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a b s t r a c t

A magnetic solid phase extraction method coupled to capillary electrophoresis is proposed for the
determination of tetracycline, oxytetracycline, chlortetracycline and doxycycline in milk samples. Five
different magnetic phenyl silica adsorbents covered with magnetite were synthesized by varying the
molar ratio of phenyltrimethylsilane and tetramethylorthosilicate; these adsorbents were evaluated in
terms of their pH and degree of hydrophobicity for tetracycline retention. The optimal, selected combi-
nation of conditions was a pH of 10.0 and a magnetic sorbent ratio of 4:1; under these conditions, the
retention capacity ranged from 99.7% to 101.2% for the four tetracyclines analyzed. The elution condi-
tions and initial sample volume of the proposed extraction method were also optimized, and the best
results were obtained with 1 × 10−3 M acetic acid in methanol as eluent and a 200 ml of sample volume.
Under optimal conditions, average recoveries ranged from 94.2% to 99.8% and the limits of detection

−1
apillary electrophoresis ranged from 2 to 9 �g l for the four tetracyclines. After the proposed method was optimized and
validated, 25 milk samples of different brands were analyzed, oxytetracycline residues were detected
in five samples, in concentrations ranging from 98 to 213 �g l−1. Subsequent analysis of positive sam-
ples by SPE–CE and magnetic solid phase extraction–HPLC revealed than no significant differences were
found from results obtained by the proposed methodology. Thus, the developed magnetic extraction is a

tech
lines
robust pre-concentration
determination of tetracyc

. Introduction

Antimicrobials are used therapeutically in animals and humans
o control bacterial infections. Tetracyclines (TCs, Fig. 1) are a fam-
ly of compounds frequently employed due to their broad spectrum
f activity as well as their low cost, compared with other avail-
ble antibiotics. Currently, there are over 20 tetracyclines available;
owever, tetracycline (TC), chlortetracycline (CT), oxytetracycline
OT) and doxycycline (DT) are the most commonly used TCs in
eterinary medicine [1,2]. In addition to therapeutic purposes, in
exico and many other countries, TCs are often incorporated into

ivestock feed at sub-therapeutic doses as growth promoters. This
ractice is believed to enhance bacterial resistance, allergic reac-

ions, liver damage and gastrointestinal disturbance [3]. In dairy
ows, significant percentages of the administered TCs are excreted
y milk. To protect human health from exposure to these drug
esidues in milk, the EU has established a maximum residue limit

∗ Corresponding author.
E-mail address: josear@uaeh.edu.mx (J.A. Rodriguez).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.02.046
nique that can be coupled to other analytical methods for the quantitative
.

© 2011 Elsevier B.V. All rights reserved.

(MRL) of 100 �g kg−1 for TC, OT and CT [4], while in the USA,
the food and drug administration (FDA) has established a MRL of
300 �g kg−1 for the combined residues of TC, OT and CT [5]. Doxy-
cicline is not licensed in the aforementioned countries for use in
animals that produce milk for human consumption, so no MRL has
been set for this drug. In other countries whose regulatory agen-
cies have not established MRLs, limits are usually adopted from
the Codex Alimentarius [6], which has recommended a limit of
199 �g kg−1 in milk for either the sum of the combined TC, OT and
CT residues or each individual tetracycline.

During recent years, the problems caused by antimicrobial
residues in food have stimulated the development of analytical
methodologies for the determination of TC residues at �g kg−1 or
�g l−1 levels, such as microbiological assays [7], spectrophotom-
etry [8,9], chemiluminescence [10–12], high performance liquid
chromatography (HPLC) [13–15] and capillary electrophoresis (CE)

[16,17]. These techniques can be used individually or sequentially
according to the complexity of the samples, the nature of the matrix
and the target analytes. Sample preparation, including isolation,
clean-up and preconcentration, is usually the bottle-neck for these
analytical procedures.

dx.doi.org/10.1016/j.chroma.2011.02.046
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:josear@uaeh.edu.mx
dx.doi.org/10.1016/j.chroma.2011.02.046
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Fig. 1. Chemical structures for th

