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Fluorescence spectra of undiluted extra virgin olive oil obtained with the traditional setup (right-angle
fluorescence) show considerable artifacts and deformations due to self-absorption phenomena, even
when the spectra are corrected for inner filter effects. On the other side, front-face fluorescence spectra
are much less affected by self-absorption. Front-face fluorescence of native olive oil reveals the
presence of different fluorophores and can provide information about their amount. From the intense
emission at ca. 315—330 nm, it is possible to detect fluorescent polyphenols and pherols and to
evaluate their overall content. Low-intensity emission bands at 350—600 nm are correlated to vitamins
and other important molecules. Among them, the fluorescence of the riboflavin fluorophore can be
used to evaluate its concentration. The intense emission of chlorophyll derivatives, measured in the
640—800 nm spectral region, can provide information on their concentration.
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INTRODUCTION measurements on undiluted olive and other vegetable oils were
undertaken by exciting oil samples with the strong 365 nm
emission lines of an Hg lamp. The features of the spectra
reported raise doubts about the presence of experimental artifacts
related to massive absorption phenomena regarding both the
excitation light (primary inner filter effects) and the emission

Direct spectroscopic analysis of native oils is clearly more
convenient than method&<7) which require procedures such
as solubilization in solvents, extraction, and treatment with
chemicals. At the present, direct spectroscopic techniques in

the UV—vis spectral region have been scarcely employed in light (secondary inner filter effects)8). Probably, only the

the Investigation of edible vegetable O'IS.' In f_act, Buis .___emission band at 670680 nm, clearly due to chlorophyll-like
absorption spectroscopy has been used mainly with 1% solutions

o chromophores, is not strongly affected by such artifacts.
of oils In hydrocarbon §olvents, where the absorpance (ABS) Hence, the fluorescence of olive oil is not known. This is
can be _measured qntll the far-Uv region, providing some quite surprising as natural fluorophores, such as polyphenols
mformgmon on q“‘?"'ty' stat_e of preservanon, and possible (7, 12—14), vitamins 13, 15), and chlorophyll derivatives3(
ﬁlte;atfgg of the oil duet to |rtlr(1justr.|§1(ljlpr3(i/esses:[ Oln th? othe(; 16—19), are present in olive oil and their emission characteristics
and, measurements in the middle-LV Spectral region and ., ;14 pe important in both scientific research and technical and
direct fluorescence studies of oils are limited because of the commercial applications
typically very high light absorption in such spectral region, i.e., In thi s .
. . this study, we report the fluorescence spectra of native
from 10 up to 150 ABS units (AU), on passing from 325 to y b P

) ! . extra virgin olive oils obtained with a front-face (FF) fluores-
.260 nm. AIthoggh the ABS of olive oil samples here considered cence technique, which eliminates or strongly reduces the typical
is 2—12 AU in the same spectral region, i.e., much more

¢ t th for inst diluted ¢ . dartifacts of the ordinary RA measurements of high-absorbance
ransparent than, for instance, undiutéd peanut, maize, an samples. We will show the main classes of fluorescent molecules
sunflower oil, such absorbance is still by far too high for

- . o i in virgin olive oil and propose some methods to evaluate their
traditional vertical beam rlght-angle (RA) fluorescence Mea concentration. In addition, we will evidence peculiar spectral
surements. The latter require that the absorbance at the excitation., . .~ wteristics of olive and seeds oils.
wavelength is smaller than 0.1 and close to zero in the emission
spectral zone§) to measure a fluorescence intensity which is
proportional to the fluorophore concentration and to avoid self-
absorption effects. To the best of our knowledge, only two _ Materials. All solvents, of HPLC grade, were from Carlo Erba, Italy.
studies on the fluorescence of olive oils are reported. In the RBF (98% purity), 7,8-dimethyl-16-ribitol-1-yl-10H-benzofjpteridin-
first (3), diluted solutions of oils in acetone were investigated 24-dione; hydrocaffeic acid (HCA) (98%), 3,4-dihydroxyhydrocinnamic

to quantify the chlorophylls and pheophytins using a general acid; gallic acid (97%), 3,4,5-trihydroxybenzoic acid; syringic acid

: (98%), 4-hydroxy-3,5-dimethoxybenzoic acid; caffeic acid (97%), 3,4-
method §, 10). In the second studyL (), direct RA fluorescence dihydroxycinnamic acid; ferulic acid (99%rans-4-hydroxy-3-meth-

oxycinnamic acid; vanillic acid (97%), 4-hydroxy-3-methoxybenzoic
* Author to whom correspondence should be addressed. Phone: acid; and vitamin Eq-tocopherol (97%) were from Sigma-Aldrich Co.
+39-050-2219267. Fax:+39-050-2219260. E-mail: zando@dcci.unipi.it. ~ (Milano, Italy).
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Samples of extra virgin olive oil O1, an intensely green oil of photomultiplier and a photodiode, respectively. When necessary, a
southern Tuscany produced in December 2003, were provided by correction of emission spectra with,.< 400 nm to eliminate gratings
Oleificio Aldobrandeschi (Campagnatico, Grosseto, Italy); samples of “second order” effects has been introduced (next section).
oil 02, a green-yellow oil of northern Tuscany of identical age as O1,  cajculation of the Phantom Band in the Red Spectral Region.
were provided by S. Corti (Pisa). Oil O3, a green-yellow oil of Assisi, e recorded the FF emission spectra of a methanol solution of HCA
Umbria, similar in color to O2 but produced one year before 02, and (Jexe= 275, 280, and 290 nm; emission maxima at 315 and 630 nm)
oil O4 “Ligustro”, a tuscan oil of the same age as O3, were provided znd vanillic acid, fex= 280, 285, and 290 nm: emission maxima at
by A. Mattei (Carapelli spa, Florence). Edible maize, peanut, and 341 and at 680 nm) up to 800 nm. The bands at 630 and 680 nm were
sunflower oils were purchased in a store. The samples were stored inphantom bands due to the second-order transmission of the 315 and
the dark and at room temperature. 341 nm fluorescence bands, respectively, by the emission monochro-

