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a b s t r a c t

Molecularly-imprinted polymers in the form of microspheres were synthesized using the dispersion poly-
merization protocol; cyromazine was used as dummy template, while methacrylic acid, ethylene glycol
dimethacrylate and acetonitrile (MeCN) were used as functional monomer, cross-linker, and porogen,
respectively. When compared with the non-imprinted polymer, the molecularly-imprinted polymers
(MIPs) showed outstanding affinity toward melamine in MeCN with a maximum binding concentration
(Bmax) of 53.20 nmol mg−1 MIPs, imprinting effect of 4.6, and a dissociation constant (Kd) of 90.45 �M.
icrosphere
elamine

olid-phase extraction
as chromatography–mass spectrometry

After optimization of the molecularly-imprinted solid-phase extraction conditions, a new method was
developed to determine the melamine in milk and feed with gas chromatography–mass spectrometry.
The performance of this method has been evaluated in the tainted milk and feed in terms of recovery,
precision, linearity, the limit of detection (LOD) and limit of quantitation (LOQ). Recovery ranged in sam-
ples from 93.1 to 101.3% with intra-day and inter-day relative standard deviation values below 5.34%.

mine −1 −1 −1 −1
The LOD and LOQ of mela
respectively.

. Introduction

Melamine (1,3,5-triazine-2,4,6-triamine) is a triazine-based
hemical used in the manufacture of plastics and flame retardants
Fig. 1A). Ingestion of melamine may lead to the formation of

elamine cyanurate crystals in kidney and consequently obstruct
nd damage renal tubules and cause renal failure in animals [1].
elamine became a hot topic after pet food contamination in

merica in 2007, and melamine-tainted-milk powder incident in
hina in 2008. Therefore, determination of melamine is urgent to
nsure public health. Currently, many methods including high per-
ormance liquid chromatography (HPLC) [2,3], gas chromatography
ith mass spectrometry (GC–MS) [4,5], and liquid chromatography

andem mass spectrometry (LC–MS/MS) [6,7] have been devel-
ped for the detection of melamine. In these methods, solid-phase
xtraction was used for preconcentration and clean-up in the anal-

sis of melamine due to the advantages of simplicity, and rapidness.
owever, the classical solid-phase extraction (SPE) sorbent (C8,
18, etc.) retained analytes by non-selective hydrophobic inter-
ction which lead to the coextraction of interfering substances
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∗∗ Corresponding author. Tel.: +86 10 6891 3065; fax: +86 10 6891 3065.
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in milk and feed were 0.01 �g mL (�g g ) and 0.05 �g mL (�g g ),

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

and further purification was still required to remove coextrac-
tant.

Molecular imprinting is a useful technique for the preparation
of polymeric materials as specific molecular recognition recep-
tors [8,9]. Molecularly-imprinted polymers (MIPs) are prepared by
the copolymerization of a cross-linking agent with the complex
formed from a template and monomers that have functional groups
specifically interacting with the template through covalent or non-
covalent bonds. After the template is removed from the resulting
polymer matrices, binding sites having the size and shape comple-
mentary to the template are generated. These MIPs are synthesized
with “tailor-made” binding sites for a template and strongly inter-
act with the template. Due to their favorable molecular recognition
capability and stability, potential application of MIPs has been
investigated in a broad scientific area, such as ligand binding assays
[10], SPE [11], sensors [12], catalysis [13]. Among these applications
the one most widely applied is the molecularly-imprinted solid-
phase extraction (MISPE), which has been used for the extraction
of a broad range of analytes such as aromatic compounds (poly-
cyclic aromatic hydrocarbons) [14] and pharmaceutics (�-agonist
[15], chloramphenicol [16]).
The use of MIPs for the determination of melamine has been
previously described in some matrixes [17–20]. However, the MIPs
used for separation and analysis of melamine in the literature
were still prepared by bulk polymerization. Using this procedure,
grinding and sieving steps are unavoidable, the obtained particles

ghts reserved.
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tron energy was 70 eV. All injections of 1 �L were made in splitless
Fig. 1. Chemical structure of melamine (A) and cyromazine (B).

ossessed invariably an heterogeneous particle size distribution
ith poor binding site accessibility for the target analyte [21]. Fur-

hermore, to satisfy the special analytical applications, MIPs with
ell controlled physical properties, such as particle size distribu-

ion and morphology are highly required [22]. Considering these
ssues MIPs in the form of microspheres with high selectivity along

ith control on particle shape and size are demanded.
Therefore, in this study, we reported on preparation of

olecularly-imprinted microspheres by dispersion polymerization
nd developed a MISPE-GC–MS method to determine the melamine
n the milk and feed.