Protein precipitation followed by solid phase extraction (SPE)
ith polymer or silica sorbents is the strategy most commonly

pplied for milk analysis [13]. However, SPE procedure is expensive
nd time-consuming, and some factors, such as the vacuum and the
artridges dry out, are difficult to address [13,18,19]. A major con-
ern in the analysis of TCs is the tendency of the compounds to
ind irreversibly to silanol groups contained on silica-based mate-
ials (C8, C18) by interacting with the TC ketone groups or forming
helate complexes with metal ions, which results in low recovery
ields during sample pre-treatment [19].

In contrast, magnetic solid phase extraction (MSPE) has received
onsiderable attention in recent years due to its potential applica-
ions in cell isolation, enzyme immobilization, protein separation
nd pre-concentration of organic compounds from large volume
amples [20]. A unique and attractive property of this technology
s that magnetic adsorbents can be isolated from sample solutions

y the application of an external magnetic field. Thus, suspended
agnetic particles tagged with the analytes can be removed from

arge volume samples by a magnet [21].
In this work, a new method for the analysis of TCs in milk

amples at EU and USA MRLs is proposed. This method involves

Fig. 2. Schematic procedure for the isolation
cyclines evaluated in this study.

sample pre-treatment by magnetic solid phase extraction using a
paramagnetic, phenyl-functionalized silica adsorbent and analyti-
cal determination by capillary zone electrophoresis (CE) with photo
diode array detection. The advantages of the developed method and
its application for the determination of TCs residues in milk samples
are also discussed.

2. Experimental

2.1. Reagents and chemicals

All solutions were prepared by dissolving the respective ana-
lytical grade reagent in deionized water with a resistivity not
less than 18.0 M� cm, which was provided by a Milli-Q system
(Millipore, Bedford, MA, USA). Sodium phosphate was obtained
from Sigma (St. Louis, MO, USA). EDTA sodium salt, sodium

hydroxide and hydrochloric acid were obtained from J.T. Baker
(Phillipsburg, NJ, USA). Methanol was obtained from Mallinck-
rodt Baker (Xalostoc, Mexico), and 2-propanol was obtained from
Fluka (St. Gallen, Switzerland). The electrolyte solution consisted
of 30 mM sodium phosphate, 2 mM EDTA disodium salt and 2% 2-

of TCs from milk samples using MSPE.
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vane/EDTA solution at a maximum flow rate of 5.0 ml/min. After
preconcentration of the analytes the cartridge was washed with
ig. 3. FTIR spectra for magnetic adsorbents at different PTMS:TMOS molar ratios:
a) 0.5:1.0, (b) 1.0:1.0, (c) 2.0:1.0, and (d) 4.0:1.0.

ropanol; the solution pH was adjusted to 12.0 with 0.1 M sodium
ydroxide.

Tetracycline hydrochloride (95%), chlortetracycline hydrochlo-
ide (95%), oxytetracycline dihydrate (95%), doxycyline hyclate
98%) and picric acid (98%) were obtained from Sigma. The differ-
nt standard solutions were prepared daily by dilution of a stock
olution of each TC at a concentration of 1.0 g l−1, which were pre-
ared by dissolving the pure substances in 0.01 M hydrochloric
cid. These solutions were stored in the dark and refrigerated at
◦C. Picric acid at a concentration of 50 mg l−1 was used as inter-
al standard. Solid phase extraction was applied using Sep-Pack
ac C18 cartridges (Waters, Milford, MA, USA). Magnetite embed-
ed in phenyl silica adsorbents was synthesized by the sol–gel
ethod using magnetite, phenyltrimethoxysilane (97%, PTMS) and

etramethylorthosilicate (98%, TMOS) from Sigma. Emulsion poly-
erization of the monomers was performed using Triton X-100 and

etyltrimethyl ammonium bromide (CTAB) as surfactants.

