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Abstract

We will review recent developments in mass spectrometric analysis of tetracycline antibiotics (TCs) in foods. The mass
spectrometric techniques discussed are as follows: the collision-activated decomposition mass-analysed ion kinetic energy
spectrometry (CAD MIKES), thin-layer chromatography (TLC)—fast atom bombardment (FAB) mass spectrometry (MS),
particle beam (PB) liquid chromatography (LC)-MS, LC-frit FAB MS, thermospray (TSP) LC-MS, atmospheric chemical
ionization (APCI) LC-MS and tandem electrospray (ESI) LC-MS. Their advantages and limitations are described in the
confirmation of TCs in foods: CAD MIKES can confirm TCs with high sensitivity; however, its practical application is
guestionable because of uncommon instrumentation. TSP has a problem in reproducibility of the mass spectrum. Although
TLC-FAB-MS can be applied to any kind of samples, it cannot be used for the quantitative analysis. LC—frit FAB-MS is a
useful technique for the confirmation of TCs in honey, but it cannot be applied to animal tissues because of a lack of
sensitivity. PB negative chemical ionization, APCI, and ESI-MS-MS can reliably confirm TCs in foods with good
reproducibility. O 1998 Elsevier Science BV. All rights reserved.
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Fig. 1. Tetracycline antibiotics. MW=molecular mass.

1. Introduction

Tetracycline antibiotics (TCs, Fig. 1) are com-
monly used al over the world as veterinary
medicines and feed additives [1-3]. Residua TCs
have sometimes been found in organ and muscle
tissues collected from daughtered animals. The
determination of TC residues in edible tissues of
slaughtered animals is one of the more serious
analytical problems for a public heath agency.
Microbiological assays have been most commonly
used for the detection of such residues, but they are
complicated, time consuming and non-specific. Mass
spectrometric techniques can confirm the residual
drugs with high sensitivity and selectivity; therefore,
a method combining a simple and precise chromato-
graphic separation with an appropriate mass spec-
trometric determination technique would offer a
significant advantage for the absolute confirmation of
the residual TCs. Although high-performance liquid
chromatography—mass spectrometry (LC-MS) ap-
pears best suited for this purpose, most previously
reported LC conditions cannot be directly applied to
existing LC—MS systems, because they require mo-
bile phases containing such non-volatile compounds
as oxalic and citric acids to improve the chromato-
graphic resolution of TCs. However, mobile phases
containing non-volatile compounds, when used in
LC-MS, have been observed to cause clogging at
the interface and a build-up of deposits in the ion
source, so that the LC—MS cannot be operated for a
prolonged period.

In order to resolve the above problem, various
devices have been tried since the 1980s, and the

collision-activated decomposition mass-analysed ion
kinetic energy spectrometry (CAD MIKES) [4], thin-
layer chromatography (TLC)-—fast atom bombard-
ment (FAB) MS [5-7], and LC with particle beam
(PB) MS [8], frit FAB MS [9], thermospray (TSP)
MS [10], atmospheric chemical ionization (APCI)
MS [11], and tandem electrospray ionization (ESI)
MS [12] have been practically applied to the analysis
of TCs in foods. In this paper, we review recent
developments in the MS analysis of TCs in foods
and describe the advantages and limitations of the
methods.

2. Mass spectra of tetracyclines

Severa reports on mass spectrometry have been
published in which electron ionization [4], field
desorption [13], TSP [10,14,15], PB [8,14], FAB
[5-7,9,16], APCI [11], and ESI [12,17] were used.
Among them, we introduce mass spectra obtained by
TSP, PB, FAB, APCI, and ES| in this section, as
they have been successfully applied to the analysis of
residual TCs in foods.

