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CAPITOL Ill.- METODOLOGIA ANALITICA EN SOL AGRICOLA

l1.1. INTRODUCCIO | OBJECTIUS

En aquest capitol s’exposa el treball realitzat durant la optimitzacié d’un metode
analitic per a la determinacio i analisi de les benzoxazolinones i els seus productes de
degradacio en el sol agricola. Al nostre coneixement i segons la bibliografia consultada,

no hi ha estratéegies analitiques des de la preparacié de la mostra fins la seva analisi.

Aixi doncs, el repte que ens varem plantejar va ser el de desenvolupar una estrategia
analitica per dur a terme I'analisi i quantificacié de les benzoxazolines (BOA i MBOA),
les aminophenoxazinones (AMPO, APO i AAPO) i els acids malonamics (HPAA i HMPA)
en mostres de sol agricola. El procediment del tractament de la mostra segueix el
mateix perfil que el desenvolupat per a les mostres de blat i es composa de tres
etapes: homogeneitzacio, extraccid per PLE i purificacio de I'extracte a través de SPE.
En un primer estadi es va dur a terme el desenvolupament d’una metodologia d’analisi
per LC/MS, pero tal i com sera explicat en el transcurs del present capitol

posteriorment va ser necessari desenvolupar un metode basat en LC-MS/MS.

En aquest sentit els objectius plantejats en aquest capitol van ser:

- Optimitzar les condicions per a la ionitzacié dels compostos d’interés i la seva
fragmentacio, amb el fi de realitzar una analisi mitjangant el mode d’adquisicié
SIM a través de la LC-MS. Posteriorment dur a terme la optimitzacio de I'analisi

per LC-MS/MS per tal de millorar en sensibilitat i selectivitat.

- Desenvolupar una metodologia analitica rapida i simple per determinar 2
benzoxazolinones, 3 aminophenoxazinones i 2 acids malonamics en mostres de

sol agricola.



- Dur a terme una avaluacié de l'efecte de matriu en els extractes de sol
preparats i aplicar el métode de dilucié de la mostra per tal de minimitzar tal

efecte.

111.2 SELECCIO DELS ANALITS | DISPONIBILITAT DELS ESTANDARDS

Quan els compostos metabolitzats en la planta son alliberats al sol, majoritariament a
través de I'exsudacié per les arrels, els productes de transformacié que apareixen
despres de la hidrolisi de les aglucones sdn les corresponents benzoxazolinones BOA i
MBOA. Aguests analits, com ja hem vist es troben presents en la planta, pero també
son els productes de transformacid primaris en el sol. La seva transformacié forma part
d’un procés complex on hi intervenen diferents factors tals com el tipus de sol, la
qguantitat de precursors existents, la presencia i tipus de microorganismes i
I’'absorcid/adsorcid dels analits en el sol. Els productes de degradacié poden presentar
una activitat al-lelopatica més potent que els seus predecessors [1-3], d’aqui la
importancia del seu estudi. A la Figura lll.1 es presenten els compostos objectiu en

I’analisi dels productes de degradacié del BOA i MBOA en el sol agricola.
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Figura Ill.1.- Estructura dels analits d’ estudi

De la mateixa manera que els seus precursors, els compostos de degradacié de les
benzoxazolinones en el sol tampoc es troben disponibles comercialment. El grup del
Dr. Francisco Macias de la Universitat de Cdadiz (participant en el projecte
FATEALLCEHEM) va dur a terme el desenvolupament de rutes sintétiques per als acids

malonamics i les aminophenoxazinones i ens va proporcionar els compostos: HMPMA,



HPMA, APO, AAPO, AMPO i AAMPO. D’aquesta manera varem poder disposar dels
patrons per poder dur a terme el desenvolupament del metode i I'analisi quantitativa

de les mostres.

Els acids malonamics s’obtenen a partir dels corresponents nitrofenols, el HPMA a
partir del 2-nitrofenol i el HMPMA a partir del 5-metoxi-2-nitrofenol [4, 5]. Les
seqliencies de reaccid inclouen diverses etapes com sén: la proteccid del grup
aromatic hidroxil, la reduccié del grup nitro, la introduccié de la cadena lateral i
finalment la desproteccié del grup hidroxil. Les etapes de proteccié i desproteccid
s'inclouen en el treball de Macias et al. [6] per tal d’evitar la dimeritzacié de la
aminophenoxazinones, obtenint aixi majors rendiments en la sintesi dels acids
malonamics (68%), i per proporcionar nous compostos d'origen en la sintesis de nous

derivats (Figura 111.2).
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Figura Ill.2.-Vies d’obtencid dels acids malonamics

Através de la dimeritzacié del 2-aminophenols’obté I’APO i amb la posterior acetilacid
d’aquest s’obté I'AAPO [7]. L'esquelet del 7-methoxyaminophenoxazin s’obté a partir
de la dimeritzacié reductiva del 5-aminophenol, donant lloc a 'AMPO amb un
rendiment elevat del 70%, posteriorment es dur a terme l'acetilacié del AMPO per

donar lloc al AAMPO (Figura lll.3).
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Figura II1.3.- Vies d’obtencié de les aminofenoxazinones

L’estabilitat dels analits juga un paper important tant en la validacido del méetode com
en la quantificacio dels analits d’intereés. Com s’ha vist en |'anterior capitol, les
benzoxazolinones BOA i MBOA van mostrar ser estables durant els 7 dies a la
temperatura de -20°C, amb una degradacid inferior al 5%. Per determinar I'estabilitat
de la resta dels analits, solucions patré d’aquests, es van conservar a diferents
temperatures: a temperatura ambient (20°C), 4°C i -20°C en MeOH en medi acid (1%
acid acéetic (HOAc)). Diariament i durant una setmana es van analitzar per triplicat les

solucions de patro conservades a les diferents temperatures mitjancant LC-MS.

A la Figuralll.4 es mostren els resultats obtinguts als 2, 3 i 7 dies a la temperatura de
conservacio de -20°C. En vista dels resultats obtinguts en vers I'estabilitat dels analits,
per tal d’obtenir resultats fiables, es preparen els patrons i les mostres just abans de la

seva analisi i no conservant-los més de tres dies des de la seva preparacid.
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Figura IIl.4.- Degradacid als 2, 3i 7 dies a la temperatura de 20°C

111.3 PUBLICACIONS CIENTIFIQUES

L’estudi va donar lloc als dos treballs presentats en aquest capitol. En un primer estadi
es va dur a terme el desenvolupament de I'analisi instrumental per LC-MS i el treball
de referéncia es troba en la seccio 111.6.1 d’aquest capitol amb el titol “Development of
a liquid chromatography-electrospray mass spectrometric method for the simultaneous
analysis of benzoxazolinone sand their degradation products”. En el segon, que es
troba a la seccid I11.6.2 i porta per titol “Development of a pressuirized liquid extraction-
solid-phase extraction followed by liquid chromatography-electrospray ionization
tandem mass spectrometry method for the quantitative determination of
benzoxazolinones and their degradation products in agricultural soil”, es presenten
també les condicions en el pretractament de la mostra i I'analisi instrumental que es va

desenvolupar amb un espectrometre de masses en tandem.
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Abstract

A new method for the simultaneous analysis of some benzoxazolinones, aminophenoxazinones and malonamic acids was developed
based on liquid chromatography (L.C) coupled to mass spectrometry (MS), using electrospray ionization (ESI) and operating in positive
mode. Different ESI-MS parameters, such as fragmentor voltage, capillary voltage, drying gas flow, nebulizer gas pressure and drying gas
temperature, were optimized in order to obtain structural information and to achieve maximum sensitivity. Chromatographic separation was
performed by a reversed-phase LC column using a linear gradient of water and methanol. Quality assurance of the developed method was
assessed by measuring parameters as linearity, sensitivity, repeatability and reproducibility. Quantification method based on the use of internal
standard was developed, selecting synthetic 2-methoxy-2H-1,4-benzoxazin-3(4H)-one as internal standard. Good correlations were obtained
for all analytes relative to this compound in the range of 0.05-1.5ng/pL. Instrumental detection limits were between 0.02 and 0.2 ng/pL..

Repeatability and reproducibility studies showed acceptable coefficient of variation values.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Allelochemicals; Benzoxazolinones; Aminophenoxazinones; Malonamic acids; Liquid chromatography; Mass spectrometry

1. Introduction

Since it has been found that allelochemical compounds
and their decomposition products play an important role in
the resistance of plant to insect pests and plant pathogenic
fungi, it has increased scientific interest for allelopathy mean-
ing a potential for selective biological weed management
[1,2]. Chemical family of benzoxazinones is the main ac-
tive allelophatic compound in different crops such as wheat,
rye or maize. Despite the fact that hydroxamic acids are
highly contained in these tissues, different studies have doc-
umented their rapid conversion to benzoxazolinones and fur-
ther biotransformation to degradation metabolites. According

* Presented at the 3rd Meeting of the Spanish Association of Chromatog-
raphy and Related Techniques and the European Workshop: 3rd Waste Water
Cluster, Aguadulce (Almeria), 19-21 November 2003.

* Corresponding author. Tel.: +34 93 400 6100; fax: +34 93 204 5904.
E-mail address: eeeqam@cid.csic.es (E. Eljarrat).

