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An  experimental  design  optimization  is  reported  of  an  analytical  procedure  used  in  the simultaneous
determination  of  seven  non-steroidal  anti-inflammatory  drugs  (NSAIDs)  in bovine  milk  by gas  chro-
matography  with  mass  spectrometry  detection  (GC–MS).  This  analytical  procedure  involves  a  solid-phase
microextraction  (SPME)  step  and  an  aqueous  derivatization  procedure  of  the NSAIDs  to ethyl  esters
in  bovine  milk.  The  following  NSAIDs  are  studied:  ibuprofen  (IBP),  naproxen  (NPX),  ketoprofen  (KPF),
diclofenac  (DCF),  flufenamic  acid (FLF),  tolfenamic  acid  (TLF)  and  meclofenamic  acid  (MCL).  Three  kinds
of SPME  fibers  – polyacrylate  (PA),  polydimethylsiloxane/divinylbenzene  (PDMS/DVB)  and  polydimethyl-
siloxane  (PDMS)  – are  compared  to  identify  the most  suitable  one  for the  extraction  process,  on  the basis
of two  steps:  to  determine  the  equilibrium  time  of  each  fiber  and  to select  the  fiber  that  provides  the  best
figures-of-merit  values  calculated  with  three-way  PARAFAC-based  calibration  models  at  the equilibrium
time.  The  best  results  were  obtained  with  the  PDMS  fiber.  Subsequently,  8 experimental  factors  (related
to the  derivatization  reaction  and the  SPME)  were  optimized  by means  of  a D-optimal  design  that  involves

only 14  rather  than  512  experiments  in  the  complete  factorial  design.  The  responses  used  in  the design
are  the  sample  mode  loadings  of  the  PARAFAC  decomposition  which  are  related  to  the  quantity  of each
NSAID  that  is  extracted  in  the  experiment.  Owing  to  the  fact  that  each  analyte  is  unequivocally  identi-
fied  in  the  PARAFAC  decomposition,  a calibration  model  is not  needed  for each  experimental  condition.
The  procedure  fulfils  the  performance  requirements  for  a confirmatory  method  established  in European
Commission  Decision  2002/657/EC.
. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the
ost frequently used pharmaceutical compounds in human and

eterinary medicine. They can be used for suppressing inflamma-
ory processes, treating allergies and reducing pain [1] and are
idely in demand, as neither sedation, nor respiratory depression,
or addiction figure among their side-effects. These NSAIDs are
cidic compounds with pKa values between 3.5 and 4.5. The acid
roup is essential in the inhibition of the cyclooxygenases COX-1
nd COX-2, the basic enzymes in the biosynthesis of prostang-

andins (responsible for swelling and pain).

NSAIDs are used in the treatment of coliform mastitis [2] in cattle
nd certain respiratory diseases in conjunction with antibiotics [3].

∗ Corresponding author. Tel.: +34 947 258 800; fax: +34 947 258 831.
E-mail address: mcortiz@ubu.es (M.C. Ortiz).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.05.010
© 2011 Elsevier B.V. All rights reserved.

They may  also be used for non-therapeutic purposes because they
are administered to cattle to produce pale meats [4] and can reduce
edible fat when administered orally [5].

Ibuprofen (IBP), flufenamic acid (FLF), naproxen (NPX), ketopro-
fen (KPF), tolfenamic acid (TLF), diclofenac (DCF) and meclofenamic
acid (MCL) are NSAIDs that can be classified into several sub-
classes: arylalkanoic acid derivates (DCF), arylpropionic acid
derivates or profens (IBP, KPF and NPX) and N-arylanthranilic
acid derivates or fenamic acids (FLF, TLF and MCL). A pro-
longed use of NSAIDs in humans can cause adverse health
effects such as intestinal ulceration, gastrointestinal disorders,
aplastic anaemia and the inhibition of platelet aggregation [6].
The TLF and DCF compounds are among the substances reg-
ulated by the European Union [7] in milk. IBP, NPX and KPF

are among the most frequently determined in environmen-
tal analyses due to the widespread use of NSAIDs and the
potential risk to the consumer if their residues enter the food
chain.

dx.doi.org/10.1016/j.chroma.2011.05.010
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:mcortiz@ubu.es
dx.doi.org/10.1016/j.chroma.2011.05.010
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The criteria adopted to evaluate the performance of the
resently proposed method are external criteria, precisely the rec-
mmendations made by the Community Reference Laboratories
CRLs) [8] for the determination of NSAIDs. According to these
ecommendations, which develop the criteria of the European Deci-
ion 2002/657/EC, a procedure for this task should be capable of
onitoring IBP, NPX, and mefenamic acid (MCL and FLF are of the

ame sub-class) for a concentration of 10 �g L−1, DCF (banned in
7]) for 5 �g L−1, and TLF for 50 �g L−1. During the development of
he experimental part of the present work, the regulation [7] has
een superseded by Regulation [9] published on January 20, 2010 in
hich DCF is no longer banned but it has a MRL  fixed at 0.1 �g L−1.

In the recent past, the analytical determination of NSAIDs in
ilk has been done by liquid chromatography with UV–vis or flu-

rescence detection [10], for MS/MS  detection [4,11–14] above
ll. Only one recent work [15] has been found on the determina-
ion of NSAIDs in milk by gas chromatography (GC). On the other
and, there are many suitable analytical methods for the determi-
ation of NSAIDs in aqueous samples (environmental samples) by
C–MS with solid-phase extraction [16–19] or SPME (solid-phase
icroextraction) [20–23].  Ref. [24] is a review specifically devoted

o NSAID analysis in environmental samples, including sample
reparation.

European Commission Decision 2002/657/EC [25] states that the
est choice is, for confirmatory purposes, the use of a chromato-
raphic technique coupled with a mass spectrometry detector.
wing to the polarity of the NSAIDs, GC–MS analysis can be applied
nly after analyte derivatization, but it is not usually preferred for
he analysis of NSAIDs in milk samples because of the complex-
ty of the matrix, and the time taken up by NSAID extraction and
erivatization reactions. Current LC–MS or LC–MS/MS technology
ight be more appropriate than GC–MS in the analysis of NSAIDs in
ilk samples, but both purchase and maintenance costs of LC–MS

r LC–MS/MS instrumentation are still excessively high in compar-
son with GC–MS. Many laboratories are therefore not equipped

ith LC–MS/MS instrumentation and thus it is of interest to develop
 less costly GC–MS analytical methods.

A derivatization step must be performed prior to GC analy-
is of NSAIDs, in order to increase the volatility and decrease the
olarity of these analytes owing to their acidic group. The use of
lkylchloroformates as a derivatization reagent is the approach
elected, because derivatization occurs in aqueous media at room
emperature, within a few minutes and because alkylchlorofor-

ates only react with NH2 and carboxylic OH groups [26]. Thus, this
erivatization reaction yields simpler chromatograms in complex
atrices that contain large amounts of sugars or other compounds.

o our knowledge, this derivatization reaction has not been used
or the determination of NSAIDs in milk. In this work, an analyti-
al method is proposed for the determination of the 7 previously
entioned NSAIDs in bovine milk based on GC–MS after the

PME step and an aqueous derivatization step with a mixture of
thanol/pyridine/ethyl chloroformate (EtOH/Py/ECF).

Three kinds of SPME fibers (PDMS, PDMS/DVB and PA) are com-
ared in this paper, in order to establish the most suitable one for
he extraction, on the basis of the following two steps: (1) to deter-

ine the equilibrium time of the fiber of all the NSAIDs and (2)
o select the fiber that provide the best values for several figures
f merit (number of outliers, trueness, residual standard deviation,
ecision limit or CC˛, detection capability or CCˇ, and the mean
f the absolute values of relative errors) calculated with three-way
alibration models based on PARAFAC analysis. As far as the authors
re aware, the second fiber selection criterion has not been reported

n the literature on SPME.

