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This paper presents a novel approach for the simultaneous determination of two widely used fungicides
in a very interfering environment, combining the advantage of a spectrofluorimetric optosensor
coupled to a flow-injection system and the selectivity of second-order chemometric algorithms.

The sensor is based on the simultaneous retention of thiabendazole and fuberidazole on C18-bonded
phase placed inside a flow-cell. After the arrival of the analytes to the sensing zone, the flow is stopped
and the excitation-emission fluorescence matrix is read in a fast-scanning spectrofluorimeter. Parallel
factor analysis (PARAFAC) and unfolded and multidimensional partial least-squares coupled to
residual bilinearization (U- and N-PLS/RBL) were selected for data processing. These algorithms
achieve the second-order advantage, and are in principle able to overcome the problem of the presence
of unexpected interferences. The power of U-PLS/RBL to quantify both fungicides at parts-per-billion
levels, even in the presence of high concentrations of spectral interferences such as carbaryl,
carbendazim and 1-naphthylacetic acid, is demonstrated. Indeed, U-PLS/RBL allowed us to reach
selectivity using a commercial but non-selective sensing support. To the best of our knowledge, this is
the first time the potentiality of the ‘second-order advantage’ is evaluated on a flow-injection system,
using an unspecific supporting material and in the presence of three real interferences. Using a sample
volume of 2 mL, detection limits of 4 ng mL~" and 0.3 ng mL~"' for thiabendazole and fuberidazol were
respectively obtained in samples without interferences. In samples containing interferences, the limits of
detection were 17 and 1 ng mL "' for thiabendazole and fuberidazol, respectively. The sample
frequency, including excitation/emission fluorescence matrix measurements, was 12 samples h™".

The sensor was satisfactorily applied to the determination of both analytes in real water samples.

Introduction carbendazim (MBC) and thiabendazole (TBZ) (Fig. 1) using
fluorescence excitation-emission matrices obtained after the
extraction of the analytes over a Cl8-membrane surface in
a batch mode, and coupling these measurements with second-
order algorithms.? In the latter work, two goals were achieved:

improving the storage life and quality of harvested plants and 1) the power of the U-PLS/RBL algorithm to successfully predict
X .. .
crops.” Although fungicides are degraded through different the analyte concentrations in the presence of an inner-filter was

pathways, they can accumulate in the environment if the rate of demonstrated for the first time, and 2) the ability of this algo-

application exceeds the degradation rate. Thus, these residues rithm to overcome the interference produced by unsuspected
can enter natural waters either directly or from drainage from species was established

agricultural lands, producing a detrimental effect over mammals
and vegetables. Due to these facts, the control and quantification
of compounds in environmental samples is of a great
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for the quantification of fungicides and pesticides in general.'**
Spectroscopic methods have also been applied for this purpose,
especially those based on luminescence signals.” In a previous

Fungicides are a type of pesticides profusely used in agriculture
with the purpose of controlling fungal diseases during the
development of a crop, increasing its productivity, and
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On the basis of this previous experience, we decided to analyze
the potentiality of second-order algorithms to process data
obtained in a flow-through optosensing device, due to the well-
known versatility and assembling easiness of flow injection
systems, which are suitable for rapid and automatic analysis.®
In the present work, TBZ and the widespread fungicide fuber-
idazole (FBZ, Fig. 1) are simultaneously retained in a commer-
cially available packing material used as a flow-through sensing
device, and then determined by EEFMs, directly recorded on the
surface of the solid substrate. Flow-injection systems combined
with solid-surface luminescence detection constitute a useful
approach for the improvement of sensitivity and sampling
frequency.'**? The group of Molina Diaz has developed different
luminescence-based optosensors for the determination of both
binary and ternary mixtures of different fungicides (benomyl,
carbendazim, thiabendazole, o-phenylphenol, carbofuran,
fuberidazole)."*"” It is known that the spectral overlapping
among the investigated analytes and/or foreign compounds,
usually found in complex matrices, leads to decreased selectivity
of the luminescence techniques. Resolution of overlapping
luminescence profiles can be achieved, however, using multi-
variate calibration methods.

A flow-through optosensor spectrofluorimetric system
combined with a first-order calibration approach (partial least-
squares, PLS) was recently proposed for the resolution of
mixtures of the pesticides 1-naphthol, o-phenylphenol and thia-
bendazole, using CI8 silicagel as solid support.’® However,
the use of first-order data may not be the best way of resolving
the problem of the presence of unexpected interferences in the
samples. In these cases, some second-order multivariate cali-
bration methods are, in principle, better suited for the successful
resolution of these systems.'*?® These latter methods achieve the
so called “second-order advantage”, which allows the quantita-
tion of analytes even in the presence of unexpected sample
constituents.??* The first example of second-order advantage
applied to a fluorescence optosensor was recently reported by
Valero Navarro et al., who determined 1- and 2-naphthylamines
in the presence of I-naphthalenemethylamine (interference)
using a rather selective molecularly imprinted polymer (MIP)-
fluorescence optosensing system.?