.2. Synthesis of the adsorbent

The synthesis of the adsorbents was carried out in two steps.
irst, magnetite was obtained through partial oxidation and precip-
tation of Fe(II) in the presence of oxygen in basic media [22]. The

agnetic adsorbents were obtained by emulsion polymerization
y mixing the previously synthesized magnetite, PTMS and TMOS
t different molar ratios. The silica precursors were previously sol-
bilized in 24 ml of a solution containing 2.0% (w/v) Triton X-100,
.02% (w/v) CTAB, 12.5% (v/v) methanol and 200 �l, 28% (w/v) NH3
s the catalyst. The mixture was heated and refluxed at 120 ◦C for
6 h with stirring [21].

Once the magnetic adsorbents were obtained, derivatization
as conducted to block superficial silanol groups (–Si–OH). A mix-

ure of 0.9 g of chlorotrimethylsilane (CTMS) and 1.0 ml of pyridine
er gram of magnetic adsorbent in 25 ml of toluene was used.
yridine was added to neutralize the HCl produced during the
erivatization. The magnetic adsorbents were sequentially washed

ith 20.0 ml portions toluene, ethanol and deionized water, until

he washing solvent was colorless. The magnetic adsorbent was
ried at 60 ◦C for 24 h [21].
1218 (2011) 2196–2202

2.3. Apparatus

Infrared characterization of the magnetic adsorbents was
performed in a PerkinElmer Fourier Transform infrared (FTIR)
spectrophotometer model IRDM. The samples were analyzed as
KBr sample pellets. The particle size distribution was determined
using a Beckman Coulter LS 13320 light scattering (LS) parti-
cle size distribution analyzer with a diode laser at a wavelength
of 750 nm. A mass of 0.1 g of the adsorbent was initially dis-
persed in 5 ml of methanol; the organic suspension was diluted
to 500.0 ml with water to disperse the solid particles in the aque-
ous matrix. The morphological analysis of the magnetic adsorbents
was performed using a JEOL JSM-820 scanning electron microscope
(SEM).

Electrophoresis was performed using a Beckman Coulter P/ACE
5500 (Fullerton, CA, USA) with a photo diode array detector. Data
were collected and analyzed with Beckman P/ACE system MDQ
version 2.3 software. Separations of the TCs were performed in
a fused-silica capillary (41.7 cm × 75 �m I.D.). A pH/ion analyzer
model 450 from Corning (Corning Science Products, NY, USA) was
used to accurately adjust the pH of the electrolyte solution to 0.01
pH unit. A Branson Ultrasonic system (Danbury, CT, USA) model
3510 was used in the dispersion of magnetic adsorbent and elution
of the analytes. Finally, a Maxi-Mix I (Barnstead/Thermolyne, IA,
USA) was used as a vortex mixer. Chromatography determinations
were performed using a PerkinElmer Series 200 liquid chromatog-
raphy system (PerkinElemer MA, USA) with a UV–vis detector at
360 nm and a manual injector equipped with a 20 �l loop, with
a Spheri-5 ODS column (5 �m; 240 × 4.6 mm) from PerkinElmer.
The mobile phase employed was 0.01 mol l−1 aqueous oxalic acid:
methanol: acetonitrile (64:18:18, v/v) at a flow rate of 1.0 ml min−1

[1].

2.4. Sample treatment

MSPE was performed as follows [23]: Initially, 0.1 g of the
magnetic adsorbent material was added into a beaker. The par-
ticles were conditioned with 5.0 ml of methanol in an ultrasonic
bath for 5 min. Then, the adsorbent was magnetically isolated and
washed twice with 10.0 ml of deionized water for 3 min, and the
supernatant was discarded. Subsequently, an adequate volume
(50–200.0 ml) of milk sample and 12.0 ml of borate buffer (0.1 M,
pH 10.0) were mixed with the pre-activated magnetic adsorbents.
After sonication for 15 min, an external magnetic field was applied
to isolate the adsorbent with the adsorbed analytes. The liquid
phase was decanted, while the solid phase was washed three times
with 5.0 ml of borate buffer. The TCs were eluted from the mag-
netic adsorbent by dispersion of the solid in 3.0 ml of methanol
solution containing 0.5% (v/v) acetic acid for 5 min. The resulting
solution was evaporated to dryness, and the residue was reconsti-
tuted with 1.0 ml of 0.01 M HCl/50 mg l−1 picric acid. Finally, the
solution was filtered through a 0.2 �m nylon filter and analyzed by
CE. The procedure is illustrated in Fig. 2.

