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bstract

A fast method for the quantitative determination of amoxicillin (AMO), amoxicilloic acid (AMA) and amoxicillin diketopiperazine-2′,5′-
ione (DIKETO) in pig edible tissues (kidney, liver, fat and muscle) with liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS) is
resented. The method uses a simple liquid–liquid extraction of the tissue matrix with a 10 mM potassium dihydrogen phosphate buffer (pH 4.5) as
xtraction solvent. After deproteinisation by ultrafiltration, the tissue extract was directly injected onto the LC column. Chromatographic separation
f the components was performed on a PLRP-S polymeric column using 0.1% of formic acid in water and acetonitrile. The mass spectrometer was

perated in the positive electrospray MS/MS mode. The method was fully validated according to EU requirements (linearity, precision, trueness,
uantification limit, detection limit and specificity). The stability of the components was evaluated over the pH range from 1.2 to 8.0. Biological
amples of pigs medicated with AMO and AMO/clavulanic acid were analyzed using the developed method.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Amoxicillin (AMO) is an �-amino-substituted �-lactam
ntibiotic frequently used in human and veterinary medicine
ecause of its broad spectrum and low cost [1,2]. AMO has a
actericidal action and inhibits the bacterial cell-wall biosyn-
hesis by binding to the enzymes which produce the protein
ell wall [3]. However, the use of penicillins in food produc-
ng animals may lead to the emergence of penicillin-resistant
acterial strains and the residues in milk and tissues are poten-
ial risks for individuals who are hypersensitive to penicillins [4].
ome cases of allergic reactions after consumption of foods con-

aining penicillin residues are reported in the literature [5]. The

wo major metabolites of AMO are amoxicilloic acid (AMA)
nd amoxicillin diketopiperazine-2′,5′-dione (DIKETO). These
etabolites have lost the antibacterial activity of the parent com-
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e; Liquid chromatography/electrospray ionization-tandem mass spectrometry;

onent [6], but the AMA metabolite could have potential allergic
roperties [7]. The strongest allergic effect is produced by the
enicilloyl moiety, which is formed by a reaction between the
-lactam carbonyl group and the amino groups of proteins [7].
o protect the consumers’ health, the European Union (EU) has
et a maximum residue limit (MRL) for AMO at 50 �g kg−1 in
nimal tissues (kidney, liver, muscle and fat) [8,9], however the
MA metabolite is not included in the MRL.
In the present study, we report a simple and fast method for the

uantitative analysis of AMO and its metabolites in pig tissues.
he starting point were two previously published methods of De
aere et al. [10,11]. A revision of these methods was performed

o simplify the sample clean-up procedure. A further advantage
as that sample analysis time was significantly reduced. Firstly,
uring routine analysis of AMO and its metabolites in animal tis-
ues, some problems occurred due to the poor stability of AMO

nd AMA during the acidic deproteinization with trichloroacetic
cid (TCA). Secondly, the amount of samples that could be ana-
yzed each day was limited due to the solid-phase extraction step
hat followed the ultracentrifugation step.

mailto:Tim.Reyns@UGent.be
dx.doi.org/10.1016/j.jchromb.2007.11.007
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The revised method has been validated for the analysis of
MO, AMA and DIKETO according to the European Guide-

ines (EMEA/CVMP/573/00-FINAL). The method was used to
onitor the concentrations of AMO and its metabolites in edi-

le tissue samples from pigs treated with AMO alone and with
MO co-administered with clavulanic acid.

. Experiment

.1. Biological samples

Known penicillin-free tissue (kidney, liver, muscle, fat) sam-
les were obtained from pigs which had not received any
edication. Incurred tissue samples originated from 56 pigs
hich were treated with a single oral or intravenous dose of
MO (20 mg kg−1) or AMO/clavulanic acid (20/5 mg kg−1).
he pigs were sacrificed at different time points after dosing

12, 36, 48, 60, 72 and 84 h). About 100 g of muscle and fat,
00 g of liver and the two whole kidneys were sampled within
h after slaughtering. The different tissues were minced and
omogenized using a Robot-coupe® mixer (Robot-coupe, Mont-
te-Geneviève, Belgium) at ambient temperature, immediately

ransferred into plastic bags and frozen at ≤ −70 ◦C until anal-
sis.

