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bstract

Preparation of molecularly imprinted polymer microspheres (MIPMs) for chloramphenicol (CAP) by aqueous suspension polymerization is
eported for the first time in this study. The resulting MIPMs had the ability to specifically adsorb CAP, and the molecularly imprinted solid phase

xtraction (MISPE) based on the MIPMs was shown to be applicable for clean-up and preconcentration of trace CAP in milk and shrimp samples
ith high recoveries of 92.7% and 84.9%, respectively. Combined with MISPE, the conventional HPLC-UV analysis sensitivity for CAP in foods

ould be significantly increased.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Chloramphenicol (CAP) is a broad spectrum antibiotic
erived from the soil bacterium Streptomyces, ubiquitously used
or treating bacterial diseases in veterinary and aquaculture prac-
ice [1]. However, it has the potential to cause serious toxic
ffects on humans and animals when given by mouth or injec-
ion, with non-target effects such as bone marrow depression,
plastic anemia, hypoplastic anemia, thrombocytopenia, as well
s granulocytopenia [2]. China, the European Commission, the
nited States and some other countries have strictly banned the
se of CAP in food-producing animals and legislated Maximum
esidue Limits (MRLs) [3,4].

The available methods for effectively monitoring and detect-
ng CAP residues in foods include mainly microbiological [5],

nzymatic [6], immunological [7], chromatographic [8,9], and
ensor methods [10]. Among these, immunological methods and
hromatographic methods are widely used, although they have
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ome unavoidable drawbacks. The former is generally used as
screening method with thermal and chemical instability and

eeds further confirmation of the positive results; the latter is
xpensive, and laborious with complicated extraction and purifi-
ation procedures [11]. The difficulty in determining CAP in
oods is the extremely low concentrations of 1–10 �g kg−1 in
arious samples with complex matrices. Therefore, novel, rapid
nd accurate clean-up and enrichment methods are required for
nalyses involving CAP monitoring.

Solid-phase extraction (SPE) is routinely used for clean-up
nd preconcentration in the analysis of biological and environ-
ental samples [12]. Compared with liquid–liquid extraction,
PE has the advantages of simplicity, speed and less consump-

ion of organic solvents. However, generic sorbents usually lack
electivity, and are easily subjected to interference by non-
arget substances with similar characteristics [13]. Although
mmunoaffinity chromatography (IAC) is capable of differen-
ially adsorbing target analytes, it still has some disadvantages
uch as lack of stability and high costs of antibody preparation
14].
With advances in molecularly imprinted technology, molec-
larly imprinted solid-phase extraction (MISPE) provides a
imple and effective pretreatment method in food and food-
elated products [15,16]. Molecularly imprinted polymers

mailto:zhangdb@sjtu.edu.cn
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MIPs) are tailor-made materials with high selective recogni-
ion properties for a target molecule or analogues, possessing
he characteristics of simplicity and stability under extreme con-
itions of strong acid, alkali, as well as high temperature [17].
ISPE is one of the most important applications of MIPs, dis-

laying higher selectivity than conventional SPE with respect to
he binding of target analytes from multiple ingredients [18–21].

Although the reported MIPs against CAP were obtained by
ulk polymerization using the 2-(diethylamino) ethyl methacry-
ate (DEAEM) as the functional monomer, and successfully
pplied for HPLC and on-line selective SPE sorbents [22,23],
hese imprinted sorbents of MISPE have some deficiencies par-
icularly with the process of obtaining the appropriate polymeric
articles which requires grinding and time-consuming sieving
ith low yield. This leads to inconvenience and makes the
ethod not feasible for manufacturing uses. Furthermore, the

hapes and sizes of the particles are usually irregular, resulting
n high pressure and decrease of selectivity [24–26].

To increase the feasibility for MIPMs production and appli-
ability in aqueous samples, we prepared the novel MIPMs
gainst CAP for MISPE analysis through aqueous suspension
olymerization, with water as the suspension medium to mimic
he natural condition of CAP during the course of polymer-
zation for improving the specificity, and to avoid complicated
ost-treatment procedures after polymerization. Moreover, the
ff-line MISPE mode for clean-up and enrichment of CAP in
ested food samples was optimized.

