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ABSTRACT

In the work, we reported an effective method for the preparation of molecularly imprinted nanopar-
ticles with superparamagnetic susceptibility through atom transfer radical emulsion polymerization
(ATREP), and then as-prepared magnetic molecularly imprinted nanoparticles (MMINs) were evalu-
ated as adsorbents for selective recognition of tetracycline (TC) molecules from aqueous medium. The
resulting nanoparticles were characterized by FT-IR, TGA, VSM, SEM and TEM. The results demonstrated
MMINs with a narrow diameter distribution were cross-linked with modified Fe;04 particles, composed
of imprinted layer and exhibited good magnetic sensitivity, magnetic and thermal stability. Batch rebind-
ing studies were carried out to determine the specific adsorption equilibrium, kinetics, and selective
recognition. The estimated adsorption capacity of MMINs towards TC by the Langmuir isotherm model
was 12.10mg g~! at 298 K, which was 6.33 times higher than that of magnetic non-molecularly imprinted
nanoparticles (MNINs). The kinetic property of MMINs was well-described by the pseudo-second-order
rate equation. The results of selective recognition experiments demonstrated outstanding affinity and
selectivity towards TC over competitive antibiotics. The reusability of MMINs showed no obviously dete-
rioration at least five repeated cycles in performance. In addition, the MMINs prepared were successfully

applied to the extraction of TC from the spiked pork sample.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the good activity against acute diseases caused by gram-
positive and gram-negative bacteria, tetracyclines (TCs), as valid
veterinary medicine, are commonly used to cure several infectious
diseases for prevention and treatment of farm animals or to pro-
mote growth as feed additives [1]. Following administration, TCs
are poorly absorbed by the digestive system with mostly excreted
unmetabolized, and a portion of them still remains biologically
active in animal waste [2]. Then the persistent antibiotics existed in
animal manure contribute to the toxic effect as well as the transfer
and spread of antibiotic resistant genes among microorganisms [3].
In previous studies, a fact that exposure of TCs residue in soil [4]
and water environment [5] could result in a significant ecological
concern has been proved. Because of broad-spectrum antimicro-
bial activity and low cost, the wide applications of TCs have led to
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fairly concerns with regard to unsafe residue in animal-production
foods such as milk, meat, egg, cheese, and honey [6-9], which
could be directly toxic or else provoke allergic response in some
hypersensitive individuals [10]. Therefore, it is of great necessity to
development efficient and inexpensive treatment methods for the
selective removal of such compounds from the environment.
Molecularly imprinted polymers (MIPs), possessing tailor-made
recognition sites, exhibit the ability of specifically rebinding to a
target molecule in preference to analogous compounds. In order to
fabricate the specific binding sites, the co-polymerization of func-
tional and cross-linking monomers around a template molecule in
a suitable porogenic solution is firstly conducted, which results
in creating a three-dimensional polymeric matrix. Then the tem-
plate is removed from the polymeric matrix by chemical reaction
or extraction, which leaves behind specific binding sites in MIPs
complementary to the template in size, geometry, and chemical
functionality [11]. Owing to the high specificity and selectivity,
as well as favorable thermal, mechanical and chemical stability,
MIPs have been widely used as artificial receptors in solid phase
extraction [12], chromatography separation [13], chemical sensors
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[14], catalysis [15], and many other applications. However, the full
potential of MIPs will not be achieved until some of their inherent
limitations are solved, such as low binding capacity, poor accessibil-
ity of the binding sites, and heterogeneous binding site distribution
[16].

Traditional MIP bulks have to be crushed, ground and sieved
to obtain the desired particles. The tedious process often produces
particles that are irregular in size and shape, as well as low rebind-
ing capacity and poor site accessibility to target [17]. Because of
extremely high surface-to-volume ratio of imprinted nanomateri-
als, most of template molecules can situate at the surface or in the
proximity of materials surface. Thus, all the imprinted templates
can be completely removed from the highly cross-linked polymer
matrix and the binding sites obtained are all valid for the target.
Molecular imprinting nanotechniques have been considered to be
an effective and promising solution to these drawbacks mentioned
above by overcoming mass transfer limitations and improving the
accessibility [18].

