ after 5 cycles. The

15 loss may be caused by the blockage and the destruction of some

recognition sites in the network of Fe;0,@SMZ-MIP during
several cycles. The results indicated that the Fe;0,@SMZ-MIP
particles can be reused at least 5 times, which is a clear advantage
over single-use materials.

— Bl Fe:0:@SMZ-MIP

1 2 3 4 5
Adsorption-desorption cycle

Figure 10 Reusability of Fe;0,@SMZ-MIP.

20 3.5 Application of Fe;0,@SMZ-MIP in the enrichment of

SMZ and SMR in egg samples
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The applicability of Fe;0,@SMZ-MIP in the enrichment of
SMZ and SMR in egg samples was demonstrated. The
chromatograms of spiked SMR and SMZ at a concentration of
0.1 pg g before adsorption and the elution of adsorbed
Fe;0,@SMZ-MIP to SMR and SMZ washed with a mixing
methanol-HAc (9:1, v/v) after adsorbing egg samples are
displayed in Figure 11. As presented in the chromatograms,
when the spiked level was 0.1 mg/kg, there is no peaks for
SMR and SMZ without enrichment step. After the enrichment,
the peaks of SMR and SMZ appeared distinctly at 8.2 min and
11.6 min, respectively. The chromatograms confirmed that the
Fe;0,@SMZ-MIP could be applied to the enrichment of SMR
and SMZ in egg samples.

9
Time(min)

Figure 11 Chromatograms of SMR (1) and SMZ (2) in spiked eggs.
(A) Samples spiked with SMZ at the concentration of 1 mg kg
before adsorption (A) and the elution of Fe;0,@SMZ-MIP washed
with a mixture of methanol/HAc (9:1, v/v) after Fe;0,@SMZ-MIP
adsorbing the spiked samples.

The calibration curve ranging from 0.050 to 20 pg mL™'
with the highly linear regression coefficients (r > 0.9998) by
injecting of 20 pL standard solution was obtained for SMR
and SMZ. The detection limit which was calculated as the
concentration corresponding to a signal-to-noise ratio of three
was 11.62 and 14.36 ug L™' for SMR and SMZ, respectively.

To evaluate the accuracy and application of the developed
method, eggs spiked with three levels (0.1, 0.2, and 0.5 ug g™
of SMR and SMZ were analyzed. Table 2 lists the recoveries
and relative standard deviation (RSD) of SMR and SMZ,

s expressed as the mean value (n =5). The recovery of SMZ

ranged from 76.7 to 93.0%, while the SMR from 69.3 to
77.2%. The recoveries of SMZ and SMR of less than 80% are
similar to the recoveries of four tetracycline antibiotics,”’ B,-
agonists spiked feed samples,”® which are roughly equivalent
to our recent work,?®? the recoveries of SDZ in milk samples
and SMZ in the poultry feed samples. The RSD were less than
7.0%. These results revealed that the Fe;O,@SMZ-MIP can
be directly used for selective adsorption and determination of
SMR and SMZ in food samples.

This journal is © The Royal Society of Chemistry [year]
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Table 2 Recoveries of SMR and SMZ in the spiked eggs with 0.1, 0.2,
and 0.5 mg kg after using Fe;0,@SMZ-MIP as adsorbent (n=5).

Analytes 0.1 mg kg'1 0.2 mg kg'1 0.5mg kg'l

in eggs Recovery RSD Recovery RSD Recovery RSD

samples (%) (%) (%) (%) (%) (%)
SMR 69.3 7.0 72:9 4.8 77.2 4.0
SMZ 76.7 42 87.1 3.9 93.0 3.0

4. Conclusion

In summary, we developed a novel strategy combining MIT
and ATRP for preparation of core-shell magnetic MIP as
adsorbent in the enrichment of SMZ and SMR in egg samples.
s Although, the ATRP method is extremely sensitive to the
oxygen requiring strict operation and needs metal catalyst
which will do harm to certain template, but the results in the
work demonstrated that the controllable nature of ATRP
allows the growth of uniform MIP layer with adjustable
10 thickness, providing a considerable high imprinting factor
(IF=17.02), a fast kinetics with only 40 min to reach
adsorption  equilibrium and high binding capacity
(Qumax=680.27 ug ¢') and can be easily isolated from the real
samples by using a magnet. Successful application in the
15 selective separation and enrichment of SMR and SMZ from
egg samples and good recovery after a reasonably mild elution
suggested that the functional MIPs coated magnetic NPs could
be an alternative solution for selective enrichment of
antibiotic residuals in a complex matrix like environmental,
20 food, feed and biological samples. Moreover, the ATRP route
can be potential to used in the preparation of various MIP for
other templates like biomacromolecules with various solid
support (such as quantum dots, gold nanoparticles and carbon
nanotubes).
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