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Resonance Raman Quantification of Nutritionally Important
Carotenoids in Fruits, Vegetables, and Their Juices in
Comparison to High-Pressure Liquid Chromatography Analysis
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A rapid nondestructive estimation of carotenoid levels in intact fruits and vegetables and their juices
could have great value when selecting nutritionally valuable crops for further propagation and
commercial use. Carotenoid levels of a variety of agricultural products and juices were measured
using resonance Raman spectroscopy and compared to levels determined by extraction and high-
pressure liquid chromatography. A strong correlation was observed between the two methods when
evaluating juices and when comparing different strains of intact tomatoes at the same stage of ripening.
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INTRODUCTION methyl bends with associated Raman peak positions at 1525,

Many dietary fruits and vegetables are excellent sources of 1159, and 1008 cr, respectively (11). -
carotenoids such gicarotene, lycopene, zeaxanthin, and lutein  Y/& have used resonance Raman spectroscopy as a sensitive
(1), nutrients that may play critical roles in the prevention of @nd specific method for the noninvasive quantitative measure-
important human diseases such as cancer, cardiovascular diseadB€Nt of carotenoids in a variety of living human tissues such
(2—4), and age-related macular degeneratic). (Recent as the retina, skin, and oral mucosa (12—14): Althoqgh much
epidemiological and animal studies suggest a direct relationshipmM°'® Work needs to be done, these studies indicate that
between a high dietary intake of carotenoids from fruits and c&rotenoid resonance Raman spectroscopy might be a useful
vegetables and a decreased risk of these disoréef®.(To technlque for the early detection of |nd_|V|duaIs who may t_>e et
enhance agricultural and commercial production of products rich "SK for age-related macular degeneration or cancer later in life
in carotenoids and to guide consumer choices of “healthy” fruits, (13,15, 1(,5)' We have also used our Raman |nstrumeqtat|on fo.r
vegetables, and juices, it is essential to develop rapid and reliablethe quantltat|ve_ assessment of carotenoids produced in bacterial
techniques to measure carotenoid levels. Currently, the mostculture (17). Likewise, other researchers have reported that
commonly used method to perform this screening is to bring €Sonance Raman spectroscopy can be used to record.caroten0|d
the fruits and vegetables back to the laboratory for extraction SPectra from intact plant samples, but these studies have
and high-pressure liquid chromatography (HPLC) analygsis (  9enerally been qualitative in nature (18—21).

10), a very cumbersome, time-consuming, and expensive Carotenoid molecules are strong Raman scatterers; thus,
process. nondestructive resonance Raman spectroscopy could be an

Among various rapid detection technologies reported for extremely valuable blotechnolog|cql method for the rap|d'
carotenoid detection from intact fruits, resonance Raman duantitative assessment of carotenoids. We report here a rapid
spectroscopy holds promise. Raman detection allows one to use*¢"€ening method of carotenoid quantitation be_lsed on resonance
the strong and broad absorption bands of carotenoid molecules@Man spectroscopy that could be used on intact agricultural
for resonant excitation in the fluorescence-free, longer wave- Products in the field or to continuously monitor juices during
length spectral range at 488 nm for sensitive detection of the Processing, and we compare the values obtaujed with carotenoid
molecule’s highly specific Raman response. The response islevels assessed by HPLC. A strong correlatlc_)n was observed
characterized by three strong, high-frequency, Stokes-shiftedP€tween the two methods when evaluating juices and when
signals originating from carbercarbon double-bond and single-  comparing different strains of intact tomatoes at the same stage
bond stretches of the molecule’s polyene backbone and from ©f ripening.
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Table 1. Fruits and Vegetables Selected for the Studies

fruits and vegetables (includes juices) main carotenoids major potential utility ref
tomato (Lycopersicon esculentum) lycopene, 3-carotene, lutein anti-prostate cancer 3
carrot (Daucus carota) [-carotene, a-carotene against many types of cancer, provitamin A supplement 2
orange (Citrus sinensis) [-carotene,3-cryptoxanthin, lutein, o-carotene anti-colon cancer 24
spinach (Spinacia oleracea) lutein, zeaxanthin, 5-carotene against age-related macular degeneration 5
black grapes (Vitis vinifera) p-carotene, lutein, a-carotene provitamin A supplement, antioxidants 2
a diverse range of qualitative and quantitative levels of different [ )
carotenoids. These are listed Table 1. Nt

Standard Solutions. Stock solutions of carotenoid standards used
in the study [$-carotene and lycopene (Sigma, St. Louis, MO),
zeaxanthin (Hoffmann LaRoche, Basel, Switzerland), and lutein (Kemin
Foods, Des Moines, |1A)] were prepared in hexane. Concentrations of
these standard solutions were checked spectrophotometrically using the
corresponding extinction coefficients reported in a standard gt (
Aliquots were evaporated to dryness under an argon stream, and the
residues were dissolved in the HPLC mobile phase and subjected to
HPLC analysis. Standard calibration graphs were prepared for caro-
tenoids by plotting peak area measurements at 450 nm vs concentration.
Linearity, reproducibility, and recovery were determined periodically
and found to be statistically significar®{= 0.95—0.98P = 0.033—
0.042) for all of the major carotenoids analyzed.