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2004.08.034

to literature, the major degradation products of benzoxazoli-
nones are aminophenoxazinones and corresponding malon-
amic acids [3-6] (Fig. 1).

The broad range of benzoxazinones produced by plants
and the further potential metabolites in plant and soil envi-
ronments result in a complex analyte mixture to be analysed.
Up to date many techniques have been used for the deter-
mination of benzoxazinones such as isotopic dilution [7],
infrared spectrophotometry [8], fluorometry [9], thin-layer
chromatography [10], gas chromatography (GC) [11] and liq-
uid chromatography (LC) [12] obtaining limited separation
power. However, most of the work reported in the literature
used LC methods because this procedure does not require
the time-consuming derivatisation step that is needed prior
to the GC analyses. Several procedures were developed for
the separation and quantification of benzoxazinones in plant
extracts using LC [13]. UV-detector was commonly used and
it meant a selectivity problem due to the fact that any com-
pound containing a benzene ring would response to its work-
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Fig. 1. Degradation pathways of main active benzoxazolinones: (a) benzoxazolin-2(3H)-one (BOA) and (b) 7-methoxybenzoxazolin-2(3H)-one (MBOA)

(according to [3,4]).

ing wavelength range. To overcome the LC-UV limitations,
some LC-mass spectrometry (MS) methods have been re-
cently published. Unequivocal identification of allelochem-
ical compounds was recently used by Cambier et al. [5,14]
with the application of atmospheric pressure chemical ion-
isation tandem mass spectrometry (APCI-MS-MS). A new
method for the identification and quantification of benzox-
azinones was also performed using electrospray ionization
tandem mass spectrometry (ESI-MS-MS) [15].

Asregards the analysis of degradation products of benzox-
azolinones, aminophenoxazinones and corresponding mal-
onamic acids, to our knowledge, no previous studies have
described analytical strategies for their analysis. Only Zik-
mundovd et al. [3,4] performed LC-MS analysis but only as

a complementary identification technique for biotransforma-
tion products of several benzoxazolinones. The aim of this
work was to develop a LC-MS method for the determination
of naturally occurring 1,4-benzoxazin-3(4H)-one derivatives,
including two benzoxazolinones, four aminophenoxazinones
and three malonamic acids (Table 1).

2. Material and methods

2.1. Chemicals and materials

The standards were obtained from private and com-
mercial sources as available. Benzoxazolin-2(3H)-one
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Table 1
Structure and molecular weight of analysed compounds
Compound Acronym M, Molecular structure
OH
2-Aminophenol APH 109
Ny
OH
. H
2N-[2-Hydroxyphenyl]acetamide HPAA 151 o
NGO
AN /O CHg
2-Acetylamino-3H-phenoxazin-3-one AAPO 254 ‘ ‘ N /&
NH Mo
Benzoxazolin-2(3H)-one BOA 135 @: % o
u
Ny C/O‘ SN O\\
6-Methoxy-benzoxazolin-2(3H)-one MBOA 165 3 [ J /"’ o
TN
H
O .OH
H3C d ‘ ﬁ)
N-(3-Methoxy-2-hydroxyphenyl)-malonamic acid HMPMA 225 N
A OH
H
OH
N-(2-Hydroxyphenyl)-malonamic acid HPMA 195 EI‘ Lio "
|
H
0. o
2-Amino-3H-phenoxazin-3-one APO 212 @[ /jj
N NH,
0]
HaC 7
9-Methoxy-2-amino-3H-phenoxazin-3-one AMPO 242 ‘ Py
= N
NHp
FHB
O
2-Methoxy-2H-1,4-benzoxazin-3(4H)-one 2-MeO-HBOA 179 C[ IO
N Co
H
(BOA), 6-methoxy-benzoxazolin-2(3H)-one (MBOA), 2.2. Instrumentation

2[N-(2-hydroxyphenyl)acetamide] (HPAA), N-(2-hydro-
xyphenyl)malonamic acid (HPMA), N-(3-methoxy-2-
hydroxyphenyl)malonamic acid (HMPMA), 2-amino-3H-
phenoxazin-3-one (APO), 2-acetylamino-3H-phenoxazin-3-
one (AAPO) and 9-methoxy-2-amino-3H-phenoxazin-3-one
(AMPO) were received from Dr. F. Macias (University of
Cddiz, Spain) and the non-naturally occurring synthetic
derivative 2-methoxy-2H-1,4-benzoxazin-3(4H)-one (2-
MeO-HBOA) from Professor D. Sicker (University of
Leipzig, Germany). 2-Aminophenol (APH) was purchased
from Sigma Aldrich.

HPLC-grade solvents [water and methanol (MeOH)] and
98% pure acetic acid (HOAc) were purchased from Merck
(Darmstadt, Germany).

The LC-MS system consisted of a HP 1100 LC with a
binary high-pressure pump, a solvent-degassing unit and an
automatic sample injector from Hewlett—Packard (Palo Alto,
CA, USA). An 1100 series diode array detection (DAD) sys-
tem was connected in line with a benchtop mass-selective
detector for the HP 1100 Series equipped with ESI source.
The instrument control and data processing utilities included
the use of LC-MSD ChemStation software.

2.3. Preparation of standard solutions

Stock solutions (1 mg/mL) of individual standards were
prepared by dissolving accurate amounts of pure standards
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in acidified MeOH (1% HOAc). Working standard solu-
tions were obtained by further dilution of stock solutions
with MeOH-acidified water (1% HOAc) (60:40). Chro-
matographic and mass spectrometric conditions were opti-
mized using 1 pg/mL solutions. Mixtures of BOA, MBOA,
APH, HPAA, HPMA, HMPMA, APO, AAPO and AMPO
(100 pg/mL) were prepared in a range between 0.05 and
5ppm. These solutions were used to generate the internal
standard response calibration curves for subsequent mea-
surements of quality parameters. Internal standard response
curves were obtained with mixed solutions spiked with 2-
MeO-HBOA at final concentrations of 1 pg/mL each.

2.4. Chromatographic conditions

A Synergi MAX-RP 80A LC column (250 mm x 4.6 mm,
4 um, Phenomenex) attached to a Phenomenex Guard col-
umn was used with a solvent flow-rate of 1 mL/min and an
injection volume of 50 L held at room temperature. Mobile
phase consisted of 0.05% HOAc in water as solvent A and
0.05% HOAc in MeOH as solvent B. The solvent gradient
adopted was as follows: 0-8 min, 70-30% A; 15.5-17 min,
30-10% A; 19-23 min, 10-70% A; 28 min, 70% A. Total run
time was 28 min with the benzoxazinones derivatives eluted
over 6—16 min and the final 12 min used for column cleaning
and regeneration. The eluent from the first 5 and final 17 min
was directed to waste to avoid excessive contamination of the
MS source. Elution of the compounds was monitored from

220 to 400 nm.
2.5. Mass spectrometry conditions

ESI in both positive (PI) and negative (NI) modes were
assayed. Flow analysis injection (FIA) was performed to
achieve major sensitivity for each compound at 50 ng/p.l us-
ing acidified water—methanol (30:70) as carrier solvent. The
optimization of operating conditions was carried out by the
evaluation of the area and fragmentation of each analyte
in scan mode (m/z values 100—450). The parameters opti-
mized were: drying gas flow, modifying its value between
8 and 12L/min (8, 10 and 12L/min); nebulizer gas pres-
sure, modifying its value between 50 and 60 p.s.i.g. (50, 55
and 60 p.s.i.g.; p.s.i. = 6894.76 Pa); drying gas temperature,
modifying its value between 250 and 350 °C (250, 300 and
350 °C); capillary voltage, modifying its value between 3000
and 4000V (3000, 3500 and 4000 V); and fragmentor volt-
age, modifying its value between 70 and 250 V (70, 150 and
250V).

2.6. Stability study

A preliminary study of the stability of selected analytes
was performed due to their rapid degradation effect [3-6].
The stability of benzoxazolinones and 2-MeO-HBOA was
checked in a previous study [16]. Thus, stability study of
aminophenoxazinones and malonamic acids in acidified so-

lution (1% HOACc) was studied here. To determine the stabil-
ity, spiked solutions were stored at room temperature, 4 °C
and —20 °C. The evaluation was performed for 7 days by in-
jections for each temperatured solution by LC-MS developed
method.

3. Results and discussion
3.1. Stability study

The stability of MBOA, BOA and 2-MeO-HBOA was pre-
viously checked [16], showing that the three compounds are
stable (degradation lower than 5%) at the three different tem-
peratures tested. As regards aminophenoxazinones and mal-
onamic acids, Table 2 shows the results obtained from the
stability evaluation after 7 days of storage at the three dif-
ferent temperatures. Results clearly demonstrated that sig-
nificant losses occurred, not only when solution was stored
at room temperature but also at 4 °C and —20°C. APO and
AMPO were the most-unstable compounds, with approxi-
mately 75-100% of degradation. This degree of degradation
was observed after three days of storage. As is described
in the degradation pathway scheme by Zikmundovd et al.
[3,4], APO and AMPO are the main active compounds to
further degradation products. Thus, the instability of APO
and AMPO was an important fact to consider for standard
solution preparation.

