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a  b  s  t  r  a  c  t

An  attractive  approach  to  handle  matrix  interference  in samples  of  unknown  composition  is  to  gener-
ate  second-  or  higher-order  data  formats  and  process  them  with  appropriate  chemometric  algorithms.
Several  strategies  exist  to  generate  high-order  data  in  fluorescence  spectroscopy,  including  wavelength
time  matrices,  excitation–emission  matrices  and  time-resolved  excitation–emission  matrices.  This  arti-
cle tackles  a different  aspect  of  generating  high-order  fluorescence  data  as  it  focuses  on  total  synchronous
fluorescence  spectroscopy.  This  approach  refers  to  recording  synchronous  fluorescence  spectra  at  various
wavelength  offsets.  Analogous  to the  concept  of  an  excitation–emission  data  format,  total  synchronous
etabolites
rine
otal synchronous fluorescence
pectroscopy
hemometrics

data  arrays  fit  into  the category  of  second-order  data.  The  main  difference  between  them  is  the non-
bilinear  behavior  of  synchronous  fluorescence  data.  Synchronous  spectral  profiles  change  with  the
wavelength  offset  used  for  sample  excitation.  The  work  presented  here  reports  the  first  application
of  total  synchronous  fluorescence  spectroscopy  to the  analysis  of  monohydroxy-polycyclic  aromatic
hydrocarbons  in  urine  samples  of  unknown  composition.  Matrix  interference  is  appropriately  handled
by  processing  the  data  either  with  unfolded-partial  least  squares  and  multi-way  partial  least  squares,

l  bi-li
both  followed  by residua
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1. Introduction
The main motivation for using multivariate calibration algo-
rithms in analytical chemistry results from their ability to extract
information from complex samples without the need of previous
chromatographic separation. Depending on the structure of the
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ata format, chemometric algorithms fall into first (vector), second
matrix), third (cube) or higher-order methods. The progression
f orders partially reflects the ability of the algorithm to handle
nd obtain reliable data from matrixes of increasing complexity.
alibration methods that process first order data – first order algo-
ithms – carry with them the first-order advantage, i.e. the ability
o identify targeted species in the presence of sample concomitants
ith potential interference. In order to provide accurate quan-

itative information, first-order calibration methods require the
aborious preparation of extensive calibration data sets with all the
otential interference [1].

A more attractive approach to handle matrix interference is to
enerate second- or higher-order data formats and process them
ith appropriate algorithms. The second order advantage refers

o calibration methods capable to provide accurate quantitation
f targeted species in the presence of un-calibrated interference
2]. The application of second-order calibration methods requires
econd-order or tri-linear data, i.e. data describing each targeted
pecies with a triad of invariant pure profiles. These include parallel
actor analysis (PARAFAC) and multivariate curve resolution-
lternating least-squares (MCR-ALS); as well as unfolded-partial
east squares and multi-way partial least squares, both followed by
esidual bi-linearization (U-PLS/RBL and N-PLS/RBL) [1].

Several strategies exist to generate high-order data. Research
n our lab has focused on the multidimensionality of fluores-
ence and/or phosphorescence spectroscopy. We  have successfully
ombined wavelength-time matrices (WTMs) and time-resolved
xcitation–emission matrices (TREEMs) to second-order algo-
ithms for the direct determination of polycyclic aromatic
ompounds [3–5] and some of their metabolites [6,7] in complex
ample matrixes. WTMs  consist of series of emission spec-
ra recorded at different time delays from the laser excitation
ulse. TREEMs are basically series of excitation–emission matrices
ecorded at different delay and gate times from the laser excita-
ion pulse. In the case of a TREEM, the complete data set consists of
mission intensity as a function of excitation wavelength, emission
avelength, and delay and gate times after the short duration of the

xcitation pulse. All emission intensity values can be assembled
nto a J × K × L array, where J is the number of emission wave-
engths, K is the number of excitation wavelengths and L is the
umber of time data points. A four-data array (I × J × K × L) can then
e obtained by adding the number of samples (I) to the J × K × L
rray.

This article tackles a different aspect of generating high-order
uorescence data as it focuses on total synchronous fluorescence
pectroscopy (TSFS). Synchronous fluorescence spectroscopy (SFS)
efers to the simultaneous scanning of both the excitation (�0) and
he emission (�) monochromators while keeping a constant wave-
ength interval (�� = � − �0) between them [8,9]. Synchronous
uorescence spectra recorded at a single ��  fit into the category
f first-order data. Synchronous fluorescence spectra recorded at
arious ��s provide a data array with comprehensive information
n the total synchronous fluorescence of the sample. Analogous
o the concept of an EEM data format, TSF data arrays fit into the
ategory of second-order data. The main difference between them
s the non-bilinear behavior of TSF data. Synchronous fluorescence
pectral profiles change with the wavelength offset used for sample
xcitation.

Only one TSFS report exists on achieving the second order
dvantage with second order algorithms. It describes the analysis
f doxorubicin in human plasma of unknown composition [10]. The

ork presented here reports the first application of TSFS to the anal-

sis of monohydroxy-polycyclic aromatic hydrocarbons (OHPAH)
n urine samples. Due to their short elimination lifetime from the
uman body, the quantitative determination of OHPAH in urine
amples provides valuable information on recent environmental
Chimica Acta 811 (2014) 60– 69 61

exposure to polycyclic aromatic hydrocarbons (PAH). Biotransfor-
mation of PAH leads to the formation of multiple metabolites, some
of which are prompt to participate in tumor initiation processes
[9,11,12]. Previous articles on the SFS of OHPAH in urine samples
base metabolites determination on synchronous spectral profiles
recorded at single ��  values [13–16].

