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a b s t r a c t

A simple and fast method has been developed and validated to measure glyphosate (GLYP) and
aminomethylphosphonic acid (AMPA) in rat plasma based on reversed-phase high performance liquid
chromatography (RP-HPLC) coupled to fluorescence (FLD) and electrospray ionization mass spectrometry
(ESI-MS) detection. After protein precipitation with acetonitrile, GLYP and AMPA were derivatized with
9-fluorenylmethylchloroformate (FMOC-Cl) and then separated on a C12 column (250 mm × 4.60 mm i.d.)
using a gradient of an ammonium formate (20 mM, pH 8.5) and acetonitrile mobile phase. Selected ion
monitoring (SIM) mode of the MS was used to obtain maximum sensitivity when quantifying GLYP and
at plasma
PLC–FLD–ESI-MS

AMPA. The validation shows the method to be consistent and reliable, with an intra- and inter-day pre-
cision for GLYP and AMPA > 9% for both detectors. For both compounds the accuracy ranged from 2.1%
to 7.8% for the intra-day readings, and from 4.1% to 8.6% for the inter-day values. The efficacy of GLYP
extraction ranged from 87% to 93% and it was between 76% and 88% for AMPA. Moreover, the limits of
quantification (LOQ) for GLYP and AMPA were 5 and 10 ng/mL, respectively with FLD, and 0.4 and 2 ng/mL
with ESI-MS. The method was successfully applied to simultaneously measure both compounds in rat

ays a
plasma samples several d

. Introduction

Glyphosate [N-(phosphonomethyl)glycine] (GLYP) is a broad
pectrum, non-selective, post-emergent herbicide that is used
xtensively in many countries. This compound is rapidly degraded
nto its aminomethylphosphonic acid (AMPA) metabolite [1],

hich accumulates and can be found in plants and animals [2,3].
hrough recombinant DNA technology [4], it has been possible
o produce glyphosate-tolerant transgenic crops with high levels
f resistance [5], particularly varieties of soybean and maize. The
ncreasing use of crops cultivars [6] with resistance to selected

erbicides, and particularly to glyphosate, has generated certain
oncern in terms of environmental quality, food safety and con-
umer health. Indeed, despite the increasing use of this herbicide,
ts effects on non-target organisms have yet to be fully evaluated.

∗ Corresponding author at: I.U.CINQUIMA, Analytical Chemistry Group, Faculty of
ciences, University of Valladolid, E-47011 Valladolid, Spain.
el.: +34 983 423280; fax: +34 983 186347.
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570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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fter oral administration of glyphosate.
© 2010 Elsevier B.V. All rights reserved.

As with other substances, potential effects of this herbicide should
first be assessed in experimental animals, such as rats. Indeed,
long-term exposure to glyphosate can provoke deficiencies in foetal
ossification in pregnant rats [7] and other adverse effects such as
liver toxicity [8]. The current assay was validated in rat plasma but
could easily be adapted to plasma from other species, including
human, to support the evaluation of potential effects of long-term
exposure to GLYP in future surveillance programs.

Both GLYP and its main metabolite AMPA are polar and ampho-
teric compounds that are very soluble in water. These chemical
properties hinder their analysis, as does the difficulty in detect-
ing them, frequently exhausting the patience of many experienced
analysts [9]. Moreover, their similarity to naturally occurring amino
acids further augments the problem of measuring these residues in
animal products. Thus, it is necessary to employ tedious and time-
consuming cleaning procedures, frequently involving the use of

ion-exchange solvents [10–14] and further derivatization, in order
to facilitate their chromatographic separation by gas GC [15,16],
GC–MS [17–21], LC [3,22–26] or LC–MS [27–34]. However, their
low molecular mass and the effect of the phospholipid matrix
also generate problems with LC–MS techniques, making it wiser

dx.doi.org/10.1016/j.jchromb.2010.10.013
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:pepinho@qa.uva.es
dx.doi.org/10.1016/j.jchromb.2010.10.013
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Table 1
Results obtained from the flow injection analysis (FIA) tests of the MS-ESI parame-
ters in positive mode for the selected mobile phase.

