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Abstract The authors have synthesized a dummy molecu-
larly imprinted monolith (MIM) in the tip of a micropipette
using a sol-gel method. The MIM was applied to selective
solid-phase microextraction (SPME) of vanillin (VN) and
methyl vanillin (MV) prior to their determination by
HPLC. The MIM was characterized by thermogravimetric
analysis, scanning electron microscopy and FTIR. Some
parameters affecting SPME were optimized. Then, a sen-
sitive SPME/HPLC method was developed for the deter-
mination of VN and MV in infant milk powder. Under
optimized conditions, the response is linear in the 2 to
3000 μg∙kg−1 VN concentration range and in the 3 to
2000 μg∙kg−1 range for MV. The detection limits (for an
S/N ratio of 3) are 0.5 and 1 μg∙kg−1, and the recoveries are
between 83 and 110% for VN and between 80 and 101%
for MV.

Keywords Artificial flavor . Food additive .Dummy .MIM .

SPME . HPLC . Sol-gel . Thermogravimetric analysis .

Scanning electronmicroscopy . FTIR

Introduction

Vanillin (VN) and methyl vanillin (MV) and many other
vanilla-flavor enhancers (VFEs) are important food additives.
VN and MV have the pleased and fragrant smell and are wide-
ly used as flavoring in sweet food for oatmeal, candies, milk, in
perfumes or as a chemical intermediate in the production of
pharmaceutical and other fine chemicals. The natural source of
VN is the seed pods of Vanilla planifolia which contain about
only 2–3%, w/w of vanillin [1]. The extraction of VN from
natural seed pods is expensive. So, most of the VN and MV
used as flavoring are obtained through chemical synthesis. It
has been deemed that these synthetic food additives may have
side effects on liver and kidney functions of the body which
can trigger migraine headaches, nausea and vomiting.
According to the GB 2760–2011 [2], Standardization
Administration of China 2014 [3], as well as the FDA and
ChinaNational Food Safety Standard [4], any flavor enhancers
is banned in 0–6 months infant formulas. Therefore, the
amount of VFEs should be detected in order to ensure the
safety of infant food.

Some methods for the determination of VN and MV in
milk powder have been reported, such as HPLC [5, 6], LC-
MS [7], UV-vis spectrophotometry [8], capillary electropho-
resis (CE) [9], and planar (thin-layer) chromatography [10].
Among these techniques, HPLC has attracted great interest
and beenwidely used for it is a simple and practical technique.
However, the complex matrix of milk powder, such as the
large amounts of lipids, proteins and many other residues,
would interfere the detection of analytes. Therefore, the pre-
treatment step prior to HPLC determination is required. In
recent years, solid-phase microextraction (SPME) is increas-
ingly used for pre-concentration and efficient separation of
analytes in the complex matrices due to its flexibility, simplic-
ity and low consumption of reagent [11, 12]. However, lack of
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selectivity is a serious shortcoming for the conventional
SPME process, which influences the separation efficiency
[13]. Fortunately, molecularly imprinting have been proved
to be a powerful innovation, which is known as a technique
for the synthesis of polymers with a predetermined selectivity
for preconcentration and efficient separation towards the tem-
plate molecular in complex matrices [14–18]. Molecularly
imprinted polymers (MIPs) are synthetic cross-linked poly-
mers possessing artificial receptor-like binding sites with a
Bmemory^ for the shape and functional group positions of
the template molecular [19–21]. MIPs combined with mono-
lithic column for sample pretreatment have become the fre-
quently used technique [22–24]. Compared with packed col-
umn, monolithic column needed not tedious procedures such
as grinding, sieving and packed column and offers lower mass
transfer resistance, higher column permeability and better pH
tolerance [25–27]. Moreover, molecularly imprinted monolith
(MIM) retains binding sites completely. But, the use of MIM
as the adsorbent in sample pretreatment faces the problem of
template leakage. The dummy imprinting technique, which
was developed by using structural analogue as pseudo-
template to avoid the leakage of the template, can effectively
improve the performance of the MIM material [28].

In this work, a novel dummy MIM was synthesized in a
micropipette tip by sol-gel methodfor the SPME of VN and
MV. The monolith was prepared by using nonylphenol (NP)
as the dummy template, methacrylic acid as the functional
monomer, ethylene glycol dimethacrylate as the cross-linker
and azobisisobutyronitrile as the initiator. The synthetic con-
ditions were investigated. The synthesized MIM was linked
with syringes directly to perform SPME without any other
management. A method for the detection of VN and MV in
infant milk powder using the MIM-SPME combined with
HPLC-UV was established. The strategy aimed to avoid the
leakage of the template of MIM and to develop more sensitive
quantitative analysis method for trace components in complex
matrix samples. The experimental results demonstrated that
the method can be applied to the selective and sensitive deter-
mination of VN and MV in infant milk powder samples.

