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Chromatographic analysis of tetracycline antibiotics in foods
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Aichi Prefectural Institute of Public Health, Tsuji-machi, Kita-ku, Nagoya 462-8576, Japan

Abstract

Tetracycline antibiotics (TCs), such as oxytetracycline, tetracycline, chlortetracycline, and doxycycline, have for decades
continued to play an important role in veterinary medicine and feed additives because of the broad spectrum antibiotics and
their economical advantages. Many analysis methods of TCs, therefore, have been reported to monitor their residues in
foods. We review the recent developments in chromatographic analysis methods for TCs in foods. This review involves the
following techniques: thin layer chromatography, capillary electrophoresis, high-performance liquid chromatography, and
sample preparation including extraction and clean up procedures.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tococcus, Pneumococcus, Gonococcus, Cholera,
Dysentery bacillis, Pertussis, Rickettsia, Chlamydia,

Tetracycline antibiotics (TCs, Fig. 1) produced by and Mycoplasma. TCs are actively transported into
Streptomyces are broad spectrum antibiotics ranging the cells of susceptible bacteria and exert a bacterio-
from gram-positive to negative bacterias, and are static effect by inhibiting protein biosynthesis after
especially effective against Staphylococcus, Strep- binding to the 30S ribosomal subparticle.

Since the first member of the tetracycline family,
chlortetracycline (CTC) was discovered in 1948 [1],*Corresponding author. Tel.: 181-52-911-3111; fax: 181-52-
eight TCs are now commercially available (Fig. 1),913-3641.

E-mail address: hisaooka@alles.or.jp (H. Oka) of which oxytetracycline (OTC), tetracycline (TC),
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Fig. 1. Structures of tetracycline antibiotics and their related substances.

CTC, and doxycycline (DC) are commonly applied been set for all substances belonging to the tetra-
to food-producing animals including honeybees as cycline group in various tissues, including 0.6 ppm
veterinary medicines because of the broad spectrum in kidney, 0.3 ppm liver, 0.2 ppm eggs, 0.1 ppm
antibiotics and their economic advantages. However, muscle, and 0.1 ppm milk, which are expressed as
it is a distinct possibility that other TCs may also be the sum of parent drug and 4-epimer in the cases of
used for animals for the following reasons: OTC, TC, and CTC. Tolerances in USA are estab-
minocycline (MINO) has the highest biological lished for the sum of tetracycline antibiotic residues
activity among the TCs and is active against tetra- in animal tissues: 2 ppm in muscle, 6 ppm in liver,
cycline-resistant pathogens, methacycline (MTC) 12 ppm in fat and kidney.
and demeclocycline (DMCTC) are more stable than The widespread utilization of TCs leads to an
tetracycline and give higher and more sustained increasing resistance factor, so accurate monitoring
blood level with smaller doses at less frequent by public health agencies is required. Microbiologi-
intervals, and rolitetracycline (PRMTC) is readily cal assays are most commonly used for the measure-
soluble in water so that it is more suitable than other ment of TCs in foods, but they are time consuming,
TCs for injection. cannot identify certain TCs, and their precision

Maximum residue limits (MRLs) in the EU have appears to be variable. Therefore, a precise chro-
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matographic analysis method for the TCs has been ly [4]. TCs produce strong fluorescence with metal
required. ions or under basic conditions [5–7]. They form

Pharmaceutical preparations of TCs contain small chelate complexes with metal ions at b-diketones
amounts of impurities or degradation products, (C –C ) and carboxyamide (C ) [8–10] and bind10 12 2

namely 4-epioxytetracycline (EOTC), anhydroox- with proteins and silanol groups [11,12] in the
ytetracycline (AOTC), and a- and b-apooxytet- stationary phase.
racycline (apo-OTC) for OTC, 4-epitetracycline Based on these physicochemical properties, many
(ETC), anhydrotetracycline (ATC), 4-epianhydrotet- chromatographic analysis methods of TCs in foods
racycline (EATC), and CTC for TC, 4-epichlortet- have been reported over the past 20 years or more. In
racycline (ECTC), isochlortetracycline (ICTC), and this paper, we review the recent developments in the
4-epiisochlortetracycline (EICTC) for CTC, and 4- chromatographic analysis methods of TCs in foods.
epidoxycycline (EDC) for DC (Figs. 1 and 2). These
degradation products may occur by undergoing
dehydrogenation or epimerization under storage con-
ditions, because of the poor stability of the TCs as 2. Thin-layer chromatography
described below. Therefore, a precise chromato-
graphic analysis method for the impurities and
degradation products has also been required. TCs 2.1. Separation
have similar chemical and physicochemical prop-
erties. They are amphoteric compounds with charac- As shown in Table 1 a number of workers have
teristic pH values and form crystalline hydrates and reported TLC methods to separate TCs using ad-
salts with acids and bases [2]. Their UV spectra show sorbent layers of kieselguhr [13–20], silica gel [21–
strong absorptions around 270 and 360 nm in neutral 28], and cellulose [29–32]. In general, TLC is simple
and acidic solutions [3]. TCs are soluble in acids, and does not require special equipment, however,
bases, alcohols, and polar organic solvents and are most of the published methods need excessive time
extractable with several organic solvents such as for the preparation of the TLC plate to avoid binding
n-butanol and ethyl acetate. Stability of the TCs is of the TCs with trace metals in the adsorbents used.
poor under strong acidic and alkaline conditions and In order to control the above undesirable properties,
form reversible epimers, 4-epi-TCs, anhydro-TCs, EDTA has been added to the adsorbent when the
and iso-TCs under weakly acidic (pH 3) and strongly TLC plate is prepared and solvent systems con-
acidic (below pH 2), alkaline conditions, respective- taining EDTA have been used [13,15–18,20–22,32].