. Experimental

.1. Chemicals and materials

CAP, as the template molecule, and ethylene glycol
imethacrylate (EGDMA), as a cross-linker, were obtained
rom Fluka (Steinheim, USA). Florfenicol (FF) and thiampheni-
ol (TAP) were obtained from Sigma–Aldrich (Steinheim,
ermany). 2-(Diethylamino) ethyl methacrylate (DEAEM) as

he functional monomer was also from Sigma–Aldrich. 2,2′-
zobis (2-isobutyronitrile) (AIBN), as the initiator,was from

he China National Medicines Corporation Ltd. (Shanghai,
hina). Polyvinyl alcohol 1788 (d.p. = 1788, saponification
alue = 88%) was from SINOPEC Shanghai Petrochemical Co.
td. (Shanghai, China). Methanol of HPLC grade was from
isher Scientific Co. (USA). Other chemical reagents including
hloroform and octanol were of analytical grade. Double dis-
illed water and MilliQ water were provided by local suppliers.

A stock solution of CAP at 8.0 × 10−3 mol L−1 was prepared
eekly by dissolving first in 5 mL methanol. Other working

olutions of CAP were obtained by dilution with 0.05 mol L−1

hosphate buffer (pH 7.0). Solutions of FF and TAP were
imilarly prepared. Britton-Robinson buffers prepared in 40%
ethanol with different pH values were used as the washing

olutions [22].
.2. Preparation of the MIPMs

To prepare the MIPMs, 4 g of polyvinyl alcohol 1788
PVA 1788) was dissolved in 100 mL of ddH2O and stirred

s
c
t
t
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t 400 rpm under a stream of nitrogen in a 250 mL reac-
or flask. Octanol–chloroform (2:1, v/v; 15 mL), 1 mmol of
AP, 5 mL of cross-linker EGDMA, 120 mg of AIBN and the

equired amounts of functional monomer 2-(diethylamino) ethyl
ethacrylate (DEAEM), were dissolved together by sonication,

nd then added to the flask. The polymerization was generated
t 70 ◦C for 24 h under a nitrogen atmosphere, with stirring at
00 rpm. Afterwards, the polymer microspheres were filtered
nd washed three times sequentially with ddH2O, methanol
nd acetone, respectively. Subsequently, the imprinted micro-
pheres were washed with methanol–acetic acid (9:1, v/v) in
soxhlet apparatus successively until no CAP could be eluted,
ith final confirmation by HPLC analysis. The imprinted micro-

pheres were then washed with methanol to remove the residual
cetic acid, and dried at 50 ◦C under vacuum for 12 h. The non-
mprinted polymer microspheres (NIPMs) were prepared in the
ame manner, except that the polymerization mixtures did not
ontain the template of CAP.

.3. Preparation for MIPMs cartridges

One hundred milligrams of dried imprinted and non-
mprinted polymer microspheres were suspended in 2 mL of
sopropanol–methanol (2:1,v/v), packed into the SPE cartridges
f 3.0 mL (Supelco, USA), with two glass-wool frits at each
nd. The cartridges were washed with 5 mL methanol and pre-
onditioned with the 0.05 mol L−1 phosphate buffer (pH 7.0)
efore sample loading. During the SPE operation, the volume
f washing solution was 3 mL.

.4. Adsorption capacity of MISPE cartridges

To evaluate the capacity of MISPE cartridges, 80 mL
f 0.05 mol L−1 phosphate buffer (pH 7.0) containing
.025 �mol mL−1 of CAP and 30% methanol was successively
oaded onto MISPE and NISPE cartridges, respectively. The
ffluent solutions of each 5 mL loading were collected for detec-
ion on a variable-wavelength UV–vis spectrophotometer (UV

ini1240, SHIMADZU, Japan). The amount of CAP bound to
he polymer was calculated by subtracting the CAP of effluent
olutions from the loading solutions [27]. The values were calcu-
ated in triplicate and used for accumulative adsorption analysis.