Addition of Antioxidants and of Riboflavin to Olive Oil. Materials mator. Then, we calculated the rat{@1)/I(1) of the emission intensity,
to be added were first dissolved in solvents (vitamin E in hexane/ I, for each/k of the six spectra above, withvarying from 290 to 400
isopropy! alcohol (IPA) 2:1, ca. 15 mg/mL; gallic acid and HCA in nm. We used the mean value (standard deviation 3.2%, on the average)
ethanol, ca. 15 mg/mL; RBF, in DMSO or in IPA, ca. 10 or 5 mg/  of the six ratios, at each single as second-order transmission factors
mL). Progressive additions of negligible volumes (up ta29 ofthe  of the UV fluorescence to the red spectral region.
ab_ove $O|UtIOI’IS t9 sors mL' oil samples and. slow mixing _unt|| The second-order effect of the UV fluorescence in any oil emission
ur_1|form|ty of solutions was achieved led to the oil samples enriched spectrum at, for example, 630 nm is calculated by multiplying the
with the gdded sub;tancg. ) measured intensity at 315 nm for 0.384, i.e., the transmission factor

Extraction of Olive Oils. (a) Polyphenols: 2.5 mL of oil was  corresponding to 630 nm. Then, this value is subtracted from the
extracted with 3 mL of MeOH/LD, 4:1 v/v, three times. In each  mpeasured emission at 630 nm, obtaining the fluorescence at 630 nm,
extraction, phases were subjected to strong agitation for 1 h. Separationgee of the second-order reflections of the emission monochromator.
of the phases was carried out after 15 min of centrifugation at 5000 The transmission factor values are in the range between 0.550 (for

rpm. (b) Carotenoids: 3 mL of methanol was added to 2.5 mL of oil. - emjssions at 580 nm) and 0.102 (at 750 nm). Very similar transmission
After 1 h ofagitation, the methanol phase was recovered. The extraction 5ciors were obtained by using RA spectra.

was repeated five times. . Scattering and Fluorescence in Emission Spectr&Vhen we record
HPLC and Spectroscopic MeasurementsAn HPLC Jasco 880  he emission spectrum of a pure liquid sample completely transparent
Pu pump and a spectrophotometric Shimadzu SPD10A detector WErein the spectral region of interest, some light is always collected. This

used_, with 4.6 mmx 250 mm a S5 0DS2 Sphe_nsorb column. The effect is due both to stray light of the excitation monochromator and
mqblle phase C.:hCN/HZO/TFA in the V°'“.me ratios 200:40.0:1 Was 5 the incomplete rejection of the excitation photons by the emission
suitable fgr the_ |so_crat|c RP-HPLC separatlon Of.HCA’ caf_felc,_vanllllc, monochromator. The presence of insoluble material aggregates further
and ferulic acids in methanol ext_racts of 0|I_ with retention times of enhances this scattering effect. Since aggregates are generally present
about 9.5, 10.7, 11.5, and 16.8 min, respectively, at a flux of 0.5 mL/ in olive oils, our samples were subjected to centrifugation (5000 rpm

min at 30°C. For the RP-HPLC determination of RBF, the mobile RN S o :
] S ! for 20 min) in order to reduce turbidity to a minimum. This procedure
phase was MeOH/® 100:50 (v/v). The determination of the content revealed itself to be sufficiently effective and further procedures to

of lutein was made according to an RP-HPLC meth2@) (Standard . :
A A . . . reduce the scattering throughout optical means, for example, by the
solutions of pure lutein in methanol were obtained by semipreparative :
use of polarizers, were not undertaken.

HPLC from methanol extracts @ea maidlour; the lutein concentration
in them was determined by measuring the ABS at 445 arf#45)

=133 000 Mt cm. RESULTS AND DISCUSSION
A Cary 219 spectrophotometer was used for absorbance measure- o ) ]
ments. The ABS values reported refera 1 cm optical path. Suprasil Physics in Right-Angle and in Front-Face Fluorescence

cells, 0.2-10 mm optical path, were used for absorption measurements. Measurements.In the traditional RA technique, the excitation
Fluorescence spectra were recorded with an ISA Fluoromax Il beam propagates perpendicularly to the input window. The

photon-counting spectrofluorometer. The instrument was equipped for emission beam coming out from the center of the sample is

front-face measurements with a cell holder designed to accommodateanalyzed at 90 The measured emission at the excitation and

1-10 mm _opt_ical path spectrophotome_tric_ cell_s that could be oriented emission wavelengthssm (Aexs Aem), depends on the light

at various incidence angles, of the excitation light beam,"0= a. < absorbed in both the excitation and emission paths through the

90°. With a = 31°, the light signal due to scattering and stray light ; ) ;
from pure liquids (water, methanol, hexane, IPA, and DMSO) was tsr?emg(;i:t?gg_rdmg to Lambert and Beer's law, as described by

minimized, meanwhile avoiding any reflection of the excitation beam
by the cell window and by the underlying liquid surface of the sample
into the emission monochromator. The emission was observed at 90 En(lexe Aem) = KF(Aeya Aem) 10 (ABSUexd tABS(em)0.5 Q)
to the incident beam, i.e., 3Wwith respect to the illuminated cell surface.