Fig. 2. Structures of apooxytetracyclines and isochlortetracyclines.
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Table 1
aSummary of normal-phase TLC conditions for the analysis of TCs

Tetracyclines Sample Plate Solvent system Extraction Detection Detection Ref.

and clean up limit

OTC, TC, and CTC – Silica gel containing EDTA n-BuOH sat. with water Dissolution in MeOH Spray (FeCl ) – [21]3

TC, ATC, and EATC Tablet Cellulose 0.1 M EDTA–0.1% NH Cl – FL 428 nm – [29]4

CHCl sat. with EDTA–NH Cl3 4

TC, CTC, ETC, ATC, – Diatomaceous earth containing Ethyl acetate sat. with EDTA – FL 370 nm – [13]

and EATC EDTA, glycerol, and PEG 400

OTC, TC, – Silica gel containing EDTA n-BuOH–EtOH–water (4:7:4) – FL 370 nm – [22]

and their impurities

TC, CTC, ETC, ATC, – Kieselguhr containing EDTA Me CO–water (10:1) – FL 370 nm – [14]2

and EATC Me CO–ethyl acetate–water2

(20:10:3)

OTC, TC, CTC, ETC, – Kieselguhr containing EDTA, MEK sat. Macllvaine buffer – Spray – [15]

ATC, and EATC glycerol, and PEG 400 (Fast Blue B)

TC, CTC, ETC, ATC, – Kieselguhr containing EDTA CH Cl –EtOH (9:1) – FL 370 nm – [16]2 2

and EATC and glycerol

TC, CTC, ETC, ATC, Capsule and Kieselguhr containing EDTA Me CO–ethyl acetate–water Dissolution in MeOH Spray 1 mg/spot [17]2

and EATC tablet (80:40:12) (Fast Blue B)

OTC, TC, and CTC Animal tissues Kieselguhr containing EDTA, Ethyl acetate–n-BuOH (9:1) Extraction with 0.1 N HCl FL 370 nm 0.025– [18]

glycerol, and PEG 400 containing EDTA and XAD-2 clean up 0.1 ppm

Cellulose containing EDTA n-BuOH sat. with water

and NH Cl4

OTC, TC, and CTC Milk Precoated kieselguhr impregnated CHCl –Me CO–(phosphate–citric acid Extraction with Me CO Bioautography 0.3 ppm [19]3 2 2

with phosphate–citric acid buffer buffer) (5:5:2)

containing glycerol

OTC, TC, CTC, DC, – Cellulose Aq. MgCl , aq. CaCl , aq, BaCl , – FL 370 nm 0.25 mg/spot [30]2 2 2

DMCTC, MTC, MINO, and aq. ZnCl2

and ATC

OTC, MTC, and DC – Cellulose containing Macllvaine Ethyl acetate sat. with water – Spray (MgCl ) – [31]2

buffer FL 370 nm

TC, CTC, ETC, ATC, Capsule and Cellulose containing EDTA CHCl sat. with EDTA Dissolution in MeOH FL 370 nm – [32]3

and EATC powder

TC – Precoated silica gel sprayed with Me CO–ethyl acetate–water – FL 370 nm – [23]2

EDTA (80:35:15)
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TC Capsule Kieselguhr containing EDTA Me CO–ethyl acetate–water Dissolution in MeOH Densitometry [20]2

(20:10:3) (366 nm)

OTC, TC, CTC, DC, – Precoated silica gel HPTLC CHCl –MeOH–EDTA (65:20:5) – Densitometry 0.1 mg/spot [33]3

ETC, ATC, and EATC predeveloped with EDTA iso-PrOH–ethyl acetate–EDTA (3:4:7) (360 and 450 nm)

Me CO–EDTA (10:1)2

OTC, TC, and CTC Fish tissues Precoated silica gel HPTLC CHCl –MeOH–EDTA (65:20:5) Extraction with EDTA– Densitometry 0.1 ppm [146]3

Macllvaine buffer (360 nm)

C cartridge pretreated18

with EDTA clean up

TC, CTC, ETC, ATC, Capsule, syrup, Precoated silica gel HPTLC CHCl –MeOH–EDTA (65:20:5) Dissolution in MeOH Densitometry 0.1 mg/spot [34]3

and EATC powder, and predeveloped with EDTA (360 and 450 nm)

tablet Spray 0.1 mg/spot

(Fast Violet B)

OTC, TC, CTC, DC, – Precoated silica gel HPTLC CHCl –MeOH–Me CO–EDTA – Densitometry 0.1 mg/spot [24]3 2

MINO, MTC, DMCTC, predeveloped with EDTA (5:11:25:9) (360 and 450 nm)

PRMTC, ETC, ATC, and Spray 0.1 mg/spot

EATC (Fast Violet B)

OTC, TC, CTC, DC, Honey Precoated silica gel HPTLC CHCl –MeOH–EDTA (65:20:5) C cartridge pretreated Spray (MgCl ) 0.1 ppm [25]3 18 2

MINO, MTC, and predeveloped with EDTA with EDTA and COOH FL 370 nm

DMCTC cartridge clean up

OTC, TC, CTC, and Animal tissues Precoated silica gel HPTLC CHCl –MeOH–EDTA (65:20:5) Extraction with EDTA– Densitomery 0.1 ppm [26]3