PARAFAC calibration models can simultaneously identify and
uantify NSAIDs in a single analysis on the basis of the second-order
ignals recorded by GC–MS instrumentation. For confirmatory
A 1218 (2011) 4487– 4497

methods, European Commission Decision 2002/657/EC establishes
requirements for the unequivocal identification of analytes. These
requirements are based on the concept of identification points
(IPs) with maximum-permitted tolerances for relative abundances
between several m/z ratios and the most abundant m/z ratio (base
peak). A minimum of either 3 m/z ratios (identification points) have
to be recorded if the analyte is permitted or 4 m/z  ratios, if banned.
In this work, 6 m/z ratios are recorded for each NSAID and all
the NSAIDs are unequivocally identified with PARAFAC calibration
models.

Subsequently, 8 experimental factors (5 relate to the SPME pro-
cess and 3 to the derivatization reaction) were optimized, using
the experimental design methodology, in bovine milk samples.
This procedure enabled the examination and optimization of each
parameter within a predefined range, by performing a series of
experiments in each of which the values of the different parameters
were changed at the same time. It is common practice to opti-
mize each experimental factor in the literature on SPME (extraction
time in the fiber, extraction temperature, derivatization time) sep-
arately, increasing the experimental effort. In our experiment, with
7 factors at two levels and 1 factor at four levels, a complete fac-
torial design has 512 experiments, but by means of a D-optimal
design all experimental factors studied are optimized with only 14
experiments.

The responses in the D-optimal design are the sample mode
loadings obtained by means PARAFAC calibration models of each
NSAID. These loadings are related to the quantity of each NSAID
that is extracted in each experiment of the D-optimal design. Owing
to the unequivocal identification of each analyte with PARAFAC
decomposition (second order property), a calibration model is no
longer necessary for each experimental condition. Consequently, in
practice it is highly efficient the joint use of a PARAFAC decompo-
sition and a D-optimal design. This has been used by our research
group in the determination of sulfonamides by using excitation-
emission molecular fluorescence with solid phase extraction [27].
However, it is the first time that a D-optimal design coupled to a
PARAFAC decomposition is used in GC–MS for jointly selecting the
most favourable experimental conditions in the steps of solid phase
microextraction and derivatization.

2. Experimental

2.1. Chemicals and materials

All organic solvents were of HPLC-grade and the rest of chemi-
cals were of analytical-reagent grade. Ethanol (EtOH), acetonitrile
(ACN), n-hexane, sodium chloride and pyridine (Py) were supplied
by Merck (Darmstadt, Germany). Ethyl chloroformate (97%) was
purchased from Aldrich (Steinheim, Germany) and deionized water
was obtained by using the Milli-Q gradient A10 water purification
system of Millipore (Bedford, MA,  USA).

Analytical standards of tolfenamic acid, meclofenamic acid
sodium salt, ibuprofen (98%), ketoprofen, diclofenac sodium
salt, flufenamic acid and naproxen (98%) were obtained
from Sigma–Aldrich (Steinheim, Germany). 13C6-tolfenamic
acid (98%, TLF-13C6) was  supplied by WITEGA Laboratorien
(Berlin, Germany) and was used as internal standard for all
NSAIDs.

An autosampler SPME fiber holder and SPME fibers with
different coatings: poly(dimethylsiloxane) (PDMS, 100 �m film

thickness), polyacrilate (PA, 85 �m)  and poly(dimethylsiloxane-
divinilbenzene) (PDMS/DVB, 65 �m) were purchased from Supelco
(Bellefonte, PA, USA). The fibers were conditioned, before their first
use, as recommended by the manufacturer.
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Table 1
Retention time, RT, and m/z ratios recorded in SIM mode for each analyte.

Analyte RT (min) m/z ratios

IBP 11.31 105, 117,119, 161a, 191, 234b

FLF 13.36 92, 166, 235, 243, 263a, 309b

NPX 14.12 115, 141, 154, 170, 185a, 258b

KPF 14.95 77, 105, 165, 194, 209a, 282b

TLF 15.41 180, 208a, 243, 245, 289b, 291
TLF-13C6 15.41 214a, 295b, 297
DCF 15.65 214a, 216, 242, 244, 323b, 325
MCL  16.58 242a, 244, 277, 279, 323b, 325

The m/z ratios recorded represent the derivatized analytes that are the ethyl esters
D. Arroyo et al. / J. Chroma

.2. Standard solutions and aqueous derivatization reaction

Individual stock solutions at 5000 mg  L−1 of all NSAIDs were pre-
ared in ethanol. A combined diluted NSAID solution of all analytes
50 mg  L−1) was prepared by dilution in the same solvent. Working
SAID solutions at 5 mg  L−1 were prepared every day by dilution
ith ethanol.

The internal standard stock solution of TLF-13C6 at 1000 mg  L−1

as prepared in ethanol and an internal standard working solution
10 mg  L−1) was prepared daily by dilution in the same solvent. All
tandard solutions were stored at 4 ◦C, in amber bottles and pro-
ected from light for less than 12 months (stock solutions) and for
ess than 1 month (combined solution).

The aqueous derivatization reaction of the acid groups of the
SAIDs to their ethyl esters was performed with a mixture of
tOH/Py/ECF at room temperature. This procedure can therefore be
pplied to aqueous matrices such as milk, plasma or urine. Subse-
uently, the derivatized analytes were extracted from the aqueous
atrices by SPME direct immersion and finally determined by
C–MS.

.3. Treatment of the test solutions for SPME fiber selection

The test solutions were prepared as follows: to 4 mL  dissolution
f EtOH:H2O (1:1, v/v), were added 200 �L of the working solu-
ion of the NSAIDs (which corresponds to a final concentration
f 100 �g kg−1 of all the analytes) and 600 �L of the derivatiz-
ng mixture EtOH/Py/ECF (200 �L of each) being adjusted to a
nal volume of 10 mL  with deionized water. The total volume was
ransferred to a 10 mL  vial to perform the automatic SPME pro-
ess and was encapsulated. The vials were placed in an ultrasonic
ath at room temperature and sonicated for 15 min to generate
he derivatization reaction. Subsequently, the vial was placed in
he automatic equipment and the SPME stage and its subsequent
hromatographic analysis were performed, at an SPME extraction
emperature of 60 ◦C. Extraction was carried out with agitation and
ubsequent conditioning of the fiber took place for 5 min  at 250 ◦C.

.4. Milk sample treatment

Blank bovine milk samples were used. Ten grams of bovine milk
ere placed into a 50 mL  polypropylene centrifuge tube. Fortified

amples were prepared by the addition of 50 and 100 �L of the
nternal standard solution and the NSAID working solution, respec-
ively (corresponding to final concentrations at 50.0 �g kg−1 for all
nalytes). Fortified samples were then homogenized in a vortex-
ixer (Velp Scientifica, Milan, Italy) for 30 s and left to stand for

0 min.
Subsequently, 10 mL  of ACN and 2 g of NaCl were added. The

ubes were shaken in a vortex-mixer for 60 s and centrifuged at
000 rpm for 15 min, at 5 ◦C. The acetonitrile (top layer) was then
emoved and placed into 15 mL  polypropylene tubes and 4 mL  of n-
exane were added. The tubes were shaken and centrifuged under
he same conditions. The n-hexane (top layer) was  removed and
iscarded.