The TSP mass spectra of TCs give abundant ions
of [M+H]" (m/z 461 for OTC, 445 for TC, and 479
for CTC) with one relatively abundant fragment ion.
The intensity of the fragment ion varies depending
on the operation conditions. Voyksner et al. [14]
reported that [M+H—CONH,]" appeared in the
mass spectra of TC (m/z 401) and CTC (m/z 435) as
a fragment ion with relative strength. However,
another paper reported that the relatively abundant
ions, [M+H-H,0] " for TC (m/z 427), [M+H-
HOCN]“ for OTC (m/z 418), and [M+H-
CONH,]* for CTC (m/z 435) were observed [10].
In TSP, vaporizer and ion source temperatures most-
ly affect production of ions. If the optimum tempera-
ture drifts only a few degrees, it will significantly
affect the production of ions. The temperatures are
significantly affected by the flow-rate of the mobile
phase and the mobile phase composition; therefore, it
is difficult to obtain the TSP mass spectra of TCs
with good reproducibility. Furthermore, at least three
ions including a molecular ion species and two
structurally significant fragments are required to
confirm a residual substance in the sample matrix
using selected ion monitoring (SIM) [18,19]. How-
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Table 1

Molecular and fragment ions in particle beam negative chemical ionization mass spectra of tetracyclines

Tetracyclines Molecular and fragment ions, m/z (relative abundance, %2
M~ [M-H,0] [M-CONH]~ [M—CONH,] ~ [M-H,0-CONH] ~ [M=HCI]~ [M-HCI-H,0] [M-H,0-CONH,] ~
oTC 460 (100) 442 (48) 417 (7) 416 (33) 399 (20) - - 398 (78)
TC 444(100) 426 (83) 401 (11) 400 (44) 383 (19) - - 382 (17)
CTC 478 (52) 460 (30) - 434 (6) 416 (4) 442 (100) 424 (22) -

“ Relative abundance calculated from Ref. [14].

ever, TSP gives only two ions. Therefore, we
consider that it is difficult to practicaly apply TSP to
the analysis of TCs in foods.

Voyksner et al. [8] and Kijak et a. [14] reported
PB negative chemical ionization (NCI) mass spectra
of TCs using methane gas as a reagent gas. Molecu-
lar and fragment ions are summarized in Table 1.
The most abundant ions are [M] ™ for OTC and TC
and [M—HCI] "~ for CTC. In the mass spectra of OTC
and TC, [M-H,0] , [M—CONH,] , [M—-H,O-
CONH] , and [M—H,O-CONH,]  appeared with
considerable abundance, together with the weak ion
of [M—CONH] . For CTC, abundant ions of [M] ™,
[M-H,Q] ", and [M—H,O0—-HCI]  are observed with
weak ions of [M-CONH,]  and [M-H,O-
CONH] . More than three relatively abundant ions
are monitored in each mass spectrum of the TCs, so
it is considered that PB-NCI is a suitable technique
for the confirmation of TCs in foods.

For the measurement of the FAB mass spectra of
TCs, only thioglycerol is suitable as a matrix,
because with other matrices, the matrix-derived ions
overlapped the molecular ion species of the TCs
[5,16]. The ion species for the TCs are summarized
in Table 2. OTC, TC, and CTC gave the most
abundant ion, [M+H]", and two fragment ions
which have been identified as [M+H-NH,] " and
[M+H-NH,—H,0] ", however, in the mass spec-

Table 2

trum of DC, only [M+H] " and [M+H-NH,] ~ were
observed. Because DC does not give [M+H-NH;—
H,O] ", the formation of the ionic species depends
on the presence of a hydroxy group in the C ring
(Fig. 1) [16], which is available for discrimination
between TC and DC. The composition of the [M+
H-NH,] " of TC was established by high-resolution
MS and the [M+H] " of TC gave only three ionic
species, [M+H-NH.]", [M+H-H,0] ", and [M+
H-NH,—H,0] " in the product ion spectrum by B/E
linked scanning. With N-pyrrolidinylmethyl tetra-
cycline, the loss of the N-pyrrolidinylmethyl moiety
occurred analogously. These results clearly indicate
that the loss of ammonia occurs from the carboxy-
amide moiety in the A ring. Three ions including the
molecular ion species and two fragments except for
DC appear in the FAB mass spectra, so that it can be
used for the confirmation of TCs in foods in a
full-scan mode.