DC predeveloped with EDTA Macllvaine buffer (360 nm)

C cartridge pretreated Spray18

with EDTA clean up (Fast Blue BB

and Pyridine)

OTC, DC, and MINO – Precoated silica gel TLC sprayed CH Cl –MeOH–water (59:35:6) – Densitometry – [27]2 2

with EDTA (280 nm)

CTC and DMCTC – Precoated silica gel TLC sprayed CH Cl –MeOH–water (59:35:6) – Densitometry – [28]2 2

with EDTA (280 nm)

OTC, TC, CTC, DC, – Precoated silica gel TLC CH Cl –MeOH–water (59:35:6) – FL 365 nm 1 ng/spot [151]2 2

DMCTC, and MTC spray with EDTA (pH 8)

OTC, TC, and DC Honey, serum, Precoated silica gel TLC CHCl –MeOH–1% NH OH (65:20:5) – FL-Densitometry 0.2 ng/spot [35]3 4

and urine impregnated with EDTA (pH 9) (365/445 nm)

a ATC: anhydrotetracycline, EATC: 4-epianhydrotetracycline, ETC: 4-epitetracycline, MEK: methyl ethyl ketone, MINO: minocycline, MTC: methacycline, DMCTC:
demeclocycline, PRMTC: rolitetracycline, EDTA: disodium ethylenediaminetetraacetate, and FL: fluorescence.
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For precoated TLC plates, after spraying with EDTA among the TCs were obtained, but it showed no
and activation, it has been used [23,27,28]. These tailing spots. It was considered that aqueous oxalic
spraying techniques have been applied to precoated acid solution is essential in the solvent system to
silica gel TLC plates, however, poor resolutions obtain no tailing spots of the TCs [43].
among the TCs, especially between the impurities In order to compare the suitability of C and C8 18

(ETC, ATC, EATC, and CTC) of TC have been TLC plates for the separation of TCs using a
obtained. methanol–0.5 M aqueous oxalic acid solution (pH

Therefore, an improved method was designed 2.0) (1:1) as the solvent system, the TCs were
[24–26,33,34]: the plate is predeveloped with a separated on both plates. Although poor resolution
saturated Na EDTA aqueous solution and is acti- was obtained for the separation of the impurities of2

vated before applying the sample. Using this pre- TC using the C TLC plates, good resolution was8

developing technique, Oka et al. have reported the obtained for the parent TCs. On the other hand, good
successful separation of eight TCs on a silica gel resolution was obtained for the impurities using the
high-performance TLC plate [24] with a solvent C TLC plates, but it was unsatisfactory for the18

system of chloroform–methanol–5% Na EDTA parent TCs. C and C plates are suitable for the2 8 18

(65:20:5, lower phase) and applied this TLC tech- separation of the impurities and the parent TCs,
nique to the analysis of the eight residual TCs in respectively [43].
honey. Detection limits of 0.1 ppm were accom- The separation of the eight TCs on a C TLC plate8

plished by observing their fluorescence under a UV with a solvent system of methanol–acetonitrile–0.5
lamp (370 nm) after spraying with magnesium M oxalic acid (pH 2.0) (1:1:4) has been reported
chloride [25]. [24]. By the combined use of these TLC techniques

Xie et al. have presented a TLC–fluorescence with a C cartridge clean up, the analyses of the18

scanning densitometry method for the determination residual TCs in animal tissues and honey have been
of OTC, TC, and DC in honey, serum, and urine successfully carried out [25,26]. Detection limits of
[35]. Using the predeveloped silica gel TLC plate the TCs were 0.1 ppm.
with 0.27 M Na EDTA and a solvent system of2

chloroform–methanol–acetone–1% aqueous am- 2.2. Detection
monia (10:22:50:18), the TCs from the sample
clearly separated. The fluorescent spots were scanned For the detection of TCs on a TLC plate, mag-
with a densitometer (l : 365 nm, l : 440 nm). nesium chloride [25,31], ferric chloride [44], an-ex em

In reversed-phase (RP)-TLC, as summarized in timony pentachloride [44], sulfuric acid [44], diazot-
Table 2, all papers reported solvent systems con- ized p-nitroaniline [15], modified Sakaguchi reagent
taining oxalic acid to control the undesirable prop- [15], diphenylpicrylhydrazyl reagent [15], and
erties of the TCs. The TC spots show extreme tailing diazonium salts [15,17,24,26,34] as detection re-
on RP-TLC plates when an aqueous solution of agents have been reported. Among them, the ob-
methanol, acetonitrile, and ethanol are used as the servation of the produced fluorescence under a UV
solvent systems. In several RP-HPLC systems, the lamp (370 nm) after the spraying of magnesium
use of a mobile phase containing phosphoric [36,37], chloride [25] and the observation of the color
citric [38,39], tartaric [39], EDTA [40,41], and produced after spraying diazonium salts [24,45]
malonic [39] acids gave good results for the sepa- show high sensitivity for the detection of TCs on
ration of the TCs. Although these acids have been NP- and RP-TLC plates.
applied to RP-TLC, all TCs showed tailing spots. In order to confirm the TCs on a TLC plate,
When TCs are purified from a culture broth, oxalate TLC–fast atom bombardment (FAB)-MS has been
is added to prevent the formation of a chelate introduced to the residual analysis of TCs in foods
complex of the TCs with metal ions [42]. Therefore, [46–48]. In TLC–FAB-MS, the developed and air-
use of a mixture of methanol–0.5 M aqueous oxalic dried TLC plate is inserted into the TLC–FAB-MS
acid solution (pH 2.0) was tried as a solvent system ion source, the FAB mass spectrum of the desired
on a C TLC plate. Unsatisfactory separations spot on the plate is directly measured, and the plate18
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Table 2

aSummary of reversed-phase TLC conditions for the analysis of TCs

Tetracyclines Sample Plate Solvent system Extraction Detection Detection Ref.
and clean up limit