.2. Chemicals and standards

Amoxicillin sodium salt (AMO) and ampicillin (AMPI),
sed as internal standard (IS), were chemical reference sub-
tances (CRS) purchased from the European Pharmacopoeia
Council of Europe, Strasbourg, France). Amoxicilloic acid
odium salt (AMA) and amoxicillin diketopiperazine-2′,5′-
ione (DIKETO) were obtained from LGC Promochem SARL
Molsheim, France). Solvents used for mobile phase, i.e. water,
ormic acid and acetonitrile, were of LC–MS grade (Biosolve,
alkenswaard, the Netherlands). All products and solvents used

or extraction and preparation of the buffer solutions were of ana-
ytical grade and obtained from Merck (potassium di-hydrogen
hosphate or KH2PO4, potassium chloride or KCl, sodium
ydroxide or NaOH, hydrochloric acid-37% or HCl, Darm-
tadt, Germany) and Sigma–Aldrich (phosphoric acid-85% or
3PO4, Bornem, Belgium). Amicon Microcon® YM-30 Cen-

rifugal Devices (molecular weight (MW) cut-off: 30 kDa) and
C Millex®-LG 0.20 �m filters were both from Millipore (Bed-
ord, MA, USA).

.3. Preparation of buffer solutions

A 10 mM KH2PO4 extraction buffer was prepared by diluting
.36 g of potassium di-hydrogen phosphate in 900 ml of water.
he pH was adjusted to 4.5 with concentrated hydrochloric acid,

hereafter the volume was completed to 1000 ml.
The buffer solutions used for the stability study (pH ranging
rom 1.2 to 8.0) were prepared according to the United Stated
harmacopoeia (USP) [12]. Buffer solutions of pH 1.2, 1.5 and
.0 were prepared with 0.2 M HCl and 0.2 M KCl in water.
he other buffer solutions were obtained by adjusting 0.01 M

i
t
w
o
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H2PO4 and 1 M NaOH with 85% H3PO4 to the required pH.
ll buffer solutions were stored in the dark at 4 ◦C.

.4. Sample preparation

.4.1. Calibration curve and quality control
Separate stock solutions of AMO, AMA and AMPI of

mg ml−1 were prepared in HPLC-water. A stock solution of
IKETO was prepared in methanol/water (50/50, v/v). All stock

olutions were divided into amber coloured Eppendorf cups
Novolab, Geraardsbergen, Belgium) and stored at ≤ −70 ◦C.
hey were found to be stable for at least 6 months. On each
nalysis day, cups were thawed for the preparation of the work-
ng solutions. The stock solutions of AMO, AMA and DIKETO
ere combined and diluted with HPLC-water to obtain working

olutions containing 100 �g ml−1, 10 �g ml−1 and 1 �g ml−1

MO, AMA and DIKETO. By adding 50 �l of the work-
ng solution of 100 �g ml−1, 25 �l of the working solution of
00 �g ml−1, 100, 50 and 25 �l of the working solution of
0 �g ml−1 and 100, 50 and 25 �l of the working solution
f 1 �g ml−1 to 1 g of blank tissue sample, AMO, AMA and
IKETO concentrations of respectively 5000, 2500, 1000, 500,
50, 100, 50 and 25 ng g−1 were obtained. The stock solution
f the IS was diluted in HPLC-water to a final concentration
f 10 �g ml−1. All working solutions were discarded after use.
uality control (QC) samples were prepared in a similar way at
concentration of 50 and 100 ng g−1. These QC samples were

nalysed at the beginning and the end of the analytical batch to
xamine the post-preparative stability.

.4.2. Tissue extraction
One gram of tissue homogenate was transferred into a 50-ml

olypropylene centrifuge tube and spiked with 25 �l of the IS
= 10 �g ml−1). After vortex mixing for 15 s, 7 ml of a 10 mM
H2PO4 phosphate buffer solution pH 4.5 were added. The sam-
le tube was homogenized by vortex mixing for 15 s and rotated
or 20 min on a homemade apparatus for extraction. After cen-
rifugation for 10 min at 1800 × g at 4 ◦C, 1.5 ml of the upper
queous layer was centrifugated for 10 min at 10,000 × g at
◦C. A 500 �l aliquot of the supernatant was transferred into a
icrocon® YM-30 Centrifugal Filter Device and centrifugated

t 10,000 × g for 30 min at 4 ◦C. The filtrate was poured through
0.20 �m filter into an autosampler vial and a 10 �l aliquot was
irectly injected onto the LC column.

