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Abstract

The purpose of this study was to assess the potential of the 400-640 nm emission fluorescence spectra after excitation set at 380 nm to
monitor the changes in spectra and oxidation of 24 semi-hard cheeses, produced during autumn (n = 12) and summer (n = 12) periods,
throughout ripening. Emission fluorescence spectra were recorded at the surface and at the inner layers of cheeses at 2, 30 and 60 days of
ripening. The factorial discriminant analysis (FDA) applied on the first 5 principal components (PCs) of the principal component anal-
ysis (PCA) carried out on the 400-640 nm emission spectral data set recorded at the surface layers of cheeses produced during autumn or
summer period showed a good discrimination of cheeses. Less good classification was obtained from cheese samples cut at the inner lay-
ers. In a second step, the 400-640 nm emission fluorescence spectra recorded at the surface or the inner layers of cheeses produced during
autumn and summer periods were gathered into one matrix and analysed by FDA. Considering fluorescence spectra recorded at the inner
layers, correct classification was observed for 67.4% and 62.3% for the calibration and cross-validation samples, respectively. Better clas-
sification was obtained for cheeses cut at the surface layers since 93.7% and 90.3% of the calibration and cross-validation samples respec-
tively, were correctly classified. The obtained results showed that the 400-640 nm emission fluorescence spectra were primarily affected by

light and oxygen then by the physico-chemical changes that occurred throughout ripening.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cheeses are exposed to light from both natural and arti-
ficial sources throughout processing, packaging, and distri-
bution as well as at the retail level. Understanding the
structure of cheese and the degradation of lipids, proteins
and vitamins provide useful information in determining
what constitutes a quality product. During ripening, light
induces degradation of these components inducing both
formations of off-flavours and colour changes which may
lead to loss in nutritional values and the formation of toxic
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products (e.g. cholesterol oxides). Indeed, it has been
reported that exposure of milk to light, especially in the
range of 415-455nm, cause off-flavours in milk and
degrades some of its riboflavin, vitamins C and A (Bosset,
Sieber, & Gallman, 1994; Fanelli, Burlew, & Gabriel,
1985; Fellman, Dimick, & Hollender, 1991). These findings
are of particular interest since dairy products are exposed to
light with maximum radiant emission set at 450-500 nm, a
wavelength range which induced lipid oxidation, the
photo-degradation of riboflavin (Sattar, de Man, & Alexan-
der, 1977) and vitamin A (Marsh, Kajda, & Ryley, 1994).
This phenomenon induced the formation of off-flavour, col-
our changes and the decrease in nutritional value of dairy
products as has been reported by Bosset et al. (1994).
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The role of vitamins as an important nutriment in the
human diet is well known. Among them there is riboflavin
(vitamin B;) which is a water-soluble vitamin. The vitamin
B, is very stable during thermal processing, storage and
food preparation. But, both light and oxygen have been
found to induce riboflavin degradation (Bosset et al.,
1994; Mavattivi, Monetti, Vrhovseket, Tonon, & Andrés-
Lacueva, 2000; Sattar et al., 1977; Singleton, Aurand, &
Lancaster, 1963; Skibsted, 2000). Thus, the analysis of
riboflavin and flavin cofactors such as flavin adenine dinu-
cleotide (FAD) and flavin mononucleotides (FMN) is of
considerable importance to the food industry during man-
ufacturing and storage.

At present, several procedures are available for deter-
mining the level of riboflavin in foodstuffs. Among them,
there are high performance liquid chromatography (Esteve,
Farré, Frigola, & Garcra-Cantabella, 2001; Ollilainem,
Mattila, & Varo, 1990; Reyes, Norris, Taylor, & Potts,
1988; Ribarova, Shishkov, Obretenova, & Metchkneva,
1987; Russell & Vanderslice, 1992; Van den Berg, Van
Schaik, Finglas, & de Froidmont- Gortz, 1996; Vidal-Valv-
erde & Reche, 1990) and capillary zone electrophoresis
with laser induced detection (Cataldi, Nardiello, Carrara,
Ciriello, & De Benedetto, 2003). These techniques suffer
from a number of drawbacks since they are time consum-
ing, expensive when looking at enzymatic and bio-chemical
requirements and not easily adapted for online measure-
ments. However, this is not the case for spectroscopic tech-
niques when the capital cost is excluded. These optical
techniques including the near infrared (NIR), mid infrared
(MIR) and fluorescence spectroscopies can be used as low
cost and rapid methods to provide results of several param-
eters within a few minutes. Consequently, a huge amount
of money and time could be saved and a product with more
consistent quality could be offered to the customers if these
techniques are adopted in cheese industry.