TC, CTC, ETC, ATC, Capsule, syrup, Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid Dissolution in MeOH Densitometry 0.1 mg/spot [34]8

and EATC powder, and (pH 2.0, 1:1:2) (360 and 450 nm)
tablet Spray 0.1 mg/spot

(Fast Violet B)
OTC, TC, CTC, DC, – Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid – Densitometry 0.1 mg/spot [24]8

MINO, MTC, DMCTC, (pH 2.0, 1:1:4) (360 and 450 nm)
PRMTC, ETC, ATC, and MeOH–MeCN–0.5 M oxalic acid Spray 0.1 mg/spot
EATC (pH 2.0, 1:1:2) (Fast Violet B)
OTC, TC, CTC, DC, Honey Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid C cartridge pretreated Spray 0.1 ppm [25]8 18

MINO, MTC, and (pH 3.0, 1:1:4) with EDTA and COOH (MgCl )2

DMCTC cartridge clean up
OTC, TC, CTC, and Animal tissues Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid Extraction with EDTA– Densitometry 0.1 ppm [26]8

DC (pH 2.0, 1:1:4) Macllvaine buffer (360 nm)
C cartridge pretreated Spray 0.1 ppm18

with EDTA clean up (Fast Blue BB
and pyridine)

OTC, TC, CTC, DC, – Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid – Densitometry 0.1 mg/spot [43]8

ETC, ATC, and EATC (pH 2.0, 1:1:4) (360 and 450 nm)
Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid18

(pH 2.0, 1:1:2)
OTC, TC, CTC, – Precoated CN-HPTLC MeOH–MeCN–0.5 M oxalic acid – Densitometry 0.4 mg/spot [152]
and DMCTC (2:1:6) (254 nm)
OTC, TC, CTC, Animal tissues Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid Extraction with EDTA– TLC–FAB-MS 0.1 ppm [46]8

and DC (pH 2.0, 1:1:4) Macllvaine buffer
C cartridge pretreated18

with EDTA clean up
OTC, TC, CTC, Milk Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid Extraction with EDTA– TLC–FAB-MS 0.05 ppm [47]8

and DC (pH 2.0, 1:1:4) Macllvaine buffer
C cartridge pretreated18

with EDTA clean up
OTC, TC, CTC, Honey Precoated C -TLC MeOH–MeCN–0.5 M oxalic acid Extraction with EDTA– TLC–FAB-MS 0.05 ppm [48]8

and DC (pH 2.0, 1:1:4) Macllvaine buffer
C cartridge pretreated18

with EDTA clean up
a ATC: anhydrotetracycline, EATC: 4-epianhydrotetracycline, ETC: 4-epitetracycline, MINBO: minocycline, MTC: methacycline, DMCTC: demeclocycline, PRMTC:

rolitetracycline, EDTA: disodium ethylenediaminetetraacetate, FL: fluorescence, and FAB-MS: fast atom bombardment mass spectrometry.
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Table 3
aSummary of CE conditions for the analysis of TCs

Tetracyclines Samples Capillary Running buffer Voltage or Extraction and Temperature Detection Detection Ref.

current clean up limit

OTC, TC, CTC, – Fused-silica 0.2 M phosphate 12 kV – – 265 nm – [153]

ETC, ATC, and buffer (pH 2.2)

EATC containing Triton X-

100

OTC, TC, CTC, Capsule Fused-silica 4.3 mM Phosphate 20 mA – 258C 260 nm 10–5 M [154]

DC, DMCTC, buffer (pH 7.5, 18.2

MTC, and MINO mM ionic strength)

TC, CTC, ETC, – Fused-silica 80 mM Na CO – 12 kV – – 270 nm 0.10% [155]2 3

ATC, and EATC 1 mM EDTA (pH 9)

containing 0.5%

MeOH

OTC, TC, CTC, Milk, serum, Fused-silica 50 mM Borate and 15 kV Metal chelate 138C 370 nm 1.4–5.3 ng/ml [49]

and DC and urine 50 mM phosphate affinity column

buffer (pH 8.5) and C18

containing 10 mM cartridge clean

SDS up

OTC, TC, CTC, – Fused-silica 30 mM citric 30 kV – – 254 nm 5–10 mg/ml [156]

DC, DMCTC, acid–24.5 mM b-

MTC, and MINO alanine (pH 3.0)

containing 40%

MeOH

OTC, EOTC, Pharmaceutical Fused-silica 50 mM Na CO – 10 kV – 108C 254 nm 0.05% [157]2 3

apo-OTC, preparation 1 mM EDTA (pH 11)

ADOTC, and TC containing 0.5%

Triton-X

OTC, TC, CTC, Milk and plasma Fused-silica 500 mM Magnesium 15 kV Precipitation 208C LIF 25 ng/ml [50]

DMCTC, ETC, acetate in N- with (325/514

ATC, and EATC methylformamide trichloroacetic nm)

acid

OTC Fish Fused-silica 0.2 M Phosphate 8 kV Extraction with – 265 nm 0.05 ppm [51]

buffer (pH 2) trichloroacetic

acid containing

EDTA and C18

cartridge clean

up
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OTC, TC, CTC, – Fused-silica 15 mM Ammonium 15 kV – 258C 265 nm – [158]