Blanchflower et al. [11] reported APCI mass
spectra of TCs. Table 3 shows protonated molecules
and characteristic fragment ions. The ratio of the
ions varies depending on the cone voltage, and the
ion ratio of TCs in Table 3 is obtained at a cone
voltage of 25 V. In the spectra of OTC and TC,
[M+H-H,O] " appeared as the most abundant ion,
accompanied by prominent ions, [M+H] ", [M+H-
NH,] ", [M+H-NH,—H,0] ", and [M+H-2H,0] *.

Protonated molecules and characteristic fragment ions in fast atom bombardment mass spectra of tetracyclines

Tetracyclines Protonated molecule and fragment ion, m/z (relative abundance, %)
[M+H]" [M+H-NH,]" [M+H-NH,-H,0] "
oTC 461 (100) 444 (18) 426 (45)
TC 445 (100) 428 (20) 410 (64)
CTC 479 (100) 462 (40) 444 (44)
DC 445 (79) 428 (100) -
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Table 3

Protonated molecules and characteristic fragment ions in atmospheric pressure chemical ionization mass spectra of tetracyclines

Tetracyclines Protonated molecule and fragment ion, m/z (Relative abundance, %°)
[M+H] [M+H-NH,] [M+H-H,0] [M+H-NH,H,0] * [M+H-2H,0]
oTc 461 (77) 444 (76) 443 (100) 426 (59) 425 (50)
TC 445 (45) 428 (40) 427 (100) 410 (48) 409 (61)
cTC 479 (100) 462 (95) 461 (82) - 443 (50)

“ Relative abundance calculated from Ref. [11].

On the other hand, CTC gave the most abundant ion,
[M+H]", and the prominent ions, [M+H-NH.]",
[M+H-H,0]", and [M+H-2H,0]". However,
[M+H-NH,-H,0] ", which was observed in the
mass spectra of OTC and TC, did not appear in the
mass spectrum of CTC. Thus, APCI-MS is consid-
ered to be a suitable technique for the confirmation
of TCs in foods.

In both positive and negative ESI MS[16,17], TCs
gave only the molecular ion species ((M+H]" and
[M=H] ") and no fragment ions at low capillary
voltage. When a high capillary voltage above 150 V
was used, several fragment ions appeared. Therefore,
in order to confirm TCs in foods, we should measure
the mass spectra at a high capillary voltage or
tandem mass spectrometry should be carried out.

3. Applications

As shown in Table 4, mass spectrometric tech-
nigues have been successfully applied to the analysis
of TCs in milk, animal tissues, and honey. The
interface and ionization methods used are El, PB-
NCI, TLC-FAB, Frit—-FAB, TSP, APCI, and ESI,
and various detection modes including CAD MIKES,
SIM, full-scan, and tandem mass spectrometry (MS—
MS) have been examined. For the extraction and
clean-up, a combination of Mcllvaine buffer and a
C,g cartridge have been mainly investigated, and
successful results were obtained. Detection limits
ranged from 1 ppb to 0.1 ppm. In this section, we
introduce typical application studies to the analysis
of TCsin foods using CAD MIKES, PB-NCI, TLC-
FAB, Frit—FAB, TSP, APCI, and ESI.

3.1. Collision-activated decomposition mass-
analysed ion kinetic energy spectrometry

Tandem mass spectrometric determination of OTC
in bovine milk and meat was carried out in 1985 by
Tradei et al. [4]. They used CAD MIKES with
direct electron ionization. In the CAD MIKE spec-
trum, OTC gave 18 product ions and losses of H,O
(m/z 442), CONH, (m/z 416), and both H,O and
CONH,, (m/z 398) mainly occurred, when [M] "
was used as a precursor ion. To confirm and de-
termine OTC in bovine milk and meat, a crude
ethanol extract spiked with an interna standard was
directly introduced into the ion source. For the
confirmation, the CAD MIKE spectrum obtained
from the samples was compared with that of the
standard, and both spectra perfectly coincided. The
determination was carried out by SIM of the most
abundant ion, [M—-H,0]" (m/z 442), and the de-
tection limit was 1 ppb. Although this method offers
high sensitivity and high speed sample anaysis, the
practical application of this technique is limited
because of uncommon instrumentation.