In this article, five OH-PAH – namely, 1-hydroxypyrene (1-
OHPyr), 2-hydroxyfluorene (2-OHFlu), 3-hydroxybenzo[a]pyrene
(3-OHB[a]P), 4-hydroxybenzo[a]pyrene (4-OHB[a]P) and 6-
hydroxybenzo[a]pyrene (6-OHB[a]P) – are solid-phase extracted
from urine samples on C18 silica cartridges and directly determined
in the solvent extract (methanol) without previous chromato-
graphic separation. The advantage of modeling TSFS data over
the straightforward implementation of both synchronous fluores-
cence spectroscopy and first-derivative synchronous fluorescence
spectroscopy is illustrated with the analysis of 6-OHChry and
4-OHB[a]P in the presence of relatively large concentrations of
1-OHPyr and 3-OHB[a]P, respectively. The presence of creatinine,
naproxen, ibuprofen, diclofenac and amoxicillin in urine samples
was  investigated as potential interference in the analysis of
OHPAH. We  demonstrate that the combination of TSFS to either
U-PLS/RBL or N-PLS/RBL provides robust screening approaches for
the analysis of OHPAH in urine samples of unknown composition.

2. Theory

2.1. U-PLS/RBL

The first calibration step of this algorithm comprises concentra-
tion information only from standards; i.e. it excludes data from the
unknown sample [17]. The I calibration data matrices Xc,i (size J × K,
where J and K are the number of channels in each dimension) are
vectorized (unfolded) and used to calibrate a U-PLS model and the
vector of calibration concentrations y (Nc × 1, where Nc is the num-
ber of calibrated analytes). This step provides a set of loadings P and
weight loadings W (both of size JK × A, where A is the number of
latent factors), as well as regression coefficients v (size A × 1). The
parameter A is obtained with the leave-one-out cross-validation
technique [18]. If no unexpected interferences occur in the test
sample, the analyte concentration is estimated via the following
equation:

yu = tT
uv (1)

where tu is the test sample score, obtained by projection of the
(unfolded) data for the test sample Xu onto the space of the A latent
factors:

tu = (WT P)
−1

WT vec(Xu) (2)

When unexpected constituents occur in Xu, the sample scores
given by Eq. (2) are not suitable for analyte prediction with Eq. (1).
The residuals of the U-PLS prediction step will be abnormally large
in comparison with the typical instrumental noise. This situation
can be handled by a separate procedure called residual bilineariza-
tion (RBL), which is based on singular value decomposition (SVD)
modeling of interference effects. RBL aims at minimizing the norm
of the residual vector eu, computed while fitting the sample data to
the sum of the relevant contributions to the sample signal. For one
interferent:

vec(Xu) = P tu + vec[gint bint(cint)
T ] + eu (3)
where bint and cint are the left and right eigenvectors of Ep (a J × K
matrix containing the residual of the U-PLS prediction step) and gint
is a scaling factor:

(gint, bint, cint) = SVD1(Ep) (4)
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here SVD1 indicates the process of taking only the first principal
omponent.

During the RBL procedure, P is kept constant at the calibration
alues and tu is varied until ||eu|| is minimized. The minimization
an be carried out using a Gauss-Newton procedure starting with tu

rom Eq. (3). Once ||eu|| is minimized in Eq. (3), the analyte concen-
rations are provided by Eq. (1), by introducing the final tu vector
ound by the RBL procedure.

The number of unexpected constituents Nunx can be assessed by
omparing the final residuals su with the instrumental noise level:

u = ||eu||/[JK − (Nc + Nunx)]1/2 (5)

here eu is the same as the one in Eq. (3). The correct number of
omponents is obtained from a plot of su versus the trial number
f components. It will start at sp – for a number of components
qual to A – and show decreasing values until it stabilizes at a value
ompatible with the experimental noise.

.2. N-PLS/RBL

Similar to U-PLS/RBL, N-PLS/RBL includes concentration infor-
ation only in the calibration step. The I calibration data arrays

nd the vector of calibration concentrations y (size I × 1) are
ombined to generate regression coefficients v (size A × 1) and
wo sets of loadings, namely Wj  and Wk  of sizes J × A and

 × A. J and K refer to digitized wavelengths in emission and
xcitation, respectively [19]. A is the number of latent fac-
ors, which is usually selected by leave-one-out cross-validation
echnique. In the absence of unexpected components, the ana-
yte concentration in the test sample is estimated with Eq. (1);

here tu is the test sample score vector obtained by appropriate
rojection of the test data onto the calibration loading matri-
es.

In order to handle the presence of unexpected constituents,
esidual bi-linearization resorts to the principal component anal-
sis (PCA) of their contribution by minimizing the computed
esiduals while fitting the sample data to the sum of the relevant
ontributions. For N-PLS, the sum of contributions is given by Eq.
6):

u = reshape{tu[(Wj| ⊗ |Wk)]} + BunxGunx(Cunx)T + Eu (6)

In this equation, “reshape” indicates transforming a JK × 1 vector
nto a J × K matrix; matrices Bunx, Gunx and Cunx are obtained by
ingular value decomposition of the error matrix Ep and |⊗| is the
athri–Rao operator:

unxGunx(Cunx)T = SVD1(Ep) (7)

During the RBL procedure, the loadings are kept constant at the
alibration values, and tu is varied until the final RBL residual error
u is minimized using a Gauss–Newton procedure:

u = ||Eu||/(JKI)1/2 (8)

Analyte concentrations are then obtained by introducing the
alues of tu vectors into Eq. (1).