Sample Preparation.All extraction work was done in the dark or
in subdued light using a modified protocol based on a previously
published method23). Approximately 100 mg of fruit or vegetable
tissue from at least three different samples was homogenized by Figure 1. Schematics of the laser Raman detector for measurement of
grinding and then extracted in the presence of 2 mL of cold, oxygen- carotenoids in fruits and vegetables (not to scale). Laser excitation is
free acetone containing 0.1% (w/v) butylated hydroxytoluene to avoid routed via an optical fiber to the sample of interest. The Raman
promotion of epoxides. Acetone was chosen as the preferred solventbackscattered light is collimated by the probe module and sent via a
because it is miscible with water, it dissolves most carotenoids well, different fiber to a spectrograph (SP) for light dispersion and detection

and it denatures any caroteneidrotein or carotenoidlipid complexes. with a CCD detector. A computer (PC) is used for instrument interfacing,
The samples were extracted until they became colorless. The acetong,ia coliection. and processing.

extracts were pooled and centrifuged to remove insoluble material.
Whenever required (especially in the case of green vegetables), extracts
were treated with 5 mL of 40% (w/v) methanolic potassium hydroxide
solution and kept at £#C for 2 h for complete saponification of

xanthophyll gsters. ) 0.1 v/v)]. HPLC separation was carried out at a flow rate of 1.0 mL
The combined acetone extract was transferred to a 50 mL centrifuge per min on a cyano column (Microsorb 250 mm length.6 mm i.d.,

tube, and 5 mL oh-hexane (cold and oxygen-free) was added to it \/5:ian Inc.. Palo Alto CA).

and mixed gently to avoid emulsion formation. Five milliliters of cold The columns were maintained at room temperature, and the HPLC
distilled water was then added to the mixture to cause phase separationdetector was operated at 450 nm. The peak identities ,were confirmed

If necessary, a few drops of saturated NaCl solution were added to o diode array spectra and by coelution with authentic standards
break an emulsion. T_he pigments in the organic phase were concentrate s necessary. Integrated areas of the carotenoid peaks were converted
by vacuum evaporation and stored#20°C until they were analyzed. 4, ¢4/ otenoid concentrations through the use of calibration curves
The plgment§ were reconsituted in 5 mL Of.HPI_‘C mobile phase for generated from HPLC injections of known quantities of authentic
HPLC analysis. Intensely colored extracts with high carotenoid levels ., qenoig standards. The carotenoid content estimated by HPLC
were diluted as necessary to avoid overloading the HPLC system. correlated well with the values reported earlier in the literature (10).

The pigment extraction from the fruit and vegetable juices was  Raman MeasurementsRaman measurements did not require any
achieved using 1 mL aliquots of the fruit juice as a starting material. preparation procedures with the exception of bringing the samples into
Prior to extraction, the pH of the acidic juices was adjusted-0 contact with the window of the optical probe module of the system
using a concentrated sodium hydroxide solution. Five milliliters of (Figyre 1). The probe module and other components were identical to
methanol was then added, and the solution was centrifuged at 5000the system that we used previously for human skin measurenigts (
rpm for 10 min. Saponification and organic extraction of the aqueous 14). For a typical measuremerst 5 mWargon laser light (488 nm)
solution were performed as detailed above for plant tissues. The processyas directed sa 2 mmdiameter spot onto the fruit or vegetable surface
was continued until a colorless aqueous layer was observed. for 10 s.

HPLC Analysis. The HPLC equipment (Thermo Separation Products ~ Raman backscattered light was collected with a fiberoptic collection
Inc., San Jose, CA) had an autosampler, a two channel solvent degassebundle and analyzed by a Raman spectrograph. The peak height at the
a binary gradient pump, and a BWisible photodiode array detector.  carotenoid C=C stretch frequency of 1525¢mwas quantified after
HPLC grade solvents from Fisher Scientific (Pittsburgh, PA) were used subtraction of the background fluorescence, using Windows-based
as the mobile phases. The column was maintained at room temperaturesoftware for data collection and processidg), The Raman response

The chromatographic conditions for estimation/htarotene and was expressed as photon counts.
lycopene contents were similar to those reported eafl)eiThe mobile
phase was an isocratic mixture of acetonitrile:2-propanol:ethyl acetate RESULTS AND DISCUSSION
(50:40:10 v/v) at a flow rate of 0.7 mL per minute. The analysis was ) .
performed on a reversed phase Luna C18(2) analytical column [250 Raman spectra of standard carotenoid solutions and selected
mm lengthx 4.6 mm i.d. (Phenomenex, Torrance, CA); particle size, plant tissues are shown figure 2. The three characteristic
5 um; pore size, 100 A]. carotenoid Raman peaks originate from rocking motions of the

Art laser ' PC <{ccb| SP

Lutein and zeaxanthin were separated using a cyano-HPLC column
(17). Samples were dissolved in HPLC mobile phase [hexane:
dichloromethane:methanol:NMi-isopropylethylamine (80:19.2:0.7:
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Figure 3. Comparison of HPLC-estimated carotenoid levels with the
Raman responses obtained directly from the tomato skin (®) of different
varieties of tomatoes at different ripening stages (1, cherry; 2, small salad;
3, large salad; and 4, Roma). All values are means + SD for n = 3.