The acetonitrile extracts were then evaporated to dryness with
 rotary evaporator at 50 ◦C. The residues were finally reconstituted
ith 4 mL  of EtOH:H2O (1:1, v/v). After addition of V �L (VDER) of

he derivatization mixture of EtOH/Py/ECF, the final volume was
djusted at 10 mL  with deionized water and placed in a 10 mL
crew-cap glass autosampler vial and sealed.
The vial was then immersed in an ultrasonic bath at room tem-
erature, and the derivatization reaction was  performed during

 min  (tDER). Subsequently, the SPME stage was performed (the fiber
as immersed into the aqueous sample) and following extraction,
of  their corresponding NSAIDs.
a Base peak.
b Molecular ion.

the fiber was  directly exposed to the hot injector of the GC and the
chromatogram was recorded.

The experimental factors under study in the D-optimal design
were related to the derivatization reaction, namely derivatization
time (tDER), EtOH/Py/ECF volume (VDER) and EtOH/Py/ECF propor-
tion (PDER); and for the SPME, namely extraction temperature (TEXT),
extraction time (tEXT), sample agitation (AGT), fiber-conditioned
temperature (TCON) and fiber-conditioned time (tCON).

2.5. SPME and chromatographic instruments

The SPME process was performed using a Triplus autosam-
pler (Thermo Scientific, Milan, Italy), equipped with an SPME
module, coupled to a GC–MS. Chromatographic analyses were per-
formed with the Agilent 6890N gas chromatograph equipped with
a split–splitless injector, coupled to an Agilent 5975 quadrupole
mass selective detector (Agilent Technologies, Palo Alto, CA, USA).
Separation was  achieved with the J&W DB-5MS capillary column
with dimensions of 30 m × 0.25 mm i.d., 0.25 �m film thickness
(J&W Scientific, Folsom, CA, USA). A silanized narrow-bore injec-
tor liner (0.75 mm i.d.) for the SPME injections was installed in the
split/splitless injector. This configuration automatizes the microex-
traction process and the chromatographic analysis.

Injections were performed in splitless mode with the split valve
closed for 3 min  and a solvent delay of 10 min. Helium was  used as
the carrier gas at a constant flow rate of 1.0 mL  min−1. The injector
was kept at a temperature of 250 ◦C, the transfer line tempera-
ture was  250 ◦C, the ion source temperature was 230 ◦C and the
quadrupole temperature was  150 ◦C. The oven temperature was
programmed at an initial temperature of 50 ◦C for 3 min, and then
increased to 250 ◦C at steps of 20 ◦C min−1, and held at this temper-
ature for 7.0 min. The oven equilibration time was  set at 0.25 min.

Analyses were performed in the electron impact ionization
mode at 70 eV operating in single ion monitoring (SIM) mode;
the electron multiplier was set at 1482 V and the source vac-
uum at 10−5 Torr. According to European Commission Decision
2002/657/EC, a minimum of either 3 or 4 identification points are
necessary to confirm the presence of a permitted and a banned vet-
erinary drug, respectively. In this work, 6 m/z  ratios (6 identification
points) were recorded per compound (only 3 for the internal stan-
dard). Table 1 shows the m/z ratios and the retention time of each
compound. The dwell time per m/z ratio was  100 ms.

Decision 2002/657/EC establishes that for the detection using
mass spectrometry in SIM mode, the molecular ion would prefer-
ably be one of the diagnostic ion selected (provided it is stable)
together with some other characteristic fragments and all its iso-
topic ions.
Superscript “b” in Table 1 indicates the molecular ions of all
derivatized ethyl esters of each of the studied NSAIDs. For exam-
ple, for DCF (penultimate row in Table 1), the molecular ion of its
derivatized ethyl ester is at m/z ratio 323 and it has two atoms of
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hlorine in its structure. Therefore, it has a characteristic isotope
n m/z ratio 325, which should be recorded according to Decision
002/657/EC.

To determine the characteristic fragments of the derivatized
CF, spectra from the NIST library [28] were used. There we  found

he mass spectra of the original DCF and, not of the derivatized ethyl
ster, but the similar enough derivatized methyl ester. The most
haracteristic fragments for both DCF and the derivatized methyl
ster are the 214 m/z  ratio (base peak) and 242 m/z ratio; each one
ontaining a characteristic isotopic fragment due to the chlorine
toms in m/z  ratios 216 and 244, respectively. Nevertheless, the
nal selection of the described m/z ratios is made after checking
xperimentally that these m/z  ratios were the most characteristic
f the derivatized ethyl ester obtained for DCF with the proposed
erivatization process.

The selection of m/z ratios for derivatized ethyl ester of the rest
f NSAIDs is made similarly.

.6. Software

Data acquisition was performed using the Triplus Sampler
ersion 1.6.9 SPME management software (Thermo) and MSD
hemStation version D.02.00.275 chromatographic management
oftware (Agilent).

NEMRODW [29] was used to build and to analyze the D-optimal
esign for finding the optimal conditions of the SPME procedure
nd the derivatization reaction. PARAFAC (or PARAFAC2 when
eeded) three-way decomposition techniques were built with PLS-
oolbox [30] for use with MATLAB version 7 (The MathWorks
nc.). The regression models (estimated concentration vs. true con-
entration) in the three-way (PARAFAC or PARAFAC2) calibrations
ere performed with the PROGRESS program [31] that applies the

east median of squares (LMS) regression, a robust technique for
etecting outliers in linear regression. The statistical tests for the
alidation of the regressions models were performed with STAT-
RAPHICS [32].

Decision limit, detection capability and multivariate sensitivity
or the three-way calibration models were determined using the
WAYDET program. This program displays the detection capability

or any given false-positive (or false non-compliance), ˛, and false
egative (or false compliance), ˇ; probabilities that are specified in
uropean Commission Decision 2002/657/EC [25] and ISO 11843
33].

. Theory

GC/MS data are arranged in a three-way array, X- , and ana-
yzed with PARAFAC or PARAFAC2 (three-way decomposition
echniques). In this section, the parallelism that exists between
he PARAFAC decomposition and a physical model of GC/MS data,
nder commonly held assumptions, is discussed. In a recent work
f our research group [34], the same parallelism between the
ARAFAC decomposition and LC–MS/MS data is shown, and a
eview on three-way techniques which are used for calibration in
hromatography can be seen in Ref. [35].

Considering an analyte, its signal (abundance) xk recorded by a
S spectrometer at the kth m/z ratio is

k = �εk, k = 1, 2, . . . , K (1)

here εk is a coefficient of proportionality between the analyte
oncentration and the abundance. εk depends on the kth m/z ratio;
he vector of these coefficients constitutes the spectral profile (the
ass spectrum).
As the mass spectrometer is coupled to a chromatograph, the

ignal (abundance) not only depends on the m/z ratio and the con-
entration of the analyte but also on the elution time, because the
A 1218 (2011) 4487– 4497

fraction of analyte that is eluting from the chromatographic column
to the mass spectrometer, changes over time. So at the jth elution
time, the recorded abundance becomes

xjk = ��jεk, j = 1, 2, . . . , J; k = 1, 2, . . . , K (2)

where �j can be considered as the fraction of analyte that is going
through the mass spectrometer at time j. The vector of all �js forms
the chromatographic profile (chromatographic peak).