.5. Sample extraction

The milk and shrimp used in this study were purchased from
local supermarket and confirmed as having no detectable CAP
y HPLC-UV. The milk samples were deproteinized [22,28]
ith minor modifications as follows. The samples of 10 mL milk

nd 10 g homogenized shrimp in 30 mL polypropylene tubes
ere spiked with three levels of CAP at 5, 10 and 100 �g kg−1,

nd placed statically for at least 15 min. Afterwards, 40 mL
f 0.05 mol L−1 phosphate buffer (pH 7.0) was added to the

hrimp samples, vortexed for 2 min, sonicated for 15 min and
entrifuged at 1.4 × 103 g for 10 min. The supernatant solu-
ions of treated samples of milk and shrimp were transferred
o new tubes. To precipitate the proteins, 1 and 3 mL of 15%
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mphenicol, florfenicol and thiamphenicol.
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Table 1
The effect of the type and concentration of dispersants on the figuration and size
of MIPMs

MIPMs
code

Type and concentration
of dispersants

Agglomerate Average
size (�m)

1 PVA1788 (2%) Little 120
2 PVA1788 (4%) Little 80
3 PVA1788 (6%) Little 50
4 Glutin (4%) Block na
5 PEG 4000 (4%) Severe na
6 PEG 6000 (4%) Severe na
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Fig. 1. Chemical structures of chlora

richloroacetic acid in water were added, respectively, to milk
nd shrimp samples. The solutions were vortexed for 2 min, fol-
owed by centrifugation at 1.4 × 103 g for 10 min, and, finally,
ltered through microfilters with a pore size of 0.45 �m to
emove the denatured proteins. The extracts were stored at 4 ◦C
ntil use.

.6. HPLC-UV analysis

Prior to analysis, the eluent samples from the MISPE car-
ridges were evaporated to dryness under a stream of nitrogen
Pressured gas blowing concentrator, Quandao, China) and re-
issolved with an appropriate volume of mobile phase. HPLC
nalysis was performed with a Beckman HPLC system (USA)
quipped with a UV detector. A 7725I sample injection valve
ith a 20 �L sample loop and a Beckman ODS C18 column
DS C18 cartridge (4.6 mm id × 250 mm, 5 �m) were used. The

olumn temperature was kept at ambient. The mobile phase con-
isted of methanol and water (40:60, v/v) for CAP. For FF and
AP, the proportion of methanol to water was 35:65 (v/v). The
ow rate was constant at 1.0 mL min−1, and the injection vol-
me was 20 �L. The wavelengths for detection of CAP, FF and
AP were at 278, 223 and 226 nm, respectively (Fig. 1).

. Results and discussion

.1. Preparation of the MIPMs

To overcome the shortcomings of the reported MIPs against
AP, we prepared the MIPMs against CAP using the modified
ethods of preparation for MIPMs [29–32]. In the present study,
hree dispersants were used; Glutin and PEG 4000 at 4%, and
VA1788 at three concentrations of 2%, 4% and 6% during the
olymerization were first tested (Table 1). PVA1788 at concen-
ration of 4% was selected for further use since the appropriate

n
t
i
h

Fig. 2. Scanning electron micrographs of the MIPMs by aqueous
a, no polymers available.

IPMs were obtained using PVA 1788 with diameter distribu-
ions from 50 to 120 �m (Fig. 2A), and a porous surface could
e clearly observed in SEM photographs (Fig. 2B).

Generally, proper molar ratios of functional monomer to tem-
late are very important to enhance specific affinity of polymers
nd number of MIPs recognition sites. High ratios of functional
onomer to template result in high non-specific affinity, while

ow ratios produce fewer complexation due to insufficient func-
ional groups [33]. Five molar ratios of the monomer DEAEM to
he template of 2:1, 3:1, 4:1, 6:1 and 8:1 were used in the exper-
ments. The optimum ratio of functional monomer to template
or the specific rebinding of CAP was 4:1 (Fig. 3), which had the
est specific affinity and the highest recovery of 81.6%, while
hat of the corresponding NIPMs was low at 28.5%. The spe-
ific adsorption recovery of CAP at 4:1 was 53.1%, while those
t 2:1, 3:1, 6:1 and 8:1 were 33.5%, 25.9%, 20.1% and 17.6%,
espectively. For the polymers with a ratio of 8:1, an excess of the
unctional monomer with respect to the template yielded higher
on-specific affinity. The adsorption recovery and specificity of

hose at 4:1 were both higher than those at 2:1 and 3:1, indicat-
ng that lower ratios of functional monomer to template may not
ave sufficient specific complexation in pre-polymerization.

suspension polymerization method. A, ×300; B, ×20000.
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Fig. 3. Effect of different molar ratios of the functional monomer to the template
on the retention of CAP. The PBS buffer (0.05 mol L−1, pH 7.0) was used as load-
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also showed that the hydrophobic interaction is one of the main
factors to the retention of CAP on MIPMs.