. Experimental

.1. Reagents and chemicals

Melamine, cyromazine, citric acid (CA), and ethylene gly-
oldimethacrylate (EGDMA) were purchased from Sigma (St. Louis,
O, USA). 1-Heptanesulfonate sodium salt (HSS) was obtained

rom Dikma (Beijing, China). Methacrylic acid (MAA) was pur-
hased from Tianjing Guangfu Research Institute (Tianjing, China).
he initiator �,�′-azobisisobutyronitrile (AIBN) was obtained
rom Sinopharm Chemical Reagent Co., Ltd (Beijing, China).
PLC-grade acetonitrile (MeCN) and methanol were purchased

rom Fisher Scientific (Fair Lawn, NJ, USA). The derivatization
eagent N,O-bis (trimethylsiyl) trifluoroacetamide (BSTFA) with
% trimethylchlorosilane (TMCS) was purchased from Supelco
Bellefonte, PA, USA). Scanning electron micrograph of the MIPs
as obtained with an S-4800 SEM (Hitachi, Japan). Adsorp-

ion/desorption analyses were carried out using a nitrogen surface
rea analyzer (ASAP 2010c, Micromeritics, USA). All the other
hemicals were of analytical grade from Beijing Chemical Reagent
o., Ltd (Beijing, China).

.2. Preparation of MIPs

The pre-polymerization mixture composed of cyromazine
0.5 mmol), MAA (3 mmol), the cross-linker EGDMA (15 mmol), and
he initiator AIBN (20 mg), was dissolved in 18 mL MeCN in a 50 mL
ask. The mixture was incubated into an ice-bath and purged with
itrogen gas for 5 min in order to get rid of oxygen. Afterwards,
he tube was sealed, placed in a water bath at 60 ◦C for 24 h for
he polymerization to proceed. The solid polymer was collected by
entrifugation, washed extensively with 30 mL of methanol-acetic

cid (80:20, v/v) continuously overnight, followed by five washing
teps with 30 mL of ethanol for 1 h, and dried. The corresponding
on-imprinted polymers (NIPs) were prepared in the same manner

n the absence of template.
878 (2010) 2333–2338

2.3. Binding of melamine

Binding studies were carried out in MeCN. A preweighed
amount of MIPs suspended in 1.8 mL of MeCN was mixed with
0.2 mL of different concentration of melamine in methanol while
stirring at 300 rpm for 60 min. The polymers were then removed
by centrifugation at 8000 rpm for 5 min, and 1 mL of supernatant
was removed for HPLC assay. The binding site capacity (Bmax) and
dissociation constant Kd were determined by fitting the equation
y = Bmax × Cf/(Kd + Cf) (where y is the nmols of target adsorbed per
mg of polymer, and Cf is the concentration of free target in �M, both
at equilibrium) to the binding isotherm data at 25 ◦C using Prism 4
program from GradPad Software Inc (San Diego, CA, USA).

2.4. MIPSE and sample preparation

The MIPs and NIPs MISPE cartridges were packed at Agela Tech-
nologies (Beijing, China). To ensure all the particles of MIPs could
be retained on the frits of the SPE columns, a 0.45 �m nylon mem-
brane was placed on the bottom frit. Samples were added to 50 mL
methanol and extracted by ultrasonic extraction for 30 min. Then
samples were centrifuged at 10,000 rpm for 10 min and the super-
natant was transferred to a clean tube before loading. The cartridge
was conditioned with methanol. After loading 3 mL sample, the
cartridge was washed with MeCN (3 mL each). The cartridge was
fully dried again and eluted with 3 mL methanol-acetic acid (80:20,
v/v). The extract was evaporated under gentle nitrogen to dryness
and reconstituted in 0.2 mL acetonitrile-BSTFA (50:50 (1% TMCS),
v/v). Then the samples were derivatized at 70 ◦C for 30 min before
GC–MS analysis.

2.5. Chromatographic evaluation

Two different instruments and conditions were used in this
work. HPLC was used for evaluation while GC–MS for method
development.

2.5.1. HPLC
An HPLC (Waters Alliance 2695 HPLC) with Model 996 PDA

detector and Millenium 4.0 software (Waters Corp. Milford,
MA) was used. The column was a Dikma PlastisilTM ODS-C18
(250 mm × 4.6 mm, 5 �m particle size). The mobile phase was
MeCN-H2O (12.5:87.5 (0.01 mol L−1 HSS, 0.01 mol L−1 CA), v/v) with
a flow rate of 1 mL/min. The injection volume was 30 �L. Before
injection, all the samples were filtered with a 0.22 �m nylon filter.

