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Abstract The synthesis and evaluation of a molecularly
imprinted polymer (MIP) as a selective matrix solid-phase
dispersion (MSPD) sorbent, coupled with high-performance
liquid chromatography for the efficient determination of
chloramphenicol (CAP) in fish tissues are studied. The
polymer was prepared using CAP as the template molecule,
vinylpyridine as the functional monomer and ethylene
glycol dimethacrylate as the cross-linking monomer, and
sodium dodecyl sulfate as the surfactant in the presence of
water as a solvent by miniemulsion polymerization. The
CAP-imprinted polymers and nonimprinted polymers
(NIPs) were characterized by Fourier transform IR spec-
troscopy, scanning electron microscopy, and static adsorp-
tion experiments. The CAP-imprinted material prepared
showed high adsorption capacity, significant selectivity, and
good site accessibility. The maximum static adsorption
capacity of the CAP-imprinted and the NIP material for
CAP was 78.4 and 59.9 mg g, respectively. The relative
selectivity factors of this CAP-imprinted material were
larger than 1.9. Several parameters influencing the MSPD
process were optimized. Finally, the CAP-imprinted poly-
mers were used as the sorbent in MSPD to determine CAP
in three kinds of fishes and resulted in satisfactory recovery
in the range 89.8-101.43%. CAP-imprinted polymer as a
sorbent in MSPD is better than C18 and attapulgite in terms
of both recovery and percent relative standard deviation.
The baseline noise was measured from a chromatogram
of a blank fish sample which was treated after the MSPD
procedure using CAP-imprinted polymer as a sorbent.
Signal values of 3 times the noise (signal-to-noise ratio
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of 3) and 10 times the noise (signal-to-noise ratio of 10) were
used to calculate the limit of detection and the limit of
quantitation of the calibration curve. The limit of detection
for CAP was 1.2 ng g and the limit of quantitation was
39ng g’
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Introduction

Molecularly imprinted polymers (MIPs) are an artificially
synthesized macromolecular material, which is effective in
encoding molecular information (shape, size, and functional
group orientation) in bulk materials [1, 2]. In the last few
years, MIPs were widely used for the selective enrichment
and pretreatment of target compounds existing in a complex
matrix. In addition, molecular imprinting technology has
been expanded to the field of environmental analysis [3—7].

As early as 1973, suspension polymerization was used as
a technique to obtain smaller droplet sizes by Ugelstad et al.
[8], who scaled down the droplet size to several hundred
nanometers by shearing the suspension. The idea of
polymerization in microreactors can be realized by using
suspension polymerization, where droplets in the microm-
eter range are created, and which can be polymerized [9].
Conventional approaches for the preparation of spherical
MIP nanoparticles are based on precipitation [10] and
emulsion polymerization [11] techniques. The polymeriza-
tion processes in these systems are under kinetic control,
resulting in nonideal MIP beads that have inhomogeneous
binding sites and restricted particle size [12]. The compo-
nents for obtaining MIP nanoparticles by miniemulsion
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polymerization consist of the template molecule, a func-
tional monomer, a cross-linker, an initiator, a small amount
of nonpolar solvent, water, and a surfactant to generate the
miniemulsion. Miniemulsion polymerization is particularly
suited for one-step preparation of molecularly imprinted
nanospheres [13].

Matrix solid-phase dispersion (MSPD) is a sample-
preparation technique with increasing acceptance in trace
analysis of organic compounds using chromatographic
techniques [14] and a one-step technique that simultaneously
allows sample homogenization, analyte extraction, and
cleanup [15]. This technique has been successfully applied
to the determination of chloramphenicol (CAP) in muscle
tissue [16] and many other applications in biological samples
[17-20]. Tt is well known that C18 is used as a common
sorbent in solid-phase extraction and MSPD. Attapulgite
clay (ATP) has been studied for its sorbent properties and
was used for one application [21-23]. However, owing to the
fact that sorbents are nonselective, further purification of the
extracts is often still required to remove coextractants before
further analysis. In that case, using MIPs as selective MSPD
sorbents for the simultaneous extraction and purification is a
new trend and less work has to be done. Yan et al. [24] firstly
used MIPs as selective MSPD sorbents for the simultaneous
determination of five fluoroquinolones in chicken eggs and
swine tissues.