MSD parameter Studied range Optimal value

Capillary voltage (V) 2000–5500 3500
J. Bernal et al. / J. Chroma

o employ ionic chromatography and ICP-MS [35–37] or capillary
lectrophoresis coupled to ICP-MS [38]. Spectroscopy and other
echniques have also been proposed as suitable methods to ana-
yze these compounds [39–43]. Nevertheless, the determination of
LYP and AMPA in different matrices is still an important problem

n contemporary applied analytical chemistry.
Among the derivatization options commonly proposed for

C methods, pre-column derivatization (the analytes are deriva-
ized before passing through the chromatographic column)
ith 9-fluorenylmethylchloroformate (FMOC-Cl) is often pre-

erred [31,44–47], even though post-column derivatization (when
he analytes are derivatized after chromatography) has also
een used [11,48]. A derivatization step is also required in
as chromatography, in this case using reagents such as N-
ethyl-N-(tert-butyldimethylsilyil) trifluoroacetamide [20] or
-methyl-trifluoroacetamide with tert-butyldimethylchlorosilane

15].
Despite the wide variety of techniques and methods proposed to

valuate GLYP and AMPA in different matrices, mainly environmen-
al and food samples, only a few of these have been used for serum
r plasma [3,17,33,43], reflecting the problems associated with this
nalysis. To develop a reliable method to analyze these compounds
n rat plasma, we have considered all the aforementioned options,
aking into account that HPLC methods are the most widely used
or biological fluids. Thus, we employed liquid chromatography
fter FMOC-Cl pre-column derivatization and we used two different
etectors, fluorescence and single quadrupole mass spectrometer.
e had previously developed a RP-HPLC–FLD method to study

he toxicokinetics of GLYP and AMPA in rat plasma with a LOQ of
5 ng/mL [3]. However, pushing the limit of detection of the assay
as necessary, as that method was not sufficiently sensitive to mea-

ure GLYP and AMPA concentrations several days after single oral
dministration of glyphosate and it was impossible to detect the
ow plasma levels observed for both compounds, especially AMPA,
ollowing chronic exposure to the herbicide. For this reasons, we
ave attempted to improve the sensitivity (LOQ) of this technique
y coupling a MS detector and optimizing the conditions. In addi-
ion, the earlier HPLC method has been improved by decreasing
he analysis time as much as possible and enhancing the recov-
ry of both compounds by treating the samples distinctly. The new
PLC–FLD–ESI-MS method has been fully validated, and the advan-

ages and disadvantages of detecting GLYP and AMPA in rat plasma
ith both detectors have been assessed. The results obtained were

lso compared with earlier data to check the suitability of our new
ethod. Finally, the validated method was successfully applied to

nalyze several plasma samples obtained from rats several days
fter single oral administration of glyphosate, demonstrating its
apacity to be used in future toxicity studies needed for a major
nowledge of GLYP and AMPA toxicity.

. Materials and methods

.1. Chemicals

GLYP [N-(phosphonomethyl)glycine: 95% pure, w/w], AMPA
amiomethylphosphonic acid: 99% pure, w/w) and 9-FMOC-Cl
fluorenylmethylchloroformate) were provided by SIGMA–Aldrich
hemie GmbH (Steinheim, Germany), acetonitrile (HPLC grade)
as purchased from Labscan (Dublin, Ireland), and reagent grade

oric acid, disodium tetraborate decahydrate, ammonium hydrox-

de and ammonium formate were all obtained from Scharlab
Barcelona, Spain). All other chemicals were obtained of the highest
uality grade from commercial sources.

HPLC-grade water was obtained by purifying demineralised
ater in a Milli-Q system (Millipore, Bedford, MA, USA). A 0.1 M
Drying gas (N2) flow (L/min) 4–12 10
Drying gas (N2) temperature (◦C) 100–350 275
Fragmentor voltage (V) 10–370 70
Nebulizer gas (N2) pressure (psi) 10–60 40

disodium tetraborate buffer solution [pH 9] was prepared in HPLC-
grade water and a 10 mM solution of FMOC-Cl was prepared in
acetonitrile.