Solid phase extraction conditions with C18 cartridges were car-
ried out as follows: 10 ml of milk sample were mixed with 30 ml of
the McIlvine/EDTA solution; the mixture was stirred for 1 min and
centrifuged for 15 min (4000 rpm). The precipitate was disposed of
and the solution was passed through a C18 SPE cartridge previously
activated with 2.0 ml of methanol followed by 2.0 ml of the McIl-
2.0 ml of 5.0% methanol. The retained TCs were eluted with 3.0 ml
of methanol. The eluted solution was evaporated to dryness and
redissolved in 1 ml of 0.01 M HCl/50 mg l−1 picric acid [1].
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is further supported by the corresponding decrease in the intensity
of the band attributed to H2O at 1450 cm−1.

The overall morphology of the magnetic adsorbents was stud-
ied by SEM. As shown in Fig. 4A, the adsorbents under study show
ig. 4. (A) Scanning electron microscopy image and (B) particle size distribution of
c) 2.0:1.0, and (d) 4.0:1.0.

.5. Electrophoretic procedure

At the beginning of each working day, the capillary was activated
ith 1.0 M NaOH at 35 ◦C for 15 min, followed by 0.1 M NaOH for

0 min, deionized water at 25 ◦C for 10 min, and then electrolyte
olution at 25 ◦C for 10 min. The capillary was washed out between
uccessive analyses using: 1.0 M NaOH for 1 min, 0.1 M NaOH for
min, deionized water for 2 min and electrolyte solution for 2 min.
ll flushing procedures were performed at a pressure of 20 psi.

The wavelength detector (�) was set at 360 nm to monitor TCs
eparations. Samples were injected in hydrodynamic mode under
pressure of 0.5 psi for 5 s. The capillary was kept at 25 ◦C, and a

oltage of 14 kV was applied to separate the analytes. The differ-
nt peaks were identified by migration times and co-injection of
tandard solutions [24].

. Results and discussion

.1. Characterization of magnetic adsorbents

To evaluate the effect of hydrophobicity on the retention of TCs,
ve different magnetic adsorbents were synthesized and character-

zed. The magnetic adsorbents were obtained by varying the molar

atio of functionalized monomer (PTMS) and crosslinking monomer
TMOS) in the following ratios: 0.5:1.0, 1.0:1.0, 2.0:1.0, 4.0:1.0 and
.0:1.0 (PTMS:TMOS). Solids with high surface area were obtained

n the four former experiments while in the last ratio (5.0:1.0) a
iscous gel phase with small surface area was obtained. There-

ig. 5. Adsorption isotherm and Scathchard analysis of the binding of TCs onto the
agnetic adsorbent.
l magnetic adsorbents at different PTMS:TMOS molar ratios: (a) 0.5:1.0, (b) 1.0:1.0,

fore, magnetic adsorbents with ratios below 4.0:1.0 were evaluated
for TCs retention by MSPE. Fig. 3 shows the FTIR spectra for the
four synthesized magnetic adsorbents. The spectra show an intense
stretching band at 3600–3250 cm−1 attributed to the vibration of
the silanol group (Si–OH). Two bands above 3100 cm−1 correspond
to the C–H vibration of the phenyl group, and two bands around
2900 cm−1 are assigned to the vibration of the C–H bond. A series
of weak bands from 1900 to 1600 cm−1 are also characteristic of
C–H vibrations from aromatic groups. A bending band at 1450 cm−1

is attributed to the H2O contained in the magnetic adsorbent. A
stretching band at 1250–950 cm−1 is assigned to the siloxane group
(Si–O–Si), and the deformation band around 850–750 cm−1 corre-
sponds to the Si–OH group.