DC, DMCTC, and acetate buffer

MINO

CTC – Fused-silica 120 mM Borate 10 kV – 258C 280 nm 8.1 pg [159]

buffer (pH 8.5)

containing 1 mM

EDTA

CTC – Fused-silica 0.05 M Phosphate 15 kV – – DAD – [160]

buffer (pH 7.06)

TC, ETC, ATC, – Fused-silica 0.02 M Phosphate 10 kV – – 265 nm – [161]

and EATC buffer (pH 3.9)

containing 0.005 M

EDTA

TC, ETC, ATC, Pharmaceutical Fused-silica MeOH–MeCN (48– 25 kV – 258C 254 nm 0.02–0.06% [162]

and EATC preparation 52) containing 25

mM ammonium

acetate, 10 mM citric

acid, and 118 mM

methanesulfonic

acid

DMCTC, DMTC, Pharmaceutical Fused-silica 0.05 M Phosphate 12 kV – 158C 254 nm 0.30% [163]

EDMCTC, and preparation buffer (pH 12.25)

EDMTC containing 0.35%

Triton-100 and

0.001 M EDTA

a ETC: 4-Epitetracycline, ATC: anhydrotetracycline, EATC: 4-epianhydrotetracycline, EOTC: epioxytetracycline, ADMTC: 2-acetyl-2-decarboxamidooxytetracycline, LIF:
laser induced fluorescence, DMCTC: demeclocycline, DMTC: demethyltetracycline, EDMCTC: 4- epidemeclocycline, and EDMTC: 4-epidemethyltetracycline, DAD5diode
array detection.
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is removed from the ion source. To obtain good strongly intensified the fluorescence of TCs in di-
separation of the TCs on the TLC plate, non-volatile methylformamide which is ten times that in water.
compounds such as oxalic acid and Na EDTA are This CE technique has been applied to the de-2

added to the solvent system, as is also the case for termination of TCs in milk and plasma.
their analysis by LC. However, these compounds do Huang et al. have applied CE to the determination
not cause any problems in the TLC–FAB-MS such of TCs in raw and cooked channel catfish dosed at
as have been reported in LC–MS (clogging of the 37.5, 75.0, and 150 mg OTC/kg for 10 days [51].
interface and deposits in the ion source) because they The samples were extracted with trichloroacetic acid
remain on the TLC plate and are removed with it containing EDTA and cleaned up by a C cartridge.18

after the measurement has been completed. There- The mean recovery of OTC fortified in catfish at the
fore, TLC–FAB-MS has been applied for the con- levels of 0.1–25 ppm was 92.9%. The cooking
firmation of residual TCs in animal tissues, milk, and procedure could only reduce the OTC residues in the
honey using a non-volatile solvent system. This catfish fillets but not completely eliminate them.
method is based on a C cartridge clean up,18

followed by separation of the TCs on a reversed-
phase C TLC plate. The detection limits were 0.05– 4. High-performance liquid chromatography8

0.1 ppm.
4.1. Separation

3. Capillary electrophoresis TCs form chelate complexes with metal ions and
adsorb on the silanol group [43,52–54] in a reversed-

CE has many advantages in comparison with phase (RP) column as mentioned in the Introduction,
HPLC: very little organic solvent in the running so that TCs are apt to appear as tailing peaks. In
buffer, short run time for the separation, high order to avoid forming chelate complexes and their

6separation efficiencies, 10 plates /m, etc. However, adsorption on RP columns, RP column chromatog-
CE has not been applied to the analysis of drug raphy using mobile phases containing various acids
residues in foods, because of the low sample in- (phosphoric [36,37,55–84], citric [38,39,41,54], tar-
jection volume. Typical CE studies for the analysis taric [39], and EDTA [40,41,57,70,73,85–92]) and
of TCs are summarized in Table 3, in which only ion pair chromatography [54,70,74,80,82,93,94] have
three reports deal with the residual analysis of TCs in been reported (Table 4). However, TCs still showed
foods [49–51]. extreme tailing on the RP-HPLC column even when

Chen and Gu have presented the simultaneous using mobile phases containing these acids, and that
determination of OTC, TC, CTC, and DC in milk, only a mobile phase containing oxalic acid enabled
serum, and urine by CE [49]. The samples were no tailing peaks of the TCs.
deproteinized by succinate buffer and the TCs in the An isocratic HPLC for the determination of TCs
supernatant were cleaned up by metal chelate affinity has been reported using a mobile phase containing
column chromatography. Salts in the eluate from the oxalic acid on a modified silica gel column [52] The
column were removed by the trimethylsilanized C resolution and asymmetries of the TC peaks depend18

cartridge. Deproteination, a metal chelate affinity upon the pH of the aqueous oxalic acid solution in
column, and a C cartridge were highly efficient to the mobile phase and the optimum pH is 2.0. With18

eliminate the interfering substances. Recoveries of increasing oxalic acid concentration, the resolution
the TCs from the sample were 40–84% with a and asymmetries were good, results with being
relative standard deviation (RSD) of 3.3–9.1%. obtained above 0.01 and 0.2 M for the parent TCs