Nowadays, MIPs are commonly prepared by free radical
polymerization (FRP), photopolymerization [19], and electropoly-
merization [20]. FRP is the mostly adopted technique because
of its tolerance for mild experimental conditions and various
applicable monomer and template molecule species. However,
conventional free radical polymerizations (FRP) have little control
over structures due to several inherent features of FRP, including
slow initiation, fast chain propagation, and termination reactions.
Then the heterogeneous structures within polymer networks are
observed from the MIPs prepared by FRP, which would have
great disadvantage on the binding sites, such as broad binding
site heterogeneity and the relatively low affinity and selectiv-
ity [21]. In contrast, many works reported the polymer networks
with homogeneous structures preparing via controlled radical
polymerization (CRP) methods. Recently, atom transfer radical
polymerization (ATRP), as a new class of CRP, has been utilized
as a new imprinting technology to improve imprinting properties.
ATRP has succeeded in preparation of surface-imprinted polymers
[22-26], MIP nanotube membranes [27] and microspheres [28].
However, the majority of imprinting processes combined with
ATRP were carried out in organic solvents, such as acetonitrile and
dichloromethane, which are relatively expensive and toxic. The
achievement of molecular imprinting and recognition in green sol-
vent such as water is a challenging but tremendously significant
task. To the best of our knowledge, ATRP has never been used in
emulsion-system to prepare the MIPs. The MIPs prepared by atom
transfer radical emulsion polymerization (ATREP) has the advan-
tages of ATRP and emulsion polymerization, which can supply with
both the homogeneous structures and nanoparticles, respectively.

When magnetically susceptible materials like Fe304 nanoparti-
cles are incorporated into the imprinted polymers, magnetic MIPs
will have magnetically susceptible characteristic and selectivity
to the target. The magnetic MIPs captured targets can be easily
collected by an external magnetic field without additional centrifu-
gation or filtration, which makes separation easier, faster and more
efficient. The combination of the superparamagnetic nanoparticles
and MIPs will obviously significantly increase the scope of their
potential applications.

Here, this paper was the first attempt to synthesize molecularly
imprinted nanoparticles with superparamagnetic susceptibility by
atom transfer radical emulsion polymerization (ATREP) and recog-
nize TC from aqueous solution. The synthesized Fe304 nanopar-
ticles were modified by y-methacryloxypropyltrimethoxysilane
(KH-570) to avoid the magnetite leakages. Then the obtained
Fe304-KH570 was used as magnetically susceptible copolymer
monomer. The prepolymerization of methacrylic acid (MAA) and
TC was performed in the surfactant solution. Then, ethylene glycol
dimethacrylate (EGDMA) as cross-linker, copolymer monomer, and

initiator system were added into the solution, polymerization was
carried out. The characterization, magnetite leakage, adsorption
capacity, kinetics, and selectivity of the MMINs were investigated
in detail. Also, the performance of the MMINs for the extraction of
TC in the spiked pork sample was assessed.

2. Experimental
2.1. Materials

MAA, iron (III) chloride hexahydrate (FeCl3-6H,0), sodium
acetate (NaAc), ethylene glycol (EG), polyethylene glycol (PEG-
1500), acetone, toluene, acetic acid (HAC) and HPLC-grade
methanol were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Ethylene glycol dimethacrylate (EGDMA),
CuCl, N,N,N',N”,N”-pentamethyl diethyenetriamine (PMDETA),
ethyl-2-bromoisobutyrate (EBiB), TC, sulfamethazine (SMZ),
cefalexin (CEX), polyoxyethylene-(20) sorbitan monolaurate
(Tween 20), and KH-570 from Aladdin Reagent Co., Ltd. (Shanghai,
China) were used as received. Deionized ultrapure water was
purified with a Purelab ultra (Organo, Tokyo, Japan).

2.2. Synthesis of functionalized Fe304 particles

Monodisperse Fe304 particles were synthesized according to
the reported method [29]. The obtained Fe304 particles were then
modified successively with KH-570 introduced polymerizable dou-
ble bonds. Briefly, 0.5 g of the obtained magnetic nanospheres and
5.0 mL KH-570 were dispersed in 50 mL of dry toluene and stirred
under nitrogen atmosphere at 50°C for 12 h. The products were
then collected and washed with toluene for several times. Finally,
surface-modified magnetic particles (Fe304-KH570) dried under
vacuum at room temperature.