. Experimental

.1. Chemicals
All solvents were Aldrich HPLC grade. All chemicals were
nalytical-reagent grade and utilized without further purification.
nless otherwise noted, Nanopure water was used throughout.
-OHFlu, 1-OHPyr, 6-OHChry, creatinine, amoxicillin, diclofenac,
himica Acta 811 (2014) 60– 69

ibuprofen and naproxen were purchased from Sigma-Aldrich. 3-
OHB[a]P and 4-OHB[a]P were from Midwest Research Institute. All
other chemicals were purchased from Fisher Chemical. The Sep-
Pak C18 cartridges were purchased from Waters (Milford, MA).
The synthetic urine solution was manufactured by RICCA Chemi-
cal Company (Arlington, TX) and purchased from Fischer Scientific.
Its chemical composition mimicked main components of human
urine at the concentrations found in healthy urine samples. Real
human urine was collected randomly from healthy individual vol-
unteers.

Note: Use extreme caution when handling OHPAH known to be
extremely toxic.

3.2. Fluorescence measurements

Steady state excitation and fluorescence spectra and signal
intensities were recorded with a commercial spectrofluorime-
ter (Photon Technology international). The excitation source was
a continuous-wave 75 W pulsed xenon lamp with broadband
illumination from 200 to 2000 nm.  The excitation and emis-
sion monochromators had the same reciprocal linear dispersion
(4 nm mm−1) and accuracy (±1 nm with 0.25 nm resolution). The
gratings were blazed at 300 and 400 nm,  respectively. Detection
was  made with a photomultiplier tube with spectral response from
185 to 650 nm.  The instrument was computer controlled using
commercial software (Felix32) specifically designed for the system.
Appropriate cut off filters were used to reject straight-light radi-
ation and second-order emission. The collection of synchronous
fluorescence spectra were carried out by pouring liquid samples
into standard (1 × 1 cm)  quarts cuvette. Otherwise noticed, fluores-
cence was  collected at 90◦ angle from excitation using a wavelength
off-set equal to 5 nm and an excitation/emission band-pass of 1 nm.
All the spectra are uncorrected for instrumental response.

3.3. Preparation of stock solutions

Stock solutions of OHPAH were prepared by dissolving pure
standards in methanol. Stock solutions of amoxicillin, diclofenac,
ibuprofen and naproxen stock were prepared in methanol and kept
in the dark at 4 ◦C until further use. Prior to dilution, stock solutions
were monitored via room temperature fluorescence (RTF) spec-
troscopy for possible photo-degradation of metabolites. No changes
on spectral profiles and fluorescence intensities were observed for
a period of six months. Working solutions of OHPAH and pharma-
ceutical drugs were prepared daily by serial dilution with methanol.

3.4. Hydrolysis of urine samples

Urine samples were spiked with micro-litters of stock solutions
of appropriate concentrations and equilibrated for 30 min  to allow
for the interaction of metabolites and naproxen with urine com-
ponents such as urea and various salts. Then 500 �L of 0.1 M HCl
was  added to the sample and the mixture was  buffered with 500 �L
of 0.05 M potassium biphthalate sodium hydroxide buffer (pH 5.0).
The buffered sample was  shaken for 30 min  at 1400 rpm to allow
for urine hydrolysis.

3.5. Solid-phase extraction of urine samples
SPE was carried out with a Visiprep 12 port vacuum manifold
(Supelco). Urine samples were processed through a Sep-Pak Plus
SPE cartridge pre-conditioned with 10 mL  of methanol and 10 mL
of buffered water (pH = 5). The cartridges were sequentially washed
with 10 mL  of buffered water (pH = 5) and 5% methanol/water.
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ig. 1. Excitation and emission spectra of (A) 100 ng mL−1 2OH-Flu, (B) 50 ng mL−1 6
n  different media at excitation and emission band-pass = 2 nm/2 nm.

ithout letting the cartridges to dry, OHPAH were eluted with 3 mL
f pure methanol.

.6. Preparation of calibration, validation and test sets

Calibration sets consisted of methanol solutions of pure metabo-
ites at the following concentrations: 1-OHPyr (3, 5, 10, 15 and
5 ng mL−1), 2-OHFlu (10, 25, 50, 75 and 100 ng mL−1), 3-OHB[a]P
5, 10, 20, 30 and 50 ng mL−1), 4-OHB[a]P (10, 25, 50, 75 and
00 ng mL−1) and 6-OHChry (10, 25, 50, 75 and 100 ng mL−1).
alidation set #1 consisted of six synthetic mixtures (W-1–W-
) containing the five OHPAH in methanol-water (1% v/v) at
nal concentrations varying from 2 to 20 ng mL−1. Validation set
2 included nine synthetic urine samples with (SUI) and with-
ut (SU) potential interference from pharmaceutical drugs. SU
amples consisted of five synthetic urine samples (SU-1–SU-5) pre-
ared with the five metabolites at final concentrations varying
rom 2 to 20 ng mL−1 and 0.5 �g mL−1 creatinine. The remain-
ng four mixtures of validation set #2 (SUI-1–SUI-4) consisted
f four synthetic urine samples containing the five OHPAH at

 to 20 ng mL−1, 0.5 �g mL−1 creatinine, naproxen, diclofenac,
moxicillin and ibuprofen. The final concentrations of the four
harmaceutical drugs varied from 10 ng mL−1 to 0.5 �g mL−1. Vali-
ation set #3 consisted of nine real urine samples previously spiked
ith the five metabolites at 2 to 20 ng mL−1 final concentrations.
ive of the real urine samples (RU-1–RU-5) contained no potential
nterference from creatinine and the four pharmaceutical drugs.
he remaining four real urine samples (RUI-1–RUI-4) contained
n-calibrated concentrations of creatinine, naproxen, diclofenac,
moxicillin and ibuprofen.
hry, (C) 20 ng mL−1 1OH-Pyr (D) 100 ng mL−1 4OH-B[a]P, and 20 ng mL−1 3OH-B[a]P

3.7. Software for chemometric analysis

All calculations were done using MATLAB 7.6 with the MVC2
graphical user interface and a user friendly MATLAB graphical inter-
face written by Olivieri et al. [20].

