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a b s t r a c t

A simple, rapid and specific ion-pair liquid chromatographic method for the routine determination of
the marker residue of oxytetracycline in sheep milk, at levels as low as 20 �g/kg, has been developed.
Milk samples were acidified and extracted with acetonitrile. The extracts were purified by treatment
with ammonium sulphate and concentrated into diluted phosphoric acid. Separation was carried out
eywords:
xytetracycline
-epi-Oxytetracycline
esidues
ilk

on-pair liquid chromatography

isocratically on a Nucleosil C18 column using a mobile phase that contained both positively and negatively
charged pairing ions. The in-house validated method gave overall recoveries and overall relative standard
deviations better than 86% and 4.6%, respectively. The method was successfully applied to study the
depletion of oxytetracycline in sheep milk and to estimate the withdrawal period after intramuscular
administration of a commercial oxytetracycline formulation.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Oxytetracycline (OTC) is licensed for use in a variety of food-
roducing animals including cattle, sheep, goats, pigs, poultry and
sh. The use of OTC in lactating animals may lead to the occurrence
f residues in their milk posing a health hazard to the consumer [1].
oreover, the presence of OTC residues in milk could create critical

roblems in the production of fermented products such as yoghurt
nd cheese, since they may cause partial or complete growth inhi-
ition of the starter cultures used for fermentation. The European
edicines Agency (EMEA) of the European Union (EU) has estab-

ished a maximum residue limit (MRL) of 100 �g/kg for the marker
esidue of OTC in milk [2], which comprises the sum of OTC and
-epi-oxytetracycline (4-epiOTC).

Since OTC is widely used in lactating animals, milk residue
epletion and estimation of withdrawal period of this compound
lays an important role to guarantee the safety of milk. A thor-
ugh literature survey shows that only limited residue studies

oncerning milk have been published [3–6], but information on
he depletion of OTC marker residue in sheep milk and estimation
f withdrawal period after intramuscular injection does not cur-
ently exist. For this application, the EU demands a fully validated

∗ Corresponding author. Tel.: +30 2310 999817 fax: +30 2310 999803.
E-mail address: djflet@vet.auth.gr (D.J. Fletouris).

1 Hellenic Food Authority, Kifisias 124, GR-11524 Athens, Greece.
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ethod, in compliance with the Commission Decision 2002/657/EC
7], for the quantitative determination of OTC marker residue in

ilk.
Many liquid chromatographic (LC) methods for analysing tetra-

yclines in foods of animal origin have been reported over the
ast twenty years and they have been reviewed recently [8–11].
everal of these methods have been proposed for the determi-
ation of tetracyclines in milk [3,12–19], but only the method
eveloped by De Ruyck and De Ridder [19] is able to indi-
idually quantify OTC and 4-epiOTC in milk, meeting the EU
egislation. Nevertheless, the latter method requires expensive
quipment, such as LC–MS/MS, which although valuable for con-
rmatory purposes, cannot be used in a routine basis to detect
TC residues in unknown milk samples due to the high cost of the
nalysis.

The objective of this study was twofold; firstly to develop and
n-house validate according to EU legislation [7], a fit-for-purpose
C method for the routine determination of OTC and 4-epiOTC in
heep milk, and secondly to apply this new method to study the
epletion profile of these compounds in milk. The former objec-
ive was effectively realised in view of using simple LC-UV/visible
quipment to develop a simple, rapid, specific and cost-effective

C method based on a recently published LC method [20] concern-
ng the determination of OTC residues in animal tissues, with some

odifications. The latter objective was accomplished via a large
cale experiment with 20 healthy sheep intramuscularly injected
ith a conventional OTC formulation.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:djflet@vet.auth.gr
dx.doi.org/10.1016/j.jchromb.2008.10.026


matog

2

2

d
p
t
t
(
e
G

u
a
m
c
m
s
p
a
i
M
3

2

w
c
w
i
w

2

s
a
(
t
–
e
O

2

a
t
m
s
s
v
s
t
t
T
t
1

2

M

3
u
T
p
(
m
5
(

w
g
o
g
w
e
w
5

2

w
c
i
c
t
o
e
d
f

2

s
p
fi
a
e

2

o
m
E

3

3

b
t
a
[
c
a
e
s

D.J. Fletouris et al. / J. Chro

. Experimental

.1. Reagents and standards

The LC-grade acetonitrile and methanol, and reagent grade
ichloromethane, phosphoric acid, sulphuric acid, ammonium sul-
hate, disodium hydrogen phosphate, octanesulphonate sodium,
etrabutylammonium hydrogen sulphate and ethylenediaminete-
raacetic acid (EDTA) tetrasodium salt (dihydrate) were from Merck
Darmstadt, Germany). Reference standards of OTC (96.2%) and 4-
piOTC (98.4%) were kindly donated by Pfizer Hellas S.A. (Athens,
reece).