The FTIR spectra (Fig. 3) show that the stretching band at
3600–3250 cm−1 corresponding to the Si–OH bond decreases as the
PTMS:TMOS ratio increases, suggesting that the hydrophobicity of
the magnetic adsorbent increases in the same way. This conclusion
Fig. 6. Electropherograms obtained from the analysis of tetracyclines by MSPE:
(A) spiked milk sample (250 �g l−1), (B) real milk sample, (C) real milk sample by
SPE–CE and (D) reference sample. CT, chlortetracycline; OT, oxytetracycline; TC,
tetracycline; DT, doxycycline; IS, internal standard. CE conditions: a fused-silica
capillary (41.7 cm × 75 �m I.D.); running buffer composition, 30 mM sodium phos-
phate, 2 mM EDTA disodium salt and 2% 2-propanol at pH 12.0; running voltage,
14 kV; injection at 0.5 psi during 5 s.
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Table 1
% Retention (mean and %RSD, n = 3) at different pH values and magnetic adsorbent proportion (PTMS:TMOS).

PTMS:TMOS pH

4.0 (RSD) 6.0 (RSD) 8.0 (RSD) 10.0 (RSD) 12.0 (RSD)

0.5:1.0

TC 17.7 (0.8) 23.4 (0.7) 35.8 (0.6) 11.2 (0.5) 3.2 (1.8)
CT 18.0 (0.2) 25.9 (0.6) 39.9 (0.9) 10.2 (0.1) 2.9 (1.0)
OX 12.1 (0.3) 23.5 (0.5) 35.4 (1.1) 10.1 (0.5) 5.5 (1.3)
DX 17.4 (0.7) 24.8 (0.3) 37.1 (0.5) 11.2 (0.7) 4.3 (2.2)

1.0:1.0

TC 30.7 (1.1) 30.6 (0.7) 43.4 (0.8) 43.2 (0.8) 5.8 (1.9)
CT 31.3 (0.9) 29.9 (0.9) 41.9 (0.1) 44.2 (1.3) 6.9 (1.5)
OX 32.3 (1.5) 28.4 (0.5) 43.1 (0.1) 48.4 (0.4) 4.4 (0.8)
DX 31.2 (0.7) 28.0 (0.4) 42.9 (0.1) 43.5 (0.7) 7.9 (2.7)

2.0:1.0

TC 50.8 (0.4) 41.2 (0.2) 55.3 (0.6) 44.6 (0.8) 6.7 (2.3)
CT 47.1 (0.3) 40.4 (0.6) 56.9 (1.3) 47.1 (1.3) 5.9 (1.8)
OX 50.1 (0.9) 40.9 (0.6) 57.4 (1.1) 40.2 (0.6) 4.7 (2.2)
DX 53.5 (0.3) 47.6 (0.8) 53.5 (0.1) 50.7 (0.9) 7.8 (2.1)

4.0:1.0

TC 82.6 (0.4) 80.4 (1.0) 90.7 (0.4) 99.6 (0.5) 6.9 (2.1)
CT 80.8 (0.5) 81.8 (1.4) 91.9 (1.2) 100.5 (1.3) 3.4 (1.4)
OX 83.3 (1.1) 82.9 (1.1) 91.8 (0.3) 100.1 (1.2) 5.9 (1.0)
DX 80.8 (0.3) 79.9 (1.4) 87.9 (0.1) 101.2 (1.5) 2.4 (0.6)

Table 2
% Recovery (mean and %RSD, n = 3) in the re-extraction of TCs.

Eluate solutions % Recovery

CT (RSD) TC (RSD) OT (RSD) DX (RSD)
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MeOH–CH3COOH (1 × 10−3 M) 94.2 (3.0)
MeOH–Ethyl acetate (1:1, v/v) 29.5 (1.4)
MeOH–HCl (1 × 10−3 M) 82.6 (3.4)

spherical morphology. The size distribution of the particles (pre-
iously dried at 100 ◦C, 24 h) was determined to be in the range of
3–100 nm based on measurements of the sizes of particles belong-

ng to a homogeneous sample of the magnetic adsorbent.
The particle size of the magnetic adsorbents in aqueous solution

as analyzed by LS. Fig. 4B shows the results obtained for all of
he magnetic adsorbents. The particle size is uniform in all cases,
ith a mean size of around 500 nm. The increase in particle size is

ttributed to hydration and swelling that are characteristic of the
ydrophilic silica agglomerates, which are obtained using TMOS
onomer during the synthesis protocol.