Metal complexation in non-aqueous CE was and the impurities of TC, respectively. The C -8

evaluated for the separation of TCs and the improved modified silica gel column was suitable for analyzing
detection of TCs using laser induced fluorescence the parent TCs and the C -modified silica gel18

detection [50]. Magnesium ions were found to be the column is suitable for the impurities of TC. It is well
most suitable ions for the separation of the TCs and known that large differences in the chromatographic
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Table 4
aSummary of HPLC conditions for the analysis of TCs

Tetracyclines Sample Column Mobile phase Extraction Detection Detection Ref.
and clean up limit

TC and PRMTC Bulk Cation-exchange EtOH–EDTA (4–6, pH 4.35) Dissolution in water 250 nm 2 mg [85]
TC, CTC, ETC, EATC, Bulk Zipax SCX 0.3 M EDTA (pH 7.0) Dissolution in 1 M HCl 429 nm 0.04 mg [86]
and ATC
OTC, TC, and CTC Urine Anion-exchange 0.005 M EDTA, 0.05 M NaCl, and Extraction with ethyl acetate 280 nm 4–12 mg/ml [87]

5% MeOH in water as calcium complexes
0.005 M EDTA, 0.05 M NaCl, and
30% MeOH in water

OTC, TC, and CTC Urine and plasma mBondapak C 30% MeCN in phosphate Extraction with ethyl acetate 355 nm 1–1.5 mg/ml [55]18

buffer (pH 2.4) as calcium complexes
40% MeCN in phosphate
buffer (pH 2.4)

OTC, TC, and CTC Urine and plasma mBondapak C pre- 30% MeCN in phosphate Extraction with ethyl acetate 355 nm 0.25–0.5 mg/ml [56]18

conditioned with EDTA buffer (pH 2.4) as calcium complexes
40% MeCN in phosphate
buffer (pH 2.4)

OTC, TC, CTC, DC, – Vydac TP C 2–8% iso-PrOH – 254 and – [57]18

MTC, MINO, DMCTC, in 0.1 M ammonium EDTA 405 nm
PRMTC, ATC –1 M DEA (pH 7.3)
and EATC
OTC, TC, CTC, DC, Urine and serum LiChrosorb RP-8 MeCN–0.1 M citric acid (24:76) Extraction with ethyl acetate 350 nm 50 ng/ml [38]
MTC, and DMCTC from buffered sample (pH 6.1)
TC Plasma LiChrosorb RP-2 MeCN–0.01 M phosphoric acid Ion pair extraction with TBA 357 nm 200 ng/ml [58]

(35:65)
OTC, TC, CTC, DC, – Hypersil C and C Water–DMF (9:1) containing – 272 nm – [40]1 18

MTC, MINO, DMCTC, 0.0005 M EDTA, 0.02 M KNO3

PRMTC, ETC, EATC, 0.015 M citric acid, and 0.02 M
and ATC sodium citrate
DC Urine, plasma, Nucleosil C MeCN–0.01 M NaH PO Extraction with MeCN–0.01 M 270 nm 0.5 mg/ml [59]8 2 4

and animal tissues (pH 2.4, 3:7) NaH PO (pH 2.4, 1:1)2 4

OTC, EOTC, – LiChrosorb RP-8 MeCN–0.05% TBA (2:98) or (2:8) – 275 nm – [164]
and AOTC
OTC, TC, CTC, DC – LiChrosorb RP-8 MeCN–0.1 M citric acid (76:24) – 250 nm – [39]
MTC, and DMCTC
TC, CTC, ETC, EATC, Bulk mBondapak phenyl Step gradient of 12–22% MeCN in Dissolution in water 270 nm – [36]
and ATC 0.2 M phosphate buffer (pH 2.2)
OTC, TC, CTC, DC – LiChrosorb NH MeCN–0.1 M phosphoric acid – 357 nm – [60]2

MTC, and DMCTC (1:9) containing 0.002 M HIBS
OTC, TC, CTC, DC, – C , C , and C MeCN–0.1 M phosphoric acid – 357 nm – [61]2 8 18
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Table 4. Continued

Tetracyclines Sample Column Mobile phase Extraction Detection Detection Ref.
and clean up limit

DC and EDC Turkey tissues Polymer Lab. PLRP-S MeCN–MeOH–0.01 M oxalic Extraction with succinate buffer FL; 406/515 nm, 1–1.2 ng/g [125]
acid gradient (15:5:80 to 20: Metal chelate affinity post-column
40:20) chromatography clean up addition of

zirconium ion
OTC, TC, CTC, DC, Milk and shrimp Polymer Lab. PLRP-S MeOH–0.005 M oxalic acid Extraction with succinate buffer Particle-beam MS 30–100 [126]
MTC, and MINO (58:42) Metal chelate affinity (negative Cl) ng/g

chromatography clean up
OTC, TC, DC, and Animal tissues and Polymer Lab. PLRP-S MeCN–MeOH–0.1 M KH PO – Extraction with ethyl acetate 305 nm 10 ppb [178]2 4

DMCTC egg 0.01 M citric acid–0.01 M EDTA On line metal chelate affinity
gradient chromatography clean up

CTC, ICTC, and IECTC Egg Polymer Lab. PLRP-S and MeCN–0.1 M glycine (pH 12) Extraction with glycine–HCl buffer FL; 420/340 nm) – [127]
Chromspher C (12.5:87.5) and MeCN–0.02 M Cyclohexyl cartridge clean up and FL (390/4908

oxalic acid gradient nm, post-column
addition of
aluminium ion

MINO Plasma Nucleosil 5-CN MeOH–(20 mM HCl –4 mM TEA) Extraction with ethyl acetate 350 nm 30 ng/ml [179]4