2.2. Standard solutions

Standard stock solutions were prepared by dissolving approxi-
mately 50 mg of powder in 100 mL of HPLC-grade water to a final
concentration of approximately 500 mg/L. These solutions were
further diluted with HPLC-grade water to concentrations ranging
from 1000 to 0.4 or 2 �g/L for GLYP and AMPA, respectively. Blank
plasma rat samples (0.2 mL) were spiked with different amounts
of standards for calibration, between 5 and 1000 ng/mL GLYP or 10
and 1000 ng/mL AMPA for FLD, and from 0.4 to 1000 ng/mL GLYP
or 2 to 1000 ng/mL AMPA for ESI-MS.

Each quality control (QC) sample was prepared using blank
plasma rat samples (0.2 mL) spiked with the same standard stocks
and working solutions of GLYP and AMPA used in the calibration
studies. The concentration of the different QC samples were as fol-
lows: low QC level—1 ng/mL (GLYP) and 5 ng/mL (AMPA) for ESI-MS
or 10 ng/mL (GLYP) and 25 ng/mL (AMPA) for FLD; medium QC
level—300 ng/mL of each compound for both types of detection;
and high QC level—1000 ng/mL of each compound for both types of
detection.

All standard stocks and working solutions were stored in
polypropylene containers and kept in the dark at +4 ◦C, and they
were stable for over one month.

2.3. Chromatography system

An Agilent Technologies (Palo Alto, CA, USA) 1100 series
LC–FLD–MS system was used that consisted of a vacuum degasser,
a quaternary solvent pump, an autosampler with a column oven,
a fluorescence detector (FLD) and a single quadrupole MS analyzer
with an electrospray (ESI) interface, all controlled by a Chemstation
software.

A Synergi 4 �m MAX-RP 80 (250 mm × 4.60 mm i.d.) was used
as analytical column for LC and it was protected by a Synergi C12
security guard cartridge (4 mm × 3 mm i.d.), both obtained from
Phenomenex (Torrance, CA, USA). After the optimization study, the
mobile phase selected was a mixture of ammonium formate 20 mM
[pH 8.5] in water (A) and acetonitrile (B), applied at a flow rate of
1 mL/min in a gradient mode as follows: (i) 0–5 min (A–B, 85:15,
v/v); (ii) 5–10 min (A–B, 78:22, v/v); (iii) 10–13 min (A–B, 76:24,
v/v); (iv) 13–18 min (A–B, 50:50, v/v); (v) 18–22 min (A–B, 0:100,
v/v); and (vi) 22–30 min (A–B, 85:15, v/v), with a post-separation
time of 5 min. The injection volume was set at 30 �L (draw speed
50 �L/min) and the temperature selected was 45 ◦C. The detec-
tion wavelengths were 240 nm (excitation) and 320 (emission) to
quantify GLYP, and 250 nm (excitation) and 620 nm (emission) to
quantify AMPA.
The ESI interface was operated in positive mode having per-
formed flow injection analysis (FIA) tests of the MS parameters as
reported in Table 1. Full scan LC–MS spectra were obtained by scan-
ning from m/z 50 to 500. The most abundant ion of each compound
was quantified in SIM mode.



3 togr. B

2

e
m

g
h
a
(
c
l
i
b
t
g
t
o
b

a
a
c
c
a

2

t
5
1
w
p
a
a
u
h
t
T
(
t
o

2

t
o
I
t
[
d

a
i
w
r
t
p
s
a
o
m
c
w

292 J. Bernal et al. / J. Chroma

.4. Animals and treatments

The study was undertaken in accordance with the institutional
thics guidelines and it was authorized by the official ethical com-
ittee of the University Complutense de Madrid (Madrid, Spain).
In this study, 20 adult male Wistar rats (Charles River Inc., Mar-