The higher proportion of methanol in washing solution
caused a large decrease of CAP retention on the MIPMs car-
ng solution. The concentration of loading solution was 0.1 �mol mL−1 and the
olume of loading solution was 1 mL, washing with 3 × 1 mL MeOH–PBS(4:6),
lution with 2 × 1 mL MeOH.

Levi et al (1997) obtained the imprinted polymers of CAP
sing the functional monomer DEAEM by bulk polymeriza-
ion, and only the polymer prepared at the ratio of functional

onomer to template of 2:1 worked [23]. The reasons why the
atio of functional monomer to template of 4:1 showed the best
fficiency may be ascribed to the distribution of some func-
ional monomer to the water [34]. These MIPMs were selected
or further experiments.

.2. Solid-phase extraction analysis

Retention of imprinted molecules can be achieved in
queous-rich solutions [33]. Specific recognition of CAP
olecules in aqueous-rich media on SPE cartridges depends
ainly on selective interactions, such as hydrogen bonding,

onic interactions, and hydrophobic effects.
To set up the optimized conditions for MISPE, the influ-

nce of pH on retaining for CAP was first investigated, with
range of 2 to 9 (Fig. 4). Five milliliters of solutions spiked
ith 0.01 �mol mL−1 of the CAP were percolated through the
IPMs and NIPMs cartridges. Almost all the CAP had the abil-
ty to rebind, and the retained CAP could be eluted over the pH
alues ranging from 2.0 to 7.0, which was mainly attributed to
on-specific binding because of similar results observed for the
IPMs. However, we also observed that while the pH values of

ig. 4. Influence of pH values on the retention of CAP by MIPMs and
IPMs cartridges. The Britton-Bobinson buffers at different pH values were
sed as loading solution. The concentration of each loading solution was
.01 �mol mL−1 and the volume of loading solution was 5 mL.
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. B 850 (2007) 24–30 27

oading solution were at 8.0 or 9.0, the recoveries on the MIPMs
howed more decrease than those on the NIPMs. The pKa values
f CAP and DEAEM were 5.5 and 7.3, respectively, and so it
as assumed that the interactions of CAP and imprinted poly-
ers was mainly via hydrogen bonding and ionic interaction

etween correctly arranged diethylamino groups on the poly-
er and the hydroxyl groups on the CAP, meanwhile the CAP

ould be retained on the NIPMs by hydrophobic strength.
Although the recovery was approximately 100% when the

H values of loading solution were at the range of 2.0 to 7.0
Fig. 4), non-specific adsorption of CAP on MIPMs was higher
han expected. In order to reduce the non-specific adsorption and
mprove the selective binding of the CAP, the washing solution
f MIPMs and NIPMs cartridges was adjusted by optimizing
he ratio of methanol in water. There was almost no difference
n the recoveries of MIPMs and NIPMs cartridges after wash-
ng by the majority of solutions, where the non-specific bindings
ould not be disrupted between the imprinted polymers and CAP
Fig. 5A). With increased methanol in the washing solution,
he recoveries of CAP decreased precipitously in the NIPMs
artridges. When washing with 40% methanol, the recovery of
AP in the NIPMs cartridges was reduced to 28.5%, while the

ecovery of the MIPMs was 81.6%, indicating stronger reten-
ion of CAP by the MIPMs than the NIPMs. These confirmed
hat MIPMs had higher specificity for CAP than NIPMs and
ig. 5. Recoveries of CAP on MIPMs and NIPMs cartridges under different
ashing solutions. (A) The different percentages of methanol in water as the
ashing solution; (B) CAP recoveries by using Britton-Robinson buffers at
ifferent pH values in 40% methanol as the washing solution. The concentration
f each CAP loading solution was 0.1 �mol mL−1. The volume of loading and
ashing solution were 1 and 3 mL, respectively.
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ridges, and also on the NIPMs cartridges. To optimize the
ashing solutions, the pH values of washing conditions were