2.3. Synthesis of magnetic TC-imprinted nanoparticles

The magnetic TC-imprinted nanoparticles were prepared via
ATREP according to the following procedure: briefly, MAA
(2.4mmol), EGDMA (14.4mmol), Fe304-KH570 (80mg), tetra-
cycline (0.03 mmol) were dissolved in 20mL of water solution
containing 0.3 g of Tween 20 in a round-bottom flask for prepoly-
merization at room temperature. The flask was deoxygenated for
30 min by exchanging with nitrogen. Then PMDETA (0.1 mmol) was
added in to the solution, and CuCl (0.1 mmol) was also quickly
transferred into the flask under the protection of nitrogen. The
flask was immersed in an oil bath at 60 °C. Finally, the N,-purged
initiator EBiB (0.15 mmol) was injected into the reaction system.
The reaction was allowed to proceed for 4.0 h, and then opened to
air in order to stop polymerization. The resulting products were
collected by magnetic field and washing thoroughly with water,
ethanol and acetone to remove the unreacted monomers. Then the
material was eluted extracted in a Soxhlet apparatus with a mixture
of methanol/acetic acid (9.0/1.0, v/v) until no TC could be detected
by UV-vis (at 280nm) in the eluent. The obtained MMINs were
finally dried under vacuum for 12 h before use.

Correspondingly, MNINs were prepared by the same procedure,
but without using the template TC in the polymerization process.

2.4. Characterization of the nanoparticles prepared

Infrared spectra were recorded on a Nicolet NEXUS-470 FT-IR
apparatus (U.S.A.). The morphology was observed by transmission
electron microscope (TEM, JEOL IEM-200CX) and field-emission
scanning electron microscope (FE-SEM, S-4800). Magnetic mea-
surements were carried out using a VSM (7300, Lakeshore) under a
magnetic field up to 10 kOe. The thermogravimetric analysis (TGA)
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of samples was measured using a Diamond TG/DTA instruments
(STA 449C]Jupiter, Netzsch, Germany) under a nitrogen atmosphere
up to 800 °C with a heating rate of 5.0°Cmin~!. A TBS-990 atomic
absorption spectrophotometer (Beijing Purkinje General Instru-
ment Co. Ltd, Beijing, China) was used.

2.5. Batch rebinding experiment

To investigate the adsorption equilibrium of MMINs, 10 mg of
MMINs was added into 10 mL of TC solution with initial concen-
trations varying from 10mgL-! to 300mgL-! without any pH
adjustment. After 12 h, the saturated polymers were separated by
an external magnet. The supernatants were then filtered with ster-
ile 0.2 pm filter units before being sent for High performance liquid
chromatograph (HPLC) analysis. An HPLC system (Agilent 1200
series, U.S.A.) was equipped with a UV-vis detector (set at 280 nm).
The injection loop volume was 20 L. The mobile phase consisted
of deionized ultrapure HAC water solution (pH 3) and methanol ata
volume ratio of 70:30 with a flow rate of 1.0 mLmin~!, and the oven
temperature was set at 25 °C. The equilibrium adsorption amounts
of TC were calculated according to the following equation:

(CO - Ce)v
m

Qe = (1)
where Q. (mgg~1) is the amount of TC adsorbed at equilibrium,
Co and Ce (mgL~1) are the concentrations of TC at initial and equi-
librium, respectively. V is the volume of TC solution, and m is the
weight of MMINSs.

The adsorption kinetics studies were identical with those of
equilibrium tests, the initial concentration was set as 50mgL-1,
and the samples were separated at predetermined time intervals.
The amount of TC adsorbed (Q¢, mgg~1) was calculated according
to the following equation:

V(Co — Cpy
m

Q= (2)
where C; (mgL-1) is the concentration of TC solution at any time t.

To investigate the selectivity of the MMINs, 10mg of the
MMINs/MNINs were added into test tubes, each of which con-
tained 10 mL solution with 30mgL-1 of TC, OTC, SMZ and CEX,
respectively. At the same time, the competitive sorption of the
MMINs/MNINSs for TC at the presence of 30 mg L~ of OTC, SMZ and
CEX was studied. The initial solution pH was not adjusted and the
experiments were carried out at 25°C for 6.0 h.

2.6. Magnetite leakage studies

In order to determine the leaking amount of magnetite from
the MMINs, 100 mg of the MMINs were placed in the test tubes
containing 10 mL of distilled water with different pH ranging from
2.0 to 9.0, and were shaken for 12 h. The amount of the iron ions
leaked was determined by a graphite furnace atomic absorption
spectrophotometer.