2.5.2. GC–MS
Analysis of melamine was performed on an Agilent 6890 Plus GC

equipped with an auto sampler and an Agilent 5973N mass selec-
tive detector (Agilent Technologies, Atlanta, GA) operated in the
electron impact (EI) ionization mode. The GC was fitted with an AB-
5ms capillary column (30 m × 0.25 mm i.d., 0.25 �m film thickness)
from Agilent J&W Scientific (Folsom, CA). The oven was maintained
at the initial temperature of 70 ◦C for 1 min, heated to 300 ◦C at the
rate of 30 ◦C min−1, and then held at 300 ◦C for 1 min. The inlet tem-
perature was 250 ◦C and transport line 280 ◦C. Helium was used
as carrier gas and the flow rate was 1 mL min−1. Ion source and
quadrupole temperature were 230 and 150 ◦C, respectively. Elec-
mode. Selected ion-monitoring (SIM) was used for qualitative and
quantitative measurement of melamine at m/z 99, 171, 327, 342
with a solvent delay of 5 min. The molecular ion m/z 327 was used
as quantitative ion.
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Table 1
The ratio of adsorption between MIPs and NIPs under the same concentration.

Item Template/monomer/cross-linker (molar ratio) MIPs adsorptiona (%) NIPs adsorptiona (%) AdsorptionMIPs/adsorptionNIPs

1 1/4/12 45.95 22.86 2.01
2 1/6/18 66.31 24.93 2.66
3 1/8/24 66.51 26.71 2.49
4 1/10/30 68.05 27.89 2.44
5 1/4/20 63.49 23.96 2.65
6 1/6/30 87.44 25.42 3.44
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7 1/8/40 77.43
8 1/10/50 71.49

a The % of the melamine adsorbed under same concentration (100 �M).

. Results and discussion

.1. Synthesis and morphology of MIPs

A well documented drawback of MIPs is the residual template
eaching or bleeding that may occur from the MIPs even after exten-
ive washing [23]. In any case, the best manner of preventing the
leeding problem is the use of an analogue of the target analyte as
emplate. Therefore, the bleeding of the template does not interfere
n the quantification of the target analyte. Triazine as a template

olecule in MAA based molecular imprinting has been reported
y several groups [24–26]. Dual-hydrogen bonds are expected to
e formed between melamine and MAA as a key interaction nec-
ssary for binding site construction, whereby a carboxylic group of
AA works as both a hydrogen bond acceptor and a donor interact-

ng with a hydrogen atom of the amino group and a nitrogen atom

f the triazine body, respectively (Fig. 2A) [27]. Therefore, dummy
emplates should possess two or more dual-hydrogen bondable
unctional groups. Cyromazine has a cyclopropyl alkyl substituting
he hydrogen of the amino group of the melamine (Fig. 1B). In this

ig. 2. Schematic representation of intermolecular interaction with methacrylic
cid: (A) melamine and (B) cyromazine.
26.98 2.87
28.37 2.52

sense it was expected that the dummy molecules form melamine-
like complexes with MAA (Fig. 2B) [19,20].

Due to having two or more dual-hydrogen bonds, four molar
ratios between template and monomer of 1:4, 1:6, 1:8 and 1:10
were tested in this experiment, while the molar ratio of monomer
to cross-linker was selected at 1:3 and 1:5 to ensure the formation
of recognition sites within polymer [28]. The ratio of adsorption
between MIPs and NIPs under the same concentration was showed
in Table 1. As described above, dual-hydrogen bonds were formed
between the hydrogen atom of the amino group and carboxylic
group of MAA. However, the other hydrogen atom of the amino
group could form hydrogen bond with carboxylic group of MAA.
Thus, one melamine could form hydrogen bonds with six MAA. An
excess of monomer increases the non-specific binding which low-
ers the overall selectivity of the MIPs [29]. From Table 1, with the
ratio of monomer to cross-linker decreasing, the ratio of adsorp-
tion between MIPs and NIPs increased if the ratio of the template
to monomer did not change. The results revealed that the MIPs
with the molar ratios of 1:6:30 within template, monomer and
cross-linker showed best specific affinity.