.2. Retention and elution of TCs in milk samples

The pH dependence of sample extraction and isolation is com-
only reported during isolation of TCs from complex matrices.

he existence of various ionization degrees on the TCs structure is
elated to their acidic dissociation constants (pKa). The pKa values
f TCs in aqueous solution are around 3.3, 7.5 and 9.0 [25]. To eval-
ate the effect of pH and hydrophobicity, retention experiments
ere carried out in pH interval 4.0 to 12.0. All the experiments
ere performed using 25 ml of a 10 mg l−1 standard solution of
Cs and 0.1 g of magnetic adsorbent. Once completed the extrac-
ion, the TCs remaining in the solution were determined by SPE–CE
1]. The % retention and % recovery were calculated as a function
f the concentration added and concentration found after extrac-
ion. Table 1 shows the % retention obtained in each experiment.

able 3
imits of detection for different volumes of milk using MSPE.

Volumes (ml) Limits of detection (LODs) [�g l−1]

CT TC OX DX

200 6 9 2 5
100 63 91 64 77

50 187 210 165 158
99.4 (1.8) 99.8 (4.3) 97.1 (3.2)
34.9 (3.5) 34.5 (3.2) 32.7 (4.3)
87.1 (2.1) 87.2 (4.9) 85.3 (3.7)

The % retention increases with the hydrophobicity of the TCs. For
the whole pH range investigated, maximum retention is achieved
using the magnetic adsorbent with a 4:1 PTMS:TMOS ratio. The pH
effect on the TCs retention demonstrates a higher affinity of the
adsorbent for their deprotonated forms than for their protonated
forms. Therefore, the optimal combination of conditions selected
for TCs retention was a pH of 10.0 and a magnetic sorbent ratio of
4:1 because under these conditions, the % retention ranges from
99.6% to 101.2% for all TCs determined. At pH values above 10 a
decrease of adsorption is observed because the magnetite particles
acquire a negative charge due to the binding of hydroxide groups,
thus causing electrostatic repulsion between the adsorbent and the
anionic TCs [26].

Once the retention conditions were selected, the elution step
was evaluated. Three different eluent solutions were used [13]: 5 ml
methanol–acetic acid (1 × 10−3 M), 5 ml methanol–ethyl acetate
(1:1, v/v) and 5 ml methanol–hydrochloric acid (1 × 10−3 M). The
organic eluate was evaporated, and the residue was re-dissolved
and filtered prior to CE analysis. Table 2 shows the results obtained
using the different elution conditions. The acidified methano-
lic solutions provide better recoveries (82.6–99.8%) than the
methanol:ethyl acetate solution. Because the eluent solution
containing acetic acid is less reactive with the magnetite contained
in the adsorbent, chelation between the Fe(III) and the TCs is inhib-
ited, which results in increased recoveries [13,24]. Methanol–acetic
acid (1 × 10−3 M) was therefore selected for subsequent
analysis.

To determine the adsorption capacity and affinity of the mag-
netic adsorbent for the analytes of interest, the adsorption isotherm
and the corresponding Scatchard analysis of the isotherm were
acquired. To construct the adsorption isotherms, a set of samples

consisting of 25 ml of different amounts of TCs at concentrations
ranging from 0.01 to 0.17 mM were subjected to the proposed
methodology and analyzed by CE. Fig. 5 shows that the amount
of TCs bound to the magnetic adsorbent at the binding equilibrium
increased when the initial concentration of the TC increased.
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Table 4
Regression parameters of calibration lines (mUA) vs. concentration of TC (�g l−1) in 200 ml of milk.