2.7. Pork sample preparation and solid phase extraction (SPE)
procedure

10g of pork was minced and mixed into 50mL of 5.0%
trichloroacetic acid aqueous solution. The sample was extracted by
ultrasonic agitation for 30 min. After being centrifuged at 4000 rpm
for 15 min, the supernatant was filtered through a 0.22 pm filter
and stored at 4 °C for the SPE procedure.

50 mg of MMINs was put into a tube containing 5.0 mL of the
sample with the spike concentration of 50 wgL~!, and the mix-
ture was shaken for 6.0 h at room temperature. Subsequently, the

MMINs with adsorbed TC were separated rapidly by an adsciti-
tious magnet. Then the supernatant was discarded and the MMINs
were washed with acetonitrile twice. Finally, TC was eluted from
the MMINs (also MNINs) with 10 mL of methanol solution contain-
ing 5.0% acetic acid and then evaporated to dryness at 40 °C under
nitrogen. The residues were dissolved with 1.0 mL of 20% aqueous
methanol for further HPLC analysis.

3. Results and discussion
3.1. Preparation of the MMINs

This work focused on the application of ATREP in the prepara-
tion of magnetic TC-imprinted nanoparticles. Fig. 1 illustrated the
synthesis routes of magnetic TC-imprinted nanoparticles. Firstly,
the Fe304 particles were prepared by the thermal decomposition
of iron (II) chloride hexahydrate with the aid of EG and PEG, which
possessed of a high crystallinity and narrow size distribution [29],
and the pure Fe304 particles tended to form large aggregates in
aqueous solution. However, after the surface modification with KH-
570, magnetic particles could inhibit the formation of aggregates
to certain extent and prevented oxidation of Fe3O4 [30]. More-
over, vinyl functional monomers were immobilized at the surface
of Fe304 nanoparticles can take part in the free radical polymeriza-
tion, which can avoid leakage of Fe30,4 particles.

Subsequently, MAA was chosen as functional monomer based
on the consideration that the carboxylic group of MAA and
hydroxyl, amine and amide groups of TC could provide multi-
ple hydrogen-binding sites. Here, the mol ratio of template and
monomer was chosen 1:8 according to the former work [31].
EGDMA as a cross-linking agent was chosen to participate in
the polymerization reaction. The polymerization was initiated by
the initiating radicals, which were stemmed from the reaction
between an alkyl halide (EBiB) and a transition metal com-
plex (Cu*/PMDETA) in its lower oxidation state. The equilibrium
between the dormant species (alkyl halides) and active species
(radicals) can be quickly established soon after the polymeriza-
tion started, which was crucial for achievement of the controlled
polymerization [32]. The atom transfer radical polymerization was
carried out in an emulsion system containing water and surfac-
tant (Tween 20), and the imprinted particles were in nano-scale as
expected. Moreover, the ATREP time of 4.0 h at 60°C was chosen
for the preparation of the MMINSs [33].

3.2. Characterization of the MMINs

SEM and TEM were used to capture the microscopic images of
the particles prepared. As shown in Fig. 2¢, highly monodispersed
and spherical Fe304 particles were synthesized. It can be seen that
uniform size of the particles was around 200 nm, which was basi-
cally consistent with the work by Deng et al. [29]. For the MMINSs,
the SEM images (shown in Fig. 2a and b) revealed two different par-
ticles with size ranges from 80 to 100 nm and from 300 to 600 nm,
respectively. The same result was also can be obtained in Fig. 2d. The
smaller nanoparticles should be the product of co-polymerization
of MAA and EGDMA, and the bigger particles were Fe304 particles
coated by molecular imprinted polymer layers with the thickness
ranging from 50 to 200 nm by calculation. The nanoparticles were
crosslinked to form three-dimensional net and grafted onto the sur-
face of bigger particles, which shared the magnetic susceptibility
and lead to the decrease in the saturation magnetization of the
whole MMINs matching with the results of the VSM. The majority of
the particles were approximately spherical, and the surface of par-
ticles was porous and rough, which may be caused by the removal
of template molecule and surfactant and be favor of rebinding or
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Fig. 2. SEM images of the MMINs with different magnification of 50K (a) and 130K (b); TEM images of the Fe304 nanoparticles (c) and MMINs (d).
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Fig. 3. FT-IR spectra of the bulk Fe;04, Fe304-KH570 (inset) and MMINs.

releasing the target molecules. There were no significant differ-
ences between the morphology of MMINs and MNINs (not shown).
The presence of the template molecule during the polymerization
had slight influence on the morphology of resulting product, as has
been observed in the other reaction system for preparing molecu-
larly imprinted nanoparticles [34].