Stock standard solutions were prepared in individual 25-mL vol-
metric flasks by dissolving ca. 10 mg of each reference standard
nd diluting to volume with methanol. Mixed standard inter-
ediate solution, containing the two analytes, was prepared by

ombining appropriate aliquots of each stock solution into a 25-
L volumetric flask and diluting to volume with methanol. Mixed

tandard working solutions in the range of 50–800 ng/mL were
repared by appropriate dilutions of the mixed standard intermedi-
te solution with 0.1 M phosphoric acid. Stock and mixed standard
ntermediate solutions were stored at −28 ◦C and used for 1 month.

ixed standard working solutions were stored at 4 ◦C and used for
days.

.2. Animal trial

Twenty, 3-year-old, healthy sheep of a local Greek breed (Chios)
ere intramuscularly injected in the shoulder/neck region with a

onventional OTC formulation at a dose of 10 mg OTC per kg body
eight once daily for 5 consecutive days. The study was performed

n accordance with all EU recommendations [21] regarding animal
elfare.

.3. Milk sampling

The animals were milked twice daily (12 h intervals) and milk
amples were retained at each milking from day 0 until day 8
fter the last intramuscular administration of OTC. One hundred
100) milliliter of milk were sampled after mixing the total quan-
ity of milk collected from each animal and stored at approximately
80 ◦C, pending analysis. Control milk samples were obtained from
very sheep just before the first intramuscular administration of
TC.

.4. Sample extraction and clean-up

Milk (3.00 g) was weighed in a 15-mL graduated centrifuge tube
nd acidified at pH 2.5–3.0 with 0.4 M sulphuric acid. After addi-
ion of acetonitrile to a final volume of 10 mL, the tube was vortex

ixed and centrifuged for 1 min at 2000 × g. A 6-mL aliquot of the
upernatant liquid was pipetted into another tube, where 2 mL of
aturated ammonium sulphate solution were also added. Following
ortex mixing and centrifugation for 1 min at 2000 × g, the top layer
eparated was transferred into a new centrifuge tube and after addi-
ion of 0.5 mL of 0.1 M phosphoric acid and 5 mL of dichloromethane
he tube was vortex mixed and centrifuged for 1 min at 2000 × g.
he supernatant aqueous layer was pipetted into a 1-mL graduated
ube and the volume was adjusted with 0.1 M phosphoric acid. A
00-�L aliquot was used for LC.
.5. Liquid chromatographic analysis

LC analyses were carried out on a modular LC system (Gilson
edical Electronics, Villiers-le-Bel, France) consisting of a model

c
b

[
y
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05 piston pump, a model 805 manometer, a model TC 831 col-
mn oven, and a Model 119 variable wavelength UV–vis detector.
he detector was linked to a BD 111 Kipp & Zonen (Delft, Holland)
en recorder. Injections were made through a 7125 Rheodyne valve
Rheodyne Inc., Cotati, CA, USA) equipped with 100 �L loop. Chro-

atographic separation was performed on a Nucleosil 100-5 C18,
�m stationary phase in Macherey-Nagel (Germany) analytical

250 mm × 4.6 mm id) and guard (10 mm × 4.6 mm id) columns.
Analyses of extracted milk samples and standard solutions

ere conducted using an acetonitrile–0.01 M disodium hydro-
en phosphate (20:80, v/v) mobile phase that contained 5 mM
ctanesulphonate sodium salt, 3 mM tetrabutylammonium hydro-
en sulphate and 0.01% tetrasodium EDTA, and adjusted at pH 3.8
ith concentrated phosphoric acid. The mobile phase was deliv-

red in the system at 30 ◦C and a flow rate of 1 mL/min. Detection
as made at 370 nm, and recordings were made at a chart speed of
mm/min and a detector sensitivity of 0.01 a.u.f.s.