3.2, Thin-layer chromatography—fast atom
bombardment mass spectrometry

In TLC-FAB-MS [5], the developed and air-dried
TLC plate is inserted into the TLC-FAB-MS ion
source, the FAB mass spectrum of the desired spot
on the plate is directly measured, and the plate is
removed from the ion source. In order to obtain good
separation of TCs on the TLC plate, non-volatile
compounds such as oxalic acid and disodium ethyl-
enediaminetetraacetate (Na,EDTA) are added to the
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Table 4
Application of mass spectrometry to the analysis of residual tetracyclines in foods
Tetracyclines Samples Extraction/clean up Stationary phase Moile phase Interface/ Detection Detection Ref.
ionization mode limit
oTC Bovine milk Deproteinization with - - El CADMIKES 1 ppb [4
and meat ethanol
OTC, TC, and Milk C, g cartridge clean up Novapak C, g column Acetonitrile-methanol -0.01 PB-NCI SM 0.1 ppm [8]
CTC M oxalic acid (50:20:30)
OTC, TC Bovine Extraction with Mcllvaine Cg TLC plate Acetonitrile-methanol-0.5 FAB Full-scan 0.1 ppm [5]
CTC, and DC tissues buffer (pH 4.0) containing M oxalic acid (pH 2.0)
0.1 M EDTA; Cyg (1:1:4)
cartridge clean up
QOTC, TC Honey Extraction with Mcllvaine Cg TLC plate Acetonitrile-methanol -0.5 FAB Full-scan 0.1 ppm [6]
CTC, and DC buffer (pH 4 0) containing M oxalic acid (pH 2.0)
0.1M EDTA; C,4/COOH (L:1:4)
cartridge clean up
QoTC, TC Milk Extraction with Mcllvaine ~ Cg TLC plate Acetonitrile-methanol-0.5 FAB Full-scan 0.05 ppm M
CTC, and DC buffer (pH 4 0) containing M oxalic acid (pH 2.0)
0.1 M EDTA; C,q (1:1:4)
cartridge clean up
OTC, TC Honey Extraction with Mcllvaine Inertsil Pheny column Acetonitrile-methanol -0.005 Frit FAB Full-scan 0.1 ppm [9
CTC, and DC buffer (pH 4 0) containing M trifluoroacetic acid
0.1 M EDTA; Cyg (2:2:11)
cartridge clean up
OTC, TC, and Muscle and Extraction with Mcllvaine Inertsil Cg column Acetonitrile-0.1 M TSP SM 0.1 ppm [10]
CTC kidney buffer (pH 4.0) containing ammonium formate (pH 3), for OTC
0.1 M EDTA; Ciq gradient (0:10 to 3:7) and TC,
cartridge clean up and 0.3
ppm for
CTC
QOTC, TC, Muscle and Extraction with glycine- Prodigy ODS 2 Mixture of acetonitrile APCI SM 0.01 ppm [11]
CTC, and epi- kidney HCI buffer; cyclohexyl column containing 0.04% in muscle
CTC cartridge clean up heptafluorobutyric acid, and 0.02
0.01 M oxdlic acid, 0.01 M ppm in
EDTA, gradient (1.9 to 9:1) kidney
OTC, TC, Bovine Extraction with Mcllvaine TSK Gel Super Octyl Acetonitrile-0.005 M ESI MS-MS 0.1 ppm [12]
CTC, and DC tissues buffer (pH 4.0) containing column trifluoroacetic acid (1:4)
0.1 M EDTA; Cyg
cartridge clean up
QOTC, TC, Bovine milk Extraction with metal Polymer Labs. PLPRP- Methanol-0.005 M oxalic PB/NCI SIM 0.03 ppm [20]
CTC, DC chelate affinity S column acid
DMCTC, and chromatography; polymer
MINO reversed-phase cartridge

clean up

El: electron ionization, CAD MIKES: collisionally activated decomposition mass-analysed ion kinetic energy spectrometry, PB: particle
beam, NCI: negative chemical ionization, SIM: selected ion monitoring, FAB: fast atom bombardment, TSP: thermospray, APCI:

atmospheric pressure chemical ionization, ESI: electrospray, DMCTC: demeclocycline, MINO: minocycline.