4. Results and discussion

Early methods for the analysis of OHPAH in urine samples
focused on 1-OHPyr [21,22]. Later methods expanded their scope
to a larger number of metabolites, with particular attention to
those resulting from exposure to EPA-PAH, i.e. PAH included in
the Environmental Protection Agency (EPA) priority pollutants list
[23]. Numerous HPLC and GC-MS methods currently exists for
the analysis of EPA-PAH metabolites in urine samples, including
2-OHFlu, 1-OHPyr, 6-OHChry, 3-OHB[a]P and 4-OHB[a]P [24–29].
Reported methods often elute OHPAH from solid-phase extrac-
tion (SPE) cartridges with methanol. Pre-concentration is made
via methanol evaporation prior to chromatographic determination.
The SPE-TSFS procedure presented here consists of three simple
steps, namely OHPAH extraction with C-18 cartridges, metabolites
elution with methanol and TSFS determination without previous
methanol evaporation.

4.1. Solid phase extraction of OHPAH
The efficiency of SPE was monitored via RTF spectroscopy, which
required the previous knowledge of the fluorescence characteris-
tics of OH-PAH in water, methanol and hydrolyzed urine. Fig. 1
illustrates the spectral features of the studied metabolites in the
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Table  1
Room temperature fluorescence analytical figures of merit of OH-PAH in methanol/water, hydrolysed synthetic urine and methanol.

OH-PAH �ex/em
a Methanol/water (0.05% v/v) Hydrolyzed synthetic urine Methanol

LDRb R2c LODd LOQe LDRb R2c LODd LOQe LDRb R2c LODd LOQe

2OH-Flu 267/328 1.60–50 0.999 0.48 1.58 1.47–50 0.999 0.44 1.47 1.33–50 0.999 0.40 1.33
6OH-Chry 273/381 0.90–50 0.995 0.27 0.90 0.90–50 0.995 0.26 0.87 0.60–50 0.996 0.18 0.60
1OH-Pyr 347/388 0.30–50 0.999 0.09 0.30 0.32–50 0.997 0.10 0.32 0.23–50 0.998 0.07 0.23
3OH-B[a]P 378/432 0.63–50 0.995 0.19 0.63 0.81–50 0.993 0.24 0.81 0.18–50 0.999 0.054 0.18
4OH-B[a]P  372/420 4.85–50 0.991 1.45 4.85 4.67–50 0.999 1.40 4.67 0.30–50 0.998 0.09 0.30

a Maximum excitation and emission wavelength in nm.
b Linear dynamic range in ng mL−1.
c Correlation coefficient of calibration curve.
d Limit of detection (ng mL−1) is calculated from 3 × standard deviation (s ) of 16 blank measurements divided by slope (m) of the calibration curve.

t
e
t
s
p
s
fl
r
v
v
(
a
m
m
t
l
c
(
a

c
fl
t
t
e
e
m
v
w
m
t
a
r

d
(
p
s
o
t
M
y
a
e
%
a
s
f
s

b
e Limit of quantification (ng mL−1) is calculated from 10Sb/m.

hree types of media. All spectra were recorded using the same
xcitation and emission band-pass (2 nm). No attempts were made
o adjust slit widths to optimize spectra resolution, nor were the
pectra corrected for instrumental response. The 2 nm band-pass
rovided satisfactory signal-to-background ratios (>3) for all the
tudied metabolites at the ng mL−1 concentration level. Although
uorescence intensities varied considerably with the liquid envi-
onment, the spectral profiles of the studied metabolites remained
irtually the same in the three types of media. This fact pro-
ided a single set of maximum excitation (�exc) and emission
�em) wavelengths per metabolite. Table 1 summarizes the RTF
nalytical figures of merit (AFOM) of the studied metabolites in
ethanol/water 0.05% v/v, hydrolyzed synthetic urine, and pure
ethanol samples. The best linear fittings among the experimen-

al data points were obtained via the least squares method [30]. The
imits of detection (LOD) and the limits of quantitation (LOQ) were
alculated from the standard deviation of 16 blank measurements
sb) and the slope of the linear plot (m) according to LOD = 3sb/m
nd LOQ = 10sb/m [30].

The percentage of retention (%R) of the SPE procedure was  cal-
ulated according to %R = (I1 – I2) × 100, where I1 and I2 refer to the
uorescence intensity of the metabolite before and after reten-
ion, respectively. The eluting efficiency (%E) was obtained from
he equation %E = (mE/mR) × 100, where mE and mR refer to the
luted and retained mass of OHPAH, respectively. The mass of
luted metabolite was calculated multiplying the volume of eluted
ethanol (VE) by the concentration of metabolite in the eluted sol-

ent (CE). The experimental values of the eluted concentrations
ere obtained from the calibration curves of the metabolites in
ethanol. The mass of retained metabolite was calculated from

he product VS × CS × (%E), where VS and CS refer to the volume
nd concentration of the standard processed through the cartridge,
espectively.