ate, Kent, UK) weighing 180 ± 10 g were used. The animals were
oused individually in polycarbonate cages with sawdust bedding
nd they were maintained in environmentally controlled rooms
22 ± 2 ◦C and 50 ± 10% relative humidity) on a 12 h light/dark
ycle (light from 08.00 to 20.00 h). Food (A04 rodent diet, Pan-
ab SL) and water were available ad libitum. The rats were divided
nto six groups: 5 animals as controls (Group 1), from which the
lank rat plasma was obtained, and 15 animals were chosen for
he treatment groups (Groups 2–6) that were orally administered
lyphosate. The animals in groups 2–6 were deprived of food but
hey were allowed ad libitum access to water for 12 h before a single
ral dose of glyphosate (100 mg/kg body weight) was administered
y gavage in a volume of 0.5 mL corn oil/rat.

All animals were sacrificed by cervical dislocation (four animals
t a time) and then exsanguinated 1, 2, 3, 4 and 5 days after oral
dministration of glyphosate. Blood samples were withdrawn and
ollected in heparinised tubes, and the plasma was separated by
entrifugation and stored frozen in eppendorf vials until it was
nalyzed.

.5. Sample analysis

Blank rat plasma spiked with standards (100 �L) or experimen-
al rat plasma (100 �L) was transferred to an eppendorf tube, and
0 �L of acetonitrile was added. The mixture was vortexed for
min, it was placed in an ultrasound device for 10 min, and finally it
as centrifuged at 10,000 rpm for 30 min at 12 ◦C to precipitate the
roteins. The supernatant was collected (100 �L) and transferred to
different eppendorf tube to which 50 �L of acetonitrile was added,
nd the mixture was again treated with ultrasound and centrifuged
nder the same conditions as above. All the calculations reported
ere have been made taking into account the dilution factor of
he plasma samples subjected to the protein precipitation protocol.
he supernatant (100 �L) was derivatized with of 100 �L FMOC-Cl
10 mM) and 100 �L borate buffer (1.25 mM, pH 9), and the reac-
ion was maintained at room temperature for 30 min. Finally 30 �L
f this solution was injected into the HPLC–FLD–ESI-MS system.

.6. Method validation

Validation was carried out following the International Coopera-
ion on Harmonization of Technical Requirements for Registration
f Veterinary Medicinal Products (VICH) guidelines [49,50], the
nternational Union of Pure and Applied Chemistry (IUPAC) [51]
echnical report (2002) and the SANCO/10476/2003 document
52], determining recovery, selectivity, limits of quantification and
etection, linearity, precision and accuracy.

The recovery of GLYP and AMPA was determined in 6 replicates
t 3 concentrations (low, medium and high QC levels), compar-
ng the peak areas of GLYP and AMPA from standard samples

ith those from: (i) extracted blank plasma samples from control
ats, spiked with the same amounts of the compounds and then
reated as described above (Blank plasma A); and (ii) plasma sam-
les extracted from rats that were orally administered glyphosate,
piked with the same amounts of GLYP and AMPA and then treated

s described above (Blank plasma B) in order to study the influence
f the sample treatment; (iii) and to check the possible effect of the
atrix on the ESI ionization, extracted blank plasma samples from

ontrol rats that were treated as described above and then spiked
ith the same amounts of GLYP and AMPA (Blank plasma C).
878 (2010) 3290–3296

To check the selectivity of the method, extracts from blank and
spiked plasma samples were assayed. The limit of quantification
(LOQ) was determined by injecting a number of extracts from blank
plasma samples (n = 6) and measuring the magnitude of the back-
ground response. We experimentally estimated the LOQ as ten
times the signal-to-noise ratio (S/N).

Matrix-matched standard calibration curves were used to quan-
tify the analyte residues in rat plasma. Blank plasma samples were
spiked with variable amounts of GLYP and AMPA, in an analytical
range between: 0.4 (ESI-MS), 5 (FLD) and 1000 ng/mL for GLYP; and
2 (ESI-MS), 10 (FLD) and 1000 ng/mL for AMPA. The samples were
treated as indicated above, injected onto the LC–FLD–MS system,
and the signal obtained for each concentration and detector was
used to obtain the matrix-matched calibration curves. It was pos-
sible to obtain data for both detectors at the same time due to the
on-line coupling and Chemstation software employed.