This surface was in the optical focus of the exciting beam. All the

surfaces of the cell holder were black. Where 0.5 cm is the typical light patt(lexg Aem) IS the

A 5 mm x 10 mm optical path suprasil cell was used in FF quoresc_ence measu_red_ at a very low ABS of the §0Iutlon,
fluorometry; a 10 mmx 10 mm suprasil cell was used for RA and K, IS a n,ormal'zat'on constant. Here, W? define the
fluorometry. Spectral bandwidths of 0.25 (or 0.5) and 6 nm for the 10#8SVed A8SUen)05 factor as the “ABS correction factor”.
excitation and the emission slits, respectively, were employed for the Equation 1, which is valid approximately up to €.5.0 AU,
emissions excited dftyxc = 400 nm, in particular, for the fluorescence  depending on the optics of the fluoromet@1), allows the
of chlorophyll pigments. The excitation and the emission slits were determination ofF(lexgdem) through the use of the ABS
1.5and 3 nm, respectively, fdky. < 400 nm, mainly for the emission correction factor and the experimenﬁ(lexc; /'{en.b

of other fluorophores. The integration time was 05 s, and the The setup of FF fluorescence measurements needs the same

wavelength increment during spectrum scanning was 2 nm. In these . . ; . . -
experimental conditions, spectra with satisfactory intensity, resolution, window for input and output lights. With highly absorbing

and signal-to-noise ratios were recorded, while the substrate photolysisS@mples, the layers next to the sample surface are, at the same
was negligible. time, the ones that absorb more input light and the ones from

The intensity of the spectra was determined as the ratio of the Which the fluorescence is collected to the emission monochro-
emission signalS (counts per second), to the intensity of light from  mator with the minimum path inside the sample. Hence, these
the excitation monochromatoR (mV), measured by means of a fluorescence rays are simultaneously the most intensively
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Figure 1. FF Fluorescence spectra of RBF solution in DMSO (0.0159;

0.0318; 0.0630; 0.127; 0.254; 0.382; 0.764 mg/mL) with Ae,c = 470 nm.
The curve corresponding to 1.27 mg/mL overlaps the 0.764 one, and it
is not shown. Spectra are reported after subtracting the DMSO emission
spectrum. In the box inset, the integrals, from 500 to 700 nm, of the
above spectra are reported vs the ABS. The solid line fits the experimental
data according to eq 2 (o« = 5.85 10%%;, 3 = 0,28; y = 0,95).
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Figure 2. Fluorescence spectra of vitamin E dissolved in MeOH with
Aexe = 285 nm. (a) FF spectrum of a solution with ABS = 0.093 AU; (b)
FF spectrum of a concentrated solution with ABS = 9.4 AU. The spectrum
intensity is divided by 10 for comparison purposes; (c) RA spectrum of a
solution with ABS = 0.078 AU.
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(Aexd reported in the inset dfigure 1 can be described by the
equation:

| = o (1 — ye PABSled) )

where o, 8, and y are parameters depending both on the
fluorophore and on the fluorometer features. It is worthwhile
to point out that the FF fluorescence spectra of RBF in solutions
up to 15 AU are shaped as the reliable fluorescence spectra
obtained with a RA setup at low absorbance (AB&J < 0.1

AU) in the same solvent. A similar behavior was observed for
the solutions of vitamin E in methanol, although the asymptotic
behavior was detected at lower absorbances (ABS(> 2.5

AU). Figure 2c shows the RA fluorescence spectrum of a
vitamin E solution with ABS{exg = 0.078 that is in the range

of a linear dependence of the fluorescence intensity on the
absorbance. The corresponding FF spectrum (Figure 2a) showed
an intensity about 1.6 times lower than that of the RA spectrum
(Figure 2c). When the ABS is very high, ca. 9.4 AU, an FF
spectrum 10-fold more intense than the RA one, but with a very
similar band-shape, was obtained (Figure 2b).

From the above experiments, some conclusions can be drawn.
(i) The FF spectra, measured with ABS() up to 10 AU, are
very similar to the “ideal” ones, i.e., the RA spectra measured
at very low ABS{exd. (ii) The intensity of the FF spectra
depends exponentially on the fluorophore concentration, as
described by eq 2. (iii) The asymptotic behavior, i.e., the value
of ABS(Jex9 at which the fluorescence intensity becomes
constant with increasing absorbances, depends on the fluoro-
phore.

In the presence of two or more fluorophores, as in the olive
oil samples, we expect that the fluorescence intensity is linear
with the concentration of the respective fluorophores only at
those excitation wavelengths, where the absorption of all
fluorophores is relatively low. When this is not the case, we

produced and the least absorbed. The layers located deeper ishould observe that the overall spectrum is deformed and that
the sample, in which the excitation light is weak, are also those the contribution to the fluorescence becomes independent from
whose fluorescence may be extinguished by self-absorptionthe fluorophore concentration.

because of the large path inside the sample. From these Direct Fluorescence of Oils: Right Angle Emission. Figure
considerations, we deduce that these absorption events affecB presents the fluorescence spectra of olive oil O2, obtained

the FF spectra less than the traditional RA or#d9.(However,

with the traditional RA technigue. The excitation wavelengths

these suppositions have to be validated experimentally since itare in the region 288450 nm, where the ABS of the ail is
does not take into account experimental aspects, such asigh, and in the visible region, 56650 nm, where the ABS
incidence angle, convergence degree of the excitation beam,s much lower Figure 4a). In Figure 4b, the ABS spectrum
geometry of the light-collecting optics, positioning of the sample of a maize oil solution im-hexane is reported for comparison
(21 and reference$4—60 cited therein ), which can deeply with the extra virgin olive oil. The absorption spectra of

affect the measurements.
RA and FF Emission Spectra of Test Fluorophores at
High Concentration. To verify how the intrinsic properties of

sunflower and peanut oils are similar in shape and in intensity
to the maize spectrum fdr >250 nm.
Focusing on the 306600 nm region, the emission spectra