solvent system, asis also the case in their analysis by
LC. However, these compounds do not cause any
problems in TLC-FAB-MS such as have been
reported in LC-MS (clogging of the interface and

deposits in the ion source) because they remain on
the TLC plate and are removed with it after the
measurement has been completed. Therefore, TLC—
FAB-MS has been applied to the confirmation of
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residual TCs in tissues from slaughtered animals
using a non-volatile solvent system.

This method is based on a C, ; cartridge clean-up,
followed by separation of the TCs on a reversed-
phase C, TLC plate. TLC—FAB-MS of the TCs are
measured after condensation of the TCs spots.
Among these procedures, the condensation of the
spots of TCs is unique: When a matrix is deposited
on a sample spot on a TLC plate, diffusion of the
sample usually occurs with spreading of the matrix
used, so that no satisfactory spectrum is obtained
with good sensitivity, unless a large amount of
sample is applied to the TLC plate. To prevent
diffusion of the analyte and to obtain high sensitivity
from the TLC-FAB-MS, a sample condensation
technique has been developed using methanol (Fig.
2). No satisfactory spectra were obtained unless
more than 5 pg/spot of TCs was applied to the TLC
plate without the condensation technique. However,
when the developed spot was reconcentrated on the
TLC plate using the concentration technique, the
[M+H]" clearly appeared at a concentration of 0.1
g/ spot. Thus, the technique can improve the de-
tection limits of TCs by 50 times with good repro-
ducibility in TLC-FAB-MS.

For the extraction and clean-up, a combination of
Mcllvaine buffer and a C, 4 cartridge has been used:
A sample was extracted three times with 20, 20, and
10 ml of 0.1 M Na,EDTA—Mcllvaine buffer (pH
4.0). The supernatants were combined and filtered.
The filtrate was applied to a C,; solid-phase ex-

Sample spot

Sample spot Scratch off

traction cartridge pretreated with saturated agueous
Na,EDTA. The cartridge was washed with 20 ml of
water. TCs were eluted with 10 ml of ethyl acetate,
followed by 20 ml of methanol—ethyl acetate (5:95,
v/v) and the eluate was evaporated to dryness. The
residue was dissolved in methanol and applied to
TLC-FAB-MS. Although the recoveries (calculated
by HPLC) at the 0.1 ppm fortification level were
only 55-79%, the clean-up method gave good
coefficients of variation of less than 6.8% at the 0.1
ppm fortification level. This means that the clean-up
method provides sufficient recoveries with good
reproducibility for the confirmation of residua TCs
in the samples. After clean-up of TCs fortified at
concentrations of 0.1 ppm in animal tissues and
development of the TLC plate (TLC plate: Merck,
RP-18; solvent system: methanol—acetonitrile—0.5 M
oxalic acid, pH 2.0, 1:1:4), TLC-FAB-MS with the
concentration technique was performed. The [M+
H]* was clearly observed in the spectra for animal
tissues, and some spectra also provided the fragment
ions, [M+H-NH.] " and [M+H-NH,—H,0] " (Fig.
3). In the mass spectra of blank tissues, no ions
corresponding to [M+H]", [M+H-NH.]", and
[M+H-NH,-H,0] " of TCs appeared. In addition,
this method was applied to the confirmation of TCs
in bovine samples [5], milk [7], and honey [6], and
the [M+H]" and fragment ions of the TCs were
clearly visible in the spectra. This method is unique
and useful for the confirmation of TCs in foods;
however, it cannot be used for quantitative analysis.