.5. LC–MS/MS analysis

The LC–MS/MS analysis was performed using an Alliance
eparations module with column heater and cooling device
all type 2695) and a Quattro Ultima® triple quadrupole mass
pectrometer from Waters (Milford, MA, USA), run by Mass-
ynx software (version 4.0). For chromatographic separation, a
eversed-phase PLRP-S polymeric column (150 mm × 2.1 mm

.d., 100 Å) from Polymer Laboratories (Shropshire, UK), pro-
ected with a guard column of the same type (10 mm × 2 mm)
as used. A gradient elution was performed with a mobile phase
f 0.1% formic acid in water (A) and acetonitrile (B), at a flow
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ate of 0.2 ml min−1, i.e.: 0–1.9 min, 2% B; 2–5 min, 20% B;
.1–12 min, 50% B; 12.1–20 min, 2% B. The autosampler was
et at 5 ◦C. Operating conditions for the ESI source used in the
ositive ionization mode were optimized by direct infusion of
MO, AMA, DIKETO and AMPI at 3 �l min−1, in combina-

ion with the mobile phase using a T-piece. The following tune
arameters were used for AMO, AMA, DIKETO and AMPI:
apillary voltage, 3.50 kV; cone voltage, 25 V; source temper-
ture, 120 ◦C; desolvation temperature, 250 ◦C; cone gas flow
50 l h−1; desolvation gas flow ±850 l h−1; resolution (LM1,
M1, LM2, HM2), 15.0; ion energy 1, 1.0; ion energy 2, 3.0;

ntrance, −1; exit, 1; multiplier, 650 V; collision gas: argon
Pirani pressure, ±3.4 × 10−3 mbar); dwell time, 0.2 s. The opti-
al settings for collision energy, corresponding to a (nearly)

00% fragmentation of the molecular ion (or precursor ion),
ere 15 eV for AMA and AMPI, 14 eV for AMO and 13 eV for
IKETO.

. Stability study

To simulate the in vivo stability of AMO, AMA and DIKETO
n the gastro-intestinal tract at the body temperature of pigs, in
itro experiments were carried out using different USP buffers
ith pH values ranging from 1.2 (∼stomach) to 8 (∼colon).
A separate working solution (10 �g ml−1) of AMO, AMA

nd DIKETO was prepared in the different buffer solutions and
ixed on a horizontal roller (CAT, Staufen, Germany) for 24 h in

crew-capped tubes, kept at 39 ◦C in a heater (Heraeus, Hanau,
ermany). At different time points (0, 5, 10, 15, 30, 45, 60 min

nd 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 5, 6, 7 and 8 h) a 100 �l aliquot
f the working solution was diluted in 900 �l buffer solution of
H 6.0, 25 �l of IS (1 �g ml−1) was added and the sample was
mmediately stored at 5 ◦C in the autosampler. The injection
olume was 2.5 �l.

All experiments were performed in triplicate, mean and stan-
ard deviations were calculated.

. Validation criteria

The proposed method for the quantitative determination of
MO and its major metabolites was validated by a set of
arameters, which are in compliance with generally used rec-
mmendations and as defined by the EU [13–16].

Linearity: determined on calibration curves using spiked
blank tissue samples (for levels, see Section 2.4.1). Peak
area ratios between AMO, AMA, DIKETO and the IS were
plotted against their concentration and a linear regression
was performed. Each time the correlation coefficient (r)
and the goodness-of-fit (g) were determined and should fall
within the ranges specified (r ≥ 0.99, g ≤ 10%) [13–15].
Trueness: determined by analyzing six independently spiked

−1
blank tissue samples at 25, 50 and 100 ng g , a concentration
level corresponding to half the MRL, MRL and double the
MRL of AMO. The trueness, expressed as the difference
between the mean found concentration and the spiked
concentration (in %) had to be within −20 to +10% [15].
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Precision: expressed as the relative standard deviation (RSD,
in %), being the ratio between the standard deviation (SD) and
the mean found concentration. The RSD (%) had to fall within
2/3 of the values calculated according to the Horwitz equa-
tion: RSDmax = RSD × 2/3, with RSD = 2(1–0.5*log c), and c the
analyte concentration in g g−1. The precision was determined
on the same samples as used for the trueness evaluation [15].