the fluorometer (optics and measurement devices) affect theof an olive oil with Aexe= 320 and 350 nm resemble those
measurements, we determined the fluorescence of two pure tespreviously reported (11), withexc = 365 nm, at least for the
fluorophores using the FF technique in conditions of medium- position of the minima and maxima. For example, the spectrum
to-high ABS and the RA technique in the low-ABS limit measured withlexc =320 nm EFigure 5d) for wavelengths up
(Figures 1and?2), under otherwise equal spectroscopic condi- to 500 nm, shows peak maxima at 385, 439, and 470 nm and
tions, i.e., slits and integration time. We investigated two test minima at 415, 453, and 480 nm. These minima correspond
fluorophores whose spectra cover the probable spectral rangealmost exactly to the absorption peaks centered at 417, 455,
for olive oil emissions, namely vitamin E, with an absorption and 482 nm of the oil absorption spectrumFigure 4a. This
band in the 256310 nm spectral region and emission in the correspondence indicates the presence of fluorescence self-
300—450 nm region, and RBF that absorbs light up to 500 nm, absorption, whose magnitude, however, cannot be quantified
with an emission in the visible region from 500 up to 700 nm. unless the “true” fluorescence is measured. The “true” fluores-
Figure 1 shows the FF fluorescence curves of RBF at cence can be defined as the fluorescence measured in a
different values of ABS(d), obtained at different concentra-  sufficiently dilute solution in an ideal solvent, which does not
tions of RBF in DMSO. The fluorescence spectra approach a affect the fluorescence properties of oil. Since the ABS of the
limiting band for ABS{exd larger than 15 AU. The integrdl, oil in the excitation and emission regions is quite high, we
of the fluorescence intensity in the emission range versus ABS- applied the correction for inner filter effects due to the absorption
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Figure 3. (A) RA fluorescence spectra of the extra virgin olive oil O2 where Aey is (&) 350 nm; (b) 320 nm; (c) 380 nm; (d) 410 nm; (e) 300 nm; (f) 280
nm; B) (a) 580 nm; (b) 550 nm; (c) 510 nm; (d) 620 nm; (e) 530 nm. The excitation and emission bandwidths are 1.5 and 3 nm, respectively.
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is muliplied by 100. FF spectrum second-order corrected; (d) RA spectrum.
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Figure 5. Emission spectra pf olive oil 02 _W'th Aexc = 320 nm. (a) FF spectrum; (b) RA spectrum with ABS correction and multiplied by 10; (c)
spectrum; (b) RA spectrum with ABS correction; (c) ABS spectrum of the -
. L : ) RA spectrum multiplied by 10.
oil multiplied by 10; (d) RA spectrum without ABS correction.
8 _
both of the excitation and the fluorescent radiation, eq 1. The 1.2x10
corrected spectrum is shown iRigure 5b. We note, a
wavelength-dependent intensification of the spectrum, such that 8.0x107f
the minima in the uncorrected spectrum become maxima in the ‘g |
corrected one and vice versa. This behavior is due to the high | '
value of the ABS correction factor and its rapid variations in G ac b
the 375—525 nm range where the correction factor acts on the b‘/' AN
very low values qf the emission llntensny. !n contrast, in the oo 500 6o 700 o0
525—640 nm region, the correction factor is almost constant Al om

and about 2 orders of magnitude lower than at shorter Fioure 8. Emissi 1 of olive oil 02 with Z.. = 350 nm- (@) (—

wavelengths. The FF emission spectrum of olive oil O2 is gure ©. m|55|on spectra of ollve off Lz With Aecc T, (a)_( )
A I . FF spectrum; (b) (- - -) RA spectrum and (c) (~O-) RA spectrum obtained

reported inFigure 5a for a preliminary comparison between b Wing the ABS i

RA and FF spectra with regard to their band shape, which is y applying the correction.

the only meaningful feature to take into account. The curves

have been normalized to the same values in the lowestbut has no meaning. Instead, at the red endrigiire 6d, a

absorption spectral zone, 550—600 nm, where the correctionsband due to chlorophyll-type chromophores appears, with a

for inner filter effects are less dramatic. maximum at 679 nm that shifts to 675 nm after ABS correction

Figure 6d reports the measured RA emission withy. = (Figure 6b).

280 nm, a wavelength at which the ABS of the oil is about 12 Figures 7 and 8 show the RA emissions, withexc = 300

AU. In this case, the intensity of the signal up to 500 nm, curve and 350 nm, respectively. These spectra resemble the emission

d, is extremely low~10-2 times the FF signal, cuna constant spectra withlexc = 280 and 320 nm already analyzedHigures

and of the order of magnitude of the noise. Such experimental 6 and5, respectively, with the difference being that, wikc

data generate, after correction for the absorption, a spectrum,= 350 nm, the RA-corrected spectrurhidure 8c) is more

curveb, which is about proportional to the absorption spectrum similar to the one measured with the FF technique both in the



Fluorescence of Vegetable Oils: Olive Oils J. Agric. Food Chem., Vol. 53, No. 3, 2005 763

350—-500 nm and in the chlorophyll spectral region. In fact, different solventsn-hexane and methanol, but otherwise with
the minimum at 360 nm of the ABS spectrum of olive oil is identical experimental conditions and similar ARS(), show
close todexc = 350 nm, where ABSx 1.45 AU. Thus, the a significant dependence of quantum yield and Stokes shift on
information contained in this RA spectrum is sufficient to the nature of the solvent (Figure 9A, B). Passing from methanol
provide, once the correction for the absorbance has been appliedio hexane, vanillic acid has an30% higher fluorescence yield
a band-shape approximately similar to the FF spectrum, which and an~10 nm blue-shifted emission. In contrast, the fluores-
we assume as the correct one (see below). cence quantum yield of HCA is 6-fold higher in methanol than
Since the fluorescence spectra of Kyriakidis and Skarkalis in hexane, and the Stokes shift of fluorescence reduces to 3 or
(11) have been obtained with 365 nm excitation, i.e., close to 4 nm on passing from hexane to methanol. This solvent
the minimum of the absorbance of extra virgin olive oils, we dependence of the quantum yield may even be higher for other
think that spectra much more reliable than those published couldacid polyphenols. We found that the fluorescence of syringic
be obtained by applying the absorbance correction, eq 1. acid is one fifteenth less intense in methanol than in a 2:1 (v/v)
In any case, it is clear that the intensification of the mixture of hexane and IPA. The maximum is at 352 nm, around
fluorescence, observed after oxidative heating of greek olive 7 nm red-shifted with respect to the fluorescence in hexane
oils (11), is due to the lowering of the self-absorption of IPA.The above three phenol derivatives are known to be typical
emission consequent to the lowering of the absorbance in thecomponents of the antioxidant pool of olive oils, and the
region of carotenoids, which are partially destroyed by the antithetic behavior of their fluorescence with solvents illustrates
oxidative thermal treatment (22). well the difficulty to determine the influence of the solvent on