Parameters CT TC OX DT

Correlation coefficient, r2 0.992 0.996 0.999 0.997
Lack of fit test (Fcalculated) 1.50 1.70 1.24 5.14
Intercept, b0 ± ts(b0) 118 ± 218 124 ± 256 124 ± 215 101 ± 217
Slope, b1 ± ts(b1) 85716 ± 1467 99690 ± 2865 81366 ± 615 79264 ± 1182
Repeatability intra-day 100 �g l−1 2.3 1.7 2.2 2.7
(%RSD, n = 3) 150 �g l−1 1.7 1.6 2.0 2.3
Repeatability inter-day 100 �g l−1 1.2 3.2 1.9 1.9
(%RSD, n = 3) 150 �g l−1 1.8 2.2 2.3 0.8
Linearity range (�g l−1) 18–250 27–250 4–250 25–250
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Limit of detection (�g l−1)
Limit of quantification (�g l−1)

tabulated(0.05,4,6) = 6.22.

In the Scatchard analysis, the amount of TC bound on the
agnetic adsorbents was obtained by subtracting the free con-

entration from the initial concentration of each TC. When the TC
oncentration was varied, the Scatchard plot was obtained accord-
ng the following equation:

Q

[TCs]
= (Qmax − Q )

Kd

here Q is the amount of each TC bound on the magnetic adsorbent
t equilibrium, [TCs] is the free TC concentration at equilibrium, Kd
s the dissociation constant (the affinity of the magnetic adsorbent
or the TCs), and Qmax is the apparent maximum binding amount.
he Kd and Qmax are estimated from the slope and intercept of the
inear plot of Q vs. Q/[TCs]. The linear regression equation of this
urve was Q/[TCs] = −7.60Q + 7.92. The Kd and Qmax values were cal-
ulated to be 131.6 mmol l−1 and 104 �mol g−1, respectively. These
alues correspond to a moderate degree of interaction between
he adsorbent and TCs, which is desired in retention–elution pro-
esses. The linearity observed in the Scatchard plot indicates the
resence of homogeneous active sites on the magnetic adsorbent.
he magnetic adsorbent of 4:1 PTMS:TMOS ratio shows an affinity
nd selectivity for TCs similar to those reported using a molecularly
mprinted polymer [27].

Retention, elution and affinity experiments demonstrate the
sefulness of the developed magnetic adsorbent, for tetracycline
etermination in milk samples by magnetic solid phase extraction.

.3. Method validation

The limits of detection (LODs) of the MSPE–CE method were

valuated using different volumes (50, 100 and 200 ml) of milk sam-
les spiked with TCs in the concentration range of 50–250 �g l−1.
he LODs were calculated for a signal-to-noise ratio equal to
S/N = 3.29). The results of these experiments are listed in Table 3.
ccording to these results, the LOD is observed to decrease when

able 5
ecovery of the tetracyclines and %RSD (n = 3) of TCs from spiked milk samples by MSPE.

Added [�g l−1] Analyte Found [�g l−1]

100

CT 91.3 93.7
TC 104.1 103.7
OT 98.1 96.6
DT 96.1 94.5

150

CT 143.7 141.8
TC 149.8 153.4
OT 147.6 148.8
DT 148.1 152

200

CT 189.4 192.9
TC 198.7 199.3
OT 200.7 211.5
DT 208.8 209.5
9 2 5
27 6 15

higher sample volumes are used. The lower LODs estimated range
from 2 to 9 �g l−1 using 200 ml of initial sample. Based on the results
and taking into account the most restrictive MRLs established by
EU regulations (100 �g l−1 [4]), a sample volume of 200 ml was
selected as the most suitable for real sample analysis.

In the optimized conditions, the analytical parameters and pre-
cision data were determined using spiked milk samples in which
TCs were initially undetectable. Aliquots of 200 ml of blank milk
samples were spiked with the four TCs in the interval concen-
tration of 25–250 �g l−1.Each standard was prepared in triplicate.
The resulting standards were thoroughly homogenized, and pre-
concentrated using the proposed methodology as described in the
experimental section. The peak heights obtained (AU) were mea-
sured and the calibration line was constructed from the average
peak heights. The calibration line showed a linear dependence
between peak height and the concentration of TCs in the spiked
milk sample. Regression parameters of the calibration lines are
shown in Table 4 [28].

