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a  b  s  t  r  a  c  t

A  simple,  convenient  and  high  selective  molecularly  imprinted  matrix  solid-phase  dispersion  (MI-
MSPD)  using  water-compatible  cyromazine-imprinted  polymer  as adsorbent  was  proposed  for  the  rapid
screening  of  melamine  from  bovine  milk  coupled  with  liquid  chromatography-ultraviolet  detection.  The
molecularly  imprinted  polymers  (MIPs)  synthesized  by  cyromazine  as  dummy  template  and  reforma-
tive  methanol–water  system  as  reaction  medium  showed  higher  affinity  and selectivity  to melamine,
and  so  they  were  applied  as  the  specific  dispersant  of MSPD  to extraction  of melamine  and  simulta-
ummy  imprinted polymers
elamine
igh performance liquid chromatography
ilk samples

neously  eliminate  the effect  of  template  leakage  on  quantitative  analysis.  Under  the  optimized  conditions,
good  linearity  was  obtained  in  a range  of 0.24–60.0  �g g−1 with  the  correlation  coefficient  of 0.9994.  The
recoveries  of  melamine  at  three  spiked  levels  were  ranged  from  86.0  to 96.2%  with  the  relative  standard
deviation  (RSD)  ≤  4.0%.  This  proposed  MI-MSPD  method  combined  the  advantages  of  MSPD and  MIPs,
and could  be  used  as  an  alternative  tool  for analyzing  the  residues  of  melamine  in  complex  milk  samples.
. Introduction

Melamine (1,3,5-triazine-2,4,6-triamine, MEL) is a organic com-
ound that is often used with formaldehyde to produce MEL  resin,

 synthetic polymer as fire resistant and heat tolerant [1].  Owing
o its high nitrogen content and low price, MEL  was  intention-
lly added to raw milk to increase its total nitrogen concentration,
hich will possibly result in higher measurement of protein [2].

hough, low level MEL  does not pose danger to humans, high and
rolonged dietary exposure to MEL  can increase the incidence of
rinary bladder tumors and result in the formation of lethal kidney
tones [3,4], especially when combined with cyanuric acid [5].  In
008, MEL  caused the death of certain infants in China, who had
runk milk containing this compound. However, milk being a very
omplex substrate, the determination of a very low MEL from raw
ilk is difficult. Therefore, a reliable method is needed to determine
EL residues in food and particularly in dairy products for children,
hich is of biological, clinical, and food industry importance.

High performance liquid chromatography (HPLC) [6–10], gas

hromatography [11,12],  capillary electrophoresis [13,14] and
pectroscopy [15,16] had been developed for the analysis of MEL
n different matrices. In view of the complexity of the bio-matrix,
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repeated centrifugation, protein precipitation and re-extractions
were often required to concentrate and purify MEL  for further
liquid–liquid extraction and solid-phase extraction (SPE) [17,18].
These processes were complicated, time consuming, low selectiv-
ity, and use large amounts of organic solvents. Therefore, there
is considerable tendency for further improving sample pretreat-
ment techniques, leading to simplify the procedure and enhance
its selectivity [19].

Matrix solid-phase dispersion (MSPD) is one of the most promis-
ing techniques to combination the procedures of homogenization,
disruption, and extraction [20–23].  It permits complete dispersion
of sample with the aid of shearing forces generated by blending
process and offers exhaustive extraction, clean-up and concentra-
tion of analytes in a single step, which eliminates the most of the
complications of performing classical SPE process and making sam-
ple preparation easier and faster. It drastically shortens the analysis
time and reduces the consumption of toxic and expensive solvents,
especially for solid, semisolid and highly viscous biological sam-
ples [22,24,25].  However, the routine dispersants for extracting
MEL, such as mixed-mode cation exchange (MCX), polymer cation
exchange (PCX), and strong cation exchange (SCX), are lack selectiv-
ity for analytes, which would lead to the coextraction of interferents

and affect the quantification of analytes. Therefore, further improv-
ing the selectivity of MSPD is still a meaningful work [26].