Experimental

Reagents and standards

VN (AR, 99%), MV (≥99%), NP (GR), 4-vinyl pyridine (4-VP)
were obtained from Aladdin Reagents Company (Shanghai,
China). Methacrylic acid (MAA) was purchased from Guoyao
Chemical Reagent Company (Shanghai, China). Acrylamide
(AM) purchased from Fuchen Chemical Reagent Company
(Tianjin, China) was distilled under vacuum prior to use.
Ethylene glycol dimethacrylate (EGDMA) purchased from
Acros (New Jersey, USA) was extracted with 5% aqueous

sodium hydroxide and water to remove the stabilizer, then dried
over using anhydrous magnesium sulfate, and kept in refrigera-
tor which was stable for at least one year. Azobisisobutyronitrile
(AIBN) was obtained from Shanghai No.4 Chemical Reagent
Corp (Shanghai, China) and recrystallized in anhydrous ethanol
before use. Methanol and acetonitrile (HPLC grade) were ob-
tained from Tedia Company Inc. (Ohio, USA). Phosphoric acid
and other chemical reagents used were all of analytical grade.
The water used throughout the experiments was purified on an
Ultrapure Water System (Beijing, China).

Stock standard solutions of 1 mg∙mL−1 for VN and MV
were prepared in methanol and kept under refrigeration at
4 °C, respectively. Standard working solutions of 0.01–
100 μg∙mL−1 for VN and MV were prepared by dilution of
the stock standard solutions with ultrapure water.

Instrumentation

All chromatographic analyses were performed with a Dionex
Summit U3000 HPLC system equipped with a manual injec-
tor, a UV detector (Dionex Technologies, USA) and a temper-
ature controller (Nuohai Technologies, China). A personal
computer consisting of a Chromeleon ChemStation program
for LC was used to process chromatographic data. A
amethyst-C18 column (4.6 mm × 250 mm, 5 μm) from
Sepax Technologies Inc. (Newark, USA) was connected with
a guard column (cartridge 2.1 mm × 12.5 mm, 5 μm, Agilent
Technologies, PaloAlto, CA, USA) filled with the same pack-
ing material. An LSP01-1A longer pump (Baoding Longer
Precision Pump Co. Ltd., China) was used for pumping.
0.22 μm membrane was obtained from Xingya Scavenging
Material Company (Shanghai, China). The measurement of
sample pH was achieved by a PH S-25 digital pH meter
(Shanghai great instrument Co. Ltd., China). The obtained
products were characterized with X-650 scanning electron
microscope (SEM) (Hitachi, Japan) and Fourier transform in-
frared spectrometer (FT-IR) (Perkin Elmer, USA).
Thermogravimetric analysis (TGA) experiment was carried
out with a Perkin-Elmer TGA-7 thermogravimetric analyzer
(PerkinElmer, USA) at a heating rate of 20 °C∙min−1 from
30 °C to 800 °C under nitrogen atmospheres.

Preparation of molecular imprinted monolith

The preparation procedure of the MIM was as follows. First,
0.1 mmol (22 mg) of NP was thoroughly dissolved in 1 mL of
methanol. Next, 0.4 mmol (34 μL) of MAAwas added. After
ultrasonication for 2 h at room temperature, 2 mmol of cross-
linker EGDMA (375 μL) and 26 mg of initiator AIBN were
added. Then, degassed by ultrasonication for about 5 min.
Subsequently, 100 μL of the mixture was transferred into a
micro pipette tip which had been sealed at one end. Then, the
other end was also sealed immediately. Finally, polymerization
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was carried out at 60 °C for 24 h. After polymerization, the
monolith was washed with methanol to remove the template
molecules and other matrices.

A non-imprinted monolith (NIM) was also prepared and
treated using the same manner as already described in the
absence of the template.

Sample preparation

Three infant milk powder samples were obtained from the
local supermarket and pretreated before analysis by the

following procedure. First, 50.0 g of milk powder was accu-
rately weighted in a 100.0 mL beaker flask. Then, 30.0 mL of
acetonitrile was added and the sample was extracted by
ultrasonication for 20 min to remove the precipitated protein.
The solution was filtered in a clean tube. This extraction step
repeated twice. Then the extraction fractions were merged and
evaporated under vacuum at a bath temperature of 50 °C. The
residue was diluted to 500.0 mL with ultrapure water. The
solution pH was adjusted to 6.0 with phosphoric acid and
stored at 4 °C in refrigerator for use.