Table 2 summarizes the figures of merit of the SPE proce-
ure obtained with 10 mL  of sample and 3 mL  of eluting solvent
methanol). Although larger sample volumes would provide larger
re-concentration factors, the 10 mL  volume was enough to obtain
atisfactory LODs at a relatively short analysis time. The volume
f eluting solvent was optimized to achieve the best signal-
o-background ratio without compromising OHPAH recoveries.

etabolites were spiked into the urine matrix 24 h prior to anal-
sis. The spiked samples were submitted to acidic hydrolysis
nd then extracted via SPE. The percentages of overall recov-
ries (%OR) were calculated as the product of %R and %E, i.e.

OR = %R·%E. Within a confidence interval of 95% (N = 3), the over-
ll recoveries in methanol–water standards and synthetic urine
amples were the same. This agreement shows no matrix inter-
erence on the extraction of metabolites from synthetic urine
amples.
4.2. Synchronous RTF Spectroscopy of OHPAH at single �� values

The best spectral resolution at single wavelength intervals was
observed upon synchronous excitation with relatively small wave-
length offsets. ��  values smaller than 10 nm provided single
fluorescence peaks for all the studied metabolites with narrow
full-width at half maxima. The best compromise between spec-
tral resolution and fluorescence intensity was  obtained with ��
values of 7 and 5 nm.  The optimization of excitation/emission band-
pass provided the best results with 2/2 nm (�� = 7 nm) and 1/1 nm
(�� = 5 nm). The resulting spectra recorded from metabolite mix-
tures in methanol are shown in Fig. 2. Baseline resolution of the five
metabolites was only achieved via first-derivative SFS. The main
problem that confronts both SFS and the first derivative approach
is illustrated in Fig. 3. The accurate determination of 6OH-Chry in
the presence of relatively large concentrations of 1-OHPyr is no
longer possible. The same is true for 4-OHB[a]P in the presence of
relatively high concentrations of 3-OHB[a]P.

4.3. Total synchronous fluorescence spectroscopy combined to
U-PLS/RBL or N-PLS/RBL

One possible solution for the analysis of OHPAH in matrixes of
unknown composition consists in processing TSF data with second-
order calibration methods. Although TSFS was  recently combined
to N-PLS, U-PLS and MCR-ALS for the analysis of PAH in water
samples, the second-order advantage was  not explored [31]. Cali-
bration and validation sets were built with the five metabolites at
toxicological relevant concentrations. Their values were adjusted
to record synchronous profiles with and without significant con-
tributions from other fluorescence concomitants and instrumental
noise.

The five investigated concomitants included creatinine,
naproxen, ibuprofen, diclofenac and amoxicillin. Creatinine is
a metabolite usually present in human urine samples [32].
Naproxen, ibuprofen and diclofenac are well-known non-steroidal
anti-inflammatory drugs [33,34] while amoxicillin is an antibiotic
[35] of frequent use in our society. Comparison of their spectral
features in Fig. 4 to those in Fig. 1 shows the strong spectral
overlapping that exists with the five studied metabolites.

Their potential interference was  tested at concentration levels
usually found in human urine samples [32–35]. All measure-
ments were made from solid-phase methanol extracts obtained
as described previously. Synchronous fluorescence spectra were

recorded from 200 to 550 nm, a wavelength interval that cov-
ered the entire excitation and emission range of the studied
metabolites. Six wavelength intervals were used for synchronous
excitation, namely 7, 41, 48, 54, 61and 108 nm. With the excep-
tion of ��  = 7 nm – which provided the best resolution for the
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Fig. 2. Synchronous fluorescence spectra of OH–PAH mixture in methanol at ��  = 7 nm:  (A) excitation/emission band-pass = 1 nm/1 nm; (B) excitation/emission band-
pass  = 2 nm/2 nm;  (C) first derivative of synchronous spectra of B. (A) and (B) mixture contains 10 ng mL−1 3OH-B[a]P; 5 ng mL−1 1OH-Pyr; 20 ng mL−1 2OH-Flu; 20 ng mL−1

4OH-B[a]P; 20 ng mL−1 6OH-Chry.

Fig. 3. Synchronous fluorescence spectra of binary mixtures of OHPAH in methanol recorded at �� = 7 nm and excitation/emission band-pass = 2 nm/2 nm:  (A) 6OH-Chry
and  1OH-Pyr mixture (B) first derivative of synchronous spectra of (A); (C) 4OH-B[a]P and 3OH-B[a]P mixture (D) first derivative of synchronous spectra of (C). Starting
concentrations in (A) and (B) are 5 ng mL−1 6OH-Chry and 5 ng mL−1 1OH-Pyr, then increasing concentrations of 1OH-Pyr (10, 20 and 25 ng mL−1). Starting concentrations in
(C)  and (D) are 10 ng mL−1 4OH-B[a]P and 10 ng mL−1 3OH-B[a]P, then increasing concentrations of 3OH-B[a]P (20,40 and 50 ng mL−1).
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Table  2
Figures of merit for the optimized SPE procedure in aqueous and urine samples.