Molecular imprinting is a rapidly developing technique for
the preparation of polymers having specific molecular recognition

dx.doi.org/10.1016/j.jchromb.2012.09.022
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:yanhongyuan@126.com
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Fig. 1. Chemical structures of MEL  and CYR.

roperties for a given compound, its analogs or for a single enan-
iomer [27–29].  As the artificial polymers, MIPs are easy and rapid
o prepare, very stable in harsh conditions and allow the usage of

 great variety of binding/eluting conditions without the risk of
osing binding activity. Due to the high selectivity and stability of

IPs, it has been widely used as a new selective adsorbent in SPE
or extracting organic compounds from complex materials [30,31].
ntil now, few MIPs synthesized using cyromazine as dummy  tem-
late had been reported to recognize MEL  by SPE method with
omplicated pretreatment [9,17],  however, using cyromazine-MIPs
s special dispersant of MSPD without redundant extraction pro-
edure was still not available.

This work represents the first attempt of using MIPs as spe-
ial dispersant of MSPD to develop a new MI-MSPD method for
elective extraction MEL  in milk. The water-compatible MIPs syn-
hesized using cyromazine as a dummy  template showed high
ffinity and selectivity to MEL, and the extracts after MI-MSPD were
lean enough to inject into HPLC for further chromatographic anal-
sis. This method not only shortened the overall procedure with
he improved selectivity but also eliminated the effect of template
eakage on quantitative analysis.

. Experimental

.1. Chemicals and reagents

MEL  and cyromazine (CYR) were obtained from Fuchen Chem-
cal Co. Ltd. (Tianjin, China) and their molecular structures were
hown in Fig. 1. Ammonia and chloroform were obtained from
ongfei Chemical Reagent Co. (Tianjin, China). Methanol and acetic
cid were purchased from Huadong Chemical Reagent Co. Ltd.
Tianjin, China). 2,2-Azobisisobutyronitrile (AIBN), acetonitrile, and

ethacrylic acid (MAA) were obtained from Kermel Chemical
eagents Development Center (Tianjin, China), and ethylene gly-
oldimethacrylate (EGDMA) was purchased from Sigma–Aldrich
St. Louis, MO,  USA). Double-deionized water was  filtered with
.45 �m filter membrane before using.

.2. Instrumentation and conditions

LC analysis was performed using a LC-20A system equipped
ith two LC-20AT Solvent Delivery Units, a SUS-20A gradient con-

roller and a SPD-20A UV-Vis Detector (Shimadzu, Kyoto, Japan).
n N-2000 data workstation (Zheda Zhineng Co. Ltd., Hangzhou,
hina) was used as a data acquisition system, and an ultrasonic
leaner (KQ3200E, Kunshan Instrument Co., Jiangsu, China) was
et at 40 kHz. The LC condition was as follows: the ultimate
Q-C18 column (250 mm × 4.6 mm I.D., 5 �m)  was obtained from
elch Materials, Inc. (Maryland, USA). The mobile phase was
ethanol–water (2:98, v/v) with a flow rate of 1.0 mL  min−1. The
etection wavelength of the detector was set at 210 nm. All of the
lassware for preparation of the samples and standard solutions
ere washed with deionized water and acetone and then dried at

oom temperature.
B 908 (2012) 137– 142

2.3. Preparation of the MIPs

The schematic illustration of MIPs formation was shown in Fig. 2
(each kind of polymers was synthesized in triple). CYR (2.0 mmol)
and MAA  (16.0 mmol) were dissolved in 10.0 mL  of porogenic sol-
vents (methanol–water, 10:1, v/v) in a 20.0 mL  glass with a lid. The
bottle was sonicated for 5 min  and then thermostated at 4 ◦C for
30 min to facilitate template–monomer complex formation. There-
after, EGDMA (50.0 mmol) and AIBN (0.36 mmol) were added, and
the solution was  sonicated for 5 min  to dissolve it fully. The poly-
merization was performed at 60 ◦C for 24 h in a water bath. After
polymerization, the monolith was crushed, ground, and sieved
through a 300 mesh steel sieve. Following soxhlet extraction with
300 mL  methanol–acetic acid (9:1, v/v) for 24 h to be free of the
residual reagent and template molecules, the polymer was washed
using 300 mL  of methanol for 10 h, and then dried in vacuum oven
at 60 ◦C for 12 h to obtain the MIP  material. The non-imprinted poly-
mers (NIPs, in the absence of template) were prepared and treated
in an identical manner.