In recent years, fluorescence spectroscopy has become
popular for process monitoring in many industries, espe-
cially dairy products, due to the relative simplicity of the
equipment required for scanning a spectrum. In addition,
this technique provides information about fluorescent mol-
ecules and their environment in a wide variety of biological
samples, and it is reported to be 100-1000 times more sen-
sitive than other spectrophotometric techniques (Strasburg
& Ludescher, 1995). In addition, several intrinsic fluores-
cent compounds (i.e., tryptophan, vitamin A, etc.) were
found to be very sensitive to their environment at the
molecular level (Dufour & Riaublanc, 1997). The main
research and applications in the field of dairy products
are usually carried out by using multivariate statistical
analyses. In dairy products, fluorescence spectroscopy
combined with chemometric tools has been applied in sev-
eral studies to monitor structure changes in milk proteins
and their physico-chemical environment during milk heat-
ing (Dufour & Riaublanc, 1997; Kulmyrzaev, Levieux, &
Dufour, 2005), milk coagulation (Dufour, Lopez, Riau-
blanc, & Mouhous Riou, 1998; Herbert, 1999; Herbert,

Riaublanc, Bouchet, Gallant, & Dufour, 1999), cheese rip-
ening (Herbert et al., 2000; Mazerolles et al., 2001; Mazer-
olles, Devaux, Dufour, Qannari, & Courcoux, 2002). This
technique has also been used to evaluate the quality of
Danbo cheeses packaged in modified atmosphere and
exposed to light for up to 84 days (Andersen, Vishart, &
Holm, 2005). Finally, front face spectroscopy has been uti-
lised to determine the geographic origin of milk (Karoui,
Martin, & Dufour, 2005c), French Jura hard cheeses and
Swiss Gruyere and I’Etivaz PDO cheeses (Dufour, Karoui,
& Bosset, 2003; Karoui, Bosset, Mazerolles, Kulmyrzaev,
& Dufour, 2005a) and of Emmental cheeses originating
from different European countries, manufactured during
winter and summer periods (Karoui et al., 2004a, 2004b,
2005a, 2005b, 2005c).

It is well known that riboflavin plays a key role in the
photo-oxidation of dairy products. Thus, this vitamin
could be considered as an indicator of early oxidation of
dairy products as has been reported by Miquel Becker,
Christensen, Frederiksen, and Haugaard (2003). However,
few studies have been published concerning the determina-
tion of the effect of both light and modified atmosphere
packaging on the degree of oxidation of riboflavin in dairy
products during storage (Andersen et al., 2005; Christen-
sen, Povlsen, & Serensen, 2003; Miquel Becker et al.,
2003; Mortensen, Serensen, & Stapelfeldt, 2003b). In addi-
tion, all the above mentioned studies regarding the poten-
tial of front face fluorescence spectroscopy to monitor the
oxidation of dairy products have been performed at the
laboratory scale under extreme conditions (use of fluores-
cent lamp, presence or absence of O,, CO,, etc.) and at
the retail stage. At our knowledge, no study has been per-
formed throughout ripening of semi-hard cheese at the
industrial plant. So, it would be interesting to validate
the relevance of fluorescence spectra on representative
cheese samples.

The objective of the current study was to evaluate the
feasibility of using fluorescence spectroscopy as a nonde-
structive technique to monitor the oxidation at the molec-
ular level of semi-hard cheeses, made with cow’s milk and
collected during both the grazing period (summer) and the
stabling period (autumn), throughout ripening. In order to
extract reliable information, the 400—-640 nm emission fluo-
rescence spectra (excitation = 380 nm) were recorded at the
surface and the inner layers of cheeses at 2, 30 and 60 days
ripening. Principal component analysis (PCA) and factorial
discriminant analysis (FDA) were then applied to extract
information contained in the fluorescence spectral data
sets.