Concerning to the rest of the compounds, better stabil-
ity was observed at —20°C. At this temperature, AAPO re-
mained stable, whereas HPAA and APH suffered an approx-
imately 20% of degradation. In view of these results and to
prevent degradation, storage in acidic conditions at —20°C
was recommended.

3.2. MS method optimization

The objective of this study was to develop an analyti-
cal method for the simultaneous determination of some ben-
zoxazolinones, aminophenoxazinones and malonamic acids.
Since a previous LC-MS methodology, using ESI, was opti-
mized for the analysis of benzoxazinone derivatives, includ-
ing BOA, MBOA and 2-MeO-HBOA [15], this ionization
technique was selected in this study.

Different ESI-MS parameters were optimized using FIA
for all the studied compounds in order to obtain structural

Table 2
Degradation (%) of aminophenoxazinones and malonamic acids stored at
different temperatures (room temperature, 4 °C and —20°C)

Compound —-20°C 4°C 20°C
HPAA 23 14 33
APH 20 25 19
AMPO 81 76 55
APO 100 100 100
AAPO 3 14 27
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Table 3
Target compound responses (500 ng injected) of ESI positive and negative
mode for fragmentor parameter = 70 V

Compound ESI positive ESI negative
APH 11814 35299
HPAA 17218 42492
AAPO 162355 5407
BOA 13231 107751
MBOA 19628 48304
APO 59321 5405
AMPO 52216 3524
HMPMA 17028 36228
HPMA 18271 47718

information and to achieve maximum sensitivity. PI and NI
modes were tested at three different fragmentor values. Val-
ues of 250 and 150 V of voltage were disregarded for both ion-
ization modes because no additional fragmentation of com-
pounds was obtained. Main information of fragments was
obtained at 70 V for both modes. In NI mode, benzoxazoli-
none and malonamic acid responses were higher than in PI
mode. But, it should be pointed that the differences between
both polarities were not very high. In contrast, it was clearly
observed a more suitable response for aminophenoxazinones
in P mode (Table 3). In order to assume an analytical compro-
mise to obtain the major response for all the selected analytes,
PI was selected as polarity ionization. Working under these
conditions (ESI, PI and 70 V of voltage), [M + H]™ ions and
sodium adduct ions ([M + Na] 1) were selected as quantifi-
cation and confirmation ions for target compounds. Only for
AAPO different ions were selected: [M + H-N(CO(CH3)] ™
and [M + H-N(CO(CH3)—(C,HsOH)]* (Table 4).

For the rest of parameters, such as drying gas flow, neb-
ulizer gas pressure, drying gas temperature and capillary
voltage, non-significant differences were detected between
the tested values. The selected operating conditions were
13 L/min, 60 p.s.i.g., 350 °C and 3500V, respectively.

3.3. LC method

No previous studies have described analytical strategies
for the separation and quantification of aminophenoxazi-

Table 4

mAU 1 2-McO-HBOA
APH+HPAA i
. MBOA
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Fig. 2. LC-DAD (280 nm) chromatogram obtained for a standard solution
(1 pg/mL) on a RP dodecyl (Cy3) trimethylsilyl (TMS) end-capped Synergi
MAX-RP column.

nones and malonamic acids before. However, benzoxazoli-
nones (BOA and MBOA) were included in Bonnington
et al. [15] study. Concerning to the encountered problems
in this previous study due to low stability of analytes on
the LC columns under the required acidic conditions, re-
tention time shifts and adverse effects on peak intensities
due to the coelution of impurities, it was seriously eval-
uated the application of the dodecyl (Ci») trimethylsilyl
(TMS) end-capped Synergi MAX-RP. This LC column en-
hanced the online chromatographic separation through im-
provements to component resolution, analyte stability, peak
shape and the column lifetime. On the basis of these re-
sults, the same chromatographic column was selected for our
study.

Several gradient programs were assayed with the selected
column using acidified HyO (0.05% HOAc) and acidified
MeOH (0.05% HOAc) as mobile phase. The optimal chro-
matographic separation was achieved using a linear gradi-
ent of 70:30-30:70, although slight differences in retention
times for selected analytes was observed, and some coelu-
tions (APH with HPAA, AAPO with BOA, and HMPMA
with HPMA) could not be resolved. This fact determined
that UV-detection method was not an appropriate technique
for the simultaneous analysis of target compounds (Fig. 2).
In contrast, all compounds were well resolved using LC-MS
in the selected ion monitoring (SIM) mode, providing appro-
priate selectivity to the method (Fig. 3).

Retention times and m/z ions selected for quantification and confirmation of each selected compound

Compound Retention time (min) Quantification ion (m/z) Confirmation ion (m/z)
APH 7.66 110 [M + HJ* 152 [M + H + C(OCH3]™
HPAA 7.67 152 [M + H]T 110 [M+H-C(OCH3]*+
AAPO 9.66 198 [M + H-N(CO(CH3)]" 152 [M + H-N(CO(CH3)~(C, HsOH)]"
BOA 10.06 136 [M + HJ* 158 [M + Na]*

MBOA 10.41 166 [M + HJ* 188 [M + Na]™

HMPMA 10.59 226 [M + HJ* 248 [M + Na]*

HPMA 10.79 196 [M + HJ* 218 [M + Na]*

APO 14.34 213 M + HJ* 235 [M + Na]*

AMPO 15.17 243 [M + H]* 264 [M + Na]™
2-MeO-HBOA 10.95 148 [M + HJ* 202 [M + Na]*
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Fig. 3. LC-ESI(+)-MS chromatogram obtained for a standard solution
(1 pg/mL). Different m/z ions selected for the quantification of each com-
pound are shown.

3.4. Method validation

Quality assurance of the developed method was evalu-
ated by measuring parameters as linearity, sensitivity, repro-
ducibility and repeatability. Quantification was performed by
internal standard method. The use of internal standards to aid
reliable quantification has not been described previously for
LC determinations of aminophenoxazinones and malonamic
acids. Here, non-naturally occurring structural analogue of
one benzoxazinone (HBOA), 2-MeO-HBOA, with adequate
separation from selected analytes, was used as internal stan-
dard. The use of internal standard method is very useful in
LC-ESI-MS, where matrix induced interference resulted in
suppression of signals of target analytes. In this sense, the use
of 2-MeO-HBOA could aid to detect any suppression of ana-
lyte signals. The linearity of the method was measured in the
range of 0.05-1.5ng/nL. The data were subjected to linear
regression analysis and good correlations were obtained for
all analytes relative to internal standard, ranging from 0.9879
for HPMA to 0.9997 for HMPMA (Table 5). These results
confirmed the applicability of the selected internal standard
for quantification.

Sensitivity was evaluated by determining the instrumen-
tal detection limits (LODjy) obtained using LC-ESI-MS in
SIM mode. LODj,y were based on the peak-to-peak noise

Table 5
Quality parameters of the established LC-MS method.

of the baseline near the analyte peak obtained by analyses of
a standard solution and on minimal value of signal-to-noise
ratio of 3. The applied methodology provided LODjy in the
range between 0.02 and 0.2 ng/pL (Table 5). Aminophenox-
azinones showed the lower detection limits (from 0.02 to
0.11 ng/pL), followed by benzoxazolinones (0.09 ng/nL). As
regards malonamic acids, they showed the higher detection
limit values (from 0.05 to 0.2 ng/uL).

In order to evaluate the repeatability of the developed
method, five consecutive injections of a standard solution
were performed at the optimum conditions in LC-ESI-MS
above described. Relative standard deviations (R.S.D.s) be-
tween the five values were calculated for all the selected ana-
lytes. R.S.D. values were always below 15% indicating good
repeatability (Table 5). On the other hand, five injections were
carried out in five different days to establish the reproducibil-
ity of the method. The same quantitative analysis used for the
repeatability study (internal standard) was applied. As can
be expected, the R.S.D.s obtained for reproducibility were
higher than those obtained for repeatability (Table 5). R.S.D.
values ranged from 2 to 26%, with values higher than 20%
only for AAPO.

4. Conclusions

A methodology for chromatographic separation, charac-
terization and quantification of a range of benzoxazolinones
and further degradation products based on the use of LC-MS
is described for first time. ESI was selected as ionization tech-
nique and different ESI-MS parameters (polarity, fragmentor
voltage, capillary voltage, drying gas flow, nebulizer gas pres-
sure and drying gas temperature) were optimized by FIA for
all analytes as well as for internal standard selected for quan-
tification. Quality assurance of the developed methods was
assessed by measuring parameters as linearity, sensitivity, re-
peatability and reproducibility. The method was lineal in the
range of 0.05-1.5ng/pL, and detection limits were between
0.02 and 0.2 ng/p.L. Aminophenoxazinones showed the lower
detection limits, followed by benzoxazolinones; finally, mal-
onamic acids showed the higher detection limit values. As
regards repeatability and reproducibility, acceptable R.S.D.

Compound R? LOD (ng/p.L) Repeatability R.S.D. Reproducibility R.S.D.
(%,n=175) (%,n=35)
APH 0.9974 0.026 3.0 8.2
HPAA 0.9947 0.046 52 17.0
AAPO 0.9955 0.024 6.1 26.3
BOA 0.9941 0.085 9.7 5.1
MBOA 0.9982 0.085 6.9 4.0
HMPMA 0.9997 0.221 13.4 10.5
HPMA 0.9879 0.103 8.8 2.4
APO 0.9991 0.108 2.0 12.5
AMPO 0.995 0.064 11.4 52
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values were obtained for all selected analytes, with exception
of AAPO, which presented R.S.D. of reproducibility higher
than 20%.