The proposed methodology was applied to the determination
of TCs in 25 commercial milk samples from different brands. Three
replicate determinations of the analytes were carried out on each
sample. According to the results obtained by analysis of TCs in
milk, 5 out of the 25 samples tested were positive for the pres-
ence of OT residues, which was identified from its migration time.
Fig. 6 shows the electropherograms obtained from the analysis of
a spiked sample (Fig. 6A), a real sample (Fig. 6B), a real sample by
SPE–CE (Fig. 6C), and a reference sample (Fig. 6D)

The accuracy of the method was investigated by determining the
recoveries of the TCs added to milk samples at three concentration
levels with three replicates for each level. The recoveries are shown

in Table 5 along with the relative standard deviation. The mean
recoveries obtained for the four TCs were in the range of 92–103%.
The relative standard deviation (RSD) is less than 5% in all cases
using the methodology proposed. There was a variation between
the recoveries for different analytes, likely related to the structure

Average recovery (%) RDS (%)

92.4 92.5 1.3
102.9 103.6 0.6

92 95.6 3.3
91.8 94.1 2.3

142.6 95.1 0.7
155.3 101.9 1.8
151.4 99.5 1.3
148.6 99.7 1.4

190.5 95.5 0.9
197.3 99.2 0.5
210.1 103.7 2.8
201.5 103.3 2.1
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Table 6
Oxytetracycline content (�g l−1) in real milk samples obtained from different brands.

Sample Oxytetracycline concentration (�g l−1)

EC HPLC SPE–CE

1
142.0 141.2 129.1
141.9 134.5 133.8
142.0 137.7 132.0

2
127.0 135.4 129.1
136.9 136.9 133.8
131.9 131.4 132.0

3
97.3 98.9 93.5
98.8 102.2 97.4
98.1 99.6 94.7

4
137.5 139.1 139.6
143.2 136.9 137.9
139.7 136.4 141.4
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5
207.6 204.8 199.2
218.9 211.8 208.2
212.5 208.5 205.6

f the analyte.
To further ensure the accuracy of the MSPE–CE method, posi-

ive samples were also analyzed by SPE–CE and MSPE–HPLC. The
esults obtained by the proposed method (Table 6) were com-
ared with those obtained by the classical pre-treatment method
solvent extraction, centrifugation, and subsequent clean-up and
oncentration by SPE). To evaluate differences between the meth-
ds, one-way ANOVA and a Tukey multiple comparison test were
erformed. The calculated F value (p = 0.05) did not exceed the crit-

cal F value (F2,42 = 3.22, p = 0.05), thus indicating that there are
o significant differences between the results due to the analyti-
al method employed. Results of the Tukey test also demonstrated
he absence of significant differences between the results provided
y the three methods compared (Qcalculated < Qcritical = 33.07). It is
herefore confirmed that MSPE is a robust and accurate technique
hat can be coupled to HPLC or CE for TCs determination in milk.

. Conclusions

The proposed MSPE technique based on the synthesized mag-
etic adsorbent (Fe3O4–SiO2–phenyl modified) was demonstrated

o be an efficient strategy for the rapid preconcentration of TCs
esidues in complex matrices such as milk. The methodology
escribed is faster than classical preparation procedures as SPE,
ith a minimum sample manipulation, lower solvent consumption,

nd consequently lower cost.

[

[
[

[
[

1218 (2011) 2196–2202

Additionally, this technique provides good results in terms of
sensitivity and accuracy. When coupled to CE, the MSPE method
yielded LODs of 2–9 �g l−1, according to the more restrictive MRLs
established, for the four target TCs determined. Additionally, the
MSPE preconcentration technique is also a good alternative for
coupling to other analytical methodologies, such as HPLC.
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