2. Materials and methods
2.1. Cheese samples
Twenty four different semi-hard (Raclette) cheeses man-

ufactured during summer (7 =12) and autumn (n =12)
periods were produced from one manufacturer. The milk
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samples were collected during both the grazing period
(summer) and the stabling period (autumn). The Raclette
cheeses (7 kg each) were manufactured using the same
making procedure for the two grazing periods and ripened
at the same dairy plant at 15 °C and 85% relative humidity.
Samples (25 mm diameter, 8 cm long) were taken using a
core sampler. They were sampled in the middle of the
cheese height and at 20 mm and 40 mm from the rind.
The spectroscopic analyses were performed at 2, 30 and
60 days of ripening.

2.2. Fluorescence spectroscopy

Fluorescence spectra were recorded using a FluoroMax-2
spectrofluorimeter  (Spex-Jobin  Yvon, Longjumeau,
France). The incidence angle of the excitation radiation
was set at 56° to ensure that reflected light, scattered radia-
tion and depolarisation phenomena were minimised. The
spectrofluorimeter was equipped with a thermostatically
controlled cell and the temperature was controlled by a
Haake temperature controller (Haake, Champlan, France).
Slices of 2 cm length, 1 cm large and 0.2 cm thickness were
prepared from the samples cut at the surface (20 mm from
the rind) and at the centre (40 mm from the rind) layers.
Spectra of cheese slices mounted between two quartz slides
were recorded at 20 °C. The emission spectra (400-640 nm)
were recorded with the excitation wavelength set at 380 nm.
Considering these emission spectra recorded after excitation
wavelength set at 380 nm was justified by the fact that they
covered information related to the level of oxidation of
some compounds in cheeses (i.e., riboflavin, lipid and other
unknown fluorescent compounds) throughout ripening. All
spectra were corrected for instrumental distortions in exci-
tation using a rhodamine cell in the reference channel. For
each cheese, three spectra were recorded on 3 different slices.

2.3. Mathematical analysis of data

2.3.1. Principal component analysis

In order to reduce scattering effects and to compare the
samples, fluorescence spectra were normalised by reducing
the area under each spectrum to a value of 1 according to
Bertrand and Scotter (1992). This mathematical treatment
consists of dividing each row by the sum of the correspond-
ing columns. In this case, mainly the shift of the peak max-
imum and the peak width changes in the spectra were
considered following this normalisation. PCA was then
applied to the normalised spectra to investigate differences
between the cheese samples (Herbert et al., 2000; Jolliffe,
1986). The PCA transforms the original variables (wave-
lengths) into new axes, or principal components (PCs),
which are orthogonal, so that the data set presented on
these axes are uncorrelated with each others. Therefore,
PCA expresses as much as possible the total variation in
the data set in only a few PCs and each successively derived
PC expresses decreasing amounts of the variance. This sta-
tistical multivariate treatment was earlier used to observe

similarities among different cheese samples (Herbert et al.,
2000) reducing the dimension to two or three PCs, keeping
most of the original information found in the data set.

2.3.2. Factorial discriminant analysis

FDA was performed on the first 5 PCs (which contain
the whole information observed in the 400-640 emission
spectral data set), resulting from the PCA applied to the
emission fluorescence spectral data. The aim of this tech-
nique is to predict the membership of an individual sample
to a qualitative group defined as a preliminary (Safar, Ber-
trand, Devaux, & Genot, 1994). A group was created for
each ripening time of cheese, i.e., 2 days old, 30 days old
and 60 days old. The method cannot be applied in a
straightforward way to continuous spectra because of the
high correlation occurring between the wavelengths.
Advantages were found in the preliminary transformation
of the data into their PCs. FDA assesses new synthetic
variables called ‘“discriminant factors”, which are linear
combinations of the selected PCs, and allows a better sep-
aration of the centres of gravity of the considered groups.
The individual cheese samples can be reallocated within
one of the three groups. For each cheese, the distance from
the various centres of gravity of the groups is calculated.
The cheese sample is assigned to the group where its dis-
tance between the centre of gravity is the shortest. Compar-
ison of the assigned group to the real group is an indicator
of the quality of the discrimination.