With regard to of chlorophyll chromophores fluorescence, the fluorescence of olive oil. In addition, as fluorescence might
pheophytins are known to emit approximately at 670 nm, P€ very sensitive to interactions between fluorophores, chro-
depending on the solven®,(3). We observed in all the RA ~ Mophores, and quenchers through a number of mechanisms, the
and FF spectrakigures 3,5, 6, 7, and8, a strong band in the ~ existence of any solvent able to dilute the oil sample without
640—780 nm region. This emission band differs in the RA and 2ltering its emissive properties is questionable. Thus, on the
FF spectra both in intensity and in the position of its maximum, basis of (i) the agreement between FF spectra and the ABS
at 679 nm in the RA spectra and at 675 nm in the FF and in the corrected RA spectra at ex= 350 nm, in relatively low-
ABS corrected RA spectra, thus indicating that 675 nm is the @bsorbance condition, (i) the greater reliability of FF with
right wavelength for the emission maximum. respect to RA spectra, as discussed in the section “Physics in

Finally, it is worth noticing the agreement, in the measured RA and FF Fluorescence Measurements®, and (iii) the strict

range, between the FF and the corrected RA spectra, when sim_ilarity between RA spectra at !ow-concentration and FF
= 350 nm,Figure 8. emission spectra at high concentrations of test fluorophores, we

Direct Fluorescence of Oils: Front-Face emission. Figures S‘ISOSSuem?)r;[ggt ma?ﬁsgtrs Clr?lse(?,fstootfh?hetm;,: f![:(éﬁs;cigcivaze
5—8 show the FF emission spectra together with the corre- Y q

sponding RA spectra. Besides the chlorophyll region, significant corrections for second-order eff?‘?ts' )
differences in the number, shape, intensity, and position of the Neéar-UV Fluorescence. Addition and Subtraction of
bands in RA and FF spectra are evident. A very intense bandAr_ltl_omdants to Olive Oils. We attempted to charac_terlze the
centered at about 325 nm, absent in the RA spectra, appears irpngln_of the FF fluorescence bands of our olive c_)ll samples.
the FF spectra withe. = 280 and 300 nmEigures 6and?7, The highest-energy band center_ed at ca. 325 nm is mainly due
respectively, while the sharply structured emission of the RA {0 polyphenols whose concentration may exceed 1000 @@ (
spectra in the 409600 nm range is replaced by a large, almost Most of these compounds are fluor_escent sups’gances which
unstructured, and more intense emission in the FF spectra. Afterabsorb in the 260310 nm spectral region and emit in the near-
ABS correction, the RA spectrunfigure 8c) with de. = 350 UV region with bands centered at 310—370 nm, as it is shown
nm approaches the FF onigure 8a), as previously noticed. N the cases of vanillic acidzigure 9A, and HCA,Figure 9B.

The FF spectra atexc = 280 nm Figure 6a) and 300 nm Figure 10 reports four FF emission spectra of olive oil O2
(Figure 7a) display an emission atldci.e., at 560 and 600  (excitation in the range 275—300 nm) and two FF excitation
nm, respectively. This emission is an instrumental artifact due Spectra (4= 315 and 325 nm). The latter spectra have
to the scattered excitation light at 280 or 300 nm that partially overlapping bands with maxima at 290 and 296 nm, respectively.
passes through the emission monochromator as reticule secondThe position of these maxima, as well as of the emission maxima
order reflection. In addition, part of the fluorescent light, around 325 nm, rules out that the emission observed in the 320
centered at ca. 325 nm, goes through the emission reticule as 830 nm range is due to trace amounts of aromatic residues of
second-order band centered at 650 nm, overlapping with theproteins in the O2 oil. Upon addition of known amounts of one
chlorophyll emission light. It is possible to calculate the intensity Of the three phenol derivatives, HCA, vitamin E, and gallic acid,
of this “phantom” band at 650 nm and subtract it from the FF to four extra virgin olive oils, the fluorescence in the above
spectrum (see the section “Calculation of the Phantom Band”). UV spectral zone becomes more intense. The resulting spectra
The single case ofe,= 280 nm is also reported iRigure 6a, are shown inFigure 11 A-D together with the curves
¢ which evidences the correction effects and the consequentcorresponding to the difference between the emission of each
emerging of the fluorescence band of pheophytins with maxi- sample after and before fluorophore additions. These difference
mum at 675 nm. spectra are to be considered the fluorescence spectra of HCA,

It is still to be demonstrated that the FF spectra are similar vitamin E, and gallic acid dissolved in the olive oil as a solvent.
to the true fluorescence spectra of olive oil. This is a difficult Fluorescence increase agiasi-proportional to the increase
task to assess since we are able to compare the FF spectra onlgf the concentration of each antioxidant in all the oils studied.
with traditional RA ones obtained in sufficiently diluted oil  Vitamin E emits in the same spectral region of the oil; therefore,
samples. Unfortunately, even the choice of the solvent is critical. we can express the antioxidant’s overall content in oil in terms
For example, we found that the emission spectra of two phenol of the vitamin E concentration which is able to reproduce the
derivatives, such as vanillic and hydrocaffeic acid in two observed 325 nm fluorescence band of the native oil. For



