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ABSTRACT

Excitation-emission matrix fluorescence (EEMF) coupled to chemometrics was used to explore essential
oils (EOs). The spectrofluorometer was designed with basic and inexpensive materials and was accom-
panied by appropriate tools for data pre-treatment. Excitation wavelengths varied between 320 nm and
600 nm while emission wavelengths were from 340 nm to 700 nm. Excitation-emission matrix (EEM)
spectra of EOs presented different features, revealing the presence of varying fluorophores. EOs from
the same species but from different origins presented almost the same spectra, showing the possibility
that EEM spectra could be used as additional parameters in the standardisation of EOs. With the aid of
unfold principal component analysis (UPCA), resemblances obtained by spectral analysis of EOs were
confirmed. A five components parallel factor analysis (PARAFAC) model was used to find the profiles of

Parallel factor analysis

fluorophores in EOs. One of those components was associated to chlorophyll a.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Essential oils (EOs) are complex mixtures of volatile com-
pounds produced by living organisms and isolated by physical
means (pressing and distillation) from a whole plant or part of
plant with known taxonomic origin [1]. Due to their beneficial
biological properties (antimicrobial, antiviral, anti-oxidative, anti-
fungal ...), EOs are widely used in food, perfumes and pharma-
ceutical products [2]. That is why many efforts are made to
regulate their production and distribution. In this context, the
International Organization for Standardization (ISO) defines, in its
technical committee (TC) 54, some standards for EOs [3,4]. For the
analysis of EOs, chromatography is the most popular method [5]
while few studies have reported the use of fluorimetry [6,7].
However, since components of EOs - terpenoids being major
components of EOs — are most often characterised by the presence
of a delocalised electron in their molecular structures, their
absorption properties may be significant. Consequently, there
might be a possibility for some of those components to possess
fluorescence properties. This selective nature of fluorescence can
be taken as an advantage for the discrimination of EOs and
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fluorescence spectra of EOs could be used as additional elements
in the standardisation process of EOs. Moreover, the non-
destructive nature of fluorescence and its avoidance of consum-
able reagents make it suitable for exploration purposes.

Due to the intrinsic broad nature of a fluorescence spectrum,
conventional fluorescence offers a weak selectivity in the analysis
of complex samples. In order to improve that selectivity, Johnson
and co-workers developed the so-called excitation-emission
matrix fluorescence (EEMF) whose spectra are presented in two
dimensions [8]. EEMF has been successfully applied for the
study of polycyclic aromatic hydrocarbons [9,10], vegetable oils
[11,12] and dissolved organic matter [13,14]. There are standard
instruments for EEMF's measurements such as the FluoroMax-3
(Jobin Yvon, France), the LS 50B (Perkin Elmer, United States)
and the Cary Eclipse (Varian, United States) [15,16]. However,
those instruments are not always accessible to some research
units. Instead, basic materials that compose them might be
available. Those materials could therefore be arranged according
to EEMF’s principles in order to allow reliable and accurate EEMF
measurements.

The 2D character of EEMF spectra implies a three-way nature for a
set of samples which can be analysed by adequate chemometric
methods. Chemometrics has gained great popularity in the field of
EEMF due to its usefulness in analysing large volumes of data [17].

The design of a simple spectrofluorometer, accompanied by
appropriate data pre-treatment tools, for the exploration of EOs is
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Fig. 1. Top view of the designed spectrofluorometer.

described in this study. The use of unfold principal component
analysis (UPCA) and parallel factor analysis (PARAFAC) respectively
to search patterns between EOs and to resolve the profiles of
fluorophores present in EOs is also discussed.

2. Experimental
2.1. Apparatus

With simple and low cost materials, a spectrofluorometer was
designed. The instrument is presented in Fig. 1.