OHPAHa % Retention R ± SR
b % Elution Efficiency E ± SE

c % Overall Recovery OR ± SOR
d texp

e

H2O/CH3OH Urine H2O/CH3OH Urine H2O/CH3OH Urine

2OH-Flu 99.91 ± 0.10 99.79 ± 0.28 99.26 ± 1.78 95.74 ± 2.88 99.17 ± 1.79 95.53 ± 3.02 1.838
6OH-Chry 98.70 ± 0.65 98.85 ± 0.30 99.80 ± 1.40 100.0 ± 1.80 98.50 ± 1.11 98.85 ± 1.65 0.305
1OH-Pyr 99.29 ± 0.23 99.55 ± 0.38 89.10 ±1.32 88.51 ± 0.95 88.46 ± 1.49 88.11 ± 1.13 0.331
4OH-B[a]P 96.65 ± 0.24 94.18 ± 1.90 86.15 ± 1.38 89.0 ± 1.9 0 83.26 ± 1.12 83.82 ± 3.60 0.467
3OH-B[a]P  99.03 ± 0.32 99.63 ± 0.12 99.18 ± 1.44 99.80 ± 1.04 98.22 ± 1.48 99.43 ± 1.05 1.179

a The final concentrations of spiked samples are 50 ng mL−1 for, 2OH-Flu, and 6OH-Chry and 20 ng mL−1 for 1OH-Pyr, 3OH-B[a]P, and 4OH-B[a]P.
b R = % retention efficiency; SR = standard deviation of R.
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c E = % elution efficiency; SE = standard deviation of E.
d OR = % overall recovery; SOR = standard deviation of OR. SOR values were based on

o  the formula SOR/OR = [(SR/%R)2 + (SE/%E)2]1/2, where SR and SE are the standard de
e texp – t value calculated for experimental measurements according to Ref. [27]; 

imultaneous determination of the six metabolites – the other
avelength intervals corresponded to the difference between

he maximum emission and excitation wavelengths of 1-OHPyr
41 nm), 4-OHB[a]P (48 nm), 3-OHB[a]P (54 nm), 2-OHFlu (61 nm)
nd 6-OHChry (108 nm). Although each wavelength interval pro-
ided the most intense synchronous signal for its OHPAH, the
ccurate determination of each metabolite at its optimum wave-
ength interval was not possible due to strong spectral overlapping
rom the remaining compounds in the sample (see Fig. 5).

Table 3 summarizes the results obtained with the two  algo-
ithms. The statistical comparison of the results in Table 3 was made
ia the bivariate least-squares (BLS) regression method [36–38]
nd the elliptic joint confidence region (EJCR) test [39]. The plots
f predicted versus actual concentrations provided the following
lopes (b) and an intercepts (a): U-PLS/RBL, b = 1.019 ± 0.040 and

 = –0.17 ± 1.00; N-PLS/RBL, b = 1.018 ± 0.035 and a = –0.28 ± 0.88.

he EJRC plots of the slopes and the intercepts are shown in Fig. 6A.
he elliptical domains obtained with both algorithms contain the
heoretically predicted value of the slope (1) and the intercept (0).
oth algorithms showed good predicting capability in the absence

ig. 4. Excitation and emission spectra of (A) 100 ng mL−1 ibuprofen, (B) 50 mg mL−1 a
reatinine.
 independent repetitions of the entire SPE procedure and were calculated according
ns of %R and %E, respectively.
= 2.78 (  ̨ = 0.05; N1 = N2 = 3).

of interference. This was expected due to the ability of PLS to resolve
the loss of bi-linearity of TSFS data. The slightly better precision
obtained with N-PLS/RBL could be attributed to the use of the cube
structure.

Tables 4 and 5 display the results obtained with unknown inter-
ference in synthetic and real urine samples. Since the presence of
unknown components turns the residuals from the modeling of
test sample signals abnormally large when compared to typical
levels of instrumental noise, the number of unexpected compo-
nents in each validation set was estimated via the post-calibration
RBL procedure. The loadings were kept constant at the calibra-
tion values and tu was varied until the final RBL residual error
was  minimized with a Gauss–Newton procedure. The stabiliza-
tion of the residuals around the instrumental noise (∼8.2 × 103

counts per second) suggested two or three unexpected components
in both synthetic and real urine samples. Metabolites concentra-

tions were obtained by introducing the new values of tu vectors
into Eq. (1). The statistical comparison of results made via the
BLS regression method and the EJCR test provided the following
slopes (b) and an intercepts (a): U-PLS/RBL, b = 0.942 ± 0.093 and

moxicillin, (C) 100 ng mL−1 naproxen, (D) 50 ng mL−1 diclofenac, (E) 50 mg mL−1
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Table 3
U-PLS/RBL and N-PLS/RBL predictions on validation sets containing mixtures of five metabolites in water.

Sample 1OH-Pyr (ng mL−1) 2OH-Flu (ng mL−1) 3OH-B[a]P (ng mL−1) 4OH-B[a]P (ng mL−1) 6OH-Chry (ng mL−1)

Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL

W-1  2.0 2.1 2.0 6.7 7.0 7.0 10.0 10.7 11.0 13.3 14.0 13.7 21.7 21.8 21.8
W-2  2.7 2.6 2.6 13.3 13.0 13.0 6.7 6.1 6.4 10.0 9.6 9.6 10.0 9.7 9.7
W-3  5.0 4.7 4.7 16.7 16.3 16.2 3.3 2.9 2.9 8.3 8.0 8.1 18.3 17.8 18.0
W-4  6.7 6.8 6.9 20.0 20.8 21.0 10.0 10.3 10.3 11.7 12.1 12.0 11.7 11.1 11.2
W-5  8.3 8.0 8.0 8.3 8.0 8.0 6.7 6.0 6.0 21.7 21.1 21.2 13.3 13.0 13.1
W-6  3.3 3.5 3.5 11.7 12.2 12.3 3.3 3.7 3.6 8.3 8.8 8.7 8.3 8.7 8.7
Reca (%) – 100.0 (4.7) 99.7 (4.4) – 100.8 (4.1) 101.2 (4.4) – 98.2 (10.5) 99.1 (9.4) – 100.6 (4.6) 99.9 (3.7) – 98.7 (3.3) 99.0 (2.9)
REPb (%) – 4.6 4.6 – 3.8 4.3 – 8.1 8.3 – 4.0 3.1 – 2.8 2.3

a Mean recovery. Values between parenthesis corresponds to standard deviation for n = 6.