Intra-day precision and accuracy was determined concur-
rently with repeated sample analysis but using QC samples on
the same day. In each run a calibration curve was established
and six replicates of each low, medium and high QC samples
were analyzed. Inter-day precision and accuracy were assessed
by analyzing six sample replicates at three concentrations of
GLYP and AMPA against a calibration curve on three consecutive
days.

Precision was expressed as the percentage of the relative stan-
dard deviation (%RSD) at a given concentration for each QC samples.
Accuracy was calculated through the relative error (%RE).

3. Results and discussion

3.1. Development of the method

Chromatographic conditions were optimized over several trails
to achieve good resolution and increase the signal from analytes,
as well as to minimize the run time. A gradient elution program
was used that gave acceptable resolution between the derivatized
AMPA and the peaks belonging to the excess reagent (see Sec-
tion 2.3), which differed slightly from that reported previously
[3]. Indeed, the percentage of acetonitrile was slightly higher in
the second gradient step than that published previously, in order
to decrease the analysis time as much as possible, without losing
selectivity and sensitivity. By maintaining the flow rate at 1 mL/min,
the total chromatography run time with this new gradient was
30 min, with a 5 min post-run time.

Tests were carried out to study the influence of the column tem-
perature (between 25 and 60 ◦C in 5 ◦C intervals), which produced
different retention times and peak symmetries. As expected, the
retention times decreased slightly as the temperature increased
and there was a loss of symmetry at low temperatures. Thus, the
best results were achieved at 45 ◦C, as the peaks were narrow and
there was good separation between the compounds and interfering
peaks in the FLD chromatograms.

The possibility of enhancing the limits of quantification by
injecting larger sample volumes was considered by testing the
injection of control blank plasma spiked with 300 ng/mL of GLYP
and AMPA in volumes from 20 to 50 �L. The results showed an
increase in the S/N ratio for both compounds when up to 30 �L was
injected, above which the S/N ratio did not improve. In fact, with
this modification, the LOQ (FLD) for both compounds improved sig-
nificantly, from 25 to 5 ng/mL for GLYP and from 25 to 10 ng/mL for

AMPA.

Finally, the excitation and emission wavelengths were set at
240 and 320 nm for GLYP, respectively and at 250 and 620 nm for
AMPA. These wavelengths were selected to avoid interference from
plasma matrix compounds that might coelute with AMPA.
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Fig. 1. FLD chromatograms (�ex 240 nm and �em 320 nm for GLYP, and �ex 250 nm
and �em 620 nm for AMPA) of (a) a blank rat plasma sample and (b) a plasma sample
taken 1 day after administering a single oral dose of glyphosate (100 mg/kg of body
weight). The concentration of GLYP and AMPA were estimated as 919 and 101 ng/mL.
The analytical column employed was a Synergi 4 �m MAX-RP 80 (250 × 4.60 mm
i.d.) protected by a C12 security guard cartridge (4 × 3 mm i.d.). The mobile phase
was a mixture of ammonium formate 20 mM [pH 8.5] in water (A) and acetonitrile
(
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AMPA after a single oral dose (Fig. 1) and those spiked at the LOQ
B), applied in the gradient mode described in Section 2.3 at a flow rate of 1 mL/min.
he injection volume was set at 30 �L and the selected temperature was 45 ◦C. The
hromatographic conditions are described in detail in Section 2.3.

.2. Pre-column derivatization with FMOC-Cl

As mentioned in the Section 1, the aim of this work was to
mprove the sensitivity of an earlier method we developed. To
chieve this, the tests carried out were based on the assumption
hat the FMOC-Cl derivatization employed previously was the most
ppropriate, and that the volume of acetonitrile was optimal to
btain the best LOQ and to avoid an unnecessary sample dilution,
etaining the acetonitrile:sample ratio of 1:1.