.6. Determination

Calibration curves were generated by analyzing mixed standard
orking solutions, plotting the recorded peak heights versus the

orresponding mass of the analytes injected, and computing slope,
ntercept and least squared fit of standard curves. Slope and inter-
ept data of calibration curves were used to compute the mass of
he analytes in the 100 �L injected extracts. The concentration (C)
f each analyte in milk samples (ng/g) was calculated using the
quation C = 5.56 × M × V, where M is the mass (ng) of the analyte
etermined in the injected extract (100 �L), and V is the dilution

actor, if any, applied.

.7. Method validation

The validation was performed according to Commission Deci-
ion 2002/657/EC [7] using sheep milk as matrix. Essential
arameters in validating an analytical procedure, such as speci-
city, linearity, decision limit, detection capability, sensitivity,
ccuracy, precision, stability of analytes and applicability, were
valuated.

.8. Estimation of withdrawal period

The withdrawal period was estimated by applying the rec-
mmended by the EMEA [22] Time-To-Safe-Concentration (TTSC)
ethod, using the software WTM1.4 that is downloadable from the

MEA Web site [23].

. Results and discussion

.1. Sample extraction and clean-up

The extraction of OTC residues from milk can present a num-
er of problems, mainly its high propensity to bind with proteins
o form conjugates that are difficult to extract from milk. Use of
n acidic solvent is of great assistance in overcoming this difficulty
12,14,15,17,19], but low recovery has been usually reported. To over-
ome this problem, extraction of milk samples with 2 volumes of
cetonitrile was used, and this resulted in protein precipitation but
xtraction of OTC and 4-epiOTC was not quantitative unless milk
amples had been acidified at pH values lower than 3 [20]. This

ould be possibly due to incomplete dissociation of non-covalently
ound OTC and 4-epiOTC from milk proteins at higher pH values.

For further clean-up and concentration, solid phase extraction
12,14,15,17–19] is the commonly employed technique in OTC anal-
sis. However, it is well known [9,24] that this technique suffer
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rom batch-to-batch variability and column clogging, and is invari-
bly time consuming to use, in addition to adding to the cost of the
ample preparation.

In this study, in an effort to overcome the aforementioned
roblems, a simple and cost-effective liquid–liquid partitioning
as applied for the clean-up and concentration of OTC and 4-

piOTC from milk. Some purification of the acetonitrile extracts
as effectively realized by vortex mixing them with a saturated

mmonium sulphate solution. Mixing the acetonitrile phase with
ichloromethane and extracting OTC residues with 0.1 M phospho-
ic acid enabled further purification and concentration.

.2. Liquid chromatographic analysis

Tetracyclines have a propensity to form chelate complexes with
hromatographic packings and to interact with the free silanols
resent in silica packings [9,11], which significantly contributes to
eak tailing and affect quantification. To eliminate peak tailing sev-
ral attempts were made by adding acids in the mobile phase, but
nly mobile phases containing oxalic acid (pH 2.0–3.0) produced no
ailing peaks of the tetracyclines [8]. These mobile phases, although
dequate to separate parent tetracyclines, proved to be inefficient
or baseline separation of OTC and 4-epiOTC. To achieve baseline
eparation of these compounds on reversed phase columns, gradi-
nt elution has been used by Cherlet et al. [25] and De Ruyck and De
idder [19]. Gradient elution has proved to be quite useful for the
C–MS/MS determination of OTC and 4-epiOTC, but for a routine
etermination an isocratic separation would be most valuable.

In this respect, several mobile phases were previously [20]
valuated for the separation of OTC and 4-epiOTC under iso-
ratic conditions using a Nucleosil 100–5 C18 stationary phase.
est results on separation and resolution could be obtained when
he mobile phase had a pH adjusted at 3.8 and contained 3 mM
etrabutylammonium hydrogen sulphate, 5 mM octanesulfonate
odium salt and 0.01% tetrasodium EDTA. Under the optimised con-
itions OTC eluted at 7.0 min and 4-epiOTC at 8.5 min (Fig. 1).

.3. Performance of the analytical method
.3.1. System suitability
The suitability of the LC system was checked with every set

f 10 samples by running control and fortified milk extracts, and
complete set of mixed standard working solutions. The LC sys-

ig. 1. Typical chromatograms of a mixed standard working solution (a), a con-
rol sheep milk sample (b), and a fortified sheep milk sample (c) with 50 �g/kg
xytetracycline (1) and 4-epi-oxytetracycline (2).
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a), 7th (b), and 8th (c) milking after the cessation of the intramuscular administra-
ion of oxytetracycline at a dose of 10 mg/kg body weight once daily for 5 consecutive
ays. Peak identification as in Fig. 1.

em provides baseline resolution and consistent retention times
or both OTC and 4-epiOTC. As regards the calibration curves,
egression analysis of the data obtained by running a series of work-
ng solutions showed that the response for the two analytes was
inear in the range examined (4.2–75.0 ng of OTC and 4-epiOTC
njected). Calibration curves could be described by the following
quations: y = 0.68 + 1.47x, r2 = 0.9999, for OTC and y = −0.21 + 1.69x,
2 = 0.9999, for 4-epiOTC, where y represents peak height in mil-
imetres and x is the quantity in nanogrammes of each analyte per
00 �L injected.