The light source was a 150 W low cost Xenon arc lamp (Abet
Technologies) which produces a continuous beam from 200 nm to
2000 nm. The excitation monochromator was a small H20 Vis
(focal length 200 mm) of Jobin Yvon equipped with a mechanical
counter. This monochromator allows excitation lines from 300 nm
to 800 nm with a regular full width at half maximum (FWHM) of
8 nm. From the exit slit of the monochromator, the excitation
beam was focused by two lenses L1 (calcium fluoride, diameter
5 cm, focal length 15 cm) and L2 (silica, diameter 2.5 cm, focal
length 5 cm) onto the extremity E1 of the first leg of a UV-visible
Y-type optical cable (Ocean Optics). This first leg is composed of
six optical fibres (core diameter of 400 um for each fibre) which
brought the excitation light toward the sample’s cell. The cell was
installed in a home-made sample chamber and the excitation light
illuminated it at an angle of 45°. The fluorescence light was
collected at the extremity E12 of the cable by another optical fibre
(core diameter 400 pm) surrounded by the six previous fibres. This
optical fibre conducted the fluorescence light toward a spectro-
meter (USB 2000, Ocean Optics) connected at the extremity E2 of
the second leg of the optical cable. Spectra were recorded with the
software OOIBase32 (Ocean Optics). The use of a Y-type optical
cable reduced inner filter effects since the absorbed light and the
emitted light had the same path lengths [18].

In this study, the excitation wavelength range was set between
320 nm and 600 nm. In order to minimise redundancy and loss of
information between emission spectra obtained with consecutive
excitation wavelengths, in regard to the FWHM of excitation lines, a
step of 10 nm was found appropriate for the excitation wavelength
range. Thus, for each sample 29 emission spectra were to be recorded.

2.2. Samples and analysis

Fourteen EOs produced in Tunisia were considered in this
study. Three mixtures of some of those EOs were also made.
Samples are presented in Table 1.

The three samples of rosemary were produced in three differ-
ent regions. The sample of schinus 1 was produced from leave of
schinus. Schinus 2 was produced from unripe fruits of schinus and
finally schinus 3 was produced from ripe fruits of schinus.

Table 1

Samples of EOs. For mixtures, the first term in bracket indicates the codes of the
two EOs involved in the mixture; the second term in bracket gives their relative
volume amount.

Code EO Species Number of
replicates
1 Thyme Thymus vulgaris 0
2 Mint Mentha piperita 3
3 Myrtle Myrtus communis L. 3
4 Neroli Citrus aurantium L. 1
5 Orange Citrus sinensis 3
6 Rosemary 1 Rosmarinus officinalis L 1
7 Rosemary 2 Rosmarinus officinalis L 1
8 Rosemary 3 Rosmarinus officinalis L 1
9 Schinus 1 Schinus terebinthifolius 1
10 Schinus 2 Schinus terebinthifolius 0
11 Schinus 3 Schinus terebinthifolius 0
12 Wormwood Artemisia absinthium L. 3
13 Lavender Lavandula angustifolia 3
14 Ginger Zingiber officinalis 2
15 Mixture 1=(4+38) (1:100) - 0
16 Mixture 2=(12+38) (5:2) - 0
17 Mixture 3=(4+12) (1:75) - 0

Samples were stored in vials at a mean temperature of 20 °C.
For the analysis, a volume of 0.5 mL of each sample was put in a
quartz mini cell (volume 1.5 mL, path length 10 mm) and 29
emission spectra were recorded consecutively. A dark spectrum
corresponding to the thermal background of the detector was also
recorded. When needed, because EOs are strongly odorous and
hydrophobic, mini cells were dipped in ethanol for one day before
they were cleaned and rinsed with water.

2.3. Data pre-treatment

2.3.1. Correction of instrumental biases

For each sample, the dark spectrum was subtracted to each of
the 29 emission spectra. After that, the correction of the spectro-
meter’s sensitivity was performed. That correction was made by
dividing each emission spectrum by correction factors of the
spectrometer. To get those correction factors, we took advantage
on the software OOIBase32 for its ability to compute the spectrum
of a black body light source of known colour temperature [19].
The correction factors were obtained by the ratio between the
experimental spectrum (spectrum of the black body light source
recorded by the spectrometer) and the theoretical spectrum
(spectrum of the black body light source computed by OOIBase32).
A classical incandescence lamp was used as the black body light
source. Because its colour temperature was not known, several
temperatures between 2400 K and 3000 K by step of 100 K were
tested. Each of them gave rise to particular correction factors. In
order to choose the true correction factors, the same task was
performed for the incandescence lamp with another spectrometer
(USB 4000, Ocean Optics) in the same experimental conditions as
for the USB 2000 spectrometer. Then, emission spectra, of rosem-
ary 3 EO, obtained with both spectrometers at the excitation
wavelength 370 nm were corrected with each set of correction
factors. After that, the corrected spectra of rosemary 3 EO obtained
for both spectrometers were compared for each set of correction
factors. The correction factors corresponding to the colour tem-
perature 2700 K were found to be the correct ones. Fig. 2 presents
the spectra obtained for rosemary 3 EO before and after correction
by correction factors corresponding to 2700 K.