SPME procedure

The synthetic monolith was washed by 3.0 mL of methanol
and 0.5 mL of water, respectively. Then, 3.0 mL of
pretreated sample solution was loaded at a flow rate of
0.05 mL∙min−1. 200 μL of water was used to wash the
column to remove aqueous matrices. Subsequently, the
analytes were eluted with 300 μL of MeOH-ACN (6:4, v/
v) at a flow of 0.05 mL∙min−1. Finally, the eluent was
filtered through a 0.22 μm membrane filter for further
HPLC analysis.

Fig. 1 The synthetic process of
MIM
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Fig. 2 a SEM image and (b) IR spectra of MIM
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Chromatographic conditions

The fractions eluted from the SPME columns were detected
by HPLC with UV detector. The chromatographic separation
was carried out as follows: the mobile phase was a mixture of
methanol and water (54:46, v/v) with a flow rate of
1.0 mL∙min−1. The column temperature was set at 30 °C. All
injections were performed manually with a 20.0 μL sample
loop. The wavelength for the UV detector of analytes was set
at 224 nm. All tests were performed in triplicate.

Results and discussion

Optimization of synthetic conditions

The synthesize process of MIM is shown in Fig. 1.
To assess the selective recognition performance of the

MIM, enrichment factor (EF) and imprinted factor (IF) were
calculated as follows:

EF ¼ Celu

C0
ð1Þ

IF ¼ EFMIP

EFNIP
ð2Þ

where Celu is the analyte concentration in eluent and was ob-
tained from calibration of direct of standard solution, C0 is the
initial concentration of analyte within the sample, EFMIP and
EFNIP refer to the enrichment factors of analyte extracted in
MIM and NIM under the same condition, respectively.

To get good permeability and high recognition capacity of
the MIM for analytes in SPME, the following synthetic con-
ditions were optimized: (a) Functional monomer; (b) porogen;
(c) the amount of initiator. Respective data and Figures are
given in the Electronic Supporting Material (ESM). We found
the following experimental conditions to give best results: (a)
MAA as the monomer; (b) 1.0 mL of MeOH as the porogen
solvent; (c) 26 mg of AIBN as the proper amount of initiator.

The characterization of the MIM

The morphology of the MIM was characterized by SEM tech-
nique. As it is depicted in Fig. 2a, manymacro voids and flow-
through channels inlaid in the network skeleton of the MIM is
clearly observed, which can provide flow paths for mobile
phase to flow through the column with low flow resistance
in the SPME process.

In order to evaluate the stability of the MIM, TGA exper-
iment of the MIM was conducted. As shown in Fig. S4 (in
ESM), the synthesized monolith is stable up to nearly 300 °C,
which demonstrates that the MIM has favorable heat stability.

The infrared spectra of EGDMA, MIM and NIM were
monitored to verify the successful synthesis of the MIM.
The results are showed in Fig. 2b. Comparing the infrared
spectrum of MIM with that of EGDME, the strong peak at
1718 cm−1 attributed to the stretching vibration of C = O in
EGDMA still exists in MIM. However, the C = C stretching
vibration at 1637 cm−1 almost disappears in infrared spectrum
of MIM and NIM. Comparing the infrared spectrum of MIM

Table 1 Recoveries, precisions, linear ranges, LODs, LOQs of the SPME-HPLC method for VN and MV in milk powder (n = 4)

Analyte Added/
(μg·kg−1)

Intra-day Inter-day Linear range/
(μg·kg−1)

R2 LOD/
(μg·kg−1)

LOQ/
(μg·kg−1)

Recovery/% RSD/% Recovery/% RSD/%

VN 10 110 0.04 102 0.04 2–3000 0.9947 0.5 1.5

1000 92 0.96 92 1.43

2000 83 3.55 85 3.62

MV 10 83 0.11 80 0.16 3–2000 0.9978 1 3

500 101 2.67 97 2.44

1500 91 2.86 87 2.72
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Fig. 4 HPLC chromatograms of a blank milk sample; b spiked blank
milk sample with VN and MVat 50 μg∙kg−1; c spiked blank milk sample
with VN and MVat 50 μg∙kg−1 after SPME
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to that of NIM, the broad absorption of carboxyl group trans-
fers from 3573 to 3445 cm−1, which confirms that hydrogen
bonds are formed in the MIP. The data indicates the successful
formation of MIM.

Selectivity and binding property of MIM

VN and MV standard solutions were mixed and diluted to
10 ng∙mL−1. The mixed solution was used to assess the selec-
tivity of theMIM. The experimental result shows that the IFs of
VN and MVare 3.56 and 2.04, respectively. The data indicates
that the MIM possesses high affinity for VN and MV.

So as to evaluate the binding property of MIM, the binding
curve of VN and MV were measured by varying the concen-
tration of analytes in the range of 0.1–40 μg∙mL−1, respective-
ly. The results indicate that the adsorption capacities for VN
and MVare 456.7 and 320.9 μg∙g−1, respectively. As showed
in Fig. 3, the Scatchard plot for the material is not linear, which
indicates that the binding sites in the monolith are heteroge-
neous with respect to the affinity for the analytes.

