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Abstract A method is presented for magnetic solid phase
extraction (MSPE) of tetracyclines in milk samples. The
method involves the extraction and clean-up by silica based
magnetic support dispersion on non-pretreated milk samples,
followed by the magnetic isolation and desorption of the
analytes by acidified methanol. The tetracyclines eluted from
the magnetic support were determined simultaneously by flow
injection analysis with spectrophotometric detection. Under
optimal conditions, the linear range of the calibration curve
ranges from 0.03 to 0.60 mg L−1, with a limit of detection of
10 μg L−1. Recoveries were determined for milk spiked at
levels from 0.15 to 0.60 mg L−1. Average recoveries ranged
from 91.0 to 97.0%, with a precision of <5.0% in all cases.
The method was validated by comparing the results with
those obtained by MSPE-HPLC and SPE-HPLC. No signif-
icant differences were observed (p<0.05)

Keywords Tetracyclines . Milk . Flow injection analysis .

Magnetic solid phase extraction

Introduction

Tetracyclines (TCs) are broad-spectrum antibiotic agents
extensively used to control bacterial infections in humans

and animals. They exhibit activity against infections
caused by Gram-positive and Gram-negative bacteria.
TCs are given to food producing animals as therapeutic
agents or as growth promoters with exception of
European Union, were only therapeutic use is allowed
[1]. In dairy cows significant percentage of the adminis-
trated TCs is excreted in milk, therefore TCs may be
present in marketed products and cause harmful effects to
consumers, including possible allergic reactions, liver
damage, yellowing of teeth, and gastrointestinal distur-
bance. In addition, trace amounts of antibiotic compounds
in milk favor the development of antibiotic-resistant
bacteria. In order to protect humans from the exposure to
these drug residues in milk the EU has established a
maximum residue limit (MRL) of 0.1 mg L−1 for
tetracycline (TC), oxytetracicline (OT) and chlortetracy-
cline (CT) [1]. The U.S. Food and Drug Administration
(FDA) has established the tolerance of 0.3 mg L−1 for the
combined residues of TC, OTC and CT [2].

With the arguments stated above, the determination of
residual TCs in animal products is consecutively important.
Microbiological assays and immunoassays are routinely
used as screening methods to detect tetracycline residues in
food despite their disadvantages such as: poor sensitivity
and selectivity, semi-quantitative measurements of residues
detected, and false positive results. HPLC and capillary
electrophoresis are also applied for TCs confirmation in
food and animal origin products [3, 4]. On the other hand,
flow injection analysis (FIA) is a well established automat-
ed technique with numerous applications in quantitative
chemical analysis; it is a simple and inexpensive technique
[5]. Compared to separations techniques such as chroma-
tography, FIA offers increased sampling rate, lower
reagents consumption, and similar precision and accuracy.
These advantages have led to a growing interest in food
analysis and quality control applications [6, 7].
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Sample preparation processes including both clean-up and
preconcentration are indispensable during drug residues
determination in food samples. Liquid-liquid extraction [8],
solid phase extraction [9], matrix solid phase dispersion [10],
ion exchange [11], and molecularly imprinted polymers [12]
have been applied during TCs isolation from complex
matrices. Magnetically assisted chemical separation, which
uses nano- or micron-sized particles, has attracted great deal of
research interest on sample preparation since the past decade.
Magnetic supports are commonly prepared by organic/
inorganic polymerization in presence of magnetite. Magnetic
solid phase extraction (MSPE) is a current separation
procedure based on the use of magnetic adsorbents. In this
procedure, the magnetic support is dispersed in the sample and
after the suspension is formed, the support (with the analytes
adsorbed) is collected by an external magnetic field without
additional centrifugation or filtration. The analytes are
consequently eluted from the recovered adsorbent and the
extract is analyzed. The main advantages of using magneti-
cally assisted separation in comparison to conventional
pretreatment methods are its easier, faster, environmental
friendly and cheaper handling [13].

Silica-coated magnetite particles are perhaps one of the
most ideal options for MSPE since silica shell has reliable
stability in aqueous media and a large surface area. TCs are
highly adsorbed on silica-based materials, thus these materials
are good candidates for TCs preconcentration in milk samples
when using magnetic solid phase extraction [14].

In this work, a MSPE for TCs preconcentration, from milk
samples, based on magnetic silica coated materials is
developed. The effect of several parameters on TCs isolation
was evaluated employing a Taguchi parameter design. In order
to increase the sampling rate, the analysis was carried out by
FIA with spectrophotometric detection which allowed the
simultaneous determination of TCs. Themethodwas validated
comparing the results obtained with those provided by HPLC.