The advanced analytical method developed could thus be
applied to the simultaneous screening and quantification of
these allelochemicals in plant and soil materials. However,
future research will approach the analysis of real samples in
order to assess possible matrix effects and likely influence of
interferences.
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Abstract

A new analytical method for the quantitative determination of benzoxazolinones and their degradation products in agricultural soils based
on the use of pressurized liquid extraction (PLE) followed by solid-phase extraction (SPE) and then instrumental determination using liquid
chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS-MS) is described. Using this method, the characterization, sep-
aration and quantitative detection of a mixture of two benzoxazolinones, benzoxazolin-2-one (BOA) and 6-methoxybenzoxazolin-2-one (MBOA)
and their degradation products, 2-aminophenol (APH), N-(2-hydroxyphenyl)malonamic acid (HMPMA), 2-amino-3-H-phenoxazin-3-one (APO),
9-methoxy-2-amino-3-H-phenoxazin-3-one (AMPO), 2-acetylamino-3-H-phenoxazin-3-one (AAPO) and 2-acetylamino-9-methoxy-2-amino-3-
H-phenoxazin-3-one (AAMPO) was achieved. The complete LC-ESI-MS-MS precursor—product ion fragmentation pathways for the degradation
products of benzoxazolinones are described for the first time. Quantitative analysis was done in the multiple reaction mode using two specific
combinations of precursor—product ion transitions for each compound. The optimized method was quality assessed by the measure of parameter
as recovery, linearity, sensitivity, repeatability and reproducibility. Recoveries of the analytes ranged from 53 to 123%. The developed method
offered improvements to the sensitivity as compared with our previously LC-MS method, with detection limits down to 2.4-21 ng/g of dry weight.
This achievement allows us to identify and quantify for the first time degradation products of benzoxazolinones in real agricultural soil samples.
Analytes were found in the range of 20.6-149 ng/g dry weight.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Allelochemicals; Aminophenoxazinones; Benzoxazinones; Liquid chromatograhy; Mass spectrometry; Soil

1. Introduction

In recent years there has been an increasing focus on the
impact on the environment of using pesticides for controlling
weeds and also insects and diseases. Allelopathy could be an
alternative, and it has increased scientific interest for a selec-
tive biological weed management [1,2]. Allelopathy has been
defined by the International Allelopathy Society as ‘any process
involving secondary metabolites (allelochemicals) produced by
plants, micro-organisms, viruses and fungi that influence the
growth and development of agricultural and biological systems

* Corresponding author. Tel.: +34 934006170; fax: +34 932045904.
E-mail address: eeeqam @cid.csic.es (E. Eljarrat).

0021-9673/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2007.11.087

(excluding animals), including positive and negative effects’
[3].

The chemicals identified as the most active allelopathic com-
pounds in different crops such as wheat, rye, or maize are of
the same chemical family, the benzoxazinones. Hydroxamic
acids in wheat are found as -glucosidases [4]. When plant tis-
sue is damaged, 3-glucosidase is enzymatically hydrolyzed to
their corresponding aglucones. The aglucones are converted to
their corresponding benzoxazolinones MBOA and BOA. When
leached to the soil, the aglucones are rapidly transformed to
benzoxazolinones as well [5,6]. Moreover, the benzoxazoli-
nones are subjected to additional transformation in soil. Several
papers have published the herbicidal, insecticidal, and fungici-
dal effects of hydroxamic acids and benzoxazolinones [7-11].
The transformation products must be studied because some of
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Fig. 1. Degradation pathway of (a) MBOA and (b) BOA, according to Zikmundova et al. [12].

these could be more active than the original ones. According
to the literature [12], the major degradation products of ben-
zoxazolinones (MBOA and BOA) are aminophenoxazinones
and corresponding malonamic acids. These degradation prod-
ucts were identified from studies carried out in the laboratory
by combining soil samples from commercial wheat crops with
stock solutions of the substrates to be degraded [5,13]. The
degradation pathways of MBOA and BOA have been obtained
from these studies and are shown in Fig. 1. But these degra-
dation products have never been detected in real cultivated soil
samples.

Several procedures based on GC-MS and LC-UYV for the sep-
aration and quantification of benzoxazinone derivatives in plant
extracts were developed [14]. More recently, the application of
liquid chromatography coupled to mass spectrometry (LC-MS)
[15] and LC-MS-MS [16] to the analysis of these compounds
in plant material was reported, showing better sensitivity and
selectivity compared to previous methods. However, and to the
knowledge of the authors, there are only two works [13,17],
describing an analytical strategy for the analysis of benzoxazoli-
nones and their degradation products in soil. In the first one [17],
only an instrumental analysis using LC-MS was developed,
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Table 1
MS-MS transitions and optimal conditions used for LC-MS-MS analysis
Compounds MW  Precursor-product ion fragmentation pathway Precursor ion Product ion Transition ~ Ratio®
mlz Cone mlz Collision ~MRMP Value
4] eV)
Malonamic acids
OIT
APH @Nm 109 110>92 [M+H* >-H,0] 110 30 92 20 MRM 1 -
(‘H,O\C[OU o o
HMPMA h"Mon 225 226>208> 138 [M +H* >-H,0>-C3H403] 226 20 208 10 MRM 1 2
H
226 20 138 20 MRM 2
Benzoxazolinones
O,
BOA @g’:o 135 136>108>92 [M +H*>-CO>-HCOCH,COOH] 136 35 108 20 MRM 1 26
136 35 92 30 MRM 2
CHO, o
MBOA \©:H>:U 165 166>110>95 [M +H*>-2CO>-CHzs] 166 35 110 20 MRM 1 0.9
166 35 95 23 MRM 2
Aminophenoxazinones
O, (e]
APO QN;@\” 212 213>185> 158 [M +H* >-CO] 213 30 185 20 MRM 1 38
' 213 30 158 30 MRM 2
o O g
AAPO @:wa/&o 254 255>213> 185 [M+H* >-CH,CO>-CO] 255 20 213 16 MRM 1 55
255 20 185 30 MRM 2
CILO. 0. 0
AMPO \@“ﬁww 242 243>200> 172 [M + H* >-CO; -CHj3 > -CO] 243 35 200 30 MRM 1 1.4
A 243 35 172 33 MRM 2
CILO. O, o] oy
AAMPO \Q;ﬁm,ko 284 285>243>228 [M +H* >-CH,CO>-CHs] 285 20 243 16 MRM 1 3.6
285 20 228 30 MRM 2
Int. standard
0, OCH‘
2-MeOH-HBOA ©:l»9‘:o 179 180>120> 120 [M + H* >-OCH(OCH3)>-CO] 180 10 120 10 MRM 1 12
180 10 92 20 MRM 2

2 Ratio = abundance MRM 1/abundance MRM 2.

b MRM 1 = first transition used for quantification; MRM 2 = second transition, used for confirmation.

but no information regarding sample preparation steps (extrac-
tion and purification) was reported. The instrumental detection
limits obtained in this study were in the range of 1-11ng. In
the second one [13], only two derivatives (BOA and APO)
were analysed in spiked soil samples using LC-MS method,
with detection limits of the whole method in the range of 9—
35ng/g.

The aim of this study was to develop a rapid and simple
method for the determination of eight allelochemicals (Table 1)
in agricultural soils. An analytical method based on pressurized
liquid extraction (PLE) followed by a clean up using LiChrolut
RP C;g solid-phase extraction (SPE) cartridges was evaluated.
Instrumental determination was carried out by LC-MS-MS
method working in multiple reaction monitoring (MRM). To
the best of our knowledge, this is the first work that used
LC-MS-MS method for the determination of benzoxazolinones,
malonamic acids, and aminophenoxazinones in agricultural
soils.

2. Experimental
2.1. Standards and reagents

Standards were obtained from commercial and private
sources as available. Benzoxazolinones, BOA and MBOA;
malonamic acid, HMPMA, and aminophenoxazinones, APO,
AAPO, AMPO, and AAMPO, were received from Dr. F
Macias (University of Cddiz, Spain). APH was purchased form
Sigma—Aldrich. The non-naturally occurring synthetic deriva-
tive 2-MeO-HBOA was purchased from Professor Dr. Sicker
(University of Leipzig, Germany).

Stock individual standard solutions (1000 ng/uwL) were pre-
pared by dissolving accurate amounts of pure standards in
acidified methanol (MeOH) (1% acetic acid (HOAc)). Work-
ing standard solutions containing all compounds except internal
standard were obtained by further dilution of stock individual
solutions with acidified methanol (1% HOAc), and their con-
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centrations are of 1, 5, 50 and 500 ng/pL. Working standard
solution of internal standard (100 ng/uwL) was also prepared by
further dilution of stock solution.

HPLC-grade solvents water (H,O), MeOH and 98% HOAc
were purchased from Merck (Darmstadt, Germany). Diatoma-
ceous earth was obtained from Varian. LiChrolut RP Cig
(500mg) SPE cartridges were purchased from Biotage.