The uncorrected spectra in (a) were recorded in the same condi-
tions. Only the spectrometer was changed. After being corrected
for the spectrometer sensitivity, the corrected spectra in (b) were
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Fig. 2. Fluorescence spectra of rosemary 3 EO obtained at excitation wavelength
370 nm with USB 2000 (dashed line) and USB 4000 (solid line): (a) raw spectra;
(b) corrected spectra.

almost identical. The Pearson’s correlation coefficient between the
two spectra was 0.9988, which validates the correction approach.
This simple procedure for the correction of the bias due to the
sensitivity of the spectrometer was a low cost alternative to the
use of a radiometric light source.

Finally, the correction of the efficiency of the excitation
compartment (arc lamp plus monochromator) was made. For that
purpose, the extremity E12 of the optical cable was directly placed
in front of the spectrometer and the integration time of the camera
was set to a value (10 ms) for which signals were on scale
(all signals were detected and there was no signal saturation).
Then, for each of the 29 excitation wavelengths, the corresponding
spectrum was recorded. Each of those 29 spectra was then
corrected for the bias due to the sensitivity of the spectrometer.
After that correction, the area of each corrected excitation peak
was proportional to the intensity delivered by the excitation
compartment and was subsequently used as correction factor.
For each excitation wavelength, the correction was made by the
ratio between the corresponding emission spectrum and the
corresponding peak area. This simple approach for the correction
of the bias due to the efficiency of the excitation compartment was
a low cost alternative to the use of a quantum counter. For both
corrections (sensitivity of the spectrometer and efficiency of the
lamp plus the monochromator), an assumption was made that
there was no energy transfer between fluorophores and that each
fluorophore absorbed light independently of others.

2.3.2. Removal of scattering

Emission spectra were affected by the Rayleigh scattering.
There were no features corresponding to the Raman scattering.
The Rayleigh scattering was prominent due to the use of the Y-
type optical cable. Mini cells were the main cause of that scatter-
ing. Since such scattering does not contain useful information in
regard to EEMEF, it was removed in a manner almost similar to the
one described by Braham et al. [20]. For each emission spectrum, a
window of 30 nm centred at the excitation wavelength used was
set to missing. Then, a linear interpolation was made to the area
set to missing. Others parts of the spectrum remained unchanged.

After the removal of the scattering, the emission wavelength
range was set between 340 nm and 700 nm. Then, a cubic spline
interpolation was made to the whole spectrum in order to reduce
the number of wavelengths describing the spectrum from 1003
wavelengths to 200 wavelengths with a step of 1.8 nm. The aim of
that reduction was principally to speed the data analysis step.
After that, all the 29 emission spectra were concatenated and
rearranged to produce the corresponding EEM of dimension
200 x 29. The entire data pre-treatment step was programmed
and implemented with the software Igor Pro 6.0 which was also
used for graph plotting.

3. Theory
3.1. Unfold principal component analysis (UPCA)

The purpose of UPCA is to matricize a three-way array and then
perform a principal component analysis (PCA) [12,18,21]. PCA
reduces the dimension of observation of large data by searching
the latent variables which describe the highest variability in
the data.

3.2. Parallel factor analysis (PARAFAC)

A three-way data of dimension IxJx K can be analysed by
PARAFAC in order to find the profiles of fluorophores present in
samples [9,10,22,23]. I represents the dimension of the sample
mode, J is the dimension of the emission mode and K is the
dimension of the excitation mode. Fluorophore’s profiles can be
well resolved if two conditions are fulfilled. Firstly, the three-way
data must conform to a three linear structure. Assuming here that
absorbances of EOs were small, this first criterion was considered
fulfilled because the non-three linear part (Rayleigh) had been
removed and since an assumption had been previously made on
the independence of each fluorophore. Secondly, fluorophores in
samples must vary adequately in term of concentration. For this
last criterion, since fluorophores were unknown, it was assumed
that if fluorophores are present in EOs, their concentrations must
not be predictable from one EO to another since EOs were
independent. Mixtures of EOs were also taken into consideration
to fulfil this criterion.