Experimental

Reagents and materials

All solutions were prepared by dissolving the respective
analytical grade reagent in deionized water with a resistivity
not less than 18.0 MΩ cm provided by a Milli-Q system
(Millipore, Bedford, MA, USA). Boric acid, methanol, tetracy-
cline hydrochloride (95%), oxytetracycline dehydrate (95%),
chlortetracycline hydrochloride (95%), 4-aminoantipyrine
(AAP) and potassium hexacyanoferrate (II)) were purchased
from Sigma (St Louis, MO, USA, www.sigmaaldrich.com).
EDTA sodium salt, sodium hydroxide and hydrochloric acid
were obtained from J.T. Baker (Phillipsburg, NJ, USA, www.
waters.com).

Separate standard solutions of each TC compound were
prepared at a concentration of 1 mg mL−1 by dissolving the
pure substances in deionized water. Working solutions were
prepared daily by dilution of the standard stock solution in
deionized water. Calibration standards were prepared at
concentrations of 0.10–0.60 mg L−1, as the sum of TCs.
AAP carrier solution (1.8% w/v) was prepared by dissolv-
ing 4-aminoantipyrine in borate buffer solution
(1.0 mol L−1, pH 10.0). The oxidizing reagent solution
was hexacyanoferrate (III) (0.8% w/v) dissolved in borate
buffer solution. Solid phase extraction was applied using
Sep-Pack Vac C18 cartridges (Waters, Milford, MA, USA).
A total of 22 milk samples were bought from different
supermarkets in Pachuca, Mexico.

Instrumentation

The FIA system [15] (Fig. 1) consists of a four-channel
GilsonMinipuls 2 peristaltic pump fitted with propulsion tubes
of the same brand used to propel sample and carrier solutions.
A sample volume of 400 μl was injected into the AAP solution
(CS), using a Rheodyne 5020 four-way rotary valve, the
phenolic ring present in TCs reacts with AAP in a reaction coil
(R1, 30 cm×0.8 mm i.d.). The coupled compound produced
was joined and mixed with the hexacyanoferrate (III) solution
(OS) in a reaction coil (R2, 90 cm×0.8 mm i.d). The quinone-
imide compound generated was detected at 540 nm in an UV-
visible spectrophotometer (Lambda 40, Perkin-Elmer, www.
perkinelmer.com) with a Hellma 178.712QS 18 μL flow-
through cell. The flow rate of each individual channel was
2.0 mL min−1. The different components of the FIA manifold
were connected using Omnifit Teflon tubing (0.8 mm internal
diameter) and Gilson connectors.

Chromatography experiments were done using a
PerkinElemer Series 200 liquid chromatography system
(PerkinElemer MA, USA) equipped with a UV-Vis
detector at 360 nm and a manual injector connected to
a 20 μL external loop. Chromatographic separation was
achieved with a Spheri-5 ODS column (5 μm; 240×
4.6 mm) from PerkinElmer. The mobile phase 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 [9].
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W

Fig. 1 Flow injection manifold used to determine TCs. S, sample; CS,
Coupling solution (AAP, 1.8% w/v); OS, oxidizing solution (K3Fe
(CN)6, 0.8% w/v); PP, peristaltic pump; V, injection valve; R1 and R2,
reaction coil; D, detector; W, waste
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Preparation of the magnetic support

Magnetite (Fe3O4) was prepared by coprecipitation method,
as follows: 0.03 mol FeSO4.7H2O were dissolved in 100 mL
of water. The mixture was stirred vigorously while the
temperature was increased to 60°C. A stream of air was
bubbled in the mixture whilst a NaOH solution (2 molL−1)
was added to adjust pH value to 10. After 1.0 h, the magnetic
precipitates were isolated from the solvent by a permanent
magnet and washed several times with deionized water. The
magnetite previously synthesized (1.5 g) was added to a flask
containing 5.95 g of tetramethoxysilane solubilized in 24 mL
of a solution that contained: Triton X-100 (2.0% w/v), CTAB
(0.2% w/v), methanol (12.5% v/v) and 200 μL f NH3 (28%,
v/v). The mixture was heated and refluxed at 120°C for 1 h
with stirring. The chemical characterization of this support
has been described in a previous work [16].