b Relative error of prediction, REP = 100
c̄

[
1
I

I∑
1

(cact − cpred)

2]1/2

, where I is the number of samples, cact and cpred are the actual and predicted concentrations, and c̄ is the mean concentration.

Table 4
U-PLS/RBL and N-PLS/RBL predictions on validation sets containing mixtures of five metabolites in synthetic urine samples with (SUI) and without (SUI) un-calibrated interference.

Sample 1OH-Pyr (ng mL−1) 2OH-Flu (ng mL−1) 3OH-B[a]P (ng mL−1) 4OH-B[a]P (ng mL−1) 6OH-Chry (ng mL−1)

Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL Act. U-PLS/RBL N-PLS/RBL

SU-1 2.0 2.1 2.0 6.7 8.3 8.3 10.0 10.0 9.4 13.3 11.8 10.8 21.7 20.0 18.7
SU-2  2.7 3.0 2.9 13.3 15.4 12.4 6.7 5.4 5.3 10.0 7.7 7.7 10.0 9.6 9.2
SU-3  5.0 6.0 6.0 16.7 21.1 19.4 3.3 2.7 3.0 8.3 8.2 7.8 18.3 17.4 17.2
SU-4  6.7 6.9 6.9 20.0 21.4 19.7 10.0 11.2 10.9 11.7 10.2 10.3 11.7 11.7 11.8
SU-5  8.3 9.4 9.4 8.3 8.6 8.0 6.7 7.0 6.8 21.7 20.3 19.7 13.3 12.1 12.2
Mean  (%)a – 111.1 (6.2) 109.6 (7.1) – 115.3 (10.1) 105.6 (13.6) – 96.0 (13.8) 95.1 (11.2) – 89.1 (7.9) 86.4 (6.9) – 94.8 (3.7) 92.8 (5.3)
REP  (%)b – 13.6 13.5 – 18.2 11.4 – 11.3 10.8 – 11.6 14.4 – 6.9 10.4
SUI-1  2.0 1.9 2.2 6.7 6.6 5.5 10.0 8.3 9.3 13.3 12.1 11.8 21.7 18.3 19.2
SUI-2  2.7 2.9 2.8 13.3 12.2 11.1 6.7 9.4 8.1 10.0 7.7 7.6 10.0 10.1 10.2
SUI-3  5.0 4.4 5.2 16.7 10.9 18.4 3.3 2.9 2.6 8.3 8.2 8.2 18.3 16.6 16.1
SUI-4  6.7 4.7 6.2 20.0 10.6 18.9 10.0 10.9 10.2 11.7 10.6 10.6 11.7 10.1 11.9
Mean  (%)a – 90.2 (16.5) 103.0 (7.2) – 77.2 (21.6) 92.6 (13.1) – 105.3 (26.0) 98.5 (18.8) – 89.1 (8.8) 88.5 (9.2) – 90.6 (7.6) 95.0 (7.8)
REP(%)b – 23.2 13.2 – 34.9 10.3 – 20.0 10.9 – 11.7 13.3 – 12.0 10.3

a Mean recovery. Values between parenthesis corresponds to standard deviation for n = 5.

b Relative error of prediction, REP = 100
c̄

[
1
I

I∑
1

(cact − cpred)

2]1/2

, where I is the number of samples, cact and cpred are the actual and predicted concentrations, and c̄ is the mean concentration.
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Table 5
U-PLS/RBL and N-PLS/RBL predictions on validation sets containing mixtures of five metabolites in real urine samples with (RUI) and without (RU) un-calibrated interference.

Sample 1OH-Pyr (ng mL−1) 2OH-Flu (ng mL−1) 3OH-B[a]P (ng mL−1) 4OH-B[a]P (ng mL−1) 6OH-Chry (ng mL−1)

Nom. U-PLS/RBL N-PLS/RBL Nom. U-PLS/RBL N-PLS/RBL Nom. U-PLS/RBL N-PLS/RBL Nom. U-PLS/RBL N-PLS/RBL Nom. U-PLS/RBL N-PLS/RBL