CAP is an effective antibiotic against a wide range of
Gram-positive and Gram-negative bacteria in both humans
and animals [25]. Owing to this toxicity in humans, CAP is
completely banned in food-producing animals within the EU
[26]. A minimum required performance limit (MRPL) for
CAP determination was recently set by the EU at 0.3 pg kg™’
in all food of animal origin [27]. Existing methods for the
determination of CAP include immunoassays [28], microbi-
ological methods [29], sensors [30], and chromatographic
methods using gas chromatography—mass spectrometry (MS)
[31] and liquid chromatography (LC)-MS/MS [32].

To our best knowledge, no detailed measurements have
been reported for MIPs of CAP as a MSPD sorbent. The
purpose of this work was to synthesize a MIP by mini-
emulsion polymerization and to evaluate it as a selective
MSPD sorbent, coupled with high-performance LC (HPLC),
for the efficient determination of CAP in several fish tissues.
The proposed method had high selectivity and adsorption
capacity for CAP.

Experimental
Materials and chemicals

CAP as the template molecule was purchased from Alfa
Aesar (Karlsruhe, Germany; more than 98.5% purity) and

@ Springer

thiamphenicol (TAP) was purchased from Chinese Veteri-
nary Medicine Censorate (reference substance; 100%).
Their structures are shown in Fig. 1.

Vinylpyridine (2-VP), used as the functional monomer,
and ethylene glycol dimethacrylate (EGDMA), used as the
cross-linking monomer, were also from Alfa Aesar. The
initiator, azobis(isobutyronitrile) (AIBN), was from Tianjin
Fuchen Chemistry Reagent (Tianjin, China). Sodium dodecyl
sulfate (SDS), the surfactant, was purchased from Shanghai
Shengzong Chemistry (Shanghai, China). n-Tetradecane,
used as a hydrophobic agent, was from Beijing Chemical
Plant (Beijing, China). Methanol (MeOH) and acetic acid
(HAc) were from Tianjin Guangfu Chemical Engineering
Graduate School (Tianjin, China). All these chemicals were
of analytical grade.

HPLC-grade acetonitrile was from Dima Technology
(Richmond Hill, ON, Canada). The ultrapure water was
from a Milli-Q ultrapure water purification system (Milli-
pore, Bedford, MA, USA). The mobile phase used for HPLC
experiments was a mixture of acetonitrile and water (50:50),
and was filtered through a 0.45-pum filter and ultrasonic treat-
ment was used to degas it before use.

C18 (Tigerkin, 40 um) was supplied by Dalian Institute
of Chemical Physics, Chinese Academy of Sciences. ATP
with an average diameter of 325 mesh was provided by
Gansu ATP (Gansu, China).

0o
Cl Cl
Chloramphenicol
OH OH
O
Cl

Thiamphenicol

Fig. 1 Structures of chloramphenicol and thiamphenicol
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Fishes including crucian, carp, and Wuchang fish were
purchased from a local supermarket.

The stock solution of CAP with a concentration of
100 pg mL™' was prepared in ultrapure water. All the
working solutions were obtained by appropriate dilution.

Instrumentation

The MIP-MSPD study was developed in an off-line mode
using a solid-phase extraction cartridge supplied by Dalian
Institute of Chemical Physics, Chinese Academy of Sciences.

The HPLC-UV analyses were performed using a Varian
210 HPLC instrument (Varian, USA) equipped with a
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325 UV-vis detector (Varian, USA) and a Varian Star
chromatographic workstation (Varian, USA). The UV detec-
tor was operated at 278 nm. All separations were achieved on
an analytical reversed-phase column (Hanbon Science &
Technology, Jiangsu, China, C18 column, 4.6 mmx 150 mm)
with a flow rate of 1.0 mL min™ at room temperature.

Procedures for the preparation of the CAP-imprinted
polymer

The following procedures, modified versions of those
procedures described in the literature [12, 13], were used
in this study. Polymers were prepared by mixing the

7%

Fig. 2 Preparation protocol of the CAP-imprinted polymer. (1) preassembly of the imprinting complex; (2) cross linking polymerization; (3)

template removal
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functional monomer (2-VP, 4.0 mmol, 0.42 g), the cross-
linking monomer (EGDMA, 20.0 mmol, 3.95 mL), the
initiator (AIBN, 0.56 mmol, 91.0 mg), the hydrophobic
agent (n-tetradecane, 0.8 mmol, 182 mg), and the surfactant
(SDS, 0.25 mmol, 72 mg) with 50 mL water. In the CAP-
imprinted polymer, 0.32 g (1.0 mmol) CAP was added to
the monomer phase and no CAP was added in the
nonimprinted polymer (NIP). The polymerization mixture
was sonicated for 5 min. Then it was degassed with N, for
5 min and sonicated for 5 min more for formation of a
miniemulsion prior to the polymerization. After that, the
polymerization was carried out at 80 °C for 14.5 h by
stirring vigorously. Finally, the polymers were ground and
sieved, and the particle size fraction of 75 um or less was
taken. Then the polymers were washed in 100 mL ultrapure
water and recovered by centrifugation five times and then
washed in 100 mL MeOH-HAc (9:1) and recovered by
centrifugation five times to remove the template molecule,
SDS, residual 2-VP, and AIBN completely. Finally, the
polymers were dried in an oven at 60 °C for 24 h.