Condensed zone (0.5 x 2mm)
of sample

Stationary phase

Methanol

\
S <

Front Origin

(1) (2)

(3)

Fig. 2. Procedure for the condensation technique: (1) an area including the desired spot on the developed TLC plate was rectangularly cut
and aline was trapezoidally drawn around the sample spot; (2) the outside stationary phase of the trapezoid was scratched off along the line
and a small volume of methanol was deposited on the lower base of the trapezoid; (3) after several tens of seconds, the sample had become
condensed along the upper base of the trapezoid in a line (0.5X2 mm) by penetration of methanol. The TLC plate was finally set onto the
TLC holder, a matrix was applied on the sample spot, and the TLC-FAB-MS was spectra was measured.
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Fig. 3. TLC-FAB-MS spectra of tetracycline antibictics fortified at concentrations of 0.1 ppm in bovine liver. (A) Oxytetracycline, (B)

tetracycline, (C) chlortetracycline, (D) doxycycline.

3.3 Liquid chromatography—mass spectrometry

3.3.1. Particle beam

A confirmation method for OTC, TC, and CTC
using LC—PB negative chemical ionization (NCI)
MS in milk has been reported by Kijak et al. [8].
Milk was centrifuged using a molecular mass cut-off
filter (25 000), and the filtrate was applied to a C,
cartridge. After the cartridge was washed with water,
TCs retained in the cartridge were eluted with 0.1 M
oxalic acid—methanol and the eluate was concen-
trated. The TCs were separated on a Novapak-C, 4
column with acetonitrile—-methanol-0.05 M oxalic
acid (5:2:3) as a mobile phase. The effluent was
introduced into a PB-NCI-MS system, and the
confirmation was carried out using SIM mode at m/z
460, 442, 416, and 399 for OTC, m/z 444, 426, 401,
and 383 for TC, and m/z 442, 478, 460, and 434 for
CTC. The detection limits of TCs in milk were 0.1
ppm. In this study, oxalic acid was added to the
mobile phase and the eluent from the cartridge to
improve the chromatographic resolution and re-
covery from the cartridge. When the effluent con-
taining nonvolatile compounds from the column was

introduced into an LC-MS system, clogging at the
interface and a build up of deposits in the ion source
were observed, so that the LC-MS cannot be
operated for a prolonged period. To avoid this
problem, a switching valve was installed between the
column and the interface. An improved method has
been recently reported by Carson [20].

3.3.2. Frit fast atom bombardment

LC-frit FAB-MS has been reported for the con-
firmation of TCs in honey [9]. In this study, use of a
well end-capped phenyl (Ph)-bonded silica gel col-
umn synthesized from 99.99% pure silica gdl first
enables us to separate TCs without reduction of peak
resolution using a volatile mobile phase, which is
applicable to direct interfaced LC-frit FAB-MS
without clogging problems. Three types of well end-
capped alkyl-bonded chromatographic packings syn-
thesized from 99.99% pure silica gel were compared:
Inertsil C, g, Inertsil Ph, and Inertsil C;. An Inertsil
Ph column was selected, because it showed the best
resolution among TCs with the shortest analysis time
when methanol —acetonitrile—0.005 M TFA solution



316 H. Oka et al. / J. Chromatogr. A 812 (1998) 309-319
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m/z 445
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Fig. 4. Mass chromatograms of TCs fortified at concentrations of
0.2 ppm in honey.

(2:2:11) containing 1.0% thioglycerol was used as a
mobile phase.

After clean-up of TCs fortified at a concentration
of 0.2 ppm in honey using a C,, cartridge, LC-frit
FAB-MS was performed. No peaks corresponding to
TCs appeared on the total ion chromatogram. How-
ever, the peaks of all TCs were clearly observed on
mass chromatograms monitored at individual proton-
ated molecules (Fig. 4). Although an ion originating
from co-extractive substances from honey appears at
m/z 438 in the spectrum of TC, the fragment ions
are clearly observed in the spectra of al TCs (Fig.
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5). In the mass spectrum of blank honey, no ions
corresponding to [M+H]", [M+H-NH.]", and
[M+H-NH,—H,0] " of TCs appeared. Thus, TCsin
honey at a 0.2 ppm can be reliably confirmed by this
method, and the detection limits of the protonated
molecules are 0.1 ppm in honey.