Nitrogen sorption experiments were performed at 77°K
on a Micrometrics ASAP 2020 analyzer. The samples were
outgassed at 100°C for 10 h before the measurement.
Brunauer-Emmett-Teller (BET) surface area was calculated
from adsorption data in the relative pressure range from
0.01 to 0.2. The pore size distribution curves were obtained
from the adsorption branches using Barrett-Joyner-Halenda
(BJH) method. Particle size distribution was determined
using a Beckman Coulter LS 13320 light scattering particle
size distribution analyzer with a diode laser of wavelength
750 nm. The sample was dispersed in a Triton X-100 (0.2%
w/v) solution at 25°C in order to disperse the solid particles
in the mixture.

Sample preparation

In the MSPE procedure using silanized magnetite, 0.3 g of
the magnetic support were added into 50 mL of milk. The
mixture was stirred for 20 min to form a homogeneous
dispersion. After standing for 5 min, the magnetic support
(containing the analytes) was separated from the sample
using an external magnetic field. The liquid phase was
disposed and the magnetic support isolated was flushed
with 10 mL volumes of EDTA (1×10−3 mol L−1) and
deionized water. TCs were eluted from the magnetic
support with 3×1.5 mL of acetic acid (1×10−3 M) in
methanol and the eluates were combined. A 0.5 mL aliquot
of this methanolic solution was transferred into a 10 mL
calibration flask, treated with 0.5 mL of EDTA 1×
10−3 mol L−1 and diluted to volume with borate buffer
solution and finally injected into the FIA system. In HPLC
experiments the methanolic eluate was filtered through a
0.45 μm filter and injected into the chromatography system.

The SPE was performed following the method reported [9]
by J.W. Fritz et al. 10 mL of milk samples were mixed with
30 mL of the McIlvine/EDTA solution. The mixture was

agitated and centrifuged for 15 min or until the protein
precipitated. The precipitate was disposed off and the
solution was applied to a SPE cartridge, which was
previously activated with 3.0 mL of methanol and 2.0 mL
of water. After sample loading, the cartridge was washed
with 2.0 mL of 5% aqueous methanol. Finally, TCs were
eluted with 3.0 mL of methanol. The solvent was removed
under nitrogen stream and the residue was dissolved in
1.0 mL of methanol, filtered through a 0.45 μm filter, and
injected into the HPLC system for its analysis.

Results and discussion

Characterization

The N2 adsorption-desorption isotherm and the correspondent
BJH pore size distribution of the magnetic support are shown
in Fig. 2. The material gives type IV isotherm with a sharp
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Fig. 2 a. N2 adsorption-desorption isotherm and b. pore size
distribution of the magnetic support
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capillary condensation step in the medium range of the relative
pressure, which is characteristic of the mesoporous materials
with uniform pore size distribution. The type of hysteresis loop
was H1 and it is attributed to the cylindrical pores open at both
ends. The BET specific surface area, pore volume, and pore
diameter were 346 m2g−1, 0.6 cm3g−1 and 7.0 nm, respec-
tively. The surface area in pure silica is larger than the
obtained in the magnetic support, however the iron oxide
incorporation decreases the porosity and the surface area [17].

The particle size distribution for the magnetic support is
shown in Fig. 3. The powders synthesized encompass a
broad range of xerogel particles ranging from 1.1 to
10.0 μm with the peak particle diameter of 2.0 μm. The
synthesis of the magnetic support by emulsion polymeriza-
tion plays an important role in the formation of homoge-
nous mesostructure materials respect to the sol-gel process
without surfactant [18].

Optimization of TCs isolation by MSPE

Several factors affecting the proposed MSPE procedure
required optimization. A Taguchi parameter design (TPD)
was selected as the optimization method since it provides
the necessary information with the minimal experimenta-
tion. TPD discriminates between control factors, treating
them separately by means of special designed matrices
(orthogonal arrays) in which the columns (corresponding to

factors) and rows (corresponding to trials) are arranged in a
conveniently fixed manner. These matrices indicate the
combination of factor settings in each experiment and allow
the simultaneous evaluation of several variables with the
minimum number of trials. The results obtained were
analyzed statistically to adjust each variable to its optimum.

Optimization of the system with TPD involves 5 steps, I)
identifying the output variable to optimize, II) identifying
and selecting factors that affect the system, III) selecting the
appropriate orthogonal array and assigning adequate settings
to the chosen factors, IV) analyzing the data and determining
the optimum settings, and V) conducting a confirmatory
experiment under the optimal conditions obtained.