Optimization of SPME conditions

For evaluating the extraction efficiency ofMIM and obtaining
the optimized extraction conditions, extraction recovery (ER)
was calculated by the following equation:

ER ¼ nelu
n0

� 100 ¼ Celu � Velu

C0 � Vaq

� �
� 100

¼ EF� Velu

Vaq

� �
� 100 ð3Þ

where nelu is the amount of analyte extracted to the eluent and
n0 is the total amount of analyte, Velu and Vaq are the volumes
of eluent and sample solution, respectively.

In order to obtain the maximal extraction efficiency, the
following parameters were optimized: (a) eluent; (b) eluent
flow rate; (c) the volume, pH and ionic strength of sample
solution; (d) sample flow rate. Respective Figures are given
in Fig. S5 (ESM). We found the following SPME conditions
to give best results: (a) a 300 μL ofMeOH-ACN (6:4) mixture

as the eluent; (b) 0.05 mL∙min−1 as the optimized flow rate of
eluent; (c) 3 mL of sample solution (pH = 6, no NaCl added);
(d) 0.05 mL∙min−1 as the sample flow rate. The mixture solu-
tions of VN and MV at 10 ng∙mL−1 were used in the SPME
optimization (n = 3).

Evaluation and application of the proposed method

Under above optimum conditions, linear ranges, precisions
and detection limits of analytes were investigated and the
results were listed in Table 1. Working curves were construct-
ed by external standard method using the areas of the chro-
matographic peaks. Matrix-matched solutions were prepared
by addition of the mixed standards to blank sample matrix.
Different concentrations of standard mixtures varied in a
range of 2–3000 μg∙kg−1 for VN and 3–2000 μg∙kg−1 for
MV were prepared as the external standard solutions. Good
linearity was obtained for analytes throughout the concentra-
tion range, and the regression equations are Y = 72.147X +
418.92 for VN and Y = 62.314X + 153.21 for MV with
correlation coefficients (R2) of 0.9947 and 0.9978, respective-
ly. The limit of detection (LOD) and the limit of quantifica-
tion (LOQ) were calculated at signal-to noise ratios (S/N) of 3
and 10, respectively. The LODs and LOQs of the method are
0.5 and 1.5 μg∙kg−1 for VN, 1 and 3 μg∙kg−1 for MV in infant
milk, respectively.

The precision (intra- and inter-day) and accuracy of the
method were assessed using milk samples with different
concentrations (10, 1000 and 2000 μg∙kg−1) for VN and
10, 500, 1500 μg∙kg−1 for MV. The recoveries of VN and
MV in the spiked milk powder samples are 83–110% and
80–101%, respectively. The intra-day precision was
proceeded in the same day and the inter-day precision
was evaluated in different four days in the same conditions.
The intra-day repeatability evaluated as RSD ranges in
0.04–3.55% for VN and 0.11–2.86% for MV, and the
inter-day reproducibility is below 3.62% in all cases.

The chromatograms of blank milk sample and spiked milk
sample before and after SPME are shown in Fig. 4. It can be
seen that MIM had remarkable enrichment ability for VN and
MV from milk sample. The method was applied for the de-
tection of VN and MV in three milk powder samples. No MV

Table 2 Comparison of the
SPME-HPLC method with the
reported analytical techniques for
the determination of VN
in milk powder

Method LOD (μg·kg−1)
(n = 3)

Recovery (%) RSD (%) Reference

a 2DLC 1000 77.4–91.8 4.15 ± 2.6 [4]

MMIP-SBSE-HPLC 2.5 95.6–98.9 3.2–6.3 [2]

DLLME-CZE 20 92.4–95.1 1.47–2.46 [3]

MIM-SPME-HPLC 0.5 84.1–106.3 0.04–3.62 This method

a two-dimensional liquid chromatography
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was detected in three samples and 8.12 and 9.69 μg∙kg−1 of
VN were found in two samples, respectively.

Compared with the published methods for the test of VN
in the milk powder, LOD of this method is obviously lower
than those of the reported methods (Table 2). The experimen-
tal results indicate that the method can be applied for the
selective and sensitive determination of VN and MV in milk
powder samples.

Conclusions

A novel dummy MIM was synthesized in a micropipette tip
using NP as the dummy template for the SPME of VN and
MV for the first time. The MIM showed high selectivity and
enrichment ability for VN and MV. After optimization of the
extraction conditions, an SPME-HPLC method was devel-
oped for the selective extraction and determination of VN
and MV in infant milk powder. A good linear relationship
was obtained for analytes in a wide response range. As the
result demonstrated, the proposed method was a satisfactory
alternative for the separation and detection of VN and MV in
infant milk powder.
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