With cross-validation, the same samples are used both
for model estimation and testing. A few samples are left
out from the calibration data set and the model is calibrated
on the remaining data points. Then, the values for the left-
out samples are predicted and the prediction residuals are
computed. The process is repeated with another subset of
the calibration set, and so on until every object has been left
out once; then all prediction residuals are combined to com-
pute the validation step. Several versions of the cross-vali-
dation approach can be used: full cross-validation leaves
out only one sample at a time; it is the original version of
the method. As the number of observations was quite small
(24 cheese samples), the FDA was validated by a segmented
cross-validation. Segmented cross-validation leaves out a
whole group of samples at a time (Karoui, Thomas, &
Dufour, 2006). The PCA and FDA were performed using
StatBoxPro (Grimmer Logiciels, Paris, France).

3. Results and discussion
3.1. Fluorescence spectra

It has been reported that fluorescence spectroscopy is a
very sensitive technique able to measure trace substances
in cheese samples containing one or more fluorescent chem-
ical molecules (Karoui & Dufour, 2003). As most of the spec-
tra represent very similar shapes and can therefore be very
difficult to make visual discrimination, only one spectrum
for samples recorded at 2, 30 and 60 days ripening is shown.
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The 400-640 nm emission fluorescence spectra recorded
after excitation at 380 nm at the surface (20 mm from the
rind) of the investigated cheeses produced during autumn
period showed some differences throughout ripening
(Fig. 1). Similar results were obtained with cheeses made
during summer time (data not shown). It appeared that
young cheeses (2 days old) presented intense fluorescence
at about 520 nm, and correspondingly low fluorescence in
the violet region, while ripened cheeses (60 days old) had
the lowest intensity at 520 nm and the highest one in the
405-480 nm spectral region. In addition, a slight shift to
a lower wavelength (from 523 to 519 nm) was observed
for cheeses of 30 and 60 days ripening, which might involve
the formation of lumiflavin in these cheeses as has been
reported by Wold, Jergensen, and Lundby (2002).

From Fig. 1, three spectral regions of particular interest
can be observed: the broad peak at about 520 nm is due to
riboflavin as suggested by previous findings (Miquel Becker
et al., 2003; Wold et al., 2002, 2005). Additionally, a signif-
icant difference in the fluorescence intensity at 522 nm
between cheeses of 2 days old and those of 30 and 60 days
ripening was observed (P < 0.05). The other region is in the
range of 600-640 nm since two peaks located at 620 and
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Fig. 1. Normalised fluorescence emission spectra recorded following
excitation at 380 nm on the surface layers (20 mm from the rind) of cheeses
produced during autumn period after 2 (—), 30 (---), and 60 (---) days
ripening.

635 nm were found. These investigations were in agreement
with those of Wold et al. (2005), who attributed these nar-
row peaks to porphyrin and chlorin compounds. The last
region located between 405 and 480 nm showed some
changes during the ripening time; up-to-date, the fluoro-
phores responsible for these special bands are not known.
This region typically shows fluorescence from stable oxida-
tion products formed by aldehydes and amino acids
(Kikugawa & Beppu, 1987). In the same region, lumi-
chrome, a photo breakdown product from riboflavin,
exhibits fluorescence in the 444-479 nm region (Fox &
Thayer, 1998). Finally, B-carotene absorbs in the region
400-500 nm. B-carotene can also undergo photodegrada-
tion (Hansen & Skibsted, 2000), which may influence the
shape of riboflavin fluorescence spectra.

Regarding the 400-640 nm emission fluorescence spec-
tra recorded at the inner layers of cheeses (40 mm from
the rind), the shape of the spectra were similar to those
observed at the surface layers (Fig. 2). In addition, similar
results were obtained from cheeses produced during sum-
mer time (data not shown). This indicated that the fluoro-
phores found at the surface layers were also at the inner
layers of cheeses. However, differences between the spectra

