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The rapid quantification of lycopene and �-carotene in tomato juices by attenuated total reflectance
(ATR) infrared spectroscopy combined with multivariate analysis was evaluated. Two sample
preparation methods were compared: a direct measurement of the tomato paste and an extraction
method using hexane to isolate carotenoids. HPLC was used as the reference method. Cross-validated
(leave-one-out) partial least-squares regression (PLSR) was used to create calibration models to
predict these phytonutrient concentrations in blind test samples. The infrared spectra showed unique
marker bands at 957 and 968 cm-1 for lycopene and �-carotene, respectively. Multivariate analysis
of the infrared spectral data gave correlation coefficients (r values) of >0.9 between the ATR-IR
predicted and HPLC reference values, and standard errors of cross-validation (SECV) of 0.5 and
0.04 mg/100 g of juice for lycopene and �-carotene, respectively. ATR-IR could provide the tomato
industry with a simple, rapid, and high-throughput technique for the determination of tomato quality.
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INTRODUCTION

The United States is one of the world’s largest producers of
processed tomato products, second only to China. Over the past
20 years, average U.S. production has drastically increased, and
the farm value of the tomato crop is now around $800 million
(1). Research has shown that processed tomato products have
a higher content of lycopene and improved bioavailability as
compared to their fresh counterparts (2, 3). Processing may add
value in terms of human health, which could drive consumer
interest and demand for tomato products as functional foods.

Lycopene (C40H56) is the major carotenoid found in
tomatoes, accounting for up to 90% of total carotenoids.
Lycopene is the most unsaturated acyclic carotenoid, with
11 conjugated double bonds that act as effective free radical
scavengers (3). The ability of lycopene to act as a potent
antioxidant is thought to be responsible for protecting cells
against oxidative damage and, therefore, decreasing the risk
of the development of chronic diseases, such as atheroscle-
rosis, coronary heart disease, and certain types of cancer (4).
�-Carotene (C40H56) is another important carotenoid found

in tomatoes with potential health benefits. As a provitamin
A carotenoid, it can be enzymatically converted in the
intestinal mucosa to retinal and, ultimately, retinol (vitamin
A). Retinol is required for vision, maintenance of differenti-
ated epithelia, mucus secretion, and reproduction (5).

The health benefits offered by carotenoids have generated
interest in developing breeding lines with diverse carotenoid
profiles. Carotenoid concentration in fruits depends on genetics,
maturity, environmental factors, and cultivation techniques (6).
Thus, the development of tomato varieties with increased
carotenoid levels and altered carotenoid profiles requires efficient
selection and the ability to measure the metabolite content in
thousands of samples. Currently, separation and quantification
of carotenoids rely heavily on analysis by high-performance
liquid chromatography (HPLC) (7, 8). Although reliable and
accurate, this method is time-consuming and requires extensive
sample preparation and the use and disposal of hazardous
organic solvents. Conventional UV-vis spectrophotometric
assays that utilize reduced volumes of organic solvents have
been shown to be simple, rapid, and inexpensive methods for
measuring lycopene content in tomato and tomato products (9),
but absorbance interference from lycopene provides poor
accuracy and overestimation of �-carotene levels (10). Novel
chemical techniques that have been evaluated for direct deter-
mination of lycopene and other nutritionally important caro-
tenoids include the application of optothermal methods (11),
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resonance Raman spectroscopy (12), and infrared (13) and near-
infrared spectroscopy (14, 15).

Fourier transform infrared (FT-IR) in combination with mul-
tivariate analysis offers a powerful and rapid technique for the
analysis of agricultural and food products (16). Spectral bands
arising from functional group vibrations of organic molecules
in the mid-infrared (4000-700 cm-1) region may be associated
with specific chemical entities with known assignment in most
cases. In addition, the mid-IR spectra allows for the chemically
based discrimination of organic constituents, producing distinct
and reproducible biochemical fingerprints that reflect the total
biochemical composition of the sample, with bands due to major
constituents such as lipids, proteins, nucleic acids, polysaccha-
rides, and phosphate-carrying compounds (17).