In the present paper, the determinations are carried out in
solutions containing the analytes here studied and three agro-
chemicals selected as interferences (Fig. 1): carbaryl (CBL),
1-naphthylacetic acid (NAA) and MBC. Among the agrochem-
icals usually employed in our region, these latter compounds
have solid-surface fluorescence spectra significantly overlapped
with those of the studied analytes, and may be present in real
water samples. In contrast to imprinted materials, such as MIPs
or molecularly imprinted sol-gels, the commercial support
selected in the present work is poorly selective. However, this
problem is overcome when the method is assisted by second-
order algorithms which achieve the second-order advantage.
To the best of our knowledge, this is the first time that the
potentiality of the ‘second-order advantage’ is evaluated on
a flow-injection system with three real interferences. Three che-
mometric algorithms which achieve the second order advantage,
namely, parallel factor analysis (PARAFAC),** unfolded
partial least-squares coupled to residual bilinearization®*¢
(U-PLS/RBL), and multidimensional partial least-squares®’

coupled to residual bilinearization (N-PLS/RBL) are applied to
process the solid-phase EEFMs.

Differences in the prediction capabilities of the employed
algorithms are shown and discussed, and the advantages of
working in a flow-through optosensor system are justified.

Finally, the feasibility of determining TBZ and FBZ in natural
water samples is demonstrated.

Experimental
Reagents and solutions

All reagents were of high-purity grade and used as received.
Thiabendazole and carbendazim were obtained from Riedel-de
Haén. Fuberidazole, carbaryl and silica gel 100 C18-bonded
phase (0.040-0.063 mm particle size) were purchased from
Fluka. Methanol was obtained from Merck and 1-naphthylacetic
acid was obtained from Sigma.

Stock solutions of thiabendazole (c.a. 300 ug mL™"), fuber-
idazole (c.a. 300 pg mL™"), carbaryl (c.a. 900 pg mL™") and
carbendazim (c.a. 400 pg mL~") were prepared in methanol, and
a stock solution of 1-naphthylacetic acid (c.a. 800 pg mL~") was
prepared in acetone. These solutions are stable at 4 °C for at least
four months. From these solutions, working aqueous solutions
were prepared by taking appropriate aliquots, evaporating the
organic solvent by use of dry nitrogen and diluting with water to
the desired concentrations.

Apparatus

A Varian Cary-Eclipse luminescence spectrometer (Varian,
Mulgrave, Australia) equipped with a xenon flash lamp was used
to measure the optosensor response. A Gilson Minipuls-3 peri-
staltic pump (Villiers-Le-Ber, France), two six-port injection
valves with exchangeable fixed volume loops, and a 25 pL inner
volume quartz flow-through cell (Hellma 176.052-QS, Miillheim,
Germany) packed with 25 mg of silica gel C18-bonded phase
were employed to set-up the FIA manifold. PVC tubings of
0.76 mm i.d. were used for all connections. The cell was blocked
at the outlet with some glass wool to prevent displacements of the
silica gel C18 particles by the carrier, while the inlet of the flow-
through cell was kept free.

Procedure

Two millilitres of sample solution containing the analytes, alone
or in the presence of potential interferences, were inserted into the
carrier stream (water) and pumped through the flow system at
a flow rate of 2.0 mL min~'. The spectrofluorimeter was set-up in
its kinetic mode, using excitation and emission wavelengths of 300
and 350 nm, respectively, photomultiplier sensitivity of 600 V, and
excitation and emission slit widths of 5 nm. When TBZ and FBZ
arrived to the cell filled with the solid support, they were retained
on it. When the maximum fluorescence signal was reached, the
flow was stopped, the spectrofluorimeter was set-up in its scan 3D
mode, and the corresponding EEFM was recorded using excita-
tion and emission ranges of 250-316 nm (each 2 nm) and 325-
400 nm (each 2 nm), respectively, and a scanning rate of
9600 nm min~'. After these measurements, the kinetic mode was
again selected, the flow was restored and both analytes were
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desorbed from the flow-through cell with 500 pL of a 40% v/v
methanol-water mixture which was injected in the FIA system by
means of a second injection valve, and the signal returned to the
baseline. The time elapsed between consecutive injections
(including the fluorescence matrix measurement) was 5 min.

Chemometric analysis

Prior to the second-order calibration experiment, preliminary
experiments indicated that, under the established working
conditions (i. e., 2.0 mL of sample), linearity is held until 250 and
60 ng mL~' for TBZ and FBZ, respectively, which were the
limiting assayed concentrations in subsequent analyses.

A calibration set of 11 samples containing both analytes was
prepared from the corresponding aqueous working solutions
(Table 1). Nine samples of the set corresponded to the concen-
trations provided by a two-factor central composite design, and
the remaining two samples contained only one of the studied
analytes at an intermediate concentration (Ctpz = 164 ng mL™!
and Cgpz = 25.5 ng mL™"). Each sample was subjected to the
FIA procedure and the EEMF measurement described above.

A test set of 30 validation samples, different from the cali-
bration ones, was prepared and processed in a similar way as the
calibration solutions (Table 1). The obtained EEFMs were then
analyzed with second-order multivariate calibration. The
concentrations of both analytes were selected at random from the
corresponding calibration ranges.