(1:4)
OTC Fish tissues YMC C MeCN–(0.01 M oxalic Extraction with EDTA–McIlvaine 355 nm 6–22 ng/g [148]18

acid–0.03 M SOS) buffer
(29.5:70.5) Pheny cartridge clean up

OTC, TC, and CTC Urine Brownlee RP-18 MeCN–0.1% TFA gradient (0: Addition of 0.2 M KH PO ESI-MS–MS 10 ppb [145]2 4

100 to 80:80)
OTC, TC, CTC and Animal tissues, fish Bakerbond C MeCN–MeOH–0.01 mM oxalic Extraction with EDTA–McIlvaine APCI-MS–MS 1–4 ppb [128]8

DC tissues, honey, milk, acid (27:18:55) buffer (SRM)
and egg C cartridge clean up18

OTC Plasma LiChrosorb RP8 MeOH–MeCN–0.01 M oxalic acid Extraction with ethyl acetate– 357 nm 5 ng/ml [111]
(10:15:75) iso-PrOH (6–0.5)

MINO Bulk Chemospher C DMF–0.2 M ammonium oxalate– Dissolution in 0.01 M HCl 280 nm [112]8

Rosil C 0.1 M EDTA (25:55:20)8

Hypersil C DMF–0.2 M ammonium oxalate–8

LiChrosorb C 0.1 M EDTA–water (15:55:20:10)8

Partisil C8

Zorbax C8

Nucleosil C DMF–0.2 M ammonium oxalate–8

0.1 M EDTA–water (10:55:20:15)
DC Serum Ultrabase C MeCN–phosphoric acid (pH 2.5) Extraction with ethyl acetate 350 nm 25 ng/ml [180]18

(28:72) from buffered sample (pH 6.1)
OTC, TC, CTC, DC, Animal tissues Chromospher C MeCN–0.1 M oxalic acid (pH 2.0) Metal chelate affinity column 365 nm 10 ng/g [113]8

DMCTC, and MINO (2:8) clean up
a DEA: diethanolamine, FAB-MS: fast atom bombardment mass spectrometry, EDTA: disodium ethylenediaminetetraacetate, FL: fluorescence l /l , TBA: tetra-ex em

butylammonium, THF: tetrahydrofuran, SOS: sodium octanesulfonate, SHS: sodium 1-heptanesulfonate, ATC: anhydrotetracycline, EATC: 4-epianhydrotetracycline, ETC:
4-epitetracycline, DMSO: dimethyl sulfoxide, ICTC: isochlotetracycline, TFA: trifluoroacetic acid, DMF: N,N-dimethylformamide, TCA: trichloroacetic acid, DOA: N,N-
dimethyloctylamine, HIBS: 1-hydroxy-3,5-diisobutylbenzenesulfonic acid, SCX: strong cation-exchange, DAD: diode array detection, APCI: atmospheric pressure chemical
ionization, SIM: selected ion monitoring, HFBA: heptafluorobutyric acid, ESI: electrospray ionization, MS–MS; tandem mass spectrometry, TEA: triethylamine, and SRM:
selected reaction monitoring.
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behavior of TCs have been observed using packing cence after degradation of the TCs under alkaline
materials from different suppliers. So, the capability conditions [134,138] and the formation of a metal
of the mobile phase containing oxalic acid for the chelate [94,139–141].
separation of TCs have been ascertained using The degradation of TCs under alkaline conditions
packing materials from different suppliers. As a was achieved by the combined use of a PS–DVB
result, even though packing materials from different column and alkaline mobile phase, because the PS–
suppliers were employed, variation in the ratio of DVB column is stable under alkaline conditions
organic solvent and aqueous oxalic acid solution in [134,138]. This method showed detection limits five
the mobile phase enabled good separation. The to ten times as much as those of UV detection.
mobile phase containing oxalic acid has appeared in For the formation of a metal chelate, two methods
many papers on the HPLC analysis of TCs in foods have been reported: one is the formation of metal
since the late 1980’s [25,26,47,53,95–128]. chelates of TCs with magnesium ion in the mobile

In order to separate TCs without a reduction in phase, and another is the complexation of TCs with
peak resolution on the conventional modified silica zirconium ion [115,116] or aluminum ion [119,127],
gel column, it is essential to add oxalic acid into the which is added post-column to the HPLC eluate. The
mobile phase as described above. However, the use detection limits increased more than ten times as
of a well end-capped modified silica gel synthesized much as those of UV detection, and in recent reports,
from 99.99% pure silica gel column enabled us to the post column method using zirconium ion showed
separate TCs without the addition of oxalic acid 50–100-fold higher detection limits in animal tissues
[129–133]. The peak resolution of TCs on the well [123,125].
end-capped modified silica gel column has not been Mass spectrometry (MS) is also used as a highly
reduced without oxalic acid, because silanol groups sensitive detection method of TCs [125,126,128,
have been mostly end-capped and the metals have 133,142,143]. The mass spectrometric techniques,
been completely removed. In most studies [129– which have been applied to tetracycline analysis in
133], volatile mobile phases which are applicable to foods, are as follows: thermospray (TSP) MS [144],
direct interfaced LC–MS without causing clogging frit FAB MS [129], atmospheric pressure chemical
problems at the interface have been used. ionization (APCI) MS [128,142], electrospray (ESI)