0.10
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400 450 500 550 600
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Fig. 2. Normalised fluorescence emission spectra recorded following
excitation at 380 nm on the inner layers (40 mm from the rind) of cheeses
produced during autumn period after 2 (—), 30 (---), and 60 (---) days
ripening.
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(Fig. 2) were quite slighter comparing to those observed at
the surface layers (Fig. 1) of the investigated cheeses. Addi-
tionally, less fluorescence intensity was observed for
cheeses recorded at the surface layers than those at the cen-
tre layers, especially for those of 30 and 60 days old. This
indicate that the quantity of riboflavin at the inner layers
of cheeses were higher than those at the surface, in agree-
ment with the findings of Marsh et al. (1994) who reported
that loss in riboflavin level was higher in the surface layers
than that at the inner layers for cheeses exposed to sun
light. This difference in the amount of riboflavin between
the surface and inner layers could be explained by the fact
that in dairy plants, cheeses were exposed to light with
maximum radiant emission at 450-500 nm, a wavelength
range most detrimental to riboflavin photodegradation
(Sattar et al., 1977).

Even without any chemical reference analyses, it is pos-
sible to suggest probable reactions leading to the changes in
fluorescence spectra throughout ripening. Indeed, it is well
known that cheeses are sensitive to exposure to light (Deger
& Ashoor, 1987); these authors reported a reduction of
riboflavin content in cheddar cheeses after 12 days of stor-
age time. This reduction was found to be in the range of
24-44% depending on the light intensity. Light induced
oxidation is located in the product surface and future
research should investigate the kinetics of migration of free
radicals and oxidation products into the inner layers of
cheeses. It is well known that when riboflavin was exposed
to light, it is photochemically degraded into different forms
of lumichrome and lumiflavin (Skibsted, 2000). Light with
high quantum energy, e.g., lower wavelength light in the
visible/UV-spectrum, has the potential for the most sever
effects (Becbolet, 1990). Other fluorescent compounds
could also contribute to the shapes of the 400-640 nm
emission spectra scanned on cheeses during ripening.
Indeed, it is well known that vitamin A has excitation max-
imum around 325 nm and emission maximum between 470
and 510 nm (Duggan, Bowman, Brodie, & Udenfriend,
1957; Wolfbeis, 1985). Riboflavin absorbs light between
400 and 510 nm and thus could absorb some of the light
emitted by vitamin A. The same phenomenon could be
observed for B-carotene which absorb in the 400-500 nm.
This fluorescence transfer between a donor and acceptor
could influence the shape of emission fluorescence spectra.
Lipid oxidation of cheeses during ripening could also con-
tribute to the change observed on the spectra after excita-
tion set at 380 nm. Indeed, it has been reported that
oxidised whole milk powder had an excitation maximum
at 365 nm and an emission maximum of between 435 and
440 nm (Liang, 1999).

3.2. Multivariate statistical analysis of the investigated
cheeses

As most of the spectra represent very similar shapes and
can therefore visually hardly be distinguished, univariate
analysis of fluorescence spectra, i.e., the intensity of fluores-

cence at one given excitation/emission wavelength pair is
not appropriate. Multidimensional statistical analysis such
as PCA and FDA make it possible to extract information
from spectral data bases.