This method was also successfully applied to the
confirmation of residual CTC at a concentration of
0.24 ppm in a honey sample collected at the market
level. However, this method cannot be applied to
animal tissues, because of a lack of sensitivity.

3.3.3. Thermospray

After clean-up of bovine and porcine muscle and
kidney extracts with a C,; cartridge, the TCs were
separated using a gradient elution mode with a
mixture of acetonitrile and ammonium formate on an
Inertsil C; column which was well end-capped
modified silica gel synthesized from 99.99% pure
silica gel [10]. The effluent from the column was
then introduced into TSP MS under SIM conditions
monitored at [M+H]*. The detection limits in the
samples are 0.1 ppm for OTC and TC and 0.3 ppm
for CTC.

B)
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Fig. 5. Background subtracted mass spectra of TCs fortified at concentrations of 0.2 ppm in honey. (A) oxytetracycline; (B) tetracycline; (C)

chlortetracycline; (D) doxycycline.
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3.3.4. Atmospheric pressure chemical ionization
mass spectrometry

A confirmatory method using LC-APCI-MS for
OTC, TC, and CTC in muscle and kidney was
reported by Blanchflower et a. [11]. The TCs were
extracted with glycine—HCI buffer from the samples,
and the extract was applied to an Isolute cyclohexyl
cartridge (CH-end-capped). The TCs were eluted
with methanol after washing the cartridge, the
methanol fraction was evaporated to dryness and the
residues were dissolved in 20 mM oxalic acid—
methanol. TCs were separated on a well end-capped
Prodigy ODS2 column synthesized from pure silica
gel using a mixture of acetonitrile, water containing
0.04% heptafluorobutyric acid, 10 mM oxalic acid
and 10 uM EDTA under a gradient elution mode.
The TCs from the column were introduced into
APCI-MS. The detection limits were 0.01 ppm and
0.02 ppm in muscle and kidney, respectively.

Recovery tests have been carried out at the levels
of 0.05 ppm, 0.10 ppm, and 0.2 ppm. The recoveries
were 59-82% for muscle and 67—83% for kidney,
and the relative standard deviations (R.S.D.s) were
12.8-22.9% for muscle and 11.7—-28.1% for kidney.
It is considered that this method can be used for
routine analysis of TCs in foods.

3.3.5. Electrospray

Although ES mass spectra of TCs were obtained
with high sensitivity when a standard solution of TCs
was injected into an LC-ESI-MS system, it is hard
to distinguish the ions originating from the sample
matrices and the ions of TCs when TCs in animal
tissues were analysed. Tandem mass spectrometry in
combination with LC-ESI-MS (LC-ESI-MS-MS)
has been recognized as a rapid, sensitive and selec-
tive analytical method for the determination of TCs

Table 5

in complex biological samples. The advantages
gained by LC-MS-MS often complement those
gained by extensive sample clean-up procedures.
Therefore, LC—ESI-MS-MS has been applied using
awell end-capped TSK Gel Super Octyl column and
a volatile mobile phase (acetonitrile—0.05% trifluoro-
acetic acid, 4:1) for the confirmation of TCs in
animal tissues [12].