2.4. Procedure of MI-MSPD

0.1 g aliquot of milk sample was  placed in a 5.0 mL glass beaker
containing 0.1 g of MIPs particles, and then the mixture was  blended
together using a glass nail to obtain a complete disruption and dis-
persion of sample on solid support. Then the homogeneous mixture
was loaded into an empty cartridge (60 mm × 8.0 mm,  I.D.), which
was pre-packed with 20 mg  of MIPs particles, and then compacted
by another frit on the top. The cartridge was  rinsed with 3.0 mL
acetonitrile and eluted with 3.0 mL methanol–ammonia (95:5, v/v).
The eluent was  evaporated at 50 ◦C to dryness under vacuum oven
and the residues were re-dissolved in 0.05 mL of mobile phase for
further HPLC analysis.

2.5. Absorption experiments

To investigate the binding capacity of the synthesized MIPs,
static absorption and dynamic absorption test were carried out
in aqueous solution. An aliquot of 20.0 mg  of MIP particles was
added in 10.0 mL  flask containing 2.00 mL  MEL  solutions with var-
ious concentrations (1.00–100.0 �g mL−1). After shaking in table
concentrator at room temperature, the samples were centrifuged,
and then the free concentration of MEL  was determined by HPLC.
Dynamics method was  the same as static method except different
times (5, 10, 20, 30, 60, and 90 min) at the constant concentra-
tion (20.0 �g mL−1). The absorption quantity (Q) was calculated by
subtracting the free concentration (Cfree) from initial concentra-
tion. The same experiment was performed using the non-imprinted
particles. Meanwhile, the maximum binding quantity (Qmax) and
dissociation constant (KD) were estimated by processing with
Scatchard equation:

Q

Cfree
= Qmax − Q

KD

3. Results and discussion

3.1. Synthesis and molecular recognition of the MIPs

The design criteria governing the production of the MIPs dic-
tate that it is necessary to obtain MIPs materials capable of binding
MEL  selectively from aqueous samples, and the materials are also

able to circumvent the problem of template bleeding [17]. MEL  is
polar compound, and only in polar solvents, it can be completely
dissolved for bulk polymerization. In order to obtain MIPs which
demonstrate specific recognition ability to MEL  in aqueous media,
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Fig. 2. Schematic illust

IPs using MEL  or CYR (having the common structures of MEL)
s template, MAA  as monomer and EGDMA as cross-linker were
ynthesized in polar porogenic solvents such as water containing
ethanol or ethanol system. The results revealed that the MIPs

repared using CYR as dummy  template and MAA  as monomer
n methanol/water system showed good molecular recognition to

EL  in aqueous media. Moreover, the proportion of water in the
repolymerization mixtures had a critical effect on the pore prop-
rties and surface area of the resulting polymers, which was  due
o water as the porogenic solvent not only brought all the com-

onents into one phase but also created macropore structures in
he imprinted polymers [27]. Further increase of the water ratio in

ethanol resulted in a flexible polymer with a small surface area.
onversely, the best selective MIPs for MEL  were obtained when
 of the MIPs formation.

using methanol–water (10:1, v/v) system as a porogenic solvent.
Under the optimal composition, the MIP  using CYR as dummy  tem-
plate had almost same recognition to MEL  in aqueous media with
MEL  imprinted polymer. Besides, the peaks of MEL  and CYR could
separate, respectively, under the followed HPLC analysis, thus elim-
inated the effect of template leakage on quantitative analysis of MEL
in milk samples.