2.2. Sample preparation

The soil samples come from wheat crops. Three different
wheat varieties, Astron (As), Ritmo (Ri) and Stakado (St) were
cultivated in Lleida (Catalunya, NW of Spain) under conven-
tional cultivation conditions. After harvest, soil samples were
taken in the proximity of cultivated plants. Plants were harvest
at ten and twelve days after sowing, corresponding to two dif-
ferent stages. The soil samples were taken at the same time as
plants in plastic bags and stored at —20 °C until further manip-
ulation. Excess water was removed from the frozen agricultural
soil by liophilization until weight loss was no longer observed.
The soil was sieved at 120 pm and preserved at —20 °C until the
extraction.

Samples were extracted by PLE using an ASE 200 (Dionex,
Idstein, Germany) apparatus, equipped with 11 mL of stain-
less steel extraction cells. Five grams of soil were taken for
the extraction. The sample was mixed with diatomaceous earth
(hydromatrix) to ensure good dispersion of the sample and the
remaining part was filled with the same material. Hydroma-
trix was cleaned by ultrasonication with the same solvent of
the extraction and dried at 70 °C prior to use. The parameters
used were as follow: flush volume, 60%, solvent extractor acidi-
fied MeOH, 1% HOACc; temperature, 150 °C; pressure, 1500 psi;
static times, three cycles; and cell purge, 60 s.

A purification step prior to instrumental analysis is recom-
mended. A simple cleanup procedure consists of the use of C;g
SPE cartridge. Organic extracts were concentrated to incipi-
ent dryness by rotary evaporation and then were applied to the
SPE cartridges. Analytes were eluted using 5 mL of acidified
MeOH (1% HOACc). Then, extracts were concentrated to dryness
and reconstituted with 2.5 mL of [MeOH/H;0O (0.05% HOACc)
(60:40)]. Finally 25 uL of 100ng/uL of the internal standard,
2-MeO-HBOA, were added to the extract for internal standard
quantification.

3. LC-MS-MS analysis
3.1. Chromatographic conditions

LC-MS-MS analyses were performed on a Waters 2690
series Alliance HPLC (Waters, Milford, MA, USA) with a
quaternary pump equipped with a 120-vial capacity sam-
ple management system. A synergy MAX-RP 80A column
(150 mm x 2 mm, 4 wm, Phenomenex) with a solvent flow rate
of 0.2 mL/min was used. Our previous work [17] was used as
the basis for the chromatographic separation of benzoxazinones.
Several gradient programs were assayed using acidified H>O and
MeOH at different proportions of acetic acid. Finally, acidified

H>0O (1% HOACc) and MeOH (1% HOACc) were used as the elu-
tion solvents A and B, respectively. The sample injection volume
was set at 10 uL.

3.2. Mass spectrometry conditions

A benchtop triple quadrupole mass spectrometer Quattro LC
from Micromass (Manchester, UK) equipped with a pneumat-
ically assisted electrospray probe and a Z-spray interface was
used for the MS-MS analyses. Nitrogen gas (N») (99.999%
purity) was used as the desolvation and cone gas and argon as
the collision gas (3.6 x 1073 mbar). All data were acquired and
processed using Masslynx software.

Since in our previous LC-MS work [17] electrospray ion-
ization was used for the analysis of aminophenoxazinones, this
ionization was selected for the analysis in this work. Parameter
optimization was performed by flow injection analysis (FIA) for
each compound (25 ng/pL) at a constant flow rate 0.2 mL/min.
Sensitivity of target compounds was first checked by recording
chromatograms in full scan mode in both positive and nega-
tive ionization mode. With the aim to select parent ion for each
analyte, the analysis was carried out also in full scan mode.
Once precursor was selected, product scans were recorded to
obtain precursor—product fragmentation, testing different values
of cone voltage (modifying it value between 10 and 40 V) and
collision energies (modifying it value between 10 and 40 eV). In
order to increase sensitivity and selectivity, data acquisition was
performed working in MRM mode. Two characteristic MRM
transitions were selected for each analyte, MRM 1 for the quan-
tification and MRM 2 for the confirmation. The MS setting
parameters were the following: capillary voltage, 3.5kV; source
temperature and desolvation temperature, 150 °C and 350 °C,
respectively; extractor, 2 V; rf lens, 0.4 V; cone argon gas flow,
and desolvation N> gas flow 48 and 600 L/h, respectively; col-
lision gas pressure, 2.52 x 1073 mbar. The selected transitions
and the optimized cone voltages and collision energies for each
one are described in subsequent sections.

3.3. Method validation

In order to validate the instrumental method, quality assur-
ance of the instrumental method was assessed measuring
parameters as linearity, sensitivity and precision. The linear-
ity was measured in the range of 0.01-2ng/pL. Sensitivity
was evaluated by determining the instrumental detection limits
(LODinst) in MRM mode. LODinst were based on the peak-to-
peak noise of the baseline on near the analyte peak obtained by
analysis of standard solution and on minimal value of signal-to-
noise ratio of 3. To establish the precision of the instrumental
method an intra-day and inter-day analysis were performed by
five consecutive injections of a standard solution at 0.05 ng/pL
at the optimum conditions in LC-MS-MS analysis.

On the other hand the whole method (PLE-SPE followed by
LC-MS-MS) was also validated with spiked soils at 12.5 ng/g.
The method was carried out five times. Different quality param-
eters were evaluated: recoveries (%R), reproducibility and
sensitivity (LODmet).
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4. Results and discussion
4.1. LC method optimization

In a previous work, Bonnington et al. [16] evaluated dif-
ferent chromatographic columns with the aim to optimize the
separation of different benzoxazinone derivatives. The dode-
cyl (C12) trimethylsilyl (TMS) end-capped Synergi MAX-RP
showed better results. Due to the similarity of benzoxazinone
derivatives with their degradation products, the same LC column
was selected for our study. In order to accomplish the optimum
chromatographic separation, several preliminary experiments
were performed, testing different mobile phase consisting of
H>O as a polar phase (A) and MeOH as an organic phase (B),
adding different proportions of HOAc (0.05 and 1%). The effect
to add more proportion of HOAc into mobile phase improved
the MS signals, especially for HMPMA. Therefore, acidified
H>0O and MeOH adding 1% of HOAc in each one, was used as
mobile phase. The optimum solvent gradient adopted was as fol-
lows: 0.0-0.1 min, 40% A; 0.1-8.0 min, 40% A; 8.0-13.0 min,
40-20% A; 13.0-15.0 min, 20-40% A; 15.0-20.0 min, 40% A.
Total run time was 20 min with the compounds eluted over
2-10min and the final 10 min was used for column cleaning
and regeneration.

4.2. MS-MS method optimization

In order to optimize the MS parameters, flow injection anal-
ysis (FIA) was performed for each compound at 25ng/pL,
using acidified HyO-MeOH (40:20) as carrier solvent. Sen-
sitivity of target compounds was first checked by recording
chromatograms in full scan mode in both positive and neg-
ative ionization mode. With the exception of BOA, all the
analytes presented higher response in positive than in negative
ionization mode. It is important to note that the differences on
responses between both polarities were not very high for BOA,
and MBOA, while for the rest of the analytes (APO, AMPO,
AAPO, AAMPO, APH, 2-MeOH-HBOA, HMPMA) responses
in PI mode were considerably higher. This is on agreeing with
work of Guillamén et al. [17]. For these reasons, PI was selected
as polarity ionization.

Identification of parent ion was also carried out in full
scan. Once the parent ions were chosen, selection of optimum
cone voltage and collision energy was tested by product ion
scan. Cone voltage were selected according to the sensitiv-
ity of the precursor ions, and collision energies where chosen
to give the maximum intensity of the fragment ions obtained.
Maximum abundances were obtained at 10V for 2-MeOH-
HBOA; at 20V for HMPMA, AAPO, and AAMPO; at 30V
for APH, MBOA, and APQO; and at 40 V for AMPO. The com-
plete precursor—product fragmentation pathways observed for
the analytes and the optimal conditions for the transitions are
given in Table 1. Representative chromatogram of a standard
mixture (0.5ng/pL) is illustrated in Fig. 2. These transitions
were selected according to the highest sensitivity for the analyte
of interest. The first transition (MRM 1) corresponded to the
most abundant and was used for quantification and the second

one (MRM 2) for confirmation purposes. The selection of unique
transitions for a compound for use in quantitative studies is
often ideal in order to avoid interferences caused by possible co-
eluting impurities. The precursor ion corresponded in all cases
to the protonated molecule [M — H*]. As interpreted in Table 1
the aminophenoxazinones and benzoxazinones with methoxy-
lated group in their structure (AAMPO, AMPO, and MBOA),
have common fragmentation involving the loss of methoxy rad-
ical and subsequently CO moiety. Regarding malonamic acid
(HMPMA), it has a common fragmentation involving the loss
of H>O and the adjacent moiety to the acidic group. APH showed
poor fragmentation and only one transition could be monitored.

According to the performance characteristics defined in the
EU Commission Decision 2002/657/EC [18] for the confir-
mation and identification of organic compounds, when using
LC-MS-MS as instrumental technique, a minimum of three
identification points are required. In our developed method,
using two MRM transitions the minimum identification points
are accomplished. The MRM ratio, calculated as the ratio
between the abundances of two selected precursor—product ion
transitions, were also used to confirm the identity of an analyte
in the samples (Table 1). The calculated ratio in a sample must
be within 20% of the ratio calculated upon the standards.