An ultrasound step was introduced after sample centrifugation
o try to improve the recovery without employing tedious and

ore time-consuming procedures. Distinct periods of ultrasound
ere tested (5–20 min), although times longer than 10 min did
ot improve the results. Tests were also performed on the sam-
le centrifugation but the conditions selected previously (30 min
entrifugation at 10,000 rpm and 12 ◦C) produced the cleanest chro-
atograms.
Finally, carrying out the same procedure twice consecutively,

ncluding the addition of 50 �L of acetonitrile, centrifugation and
ltrasound, significantly increased the recovery of both com-
ounds. Thus, performing two extractions with 50 �L of acetonitrile
instead of only one with 100 �L), and introducing an additional
ltrasound step, improved the extraction yields.

Finally, the supernatant (100 �L) was derivatized with 100 �L
f FMOC-Cl (10 mM) and 100 �L borate buffer (1.25 mM, pH 9) at
oom temperature for 30 min.

In a typical FLD chromatogram obtained using the conditions
roposed from a plasma sample 1 day after rats were administered

single oral dose (100 mg/kg of body weight), both peaks were per-

ectly resolved from the matrix and derivatization reagents (Fig. 1).
ndeed, the GLYP peak was symmetrical and it was much larger
han the AMPA peak.
Fig. 2. Full scan ESI-MS spectra in positive mode of (a) GLYP–FMOC and (b)
AMPA–FMOC derivatives.

3.3. Mass spectrometry optimization

The first HPLC–MS experiments to select the optimal ESI-MS
parameters and the appropriate ions were carried out by flow
injection analysis (FIA) of the individual solutions of GLYP and
AMPA derivatized with FMOC-Cl to monitor the MS intensity.
Although these compounds are usually analyzed in negative ion
mode [30,34], greater sensitivity was obtained here in the positive
mode (as reported elsewhere: [27]) and hence, this positive ion
mode was selected. The range studied for each parameter in pos-
itive mode is shown in Table 1 in which the conditions producing
the greatest sensitivity for both compounds are also shown.

A major ion for each compound was evident in the mass spectra
of the compounds (see Fig. 2), m/z 392 for GLYP–FMOC and 334
for AMPA–FMOC, corresponding to the protonated molecular ions
[M+H]+. Selected ion monitoring (SIM) mode was used to obtain the
maximum sensitivity for quantitative analysis, and the following
mass-to-charge (m/z) values were chosen for SIM analysis: 392 for
quantification and 214, 170 confirmation of GLYP–FMOC and 334
for quantification and 156, 112 for confirmation of AMPA–FMOC.

To check how the matrix influenced the ionization, the peak
areas of GLYP and AMPA in standard solutions were compared
with those obtained in blank plasma C. The recovery of both com-
pounds at the three concentrations assayed was close to 100% and
they were not significantly different (Table 2). Hence, it was con-
cluded that the matrix (rat plasma) did not affect the electrospray
ionization of GLYP and AMPA.

3.4. Method validation

To assess the selectivity of the method, extracts from blank rat
plasma were assayed, along with rat plasma spiked with GLYP and
levels (Fig. 3). No matrix interference was evident in the FLD or ESI-
MS chromatograms obtained. The LOQ for rat plasma was 0.4 ng/mL
(ESI-MS) and 5 ng/mL (FLD) for GLYP, while the LOQ for AMPA were
slightly higher at 2 ng/mL (ESI-MS) and 10 ng/mL (FLD). In both
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Table 2
Extraction recoveries and matrix effect for both detectors of GLYP and AMPA from spiked rat plasma samples (n = 6).

Compound Concentration (ng/mL) Blank plasma A Blank plasma B Blank plasma C

Mean (%) ± SD Mean (%) ± SD Mean (%) ± SD

GLYP 10a 93 ± 4.9 92 ± 3.1 93 ± 3.9
1b 92 ± 4.3 90 ± 2.6 103 ± 2.6
300a 89 ± 5.8 88 ± 4.9 88 ± 4.5
300b 91 ± 5.6 91 ± 3.8 99 ± 3.8
1000a 87 ± 4.9 90 ± 3.9 88 ± 4.1
1000b 89 ± 4.2 88 ± 3.3 101 ± 3.3