The inter-day precision was evaluated using samples with
the same spike levels, but prepared and analyzed on different
days. Pig tissue samples were fortified at 50 and 100 ng g−1.
The RSD should be lower than the RSDmax = 2(1–0.5*log c)

[15].
Limit of quantification (LOQ): defined as the lowest concen-
tration for which the method is validated with a trueness and
precision that fall within the ranges recommended by the
EU [15]. The LOQ was set at 25 ng g−1, since the guideline
requires a value corresponding to at least half the MRL [16].
Limit of detection (LOD): defined as the lowest measured
concentration from which it is possible to deduce the
presence of the analyte with reasonable statistical certainty.
In this study, the criterion of a signal-to-noise (S/N) ratio of
3/1 was used [14].
Specificity: evaluated with respect to endogenous inter-
ferences by extracting and analyzing blank samples with
the above-mentioned method. Known �-lactam free tissue
samples were obtained from pigs which did not receive any
medication [14].
Stability: post-preparative stability was investigated by the
analysis of QC samples spiked at 50 and 100 ng g−1, and run
at the beginning and the end of the batch. Trueness should
fall within the range of −20 to +10%. Long-term stability of
the components in the matrix during storage at ≤−70 ◦C was
investigated by spiking blank tissue samples at 50 ng g−1.
Ion suppression: for the study of ion suppression a post
column infusion technique was used. A blank tissue sample
was extracted and injected onto the LC-MS instrument. A
standard solution containing AMO, AMA, DIKETO and
AMPI at 1 �g ml−1 was continuously infused through a T-
coupling device into the LC eluate. This allowed to visualize
sections in the chromatogram were ion suppression occurs.

. Results and discussion

.1. Sample clean-up

There are methods reported to extract AMO from animal tis-
ues followed by HPLC with UV [17–21], fluorimetric [22–25]
nd mass spectrometric detection [4,10,11,26-32], but only one
C–MS/MS assay is involved with the simultaneous determina-

ion of AMO and its major metabolites [10].
The �-lactams are relatively unstable in aqueous solutions.

heir degradation is catalyzed both by acids and bases [33]. De
aere et al. [11] used a 20% TCA solution for deproteinisation of
he tissue extract. The use of solutions at that low pH implicated
hat further analysis should be performed within 20 min. A short

ean half-life of degradation was indeed measured for AMO
nd AMA, i.e. 1.49 and 2.07 h, respectively (n = 3), indicating
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For AMA, five predominant product ions were obtained at m/z
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he poor stability of the components in solutions containing 20%
CA. In the literature combinations of sulphuric acid and sodium

ungstate solutions [17,21] are reported for deproteinisation of
issue samples. Others used high volumes of organic solvents
ike acetonitrile [4,20,29,30], methanol [19,32] or iso-octane
24] (up to >25 ml). Moreover, it is reported that the use of
rganic solvents should be avoided during extraction of peni-
illins due to degradation [33]. The use of ion-pairing reagents,
ike tetraethylammonium chloride [20] for extraction was not
dvisable in combination with LC–MS/MS analysis, since they
an produce unacceptable levels of chemical noise on the mass
pectrometer using electrospray ionization [29]. Bogialli et al.
31] used water of 65 ◦C as extractant at a pH of 3 and stated a
ecovery of almost 90% for AMO and AMPI in tissue samples.
heir sample pre-treatment included furthermore some time-
onsuming steps, which hamper the analysis of many samples
ithin 1 day.
In the present study, an extraction buffer at a pH value

f 4.5 was chosen, followed by a centrifugation step using
Microcon® filter (cut-off: 30 kDa) for the removal of pro-

eins. The latter ultrafiltration step can be a valuable alternative
o overcome extreme pH circumstances or the use of organic
olvents for deproteinisation. A centrifugation time of only
0 min was necessary to pass enough sample through the fil-
er for a direct injection. Experiments with the Microcon®

lter showed that no binding occurred on the filter, since
igh recoveries of all the components were obtained, when
he sample extract was directly injected onto the LC-column.
lthough no concentration step was performed, a 10 �l injec-

ion volume is yet enough for quantifying all components at

5 ng g−1.

The C18 solid-phase extraction (SPE) procedure of a previ-
us report [10] showed a varying recovery of the components
anging from 40 to 90%. In addition, the recoveries of AMPI

3
t
T
f

ig. 1. Chemical structure, MS and MS/MS spectra of AMO, AMA, DIKETO and A
omponent in combination with the mobile phase.
B  861 (2008) 108–116 111

ere not always reproducible, resulting in a lower robustness of
he method for routine analysis.

The omission of a time consuming SPE extraction step is one
f the major advantages of the present method in comparison
o other publications [4,10,11,17,19,21–24,27,30]. As a conse-
uence, the analytical protocol is simplified and the analysis
ime is shortened.