To avoid the addition of oxalic acid to the mobile MS [133,145], and particle beam (PB) MS
phase without a reduction in peak resolution of the [106,126]. Detection limits of the TCs in LC–TSP-
TCs, an alternative way is the use of a polystyrene– MS, frit LC–frit FAB-MS, and LC–PB-MS were the
divinylbenzene copolymer (PS–DVB) column same as those of UV detection, however, LC–ESI-
[68,72–74, 78,82,83,109,134–137] as the stationary MS and LC–APCI-MS showed over 10-fold higher
phase. This packing material is prepared by the detection limits.
polymerization of styrene and divinylbenzene and Mass spectrometric techniques can confirm the
does not possess silanol groups, therefore, it is not residual TCs with high sensitivity and selectivity;
essential to add oxalic acid to the mobile phase to therefore, a method combining a simple and precise
obtain good separation of TCs on this column. chromatographic separation with an appropriate mass

spectrometric determination technique would offer a
4.2. Detection significant advantage for the absolute confirmation of

the residual TCs. Although LC–MS appears best
As mentioned in the Introduction, TCs show suited for this purpose, most previously reported LC

strong UV absorption around 270 and 360 nm in conditions cannot be directly applied to existing
neutral and acidic solutions [3], so the most conven- LC–MS systems, because they require mobile phases
tional detection method for TCs was the use of a UV containing such non-volatile compounds as oxalic
detector (Table 4). Because TCs produce strong and citric acids to improve the chromatographic
fluorescence with metal ions or under basic con- resolution of the TCs (Table 4). However, mobile
ditions [5–7], the highly sensitive detection of TCs phases containing non-volatile compounds, when
in HPLC has been carried out by detecting fluores- used in LC–MS, have been observed to cause
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clogging at the interface and a build-up of deposits in overcome these undesirable properties, pretreatment
the ion source, so that the LC–MS cannot be of the C cartridge with EDTA [25,26,46,47,18

operated for a prolonged period. In order to over- 59,99,129,146] or a silylation reagent [53], the
come this problem, a combination of a well end- addition of oxalic acid to the eluent of the cartridge
capped modified silica gel synthesized from a [95,103,106,107], and matrix solid-phase dispersion
99.99% pure silica gel column (TSK Gel Super using a C adsorbent with EDTA and oxalic acid18

Octyl) and a volatile mobile phase (acetonitrile– [102,104] have been tried. Sufficient separations of
0.05% trifluoroacetic acid) has been successfully TCs and co-existing substances in foods have been
applied to the confirmation of TCs in animal tissues obtained using the above techniques. Among them,
without a clogging problem, because the peak res- the C clean up method combined with McIlvaine18

olution of TCs on the well end-capped alkyl-bonded buffer containing EDTA for extraction has been
silica gel column has not been reduced without introduced in 1983 for the first time [146] and
oxalic acid as described above. More recently, appears to be the current standard for the extraction
Nakazawa et al. found that a mobile phase con- and clean up of TCs from foods. The AOAC
taining oxalic acid can be applied to LC–APCI-MS International Official Analysis Method for TCs in
without a clogging problem at the interface by edible animal tissues has been established based on
setting the nebulizer probe temperature at 4758C, this extraction and clean up method [96].
since oxalic acid decomposes to carbon dioxide and As described above, TCs have a chelating ability
water at high temperature. They successfully applied [8–10]. This ability has been used to establish a
this LC–APCI-MS technique to the determination of clean up method, and interesting clean up methods of
TCs in animal and fish tissues, milk, honey, and egg TCs in foods have been reported, such as metal
[128]. chelate affinity chromatography (MCAC) [105,109,

110,115,116,123,125,126,135]. The principal of
MCAC is as follows: Agarose gel containing im-

5. Extraction and clean up mobiled iminodiacetic acid is loaded with copper(II)
ions, which bind to the diacetate group. Once bound,

As TCs form a chelate complex with metal ions the gel becomes active and capable of binding
[8–10] and bind with proteins, it has been considered chelators such as TCs. Chelated compounds (TCs)
that strong acid and acidic deproteinizing agents are are removed by the passage of a stronger chelating
suitable to extract TCs from biological samples agent such as EDTA through the gel. Although the
[18,65–67,69,70,72,75,86]. However, TCs are de- RSD was below 10%, the recoveries of the TCs from
composed to the anhydro-form under acidic con- animal tissues were relatively lower ranging from 40
ditions (,pH 2.0) and converted to their epimers by to 80%. The metal chelate chromatography clean up
heating for a long time. Therefore, extraction has combined with HPLC analysis has been adopted as
been achieved using a mild acidic solvent containing an AOAC International Official Analysis Method for
EDTA (0.1 M EDTA–McIlvaine buffer, pH 4.0) TCs in milk [110].
[25,26,46, 47, 53, 54,77,95,98–100,107,114,117,118,
121,129–131,133,138,141,142,145–148]. Extraction
efficiencies of the buffer from animal tissues are 6. Conclusions
estimated to be 87, 84, 80 and 68% for OTC, TC,
CTC, and DC, respectively [95]. OTC, TC, CTC, and DC are most often applied to

For a clean up procedure, Amberlite XAD-2 livestock animals including honeybees as veterinary
[18,65,105] and chelate extraction [87,149,150] have medicines because of their economic advantages.
been employed, however, these methods require Many chromatographic analysis methods of TCs in
complicated procedures and gave poor recovery and foods have been reported for 25 years. However,
reproducibility. These problems during the extraction most of them require complicated procedures, be-
and clean up steps are caused by the undesirable cause the properties of TCs to form a chelate
properties of TCs mentioned above. In order to complex with metal ions and to bind with proteins
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