3.2.1. Emission fluorescence spectra recorded at the surface
and inner layers of cheeses throughout ripening

PCA was performed on the spectra recorded at the sur-
face layers of the 12 cheeses produced during summer per-
iod at 2, 30 and 60 days ripening. A total of 108 spectra (12
cheeses X 3 ripening times X 3 repetitions) were analysed.
The scores scatter plot of PC1 versus PC2 of emission fluo-
rescence spectra represented 96.3% of the total variance
with a predominance of PC1 accounting for 70.6% of the
total variance (Fig. 3A). Examining the two-dimensional
scores plot in the space defined by the PC1 and the PC2,
a good discrimination of cheese samples was observed
throughout ripening. Indeed, considering the PC2 account-
ing for 25.7% of the total variance, cheese samples of 2
days old had positive score values, while those of 60 days
old had negative score values.
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Fig. 3. Principal component analysis similarity map (score plot) deter-
mined by principal component 1 (PC1) and principal component 2 (PC2)
(A) and spectral pattern (loading) corresponding to PC1 (—) and PC2
(--+) (B), for emission fluorescence spectra recorded after excitation set at
380 nm at the surface layers (20 mm from the rind) of semi-hard cheeses
produced during summer period after 2 (), 30 (O) and 60 (A) days
ripening.
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Spectral patterns (loadings) associated with the PCs pro-
vide the characteristic wavelengths that may be used to dis-
criminate between spectra. Spectral patterns are similar to
spectra and may be used to derive structural information
at the molecular level (Dufour, Subirade, Loupil, & Riau-
blanc, 1999). The spectral pattern 1 associated with the
PC1 presented a positive peak around 523 nm (Fig. 3B).
This peak corresponds to the riboflavin compound. Since
cheese samples were essentially discriminated according to
the PC2 throughout ripening, the study of the spectral pat-
tern 2 is of particular interest. This spectral pattern exhib-
ited a broad negative peak between 443-472 nm. These
compounds were ascribed to the photodegradation of ribo-
flavin to the lumichrome and lumiflavin products, which
have been reported to exhibit emission maxima in the
ranges 444-479 nm and 516-522 nm (Wold et al., 2005).
The broad peak observed at 443-472 nm could also be
due to the formation of fluorescent oxidation products
which are due to the reaction between amino groups and
aldehydes formed during the oxidation mechanism as has
been stated by Wold et al. (2002). These products have been
reported to present maximum emission spectra in the range
of 400-470 nm after excitation range of 340-370 nm
(Kikugawa & Beppu, 1987). The spectral pattern 2 exhib-
ited also a narrow positive peak at 623 nm corresponding
to porphyrin and chlorin. Similar results were found with
cheeses produced during autumn period (data not shown).

In a second step, the ability of the investigated emission
fluorescence spectra to differentiate cheeses throughout rip-
ening was investigated by applying FDA on the first 5 PCs
of the PCA performed on the 400-640 nm emission fluores-
cence spectra recorded at the surface layers. Three groups
(2, 30 and 60 days old) were created for the investigated
cheese samples before applying the FDA. The map of the
cross-validation spectra defined by the discriminant factors
1 and 2 of the FDA is shown in Fig. 4. This figure shows a
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Fig. 4. Discriminant analysis similarity map of the cross-validation data
sets determined by discriminant factors 1 (F1) and 2 (F2) of the factorial
discriminant analysis (FDA) performed on emission fluorescence spectra
recorded after excitation set at 380 nm at the surface layers (20 mm from
the rind) of semi-hard cheeses produced during summer period after 2 (),
30 (O) and 60 (A) days ripening.

good discrimination of cheeses according to their ripening
time. Indeed, considering discriminant factor 1 accounting
for 99.2% of the total variance, positive score values were
observed for young cheeses (2 days old), while ripened
cheeses (60 days old) were observed on the left. Cheeses
of 30 days ripening had co-ordinates close to the origin
and were well separated from the other cheeses.

Correct classification was observed for 100% and 91.7%
of the calibration and the cross-validation spectra, respec-
tively (Table 1). Regarding the cross-validation data set,
100% correct classification was observed for spectra
recorded on cheese samples of 30 days old. Considering
the spectra scanned on cheese samples of 2 days old, only
one spectrum was misclassified. Two spectra recorded on
cheeses of 60 days old group were classified as belonging
to 30 days old group. Similar results were obtained with
cheeses produced during summer period since 96% and
91.7% of calibration and cross-validation spectra were cor-
rectly classified (data not shown). It was concluded that the
400-640 nm emission fluorescence spectra recorded at the
surface layers following excitation set at 380 nm can be
considered as a promising tool for monitoring the oxida-
tion of cheeses throughout ripening.

In a second step, PCA was applied to the 108 spectra
recorded at the inner layers (40 mm from the rind) of
cheeses produced during autumn period throughout ripen-
ing. The score plots of the first two PCs show only a slight

Table 1

Classification table for semi-hard cheese samples produced during autumn
period at the surface (20 mm from the rind) and inner (40 mm from the
rind) layers throughout ripening based on riboflavin fluorescence calibra-
tion and cross-validation data sets collected

Predicted® Ripening time (days)
Real® 2 30 60 % correct classification
Surface layers Calibration fluorescence spectra
2 24 - - 100
30 - 24 - 100
60 - - 24 100
Total — - - 100
Cross-validation fluorescence spectra
2 11 1 - 91.7
30 - 12 - 100
60 - 2 10 833
Total — - - 91.7

Inner layers Calibration fluorescence spectra

2 22 2 - 91.7

30 3 10 11 41.7

60 1 6 17 70.8

Total - - - 68.1

Cross-validation fluorescence spectra

2 3 9 - 25

30 - 1 11 8.3

60 - 1 11 91.7

Total - - - 41.7

% The number of cheese samples predicted from the model.
® The number of real cheese samples.
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discrimination between cheese samples of 2 days old and
those of 30 and 60 days old (data not shown).