.2. Mass spectrometry

The structures of AMO, AMA, DIKETO and AMPI are
hown in Fig. 1, together with their MS and MS/MS traces,
btained by infusing of a standard solution of 1 �g ml−1 in com-
ination with the LC-flow. Most publications for the quantitative
etermination of AMO with LC-MS/MS also used the positive
onization mode [4,10,11,25–31]. Yoon et al. [34] reported the
egative ionization mode for AMO for the quantification of the
ntibiotic in human plasma with an LOQ of 120 ng ml−1. Prelim-
nary experiments showed that the negative ionization signal was
nsufficient for the AMO quantification around the MRL, more-
ver DIKETO gave only a signal in the positive ionization mode.
traub and Voyksner [26] also reported lower signal intensities

n the negative ionization mode for AMO and other �-lactam
ntibiotics. In the MS mode the precursor ion for AMO, AMA,
IKETO and AMPI is the protonated molecular ion [M + H]+

t m/z 366, 384, 366 and 350, respectively. In the MS/MS for
MO two most important product ions at m/z 208 and 349 were
etected. The ion at m/z = 349 corresponds to the loss of NH3
nd was used as quantification trace [11].
67, 349, 323, 189 and 160, respectively. The most abundant of
he five ions (m/z = 323) was selected for quantification of AMA.
his fragment can be assigned to the [M + H–COOH–NH3]+

ragment.

MPI obtained after direct infusion of standard solutions of 1 �g ml−1 of each
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Fig. 2. MS/MS chromatograms of AMO (365.9 > 348.8), AMA (383.9 > 322.8), DIKETO (365.9 > 159.9) and AMPI (349.9 > 159.9), for (A) a blank pig kidney
spiked at 25 ng g−1 (LOQ), of (B) an incurred pig kidney sample (AMO, AMA and DIKETO concentration: 3550 ng g−1, 9690 ng g−1 and <LOQ, respectively) and
of (C) a blank pig kidney sample.

Fig. 3. Plot of the degradation of AMO (mean, n = 3) in the different pH levels at 39 ◦C (A) and the degradation profile of AMO into its AMA metabolite at pH 1.2
kept at 39 ◦C (B).
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The molecular ion of DIKETO is nearly the same as for
MO (m/z = 366), so special attention was given to the separa-

ion between AMO and DIKETO (see Section 5.3). The MS/MS
pectrum of DIKETO and AMPI shows one abundant product
on at m/z = 160. The ion at m/z = 160, a common cleavage prod-
ct of the �-lactam ring, is present in the MS/MS spectra of the
our components [27].

.3. Chromatography

During preliminary experiments, special attention was paid
o the chromatographic separation of AMO and DIKETO since
hey have the same molecular ion at m/z 366. Indeed, AMO
hows a signal in the transition trace of DIKETO, but on the other
and, DIKETO does not have a signal in the transition trace of
MO. This can be attributed to the absence of the product ion

t m/z 349 in the DIKETO spectrum [10]. In a previous publica-
ion, De Baere et al. [10] used ion-pair chromatography, 9.6 mM
FPA in water and 9.6 mM in a mixture of acetonitrile and water
50/50, v/v), as mobile phases. However, the metabolites were
ot completely separated on a reversed-phase Hypersil column
rom Chrompack (Middelburg, the Netherlands) and eluted early

n the chromatography (<5 min). These authors also described
hat in incurred samples and in function of the column lifetime,
he separation of the metabolites deteriorated, resulting at the
nd in a co-elution of all metabolites and AMO.

i
e
m
t

able 1
esults of the linearity, trueness and intra-day precision evaluation and limit of detec

arameter Analyte Conc. (ng g−1) Kid

inearity

AMO 0–5000 r = 0
g =

AMA 0–5000 r = 0
g =

DIKETO 0–5000 r = 0
g =

recision
RSD, %)
n = 6)

AMO 25 18.3
50 2.9

100 7.1
AMA 25 3.5

50 4.1
100 6.8

DIKETO 25 5.0
50 4.9

100 3.1

rueness (%)
n = 6)

AMO 25 +9.1
50 +5.4

100 −3.
AMA 25 −2.

50 −0.
100 −2.