Static adsorption test

Various working solutions of CAP were prepared at 200,
300, 400, 500, 600, 700, and 800 mg L. To 10 mL of each
of these solutions was added 10 mg CAP-imprinted polymer.
The mixture was shaken for 1 h at room temperature to
facilitate adsorption of the CAP onto the CAP-imprinted
sorbent. After the solution had been filtrated, the concentra-
tion of CAP in the solution was determined by HPLC. The
same procedure was performed for the NIP.

Selectivity experiment

Adsorption and competitive recognition studies were per-
formed with CAP and the structurally similar compound TAP.

The mixtures of CAP and TAP, each of 300 or 600 mg L™,
were prepared separately. To 10 mL of the solutions was
added 10 mg CAP-imprinted polymer. The mixture was
shaken for 1 h at room temperature. After the solutions had
been centrifuged, the concentrations of CAP and TAP in the
supernatants were determined by HPLC.

The same procedure was performed for the NIP.

MSPD procedure for determination of CAP in fish tissues

The eatable parts of the fish were stripped away and a meat
chopper was used to grind them. The blank fish samples
and the samples with CAP added in various concentrations
(50-5,000 ng g™) were treated by freeze-drying and then
they were stored at -20 °C.

A 100-mg amount of dried fish was weighed and
blended with 70 mg MIP sorbent in an agate mortar.
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Intimate contact between the sorbent and the sample was
obtained by pounding with the pestle for some minutes to
produce a homogenous packing material for MSPD in a 6-
mL solid-phase extraction (SPE) cartridge. The blend was
tamped to form a compact extraction layer (1 mL). The next
procedures were the same as for the common SPE.

The crucian samples with CAP added in various concen-
trations (50-5,000 ng g') were treated using the same
procedure as described above to create a calibration curve.

For the comparison of sorbents, the fish samples with
CAP added at 100, 1,000, and 5,000 ng g were treated by
freeze-drying and were then stored at -20 °C. A 100-mg
amount of each sample was weighed and blended separately
with 70 mg MIP, C18, and ATP sorbent in an agate mortar.
The following procedures were the same as described above.
From the HPLC result and the calibration curve, the
recoveries and percent relative standard deviation (RSD%)
were compared for three sorbents in three concentrations.

.1 11
1.00um

Fig. 3 Scanning electron microscope photograph of particles: a CAP-
MIP, prepared in presence of template; b NIP, prepared in absence of
template
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Fig. 4 Loading isotherm of CAP onto the imprinted and non-
imprinted sorbents

Results and discussion
Preparation of the CAP-imprinted polymer sorbent

For molecular imprinting, weak interactions such as
electrostatic interaction and hydrophobic interaction may
contribute to the interaction between the template molecule
and the monomer. Hydrogen bonding is the dominant
driving force for the molecular recognition between the
template and the monomers, and has been hypothesized by
Priego-Capote et al. [12]. Figure 2 shows a possible
preparation protocol for CAP-imprinted polymer. It illus-
trates that the monomer—template interaction in this MIP is
considered to be a hydrogen-bonding interaction on the
particle surface. After the residue of 2-VP and CAP had
been removed, the imprinted functionalized polymer sor-
bent containing a cavity tailor-made for CAP was formed.

Characteristics of the Fourier transform IR spectra
The Fourier transform (FT) IR spectra (obtained with a

Thermo Mattson FT-IR spectrometer; Madison, WI, USA)
of MIP and NIP were obtained. For both materials, an IR

peak was observed near 1,590 cm'l, which indicated the
existence of pyridyl. No peak near 1,648 cm™ demonstrated
no vinyl was present in the polymers and that the
polymerization of 2-VP was complete. This result demon-
strated that the characteristic groups of 2-VP were present
in the polymers and that the polymerization was successful.
When the intensities of peaks near 3,430 cm™ (C=N in
pyridyl) were compared for MIP and NIP, obvious
decreases in intensity and sharpness were observed for the
MIP. This indicates that the nitrogen in the pyridyl of
the MIP can form hydrogen bonds with CAP. Therefore,
the FT-IR analysis confirmed the occurrence of hydrogen
bonding between CAP and the polymer.