.3.2. Specificity
Chromatograms obtained from 20 different control milk extracts

nd reagent blanks showed that the peaks attributable to
he test compounds were resolved sufficiently from any other
eaks from matrix co-extractives to enable reliable quantification
Figs. 1 and 2).

.3.3. Decision limit and detection capability
The decision limit (CC�) was determined by analysing 20 control

heep milk samples spiked with OTC and 4-epiOTC at the MRL value
f 100 �g/kg. The CC� values were calculated as the sum of the
espective MRL values plus 1.64 times the corresponding standard
eviations of the measured concentrations.

The detection capability (CC�) was determined by analysing 20
ontrol sheep milk samples spiked with OTC and 4-epiOTC at the
espective CC�. The CC� values were calculated as the sum of the
espective CC� values plus 1.64 times the corresponding standard
eviations of the measured concentrations.

The CC� values calculated for OTC and 4-epiOTC were
06.5 �g/kg and 107.3 �g/kg, respectively, whereas the CC� values
ere 114.6 �g/kg and 115.5 �g/kg for OTC and 4-epiOTC, respec-

ively.

.3.4. Sensitivity

The efficiency of the ion-pair chromatographic system coupled

ith the cleanliness of the extracts, allowed very low limits of
etection and quantification to be realized in milk. Analysis results
howed that the limits of detection were 8.5 and 8.9 �g/kg for OTC
nd 4-epiOTC, respectively, whereas the limit of quantification was
0 �g/kg for both analytes.
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Table 1
Accuracy data for the determination of oxytetracycline marker residue in sheep milk.

Residue Fortification level
(�g/kg)

Meana

recovery ± SD (%)
Overall
recovery ± SD (%)

OTC 20 102.4 ± 8.3 90.4 ± 6.4
50 96.2 ± 3.8

100 91.5 ± 3.6
150 89.7 ± 3.2
300 91.3 ± 2.2

4-epiOTC 20 98.8 ± 8.0 86.7 ± 6.7
50 88.8 ± 4.1

100 85.3 ± 2.6
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150 84.2 ± 1.7
300 87.4 ± 2.0

a Mean of six replicates

.3.5. Accuracy and precision
Overall recoveries were 90.4 ± 6.4% and 86.7 ± 6.7% for OTC and

-epiOTC, respectively (Table 1), whereas overall intralaboratory
epeatability (RSD) for both analytes was better than 5% (Table 2),
eeting Commission Decision 2002/657/EC guidelines for accuracy

nd precision.

.3.6. Interference test
Several compounds, such as other tetracyclines (tetracycline,

-epi-tetracycline, chlortetracycline, 4-epi-chlortetracycline, doxy-
ycline), penicillins, sulfonamides, trimethoprim, thiampheni-
ol, novobiocin, aminoglycosides, thiabendazole, triclabendazole,
ebendazole, albendazole and its metabolites, and febendazole

nd its metabolites, were added to control milk samples at
00 �g/kg, and the samples were submitted to analysis. The results
howed that none of the tested compounds interfered with the

nalysis.

.3.7. Stability of the analytes
The results of the experiments carried out to investigate the

torage stability of the analytes in 0.1 M phosphoric acid indicated

v
t
e

t

able 2
recision data for the determination at three different days of oxytetracycline marker resi

esidue Fortification level (�g/kg) Meana concentration found ± SD (�g/k

Day 1 Day 2

TC 50 48.1 ± 1.9 45.4 ± 1.9
100 91.5 ± 3.6 93.3 ± 2.7
150 134.6 ± 4.9 131.4 ± 4.9

-epiOTC 50 44.4 ± 2.1 44.9 ± 1.8
100 85.3 ± 2.6 91.5 ± 2.5
150 126.3 ± 2.6 130.7 ± 4.4

a Mean of six replicates.

able 3
oncentration (�g/kg) of oxytetracycline marker residue in the milk of 20 sheep after the
nce daily for 5 consecutive days.