If F spectrally active substances coelute, the recorded abundance
is the sum of the contributions of these F different compounds

xjk
∼=

F∑

f =1

�f �jf εkf , j = 1, 2, . . . , J; k = 1, 2, . . . , K (3)

where F is the total number of compounds that are coeluting.
Finally, assuming that analyte fth has the same retention time in
all chromatographic runs, the abundance measured at the kth m/z
ratio, the jth retention time and the ith sample can be expressed as

xijk
∼=

F∑

f =1

�if �jf εkf , i=1, 2, . . . , I; j=1, 2, . . . , J; k = 1, 2, . . . , K

(4)

The set of all xijk data forms the three-way array X- . A PARAFAC
model of rank F can be expressed [36,37] as

xijk =
F∑

f =1

aif bjf ckf +eijk, i = 1, 2, . . . , I; j = 1, 2, . . . , J;

k = 1, 2, . . . , K (5)

where eijk are the residual errors of the model. As can be observed,
the PARAFAC model of Eq. (5) corresponds to the physical model of
Eq. (4).  Under the above-mentioned conditions, a PARAFAC model
of F components can be used to estimate the coefficients of propor-
tionality for each analyte at all m/z ratios recorded (i.e. the mass
spectral profile of each analyte) by means of vector cf = (c1f, c2f,
. . .,  cKf); the fraction of analyte that leaves the chromatographic
column along the chromatographic run (i.e. the chromatographic
profile or chromatogram of the analyte) by means of the vector
bf = (b1f, b2f, . . ., bJf); and the relative concentration of every analyte
in all I samples (i.e. the sample profile of each analyte) by means
of the vector af = (a1f, a2f, . . .,  aIf). The coordinates of vectors cf, bf
and af are respectively referred to as spectral, chromatographic and
sample loadings.

The PARAFAC model is highly affected by deviations from the
trilinear structure of the data. Slight changes in the retention time
of an analyte between runs are habitual in chromatography. In
addition, the use of the narrow-bore injector liner of only 0.75 mm
i.d. (highly recommended in SPME), means that narrow peaks are
obtained and therefore, the compounds are recorded in very few
scans. The sum of these effects can invalidate the assumption of
invariant chromatographic profiles in each sample and, therefore,
in the PARAFAC model too. The PARAFAC2 decomposition tech-
nique [38] overcomes this difficulty and allows some deviation in
the chromatographic profiles. References are made in the literature
to ways in which PARAFAC2 can solve this type of problem when
GC/MS is used [39,40,35,41].

The PARAFAC (or PARAFAC2) model has been fitted by means of
the alternative least square (ALS) algorithm, which works sequen-
tially in each way and at every step of the iteration, in order to fit the

data to the model of the Eq. (5).  In addition, it is possible to impose
realistic and appropriate restrictions on the model with PARAFAC
(or PARAFAC2) decompositions, such as non-negativity (which is
appropriate for the chromatographic or spectral profiles) or the uni-
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Fig. 1. Sorption time profiles for the NSAIDs studied: (A) PA fiber, (B) PDMS fiber
and  (C) PDMS/DVB fiber. Spiked water samples (10 mL)  containing the NSAIDs at
100 �g L−1: IBP (empty dark blue diamond), FLF (filled pink square), NPX (empty
D. Arroyo et al. / J. Chroma

odality property (which is appropriate for the chromatographic
rofile).

The detection capability (CCˇ) can be calculated, according to
SO 11843, with second order signals modeled with three-way cal-
brations [35,40,42].

. Results and discussion

.1. Selection of the fiber type in the solid-phase microextraction

The first part of this work is focused on the determination of the
ost appropriate fiber type from among those that are available to

erform the extraction of the NSAIDs (PDMS, PA and PDMS-DVB).
he selection is made on two steps: (1) To determine the equilib-
ium time of the fiber. (2) To select the fiber that provides the best
esults for various figures of merit obtained from calibrations taken
n spiked aqueous samples using, for each fiber, the extraction time
btained in step (1).

Fig. 1 shows the extraction time profiles obtained for all the
nalytes and with the three fibers, Fig. 1(A) for PA, Fig. 1(B) for
DMS, and Fig. 1(C) for PDMS/DVB. In each figure (so for each fiber),
he area of the m/z  ratios of the base peak of each extracted analyte
s depicted, after the fiber has been immersed in the sample for 5,
0, 35, 50 and 65 min.

As may  be seen in Fig. 1, the PDMS/DVB fiber extracts the largest
uantity for all the analytes, followed by the PDMS fiber and the
A fiber. On the contrary, regarding the equilibrium time it can be
tated that:

(i) Equilibrium still has not been reached for FLF, MCL  and TLF in
the PDMS/DVB fiber after 65 min. It was reached at some point
in between 50 and 65 min  for DCF. The behavior was  anoma-
lous for IBP: maximum extraction was obtained at 20 min  and
later as time elapsed, instead of remaining stable, IBP extrac-
tion in the fiber was reduced.

(ii) In the PDMS fiber, equilibrium was reached for FLF, MCL  and
TLF at around 30 min. Equilibrium was reached for the other
NSAIDs in a short enough time. In addition, in the IBP, and in
the rest of analytes, after the equilibrium time is reached, the
extracted quantity remains very stable as the extraction time
increases.

iii) Equilibrium was reached for all the NSAIDs in the PA fiber
before the 5 min  extraction time had elapsed.

Taking these results into account, in order to apply step (2) for
he selection of the fiber, extraction times of 5, 30 and 60 min  were
espectively set for the PA, the PDMS and the PDMS/DVB fibers.

The calibration models needed to evaluate the figures of merit
n step (2) were conducted by least-squares fitting of the stan-
ardized loadings of the sample mode of each analyte, obtained

n the PARAFAC (or PARAFAC2) decomposition vs. the added
oncentration of each analyte. The calibration samples were dis-
ributed throughout 6 levels of concentration (0, 10, 25, 50, 75 and
0 �g kg−1), with two replicates at 10 and 90 �g kg−1. The internal
tandard, TLF-13C6, was added to all the samples at a concentra-
ion of 50 �g kg−1. In all samples, 6 m/z ratios were recorded for
ach analyte (see Table 1) during 14 elution times (scans) around
he retention time of each analyte. In this way, the dimensions of
he tensor X- for each substance were 14 × 6 × 8 (14 × 3 × 8 for TLF-
3C6), in which the first dimension refers to the chromatographic
rofile, the second dimension to the profile of the m/z  ratios (mass

pectrum) and the third dimension refers to the sample profile
calibration samples).

The calibration stages based on PARAFAC (or PARAFAC2) are
hown in Refs. [34,35].  A diagram may  be seen in reference [43]
yellow triangle), KPF (filled blue circle), TLF (filled purple diamond), DCF (empty
brown square) and MCL  (filled green triangle). (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)

that shows how to perform a PARAFAC-type multiway calibration
when the data is recorded with LC–MS/MS. The schema is equally
applicable when data are recorded with GC–MS.

Table 2 shows the number of necessary factors and the vari-

ance explained with the PARAFAC (or PARAFAC2) decomposition
for each analyte in each fiber. In all the cases, the decomposition is
made, with the calibration samples so that figures of merit can be
evaluated. All the decompositions are performed by applying the



4492 D. Arroyo et al. / J. Chromatogr. A 1218 (2011) 4487– 4497

Table  2
Number of factors needed (NF) and explained variance of the three-way data, in %, with the PARAFAC decomposition at each fiber and by analyte. The number in brackets is
the  variance explained with a PARAFAC2 decomposition with the same number of factors.

Analyte PA fiber PDMS/DVB fiber PDMS fiber

NF Explained variance (%) NF Explained variance (%) NF Explained variance (%)

IBP 1 98.6 (99.3) 1 80.0 (99.3) 1 99.0 (99.3)
FLF 1 98.4  (98.9) 1 95.0 (99.3) 1 98.9 (99.4)
NPX  2 98.0 1 92.0 (99.5) 1 99.0 (99.4)
KPF 2  96.4 (97.4) 1 78.7 (96.7) 1 95.0 (95.8)
TLF  2 97.6 (99.5) 1 89.5 (97.0) 1 96.4 (96.8)
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TLF- C6 2 97.3 (99.9) 1 

DCF  1 98.0 (98.6) 1 

MCL 1 98.5  (99.0) 1

lternative least-squares (ALS) algorithm, placing non-negativity
estrictions on the chromatographic mode and on the mass spec-
rum mode (MS). As may  be seen from Table 2, only 1 factor is
eeded for all the analytes in the PDMS and PDMS/DVB fibers, but

 factors are needed for the NPX, KPF, TLF, and TLF-13C6 in the PA
ber.