Wavenumber (cm'l)

Figure 2. Resonance Raman spectra of carotenoids dissolved in
tetrahydrofuran (lutein, -carotene, and lycopene, left axis) as compared
to agricultural products high in the respective carotenoids (spinach, carrot,
and tomato, right axis).

molecules’ methyl components (1008 thHy from carbon—
carbon single-bond stretch vibrations (1159 ¢émand from carrots and tomatoes because they have relatively simple
carbon—carbon double-bond stretch vibrations (1525 mwf carotenoid profiles, in contrast to green leafy vegetables. The
the polyene backbond1). In all cases, the resonance Raman results are listed infable 2. Within the two categories of
spectra from intact plant tissues precisely match the carotenoidagricultural product, there is a definite trend of increasing Raman
standards regarding spectral locations and amplitudes of theresponse with greater carotenoid content as measured by HPLC.
peaks. Spinach leaves, however, had Raman counts that were much
Chlorophylls are known to have moderate absorbance be-higher than carrots or tomatoes 125 000 Raman counts),
tween 430 and 450 nm and to have strong absorption abovedespite having substantially lower total carotenoid contents on
600 nm, and prior studies done with several types of chlorophyll a per weight basis. This suggests that the very different optical
report Raman peaks at and above 1606 (chlorophyll a) and 1650absorption characteristics of tomatoes, carrots, and leafy veg-
cm™1 (chlorophyll d) (11,12). In this study, the carotenoid etables preclude a direct comparison of carotenoid levels by
resonance Raman signal was detected at 527 nm, whileRaman spectroscopy, although it appears reasonable to perform
excitation was performed at 488 nm, wavelengths where such quantitative comparisons on samples within a particular
chlorophyll has practically no absorption and no chlorophyll category of agricultural product. To examine this phenomenon
Raman signals were detectable. further, we measured four different types of tomato (cherry,
For comparison of HPLC and resonance Raman quantitation small salad, large salad, and Roma) at various stages of ripening.
of carotenoids, we chose to focus our attention primarily on The results are displayed iRigure 3 and indicate that the

Table 2. Carotenoid Content of Tomatoes and Carrots as Measured by HPLC and by Resonance Raman Spectroscopy?

total

Raman intensity

carotenoid content by HPLC (xg/100 g) carotenoids at 1525 cm—1!
lutein zeaxanthin p-carotene lycopene (19/100 g) (counts)
red tomato
cherry 190+8 27+4 2016 + 100 9767 + 12 12 000 12507 +123
small salad 190 +5 3x1 5784 + 32 7923 £ 65 13900 20806 + 45
large salad 700+ 3 50+5 6953 + 43 12165+ 72 19 868 29 856 + 123
Roma 480 £ 12 13+7 5674 + 21 18499 + 96 24 666 41482 + 146
carrot

light orange 260+ 11 17000 + 47 17 260 23387 +234
dark orange 450 £ 12 21000 + 43 21450 60 164 + 123

2 All values are means + SD for n = 3.
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Our initial survey of the potential value of resonance Raman
spectroscopy for the assessment of carotenoid levels in fruits,
vegetables, and juices demonstrates great potential in some areas
and limitations in others. The test is rapid and nondestructive,
and the instrument, although custom-assembled, utilizes com-
ponents that are less expensive in aggregate than a gradient
HPLC system with photodiode array detection. The instrument
could certainly be modified for portable use in the field or for

250004 A. Undiluted fruit juices

Carrot W
200004

150004

Vegetable mix

5000 flow-through testing in a juice production operation. The test,
however, is generally unable to separate and distinguish between
0 the various carotenoids that may be present. Laser penetration
7 o 1500 20 2000 i§ hampered by opt?cally d_ense mgdia, so the depth of penetra-
é tion of the laser light will be different for each class of
8 8000 B. Diluted fruit juices agricultural product, and the Raman response appears to vary
é 70001 dramatically at different stages of ripening. On the other hand,
3 there does seem to be a good correlation between our Raman
R 60001 measurements and the total carotenoid content measured by
5000 HPLC when comparing members of the same class of agricul-
4000+ tural product (i.e., different varieties of tomato) at identical
3000 stages of ripening, and measurements worked particularly well
2000 Vegetable mix on juices, although dilution and/or clarification may be required
for optimal Raman readings. Thus, although it is clear that
1000+ resonance Raman spectroscopic measurements of carotenoid
0+"m Grape levels in nutritionally important fruits and vegetables will never
0 100 200 300 400 500 &0 700 replace HPLC as the “gold standard”, our instrument could serve

as an easily used device for monitoring carotenoid-enhanced
juice production or for field selection of carotenoid-enriched
agricultural products.

Carotenoid content (ug/100ml)

Figure 4. Correlation of HPLC-estimated carotenoid levels with the Raman
responses measured from (A) undiluted and (B) diluted (1:10) fruit juices.

All values are means + SD for n = 3.
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