Morphological features

As shown in Fig. 3, the scanning electron microscope
(Hitachi S-4800) images revealed that spherical particles
with a rather broad size distribution were formed. There
were no significant morphological differences between the
MIP and the NIP. (Fig. 3). In both cases, particles with a
diameter from 100 up to 550 nm were formed with an
average particle diameter of approximately 250 nm.

Adsorption capacity of CAP-imprinted sorbent for CAP

The adsorption capacity was an important factor when
evaluating MIPs. A range of CAP solutions with concen-
trations of 200-800 mg L™ were studied. As can be seen in
Fig. 4, the amount of CAP adsorbed increased as the initial
concentration of the CAP solution increased. The static
adsorption capacities of the CAP-imprinted polymer and
the NIP for CAP were calculated as 78.4 and 59.9 mg g™

In the MIP, there were specific and nonspecific binding
sites, but in the NIP, there only were nonspecific binding
sites. From the experimental results, it seems that CAP
adsorbed to the nonspecific sites before it adsorbed to the
specific sites. After most nonspecific sites had been
occupied, specific sites began to be occupied. This is the
reason why at low concentrations the adsorption capacities
for the MIP and the NIP are similar. But at high
concentration of CAP, when the nonspecific sites were

Table 1 Competitive loading of chloramphenicol (C4AP) and thiamphenicol (74P) by CAP-imprinted and nonimprinted polymers

Sorbents Initial solution (mg L") Final solution (mg L") Kq k(CAP/TAP) k'
CAP TAP CAP TAP CAP TAP

Imprinted 300 300 249.2 272.7 203.85 100.11 2.0 2.0

Nonimprinted 300 300 257.9 259.4 163.24 156.52 1.0

Imprinted 600 600 528.6 559.4 135.07 72.58 1.9 1.9

Nonimprinted 600 600 549.2 549.4 92.50 92.10 1.0
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almost all occupied in the MIP, the specific sites containing
a cavity tailor-made for CAP could interact with CAP
efficiently; and the adsorption of the MIP was more than
that that of the NIP.

Selectivity of the imprinted sorbent

The structurally similar compound TAP was used as a
species that competed with CAP in a competitive recogni-
tion study. The distribution coefficient (Kj), the selectivity
coefficient of the sorbent (k), and the relative selectivity
coefficient (k) were obtained in these competitive experi-
ments (Table 1). K indicates the affinity of the sorbent for
a particular substance, k indicates how selective the sorbent
is for one of the substances when it is exposed to two
substances, and k&’ indicates how selective a sorbent is for a
particular substance when compared with the selectivity of
a different sorbent. These factors were calculated using Egs.
1, 2, and 3 [33].

K4 = (C; — Cr) x volume of solution/

(Ct x mass of polymer)(mLg '),

(1)

Time/min

where C; and Cy represent the initial and final concen-
trations of the species adsorbed.

k = K4(CAP)/Kq4(TAP) 2)

(3)

The CAP-imprinted polymer adsorbed twice as much
CAP as TAP. The &(CAP/TAP) value of the CAP-imprinted
polymer sorbent (2.0 in 300 mg L' and 1.9 in 600 mg L™)
was larger than that of the NIP sorbent (1.0), which shows
that the CAP-imprinted polymer sorbent has a higher
selectivity for CAP than for TAP, which is structurally
very similar to CAP. k' was greater than 1 and showed that
the CAP-imprinted polymer sorbent had a higher selectivity
than the NIP sorbent.

As expected, TAP was retained to some extent in the
MIP’s active centers, but not in a quantitative way and the
repeatability was poor. There were specific and nonspecific
binding sites in the MIP, but in the NIP there were only
nonspecific binding sites. So the NIP allows the interaction
with CAP and TAP; at the same time, the MIP shows a
higher affinity for CAP owing to the specific sites. It is also
evident that the specific recognition sites are mainly

’
k' = kimprinted/ knonimprinted

Table 2 Comparison of recoveries and percent relative standard deviation (RSD) of molecularly imprinted polymer (MIP), C18, and attapulgite

(ATP) as sorbents for CAP spiked in fish

CAP in fish (ng g MIP Cl18 ATP

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)
100 89.80 2.42 53.69 3.60 56.69 7.57
1,000 95.81 2.87 63.19 9.50 68.34 437
5,000 101.43 2.06 49.19 5.79 45.81 2.29
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complementary to the template in terms of size and shape.
We compared the retention characteristics on the basis of
their molecular structures. When the results for CAP and
TAP are compared, it is clear that only one-substituent
difference in the phenyl ring gives rise to a dramatic
decrease of the retention efficiency. Consequently, the
cavities formed during MIP synthesis have a three-
dimensional shape for which CAP molecules definitely
exhibit excellent complementarity.