In general, the explained variance in the PA and PDMS fibers
ncreases by less than 1% when performing a PARAFAC2 compo-
ition, except with the PDMS fiber in MCL  and with fiber PA for
PF, TLF and TLF-13C6. On the contrary, there are very significant

ncreases in the explained variance in the PDMS/DVB fiber when
sing the PARAFAC2 decomposition, in all the analytes. In those
ases where the increase of the explained variance is important, the
ample mode loadings obtained with the PARAFAC2 decomposition
re used; in all other cases, the sample mode loadings obtained with
he PARAFAC decomposition are used. Thus, the explained variance
f the experimental data in all the multivariate calibrations is above
5% and mostly near 99%.

In Table 3, the results obtained in several figures of merit (num-
er of outliers, linear model CCALCULATED vs. CTRUE fitted by least
quares, residual standard deviation of the fitted model, coefficient
f determination, R2, the values of the decision limit and the detec-

ion capability and the mean of absolute values of relative error)
or all the analytes and in each type of fiber.

The best results in almost all the figures of merit and in almost
ll the analytes were obtained with the PDMS fiber, above all in IBP.

able 3
quation of the model (CCALCULATED vs. CTRUE) and figures of merit calculated with multiway c
imes  of 5, 30 and 60 min  for PA, PDMS and PDMS/DVB fibers, respectively.

IBP FLF NP

PA fiber

Outliers 2 of 8 2 of 8 2 

CCALC vs. CTRUE 8.5E−7 + 1.0x −6.9E−6 + 1.0x −4
syx 4.942 3.583 2.
R2 0.985 0.987 0.
CC˛  (�g kg−1) 12.61 8.91 5.
CCˇ  (�g kg−1) 24.06 17.00 10
MAE  (%) 14.23 15.00 9.

PDMS/DVB fiber

Outliers

Non linear

1 of 8 2 

CCALC vs. CTRUE 4.7E−3 + 1.0x 3.
syx 4.885 2.
R2 0.987 0.
CC˛  (�g kg−1) 11.52 5.
CCˇ  (�g kg−1) 22.13 10
MAE  (%) 8.16 8.

PDMS  fiber

Outliers 2 of 8 0 of 8 0 

CCALC vs. CTRUE 5.8E−4 + 1.0x 2.5E−5 + 1.0x 4.
syx 3.128 1.514 1.
R2 0.990 0.998 0.
CC˛  (�g kg−1) 7.75 3.38 3.
CCˇ  (�g kg−1) 14.80 6.52 6.
MAE  (%) 9.24 3.39 5.

AE, mean of absolute value of relative errors; syx is the residual standard deviation of the
apability.
alse-positive, ˛, and false-negative, ˇ, probabilities fixed at 5% (as DCF is a banned subst
88.5 (95.5) 1 95.0 (95.5)
94.4 (98.2) 1 97.7 (98.2)
93.7 (98.8) 1 92.6 (98.8)

The model obtained with the PDMS/DVB fiber is not linear for this
analyte.

In the microextraction, both the extracted quantity and its vari-
ability are important. Some figures of merit, especially CC  ̨ and CCˇ,
gather both properties together. Concretely CC  ̨ and CC  ̌ depend
on the quotient between the residual standard deviation of the cal-
ibration line (precision) and the slope of the same line (analytical
sensitivity). Consequently, they are a good measure of the quan-
tity extracted through the sensitivity, and of its variability through
the residual standard deviation. Additionally, CC  ̨ and CC  ̌ have an
important analytical value as the decision limit and the capability of
detection, respectively, to evaluate the performance of the method
according to ISO 11843-2 [33] and 2002/657/EC Commission Deci-
sion [25]. The time needed to reach equilibrium is not properly a
selection criterion but an operational parameter that must be ini-
tially fixed to be able to apply the priority criterion, that is, the
analytical fit for purpose of the method evaluated by means of CC˛
and CCˇ. It was  therefore concluded that the best fiber of the three
types under study, in order to perform the determination of the
NSAIDs, is the PDMS fiber.

The decision limits (CC˛) obtained are 7.75, 3.36, 5.47, and
3.38 �g kg−1 for IBP, NPX, MCL  and FLF, all of them less than the

recommended concentration of 10 �g L−1 stated in CRL Guidelines
[8]. For DCF the resulting CC  ̨ is 5.07 �g kg−1, similar to the value
5 �g L−1 indicated in CRL Guidelines. Finally, for TLF the found CC˛
is 3.38 �g kg−1 which is less than the 50 �g L−1 in the 2010/37/EC

alibration models (PARAFAC or PARAFAC2) in spiked water samples with extraction

X KPF TLF DCF MCL

of 8 2 of 8 1 of 8 2 of 8 0 of 8
.0E−7 + 1.0x 1.4E−3 + 1.0x 9.3E−7 + 1.0x 5.9E−7 + 1.0x 6.6E−6 + 1.0x

323 3.258 2.314 2.720 1.413
997 0.992 0.996 0.992 0.998
72 8.01 5.55 11.89 3.15
.92 15.28 10.67 19.94 6.07

39 14.87 2.77 8.448 2.61

of 8 1 of 8 1 of 8 1 of 8 0 of 8
4E−5 + 1.0x 3.1E−3 + 1.0x 2.2E−5 + 1.0x 5.6E−5 + 1.0x −3.8E−4 + 1.0x
313 3.104 1.152 1.954 2.46
994 0.994 0.999 0.997 0.996
75 7.18 2.66 7.55 5.48
.97 13.80 5.12 12.62 10.60

63 8.28 2.52 5.35 3.55

of 8 0 of 8 0 of 8 1 of 8 1 of 8
0E−4 + 1.0x 8.8E−4 + 1.0x 1.7E−4 + 1.0x 2.0E−4 + 1.0x 1.9E−4 + 1.0x
509 2.145 1.518 1.306 2.355
998 0.997 0.998 0.999 0.996
36 4.77 3.38 5.07 5.47
50 9.21 6.54 8.47 10.51
11 5.68 3.12 4.21 4.96

 CCALCULATED vs. CTRUE regression; CC  ̨ is the limit of decision, and CCˇ is the detection

ance in milk,  ̨ is fixed at 1% for this analyte).
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Table 4
Accuracy and sensitivity of the method, in �g kg−1,developed with PDMS fiber.

Analyte Confidence interval* Analytical sensitivity†

Intercept Slope

IBP [−5.21,5.21] [0.86,1.13] 17.12
FLF  [−2.09,2.09] [0.96,1.04] 7.01
NPX  [−2.08,2.08] [0.96,1.04] 6.99
KPF [−2.96,2.96] [0.94,1.06] 9.93
TLF [−2.09,2.09] [0.97,1.03] 7.03
DCF [−1.93,1.93] [0.96,1.04] 6.39
MCL  [−3.47,3.47] [0.93,1.07] 11.55
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Table 5
SPME factors and derivatization procedure for the study of milk samples in the
D-optimal design.