Table 1 Composition of the samples used in the calibration, validation
and test sets

Calibration Validation Test
TBZ/ FBzZ/ TBZ/ FBZ/ TBZ/ FBZ/
ng mL~! ngmL"' ngmL~' ngmL™' ng mL~! ng mL~!
51.3 25.5 97.5 36.0 128 22.5
277 25.5 103 45.0 72 30.0
164 1.2 170 12.5 140 30.0
164 49.5 10.0 10.5 200 15.0
83.1 8.4 97.5 10.5 155 4.0
246 8.4 36.0 36.0 515 3.8
83.1 435 154 0 128 21.5
246 43.5 97.5 36.0 72.0 22.0
164 25.5 97.5 60.0 150 24.0
164 0 0 10.5 155 3.0
0 25.5 36.0 60.0 90.0 24.0

52.0 26.0 165 12.0

83.5 1.4 231 12.0

163 50.0 90.0 10.5

154 1.1 210 2.7

83.5 26.0 61.6 0

246 43.0 10.0 14.0

66.7 19.5 30.0 12.0

83.5 50.0 20.0 0

210 37.5 30.0 45.0

149 30.0

0 19.5

82.0 30.0

36.0 10.0

80.0 6.0

50.0 37.5

123 48.0

62.0 1.5

100 33.5

245 44.0

With the purpose of evaluating the method in the presence of
three interfering agrochemicals, 20 samples containing random
concentrations of the investigated analytes and high concentra-
tions of CBL, NAA and MBC were evaluated. The levels of
interferences (Ccpp. = Cnaa = 6400 ng mL™' and Cypc =
2000 ng mL~") were within the range of the corresponding water
solubilities. The fact that the highest concentrations for TBZ and
FBZ were, respectively, 250 and 60 ng mL™', ensures that
interferences were between 8 and 107 times more concentrated
than these analytes.

Water sample procedure

The proposed methodology was applied for the quantification of
both TBZ and FBZ in water samples in the presence of the
interferences indicated above. Underground, tap, mineral and
river water samples were prepared by spiking them with both
analytes, obtaining concentration levels between 20 and
180 ng mL~' for TBZ, and 3 and 40 ng mL' for FBZ. In addi-
tion, CBL, NAA and MBC were incorporated to these samples
at the same concentrations used in the test samples. With the
exception of river water samples, which were filtered through
filter paper, the remaining water samples underwent no previous
treatment.

Theoretical considerations

The selected algorithms (PARAFAC, U-PLS and N-PLS) are
well known, and the coupling of U- and N-PLS with RBL has
already been described in the literature.>>*® Therefore, only
a brief description is given.

It is first useful to consider the different manners in which these
algorithms process three-way data arrays. For a given problem
sample, PARAFAC builds a joint model, including the second-
order signals for all the calibration samples and for the analyzed
test sample data. This must be done for each of the test samples.
In the first step of PARAFAC processing, the three-way array is
decomposed, while in a second step the calibration concentra-
tions are employed to estimate a given component concentration
in the test sample. This means that a new PARAFAC model is
calculated for each new problem sample to be predicted.

On the other hand, in the N-PLS/RBL and U-PLS/RBL
methodologies, the first step consists of establishing a relation-
ship between the measured calibration signals and the known
calibration concentrations, without considering the test sample
data. Once this is done, a postcalibration RBL procedure applied
to the test sample signals is introduced, allowing one to model the
presence of unexpected components and to accurately estimate
the analyte concentration. In this way, PARAFAC resolves each
component information separately, and this is the reason why
second-order advantage is inherent to this model (the analyte
signal is separated from that of the potential interferences). On
the other hand, the remaining methods intend to find the rela-
tionship among the measured calibration responses and partic-
ular concentration information (used to build the model). This is
why the potential interferences should be included in the cali-
bration set of samples; otherwise a separate procedure, such as
RBL, should be combined with the calibration model to obtain
the second-order advantage.
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The PARAFAC model

This algorithm often achieves the unique decomposition of three-
dimensional data arrays, allowing concentrations and spectral
profiles of sample components to be extracted. In fact, if EEFMs
are arranged in a three-way array F of dimensions I x J x K,
where I, J, and K are the number of samples, number of emission
wavelengths, and number of excitation wavelengths, respectively,
PARAFAC attempts to decompose it into three matrices
A (scores), B, and C (loadings) with elements a;,, bj,, Cin
respectively, where n indicates the number of component.
An element of F is given by:

N
Ejk = E ainbjnckn + Cijkc (l)
n=1

where Fjj is the fluorescence intensity for sample i at the emission
wavelength j and excitation wavelength k and e;; indicates an
element of the array E, which collects the variability not
accounted by the model. For a given component n, the elements
@, bjy, and ¢y, are arranged in the score vector a, (whose
elements are directly proportional to the component concentra-
tions in each sample) and the loading vectors b, and ¢,, which
estimate its emission and excitation profiles, respectively. The
array of EEFM data is fitted to eqn (1) by least-squares.
Although ambiguities remain in the absolute component
concentrations and chemical identities of the components, they
can be solved by using training samples of known concentration
and comparing the individual excitation and emission profiles
with those of standards. As was indicated above, PARAFAC
achieves the second-order advantage combining data from cali-
bration and test samples before computing the regression
coefficients.