3.2. Binding assays of the MIPs
The data of static absorption in Fig. 3 showed that the amounts
of bound MEL  on the MIPs were increased with the increase
of the initial concentration of MEL, and the MIPs displayed a
higher affinity than NIPs [9].  The high affinity of MIPs was also
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water–acetonitrile (9:1, v/v), and water–methanol (1:4, v/v) were
investigated and the results in Fig. 4 showed that the best recov-
ery was  obtained using acetonitrile as washing solvent. For the
ig. 3. Binding isotherm and Scatchard analysis of MIPs and NIPs (A: binding isothe
:  Scatchard plot of NIPs).

emonstrated by dynamic adsorption, and the absorption equi-
ibriums of MIPs and NIPs were all reached below 10 min. The
catchard plot suggested that there were two distinct sections
ithin the plot which can be regarded as straight lines, so it would

e reasonable to assume that the binding sites can be classified
nto two distinct groups with specific binding properties in MIPs.
or higher affinity site, the values of KD and Qmax calculated from
he slope and intercept of the linear portion of Scatchard analy-
is were 0.13 �mol  L−1 and 0.16 mmol  g−1, and for lower affinity
inding site were 0.84 �mol  L−1 and 0.43 mmol  g−1, respectively.
t the same time, only one type of binding site in NIP for MEL  was
bserved and its KD and Qmax were calculated to be 0.77 �mol  L−1

nd 0.15 mmol  g−1, respectively.

.3. Optimization of MI-MSPD procedure

To achieve satisfactory recoveries of MEL  in milk samples, sev-
ral parameters (the ratio of sample to MIP  adsorbent (S/MIP),
ashing and elution solvent, etc.) that affect the extraction effi-

iency of MI-MSPD were studied. The S/MIP ranged from 1:1 to 1:4
as evaluated and the results revealed that the ratio of 1:1 pro-

ided the best recoveries of MEL. Further increasing the proportion
f adsorbent from 1:2.5 to 1:4, the recoveries reduced sharply from
1.8% to 17.0%, which possibly due to the strong absorbability of
IPs. Thereby, 1:1 was applied as the optimized S/MIP ratio in the

ubsequent work. Moreover, the MIPs pre-packed in the bottom of
he cartridge acted as SPE adsorbent to further remove interfering
atrix components and isolate analytes to perform high recoveries.
One of the outstanding advantages of MSPD is that extrac-

ion and clean-up are carried out just in a single step. Therefore,
he types and volume of washing solvent are the key factors,
 MIPs and NIPs; B: dynamic adsorption of MIPs and NIPs; C: Scatchard plot of MIPs;

which should be carefully selected to achieve the highest recovery
for analytes while eliminating the most of interferences orig-
inated from biological matrix [19]. Different washing solvents
such as methanol, acetonitrile, chloroform, water, water–methanol
(1:1, v/v), water–acetonitrile (1:1, v/v), water–methanol (9:1, v/v),
Fig. 4. Effect of washing solvents on extraction efficiency of MEL.
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Fig. 5. Effect of elution solvents on the recovery of MEL.

urpose of the minimum volume of washing solution able to effi-
iently rinse the interferences, the volume of acetonitrile was
anged from 1.0 to 7.0 mL  and the results showed that the recovery
f MEL  reduced with the increasing of acetonitrile. Considering that
ess solvent could not remove the interferences sufficiently, and as

ell as the purification efficiency and economic factors, 3.0 mL  of
cetonitrile was chosen as the washing solution.

On the basis of the results of washing step and the relevant
eferences reported [17], the elution step was performed using
ethanol containing acetic acid and ammonia as the main eluent.

he results (Fig. 5) showed that the recoveries were more than 80%
or all eluents, and the highest recovery (96.6%) was obtained by

ethanol–ammonia (95:5, v/v) solution as eluting solvent, which
ue to it broken the ionic interaction between MEL  with binding
ites of MIPs. Different volumes (1.0, 2.0, 3.0, 4.0 5.0, 6.0, and 7.0 mL)
f methanol–ammonia (95:5, v/v) were further evaluated and the
esults showed that the recovery of analyte increased rapidly with
he increase of the elution solvent volume from 1.0 to 3.0 mL  and
hen almost constant even further increasing the volume from 3.0
o 7.0 mL.  Thereby, 3.0 mL  of methanol–ammonia (95:5, v/v) was
elected as elution solvent for MI-MSPD.