4.3. Quantification

The use of internal standards to aid reliable quantification
has not been described for the quantification of aminophenoxazi-
nones. In this study a non-naturally occurring structural analogue
of HBOA (2-MeO-HBOA) benzoxazinone with adequate chro-
matographic separation from the selected analytes (Fig. 2) was
used as internal standard. Good correlations were obtained for
all analytes relative to this compound for the 0.01-2ng/pL
range, with correlation values always higher than 0.998. These
results confirmed the applicability of selected internal standard
for quantification, and this method was used for the quantitative
analysis in soil samples.

Matrix induced interference resulting in suppression of sig-
nals in LC-MS were well reported [19-22]. Recently, we studied
this effect for the determination of benzoxazinone derivatives in
plant material [23]. One way to solve or minimize this effect
was the dilution of extracts before injection into instrumental
setup. In the case of soil samples, we have determined the opti-
mal dilution of the final extract, showing the better results a final
volume of 2.5 mL.

4.4. Method validation

Quality assurance of the instrumental developed method was
evaluated by measuring parameters as linearity, sensitivity and
precision (reproducibility and repeatability). All data are pre-
sented in Table 2.

The data were subjected to linear regression analysis and
good correlations were obtained for all analytes relative to inter-
nal standard, ranging from 0.9980 to 0.9998. Sensitivity was
evaluated by determining the LODinst in MRM mode. LODinst
ranged from 13 to 77 pg injected, corresponding the lower val-
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Fig.2. LC-ESI-MS-MS chromatogram showing the different ion transition used for quantification (MRM 1) of (a) standard mixture (0.5 ng/p.L) and, (b) soil sample
(Astron variety, twelve days after sowing).
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Table 2
Quality parameters of the instrumental LC-MS-MS and LC-MS method as well as of combined PLE-SPE LC-MS-MS method
APH HMPMA BOA MBOA APO AMPO AAPO AAMPO
LC-MS-MS method
Linearity 0.9986 0.9997 0.9994 0.9981 0.9994 0.9998 0.9986 0.9980
Repetitivity RSD (n=5) 2 1 2 2 3 2 5 1
Reproducibility RSD (n=5) 3 5 3 3 7 9 10 18
Sensitivity LODinst (pg injected) 14 77 43 27 23 17 24 13
LC-MS!!
Sensitivity LODinst (ng injected) 13 11 4.3 43 54 32 1.2 NR?
PLE-SPE LC-MS-MS
Recoveries % 13 53 96 100 57 85 123 104
Reproducibility RSD (n=5) 2 11 11 7 9 14 1 10
Sensitivity LODmet (ng/g dry weight) 58 21 3.6 4.0 24 2.5 2.7 2.4

2 NR, not reported.

ues to AAMPO, and the higher to HMPMA. If we compare
our obtained LODinst using the developed LC—-MS-MS method
with those obtained previously by LC-MS [17], a great improve-
ment, between 10- and 100-fold, was observed. Using a single
LC-MS method, LODinst were in the ng level, whereas with our
LC-MS-MS method, LODinst decrease to the pg level. Preci-
sion of the method was evaluated by injection of five consecutive
standard solutions at 0.05 ng/pL, at the optimum conditions in
LC-MS-MS above described. Repeatability (intra-day analy-
sis) was evaluated measuring the relative standard deviation
(RSD) between five consecutive injections, showing a preci-
sion from 1 to 5%. On the other hand, reproducibility (inter-day
analysis) was also evaluated measuring the RSD between five
injections in five different days. As it can be expected, RSD val-
ues obtained for repeatability were lower than those obtained
for reproducibility which ranged from 3 to 18%.

The whole method, including PLE-SPE followed by
LC-MS-MS was also validated with spiked soil samples at
12.5ng/g. The quality parameters evaluated were: recoveries
(%R), reproducibility and sensitivity (LODmet). All values are
presented in Table 2 and discussed subsequently.

The recoveries (percent of standard added to sample recov-
ered during whole process) obtained ranged from 53 to 123%.
Only in the case of the malonamic acid APH, the obtained value
was lower (13%). This could be attributed to the low stability
of this intermediate product, as it can be seen in the degradation
pathway of BOA (Fig. 1). As regards RSD obtained between

Table 3

five replicates, the values were below 14%, indicating good
reproducibility of the method.

The sensitivity was evaluated by measuring the LODmet.
This value was measured for each compound by a signal-to-noise
ratio of 3 in spiked samples. The applied methodology provided a
LODmet in therange between 2.4 and 21 ng/g dry weight. As our
knowledge only one study reported recoveries and LODmet val-
ues using LC-MS analysis [13]. This method was only applied
to the study of BOA and APO, with recoveries similar to those
obtained in our study (90 £ 10% and 68 £ 20%, respectively).
The detection limits achieved by LC-MS [13] were 9 ng/g for
BOA and 35 ng/g for APO. These values were about five and
ten times higher than those obtained by our developed method,
respectively.

5. Application to soil analysis

In order to demonstrate their applicability, the developed
method PLE-SPE followed by LC-MS-MS was applied to
the analysis of agricultural soils. As our knowledge, this is
the first study in which benzoxazinones and their degradation
products were detected and quantified in agricultural soils. The
MRM ratio of each compound was used to confirm the iden-
tity of the analyte. All the MRM ratio calculated were within
20% of the ratio calculated upon standards (Table 3). Quantita-
tive results are summarized in Table 3. Four analytes (MBOA,
APO, AMPO and AAMPO) were detected in all the soil sam-

Quantification of allelochemicals in agricultural soil samples using PLE-SPE followed by LC-MS-MS (values expressed in ng/g of dry weight)

First stage

Second stage

Astron Ritmo Stakado Astron Ritmo Stakado

Level Ratio® Level Ratio Level Ratio Level Ratio Level Ratio Level Ratio
HMPMA <21 - <21 - <21 - <21 - <21 - <21 -
BOA <3.6 - <3.6 - <3.6 - 3.6 - <3.6 - <3.6 -
MBOA 37.8 0.9 40.8 09 68.5 1.02 51.0 1.01 355 1.04 345 0.9
APO 20.6 4.4 27.1 34 46.7 3.8 90.6 4.1 43.6 42 34.7 3.6
AMPO 31.8 1.7 45.8 2.1 54.1 1.8 149 1.7 81.1 1.7 67.2 1.6
AAPO <27 - <27 - <27 - 2.7 - <2.7 - <27 -
AAMPO <8.1 - <8.1 - <8.1 - <8.1 - <8.1 - <8.1 -

2 Ratio = abundance MRM 1/abundance MRM 2.
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ples. Concentration levels ranged from 20.6 to 149 ng/g of dry
weight. Maximum levels corresponded to AMPO followed by
MBOA > APO > AAMPO, with the exception of two samples
(first stage-Astron and first stage-Stakado) where MBOA lev-
els were slightly higher than those of AMPO. As expected,
BOA and AAPO were not detected in these soil samples. BOA
is the benzoxazolinone derivative obtained from the degrada-
tion of DIBOA, which was the major allelochemical in rye;
but in the case of wheat, DIMBOA is the predominant deriva-
tive, and then MBOA is the main benzoxazolinone obtained
from the DIMBOA degradation [15]. It is expected that BOA
and AAPO will be found in soil samples coming from rye
crops.

The content of benzoxazinoid derivatives in wheat plants
showed variations between different species. In our previous
results from plant material analyses [23], Stakado was the wheat
variety which presented the highest concentration levels. Sim-
ilarly, higher levels of benzoxazinone and their degradation
products were also detected in the soil samples corresponding
to Stakado crops.

It is interesting to note that levels of benzoxazolinone deriva-
tives in wheat plants are in the range of mg/g whereas levels
obtained in agricultural soils are in the ng/g level. And this is the
main reason for the need of a high sensitivity methodology for
the determination of these allelochemicals in soil samples. Fur-
ther presentation and discussion of quantification results will be
addressed elsewhere, with correlation between allelochemical
levels found in plant material and in cultivated soil.