The U-PLS/RBL model

In the U-PLS method, second-order data are unfolded into
vectors before PLS is applied. The I, calibration data matrices
are first vectorized into JK x 1 vectors, and then a usual PLS
model is built using these data together with the vector of cali-
bration concentrations y (size I, x 1). This provides a set of
loadings P and weight loadings W (both of size JK x A, where
A is the number of latent factors), as well as regression coeffi-
cients v (size A x 1). If no unexpected components occurred in
the unknown sample, v could be employed to estimate the analyte
concentration according to:

Yu = tuTv (2)

where t, is the unknown sample score, obtained by projecting the
vectorized data for the unknown sample vec(X,) onto the space
of the A latent factors:

ty = (WTP)'WTvec(X,) 3)

where vec(-) implies the vectorization operator and X, is the
unknown sample matrix. When unexpected constituents occur in
X, then the sample scores given by eqn (3) are unsuitable for
analyte prediction through eqn (2). In this case, the residuals of
the U-PLS prediction step [s,, see eqn (4) below] will be

abnormally large in comparison with the typical instrumental
noise level:

5p = llepll/(JK — A)2 = |[vec(X,) — P(WTP)"WTvec(X,)|[/(JK —
A)2 = [|vee(X,) — Pt /(K — A)"> @

where |- || indicates the Euclidean norm.

This situation can be handled by RBL, which aims at mini-
mizing the norm of the residual vector e,, computed while fitting
the sample data to the sum of the relevant contributions:

Vec(Xu) =Pt + VeC[Bunx Gunx (Cunx)T] +ey (5)

where B,,x and C,,, are matrices containing the first left and
right eigenvectors of E,, and Gy, is a diagonal matrix containing
its singular values, as obtained from singular value decomposi-
tion (SVD) analysis:

Bunx Gunx (Cunx)T = SVD(Ep) (6)

where E, is the J x K matrix obtained after reshaping the
JK x 1 e, vector of eqn (4) and SVD indicates taking the first
principal components.

During this RBL procedure, P is kept constant at the cali-
bration values, and t, is varied until ||e,|| is minimized in eqn (5)
using a Gauss-Newton procedure. Once ||e,|| is minimized, the
analyte concentrations are provided by eqn (2), by introducing
the final t, vector found by the RBL procedure.

We notice that the aim which guides the RBL procedure is the
minimization of the residual error s, to a level compatible with
the degree of noise present in the measured signals, with s, given
by:

su = ||Eu[(J — NreL)(K — Nrpr) — A]"? )

where Ngrpp is the number of RBL components and A4 the
number of calibration PLS factors. Therefore, if more than one
unexpected component is considered, RBL should select the
simplest model giving a residual value which is not statistically
different than the minimum one.

We note that two different residual parameters appear in the
above discussion, which should not be confused: s, [eqn (4)]
corresponds to the difference between the unknown sample
signal and that model by U-PLS before the RBL procedure, while
sy [eqn (7)] arises from the difference after the RBL modeling of
the interferent effects. Hence it is the latter one which should be
comparable to the instrumental noise level if RBL is successful.

The N-PLS/RBL model

The N-PLS method applied to second-order data is similar to the
unfolded U-PLS method, but original data matrices are not
unfolded. During the calibration phase, two sets of loadings
Wi and WX are obtained (of sizes J x 4 and K x A, where A is the
number of latent factors), as well as a vector of regression coef-
ficients v (size A x 1). The prediction expression is analogous to
eqn (2) when no unexpected components occur in the unknown
sample. In the presence of unexpected constituents, the sample
scores are unsuitable for analyte prediction. The residuals of the
N-PLS modeling of the unknown sample signal [s,, see eqn (8)
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below] will be abnormally large in comparison with the typical
instrumental noise level:

sp = llepll/(JK — 4)"* = |[vec(X,) — veo(X)[[/(JK — A)"* (8)

where X, is the sample data matrix (X,) reconstructed by the
N-PLS model.

The situation is handled in a manner similar to that discussed
for U-PLS/RBL, minimizing the residuals computed while fitting
the sample data to the sum of the relevant contributions:

X, = reshape{t,[(W|® W]} + SVDXX, — Xo) + E,  (9)

where ‘reshape’ indicates transforming a JK x 1 vector into
a J x K matrix, and |®| is the Kathri-Rao operator. During this
RBL procedure, the weight loadings W/ and W are kept constant
at the calibration values, and t, is varied until the final RBL
residual error s, is minimized using a Gauss-Newton procedure,
with s, given by an equation analogous to (7). Once this is done,
the analyte concentrations are provided by an equation analo-
gous to (2), by introducing the final t, vector found by the RBL
procedure.

Software

The routines employed for PARAFAC, U-PLS, and N-PLS are
written in MATLAB 7.0*® and are available on the Internet.?®
These algorithms were implemented using the graphical interface
of the MVC2 toolbox,*® which is also available on the Internet.3!
This latter toolbox implements the N-PLS/RBL and U-PLS/
RBL methods for studying the effect produced by interferences.