The FT-IR spectroscopy of the bared, KH570-modified Fe304
and MMINs was measured and shown in Fig. 3, respectively. The
corresponding infrared absorption peaks can confirm the main
functional groups of the predicted structure. A distinct absorp-
tion band at 587 cm! attributed to Fe—O bond in the spectrum
of Fe304 nanoparticles, which was also obtained for Fe304-KH570
and MMINs. Meanwhile, the strength of Fe—O stretching decreased,
due to the coated polymer shells on the surface of the Fe304
nanoparticles, which clearly confirmed the above polymerization
process. Compared with the infrared data of bare Fe304, the KH570-
modified Fe304 nanoparticles displayed the characteristic peak of
carbonyl group at 1729 cm~! marked by the arrow, which con-
firmed that vinyl groups were successfully introduced to the surface
of the Fe304 nanoparticles via the silanization reaction [35]. A
broad absorption band at 3450 cm~! of the MMINSs corresponded to
the stretching vibration of O—H bonds of the hydroxyl groups for
MAA molecules. The typical absorption bands of MMINs were at
2989 and 2958 cm~! assigned to the C—H asymmetry stretching
vibrations of both —CH3; and —CH, groups. The C—0 symmet-
ric and asymmetric stretching vibration bands of ester (EGDMA)
were around 1260 and 1159cm!, respectively [36]. In addi-
tion, the small C=C stretching vibration peaks around 1637 cm™!
demonstrated that the bonds of EGDMA molecules were not 100%
crosslinked in the MMINs [37]. All the results revealed that the
co-polymerization using ATREP was successfully achieved.

TGA was performed to further quantify the amount of Fe30y4
encapsulated in the magnetic polymer matrix. As shown in Fig. 4,
the thermogravimetric analysis (TGA) of MMINs and MNINs have a
similar general shape composing of three stage of mass change from
room temperature to 800°C. The first stage occurred from room
temperature to 240 °C, the decrease of weight were 2.98% and 5.22%
for MMINs and MNINs, respectively, which may due to the dehydra-
tion of the water residues in the polymer. The onset temperature
of thermal decomposition was relatively close to that obtained in
similar studies done by Tan et al. [38]. Significant mass loss in the
second stage started from 240 to 450 °C, which was caused by the
loss of imprinted polymers. In this stage, there were no significant
differences between the MMINs and MNINSs, the value of the mass
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Fig. 4. Thermogravimetric analysis of the MMINs (a) and MNINs (b).

loss were 89.81% and 88.02%, respectively. The mass remained rel-
atively constant for the rest of the analysis from 450 to 800 °C. The
remnant was attributed to the more thermally resistant Fe304 mag-
netite, thus giving a magnetite encapsulation efficiency of 5.41 wt%.
The obtained encapsulation efficiency was relatively high and sat-
isfactory when compared to those from previous works [39,40],
where the content of Fe304 averaged only 2.0-4.0 wt%. Similar
magnetite encapsulation efficiency of 4.38 wt% was obtained for
MNINs, indicating the MMINs and MNINs possessed of a similar
degree of polymerization.

The magnetic properties of Fe304, MMINs and MNINs were
investigated with a VSM. Fig. 5a and b showed the magnetization
curves of three samples were no hysteresis and symmetrical about
the origin, suggesting that the samples were superparamagnetic,
which facilitated magnetic separation and reusability. The satura-
tion magnetization (Ms) values obtained at room temperature were
78.63emug-!, 1.68emug-! and 1.53emug-!, respectively. This
result agreed with the experiments of thermogravimetric analy-
sis. The decrease in magnetization value was expected because the
polymeric coating had effectively shielded the magnetite. How-
ever, the MMINs with less magnetite encapsulation also possess
enough magnetic response to meet the need of magnetic separa-
tion quickly, as shown in Fig. 5d. Magnetic responsive experimental
phenomena was that a brown homogeneous dispersion without the
external magnetic field; when the present of the external magnetic
field, the brown particles were attracted to the wall of vial with
the solution turning to be transparent and clear. The results also
illustrated that MMINs was a feasible magnetic separation carrier.
In Fig. 5¢c, magnetite leakage study exhibited that extremely small
amount of iron ion was detected in the solutions with different
pH. And 20 p.g was leaked from 100 mg of MMINSs even at pH 2.0,
which is only 0.02% by weight, suggesting that the mean prevented
magnetite leakage successfully.