6. Conclusions

A novel analytical method based on SPE-LC followed by
MS-MS was developed, allowing the determination and quan-
tification of benzoxazolinones and their degradation products in
soil samples. Recoveries obtained for target compounds were
higher than 50%, except for APH due to his instability. Quality
assurance of the developed method was assessed by measuring
parameters as recovery, linearity, reproducibility, and sensitivity,
drawing acceptable data. The application of LC-MS-MS anal-
ysis operating in MRM mode, with two transitions (if available)
monitored for each compound, improve the sensitivity of a pre-
vious LC-MS method [17]. The applicability of the method to
the characterization of these allelochemicals has been demon-
strated, with the analysis of agricultural soil samples. The low
LODmet obtained ranging from 2.4 to 21 ng/g of dry weight,
allowed the identification and quantification for the first time
of benzoxazolinones and their degradation products in agricul-
tural soil samples at concentration levels ranging from 20.6
to 149ng/g of dry weight. Moreover, these results confirmed
previous laboratory studies in which degradation pathways
were proposed, but never before confirmed in real agricultural
soils.
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111.4 DISCUSSIO DELS RESULTATS

Analisi Instrumental

En el moment en que es va desenvolupar la metodologia que presentem en aquest
capitol, no hi havia descrits en bibliografia estudis referents a la separacid i
quantificacié de les aminophenoxazinones i els acids malonamics mitjangant LC-MS.
Tal i com hem vist en el capitol anterior, les benzoxazolinones si que eren incloses en
I’estudi de Bonnington et al. [8] on I'estabilitat dels analits i la columna cromatografica
eren avaluats sota el requeriment de treballar amb fases mobils acides, i
posteriorment es va desenvolupar el metode presentat en el Capitol Il de la present
tesi. Per aquesta rad, la columna per a I'analisi dels productes de degradacid i les
benzoxazolinones BOA i MBOA va ser la dodecyl (C12) trimethyl silyl end-capped
Synergi MAX-RP. L’eleccié del tipus i quantitat de modificador a afegir a la fase mobil
és un compromis entre el guany en la separacid, l'eficiencia en la ionitzacio,
I'estabilitat dels analits i la columna cromatografica. En ambdds treballs presentats en
aquest capitol, es van provar diferents gradients d’elucié usant H,0 i MeOH i diferents
proporcions de modificador (acid acetic) per tal d’obtenir la millor senyal i separacié

cromatografica dels analits d’interes.

En un primer estadi de l'estudi, la identificacié dels analits es va dur a terme
mitjancant I'analisi per espectrometria de masses en mode de seleccié d’ions (SIM)
amb la font d’ionitzacié ESI. La optimitzacié dels parametres de MS es va dur a terme
fent flow injection analysis (FIA) per a cada analit a una concentracié de 25ng/uL,
utilitzant H,0 /MeOH/H*(HOAc) (60:40) com a solvent de carrega. Les condicions
optimes van ser escollides en funcid a I'abundancia i fragmentacié de cada analit en el

mode d’escombrat (SCAN).

Per tal d’obtenir la informacié estructural necessaria i la maxima sensibilitat, diferents
parametres van ser optimitzats: pressid del gas de nebulitzacié, de 50 a 60 psi; la
temperatura del gas, de 250 a 350°C; i el potencial de fragmentacid, de 70 a 150V. A la

Figura lll.5es mostren les respostes obtingudes pels diferents analits a un potencial de



fragmentacio de 70 i 150V en mode positiu i negatiu. Per a la majoria dels analits, amb
el potencial de fragmentacié de 70V en mode negatiu es van obtenir les majors
respostes. No obstant, per a les aminofenoxazinones APO, AAPO i AMPO les respostes
obtingudes en mode positiu varen ser considerablement molt superiors a les
obtingudes en mode negatiu, rad per la qual es va arribar a un compromis seleccionant
la polaritat positiva per dur a terme I'analisi. Finalmentes van seleccionar dos ions
d’acord amb l'especificitat i selectivitat de cada analit, el primer i6 usat per a la

guantificacid i el segons per la confirmacio.
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APH HPAA AAPO BOA MBOA APO AMPO HMPMA HPMA
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ESI(-) 70V 35299 42492 5407 107751 48304 5405 3524 36228 47718
MESI(+) 150V| 46422 27976 32629 14318 17929 18547 9245 14445 7463
M ESI (-) 150V 7615 3104 4451 12641 2861 3809 64816 11110 27164

Figura III.5.- Respostes TIC dels diferents analits per ESI en mode positiu i negatiu.

En un segon estadi i per tal de millorar la sensibilitat del metode es va desenvolupar
una metodologia basada en espectrometria de masses en tandem. De la mateixa
manera els parametres van ser optimitzats fent FIA per a cadascun dels analits a una
concentracié de 25ng/pL, utilitzant H,0 /MeOH/H*(HOAc) (60:40) com a solvent de
carrega a un flux de 0.2mL/min. L'i6 precursor va ser escollit adquirint les dades en el
mode full scan i els ions producte a través del productionscan optimitzant diferents
parametres tals com: el voltatge del con, de 10 a 40V; i I'energia de col-lisid, de 10 a
40eV. Per tal d’obtenir la maxima sensibilitat i selectivitat I'adquisicio de les dades es
va dur a terme treballant en mode MRM. La identificacié i quantificacio dels analits
d’interés es va dur a terme d’acord amb la normativa de la Unié Europea 2002/657/EC
en el que sén requerits un minim de tres punts d’identificacio. En el nostre cas es van
usar el temps de retencid, dues transicions MRM per a cada compost, la primera per a

la quantificacid i la segona per a la confirmacié i la relacio entre ambdues transicions.



Els limits de deteccid instrumentals obtinguts per MS/MS ofereix significants millores
en quant a la selectivitat i sensibilitat envers el métode descrit en la publicacio #3#
mitjangcant MS. A la Figura Ill.6es mostren els limits de deteccié instrumentals per
ambdds metodologies. La tecnica de MS-MS millora entre 50 i 235 vegades els iLOD

obtinguts per MS.

La justificacié de perqué primer es va desenvolupar la metodologia per LC-MS és
perque creiem que seria possible analitzar els compostos de degradacié mitjangant
aquesta metodologia, pero al injectar diferents mostres de sol no varem aconseguir
detectar cap dels analits tot i incrementar la quantitat de sol a extreure. Com veurem
en capitols posteriors els nivells dels analits en plantes son del rang de mg/Kg mentre
que els compostos de degradacié es troben a ng/g en el sol agricola fet que implica la
necessitat de disposar d’una metodologia més sensible com I'espectrometria de

masses en tandem.

pg injectats
ey
o

20 i i
i L] B
0 | | | - -
APH HMPMA BOA MBOA APO AMPO AAPO AAMPO
/LC-MS/MS (pg injectats) 14 77 43 27 23 17 24 13
LC-MS (pg injectats) 1300 11000 4300 4300 5400 3200 1200 0

Figura IlI.6.- Limits de deteccid instrumentals obtinguts per LC-MS (gris) i LC-MS/MS (blau clar); nd:no determinat

Aixi doncs com era d’esperar la MS-MS millora la sensibilitat del metode tal i com hem
vist per a les benzoxazinones, com ara amb els productes de degradacid. No obstant,
mentre la MS és una tecnica valida i amb sensibilitat suficient per determinar les
benzoxazinones en plantes de blat, no passa el mateix per a les aminofenoxazinones i
derivats en mostres de sol agricola. De tal manera que I'Us de la espectrometria de

masses en tandem és necessari i indispensable.



Cal comentar que el metode desenvolupat per als compostos de degradacio en el sol
inclouen les benzoxazolinones BOA i MBOA determinades també en les plantes
(Capitol 1l). En aquest cas, si comparem els iLOD obtinguts mitjancants la LC-MS (Taula
I11.1), observem que comparats amb el metode obtingut per LS-MS-MS presentat en
aquest capitol hem perdut en sensibilitat (a I'entorn de 40 vegades menys sensible).
Aquest fet es deu a que en el meétode desenvolupat per a I'analisi de
lebenzoxazolinones en la planta la ionitzacié es du a terme en polaritat negativa que és
la que ens proporciona una major senyal. No obstant, tal i com es mostra a la Figura
1.5, per tal d’arribar a un compromis i poder analitzar les aminofenoxazinones (APO,
AAPO i AMPO) es fa necessari treballar en mode positiu i aixdo ens comporta a una

perdua de sensibilitat per al BOA i MBOA.

Taula lll.1.-iLOD expressats com a ng injectats per BOA i MBOA mitjangant LC-MS

Compost Metode plantes Meétode sols
BOA 0.1 4.30
MBOA 0.1 4.30

Preparacioé de la mostra

L’etapa de preparacio de la mostra segueix el mateix perfil definit en el capitol anterior
per a la metodologia de plantes, essent les etapes de liofilitzacio, extraccidé per PLE,
filtracid i purificacid dels extractes, les necessaries per a l'analisi. L'esquema del
procediment de la preparacié de la mostra i la seva analisi és el que es mostra a la

Figura IIl.7.
PRESA MOSTRA Univ. de Lleida, A. Taberner
PRETRACTAMENT Liofilitzacié ~ 24 hours

5g de sol, 60%flux, MeOH/H+, 1502C,
1500psi, 3 cicles

EXTRACCIOPLE

CONCENTRACIO Rota-evaporacio, Filtracié
PURIFICACIO SPE: RP C,3 Cartridges
ANALISI INSTRUMENTAL LC/MS, LC/MS/MS

Figura Ill.7.- Esquema del procés de preparacid de la mostra de sol
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Primerament es van dur a terme les proves de recuperacié dels diferents analits en

cadascuna de les etapes sense la presencia de matriu per tal de verificar-ne la seva
estabilitat durant el procés i posteriorment es va aplicar el procés complert amb el sol
control.Referent a I’etapa d’extraccié per PLE, es van provar diferents solvents: MeOH,
MeOH/H" (0.1% HOAc), H,0 i H,O/H" (0.1% HOAC), essent I'extraccié amb MeOH/H" la

més efectiva tal i com es mostra a la Figura Il1.8.
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Figura 111.8.- Recuperacions obtingudes per la PLE amb els diferents solvents