DIKETO 25 −5.
50 −12

100 −14

OD (ng g−1)
AMO 1.7
AMA 7.1
DIKETO 2.7

: correlation coefficient; g: goodness-of-fit; RSD: relative standard deviation (the ratio
etween mean found concentration and spiked concentration; LOD: limit of detection
B  861 (2008) 108–116 113

Moreover, the use of an ion-pairing reagent in the mobile
hase could have a suppression effect on the MS/MS signal,
ue to the formation of neutral ion-pairs [35,36]. Therefore,
.1% formic acid in water and acetonitrile were used as mobile
hases in this study. The efficacy of formic acid in the chromato-
raphic separation of penicillins was also mentioned by Becker
t al. [30]. The polymeric type PLRP-S column overcomes some
roblems which appeared during the method development. The
igh robustness of this type of column gave no deterioration
hen used with an acidic mobile phase of 0.1% formic acid in
ater (pH ≈ 2.7). Moreover, no detrimental effect on the sep-

ration of the components was seen when incurred samples
ere injected onto this type of column. Even after more than
50 injections of tissue samples, the relative retention times of
MO, AMA and DIKETO showed a shift of only +3.1, +5.7 and
1.7%, respectively, between the first and last batch of samples.
ifferent gradient programmes were tested for the separation
f the four components. Due to the high polarity of the AMA
etabolite, the gradient was started with only 2% of acetoni-

rile. To avoid carryover and to rinse of the column between two
onsecutive sample injections, a stronger gradient up to 50%
f acetonitrile was run. Using the gradient elution as described

n Section 2.5, all metabolites were completely separated and
luted later in the chromatographic run than with the original
ethod [10]. The divert valve was used to send the first 3.5 and

he last 8 min to the waste. This makes it possible to analyse a

tion (LOD) for the various pig tissues

ney Liver Muscle Fat

.9998 r = 0.9992 r = 0.9990 r = 0.9999
3.49% g = 3.50% g = 4.11% g = 2.96%
.9994 r = 0.9996 r = 0.9985 r = 0.9999

5.73% g = 2.78% g = 5.34% g = 2.47%
.9996 r = 0.9991 r = 0.9991 r = 0.9996

4.57% g = 5.83% g = 4.51% g = 4.36%

7.8 5.3 2.2
5.4 4.9 2.6
11.1 3.1 2.7
7.8 2.7 3.4
5.4 4.0 3.1
4.2 3.1 3.3
5.3 6.2 3.1
4.6 1.4 3.1
3.0 4.5 2.6

+1.6 +0.5 +3.1
−7.0 +2.0 +3.0

3 +7.0 +0.2 +5.1
8 +1.6 +6.5 −2.6
6 −0.2 +8.2 −0.4
1 −3.0 +3.8 +1.5
7 −2.6 −0.8 +1.9
.0 +2.3 −6.6 +1.9
.3 +4.8 −3.9 +3.6

3.5 1.5 1.7
14.2 11.1 11.6
1.6 0.9 0.8

between standard deviation and mean found concentration); trueness: difference
(signal-to-noise ratio of 3/1).
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igh number of samples without cleaning the sample cone of the
S detector.
Fig. 2 shows the different MS/MS chromatograms for AMO,

MA, DIKETO and AMPI for a blank pig kidney sample
piked at 25 ng g−1 (LOQ), an incurred pig kidney sample and
blank pig kidney sample. Mass chromatograms for pig mus-

le, liver and fat tissue samples were similar to those shown
or kidney. The chromatograms of blank pig tissue samples
how that no interferences from endogenous components at the
lution time zone of AMO, AMA, DIKETO and AMPI were
resent.

.4. Stability study

Since AMO is known to be unstable in aqueous solutions with
low pH value, its stability in the gastric juice can be discussed.
he instability in acidic conditions of AMO is involved at the

ntramolecular attack of the side-chain amide in the �-lactam
oiety. The AMO levels, and moreover the extent of degrada-

ion in the intestinal tract, is important to ensure an effective
harmaco-therapeutic regimen [37–39].