AMPA 25a 88 ± 6.8 84 ± 6.2 85 ± 6.1
5b 87 ± 6.0 85 ± 5.2 97 ± 5.2
300a 76 ± 6.4 78 ± 3.9 78 ± 4.5
300b 79 ± 5.3 77 ± 3.9 102 ± 3.9

a ± 4.2
± 3.1
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a FLD.
b ESI-MS.

ases the LOQ were lower than those obtained previously using
ither detector [3] and as expected, they were better when ESI-MS
as used. These LOQ values were higher than those obtained for
LYP and AMPA in other matrices (water, soils) and using more
ensitive detectors (Ion trap, QQQ) with HPLC [27,28,30,32,34].
owever, it is not possible to make a true comparison between

hese data as the matrix has a strong influence on the analysis of
hese compounds. Nevertheless, the LOQ obtained for GLYP was
ower (ESI-MS) or equal (FLD) to the best LOQ found in the only
revious study in which glyphosate was analyzed in serum (a simi-

ar matrix) by LC–QQQ [33]. Thus, the HPLC–FLD–ESI-MS technique
eveloped produced results in serum samples that are equal to or
etter than the existing methods. Moreover, although with the pro-
osed method the results for FLD were not as good as with ESI-MS,
hey were good enough in comparison with other methods, mak-
ng FLD an economic alternative for experiments in which such high
ensitivity is not required.

The extraction efficacy for GLYP ranged from 87% to 93% and
t was between 76% and 88% for AMPA at the three concentrations

ested. Hence, recovery has been improved with respect to our pre-
ious method, especially for AMPA. Indeed, there appeared to be
o relevant differences in the recovery at the different concentra-
ions, in the distinct rat plasma blanks, or using different detectors

ig. 3. Representative RP-HPLC–ESI-MS (SIM mode) chromatogram of (a) blank
at plasma and (b) blank rat plasma spiked with LOQ GLYP and AMPA (0.4 and
ng/mL, respectively). The analytical column used was a Synergi 4 �m MAX-RP 80

250 × 4.60 mm i.d.) protected by a C12 security guard cartridge (4 × 3 mm i.d.). The
obile phase was a mixture of ammonium formate 20 mM [pH 8.5] in water (a) and

cetonitrile (b), applied in a gradient as described in Section 2.3 and at a flow rate of
mL/min. The injection volume was set at 30 �L and the selected temperature was
5 ◦C. The following mass-to-charge (m/z) values were chosen for SIM quantifica-
ion: 392 for quantification and 214, 170 for confirmation of GLYP–FMOC; and 334
or quantification and 156, 112 for confirmation of AMPA–FMOC. The chromato-
raphic and MS conditions are described in detail in Sections 2.3 and 3.3.
82 ± 6.3 83 ± 5.1
83 ± 5.3 98 ± 5.3

(Table 2). Taking into account the simple procedure to process the
samples, these results were very good, particularly when compared
with the often tedious and time-consuming procedures commonly
employed with these compounds, such as SPE. Indeed, the recover-
ies obtained are in concordance with the recovery values obtained
with SPE and other sample treatments [27,28,30,32,33,43], espe-
cially the recoveries of GLYP.

The graphs obtained were straight lines with an intercept not
significantly different to zero (p < 0.05), confirming the linearity in
the range studied. The absence of bias was checked using a t-test
and studying the distribution of residuals. The determination coef-
ficient values (R2) were >0.99 (see Table 3) for all the linear ranges
studied.

The intra-and inter-day precision (%RSD) for GLYP and AMPA
was always below 9% for both detection methods (Table 3). The
accuracy (%RE) for both compounds ranged from 2.1% to 7.8% for
the intra-day readings, and from 4.1% to 9.1% for the inter-day val-
ues. It must be pointed out that the accuracy and precision values
are slightly better for FLD than for ESI-MS, although both were suf-
ficiently high. These results indicated that the present method is
precise and accurate, and it could be said that although an inter-
nal standard is recommended in most validation guidelines, it was
not necessary in this study due to the precision and accuracy of the
method proposed.