urther screened. The Britton-Robinson buffers at the pH values
rom 2.0 to 9.0 were used for washing. The results (Fig. 5B) indi-
ated that the recoveries on the MIPMs and NIPMs cartridges
ere only slightly changed in the pH ranges of 2 to 7. The recov-

ries on the MIPMs cartridges after washing with 40% methanol
t pH values of 8.0 and 9.0 were largely decreased, compared
ith those of the NIPMs cartridges. Thus, the pH values of load-

ng and washing solution were appropriate under either neutral
r acidic conditions. In addition, lower CAP recoveries of the
IPMs at higher pH values indicated that this may be attributed

o the negative charge repulse between CAP and the functional
ase in the polymers.

.3. Specificity evaluation of the MIPMs

To evaluate the selectivity of the MIPMs, analogues of
AP, TAP and FF were selected. Standard solutions of each
f the two analogues with 2.0 �g in 1 mL PBS buffer (pH 7.0,
.05 mol L−1) were individually percolated through the MIPMs
nd NIPMs cartridges, and then washed with 3 × 1 mL 40%
ethanol in PBS (pH 7.0, 0.05 mol L−1) buffer, eluted with
mL methanol, and finally analyzed by HPLC-UV. The results
emonstrated (Fig. 6) that this washing solution could severely
educe the non-specific interactions between the CAP and the
nalogues.

The recovery was only 29.6% (RSD, ±6.1%) for TAP and
7.4% (RSD, ±3.1%) for FF on the MIPMs cartridges, and 5.1%
RSD, ±4.2%) recovery for TAP and 27.4% (RSD, ±5.2%)
or FF on the NIPMs cartridges. Thus, the specific affinity of
he MIPMs to TAP and FF were 24.5% and 10.0%, respec-
ively. Although the affinity of TAP was slightly lower than that
f FF, TAP exhibited stronger specific affinity to the MIPMs
han FF, compared to the recoveries on the NIPMs cartridges.
hese results demonstrated that the MIPMs could specifically

ecognize CAP with moderate cross-reactivity effect.

TAP possesses two hydroxyl groups with much more similar

tructure to CAP except that the SO2CH3 substitutes for NO2,
hile FF has only one hydroxyl group and another hydroxyl
roup is replaced by F atom compared to the structure of

0
M

M

ig. 6. Recoveries obtained by individually percolating CAP, FF and TAP on MIPMs
he NIPMs. The washing solution was 3 × 1 mL 40% methanol in 0.05 mol L−1 PBS
ig. 7. Adsorption curves of CAP on MIPMs and NIPMs cartridges. The con-
entration of CAP was 0.025 �mol mL−1 in continuous loading process. Each
mL was collected for UV-spectrophotometer detection.

AP. We hypothesize that the spatial effects, hydrogen bond-
ng and ionic interactions dominate the specific affinity, and the
pecific recognition sites of imprinted polymers are mainly com-
lementary to the template functional groups. The reciprocal
nteractions are responsible for the selective affinity of the mate-
ials. Thereby, the MIPMs with high selectivity produced with
he protocol designed in this study could be used for clean-up
nd enrichment of CAP.

.4. Measurement of adsorption capacity

To estimate the adsorption capacity of CAP on the MIPMs
nd NIPMs cartridges, an accumulative adsorption exper-
ment was carried out using 80 mL solutions containing

.025 �mol mL−1 of CAP continuously percolated through the
IPMs and NIPMs cartridges.
The accumulative adsorption capacities of CAP by the

IPMs and NIPMs are shown in Fig. 7. For NIPMs, when

and NIPMs cartridges: (A) the recoveries on the MIPMs; (B) the recoveries on
(pH 7.0).
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Table 2
The CAP recoveries obtained using different loading volumes

Volume (mL) Average recovery (%)a RSD (%)

5 (0.1 �g) 97.9 4.8
25 (0.1 �g) 100.2 7.1
50 (0.1 �g) 101.0 3.3

1
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00 (0.1 �g) 96.1 3.5
00 (0.01 �g) 101.3 4.6

a n = 3.

he volume of loading solution reached 60 mL, the adsorption
apacity was close to saturation. When the volume of load-
ng solution reached 80 mL, the maximum adsorption capacity
f MIPMs was 0.69 �mol (222 �g) with the difference of
bout 0.19 �mol, in comparison to the NIPMs under the same
ondition.