.4. Comparison of MI-MSPD with conventional

dsorbents-MSPD method

Different MSPD procedures using MIPs, NIPs and conventional
dsorbents (PCX, MCX  and SCX) as adsorbent were investigated

Fig. 6. Comparison of MIPs w
B 908 (2012) 137– 142 141

(Fig. 6) and compared according to the previous reports [6,14].
The extracts obtained from PCX and SCX showed lower recover-
ies for MEL  in milk (28.6% for PCX and 64.5% for SCX), which were
due to their lower affinities and non-special adsorption to MEL.
Although using MCX  as dispersant can get higher recovery for MEL
than PCX and SCX, the purification effect of washing step was unap-
parent. Comparatively, the highest recoveries (98.0%) with more
clean extracts were obtained by using MIPs as a dispersant. The
recoveries of MEL  (66.0%) in NI-MSPD procedure were lower than
the results of MI-MSPD. The chromatograms of MI-MSPD indicated
that no interferences originated from milk matrix were observed,
which demonstrated the high selectivity of the MIPs in aqueous
environment.

3.5. Validation of the MI-MSPD-HPLC method

To evaluate the proposed MI-MSPD-HPLC method, the linear-
ity, precision, accuracy, repeatability, and detection limits were
investigated under the optimum condition. Calibration curves
for MEL  were constructed using the areas of the chromato-
graphic peaks measured at nine increasing concentrations, in a
range of 0.24–60.0 �g g−1. Good linearity was  observed through-
out the concentration range, and the regression equation was
y = 4.65 × 104 x + 1.30 × 104 (y: peak area of MEL; x: concentration of
MEL, �g g−1) with the correlation coefficient (r2) = 0.9994. The pre-
cision and accuracy were determined by analyzing five replicates
of the spiked samples at three concentration levels on the same day
and three different days (n = 3). Intra-assay and inter-assay preci-
sion expressed as RSD were 3.8% and 4.2%, respectively. Based on
the signal-to-noise ratio of 3 and 10, the LOD and LOQ for MEL  was
0.05 �g g−1 and 0.16 �g g−1, respectively. Comparison with previ-
ously reported methods, the MI-MSPD-HPLC method significantly
reduced the complicated pretreatment procedure while shortens
the analysis time and reduces the consumption of toxic organic
solvents [8,9,13,32,33].

3.6. Analysis of bovine milk products

The performance of MI-MSPD-HPLC method in the extraction of
MEL  from milk samples was investigated. Five brands of bovine
milk products (fat content: 2–6% (m/v); protein content: 2–5%
(m/v); carbohydrate: 2–4% (m/v); minerals: 0–13% (m/v); density:
1.023–1.030 g mL−1) collected from the local markets of Baoding
were pretreated under the optimized condition. The MEL  contents

in different milk products were in a range of 0.17–0.41 �g g−1,
which was  accorded with the quality (≤2.5 mg kg−1) requested by
China government. To investigate the effect of sample matrix on
the accuracy of the MI-MSPD-HPLC method for real samples analy-

ith other adsorbents.
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Table  1
Recoveries of the MI-MISPD-HPLC method for spiked MEL  milk samples (n = 3).

Spiked levels 1.5 �g g−1 27.0 �g g−1 60.0 �g g−1

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

MEL  86.0 2.8 96.2 

87.3  3.1 95.4 

90.2  3.6 92.5 

F
2

s
l
t
w
M
e
w
t
a
v
t
a
t

4

H
t
s
s
i
T
a
t
b

[

[

[

[
[
[

[

[
[
[
[
[
[
[
[
[
[
[
[

[
[30] H. Yan, K.H. Row, Int. J. Mol. Sci. 7 (2006) 155.
ig. 7. Chromatograms of the milk samples (A: MEL  and CYR; B: spiked sample:
 �g g−1; C: milk sample).
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. Conclusion
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