764 J. Agric. Food Chem., Vol. 53, No. 3, 2005 Zandomeneghi et al.

8.0x10’ 3x10°
7 > i
%6.0x10 B 2x10°%F )
f =4 (0] .
24.0x10’ E :
, 1x10°
2.0x10
250 300 350 400 450 250 300 350 400 450
Al nm A/l nm

Figure 9. (A) RA excitation spectra of HCA (Aem = 315 nm): (a) MeOH, (b) n-hexane. RA emission spectra of HCA (Aexe = 285 nm): (c) MeOH, (d)
n-hexane. (B) RA excitation spectra of vanillic acid (1em = 325 nm): (a) MeOH, (b) n-hexane. RA emission spectra of vanillic acid (Aexe = 285 nm):
(c) MeOH, (d) n-hexane.
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Figure 10. FF Fluorescence excitation and emission spectra of olive oil
02: (@) Aem = 315 nm; (b) Aem = 325 nNm; (C) Aexe = 275 nm; (d) A exc
= 280 nm; (€) Aexc = 300 nm; () Aexe = 290 nm.
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. o Figure 11. FF Fluorescence emission spectra (A) Olive oil: 02;
example, we found that the fluorescence, with excitation at 295 chromophore: gallic acid 0.018-0.073 mg/mL added; 4 o = 280 nm.

nm, corresponds to ca. 6¢y/g of vitamin E in the oil O3, () gjive oil: 03; chromophore: HCA 0.095-0.37 mg/mL added; Ao, =
while for oil O1, the concentration was 86@/g by applying g5 ym. (c) Olive oil: O4; chromophore: vitamin E 0.088-0.35 mg/mL
the method used for RBF determination in cereal flo@#)( added; A = 295 nm. (D) Olive oil: OZ1; chromophore: vitamin E 0.079—
Finally, a sample of O2 oil was extracted with a methanol ¢ 53 mg/mL added; /e, = 295 nm. ‘' lines: spectra of native oils. Solid
water mixture. The FF emission spectra of the extracted oil, jines; from b’ to top, spectra correspond to increasing amounts of added
under 270—300 nm excitations, showed a reduction of the fiyorophore. Dashed lines: differences between added and native ol
intensity of the 325 nm band larger than 50%. The aqueous gpecira,
MeOH phase had a strong emission band in the same spectral

zone, and HPLC analysis of this solution revealed the presence 8.0x10"T
of antioxidants. Thus, a subtractive technique confirmed the
origin of the 325 nm fluorescence band of oils. 6.0x10°f
Near-UV—Vis Fluorescence. The Riboflavin CaseAs >
shown inFigures 5—8, low-intensity FF fluorescence bands g 4.0x10°f
are found in the 350—600 nm emission spectral rangélf@r = ,
= 280, 300, 320, and 350 nm. It is difficult to assign these 2.0x10°T
bands because many endogenous molecules fluoresce in the A
350-600 nm spectral range. For example, pyridoxine and some 450 500 600 700 800
of its derivatives have fluorescence maxima in the -3885 A/nm

nm region under 280—350 nm excitation, meanwhile vitamins Figure 12. FF fluorescence spectra of oil 02, Aex, = 450 nm. (a) the
A, K, and D fluoresce in the 486510 nm range (336390 nm native oil; (b—d) oil added with amounts of RBF varying from 0.0022 to
excitation), NADH and NADPH at 446464 nm (290-350 nm 0.0087 mg/mL. The baseline, considered to calculate the fluorescence
excitation), and finally, FAD and flavins emit in the 52635 band area, is represented by the two-arrow segment.
nm region, withlexc between 250 and 480 nm (25).
In the emission spectra of olive oils, a weak emission centered data regarding the presence of RBF in olive oils have been
at 524 nm is detectedr{gure 12a). The shape of this weak reported up to now.
band does not change on varying the excitation wavelength from  Carotenoids are present in olive oil with a relatively high
400 to 480 nm. This emission likely is due to vitamin B2 or concentration. For instance, after exhaustive extraction with
some of the chemically correlated molecules, FAD and FMN. methanol, the concentration of lutein in our O2 oil was found
Moreover, on addition of RBF in IPA to the olive oil 02, the to be 9.4ug/g. Carotenoids strongly compete for incident light
524 nm fluorescence band increases almost proportionally towith other chromophores present in oil due to their concentration
the added RBF (Figure 12b—d). and high extinction coefficient, which is of the order of510
By evaluating the area of the “native” fluorescence band and M~ cm ~1 in the violet zone. Consequently, it is probable that
taking into account the increases of fluorescence (24) due tocarotenoids cause the observed low intensity of the emission
the added RBF (Figure J2we calculated that the concentration of RBF. In fact, RBF is characterized by a low concentration
of RBF in the oil O2 is 0.9ug/g. This quantity agrees well and an extinction coefficient of an order of magnitude smaller
with the reported values of vitamin B2 in olive pulp5). No than lutein, in the 430—480 nm range.
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Figure 13. FF Fluorescence excitation spectra of olive oil 02 with (a)

Aem = 670 nm; (b) Aem = 650 nm. Emission spectra with: (C) Aexc = 440
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Figure 14. FF Emission spectra of olive oils with Aexe = 280 nm. (a) oil
03; (b) oil 02; (c) oil O1. The spectra are corrected for second-order

nm; (d) dexc = 460 nm; (€) Aexe = 470 nm; (f) Aexe = 480 nm. effects.