ilkings post-treatment OTC concentration founda

Concentration range

513.8–1557.3
366.2–1053.5
66.2–369.1
34.4–207.1
<20.0 to 87.6
<20.0 to 66.0
<20.0 to 34.6
<20.0

a Values have been corrected for recovery.
b Number of sheep with OTC concentration above the limit of quantification.
r. B 876 (2008) 148–152 151

hat OTC and 4-epiOTC were stable for at least 6 and 12 days when
tandard solutions were stored at 4 ◦C and −28 ◦C, respectively, but
onsiderable reduction in the concentration of both analytes was
bserved when standard solutions were stored at 20 ◦C in the dark.
his reduction was more pronounced when the standard solutions
ere stored in the light.

As far as the stability of the analytes in matrix is concerned, the
esults indicated that the test compounds were stable during the
torage of spiked and incurred milk samples (n = 10) at −80 ◦C for
t least 5 months. As regards the stability of the analytes in the
nal milk extracts (n = 10), the results indicated that no significant
hange in the concentration of OTC and 4-epiOTC, during storage
or 3 days at 4 ◦C in the dark, was observed, but an approximately
% reduction in the concentration of the analytes was noted after 9
ays of storage in the dark.

Moreover, experiments were conducted to evaluate the possible
pimerization of OTC to form 4-epiOTC due to sample prepa-
ation. The results showed that the 4-epimer was not formed
uring the extraction/clean-up procedure, which was applied to
ilk samples that were fortified only with OTC. Furthermore, the

ossibility of 4-epiOTC to convert back to OTC during analysis
f milk samples that were fortified only with 4-epiOTC did not
orroborate.

.4. OTC residues depletion

The results of OTC residues depletion in sheep milk are shown
n Table 3, whereas typical chromatograms of incurred sheep milk
amples are presented in Fig. 2. The results indicated that none
f the 20 sheep treated produced milk with 4-epiOTC concentra-
ions above the limit of quantification of the developed method.
his finding is clearly not in accordance with the results of a pre-

iously published study [20] where the presence of 4-epiOTC in
he tissues of the OTC treated sheep, as a consequence of in vivo
pimerization, was proved.

As far as the concentration of OTC in sheep milk is concerned,
he results presented in Table 3 indicate that OTC concentration

due in sheep milk fortified with both oxytetracycline and 4-epi-oxytetracycline.

g) RSD (%) Overall RSD (%)

Day 3 Day 1 Day 2 Day 3

47.0 ± 2.2 3.9 4.2 4.8 4.6
88.9 ± 3.8 4.0 2.9 4.2

138.6 ± 5.6 3.6 3.7 4.0

46.3 ± 2.0 4.6 3.9 4.3 4.4
87.6 ± 3.6 3.0 2.8 4.1

133.9 ± 3.5 2.1 3.4 2.6

intramuscular administration of oxytetracycline at a dose of 10 mg/kg body weight

4-epiOTC concentration founda

Mean concentration ± SD

940.5 ± 284.0 <20.0
647.5 ± 218.9 <20.0
191.8 ± 95.4 <20.0
96.6 ± 51.4 <20.0
53.7 ± 18.3 (n = 11)b <20.0
47.9 ± 13.7 (n = 5)b <20.0
33.2 ± 1.3 (n = 3)b <20.0
<20.0 <20.0
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ropped below the MRL, five (5) milkings after the last intramus-
ular administration.

.4.1. Estimation of withdrawal period
Using the TTSC method recommended by the EMEA [22],

withdrawal period of 6.589 milkings was estimated. Since
his point does not make up full milkings, the withdrawal
eriod would have to be rounded up to the next milking [22].
herefore, a withdrawal period of 7 milkings (84 h) for the con-
entional OTC formulation was estimated to guarantee consumer
afety.

. Conclusions

The developed method needs very small sample size, offers con-
iderable savings in terms of solvent requirements, costly materials,
ample manipulation and time of analysis, and presents satisfac-
ory analytical characteristics with respect to recovery, sensitivity,
electivity, and repeatability. Sample throughput (extraction/clean-
p/LC determination) is 16 samples in 4 h by a single analyst.
he method utilizes commercially available reagents and equip-
ent and is designed to be performed easily by trained analysts.
wing to these advantages, the method might be considered

uitable for routine monitoring as well as for depletion studies
f OTC residues in milk. The developed method was success-
ully applied for studying the depletion of OTC residues in sheep

ilk.
cknowledgement
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