For a three-way array X, the purpose of PARAFAC is to decom-
pose X into components according to:

F
Xijk = fz Qjp X bjf X ckf—I-e,-jk
=1

X;jk is an element of X at position ijk. It represents the fluorescence
intensity of sample number i at emission wavelength number j
with the excitation wavelength number k. F is the number of
components. ai, bjr and ¢y are respectively elements of A, B and C
matrices. Columns of A account for concentrations of each fluor-
ophore in the I samples; columns of B represent emission spectra
(here described by J emission wavelengths) of fluorophores and
columns of C represent excitation spectra (here described by K
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excitation wavelengths) of fluorophores. ey is the residual error
for the element x;. UPCA and PARAFAC are both fitted by
alternative least square algorithms. The packages FactoMineR
and ThreeWay of R.3.0.1 [24-26] were used respectively to per-
form UPCA and PARAFAC.

4. Results and discussion
4.1. EEM analysis of EOs

EEM spectra obtained for samples of EOs are presented in Fig. 3.

In the following, the position of a peak of maximum intensity
will be written as Exc/Em, where Exc and Em state respectively
for the excitation and emission wavelengths expressed in nano-
metre (nm).

In Fig. 3, the similitude between the spectra of thyme before
(0) and after (1) Rayleigh removal shows that the approach for the
treatment of the Rayleigh was good. Mint (2) is characterised by
the presence of two peaks around 390/440 and 390/450. The same
peaks are found in orange (5) and lavender (13). Those peaks may
be related to fluorophores common to the three EOs. Additionally,
orange presents a shoulder around 410/500 and lavender has
another peak at 340/350. Myrtle (3) shows five narrowed peaks
around 330/345, 355/385, 385/407, 385/433 and 385/459. Those
peaks are also found in rosemary oils (6,7,8), meaning that
common fluorophores might be present in myrtle and rosemary
oils. All the rosemary oils present the same shape, feature which
was expected since they were all produced from the same species
in different regions. In rosemary 1 (6), another peak at 406/676 is
also observed. This peak may be related to chlorophylls or to their
degradation products. Neroli (4) presents a very different spec-
trum with a broad emission at 380/420 and a shoulder around
400/460. The spectra of schinus (9,10,11) are identical in the
emission range from 350 nm to 625 nm. For schinus 1 (9), there
is a strong emission of chlorophylls around 410/670. This emission
confirms the fact that the raw material for schinus 1 was leaves of
schinus. In wormwood (12), the strong variation of the wavelength
of maximum emission with the excitation wavelength indicates
the presence of many fluorophores. The same observation can be
made for ginger (14). Thyme (1), wormwood (12) and ginger (14)
present similar spectra.

EEM spectra of the fourteen EOs plus those of the three
mixtures were arranged to produce the three-way array noted
Ar of dimension 17 x 200 x 29. EEM spectra of the fourteen EOs
added to those of the three mixtures plus those of replicates of
each EO were also arranged to produce the three-way array noted
Arr of dimension 39 x 200 x 29. The dimension of the sample
mode in Arr is obtained by adding all the fourteen EOs, the three
mixtures and the replicates (fourth column of Table 1).

4.2. UPCA of EOs

The array Ar was matricized on the sample mode. This gave a
data matrix of dimension 17 x 5800. PCA was performed on that
data matrix to look for patterns between EOs. The optimal pre-
processing was column mean-centering without scaling or nor-
malisation. Base on the precedent analysis of EEM spectra, four
factors were retained. They explained 97.97% of the variation in the
data. The positions of EOs in the two first principal component
(PC) planes are shown in Fig. 4.

Fig. 4 shows in (a) how samples are gathered in the first principal
component plane. The patterns observed confirm the observations
made on EEM spectra. EOs of rosemary are regrouped in the cluster
C1. Contrary to what was expected, myrtle (3) is far from C1. This
feature might be the consequence of an underlying phenomenon

presents in myrtle and not in rosemary or alternatively. All schinus
EOs are clustering in C2. This means that PC1 and PC2 describe only
the variation in the emission range from 350 nm to 625 nm. C3
confirms the resemblance between mint (2), orange (5) and
lavender (13). The similitude between thyme (1), wormwood
(12) and ginger (14) is confirmed by C4. Neroli (4) confirms its
big difference by being far from the centre of the score plot and
isolated from other EOs. In (b) the clustering becomes less
evident because PC1 and PC3 explain less variation (76.68%) in
the data as compare to PC1 and PC2 (85.38%). Schinus 1 (9) is
clearly separated from schinus 2 (10) and schinus 3 (11). This
means that PC3 describes the variation of the data including the
emission region above 625 nm. Moreover the score of schinus 1
(9) along PC3 is very high as compared to the ones of other EOs.
Thus, PC3 must be strongly related to chlorophylls. This feature is
confirmed by rosemary 1 (6) which presents a slightly greater
score on PC3 than rosemary 2 (7) and rosemary 3 (8).