Results and discussion

The use of silica gel C18 as a fluorescence optosensor for both
TBZ and FBZ combined with zero-order calibration methods
has already been described.'*¢32> Owing to the non-polar nature
of the support, complete retention occurs when the analytes are
in their neutral forms. The deprotonation constant values
reported for TBZ (pK,1 = 0.5, pK,2 = 4.8, pK,3 = 11.3)*® and
FBZ (pK,l = 5.0 and pK,2 = 11.7)** indicate that at a neutral pH
both molecules remain in their uncharged structures. Therefore,
pure water was selected both as carrier and for the working
solutions. Although TBZ shows higher fluorescence signals near
pH 2.3 the emission at neutral pH is high enough to be easily
measured from the studied solid support. On the other hand, the
optimum pH value for the fluorescence of FBZ is in the range
6-10.%

Fig. 2 shows the fluorescence excitation and emission spectra
for TBZ and FBZ, adsorbed on the C18 solid surface. It is clear
in this figure that overlapping occurs among the excitation and
the emission spectra and the background signal, which hinders
the direct spectrofluorimetric determination of both analytes. As
will be discussed below, the situation becomes more serious if
other agrochemicals are concomitantly retained in the support
and fluoresce in the same spectral region of the investigated
analytes (Fig. 2). Hence, with the purpose of overcoming the
problem of the spectral overlapping between the analytes and
also among the analytes and interferences, chemometric analysis
with algorithms which achieve the second-order advantage was

400 A

SMF

200 A

280 320 360 400
Wavelength (nm)

Fig. 2 Solid matrix fluorescence (SMF) excitation (ex) and emission
(em) spectra for TBZ and FBZ (blue solid lines), and for CBL, NAA and
MBC (red solid lines) immobilized onto silica gel C18. The dashed black
lines correspond to the background signals. Crgz = 100 ng mL~"; Cppz =
19.5 ng mL~"; Ccpr = Cnaa = 6400 ng mL~'; Cypc = 2000 ng mL~".
In all cases, Aex = 300 nm and Aem = 340 nm.

applied. The selection of the second-order algorithms was made
with the objective of testing the very popular PARAFAC model,
which was already applied for the determination of TBZ, FBZ
and MBC in methanolic synthetic samples in the absence of
interferences,*® and two latent structured algorithms which are
being increasingly applied such as U-PLS/RBL and multidi-
mensional N-PLS/RBL.?> According to our experience, these
latter models provided very satisfactory results in the resolution
of complex systems.®¥® The results are discussed in the
following sections.

Validation samples

In order to build a second-order calibration model, EEFMs were
recorded for the calibration samples. The employed spectral
ranges, 325-358 nm (emission) and 270-312 (excitation) for both
TBZ and FBZ, were selected after a suitable consideration of the
spectral regions corresponding to their maximum signals, and
avoiding potentially problematic regions where the analytes
showed similar spectral profiles. Fig. 3A shows the contour plots
of the EEFMs for TBZ, FBZ and the silica gel C18 background,
in the final selected wavelength ranges. For clarity these plots are
shown separately.

PARAFAC was applied to three-way data arrays built by
joining the data matrices for each of the validation samples in
turn, with those for the set of calibration samples. PARAFAC
was initialized with the loadings giving the best fit after a small
number of trial runs, selected from the comparison of the results
provided by generalized rank annihilation and several orthog-
onal random loadings.*® The number of responsive components
to be included in the model was selected by the so-called core
consistency analysis.*' The estimated number of components
using the above technique was two, which is justified taking into
account the presence of both investigated compounds and the
application of a mean centering procedure which avoids the
background contribution to the signals.
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Fig. 3 Two-dimensional contour plots of the excitation-emission fluorescence matrices for typical samples containing the studied analytes (A), and the
interferences (CBL, NAA and MBC) as indicated (B). Cypz = 100 ng mL~"; Crpz = 19.5ngmL""; Ccpp = Cnaa = 6400 ngmL~"; Cyipc = 2000 ng mL~".

Fig. 4A and B show the prediction results for TBZ and FBZ,
respectively, corresponding to the application of PARAFAC to
a set of 30 validation samples. Although some prediction values
for TBZ are rather disperse (Fig. 4A), the strong spectral over-
lapping between both analytes and the notable difference of their
quantum efficiencies (see Fig. 2) led us to conclude that the
results are acceptable. This conclusion is reflected in both the
corresponding RMSEP (root-mean-square error of prediction)
and REP (relative error of prediction) values (Table 2), and also
in Fig. 4C, where the elliptical joint confidence region (EJCR)**
for the slope and intercept of the found vs. nominal value plot for
TBZ is shown. It is notable that while the ellipse for FBZ (red
solid line in Fig. 4D) includes the theoretically expected values of
(1,0), indicating accuracy of the developed methodology for this
analyte, the ideal (1,0) point remains close but outside the TBZ
ellipse (Fig. 4C), denoting poorer prediction accuracy for TBZ.