TCs give [M+H] ", [M+H-NH,] ", and [M+H-
NH,-H,0O]" in the ES mass spectra measured at
high capillary voltage except for DC, and these ions
are very useful for the confirmation of TCs. These
three ions with adequate intensity should be observed
in the tandem mass spectra obtained to confirm the
TCs. In order to obtain optima MS—-MS conditions
for TCs, the ES tandem mass spectra of TCs were
measured under two different collision offsets, and
the intensity of these ions were carefully observed.
When the collision offset was set at —50 V (Table
5), [M+H-NH,-H,0]" for OTC (m/z 426), TC
(m/z 410), and CTC (m/z 444) and [M+H-NH,] "
for DC (m/z 428) appeared as the most abundant
ions. However, the intensity of [M+H] " and [M+
H-NH,] " was very weak, so that it is difficult to
confirm TCs in the sample from these tandem mass
spectra. On the other hand, using a collision offset of
—25V, [M+H] " appeared as the most abundant ion
accompanied by prominent product ions, [M+H—
NH,] " and [M+H-NH,—H,O]". All TCs can be
confirmed easily with this MS-MS condition. There-
fore, a collision offset of —25 V was selected.

The clean-up method described in Section 3.2 is
also applicable to this LC-MS system, because the
sample solution does not contain non-volatile com-
pounds such as oxalic acid and EDTA. Therefore,
the clean-up method has been applied to this study.
After clean-up of the TCs fortified at a concentration

Precursor and product ions of tetracyclines under ES MS-MS conditions

Tetracyclines Precursor Collision offset: —50 V Collision offset: —25 V
lon m/z Product ions Product ions
m/z (relative abundance) m/z (relative abundance)
Oxytetracycline [M+H]" 461 461 (2) 444 (6) 426 (100) 461 (100) 444 (28) 426 (40)
Tetracycline [M+H]" 445 445 (2) 428 (6) 410 (100) 445 (100) 428 (48) 410 (81)
Chlortetracycline [M+H]" 479 479 (13) 462 (32) 444 (100) 479 (100) 462 (26) 444 (20)
Doxycycline [M+H]" 445 445 (3) 428 (100) 445 (72) 428 (100)
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Fig. 6. Tota ion and mass chromatograms of tetracyclines fortified at a concentration of 0.1 ppm in bovine liver under MS-MS conditions.

of 0.1 ppm in bovine liver using a C,, cartridge,
LC-ESI-MS-MS was performed. The peaks corre-
sponding to the TCs appeared on the total ion and
mass chromatograms monitored at individual proton-
ated molecules as shown in Fig. 6. Fig. 7 shows the
tandem mass spectra of TCs recorded at the tops of
each peak on the mass chromatograms. The product
ions are clearly observed in the spectra of al TCs,
but no ions corresponding to [M+H]", [M+H-
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NH,] ", and [M+H-NH,—H,O] " of TCs appeared
in the tandem mass spectrum of bovine liver blank.
This method can also confirm TCs at a 0.1 ppm level
in the bovine kidney and muscle. This method was
successfully applied to the confirmation of residual
OTC at a concentration of 0.58 ppm in a bovine liver
sample and residual CTC at a concentration of 0.38
ppm in a bovine muscle sample obtained from a
slaughterhouse. We recommend this method for the
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Fig. 7. ES tandem mass spectra of tetracyclines fortified at a concentration of 0.1 ppm in bovine liver. (A) oxytetracycline; (B) tetracycline;

(C) chlortetracycline; (D) doxycyline.
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confirmation of TCs in foods, because this method
can be applied to the analysis in honey, milk, egg,
and fish samples.

4. Conclusions

In this paper, we reviewed the application of MS
to the analysis of TCs in foods. The MS techniques
discussed are as follows: CAD MIKES, TLC-FAB-
MS, PB-NCI, frit FAB, TSP, APCI, and ESI. Al-
though CAD MIKES offers high sensitivity and high
speed sample analysis, the practical application of
this technique is limited because of uncommon
instrumentation. TSP has a problem in reproducibil-
ity of the mass spectrum. TLC—FAB-MS is a unique
technique and can be applied to any kinds of
samples; however, it cannot be used for quantitative
analysis. LC-frit FAB-MS is a useful technique for
the confirmation of TCs in honey, but it cannot be
applied to anima tissues because of a lack of
sensitivity. PB-NCI, APCI, and ESI-MS-MS show
useful fragment ions to confirm TCs and can reliably
confirm TCs in foods with good reproducibility.
Therefore, we recommend these techniques for
routine analysis of TCs in foods at present.
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