3.5. Application of the method to measure GLYP and AMPA in rat
plasma

The validated method was used to quantify GLYP and AMPA in
rat plasma, demonstrating the possibility of monitoring GLYP and
AMPA levels after oral administration of low concentrations (see
ESI-MS results in Table 4). It should be noted with the MS method
developed, GLYP and AMPA concentrations below 25 ng/mL could
be quantified (the LOQ for the previous FLD method [3]). This sen-
sitivity made it possible to monitor both compounds in this study,
because the compounds existed below this concentration in several
samples. As deduced from the data (Table 4), the concentrations of
GLYP and AMPA in rat plasma samples decreased gradually from
day 1 until day 5, the values at the end of this period being close
to the LOQ levels for both compounds. These results indicate that
AMPA was found at very low levels, making it necessary to use a
MS detector, and that GLYP and its metabolite AMPA were elimi-

nated from the plasma slowly. Thus, as could be seen, the method
developed can be successfully applied for monitoring the low lev-
els of GLYP and AMPA in plasma over a five day trial, highlighting
the possibility of using this method in future surveillance studies
or accidental poisoning in humans.
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Table 3
Method validation parameters and mean calibration curves for GLYP and AMPA determination in rat plasma samples.

Validation parameter GLYP AMPA

FLD ESI-MS FLD ESI-MS

Intra-day precision
(%RSD)

Low 5.0 6.5 5.5 6.2
Medium 4.1 5.2 5.2 6.6
High 2.8 4.3 3.8 5.3

Inter-day precision
(%RSD)

Low 7.1 8.5 7.0 7.9
Medium 3.5 5.7 5.6 6.7
High 4.9 6.1 5.2 6.5

Intra-day accuracy
(%RE)

Low −5.3 −6.2 6.8 7.8
Medium 2.3 3.1 2.1 3.4
High −6.2 −7.3 −5.5 −6.4

Inter-day accuracy
(%RE)

Low 6.5 8.1 −8.1 −8.6
Medium 4.9 6.2 4.1 5.4
High −5.5 −6.8 −5.0 −5.7

LOQ (ng/mL) 5
Linear range (ng/mL) 5–1000
Correlation coefficient (R2) 0.999

Table 4
Time monitoring of GLYP and AMPA (ng/mL) in rat plasma after a single oral dose
of 100 mg/kg of body weight employing ESI-MS detection.

Time Animal group GLYP AMPA

1 day 2 919 101
873 94
848 99

2 day 3 448 60
482 55
497 57

3 day 4 136 23
124 25
129 22

4 day 5 39 10
41 8
46 9
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. Conclusions

For the first time, a fast and simple HPLC method with pre-
olumn derivatization using FMOC-Cl has been developed and
alidated to measure low concentrations of glyphosate, as well as
ts main metabolite aminomethylphosphonic acid, in rat plasma
amples using fluorescence and electrospray mass spectrometry
etection. The validated data demonstrate that this method is con-
istent and reliable, with low %RSD values, little bias and good
ecovery. The limits of quantification for the analytes are suffi-
ient to measure plasma concentrations after oral administration
f glyphosate.

Although it has been demonstrated that the fluorescence detec-
or could be an economic alternative to MS when determining these
ompounds in plasma, it was necessary to use MS to monitor the
egradation of both compounds as the sensitivity required could
nly be reached using ESI-MS.
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[3] A. Anadón, M.R. Martínez-Larrañaga, M.A. Martínez, V.J. Castellano, M.

Martínez, M.T. Martín, M.J. Nozal, J.L. Bernal, Toxicol. Lett. 190 (2009) 91.
[4] B.J. Mazur, S.C. Falco, Annu. Rev. Plant Physiol. Mol. Biol. 49 (1989) 441.
[5] W.E. Dyer, in: S. Powles, J. Holtum (Eds.), Herbicide resistance in plants: biology

and biochemistry, Lewis Pub., New York, 1994, p. 229.
[6] J. Clive, Brief 39: Global Status of Commercialized Biotech/GM Crops: 2008,

ISAAA, Ithaca, New York, 2008.
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