Application of the CAP-imprinted polymer sorbent
to the selective off-line MSPD -HPLC determination
of CAP in fishes

Optimization of the washing solutions at different
concentrations

The MSPD procedure was optimized as described in
“Experimental.”

The mixture of the sample spiked with CAP and MIP
sorbent was loaded onto the cartridge as described earlier.
After the cartridge had been washed with 0.5 mL MeOH
(20, 40, 60, and 80%), the contents were eluted with
0.50 mL of the MeOH-HAc (9:1) mixture. Different
concentrations of MeOH can wash away different polar
impurities, but MeOH may wash away the CAP to a certain
extent. On the basis of the eluent recoveries obtained, 20%
MeOH was chosen as the washing solution.

Effect of different eluent volumes

As previously mentioned, the MeOH-HAc (9:1) mixture
was used to elute CAP from the MSPD cartridges. Different
volumes of the eluent between 0.10 and 0.70 mL were
tested. Eluent volumes of 0.50 mL or larger permitted
extraction efficiencies of around 100% to be achieved.
Eluent volumes of 0.10-0.40 mL did not result in complete
extraction. An eluent volume of 0.50 mL was therefore
employed in subsequent work.

Determination of CAP in fish samples

The proposed method was applied to the analysis of CAP in
three fish tissue samples. CAP was detected in all three fish
tissues. The CAP standard was added at levels of 50—
5,000 ng g to the crucian to create a calibration curve.
Good linearity was obtained over the concentration range
studied, with a correlation coefficient (r) higher than
0.9981.

The limit of detection (LOD) was obtained from the
signal-to-noise ratio (S/N) and the calibration curve. In this
work, the baseline noise was measured from a chromato-
gram of a blank fish sample. A signal value of 3 times the

noise (S/N=3) was used to calculate the LOD of the
calibration curve. The LOD obtained was 1.2 ng g™ and
the limit of quantitation (S/N=10) was 3.9 ng g"'. The LOD
for CAP of around 1.2 ng g™ of the MIP-MSPD/reversed-
phase HPLC detection system used in this study is lower
than that of the MIP-HPLC/optical detection system [34]
and MIP-SPE/voltammetry [35]. Nevertheless, the MRPL
of 0.3 ng g’ cannot be reached by these systems. In regard
to the complexity of the sample matrix, an efficient cleanup
method in combination with a sensitive detection method
will have to be applied. Therefore, the combination of MIP-
MSPD with LC-MS/MS or other electrochemistry methods
will be a task for further studies to achieve the MRPL.

The CAP concentrations in crucian, carp, and Wuchang
fish (Fig. 5b) were 27.8, 15.7, and 35.2 ng g

C18 and ATP were used as sorbents for comparison with
MIP sorbent in MSPD. The recovery and RSD% data are
given in Table 2. Obviously, MIP as a sorbent in MSPD is
better than C18 and ATP in terms of both recovery and RSD%.

Conclusion

This study described the synthesis of a CAP-imprinted
polymer, its characterization, and its chromatographic
evaluation. The synthesis of MIP is brief. The results
presented demonstrate that the use of well-designed MIPs
for CAP allows the selective and effective preparation of
the target analyte. The MIP showed better retention of CAP
than did the NIP. This CAP-imprinted polymer, first used as
an MSPD sorbent and coupled with sensitive HPLC
detection, allows the quantification of CAP in complex
samples such as fish. The pretreatment of the fish samples
used was much simpler than performing normal liquid—
liquid extraction several times. CAP-imprinted polymer as a
sorbent in MSPD is better than C18 and ATP in terms of
both recovery and RSD%. The LOD obtained was 1.2 ng g
and the limit of quantitation was 3.9 ng g' but the MRPL
of 0.3 ng g cannot be reached. The combination of MIP-
MSPD with LC-MS/MS or other electrochemistry methods
will be a task for further studies to achieve the MRPL.
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