With the purpose of estimating the number of optimum latent
variables for both U- and N-PLS, leave-one-sample-out cross-vali-
dation was performed.*® The optimum number of factors is esti-
mated by calculating the ratios F(4) = PRESS(4 < A*)/PRESS(A),
where PRESS = Z(¢;act — Ciprea)’s 4 is a trial number of factors,
A* corresponds to the minimum PRESS, and ¢; 4 and ¢; preq are
the actual and predicted concentrations for the ith sample left out
of the calibration during cross validation, respectively. Then, the
number of factors leading to a probability of less than 75% that
F > lisselected. This analysis led to the conclusion that the latter
number is 2 for the most cases, as expected for this system using
a mean centering procedure, with the exception of the A4 value for
TBZ processed with U-PLS (4 = 3, see Table 3). Apparently,
U-PLS needs an additional component to correctly model the
TBZ profile.
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Fig. 4 Plots for PARAFAC predicted concentrations as a function of
the nominal values for (A) TBZ in validation samples (cyan circles), and
for (B) FBZ in validation samples (red circles) and in samples with
interferences (blue squares). In (A) and (B) the solid lines are the perfect
fits. Elliptical joint regions (at 95% confidence level) for the slopes and
intercepts of the regressions of (C) TBZ validation data (cyan solid line),
and of (D) FBZ validation data (red solid line) and the test data
(blue dashed line). Black points in (C) and (D) mark the theoretical
(intercept = 0, slope = 1) points. Ccpr = Cnaa = 6400 ng mL';
CMBC = 2000 ng mL~".
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Table 2 Statistical results for TBZ and FBZ in validation samples and in samples with CBL, NAA and MBC as interferences

PARAFAC U-PLS N-PLS
TBZ FBZ TBZ FBZ TBZ FBZ
Validation samples”
RMSEP/ng mL~-" 21 4 16 3 22 3
REP (%)° 14 20 10 15 15 17
LOD/ng mL~'¢ 4 0.3 4 0.3 4 0.3
U-PLS/RBL N-PLS/RBL
Samples with interferences®
RMSEP/ng mL-" Y 4 14 3 Y 3
REP (%)° ! 20 9 15 4 15
LOD/ng mL— 4 0.6 17 1 / 1

“ Number of samples = 30. ® RMSEP, root-mean-square error of prediction. “ REP, relative error of prediction. 4 LOD, limit of detection and

calculated according to ref. 37. ¢ Number of samples = 20./ See text.

Fig. 5 (A and B) and 6 (A and B) show the prediction results
corresponding to the application of U-PLS and N-PLS, respec-
tively, to the same set of 30 validation samples analysed above,
and Fig. 5 (C and D) and 6 (C and D) show the corresponding
ellipses of the EJCR analyses. In Table 2 the obtained statistical
results are collected. Comparison of the results obtained from
U-PLS with those obtained by applying both N-PLS and
PARAFAC to the validation samples shows that the former
renders results slightly better for both analytes. Limits of detec-
tion are also slightly better using U-PLS.

Samples containing unexpected agrochemicals

The usefulness of the proposed method will be more appreciated
when its capacity to overcome the ubiquitous problem of the
potential presence of interfering species in the analyzed matrices
is demonstrated. Consequently, the determination of the fungi-
cides under study was carried out in the presence of other
agrochemicals, which could be concomitantly present in new
samples but not in the calibration ones. In a previous work,? it
was reported that TBZ, FBZ, CBL, NAA and MBC show

fluorescence signals in a C18 support, and a significant over-
lapping among them is verified (Fig. 2 and 3B). In fact, if the
structures of the foreign compounds are analyzed at the neutral
working pH, it can be concluded that CBL (which loses
the proton of the secondary amine at acid pH)* and MBC
(pK.l = 4.3 and pK,2 = 10.8)* remain in their neutral configu-
rations. On the other hand, although NAA, with a pK, value of
4.26,* is mainly present in its dissociated form at the neutral
working pH, it is partially retained in the support, leading to
a fluorescence signal overlapped with those of the studied
compounds. Fig. 3B shows the individual contour plots of the
EEFMs for the three interferences in the selected wavelength
ranges.

Twenty test samples containing the studied analytes and CBL,
NAA and MBC were prepared according to the discussion pre-
sented in the experimental section and were evaluated with
PARAFAC, U-PLS/RBL and N-PLS/RBL algorithms.

The selection of PARAFAC factors for these samples was
carried out through the analysis of PARAFAC residuals,® and
the spectral profiles produced by the addition of subsequent
components. In the latter test, if the addition of a new component

Table 3 Cross-validation results for calibration samples using U-PLS and N-PLS“

TBZ FBZ

U-PLS

A PRESS/(ng mL')? RMSECV/ng mL™! F p A PRESS/(ng mL')? RMSECV/ng mL™! F p

1 7.7 x 10 83.8 95.9 0.999 1 1.6 x 107 3.8 9.9 0.999
2 4.8 x 10° 20.9 5.9 0.996 2 15.7 1.2 1.0 0.499
3 9.4 x 10* 9.2 1.2 0.599 3 28.6 1.6 — —

4 8.1 x 10? 8.5 1.0 0.499 4 18.0 1.3 — —

5 8.5 x 107 8.8 — — 5 16.9 1.2 — —

6 8.8 x 10? 8.9 — — 6 17.0 1.2 — —

7 8.7 x 10? 8.9 — — 7 17.2 1.2 — —

8 8.7 x 10? 8.9 — — 8 17.2 1.2 — —
N-PLS

1 8.0 x 10* 85.2 75.1 0.999 1 1.9 x 10? 4.1 9.2 0.999
2 14 x 10° 114 . 0.681 2 3.1 x 10! 1.6 1.5 0.750
3 1.1 x 10° 9.8 1.0 0.499 3 2.3 x 10! 1.4 1.1 0.578
4 1.3 x 10° 10.8 — — 4 2.4 x 10! 1.5 1.2 0.617
5 1.8 x 10° 12.6 — — 5 2.0 x 10 1.4 1.0 0.499
6 1.9 x 10° 13.0 — — 6 2.3 x 10! 1.4 — —