En quant a l'etapa de purificacié dels extractes, es va optimitzar la seva elucid
realitzant diferents proves eluint els compostos amb 5 mL MeOH:H,0:H" a diferents
proporcions: 0:100, 20:80, 40:60, 50:50, 60:40, 80:20, 100:0. Essent la de 80:20 la

composicio d’elucié més optima (Figura 11.9).
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Figura I11.9.- Recuperacions obtingudes dels diferents analits en |'etapa de neteja
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Estudi de I'’efecte de matriu

Un cop optimitzades les etapes de la preparacié de la mostra i validat el métode
instrumental per LC-MS/MS, en vista a I'efecte matriu (EM) observat en les mostres de
planta, aquest també va ser estudiat en els extractes de sol agricoles preparats. En un
primer pas es va comprovar si existia EM comparant la resposta obtinguda per a
cadascun dels analits en un patrd i en un extracte de sol a la mateixa concentracié. Tal i
com es pot observar a la Figura II.10, tots els analits presenten una disminucio en la
resposta obtinguda, és a dir una supressié de la senyal degut a I'EM a excepcié del

AMPO i APO que presenten un lleuger augment de la mateixa.
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Figura 111.10.- Resposta en un patrd i un extracte de sol a la mateixa concentracié

En vista dels resultats obtinguts, es va dur a terme I'avaluacio de I'efecte de matriu de
manera similar a I'estudi realitzat amb els extractes de la planta, previament descrit al
Capitol Il. En primer lloc es va avaluar el metode de calibratge per patré intern. A tall
d’exemple es mostra a la Figura Ill.11 com es pot compensar I'efecte de matriu en el
sol per TAMPO usant el 2-MeOH-HBOA com a patrd intern. Tal i com es pot veure, es
passa d’una disminucié del pendent de la recta del 43 al 13%. Cal pero, mencionar que
’AMPO és el compost que va proporcionar millors resultats, mentre que per la resta
d’analits les millores no van ser el suficientment acceptables com per donar per valida

aquesta metodologia, com exemple es mostra el cas del BOA.



a)

Calibratgeextern »std M matriu Calibratgeintern ostd mmatriu
200000 | | 16 | |
180000 +— y=87763x + 4624,5 14 1= y=03416x+0,01
160000 R?=0,997 1'2 R%=0,9999
140000 43|% === ’
& D 1
120000 5 0 |
£ 100000 <og B
< 13%
80000 < 06
60000 |
40000 EZ 0.4 . e
B - 49767x-337,58 ] /‘/ ¥=0,2962x + 0,0382
20000 R2-0,0789 ] 0,2 R?2=0,9996
- ==t Bivts N —
000 050 1,00 150 2,00 2,50 0,00 1,00 2,00 3,00 4,00 5,00
S Cp/Cpi
b) ) ) )
Calibratgeextern Calibratgeintern
240000 | ; 1,8 ; ;
220000 === 7 (4330 + 88787 4 16 ———— y= 0,4065x + 0,0352 o
200000 +—— R2=0.9929 R2=0,9984
d 1,4
180000 o
160000 49% — 1,2 i
140000 @» — ZI i
2 120000 Y/ < /
208
100000 <0,
80000 23 A 0,6 /
60000 4 =
40000 E 04 y=0,2747x - 0,1099
20000 " 5;233;—172;492 0,2 L FSRE
o LT T = ESESE
000 050 1,00 150 2,00 250 0,00 1,00 2,00 3,00 4,00 5,00
Cp Cp/Cpi

Figura lll.11.-Corbes de calibratge preparades en MeOH/H+ (blau) i matriu sol(vermell) construides tant pel métode

de patré extern com intern per a) AMPO i b)BOA

Tenint en compte aquests resultats, que no disposavem dels corresponents compostos
marcats isotopicament i després de I'experiencia en 'estudi de |'efecte de matriu en
els extractes de la planta, es va decidir dur a terme una dilucié de I'extracte de sol. A la
Figura 111.12 es mostren els valors del %EM (calculat segons s’ha exposat al capitol Il)
de la resposta de cadascun dels analits a una concentracié donada a les diferents
dilucions testades. Tal i com es pot observar, al anar diluint I'extracte 'EM es va

minimitzant, acostant-se els valors al 100%.
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Figura 111.12.-%EM dels diferents analits de la resposta dels diferents analitsa les diferents dilucions testades

Segons els resultats obtinguts a les diferents dilucions testades, finalment es va decidir
diluir els extractes deu vegades. A tall d’exemple es mostra el resultat de la

quantificacié d’una extracte de sol sense i amb dilucié de I’extracte (Figura I11.13).
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0 | . —
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Figura Il1.13.Quantificaciéd’una mostra de sol pel métode de patré intern sense dilucié i diluit 10 i 20 vegades

Com es pot observar, els nivells de concentracié dels compostos MBOA, AMPO i AAPO
incrementen amb la millora de I'efecte de matriu a través de la dilucié de I'extracte 10
vegades. Cal destacar també el cas de I’APO que passa de no ser detectat a poder ser
determinat i quantificat, essent, com veurem en el proper capitol, el metabolit amb
més presencia de tots els detectats en les mostres de sol. També és important destacar
que una major dilucié de I'extracte, a 20 vegades, no proporciona variacions en els

nivells determinats, pel que considerem que la dilucid establerta a 10 vegades és
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suficient per tal de minimitzar al maxim I'efecte de matriu en els extractes de sol

agricola.

Valoracié del métode desenvolupat

Un cop avaluats tots els procediments i determinada la dilucid optima en la qual es
minimitza al maxim lI'efecte de matriu es va passar a fer la validacid6 del metode
complert. Aquesta es va dur a terme per quintuplicat amb una mostra de sol control a
una concentracié de 12.5 ng/g. Les recuperacions obtingudes van ser superiors al 50%
per a tots els compostos a excepcio del APH (Taula 111.2). La baixa recuperacié del APH

pot ser deguda a la seva baixa estabilitat.

Taula lll.2.- Parametres de qualitat del metode desenvolupat

% Recupeacio 13 53 96 100 57 85 123 104
Reproductibilitat 2 11 11 7 9 14 1 10
Sensibilitat (LOD) ng/g 5.8 21 3.6 4 2.4 2.5 2.7 2.4

En el moment en que es va desenvolupar aquesta metodologia hi havia poques dades
sobre validacié de meéetodes analitics descrits en la bibliografia referents a I'analisi
d’aquests compostos, de manera que era dificil fer una comparacié del nostre metode
en aquest aspecte. Es troben dos treballs de LC-MS [9, 10] i un de LC-MS/MS [11], on
s’analitzen els compostos de degradacié de les benzoxazolinones en mostres de sol
dopades, pero on només son analitzats tres dels set analits determinats en el treball

dut a terme en la present tesi.

A la Taula Ill.3 es mostren els parametres de qualitat com la recuperacié i els LOD dels
diferents metodes descrits a la bibliografia. Comparant les dades obtingudes dels
diferents metodes trobats en la bibliografia amb els parametres de qualitat del métode
desenvolupat durant la present tesi, primer de tot podem destacar que cap dels
metodes descrits en la bibliografia analitzen el mateix nombre de metabolits que els
descrits en el nostre metode i normalment I'analisi es du a terme analitzant les

benzoxazolinones i les aminofenoxazinones per separat, és a dir fent dues injeccions



per mostra. Aquest fet és degut, tal i com s’ha explicat anteriorment, a que les
benzoxazolinones (BOA,MBOA) presenten major sensibilitat quan la ionitzacio es du a
terme en polaritat negativa, mentre que la resta d’analits ho s6n més en positiu. Per a
les benzoxazolinones, els treballs de Krogh et al. [9] i Rice et al. [12] duen a terme
I"analisi en polaritat negativa i presenten metodes entre 4 i 8 vegades més sensibles
per a BOA i MBOA, a diferéencia del presentat per Gents et al. [10] que resulta ser 3
vegades menys sensible pel BOA respecte al presentat en aquesta tesi. Per altra banda,
el nostre métode és entre 2 i 8 vegades més sensible que el presentat per Understap
et al. [11] que també du a terme I'analisi a través de la LC-MS-MS en mode positiu. Per
a I'analisi de les aminofenoxazinones, és el metode presentat en el present capitol el
gue mostra millors LODmet excepte per als compostos APO i AAPO, on el metode de
Rice et al. [12] resulta ser considerablement més sensible. Les recuperacions sén

comparables entre les diferents metodologies.

Taula lll.3.- Parametres de qualitat dels métodes descrits a la bibliografia en I'analisi de benzoxazolinones,

aminofenoxazinones i acids malonamics en sol agricola (NR: no reportat; NA: no analitzat)

Gents et al. [10] Krogh et al. [9] Rice et al. [12] Understrup et al. [11]
90 9 LC-ESI-MS 74.9 0.44 72 0.74 73 27 LC-ESI(+)-MS/MS
LC-ESI(-)-MS LC-ESI(-)-MS/MS
NA 95.3 1.18 60 1.05 NA
68 35 LC-ESI-MS 51.9 0.76 49  0.003 60 8 LC-ESI(+)-MS/MS
40.0 4.02 NR NR NA
LC-ESI(+)-MS LC-ESI(+)-MS/MS
NA 94.7 15.9 NR 0.017 66 10 LC-ESI(+)-MS/MS

90.7 2.59 NR NR NA
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