3.3. Adsorption isotherms

To evaluate the adsorption capacity of the MMINs for TC and
the equilibrium constants, the absorption isotherm experiments
for were performed at the different TC concentrations ranging from
10to 300 mg L1, As shown in Fig. 6, the amount of absorbed TC per
unit mass of the nanoparticles increased in the whole concentration
range, while the MMINs exhibited the higher adsorption capac-
ity compared with the MNINs. The recognition sites on the surface
and in the proximity of imprinted nanoparticles’ surface displayed
better steric matching with the imprinted molecules, which could
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Fig. 5. Magnetization curves obtained by VSM at room temperature of Fe304 (a), MMINs and MNINs (b); magnetite leakage curve of the MMINSs (c) and A photograph of
MMINSs dispersed in the water in the presence (left) and absence (right) of an external magnetic field (d).

capture more TC. Here, Langmuir isotherm model was used to anal-
ysis experimental data. The nonlinear expression of the Langmuir
model [41] was given by Eq. (3)

KLQmCe

1+K.Ce 3

Qe =
where Q. (mgg~1)is the equilibrium amount of TC adsorbed by the
polymeric nanoparticles, Ce (mgL~1) the equilibrium concentration
of adsorbate, Qi (mgg~1) is the saturation adsorption capacity and
K (Lmg~1) is the Langmuir constant.

The regression curves of Langmuir model for MMINs and MNINs
were obtained in Fig. 6, and the involved parameters were shown
in Table 1. The results of regression (R? values above 0.97) illus-
trated Langmuir isotherm fitted quite well with the experimental
data. The calculated maximum monolayer adsorption capacities
of MMINs and MNINs were 12.10mgg-! and 1.80mgg~!, respec-
tively. The imprinting factor estimated was 6.33, which suggested

124 3
101
~ 8
- ] = Experimental data for MMINs
:g 6 A Experimental data for MNINs
5 Langmuir fit
2
A 44
24 % A A A A
0 {'/I_-"'I Ll 1 L]
0 50 100 150 200 250 300
Ce (mg L)

Fig. 6. Adsorption isotherms of TC on the MMINs and MNINs with the fitting to
Langmuir model.

Table 1

Langmuir adsorption isotherm constants for TC onto the MMINs and MNINs.
Adsorbents Qerexp (Mgg) Qec (mgg™) K (Lmg™) R?
MMINs 12.51 14.31 0.0191 0.9953
MNINs 1.99 2.26 0.0355 0.9783

that the MMINs exhibited high specific adsorption for TC molecules.
The results demonstrated that the active sites distribution of
MMINs and MNINs was homogeneous profiting from ATREP.

3.4. Adsorption kinetics

Fig. 7 shows the adsorption kinetics spots of TC on MMINs and
MNINs from aqueous solution containing 50 mg L~! TC with various
contact times. The TC adsorption was observed to rapid increase in
the first 100 min, which was attributed to the presence of a large

7
6
— 5
1
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: ——Pseudo-second-order model fit
Qi 31
24
.rﬂT
1+———rrr——r—rr—r—1
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t (min)

Fig. 7. Adsorption dynamic curves of TC on the MMINs and MNINs with the fitting
to pseudo-two-order model.
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Table 2

Kinetics constants for the pseudo-first-order and pseudo-second-order rate equations.

The pseudo-first-order model

The pseudo-second-order model

Adsorbents Qeexp (Mgg™1) Qec (mgg™) Iy (min-1) R? Qec (mgg™) kz (gmg~! min~1) R?
MMINs 6.810 4128 0.0144 0.9461 7.102 0.0081 0.9995
MNINs 1.686 1.997 0.0565 0.8278 1.697 0.3607 0.9999

amount of empty, high-affinity binding sites on the surface of the
particles enabled template TC to easily rebind with less mass resis-
tance. In the subsequent step, when TC filled up most of the binding
sites, the equilibrium was slowly achieved.