Factors (units) Associated variable Levels

L1 (A) L2 (B) L3 (C) L4 (D)

tEXT (min) X1 20 30 – –
TEXT (◦C) X2 60 70 – –
AGT X3 No Yes – –
tCON (min) X4 5 7 – –
TCON (◦C) X5 200 250 – –
tDER (min) X6 15 25 – –
* At 5% of significance.
† Evaluated at 45 �g kg−1, with probabilities of false non-compliance, ˛, and false

ompliance, ˇ, fixed at 0.05.

egulation. In the new version of the regulation, DCF is not banned
ny more and now has a MRL  equal to 0.1 �g L−1, which is well bel-
ow the decision limit obtained in the proposed procedure. Ref. [15]
eports values of CC  ̨ equal to 0.59, 2.69 and 0.9 �g kg−1 for IBP, KPF
nd DCF by using GC–MS/MS, SPE and posterior derivatization of
he dry extract.

In the studied range of concentrations, from 0 to 90 �g kg−1, the
esponse is linear. For all the analytes, the method fulfils trueness
ecause the intercept and the slope of the regression line CMEASURED
s. CTRUE are significantly equal to zero and one, respectively, at 5%
ignificance level. This is seen in Table 4 in the fact that the corre-
ponding 95% confidence intervals contain zero (intervals for the
ntercept) and one (intervals for the slope). Intermediate repro-
ucibility in the range of concentrations goes from 1.31 �g kg−1 for
CF to 3.13 �g kg−1 for IBP (Table 3).

In Ref. [44] a procedure is proposed for evaluating the analyt-
cal sensitivity when a multivariate calibration curve is needed.
he procedure is also valid for multi-way calibration models. The
elation to other concepts such as decision limit and capability of
etection at the maximum residue limit (MRL) can be consulted in
he tutorial by Ortiz et al. [45]. In short, it is based on determining
he quantity that the method is able to discriminate from a refer-
nce value, with established probabilities of false noncompliance,
, and of false compliance, ˇ. With the PDMS fiber and taking as a
eference the central value of the calibration range, 45 �g kg−1, the
ensibility varies from 6.39 �g kg−1 for DCF to 17.12 �g kg−1 for IBP
when  ̨ =  ̌ = 0.05).

.2. Optimization of the solid phase microextraction process and
he derivatization reaction in aqueous phase with a D-optimal
esign

Having chosen the fiber type, the following part of the study
s focused on the optimization of 8 experimental factors (5 SPME
rocess factors and 3 derivatization reaction factors in an aqueous
edium) in samples of bovine milk. Table 5 shows the factors under

onsideration and their levels which were described in Section 2.4.

As may  be seen in Table 5, there are 7 factors at two levels and
ne factor at 4 levels, such that 27 × 4 = 512 experiments would be
ecessary in a complete factorial design. This number of exper-

ments is unviable, hence the experimental effort is reduced by
eans of a D-optimal design [46]. This procedure for making ‘ad

oc’ designs for a problem is deeply developed both theoretically
nd computationally. The objective is to reduce experimental effort
o the strictly necessary to estimate with suitable precision the
ffects and interactions that the research needs to study, these

nteractions should be previously established.

A search space is needed, in our case is formed by 512 possible
xperiments coming from the complete factorial design. Briefly the
rocedure is as follows: for each “n” (number of experiments to be
VDER (�L) X7 300 600 – –
PDEREtOH/Py/ECF X8 4/1/1 1/4/1 1/1/4 2/2/2

done) the algorithm searches among the 512 the “n” experiments
that give the confidence region for the coefficients of the model
with the smallest volume. Then, the value of “n” is chosen in such a
way that the maximum of the variance function of the correspond-
ing design is near 1 (better if it is less than 1). In that way, there
is guarantee that the selected design will give estimations of the
coefficients and the predicted response with the smallest possible
variance.

To relate the experimental response with the variation of fac-
tors, a mathematical model was  proposed, in which one of the levels
(level L2 in the 2-level factors and level L4 in the 4-level factors) is
established as a reference level in Eq. (6).  The effect on the experi-
mental response may  be established with this “state of reference”
method, when the factor changes from the reference level to the
other levels. Hence, the proposed mathematical model will have
the following coefficients: the intercept, one coefficient for each
of the factors at 2 levels (seven in total) and 3 coefficients for the
factor at 4 levels, so the model has 11 coefficients. Moreover, fore-
seeing the presence of interaction between tEXT and TEXT factors and
also between tCON and TCON factors, two  additional coefficients were
added.

Thus, the proposed model has 13 coefficients, such that at least
13 experiments are necessary to fit the model. Table 6 shows the D-
optimal design chosen with 14 experiments selected from among
the complete 512 factorial design. Table 6 also contains the exper-
imental responses that are the sample mode loadings for each
analyte after performing a PARAFAC (or PARAFAC2) decomposition
of the tensor formed by the samples of bovine milk that correspond
to the D-optimal design together with the calibration samples.

The second-order property of the PARAFAC (or PARAFAC2)
decomposition model guarantees a direct relation between the
value of the sample mode loading and the quantity of each ana-
lyte extracted from each of the design samples, provided that the
chromatographic profile and the mass spectral profile of each ana-
lyte are unequivocally identified in the samples belonging to the
D-optimal design. A practical advantage here is that it is not neces-
sary to perform a calibration model for each of the design conditions
to determine the quantity of analyte in each of the design samples
[27,47].  Thus, if N denotes the number of calibration standards, the
experimental effort is reduced from 512 × N experiments to only
14 + N experiments, by combining a D-optimal design with the sam-
ple mode loadings obtained with PARAFAC. This is only possible if
the tensor decomposition technique has the second-order property
and the experimental data are tri-linear.

The preparation of the fortified deionized water samples that
are used in the calibration stage is analogous to what is described
in Section 2.3 with an extraction time in the PDMS fiber of 30 min.
The calibration is performed at 7 levels of concentration: 0, 10, 20,

30, 40, 50 and 60 �g kg−1, with the levels of 10 and 50 �g kg−1 repli-
cated twice and the levels of 20, 30 and 40 �g kg−1 replicated once
(14 samples in total). The internal standard is set at 50 �g kg−1 in
all samples.
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Table  6
D-optimal design and the response, the loadings of the sample mode calculated with a PARAFAC2 decomposition for each analyte. For the codification of factors (Xi , i = 1, . . .,
8)  see Table 5. In bold, the experiments measured on the first day.

Levels of the factors Experimental responses: sample mode loadings (LANALYTE)a

X1 X2 X3 X4 X5 X6 X7 X8 LIBP LFLF LNPX LTLF LTLF-13C6
LDCF LMCL

1 1 1 2 2 1 1 1 0.042 0.016 0.200 0.036 0.030 0.078 0.027
2 2 2  1 2 2 1 1 0.167 0.067 0.312 0.080 0.080 0.243 0.125
1 2  2 1 1 1 2 1 0.151 0.090 0.265 0.106 0.103 0.204 0.132
2  1 1 2 1 2 2 1 0.075 0.016 0.197 0.035 0.030 0.135 0.032
1  2 1 1 2 1 1 2 0.054 0.018 0.189 0.024 0.022 0.087 0.033
2  1 2 1 1 2 1 2 0.190 0.109 0.366 0.104 0.100 0.278 0.201
1 1 2 2 1 2 2 2 0.143 0.138 0.252 0.148 0.138 0.177 0.187
2 2 1 2 2 2 2 2 0.083 0.038 0.199 0.051 0.041 0.120 0.054
2 2  2 2 1 1 1 3 0.155 0.019 0.288 0.146 0.146 0.220 0.174
1  2 1 1 1 2 1 3 0.024 0.001 0.108 0.024 0.021 0.050 0.026
2  1 2 2 2 1 2 3 0.197 0.042 0.346 0.182 0.185 0.277 0.204
1 1  1 1 2 2 2 3 0.033 0.003 0.177 0.026 0.024 0.060 0.024
1  2 2 2 2 2 1 4 0.183 0.074 0.361 0.107 0.107 0.281 0.148
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a The PARAFAC2 decomposition of KPF is incorrect and this analyte was  removed

It was decided to prepare the design samples individually, in
rder to avoid the influence of other possible effects on the results
f the design. Thus, for the first sample, the chromatographic record
as obtained after pretreatment, derivatization and extraction on

he fiber (under the conditions indicated in the design). While
ecording the chromatogram, the pretreatment of the second sam-
le began and so on. In this way, it was only possible to finish a
aximum of 7 experiments in a working day and for this reason, the

otal design was  measured over two working days. Table 6 shows
he experiments, which were carried out on a random basis on each
orking day to avoid other possible effects linked to the time.