7 1.9 x 10° 133 — — 7 2.6 x 10 1.5 — —

8 2.0 x 10° 13.6 — — 8 2.6 x 10 1.5 — —

“ All symbols have been defined in the text, except p (probability) and RMSECV (root-mean-square error of cross-validation). Optimum values are

shown in boldface.
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Fig. 5 Plots for U-PLS or U-PLS/RBL predicted concentrations as
a function of the nominal values for (A) TBZ in validation samples (cyan
circles) and in samples with interferences (green squares), and for (B)
FBZ in validation samples (red circles) and in samples with interferences
(blue squares). In (A) and (B) the solid lines are the perfect fits. Elliptical
joint regions (at 95% confidence level) for the slopes and intercepts of the
regressions for (C) TBZ validation (cyan solid line) and test (green dashed
line) data, and for (D) FBZ validation (red solid line) and test
(blue dashed line) data. Black points in (C) and (D) mark the theoretical
(intercept = 0, slope = 1) points. Ccpp = Cnaa = 6400 ng mL~';
Cvmpe = 2000 ng mL-".

generated repeated profiles, suggesting overfitting, the new
component was discarded and the previous number of compo-
nents (i.e., the last one which did not produce overfitting) was
selected. The results obtained established that the number of
total components required by PARAFAC in samples with the
studied interferences was three. This fact suggests that the
algorithm considers the three new compounds as a single math-
ematical component, which could be justified on the basis of the
similar spectral profiles for NAA and CBL and the low intensity
of the completely overlapped signal of MBC (see Fig. 2).

The TBZ prediction ability of PARAFAC in samples with
interferences was worse than that obtained in the validation
samples, and these results were therefore not considered.
However, the predictions for FBZ were in good agreement with
the nominal values (blue squares in Fig. 4C). The bad TBZ
recoveries obtained with PARAFAC, especially in samples with
low TBZ concentration, may be ascribed to a lack of selectivity
for this constituent in these latter complex samples.

When U- and N-PLS/RBL algorithms were applied to the test
samples, in addition to the number of latent variables estimated
for the calibration set for TBZ and FBZ, these samples required
the introduction of the RBL procedure with two unexpected
components in most cases. Adding more unexpected components
did not improve the fit, indicating that U- and N-PLS/RBL
algorithms model the profiles of the three interferences using two
principal components.
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Fig. 6 Plots for N-PLS or N-PLS/RBL predicted concentrations as
a function of the nominal values for (A) TBZ in validation samples (cyan
circles), and for (B) FBZ in validation samples (red circles) and in samples
with interferences (blue squares). In (A) and (B) the solid lines are the
perfect fits. Elliptical joint regions (at 95% confidence level) for the slopes
and intercepts of the regressions for (C) TBZ validation data (cyan solid
line), and for (D) FBZ validation data (red solid line) and the test data
(blue dashed line). Black points in (C) and (D) mark the theoretical
(intercept = 0, slope = 1) points. Ccgp = Cnaa = 6400 ng mL;
Cnmpe = 2000 ng mL—".

N-PLS/RBL allows for a good prediction of FBZ concentra-
tions in samples with a high level of interferences (blue squares in
Fig. 6B and blue dashed line in Fig. 6D), but it is unable to
correctly determine TBZ in these samples.

On the other hand, Fig. 5A (green squares) and 5B (blue
squares) illustrate the prediction values corresponding to the
application of U-PLS/RBL to the test samples. As can be
concluded, in this case the predictions for both TBZ and FBZ are
in good agreement with the nominal values. If the EJCRs for the
slope and intercept of the above plots are analyzed (Fig. 5C and
5D, green and blue dotted lines respectively), we conclude that
the ellipses include the theoretically expected point (1,0) sug-
gesting a high-quality prediction. The statistical results shown in
Table 2, with adequate values for RMSEP and REP values for
both analytes, do also support this conclusion. As regards the
corresponding LODs (17 and 1 ng mL~' for TBZ and FBZ,
respectively), although these values are larger than those
obtained in the absence of interferences (4 and 0.3 ng mL™"), they
are acceptable taking into account that a simple methodology is
applied to a complex sample.

In comparing the LOD for TBZ using the flow-through
optosensor methodology (LODtgz = 4 ng mL™") with that
previously obtained by our group in a batch system (LODtpz =
0.2 ng mL~"),® one may state that although the methodology now
proposed achieves a lower detection capability, working in
a batch mode involves a significant larger sample volume
(25000 pL vs. 2000 pL) and restricted automation possibilities.
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Table4 Recovery study of mixtures of TBZ and FBZ in spiked water samples in the presence of CBL, NAA and MBC, using solid-phase EEFMs and

U-PLS/RBL¢

TBZ FBZ

Taken/ng L™! Found®ng L' Recovery/% t Taken/ng L' Found’/ng L' Recovery/% t
Mineral water” 359 39 (5) 109 28.5 30.7 (0.3) 108