In MSPE, the desired response is the maximum
percentage recovery. The variables optimized in the
procedure are the pH value, amount of magnetic support,
dispersion time and the acetic acid concentration during the
elution. The selected orthogonal array must have a number
of columns equal or higher than the number of degrees of
freedom of the system; thus an L9(3

4) array was used. The
three settings selected for each factor were chosen bearing
in mind preliminary analyses.
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Fig. 3 Particle size distribution for the magnetic support

Table 1 Control factor settings for the optimization experiment

Factors Level

1 2 3

pH value, pH 6.0 7.0 8.0

Support amount (g), SA 0.1 0.2 0.3

Dispersion time(min), DT 5 10 15

Acetic acid concentration (mol L−1), AAC 0.000 0.001 0.010

Table 2 L9(3
4) orthogonal array and RECOVERY in each case (each

value is the mean of three readings)

Exp Factors and levels Recovery (%)

pH SA DT AAC

1 1 1 1 1 56.5

2 1 2 2 2 74.9

3 1 3 3 3 95.0

4 2 1 2 3 82.3

5 2 2 3 1 75.5

6 2 3 1 2 90.7

7 3 1 3 2 75.1

8 3 2 1 3 64.7

9 3 3 2 1 69.4

*mean values (n=3)

Table 3 Pooled ANOVA for % recoveries in Table 2

Variance
source

Degree of
freedom

Variance Variance ratio
(F)a

Influence (%)b

pH 2 358.90 878.84 20.2

SA 2 546.80 1339.10 30.7

DT 2 288.44 706.38 16.2

AAC 2 585.25 1433.25 32.9

Residual 18 0.04 1.00 0.02

Total 26 3566.04

a The critical variance ratio for a 95% confidence level is 3.55 (2,18 d.f.)
b Contribution is defined as 100× (factor sum of squares/total sum of squares)
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The TCs contain localized charges across all the pH
values. Taking into account the milk pH value (6.5–6.9)
and the pKa values [4] the TCs achieve an overall neutral
state as zwitterions in this condition; therefore, the
evaluated pH values were selected to assure their neutral
charge. The magnetic support amount and the dispersion
time had to be long enough to allow the highest analyte
adsorption onto the support. With respect to the acetic acid
methanolic solution, it has been shown in other pre-

concentration methodologies that TCs were better eluted
in their cationic form; therefore the effect of acidity on the
elution process was evaluated [4]. The complexity of the
milk matrix difficult the correct selection of noise factors;
then in order to guarantee the robustness confirmatory
experiment was done in spiked milk samples. Table 1
shows the settings for control factors used in the
optimization experiments.

Table 2 shows the factorial design matrix and the
recovery results obtained for each trial. All experiments
were performed in triplicate in order to calculate the
residual error; the total number of experiments was
therefore 27 (9 experiments×3 replicates). Measurements
were performed with solutions containing 3.0 mg L−1 of
each TC (TC, OT, CT); therefore the global concentration
expressed as the sum of TCs was 9.0 mg L−1.

The results were analysed statistically to adjust each
variable to its optimum with the least variability possible.
All calculations were made using ANOVA TM v2.5
software. Table 3 shows the ANOVA results for these
analyses. The values of the variance ratio (F) and the
critical variance ratio (3.55 for a 95% confidence level)
show that all the factors taken into account were critical
(Fcalculated>Fcritical). The factor with the greatest influence
on the response was the acetic acid concentration, which
accounted for 32.9% of the total variance of the results,
followed by the support amount (30.7%). The contribution
of the residual error was 0.02%, indicating the correct
selection of experimental parameters.

Figure 4 shows the effects of the control factors on the
output variable (% recovery), among which the sample
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Fig. 4 Effect of control factors on the mean TCs recovery obtained.
pH, pH value; SA, sample amount; DT, dispersion time; AAC, acetic
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Fig. 5 Recorder output obtained
with the optimized methodology,
providing a TCs calibration plot
between 0.10 and 0.6 mg L−1.
The peaks for a spiked sample at
three levels are shown
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volume is the most important. The combination of settings
that allowed the highest output recovery was pH2-SA3-
DT3-AAC2 (see Fig. 3). Taking into account the milk pH
value, the magnetic support was added directly into the
sample, this in turn minimizes sample manipulation. The
highest levels found for support amount and dispersion time
are associated with the parameters to achieve the adsorption
equilibrium. The influence of the acetic acid concentration
is clearly stated in the Fig. 3, as the recoveries were higher
in presence of acidic methanolic solutions. An acetic acid
concentration (1×10−3 mol L−1) was selected in order to
decrease the magnetite dissolution. The mean recovery
obtained in optimal conditions was 93.9±1.8 (n=5).