The bovine milk used to perform the D-optimal design sam-
les was spiked at 50 �g kg−1 with all the analytes (including the

nternal standard), and processed with the procedure described in
ection 2.4. Fig. 2 shows the chromatogram of one milk sample of
he D-optimal design.

Once finished all the analyses (for the samples in the design
nd for the calibration samples) the corresponding data matrices
re joined throughout the sample mode giving rise to the three-
ay tensors. The dimension of the tensors created in this way  is
8 × 6 × 21 (chromatographic profile mode, mass spectral mode
nd sample mode, 14 + 7, respectively) for each one of the analytes
nd on each day, except for the internal standard, the dimension of
hich is 18 × 3 × 21. Subsequently, the PARAFAC and PARAFAC2
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TLF-13C6
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DCF

ig. 2. Chromatogram of a fortified milk sample at 50 �g kg−1 (experiment number
 of the D-optimal design in Table 6) recorded at the m/z base peak of each NSAID
showed in Table 1).
 0.036 0.204 0.042 0.040 0.142 0.050

e estimation and interpretation of the coefficients calculated with the design.

decompositions were performed in each tensor. The multiway
decomposition did not lead to a model that clearly identified KPF
in the milk samples, reason why  this analyte was eliminated when
analyzing the D-optimal design.

When studying the variance of the data explained by each
type of decomposition, a remarkable increase with PARAFAC2
was observed for all analytes (in the case of DCF and NPX the
increase was  higher than 20%). For that reason, it was decided to
use the loadings of the PARAFAC2 decomposition as experimen-
tal responses of the D-optimal design (see Table 6). This increase in
the explained variance when using PARAFAC2 can be attributable to
slight displacements in the retention time of the observed analytes
in some of the milk samples, as may  be seen in Fig. 3.

Fig. 3 shows a superposition of the chromatograms of the three
calibration samples fortified to 50 �g kg−1 and the 7 D-optimal
design samples (performed with bovine milk and also spiked to
50 �g kg−1) recorded on the first day for DCF.

Each chromatogram is depicted by joining the abundances
recorded in 18 elution times, which is the dimension of the chro-
matographic profile mode. Taking into account that some of the

chromatograms have several points in which the abundance is
very small (for example, the three spiked water samples that
appear from 15.702 min) the number of points that defines the

Time (minutes)
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Fig. 3. Overlapped chromatograms of the three calibration samples at 50 �g kg−1

(dashed lines) and the 7 bovine milk samples (spiked at 50 �g kg−1) of the D-optimal
design measured on the first day (solid lines) recorded for DCF at an m/z ratio of 214
(base peak).
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hromatogram in Fig. 3 can be less than 15, which are the usual
ecommendation to determine the area under a chromatographic
eak. However, a PARAFAC model does not make use of the area
ut the abundance in each elution time of all the recorded ions. Eqs.
1) and (2),  that theoretically describe the recorded abundance for
ach m/z  ratio in each elution time, are not integrated in the chro-
atographic profile to obtain the area. On the contrary, PARAFAC

ecomposes in unique factors, related to each analyte, the recorded
bundances. If it were about quantifying by using the peak areas
nd monitoring 6 ions in SIM mode, the dwell time would be 80 ms,
hile 100 ms  would be enough to monitor 4 or 3 ions.

It should be pointed out that only 1 factor was necessary in all
he PARAFAC2 decompositions, and they were carried out with the
on-negativity restriction in all modes. Moreover, analyte identi-
cation, with regard to retention time and the relative abundance
f the m/z ratios that were recorded, were satisfied for all the ana-
ytes and in all the D-optimal design samples, in accordance with
he contents of Decision 2002/657/EC (see Table 7).

The two last columns of Table 7 show the relative abundances
with regard to the base peak) of the m/z ratios that were recorded
or each analyte in all of the D-optimal design samples. These rela-
ive abundances were calculated from the loadings of the spectral

ode estimated with the PARAFAC2 decomposition of the tensors
ormed by the calibration samples together with the spiked milk
amples of the D-optimal design. In this way, a single mass spec-
ral profile was obtained in all the design samples measured on
he same day for each analyte. When comparing these values with
he intervals described in column 4 of Table 7 (calculated from
he spectral mode loadings estimated with the PARAFAC2 decom-
osition of tensors formed solely by the calibration samples and
pplying the tolerances specified in European Commission Decision
002/657/EC), it was confirmed that all the values were within the

ntervals except for a small difference in the m/z 115 of NPX when
onsidering the design samples measured on the first day. In conse-
uence, all the analytes were identified in all the D-optimal design
amples and there were at least 3 (for IBP, FLF, NPX, TLF, TLF-13C6
nd MCL) or 4 (for DCF) identification points.

Thus, the sample mode loadings of the PARAFAC2 decompo-
ition represent a satisfactory estimation of the quantity of each
nalyte that was extracted, in each of the experiments described in
he D-optimal design.

The model with 13 coefficients fails to describe the sample load-
ngs as function of the change in the experimental factors. However,
f the two interactions between tEXT and TEXT and between tCON and
CON are not considered, the reduced model with 11 coefficients
Eq. (6))  was satisfactorily fitted to the experimental data describ-
ng them significantly as a function of the change in the levels of
he factors under study:

= b0 + b1AX1A + b2AX2A + b3AX3A + b4AX4A + b5AX5A + b6AX6A

+ b7AX7A + b8AX8A + b8BX8B + b8CX8C (6)

here Xij (i = 1, . . .,  8; j = A, B, C) are binary variables that take a
alue of 1 when the ith factor is at the jth level, and 0 in any other
ase; bij are the coefficients of the model estimated by least squares
nd b0 is the intercept. These coefficients indicate the effect on the
esponse, when the factor changes from the reference level to the
est of the levels.

As the model in Eq. (6) significantly fit the experimental results,
he interpretation is as follows: the ith factor is active, if the
oefficient that estimates the change in the level of this factor is
tatistically significant. For example, if the coefficient b3A is signifi-

ant, it may  be concluded that the changes to the SPME if a sample is
r is not agitated will influence the experimental responses (quan-
ity of each analyte extracted). By analogy, if at least one of the
oefficients b8A, b8B or b8C is statistically significant, the conclusion
 1218 (2011) 4487– 4497 4495

is that the change in the proportions of the derivatizing mixture
has an effect on the experimental responses and the PDER factor is
active.

The significance of the factors and therefore their influence on
the experimental responses is tested by means of the hypothesis
test: null hypothesis, “the coefficient is 0, the factor is not active”
against the two-sided alternative hypothesis, “the coefficient is dif-
ferent from 0, the factor is active”. Fixing the significance level at 5%,
the null hypothesis will be rejected if the p-values of the coefficients
are below 0.05.