To investigate the rate-controlling mechanism of adsorption
processes such as mass transfer and chemical reaction, the kinetic
data obtained from batch experiments was fitted with the pseudo-
first-order [42] and pseudo-second-order rate equations [43]. The
pseudo-first-order model can be expressed as follows:

Q = Q. — Qe " 4

where Q. and Q; (mgg-1) are the amounts of TC molecular
adsorbed onto adsorbent at equilibrium and any time t, respec-
tively. ki (min—1) is the first-order rate constant.

The pseudo-two-order model can be expressed as Eq. (5):

_ kaQe’t
T 1+ kOt

where k5 is the second-order rate constant.

The adsorption kinetics constants and linear regression values
of the two models were listed in Table 2, and the nonlinear regres-
sion of the pseudo-second-order rate equation for TC rebinding
was shown in Fig. 6. The pseudo-first-order model exhibited rel-
atively poor fitting with low regression coefficients value (R?) and
variance between the experimental and theoretical values. The
adsorption of TC obeyed pseudo-second-order rate equation well
because of the favorable agreement between experimental and cal-
culated values of Q. (R? values above 0.99). The results suggested
that the pseudo-second-order mechanism was predominant and
that chemisorption may be the rate-limiting step that controlled
the adsorption process for TC [44].

Q (5)

3.5. Selectivity of the MMINSs

To investigate the rebinding selectivity of the prepared MMINs
towards TC molecule, OTC, CEX, and SMZ were selected as the
structural analogue and reference antibiotics with different molec-
ular structure, respectively. The adsorption experiments for each
adsorbate were carried out under the same condition and the
rebinding capacities of the MMINs and MNINs for these antibiotics
were determined using the equilibrium adsorption method with
a feed concentration of 30mgL-!, as shown in Fig. 8. The MMINs
exhibited higher capacity for TC compared with CEX and SMZ, indi-
cating higher rebinding selectivity for TC, which was attributed to
the molecular size recognition. However, the uptake of OTC onto
MMINs was nearly the same as TC, due to almost the same molecule
structure. Fig. 8 clearly exhibited that the rebinding capacity of
MMINs towards the four adsorbates was greatly higher than MNINSs,
which was attributed to the interactions between functional groups
of the targets and imprinted cavities. During the preparation of
MMINs, hydrogen interaction between the carboxylic group of MAA
and hydroxyl, amine and amide groups of TC was involved in the
monomer-template interaction, which played an important role
in the recognition during the adsorption process. The selective
adsorption process was complex, besides the hydrogen interaction,
others interactions may also be involved.

To further probe the molecular rebinding selectivity of the
MMINs for TC, three competitive antibiotics (OTC, CEX and SMZ)

Fig. 8. Adsorption capacities for the template TC and other antibiotics.

were added into TC solution to determine their interference in TC
adsorption. The MMINs and MNINs were exposed to the binary
system with an initial concentration of 30 mgL~!, respectively.
As shown in Fig. 9, The MMINSs still displayed high TC adsorp-
tion capacity in the presence of other antibiotics. When OTC was
present in the TC solution, the adsorption capacity of TC onto
MMINs decreased almost a half (from 491 mgg~! to 2.70mgg=1)
as expected. Because of the presence of an additional competi-
tive antibiotic in the binary system, the TC uptake for the MMINs

cﬁ)‘f’ A@V%

Fig. 9. Adsorption selectivity of TC onto the MMINs and MNINs in dual-solute solu-
tion in the presence of competitive antibiotics.
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-E(a)rb;:;:rison of the TC-MIPs prepared before to this paper described.
Authors Methodology Time (h) Solvent Qm I Reference
Hu et al. Multiple co-polymerization 24 Toluene 77.6 pmol/4cm 3.9 [45]°
Caro et al. Bulk polymerization 24 Acetonitrile No report 4.0 [31]P
Cai and Gupta Bulk polymerization 24 Acetonitrile 3.8mgg! No report [46]?
Suedee et al. Bulk polymerization 18 Water 2.96 wmol g~1-1 1.74 4712
Acetonitrile 0.98 pwmol g 1.92
Wang et al. Precipitation polymerization 24 Water 73 pmolg~! 1.80 [48]2
This paper ATREP 4.0 Water 27.2 pmol g1 6.33 This paper?
Qn is the maximum adsorption capacity; I is the imprinting factor.
2 IF value obtained under equilibrium condition.
b F value obtained under chromatographic (non-equilibrium) condition.
had slightly decreased as compared to that for the single system, 8

but the differences in the adsorption capacity of TC between the
MMINs and MNINs were more obvious, indicating higher selectivity
in binary solution. In contrast, the MNINs were affected signifi-
cantly by the competitive antibiotic. The results illustrated the high
TC-imprinting efficiency achieved through ATREP.