FDA was then applied to the first 5 PCs of the PCA per-
formed on the 400-640 nm emission fluorescence spectra.
Correct classification was observed for 68.1% and 41.7%
for the calibration and cross-validation spectra, respec-
tively (Table 1). Considering cross-validation data set, only
spectra recorded on cheeses of 60 days old were quite sat-
isfactory classified, since 91.7% of them were correctly clas-
sified. However, the 400-640 nm emission fluorescence
spectra failed to discriminate cheeses of 2 and 30 days
old. Considering cheeses of 30 days old, 11 of 12 spectra
were classified as belonging to 60 days old group. For spec-
tra recorded on young cheeses (2 days old), only 25% of
them were correctly classified. From the results obtained,
it was shown that misclassification occurred, on the one
hand, between cheeses of 2 days old and 30 days old, and
on the other hand, between cheeses of 30 days old and 60
days old. No misclassification was observed between young
cheeses (2 days old) and ripened cheeses (60 days old).
Throughout ripening, it seemed that riboflavin component
was to be primarily affected by oxygen and light as
reported by Marsh et al. (1994). The physico-chemical
modification that takes place during ripening could have
an effect but seemed to be smaller than those of light and
oxygen. The poor results obtained from spectra scanned
at the inner layers of the investigated cheeses showed that
the 400-640 nm emission spectra could not be used as a
powerful tool for monitoring the oxidation of the investi-
gated cheeses throughout ripening, which is not the case
for those recorded at the surface layers.

It is well known that riboflavin is generally bound to pro-
teins. Riboflavin binding protein — a monomeric, two-
domain protein — has been originally purified from hens
egg white (Wasylewski, 2000). In plasma, it has been shown
that riboflavin is bound to proteins, predominantly albu-
min, but also to immunoglobulins. Like others fluorophores
such as tryptophan and vitamin A, the fluorescence emission
of riboflavin is highly sensitive to its local environment, and
it can be used as an indicator group for the oxidation in
dairy products, as well as an indicator group for protein
conformation and interaction changes in cheese matrix dur-
ing ripening since it interacts with proteins. This was not
clearly found in this research for cheeses cut at the inner lay-
ers and further research will be needed during the ripening of
semi-hard cheeses.

3.2.2. Global analysis of the emission fluorescence spectral
data sets recorded on cheeses during autumn and summer
periods

Although many factors influence the final quality of
semi-hard cheeses i.e., milk origin, milk treatment, season,
type and amount of starter added, manufacture conditions,
ripening time and temperature, the potential of the 400-
640 nm emission fluorescence spectra to discriminate
cheese samples produced during autumn and summer peri-
ods at the surface layers throughout ripening was assessed.

The 216 spectra recorded on the 24 cheeses produced dur-
ing summer and autumn periods at the surface layers were
therefore pooled into one matrix and PCA was applied to
this new table. The map defined by the two first PCs
showed a good discrimination between young cheeses (2
days old) and those of 30 and 60 days old (data not shown).

In a second step, FDA was applied to the first 5 PCs of
the PCA. Three groups were created independently of their
manufacturing periods as explained herein above (2, 30 and
60 days ripening). The cross-validation map defined by dis-
criminant factors 1 and 2 represented 100% of the total var-
iance with discriminant factor 1 accounting for 98.5% of
the total variance (Fig. 5). Considering discriminant factor
1, cheeses of 2 days old were observed on the far right,
whereas those of 60 days old were located on the far left.
Again, cheeses of 30 days old exhibited co-ordinates close
to the origin. Similar results were observed for the calibra-
tion data sets (data not shown).