Analytical properties of the procedure

Using the FIAgram obtained under optimal conditions
(Fig. 5), a standard curve for TC was constructed using
spiked milk samples. Table 4 shows the regression
parameters taken from this standard curve. The limits of
detection were calculated according to IUPAC criteria [19],
i.e., 3.29 se/b1, where se is the square root of the residual
variance of the standard curve, and b1 is the slope. The
intermediate precision of the procedure, expressed as the
relative standard deviation (RSD) for six determinations
(made on different days) using synthetic samples with
analyte concentration of 0.30 mg L−1 was 1.6%. When
spiked samples with an analyte concentration of 0.60 mg L−1

were used, the intermediate precision was 2.6%.
The FIAgram was used to calculate the repeatability of

the determinations; the RSD was below 5% for all standard
solutions and samples. Under optimum conditions, 60
samples per hour can be analysed. Figure 5 shows the
signals obtained during evaluation of the accuracy by
determining the recovery of TCs (T+OT+CT) from a
spiked blank milk sample at three levels (0.5, 1.0 and 2.0
FDA MRL). Overall TCs recoveries ranged from 91.0 to
97.0% with a R.S.D. below to 5.0% in all cases. These data
confirmed that MSPE-FIA provided adequate sensitivity to
process the samples.

To investigate the effect of successive MSPEs on the life
time of the magnetic support, a 0.1 mg L-1 spike milk
sample was continuously analyzed under optimal condi-
tions. The recoveries decrease gradually with the reuse,
despite after 5 determinations the analytical signal height
showed good repeatability; the RSD was 4.3%.

The developed method was applied to the determination
of TCs in 22 commercial milk samples. Three replicate
determinations were carried out on each sample. Overall,
two samples were found positive. In order to confirm the
presence of a particular tetracycline, positive samples were
also analyzed by MSPE-HPLC and SPE-HPLC for com-
parison. Results are displayed in Table 5 and Fig. 6. For
each sample, the average of each analyte (determined by the
methods) was compared by means of a two-way ANOVA.
Calculated F value (0.24) not exceeded F tabulated value
(F2,12=3.89; p=0.05), thus there are no significant differ-
ences between the results provided by both methods. The

Table 5 TCs concentration determined in milk samples by the
method proposed and SPE-HPLC y MSPE-HPLC. Concentration
units, μg L−1

Sample MSPE-FIA SPE-HPLC MSPE-HPLC

1 356.1 358.5 355.2

352.8 353.3 356.6

366.3 355.9 366.3

2 439.9 431.7 434.0

424.3 441.9 436.5

436.0 432.0 437.5

Table 4 Regression parameters of the calibration plots of mean peak
height (Abs, n=3) vs. TCs concentration (in mg L−1)

Parameter Value

Square root of residual variance, se 1.04

Number of standards, N 6

Intercept confidence interval, b0±t s(b0) (mAbs)a 49±3

Slope confidence interval, b1±t s(b1) (mAbs Lmg−1)a 314±7

Linear range (mg L−1) 0.03–0.60

Limit of detection (μg L−1) 0.01

a tcrit(0.05;4)=2.78

TC

OT

CT

OT

OT

(A)

(B)

(C)

Fig. 6 Chromatograms obtained at the optimized conditions: a. TCs
standard solution of 300 μg L−1, b. milk sample analyzed by SPE-
HPLC y c. milk sample analyzed MSPE-HPLC. TC, tetracycline; OT,
oxytetracycline; CT, chlortetracycline
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MSPE is a robust preconcentration technique that can be
coupled even to FIA or HPLC.

Conclusions

In this study, a silica based magnetic support was
synthesized and successfully applied for the separation of
TCs antibiotics from milk samples. The TCs were isolated
and the matrix interferences were eliminated using this
support. The magnetic support can be reused up to 5 times.
The extraction technique is a robust preconcentration
technique that can be coupled successfully to FIA or
HPLC. The methodology described (MSPE-FIA) is faster
than classical sample preparation procedures such as SPE-
HPLC, with a minimum sample handling, less solvent
consumption, and is a promising screening methodology
for routine milk samples analysis.
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