3.6. Comparison of TC-MIPs with existing reports

Several literatures for preparation of MIPs using TC as the tem-
plate have been published, which were summarized in Table 3. Hu
et al. [45] reported a novel MIP-coated solid-phase microextrac-
tion (SPME) fiber for trace analysis of TCs in complicated samples,
but the extraction capacity towards TC was only 3.9 times as much
as the NIP-coated fiber. Caro et al. [31], Cai and Gupta [46] and
Suedee et al. [47] prepared the MIPs using bulk polymerization,
which was tedious, time consuming and the prepared particles
showed an irregular shape and size. In addition, all of the MIPs
showed very low capacity and imprinting factor. Wang et al. [48]
prepared hydrophilic MIPs using TC as template by precipitation
polymerization. Although the adsorption capacity of hydrophilic
MIPs was 73.0 wmol g1 in water medium, which was significantly
improved, the imprinting factor was just 1.80. In our study, ATPEP
was adopted for the preparation of MMINs, which not only had high
adsorption capacity (27.2 wmolg~!) and imprinting factor (6.33)
in water medium, but also shortened the time of polymerization,
which exhibited the tremendous advantage and may propose a
thinking to achieve the selective recognition of the target molecule
in aqueous environmental samples.

3.7. Regeneration of MMINs and potential practical application

To test the stability and regeneration of the MMINSs, five (adsorp-
tion/desorption) regeneration cycles were conducted with TC. The
mixture of methanol and acetic acid (9.0:1.0, V/V) was used as an
eluent. After the supernatant solution was discarded, the MMINs
were dipped in 10 mL of eluent under the ultrasound for 30 min.
The adsorption results were shown in Fig. 10. After five cycles of
regeneration, the adsorption capacity of MMINs for TC was about
6.48% loss, suggesting good retention of the activity of the MMINSs.

To demonstrate the applicability of the method, real sample
of pork was analyzed. The samples spiked with 50 ugL~1 TC was
extracted by the MMINs and MNINs, and the chromatogram was
illustrated in Fig. 11. The MNINs apparently lacked specific enrich-
ment properties to the target TC, which could not be detected by
HPLC. By contrast, the high selectivity was observed for the MMINs
owing to the special recognition to the template molecule. The
recovery was 78.1% for the spiked pork sample with the RSD of 6.6%
(n=5). The results indicated that the proposed MMINs had good
applicability to selective extraction of TC from complex samples.

Q (mgg)

Times

Fig. 10. Stability and potential regeneration of the MMINs.

—3.5
3.0 5

25
—2.0 E-
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Fig. 11. Chromatograms of TC in pork sample with UV detection. 5.0% HClO4
extracted sample solution (a), TC spiked sample solution with 50 gL' TC (b),
spiked sample solution extracted with the MNINs (c) and with the MMINSs (d).

4. Conclusions

In this work, a novel molecularly imprinted nanotechnique for
the selective recognition and removal of TC in aqueous solution
combing ATRP and emulsion polymerization were proposed. Using
this technique, the time of polymerization was dramatically short-
ened as compared to that by conventional radical polymerization.
The prepared magnetic molecularly imprinted nanoparticles exhib-
ited good characteristics such as excellent specific recognition, and
adsorption capacity and thermal stability. The Fe304 nanoparti-
cles were modified with KH-570 and then used as magnetically
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susceptible monomer participating in the polymerization. Charac-
terization of the magnetic properties showed that sufficient Fe304
nanoparticles were encapsulated and the MMINs displayed the
desired superparamagnetic susceptibility. The method not only
avoided the leakages of Fe304 particles but also lead to a fast and
selective recognition of TC from aqueous solutions. The prepared
MMINSs also exhibited the excellent property of regeneration. We
believe that ATREP is a powerful technique to prepare molecularly
imprinted nanoparticles for various applications such as environ-
mental pollutants separation, recognition elements in biosensors
and drug delivery.
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