Fig. 3 shows the stability of AMO in buffer solutions of
ifferent pH levels, kept for 8 h at 39 ◦C. A pH value of 1.2
∼stomach) resulted in the degradation of AMO into its cor-
esponding penicilloic acid (at least 10% of the initial AMO
oncentration within 1 h), without any formation of DIKETO,
ince the �-lactam ring of AMO is known to be more suscepti-
le to hydrolytic degradation when the pH deviates significantly
rom its isoelectric point at pH 4.8 [40]. The overall compari-
on of the recoveries at the different pH values indicated that a
ecrease in pH resulted in a faster first-order degradation. For
MO, the lower the pH value the more significant degradation of

MO into AMA occurred. The same pH dependent phenomenon
as obtained for AMA, while DIKETO remained more stable in

he different buffer solutions. The degradation half-life of AMO
n this acidic condition (pH 1.2) was very short (4.23 ± 0.05 h).

ig. 4. Matrix matched calibration curves of AMO, AMA and DIKETO in
ig liver, represented by the mean values of six calibration curves constructed
f a period of 132 days, each individual calibration curve being a new set of
xtraction. Ta
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Table 3
Results of long-term stability of AMO, AMA and DIKETO in spiked tissue
samples (50 ng g−1) at ≤ −70 ◦C for 12 months

Matrix Analyte (n = 6) Recovery at the 50 ng g−1 level (%)

Kidney
AMO 0.6
AMA 8.2
DIKETO 8.4

Liver
AMO −17
AMA −4.8
DIKETO 8.2

Muscle
AMO 3.6
AMA −1.6
DIKETO −7

F
AMO −9

7

s
o
a
a
a
s
r
A
c
r
(
[
o
r
i

t
T

T. Reyns et al. / J. Chrom

he half-lives of AMO in the buffers with pH > 4.0 were all
100 h.

From the results, the poor stability of AMO in an acidic
edium lower than pH 4 at a body temperature of 39 ◦C is

onfirmed. This could include a degradation of AMO in gastric
uices. Indeed, a previous study showed already an increased
tability of AMO, co-administered with omeprazole, a selective
roton pump inhibitor which decreases acid production in the
tomach [40].

. Method validation

For the calibration curves good linearity was observed up
o 5000 ng g−1 in all tissue samples for all components. The
oodness-of-fit coefficients (g) of the individual curves were
ll <7.4% and the correlation coefficient (r) all >0.9919 for all
omponents (Table 1). In Fig. 4 the calibration curves of AMO,
MA and DIKETO in pig liver are presented as the mean of six

alibration curves made over a period of 132 days, each curve
riginating from a new set of extractions.

The results of the intra-day trueness and precision evaluation
re summarized in Table 1. The trueness fell within the range of
20 to +10%, and the precision also fell within the maximum
SD values. The inter-day precision also fell within the ranges

pecified (Table 2).
The results of LOD and LOQ are also summarized in Table 1.

he 25 ng g−1 level could be quantified fulfilling the crite-
ia for trueness and precision, and was therefore set as LOQ
f the method. For all tissue samples, the LOQ is at least
alf the MRL of AMO, as required by the EU guidelines
16].

Special attention was paid to the stability of the components
uring storage. The stability in the incurred tissue samples dur-
ng storage at ≤ −70 ◦C was studied using blank tissue samples
piked at 50 ng g−1 (Table 3). The results confirmed that AMO,
MA and DIKETO were stable for at least 1 year when stored

t ≤ −70 ◦C. The post-preparative stability evaluation showed
hat all components were stable in the extract of pH 4.5 for at
east 24 h when stored at 5 ◦C in the autosampler (trueness fell

ithin the range of −16.3 to 7.9%).
Using the post column infusion technique, no ion suppression

as noticed at the elution time zones of all four analytes in each
ig tissue.

t
3
u
i

Fig. 5. Residue depletion curve (n = 4, mean ± SD) of AMA in p
at AMA −5
DIKETO −0.6

. Biological sample analysis

The above-developed method was applied for a depletion
tudy in pigs, after a single oral and intravenous administration
f AMO and AMO/clavulanic acid. The pigs were slaughtered
t different time points (12, 36, 48, 60, 72 and 84 h) after dosing
nd incurred tissue samples were taken (liver, kidney, muscle
nd fat), homogenized and stored at ≤ −70 ◦C pending analy-
is. A remarkable phenomenon was that the AMA metabolite
emained much longer in the kidney and liver tissues, than the
MO molecule. From 36 h after dosing onwards, the AMO con-

entrations were all below the LOQ, while the AMA metabolite
emained at concentrations much higher than the MRL of AMO
mean AMA concentration at 60 h: 231 ng g−1 in kidney tissue)
41]. Nevertheless, this metabolite is not included in the MRL
f AMO, despite the potential risk for human health [7]. A mean
esidue depletion curve of AMA in pig kidney tissue is presented
n Fig. 5.