Red to Near-IR Fluorescence. PheophytinsPheophytin 2.0010°
emission bands, in the 640—800 nm range, absorb light almost
at any wavelength shorter than 710 nm. Hence, all the oil
emission spectra have some contribution from these fluoro-
phores. The extent of such a contribution depends on the ABS
of the pheophytins relative to the ABS, at the sainef the
other chromophores present. Thus, intense emission is collected
under excitation in the near-UV and visible regions, where the 0.0 , /A= »
absorption of competing-for-light absorbers gradually vanishes 300 400 500 600 700 800

on increasing the wavelength. Alnm

At least two distinct pheophytin chromophores with different Figure 15. FF Emission spectra of olive oils with Aex; =300 nm. (@) oil
absorption and emission spectra can be easily detected in theéd3; (b) oil 02; (c) oil O1. The spectra are corrected for second-order
excitation and emission spectra. The emission spectaure effects.
13c—fobtained on varyingex. from 440 up to 480 nm, show
clearly two bands, the first-one centered at 652 nm and the
second at about 675 nm. On increasiag, starting from 440
nm, the emission band at 652 nm gradually emerges until, with
Aexc = 460 nm, its intensity becomes equal to the 675 nm band.
At higher lexe, the 652 nm band decreases until it becomes a
small contribution, fordexc = 480 nm, Figure 13c. The FF
excitation spectra ofigure 13a, bconfirm the presence of at
least two chromophores. On the basis of literature datane
attribute the 652 nm fluorescence band to pheophytin-b and the
675 nm band to pheophytin-a. Their concentration, in olive oils,
is up to 3 and 55 ppm, respectivel§)(

Finally, we note that both fluorescence emission and excita-
tion spectra allow us to evaluate the concentrations of the two Wavelengths: (@) dec =320 nm; (b) 4 e= 350 nm; (C) Zexc = 385 nm;
pheophytin fluorophores with an analysis of spectra of native (@) 4ec =400 nm; (€) Zec = 430 nm. Spectral bandwidths were 1.5 and
oils similar to that described by Galeano Di&) {or acetone- 3 M for excitation and emission, respectively.
diluted oils.

Fluorescence of Different Olive Oils.The emission spectra Fluorescence of Edible Seed Oildt is also interesting to
With Zexc = 280 or 300 nm of O1, O2, and O3, olive oils which  present the FF fluorescence spectra of two common seed oils,
differ in origin, cultivar, and age, are comparedFigures 14 namely peanut and sunflower offiGure 16) and to compare
and 15. The higher content of chlorophyll pigments in Ol is them to the spectra of olive oil. As for olive oils, we took into
well depicted by the fluorescence band at 675 nm in both account only the seed oil FF fluorescence spectra hdth=
figures; with exc = 300 nm, the same oil shows a higher 320, 350, 385, 400, and 430 nm, corresponding to ABY(
intensity fluorescence also in the antioxidants’ spectral zone. < 12 AU. These spectra look quite different from the ones of
In contrast, the fluorescence withx. = 280 nm reveals that  olive oils. In particular, on varying the excitation wavelength
the oldest oil, O3, has an higher content of the shorter- in the above spectral region, we observe fluorescence bands
wavelength absorbing and emitting fluorophores of the anti- with maxima in the range 466600 nm and from 2- to 6-fold
oxidants’ zone. Somehow less remarkable, but still well-defined, higher intensity than the olive oil bands in the same spectral
differences among the three oils are found also in the spectralregion (Figures 58). In addition, the bands of olive and seed
zone between antioxidants and pheophytins. oils differ clearly in shape. The emission bands of sunflower

We think that it is possible to use fluorescence spectra to oil that result are less intense than peanut oil bands atkagh
characterize an olive oil of a definite age, geographical origin, and the ratio of the intensities for the bands of the two seed
and cultivar, an important task pursued with high-fitHINMR oils is almost constant at all thé.x. Interestingly, a weak
analysis of minor volatile component®f) or with HS-SPME/ emission band, centered at about 666 nm in the spectrum of
GC-Ms analysis of volatile components (27) in extra virgin olive sunflower oil, reveals the presence of fluorescent chlorophyll
oils. In our case, fluorescent substance content would be usedderivatives. Such a band is undetectable in peanut oil. A more
for characterization purposes. detailed analysis of these spectra, to discover the origin of the
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Figure 16. FF Fluorescence emission spectra of peanut oil (solid lines)
and a sunflower oil (dashed lines). Spectra were recorded at the excitation
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observed bands, however, is beyond the scope of the present(14) Gutiérrez-Rosales, F.; Rios, J. J.; Gomez-Rey, L. Main poly-

work.

ABBREVIATIONS USED

UV—vis, ultraviolet-visible; AU, absorbance unit; RA, right-
angle; ABS, absorbance; FF, front-face; RBF, riboflavin; IPA,
isopropyl alcohol; DMSO, dimethyl sulfoxide; HCA, hydro-
caffeic acid; TFA, trifluoroacetic acid; FAD, flavin adenin
dinucleotide.

ACKNOWLEDGMENT

A. Mattei, Istituto Nutrizionale Carapelli, Carapelli spa Florence,
is gratefully acknowledged for interesting discussions.

LITERATURE CITED

(1) Official Methods and Recommended Practices of the AGES

ed.; American Oil Chemists’ Society: Champaign, IL, 1998;

Sect. A,C, H, T.

COMMISSION REGULATION (EEC) No. 2568/91 of 11 July

1991 and later modifications on the characteristics of olive oil

and olive-residue oil and on the relevant methods of analysis]

Off. J. Eur. Communities248, 1—82.

Galeano Diaz, T.; Duran Meras, |.; Correa, C. A.; Roldan, B.;

Rodriguez Caceres, M. |. Simultaneous fluorometric determi-

nation of chlorophyllsa andb and pheophytina andb in olive

oil by partial least-squares calibratiod. Agric. Food Chem.

2003,51, 6934—-6940.

Carrapiso, A. |.; Garcia, C. Development in lipid analysis: Some

new extraction techniques and in situ transesterificatigids

2000,35, 1167-1177.

(5) Panagiotopoulou, P. M.; Tsimidou, M. Solid-phase extraction:

applications to the chromatographic analysis of vegetable oils

and fats.Grasas Aceite2002,53, 84-95.