In this experiment, the aqueous solution including 30%
ethanol was used as the loading solution. In order to maintain

igher recovery of CAP, the solution including 30% methanol
as selected as washing solution in the next clean-up and enrich-
ent of spiked samples.

.5. Enrichment from aqueous loading solutions

The volume of CAP loading solutions, ranging from 5 to
00 mL, was evaluated by percolating through the MISPE car-
ridges, with an elution volume of 2 mL methanol. The total

mounts of CAP loading CAP were 0.1 �g in 5, 25, 50 and
00 mL, plus 0.01 �g in 100 mL. The results (Table 2) indicated
hat the CAP could be almost entirely absorbed by MISPE and
luted. The estimated recovery from 100 mL solutions contain-

H
t
s
d

ig. 8. The chromatograms obtained at 268 nm from the analysis of an extract of the
piked sample without MISPE; 2: blank sample with MISPE; 3: spiked sample with M
ith NISPE.
. B 850 (2007) 24–30 29

ng 0.01 �g of CAP was 101.3 ± 4.6% in three replicates. The
esults demonstrated that there were almost no breakthrough
henomena when the percolated volumes of samples ranged
rom 5 to 100 mL.

.6. Application for spiked samples

The ultimate objective of this work was to use the MIPMs
s off-line SPE sorbents, attaining the goal of quick and direct
urification and enrichment of CAP from the aqueous samples.
atrix interferences were evaluated using MISPE for clean-up

nd preconcentration of CAP from practical samples of milk and
hrimp. The samples were homogenized and spiked with three
evels of CAP, followed by the extraction procedure described
bove. First, the spiked shrimp homogenates were centrifuged
o remove most matrices; subsequently, trichloroacetic acid was
elected for protein precipitation. After filtration, the super-
atants were directly percolated through the MISPE cartridges.

The chromatographic diagrams of spiked milk and shrimp
amples presented in Fig. 8 indicated that the 5 �g kg−1 of CAP
ould not be detected by conventional HPLC-UV method due to
he complex matrix interferences. Also, previous reports indi-
ated that the sensitivity of common HPLC-UV analysis for
AP in in aquaculture tissue was about 10 �g kg−1 [7,35]. How-
ver, after the MISPE treatment, washed with 30% methanol
n PBS (pH 7.0, 0.05 mol L−1), the interferences were mostly
emoved and the CAP of 5 �g kg−1 was also detectable by

PLC-UV analysis. Nevertheless, the CAP of the spiked sample

reated with NISPE had not been detected yet, without improved
ensitivity (Fig. 8C and D). Moreover, the recoveries and repro-
ucibility of CAP in the tested samples were highly satisfactory

spiked sample at 5 �g kg−1 without and with MISPE. A: milk; B: shrimp; 1:
ISPE. C: milk; D: shrimp; 1: spiked sample without NISPE; 2: spiked sample
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Table 3
Analysis of CAP in spiked milk and shrimp samples on MISPE cartridges

Test Sample Spiked level (�g kg−1) Recovery (%) RSD (%)a

milk
100 90.2 3.9

10 99.9 7.4
5 92.7 2.7

shrimp
100 86.0 4.4

10 89.0 7.5
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[
[

5 84.9 3.4

a n = 3.

Table 3). The recoveries of CAP for milk and shrimp were both
bove 90% and 80%, respectively. In addition, matrix interfer-
nces seemed not to affect the affinity and specificity of the
IPMs.
Most significantly, the chromatograms of CAP obtained

efore and after MISPE treatment of spiked samples, obviously
howed that the matrix interferences could be removed during
he washing step, achieving a novel purification and enrichment
f CAP from the spiked samples.

. Conclusions

CAP-MIPMs were prepared by a simple production pro-
ess of aqueous suspension polymerization and applied to the
ISPE, which is highly desirable for large volume production

n manufacturing. The MISPE can be successfully applied to
lean-up and preconcentration of CAP with simple procedures
nd high efficiency, and simultaneously greatly increase sen-
itivity of conventional chromatographic methods. There, we
ropose that these MIPMs may be used in enrichment, purifi-
ation and determination of trace CAP from complex food
amples.
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