120 125 (1) 104 10.2 10.1 (0.5) 99

154 158 (9) 103 1.66 6.0 4.2(0.3) 70 0.69
Tap water® 56.0 59 (6) 105 22.5 23.3(0.5) 104

75.0 96 (4) 128 21.0 23.9(0.8) 114

_ 150 151 (1) 101 1.27 10.5 10.9 (0.7) 104 2.02

Underground water’ 56.5 53 (1) 95 6.0 8.6(0.1) 143

100 79 (2) 79 3.0 4.7(0.1) 156

180 168 (9) 93 2.11 18.0 17.7 (0.2) 98 1.85
River water® 25.6 15 (5) 59 14.0 16.2 (0.5) 116

56.5 54 (5) 96 6.0 4.4 (0.4) 73

180 163 (9) 91 1.56 18.0 19.7 (0.2) 109 0.08
River water” 20.0 22 (5) 110 40.0 39(1) 98

56.5 52(7) 92 34.5 34.0 (0.6) 99

180 162(4) 90 0.47 6.0 6.1 (0.3) 102 0.87

“ Cepr = 2000 ng mL~" and Cyaa = Cype = 6400 ng mL—". > Mean of duplicates. Standard deviation between parentheses. ¢ Calculated student ¢ for
the average recovery. The critical ¢ value for n — 1 degrees of freedom and at a 95% significance level is #.,4(0.052) = 4.30 (see text). 4 From Villavicencio
hills (Mendoza, Argentina). This water contains NaHCOj; (350 pg mL~"), Ca(HCO3), and Mg(HCO3), (259 pg mL~"), Na,SO,, CaSO4 and MgSO, (234
pg mL™"), NaCl, CaCl, and MgCl, (47 pg mL™"), CaF, (1.4 pg mL™") and oligoelements (1.5 pg mL™"). * From Rosario City (Santa Fe, Argentina).
7 From the surroundings of Funes City (Santa Fe, Argentina). ¢ Paran4 river (Argentina). ” Carcaraiia river (Argentina).

Because previously reported systems based on flow-through
optosensors with C18 silica gel as solid support involve other
agrochemical mixtures and were developed in different working
conditions, it is difficult to make an objective comparison with
the presently proposed optosensor. However, some literature
values of LOD for TBZ or FBZ are worth mentioning. Using
40 pL of a binary sample of TBZ and warfarin, an LOD of
2.35 ng mL~' for TBZ was obtained.*” Injecting a sample volume
of 2,100 pL of a ternary mixture, an LOD of 0.09 ng mL~! for
FBZ was reported.' Following a similar procedure, LODs of
0.31 and 0.08 ng mL~' were obtained for TBZ, using 600 and
3200 pL, respectively, of binary samples.’* By using a sample
volume of 2600 pL, a system formed by TBZ and o-phenylphenol
rendered an LOD of 0.09 ng mL' for TBZ. Very recently, TBZ
was determined in mixtures of this analyte and the herbicide
metsulfuron methyl, and LODs of 2.5 and 6.0 ng mL~" were
estimated respectively, using volumes of 2060 and 300 pL.3* As
a conclusion, the presently obtained LOD is within the range of
those reported by other authors. However, the main advantage
of our proposal is its high selectivity, due to the valuable coupling
of the instrumental measurements with an appropriate second-
order algorithm.

Real water samples

In view of the above results, U-PLS/RBL was selected as the
algorithm to be applied to real samples. The estimated concen-
trations of the studied fungicides in natural waters are at parts-
per-billion levels, and higher concentrations could be found in
farming areas.*®*® Therefore, in principle, the proposed method
could be used to determine the fungicides without the necessity of
applying a pre-concentration step. A recovery study by spiking
waters of different origins with TBZ, FBZ and the three inter-
ferent agrochemicals was carried out (Table 4). The average

recovery of both TBZ and FBZ in each type of water at the three
different fortification levels was tested for significance by using
the Student r-test: the null hypothesis corresponds to the
recovery of 100%.** The ¢ values obtained for n — 1 degrees of
freedom (where 7 is the number of evaluated levels) at a 95% of
significance compare favourably with the corresponding tabu-
lated value [f.iq0.0s,2) = 4.30], suggesting that the proposed
method is appropriate for the simultaneous determination of
TBZ and FBZ. The obtained results suggest that neither the
investigated foreign agrochemicals nor other inorganic and
organic compounds which may be possibly present in the studied
samples produce a significant interference in our analysis.

Conclusions

In the present article, a flow-through optosensor is developed,
suitable for the simultaneous quantification of TBZ and FBZ at
low level concentrations in interfering media. Water is used as
carrier, and a 40% v/v methanol-water mixture (eluent solution)
is the only organic solvent involved in the experimental proce-
dure.

Among the second-order algorithms analyzed, U-PLS/RBL
allowed the successful determination of both analytes even in the
presence of three real interferences. This is a new example of the
power of coupling the partial-least-squares algorithm and
residual bilinearization.

Since the excitation-emission matrices are measured by a fast-
scanning spectrofluorimeter, the global time involved in the
determination is not seriously affected. Taking into account
this fact, we can state that in the proposed methodology the
advantages of the flow-analysis are added to the sensitivity of
fluorescence solid-matrix methods and to the selectivity of the
second-order multivariate calibration.

This journal is © The Royal Society of Chemistry 2010
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