As the proposed mathematical model has 11 coefficients that
are estimated with 14 experiments, there are degrees of freedom
that allow evaluating the significance of the model and of the coef-
ficients. The hypothesis test that confirms the significance of the
model is: null hypothesis, “the least-squares fitted model does not
explain the experimental variance”; alternative hypothesis, “the fit-
ted model explains the experimental variance”. As in the earlier
test, setting at 5% the significance level, the null hypothesis will be
rejected if the corresponding p-value is below 0.05.

The fitted models for the 7 experimental responses are sta-
tistically significant (p-values between 0.003 and 0.05), with
coefficients of determination, R2, between 0.964 and 0.995. All the
fitted models therefore reproduce the experimental data satisfac-
torily.

After estimating the coefficients of Eq. (6) one can determine
the effect on the responses, of passing from high level (L2 or B)
to low level (L1 or A) in the seven factors at two levels and the
effect of passing from a mixture (EtOH/Py/ECF) to another one, that
is, to pass from level i (Li) to level j (Lj)  for i > j. Fig. 4 shows the
value of these effects, with the corresponding signs. The signifi-
cant effects (at 5% significance level) are those that are outside the
interval depicted by the discontinuous lines.

Factor tEXT is significant at 5% for IBP with a positive effect. Also
it has a positive effect for DCF and MCL  (actually, the effects are
significant at 6% significance level). In fact, it is seen that for the
analytes for which the factor is significant (or nearly significant)
the effect is always positive. Therefore the maximum response is
achieved for level L2 (extraction time fixed at 30 min). Also factors
AGT and tCON have always a positive effect, when they are significant,
so the extraction must be done with agitation and fiber conditioning
during 7 min.

On the contrary, again when they are significant, TEXT and tDER

have a negative effect. Consequently, the temperature of the extrac-
tion should be 60 ◦C and 15 min  of the derivatization time.

Factors TCON and VDER are not significant for any analyte, they
therefore have no influence within the experimental domain under
study.

When it is about factor PDER the effect of changing its level
on the different analytes is significant for some of them but not
always with the same sign. As consequence, for TLF and TLF-13C6
the response would be maximum for the mixture (1/1/4). For MCL,
where the effects L2–L1, L3–L1, and L4–L1 are all significant with
a positive sign, the maximum response will never for the mixture
(4/1/1). Overall, it may  be established that the best option for this
factor is an excess of ECF as opposed to EtOH and Py in the deriva-
tizing mixture (EtOH/Py/ECF).

With the model in Eq. (6) the interactions between factors can-
not be estimated.

A further aspect to highlight is that the two analytes TLF and
TLF-13C6, which are chemically identical, give rise to practically
identically D-optimal design models, both in the significance of the
fit, and R2 value, as well as in significant factors and the levels at

which they should be set. However, both analytes were recorded
with different m/z ratios and their loadings were estimated with dif-
ferent PARAFAC2 models. In fact, their samples were not in the same
data tensor. This corroborates the accuracy of the PARAFAC2 mod-
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Table  7
Identification of the analytes in the mass spectrum, according to European Union Decision 2002/657/EC in the D-optimal design samples. BP: Base Peak.

Analyte m/z Calibration samples D-optimal design samples (milk)

Relativea abundance (%) Intervalb permitted (%) Relative abundance (%) first dayc Relative abundance (%) second dayc

IBP

105 5.53 [2.76–8.29] 5.55 5.53
117  13.72 [10.97–16.46] 13.80 13.71
119  14.50 [11.60–17.40] 14.59 14.46
161 BP – BP BP
191 11.00 [8.80–13.19] 11.42 11.03
234  17.28 [13.82–20.73] 17.12 17.50

FLF

92  3.49 [1.74–5.23] 3.97 3.06
166  6.81 [3.40–10.20] 8.43 5.19
235 10.40 [8.32–12.48] 10.71 9.89
243 5.52 [2.76–8.28] 5.66 5.38
263 BP – BP BP
309  39.67 [33.71–45.61] 39.71 39.79

NPX

115  12.12 [9.69–14.54] 15.13 14.02
141 10.40 [8.32–12.47] 10.89 11.06
154  5.65 [2.82–8.47] 6.20 6.37
170  10.35 [8.28–12.42] 9.53 9.80
185  BP – BP BP
258  29.59 [25.15–34.03] 26.31 27.00

TLF

180  24.58 [2089–28.26] 25.05 25.09
208 BP – BP BP
243  61.79 [55.61–67.97] 61.80 61.74
245  20.91 [17.77–24.05] 20.85 21.42
289  54.61 [49.14–60.07] 53.16 54.88
291  17.59 [14.07–21.11] 17.13 17.74

TLF-13C6

214 BP – BP BP
295 45.92 [39.03–52.81] 45.22 46.48
297  15.67 [12.28–18.43] 15.11 15.66

DCF

214  BP – BP BP
216  35.45 [30.13–40.76] 35.35 35.43
242  42.55 [36.17–48.94] 42.62 42.61
244  13.89 [11.11–16.87] 13.94 13.90
323 29.10 [24.72–33.45] 29.07 29.17
325  18.41 [14.72–22.09] 18.41 18.50

MCL

242  BP – BP BP
244 35.52 [30.19–40.85] 34.61 34.35
277  11.41 [9.12–13.69] 10.42 10.35
279  7.64 [3.82–11.46] 7.43 7.15
323 30.76 [26.15–35.37] 26.36 26.22
325  19.90 [15.92–23.88] 17.06 16.92

a Calculated with the loadings (PARAFAC2) of the spectral profile estimated only with the calibration samples (18 × 6 × 14).
b The permitted tolerances are based on the relative ion abundance (% base peak): greater than 50% (±10%), between 20–50% (±15%), between 10–20% (±20%) and lower

than  or equal to 10% (±50%), see European Commission Decision 2002/657/EC.
c Calculated with the loadings (PARAFAC2) of the spectral profile estimated with the calibration samples and D-optimal design samples on each day (18 × 6 × 21).

Fig. 4. Effects of the experimental factors on the experimental responses (quantity extracted of each analyte) and their significance (in red significant factors) with a
significance level fixed at 5% (dash-dotted lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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ls estimated with the multiway decomposition, which responds
o the physico-chemical structure of the NSAIDs and which have
een identified by the PARAFAC (or PARAFAC2) model.

. Conclusions

This study has shown how D-optimal design makes it possi-
le to evaluate which factors influence the determination of seven
on-steroidal anti-inflammatory drugs (NSAIDs) by GC–MS. The
etermination method is studied in samples of bovine milk and

ncludes a novel derivatization process of the NSAIDs in milk and a
ubsequent solid-phase microextraction stage prior to its injection
n the GC.

Prior to the study of optimization, the most appropriate fiber
ype to perform the analyte extraction was studied. The choice of
he fiber was not solely based on the standard idea of a fiber that
xtracts the largest quantity of analyte, but also on the fiber which
eaches the equilibrium conditions first and which provides the
est results for the figures of merit specified in the European reg-
lations on veterinary residues. The calibrations use the sample

oadings of the PARAFAC or PARAFAC2 decomposition in relation
o the spiked concentrations. According to these two  criteria, the
DMS fiber provided the best global results.

Subsequently, the optimization of 8 experimental factors (5
rom the SPME process and 3 from the derivatization reaction) was
erformed by means of a D-optimal design of only 14 experiments
instead of 512). The extracted quantity of each analyte was  used as
he experimental responses, which was determined through a cal-
bration PARAFAC2 analysis. This type of calibration possesses the
econd-order property, which unequivocally identifies each ana-
yte. It is no longer necessary therefore to perform a calibration for
ach experimental condition to determine the extracted quantity
f each analyte.

The analytical method proposed fulfils the requirements of
uropean Commission Decision 2002/657/EC for the unequivocal
dentification of NSAIDs (with regard to the relative abundances of
he m/z  relations recorded) in bovine milk samples.
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