Cao, X.; Ito, Y. Supercritical fluid extraction of grape seed oil

and subsequent separation of free fatty acids by high-speed

counter-current chromatographl.Chromatogr. A22003,1021,

117-124.

Montedoro, G. F.; Servili, M.; Baldioli, M.; Miniati, E. Simple

and hydrolyzable phenolic compounds in virgin olive oil. 1. Their

extraction separation, and quantitative and semiquantitative

evaluation by HPLCJ. Agric. Food Chem1992,40, 1571—

1576.

Lakowicz, J. R. Instrumentation for Fluorescence Spectroscopy.

In Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer

Academic/Plenum Publishers: New York, 1999; pp 25—60.

Moberg, L.; Robertsson, G.; Karlberg, B. Spectrofluorimetric

determination of chlorophylls and pheopigments using parallel

factor analysisTalanta2001,54, 161—170.

Moberg, L.; Karlberg, B. Validation of a multivariate calibration

method for the determination of chlorophgllb andc and their

corresponding pheopigmengsal. Chim. Act&2001,450, 143—

153.

Kyriakidis, N. B.; Skarkalis, P. Fluorescence Spectra Measure-

ment of Olive Oil and Other Vegetable Oils. AOAC Int.200Q

83, 1435—1439.

(12) Angerosa, F.; d'Alessandro, N.; Corana, F.; Mellerio, G.
Characterization of phenolic and secoiridoid aglycons present

@)

®)

4

=

(6)

@)

®)

9)

(10

(11

phenols in the bitter taste of virgin olive oil. Structural confirma-
tion by on-line high-performance liquid chromatography electro-
spray ionization mass spectrometly Agric. Food Chem2003

51, 6021—-6025.

(15) Tous, J.; Ferguson, L. Mediterranean fruitsPhogress in new
crops.Janick, J., Ed.; ASHS Press: Arlington, VA, 1996; pp
416—430.

(16) Psomiadou, E.; Tsimidou, M. Simultaneous HPLC determination
to tocopherols, carotenoids and chlorophylls for monitoring their
effect on virgin olive oil oxidationJ. Agric. Food Chem1998,

46, 5132—5138.

(A7) Minguez, M. l.; Garrido, J. Composicion de clorofilas y
carotenoides durante el desarrollo y maduracion de los frutos
del olivo. Grasas Aceited4986,37, 337—342.

(18) Minguez, M. I.; Rejano, L. R.; Gandul, B.; Higinio, A.; Garrido,
J. Color pigment correlation in virgin olive oil. Am. Oil Chem.
Soc.1991,68, 332—336.

(19) Gutierrez-Rosales, F.; Garrido-Fernandez, J.; Gallardo-Guerrero,
L.; Gandul-Rojas, B.; Minguez-Mosquera, M. I. Action of
chlorophylls on the stability of virgin olive oill. Am. Oil Chem.
Soc.1992,69, 866—871.

(20) Pinzino, C.; Capocchi, A.; Galleschi, L.; Saviozzi, F.; Nanni,
B.; Zandomeneghi, M. Aging, Free Radicals, and Antioxidans
in Wheat Seeds]. Agric. Food Chem1999,47, 1333—1339.

(21) Lakowicz, J. R. Instrumentation for Fluorescence Spectroscopy.
In Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer
Academic/Plenum Publishers: New York, 1999; Chapter 2, pp
53—55.

(22) Kanasawud, P.; Crouzet, J. C. Mechanism of Formation of
Volatile Compounds by Thermal Degradation of Carotenoids in
Aqueous Medium. 13-Carotene Degradatiod. Agric. Food
Chem. 1990, 38, 237—243. Kanasawud, P.; Crouzet, J. C.
Mechanism of Formation of Volatile Compounds by Thermal
Degradation of Carotenoids in Aqueous Medium. 2. Lycopene
DegradationJ. Agric. Food Chem1990,38, 1238—1242.

(23) Visioli, F.; Galli, C. Olive oil phenols and their potential effects
on human healthl. Agric. Food Chem1998,46, 4292—4296.

(24) Zzandomeneghi, M.; Carbonaro, L.; Calucci, L.; Pinzino, C;

Galleschi, L.; Ghiringhelli, S. Direct Fluorometric Determination

of Fluorescent Substances in Powders: the Case of Riboflavin

in Cereal FloursJ. Agric. Food Chem2003,51, 2888—2895.

Ramanujam, N. Fluorescence spectroscopy in viv&neyclo-

pedia of Analytical Chemistry\Meyers, R. A., Ed.; John Wiley

and Sons Ltd.: Chichester, 2000; pp 20—56.

Sacchi, R.; Mannina, L.; Fiordiponti, P.; Barone, P.; Paolillo,

L.; Patumi, M.; Segre, A. L. Geographical classification of italian

extra virgin olive oils by high field 1H NMR spectroscopy.

Agric. Food Chem1998,46, 3947—3951.

Vichi, S.; Pizzale, L.; Conte, L. S.; Buxaderas, S.; Lopez-

Tamames, E. Solid-Phase Microextraction in the Analysis of

Virgin Olive Oil Volatile Fraction: Characterization of Virgin

Olive Oils from Two Distinct Geographical Areas of Northern

Italy. J. Agric. Food Chem2003,51, 6572—6577.

(25

~

26)

@7

~

in virgin oil by gaschromatography-chemical ionization mass Received for review July 27, 2004. Revised manuscript received

spectrometryJ. Chromatogr. A1996,736, 195—203.

(13) Baldioli, M.; Servili, M.; Perreti, G.; Montedoro, G. F. Anti-
oxidant activity of tocopherols and phenolic compounds of virgin
olive oil. J. Am. Oil Chem. Sod 996,73, 1589—1593.

November 16, 2004. Accepted November 22, 2004.

JF048742P