4.3. PARAFAC of EOs

In order to resolve the profiles of fluorophores in EOs, the array
Arr was fitted by a PARAFAC algorithm. Arr was mean centred
across emission and excitation modes. Two, three, four, five, six
and seven components models were tested. The explained var-
iance for each number of components is given in Table 2.

According to Table 2, the relative change in explained variances
becomes small above the three components model. On the other
side, explained variances above the three components model are
good. This is consistent with what was found in UPCA. In order to
select the adequate number of components, a split half analysis
was made on the four, five, six and seven components models and
the behaviour of the loadings for each model was also examined.
Two splitting approaches were tested: a random splitting and a
splitting according to the position (odd or even) of each sample.
Both splittings lead to similar results. The five components model
was the most stable. Table 3 shows the stability of the estimates of
the five components model.

Only component 4 was unstable. The profiles obtained by
PARAFAC are shown in Fig. 5.

The first component has an emission profile with resolved
peaks. Such behaviour can be related to a rigid molecular struc-
ture. On the contrary, the second and the third components are
characterised by broad emission peaks, meaning that their vibra-
tional levels might be active. The instability of component 4, found
in Table 3, is confirmed by the feature of its emission spectrum.
Excitation and emission spectra of component 5 correspond to
those of chlorophyll a [27]. Scores of the five components are
shown in Fig. 6.

Fig. 6 shows that neroli is the mixture of components 1, 2 and 3.
Rosemary oils have a high amount of component 1. In G3, schinus
1 presents the highest amount of chlorophyll a. G4 shows that
component 2 is representative in ginger.

5. Conclusion

The design of a simple spectrofluorometer with inexpensive
materials has been described in this study. The spectrofluorom-
eter was accompanied by appropriate tools for data pre-
treatment. The exploration of EOs by the spectrofluorometer
has shown the possibility to use EEM spectra in the standardisa-
tion process of EOs. EEM spectra revealed the presence of
different fluorophores in EOs and showed the possibility to
describe them. UPCA has been used to find patterns between
EOs and the ability of PARAFAC to resolve profiles of fluorophores
in EOs has been discussed. In UPCA, EOs were gathered according
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Fig. 3. EEM contour plots of EOs. For thyme, spectra with and without the Rayleigh scattering are shown. For each of the other EOs, the spectrum without the Rayleigh is presented.
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Table 2

Explained variances in percentage (%) for the PARAFAC models.
Number of components  Two Three  Four Five Six Seven
Explained variance 8248 88.22 9231 9475 96.66 97.85

Table 3
Split-half analysis results obtained for the five components model with the random
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Fig. 5. Estimated profiles of fluorophores in EOs from PARAFAC: (a) excitation
spectra and (b) emission spectra. Component 1: thick continuous line; component 2:
thick dashed line; component 3: thin solid line; component 4: thin dashed line;
component 5: thin line with circles.

splitting. [= correlations for samples in splits; [I= congruence values for emission
mode component matrix; Ill= congruence values for excitation mode component

matrix.
Component 1 Il 1l
Split 1 Split 2
1 1.00 1.00 1.00 1.00
2 1.00 1.00 0.95 0.99
3 1.00 1.00 1.00 0.99
4 1.00 0.76 0.47 0.48
5 1.00 1.00 1.00 1.00

to spectral resemblances. Among the five components resolved
by PARAFAC, chlorophyll a was found. The identification of other
fluorophores, which is a complex task, will be the subject of
forthcoming works.

% Component 1
+ Component 2
G2 O Component 3
® Component 4
6 — A Component 5
7 ©,
[
s G3 G4
(l/)) G1 °
2 —
+ * % + * % X
i " xx*x*00%50 s coo X¥%
: cesettreitiieateiifiti
| ggaast ik seif28 aaakga
T Y Miseeiiitaugieing
oo .
e
-2 — .
°
I I I
10 20 30

Sample number

Fig. 6. Scores plot of EOs from PARAFAC. G1: neroli and its replicate; G2: rosemary
and their replicates; G3: schinus 1 and its replicate; G4: ginger and its replicates.
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