Correct classification was observed for 93.7% and 90.3%
of the calibration and cross-validation spectra, respectively.
The obtained results showed that the 400-640 nm emission
fluorescence spectra can be used as an indicator for moni-
toring the oxidation that occurred at the surface layers of
the investigated cheeses throughout ripening. Table 2 gives
the classification of the calibration and cross-validation
spectra for the three groups. For the cross-validation data
sets, this table illustrates 95.8% correct classification for
spectra recorded on cheeses of 2 and 30 days old. Consid-
ering cheeses of 60 days old, five spectra were classified as
belonging to 30 days old group. Again, it is noteworthy
that no misclassification was occurred between spectra
recorded on young (2 days old) and matured (60 days)
cheeses in the calibration and cross-validation data sets.

The same approach was applied to the inner layers of the
24 cheeses. The FDA applied to the first 5 PCs did not allow
a good discrimination of cheeses throughout ripening.

1.6 <O

Fig. 5. Discriminant analysis similarity map of the cross-validation data
sets determined by discriminant factors 1 (F1) and 2 (F2) of the factorial
discriminant analysis (FDA) performed on emission fluorescence spectra
recorded after excitation at 380 nm at the surface layers (20 mm from the
rind) of semi-hard cheeses produced during summer and autumn periods
after 2 (<), 30 (O) and 60 (A) days ripening.
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Table 2

Classification table for semi-hard cheese samples produced during autumn
and summer periods at the surface (20 mm from the rind) and inner
(40 mm from the rind) layers throughout ripening based on riboflavin
fluorescence calibration and cross-validation data sets

Predicted® Ripening time (days)
Real® 2 30 60 % correct classification
Surface layers Calibration fluorescence spectra
2 44 4 - 91.7
30 - 48 - 100
60 - 5 43  89.6
Total — - - 93.7
Cross-validation fluorescence spectra
2 23 1 - 95.8
30 1 23 - 95.8
60 - 5 19 79.2
Total - - - 90.3

Inner layers Calibration fluorescence spectra

2 38 7 3 79.2
30 6 28 14 58.3
60 1 16 31 64.6
Total — - - 67.4
Cross-validation fluorescence spectra
2 19 2 3 79.2
30 8 10 6 41.7
60 2 6 16 66.7
Total - - - 62.5

% The number of cheese samples predicted from the model.
® The number of real cheese samples.

Indeed, only a slight discrimination of young cheeses (2 days
old) from those of 30 and 60 days old was observed. Cheeses
of 30 and 60 days ripening were confused on the map. This
was confirmed on the percentage of spectra correctly classi-
fied. Indeed, only 67.4% and 62.5% correct classification
was observed for the calibration and cross-validation spec-
tra, respectively. Misclassification was observed between
spectra recorded on cheeses of 2, 30 and 60 days old. The
obtained results show again that the 400640 nm emission
fluorescence spectra scanned after excitation wavelength
set at 380 nm cannot be considered as a valuable tool for
monitoring the oxidation process at the inner layers of the
investigated cheeses throughout ripening.

4. Conclusion

This study demonstrated that the 400—640 nm emission
fluorescence spectra recorded at the surface layers of
semi-hard cheeses (Raclette) following excitation set at
380 nm, produced during summer and autumn periods,
could be used as a useful probe for monitoring the oxida-
tion of cheeses throughout ripening. The oxidation process
seemed to be primarily affected by both oxygen and light
independently of the production season of cheeses. Indeed,
correct classification of 93.7% and 90.3% of the calibration
and cross-validation data sets, respectively was observed
for cheese samples cut at the surface layers and produced

during summer and winter periods. However, the 400-
640 nm emission spectra failed for monitoring oxidation
process in cheeses samples cut at the inner layers through-
out ripening. The validity of the obtained results still
remains to be tested on a larger set of samples covering a
more variety of cheeses.

Front-face fluorescence spectroscopy has the potential
to dramatically reduce analytical time and cost of tradi-
tional measurement used for the evaluation of light
induced oxidation. As the 400-640 nm emission fluores-
cence spectra are located in the visible range, its measure-
ment may be a valuable and cheap method based on
marketed laptop spectrofluorimeter running in the visible
range for monitoring the oxidation process of cheeses at
the surface layers throughout ripening.
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