Traditional bulk polymerization was the most widely used
approach for preparation of MIPs. In this method, the appara-
tus acquired for synthesis is relatively simple, and the reaction
conditions could be easily controlled. Unfortunately, the chromato-
graphic performance of these particles was usually unsatisfactory
due to their irregular size and shape. Furthermore, the tedious
and time-consuming process and low yield of MIPs prevented
their industrial production and acceptance in analytical labora-
tories [30]. To overcome these drawbacks MIPs in the form of
microspheres were prepared by dispersion polymerization. The
dispersion polymerization was applied in the presence of a larger
amount of porogen than that typically used in the bulk method. Sol-
vent plays an important role not only in the formation of the porous
structure, but also in the effect on complexation of monomers with
the template [29]. Thus, MeCN was employed in the polymeriza-
tion and different porogen volumes of 10, 12, 15, 18 and 20 mL
were investigated. The results of the ratio of adsorption between
MIPs and NIPs with different volumes were 1.98, 2.63, 3.24, 3.67,
and 2.74, respectively. The optimum was confirmed at 18 mL.

Micro- and nanospheres was generated when accurate con-
trol of the parameters governing the polymerization is achieved
[31]. The MIPs particles obtained by the method are microspheres
of about 800 nm diameter with narrow particle size distribution
(Fig. 3), unlike the typical amorphous MIPs particles obtained
from the grinding of bulk polymers [19,20]. Moreover, the MIPs
microspheres in the method could be directly packed to SPE
without further processing. Since specific surface area and pore
size influenced the efficiency of adsorption, the parameters were

obtained using a Brunnauer–Emmet–Teller (BET) analysis routine.
The specific surface areas, pore volumes and pore size from nitro-
gen adsorption experiments were 22.07 m2 g−1, 0.029 cm3 g−1 and
3.409 nm for the MIPs, 30.35 m2 g−1, 0.058 cm3 g−1 and 5.911 nm
for the NIPs, respectively. Total pore volume and BET surface area
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3.4. Validity

The optimized condition described above was validated before
application to the detection of real samples. Linear calibration
curves of melamine in milk and feed were obtained from the
Fig. 3. Scanning electron microscopy of the MIPs.

f MIPs could be smaller than NIPs as the micropore volume and
pecific surface area is not detectable by gas adsorption measure-
ents at pore diameters of 0.7–2 nm in the nanospheres [28]. It is

ssumed that the difference of the surface area between MIPs and
IPs could be because most of the pore diameter in MIPs is in the

ange of 0.7–2 nm.

.2. Binding isotherm for melamine

With the usage of the optimized conditions established, the
mprinting effect was initially evaluated by binding assay. In our
reliminary binding assay, we found the MIPs obtained had bet-
er binding capability for melamine in MeCN than in water and

ethanol. It can be explained that H2O and methanol affected
ffinity between the MIPs and melamine via hydrogen binding.
herefore, MeCN was selected as the solvent for the binding exper-
ment. In MeCN, the MIPs adsorbed more than 85% of the melamine

ithin 50 min (Fig. 4A). In comparison, NIPs adsorbed less than
6% of melamine during the same time period. Bmax of 53.20
nd 11.56 nmol mg−1 for melamine was obtained for the MIPs
nd NIPs, respectively (Fig. 4B), and the overall imprinting effect
max(MIPs)/Bmax(NIPs) of 4.6 (Bmax is the binding site capacity in
moles mg−1 of polymers). In addition to the good binding capa-
ility, a dissociation constant Kd of 90.45 �M demonstrated the
igh binding capacity between MIPs and analyte. When compared
o MIPs for melamine reported in the literature, the MIPs in this
tudy have higher binding capacity [18,19]. All these characteris-
ics indicated that the MIPs were potential sorbents for selective
nrichment and separation, detection of melamine from sample
atrix.

.3. Method optimization

In order to evaluate application of the MIPs for separation and
etermination of trace melamine by GC–MS, a general procedure
or a generic SPE (conditioning, loading, washing, eluting) was opti-

ized to achieve good sensitivity and precision of this method.
As melamine could be dissolved in H2O, methanol and

eCN, five loading solvents were investigated. Recoveries of
elamine in solvents were 97.02% (H2O), 101.07% (methanol),
0.42% (H2O/methanol), 74.73% (H2O/MeCN), and 68.20%
methanol/MeCN), respectively. The results showed that the
ecovery in methanol is optimum, but the recovery of melamine
n H2O was also over 97%. Then the effect of pH value of H2O was
ompared, as an optimum pH is crucial for trapping [32]. When 0.5
Fig. 4. (A) Time profile of melamine (0.1 mM) binding by 1 mg mL−1 MIPs and NIPs
from MeCN. (B) Binding isotherm of MIPs and NIPs for melamine from MeCN.

and 1% trichloroacetic acid solutions were used, losses of melamine
were over 50%. Then the effect of pH at 6, 7, 8, 9, 10, and 11 were
tested. The results showed approximately 3% loss of melamine
was inevitable, although the loss at pH 8 was the lowest (Fig. 5).
So methanol was chosed as extract solvent finally in this study.