To demonstrate further the practicability and applicability of
he LC–MS/MS method, the following data can be mentioned.
he total number of incurred pig tissue samples was 220. The
otal number of blank and spiked analyzed tissue samples was
75. All samples were analyzed using the same analytical col-
mn, without a replacement of the guard column. These findings
ndicate that a tissue extraction based on a simple deproteinisa-

ig kidney after oral administration of AMO (20 mg kg−1).
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ion by ultrafiltration does not necessarily result in a shorter
alf-life of the guard and/or analytical column.

. Conclusions

A rapid, sensitive and specific method for the quantita-
ive analysis of AMO, AMA and DIKETO in pig tissues is
escribed. The point of interest was a previously published
ethod with some difficulties in the acidic deproteinisation,

olid-phase extraction step and chromatographic separation of
he metabolites. The minimum sample preparation, consisting
f only a simple liquid extraction and ultrafiltration step for
eproteinisation, allows the extraction of many samples a day
up to 60), with a significant reduction of sample analysis time.
he analytical circumstances do not result in degradation of
MO and metabolites in the matrix during storage and extrac-

ion. The method was successfully applied for residue depletion
tudies in pigs were high concentrations of AMA were detected
n kidney and liver tissues, and this at time points when the
MO concentration was already below its MRL. Some ques-

ions raised regarding the allergic potential of those amounts
f the AMA metabolite in liver and kidney tissues. The same
ethodology was also validated for bovine tissues and was used

or the analysis of biological samples from pigs and cattle, which
emonstrates the applicability and reliability of the presented
ethod.
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24] E. Verdon, P. Couëdor, J. AOAC. Int. 82 (1999) 1083.
25] W. Luo, C.Y.W. Ang, J. AOAC Int. 83 (2000) 20.
26] R.F. Straub, R.D. Voykner, J. Chromatogr. 647 (1993) 167.
27] K.L. Tyczkowska, R.D. Voyksner, R.F. Straub, R.F. Aronson, J. AOAC Int.

77 (1994) 1122.
28] C.Y.W. Ang, F.F. Liu, J.O. Lay Jr., W. Luo, K. McKim, T. Gehring, R.

Lochmann, J. Agric. Food Chem. 48 (2000) 1673.
29] C.K. Fagerquist, A.R. Lightfield, Rapid Commun. Mass Spectrom. 17

(2003) 660.
30] M. Becker, E. Zittlau, M. Petz, Anal. Chim. Acta 520 (2004) 19.
31] S. Bogialli, V. Capitolino, R. Curini, A. Di Corcia, M. Nazzari, M. Sergi,

J. Agric. Food Chem. 52 (2004) 3286.
32] K. Granelli, C. Branzel, Anal. Chim. Acta. 586 (2007) 289.
33] H. Oka, H. Nakazawa, K.-I. Harada, J.D. MacNeil (Eds.), Chemical Anal-

ysis for Antibiotics used in Agriculture, AOAC INT, Arlington, MA, 1995,
p. 249.

34] K.-H. Yoon, S.-Y. Lee, W. Kim, J.-S. Park, H.-J. Kim, J. Chromatogr. B
813 (2004) 121.

35] A.P. Bruins, J. Chromatogr. A 794 (1998) 345.
36] J. Keever, R.D. Voyksner, K.T. Tyczkowska, J. Chromatogr. A 794 (1998)

57.
37] A. Tsjui, E. Nakashima, S. Hamano, T. Yamana, J. Pharm. Sci. 67 (1978)

1059.
38] N.L. Rezk, K.C. Brown, A.D.M. Kashuba, J. Chromatogr. B 844 (2006)

314.

39] L. Vahdat, V.D. Sunderland, Int. J. Pharmaceut. 342 (2007) 95.
40] P.O. Erah, A.F. Goddard, D.A. Barrett, P.N. Shaw, R.C. Spiller, J. Antimi-

crob. Chemother. 39 (1997) 5.
41] T. Reyns, S. De Boever, S. De Baere, P. De Backer, S. Croubels, J. Agric.

Food Chem., in press.


	Rapid method for the quantification of amoxicillin and its major metabolites in pig tissues by liquid chromatography-tandem mass spectrometry with emphasis on stability issues
	Introduction
	Experiment
	Biological samples
	Chemicals and standards
	Preparation of buffer solutions
	Sample preparation
	Calibration curve and quality control
	Tissue extraction

	LC-MS/MS analysis

	Stability study
	Validation criteria
	Results and discussion
	Sample clean-up
	Mass spectrometry
	Chromatography
	Stability study

	Method validation
	Biological sample analysis
	Conclusions
	Acknowledgements
	References