RU-1 2.0 1.9 2.1 6.7 6.6 6.5 10.0 10.4 10.1 13.3 15.7 15.4 21.7 19.9 20.3
RU  -2 2.7 3.0 2.9 13.3 14.4 15.0 6.7 6.4 6.8 10.0 11.9 11.4 10.0 12.4 11.9
RU  -3 5.0 4.3 4.2 16.7 14.7 15.2 3.3 5.0 4.7 8.3 10.0 6.7 18.3 17.0 17.1
RU  -4 6.7 8.0 7.4 20.0 18.7 18.3 10.0 9.5 10.1 11.7 10.1 10.0 11.7 11.6 11.7
RU  -5 8.3 6.7 8.0 8.3 9.4 9.7 6.7 7.0 6.8 21.7 20.3 19.5 13.3 11.0 12.5
Mean  (%)a – 98.8 (16.5) 100.6 (11.1) – 100.4 (10.1) 101.9 (11.9) – 110.3 (23.1) 109.4 (17.7) – 107.4 (16.1) 97.0 (17.5) – 98.0 (15.5) 99.8 (11.0)
REP  (%)b – 20.2 10.7 – 9.6 10.7 – 11.3 8.5 – 14.0 13.9 – 11.8 8.3
RUI-1  2.0 1.8 2.0 6.7 8.4 5.9 10.0 14.0 13.3 13.3 15.0 15.0 21.7 21.1
RUI-2  2.7 3.2 2.7 13.3 13.7 12.1 6.7 7.7 6.5 10.0 11.4 11.5 10.0 8.4
RUI-3  5.0 4.5 4.4 16.7 15.8 15.4 3.3 2.8 2.7 8.3 7.1 7.0 18.3 16.4
RUI-4  6.7 5.2 6.1 20.0 18.4 18.0 10.0 11.1 11.3 11.7 12.1 11.3 11.7 10.7
Mean  (%)a – 94.1 (17.5) 95.2 (5.7) – 103.8 (15.2) 90.2 (1.7) – 112.5 (22.9) 106.3 (21.9) – 103.9 (13.2) 105.2 (14.2) – 90.4 (5.6) 91.0 (3.5)
REP  (%)b – 18.3 9.3 – 8.0 9.8 – 25.6 21.6 – 10.5 14.1 – 8.2 8.3

a Mean recovery. Values between parenthesis corresponds to standard deviation for n = 5.

b Relative error of prediction, REP = 100
c̄

[
1
I

I∑
1

(cact − cpred)

2]1/2

, where I is the number of samples, cact and cpred are the actual and predicted concentrations, and c̄ is the mean concentration.
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Table 6
Analytical figures of merit for the determination of OHPAH via TSFS/U-PLS/RBL and TSFS/N-PLS/RB.

SEN (cps/mL ng−1)a � (mL ng −1)b LOD (ng mL−1)c LOQ (ng mL−1)d

U-PLS/RBL N-PLS/RBL U-PLS/RBL N-PLS/RBL U-PLS/RBL N-PLS/RBL U-PLS/RBL N-PLS/RBL

1OH-Pyr 26,000 24,000 11.0 10.0 0.4 0.3 1.3 1.5
2OH-Flu 17,900 15,400 6.5 6.2 0.6 0.9 1.9 2.9
3OH-B[a]P 18,300 21,700 6.1 9.2 0.7 0.1 2.2 2.4
4OH-B[a]P 20,000 14,600 7.7 6.2 0.6 0.9 1.7 2.9
6OH-Chry 19,000 14,900 7.6 6.3 0.5 0.9 1.6 2.8
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[37] J.M. Lisyý, A. Cholvadová, J. Kutej, Comput. Chem. 14 (1990) 189–192.
a cps = counts per second.
b Analytical sensitivity.
c LOD = limit of detection calculated considering 95% of probability [41].
d LOQ = limit of quantification calculated as LOD × (10/3.3) [41].

-PLS/RBL and N-PLS/RBL. The sensitivity (SEN) was estimated
ccording to the following expression [40]:

ENJAC = {vT [PT (I − ZintZ
+
int)P]

−1
v}

−1/2
(9)

here the subscript JAC refers to the Jacobian approach, P is the
atrix of calibration loadings, v is the vector of PLS regression coef-

cients in latent variable space, I is a unit matrix and Zint contains
nformation regarding the interfering agents. The analytical sensi-
ivity (�), the limit detection (LOD) and the limit of quantitation
LOQ) were calculated according to Eqs. (10)–(12) [41]:

 = SEN/[var(x)]1/2 (10)

OD = 3.3 SD(y0) (11)

OQ = 10 SD(y0) (12)

here var(x) is the instrumental uncertainty, the factor 3.3 cor-
esponds to 5% for the so-called errors of type I and II, the factor
0 indicates 3.04 times the detection limit and SD(y0) is the stan-
ard deviation for a blank sample containing low metabolites
oncentrations. These figures of merit demonstrate the potential
f monitoring PAH metabolites at relevant toxicological levels.

. Conclusion

The rigid and delocalized � electron system provides OHPAH
ith strong fluorescence for sensitive screening methodology.

he main problem that comfronts the direct determination –
o chromatogrphic separation – of metabolites via fluorescence
pectroscopy is spectral overlapping. To some extent, spectral over-
apping of OHPAH can be resolved with SFS and first-derivative
FS. Unfortunately, their specificity falls short for the analysis of
etabolites with relatively large concentration differences. The

ood agreement among predicted and actual metabolite concen-
rations presented here demonstrate the ability of TSFS/U-PLS/RBL
nd TSFS/N-PLS/RBL to circumvent this problem. The two algo-
ithms provided LODs varying between 0.3 ng mL−1 (1OH-Pyr) and
.9 ng mL−1 (2OH-Flu and 4OH-B[a]P). These values, which place
PE-TSFS at the higher end of the reported chromatographic range
24–29], present ample opportunity for improvement since were
btained with only 10 mL  of urine sample. The recovery values
btained via SPE-TSFS compare well to reported recoveries via GC-
S (≤80%) and HPLC (≤75%) [24–29]. Keeping in mind the ability

f U-PLS/RBL and/or N-PLS/RBL to resolve spectral overlapping and
he simplicity of the experimental procedure, the determination of
HPAH via SPE-TSFS appears to be a useful approach to monitor

xposure of large populations to PAH contamination.
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