The washing step was a crucial procedure to maximize the
specific interactions between the analytes and binding sites, and
to simultaneously decrease non-specific interactions to discard
matrix components in the polymers [33]. In this study, acetone,
tolune, hexane, methanol, MeCN and dichloromethane were inves-
tigated. The results showed that loss of melamine was the smallest
when MeCN was used as washing solvent (Fig. 6). Methanol–acetic
acid solution (80:20, v/v) was used as of eluting solvent which could
absolutely elute the melamine from MIPs and NIPs cartridges.
Fig. 5. Losses of melamine with different pH loading conditions, n = 4.
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Fig. 6. Losses of melamine with different washing solvents, n = 3.

Table 2
Recoveries of melamine from spiked feed and milk samples.

Matrices Content Recoveries (%) Relative standard deviation (%)

Means Max Min Inter-day repeatability (n = 6) Intra-day repeatability (n = 3)

Milk (�g mL−1) 0.05 95.0 99.8 91.0 2.88 3.51
1.5 99.7 105.1 93.9 3.11 4.44

10 99.8 107.3 94.2 3.96 4.05

Feed (�g g−1) 0.05 93.1 96.2 87.6 4.45 5.13
2 99.8 104.8 94.1 3.28 2.97

10 101.3 107.2 95.4 3.66 3.19
50 100.4 109.7 93.3 4.06 5.34

C–MS

c
s
0

1

Fig. 7. Chromatograms of feed and milk samples using MISPE-G
oncentration 0.05 to 20 �g mL−1, and 0.05 to 100 �g g−1 in real
ample, respectively. The correlation coefficients were 0.9914 and
.9906, respectively.

Different spiked concentrations in the milk and feed (0.05, 1.5,
0 �g mL−1; 0.05, 2.0, 10, 50 �g g−1, respectively) were adopted to

Table 3
Comparative results between MISPE-GC–MS method and available stand

Sample Melamine

Available standard method (

Milk (�g mL−1) Mean (%RSD)
A 0.12 (8.80)
B NDc

C ND
D 0.27 (6.40)

Feed (�g g−1)
A ND
B ND
C 1.21 (5.72)
D 2.31 (4.21)
E ND

a NY/T 1372-2007, Determination of melamine in feedstuffs, Chinese M
b GB/22388-2008, Determination of melamine in raw milk and dairy p
c Not detected.
: (A) milk spiked at 1.5 �g mL−1 and (B) feed spiked at 2 �g g−1.
examine the recovery and precision of the method (Table 2). The
recoveries of different concentrations in milk were from 95.0 to
99.8%. The intra-day and the inter-day relative standard deviation
(RSD) values all ranged from 2.88 to 4.44 for all spiked levels in
milk. The recoveries of different concentrations in feed were from

ard methods.

n = 3)a,b MISPE-GC–MS method (n = 3)

0.14 (5.96)
0.06 (4.59)
ND
0.31 (3.68)

ND
0.07 (7.30)
1.35 (3.73)
2.55 (3.42)
ND

inistry of Agriculture Standard.
roducts, Chinese National Standards.
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3.1 to 101.3%. The intra-day and the inter-day RSD values ranged
rom 2.97 to 5.34 for all spiked levels in feed. The results showed
he method had good precision even at the low concentrations. The
imit of detection (LOD, based on signal-to-noise ratio of 3, S/N = 3)
nd limit of quantitation (LOQ, S/N = 10) of the milk and feed were
.01 �g mL−1 (�g g−1) and 0.05 �g mL−1 (�g g−1), respectively. An
verlaid chromatogram of the spiked milk and feed was shown in
ig. 7.

.5. Analysis of real samples

To determine the applicability of the developed method and
ake comparisons to the available standard methods used in China

3,4], the new method was applied to the analysis of melamine in
eal samples. Four milk and five feed samples were chosed again
nd analyzed with the improved method. The results were showed
n Table 3. It looks better than the available standard methods now
sed in China.

. Conclusions

An accurate and selective analytical method has been devel-
ped for the determination of melamine in milk and feed. The
ethod employs molecularly-imprinted microspheres designed

or the separation and extraction of melamine as a MISPE clean-
p step to avoid major traditional problems associated with MIPs
ith irregular size and shape. The method was also shown to be

pplicable for various samples. Finally MISPE-GC–MS has offered
ccurate results for the separation and analysis of melamine in the
ilk and feed.
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