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-IR) is one of the most powerful and widely used
sampling tools (18) for collecting IR spectra of biological
materials. The most important feature of the ATR accessory is
the evanescent field, which develops during the reflection of
radiation at the interface of a material with a high refractive
index (ATR crystal) and a material with a low refractive index
(sample). Attenuation of this electric field by functional groups
in the lower refractive index material results in a spectrum
analogous to an absorbance spectrum (19). The depth of
penetration of the evanescent field protrudes only a few
micrometers (0.5-5 µm) beyond the crystal surface and into
the sample. A number of different crystal materials are available
such as diamond, zinc selenide, silicon, AMTIR, KRS-5, and
germanium. The selection of the ATR crystal characteristics
should include the depth of penetration of the IR beam, hardness,
and resistance to acid or caustic to prevent crystal damage (18).
ATR allows qualitative or quantitative analysis of samples with
little or no sample preparation, which greatly speeds data
collection. In addition, developments of multivariate techniques
for classification and regression have resulted in reliable,
accurate, robust, and simple methods for routine analysis of
spectroscopic data (20).

Genetic resources that include naturally occurring variants
of genes affecting both the structure and regulation of key
enzymes in the carotenoid biosynthesis pathway make tomatoes
an excellent model food for nutritional studies. The development
of improved analytical techniques that allow the efficient
measurement of diverse carotenoids in very large genetically
characterized populations is greatly needed. Thus, the objective
of this research was to develop a methodology for the simple,
rapid, and accurate determination of lycopene and �-carotene
contents in tomato juices by ATR-IR spectroscopy combined
with multivariate techniques. The performance of multivariate
models using direct measurements of the tomato paste or a
hexane extraction procedure for the determination of lycopene
and �-carotene content was evaluated. In addition, we explored
the feasibility of using infrared spectroscopy as a chemotaxo-
nomic tool for the classification of tomato juice samples obtained
from a diverse genetic pool of tomato varieties and breeding
lines.

MATERIALS AND METHODS

Plant Material. A total of 20 different tomato varieties were
processed into juice at The Ohio State University food industry center
pilot plant (Columbus, OH). The tomatoes were grown and harvested
at the North Central Agricultural Research Center at Fremont, OH.
Juice samples were obtained from varieties and breeding lines that
encompassed a range of pigment levels. Plant materials included
experimental hybrids and commercial hybrids used in the tomato-
processing industry. Red tomatoes used included TSH04 (Tomato

Solutions), Ohio OX52, TSH8 (Tomato Solutions), Progress (Seminis),
TSH16 (Tomato Solutions), GEM31 (RedGold), FG01-107 (Ohio State
University), GEM94 (RedGold), TC680 (HarrisMoran), FGH04-120
(Ohio State University), FGH04-142 (Ohio State University), GEM111
(RedGold), FGH04-133 (Ohio State University), HyPeel 696 (Seminis),
FGH04-472 (Ohio State University), FGH01-163 (Ohio State Univer-
sity), FGH01-158 (Ohio State University), FGH04-179 (Ohio State
University), FGH04-478 (Ohio State University), and OH8245. The
genetic differences were conferred by the ogc allele for the fruit-specific
�-cyclase, as well as quantitative trait loci that affect fruit color and
lycopene content (21). Also included in the set of varieties was a low-
carotenoid variety, FGH04-138, which is homozygous for the yellow
flesh gene, r, containing a mutation in the phytoene synthase enzyme,
which results in a very low fruit carotenoid content. Thus, the collection
of varieties spans a range of variation from very low to very high
lycopene and �-carotene contents. Tomatoes were grown in a random-
ized complete block design with two blocks. The tomatoes were
mechanically harvested and sorted with only ripe fruit used for juice
preparation. For the red varieties, ripeness was assessed on the basis
of uniform red color, and for FGH04-138, ripe tomatoes appear
uniformly yellow.

Processing. Tomato juice processing operations at The Ohio State
University pilot plant (Columbus, OH) included washing, sorting, and
chopping (Fitzpatrick mill with a 3/4 in. screen). Tomatoes were pumped
through a heat exchanger to reach a hot-break temperature of 93 °C, at
which they were heated for approximately 2 min to inactivate enzymes
that affect flavor and viscosity (22). Juice was extracted using a screw-
type extractor with a 0.2 screen (Chisholm-Ryder Co., model CLE-
360-D28), filled into 300 × 406 cans and processed at 104 °C for 30
min. Canned tomato juices were stored at room temperature until
analysis. Standards of all-trans-lycopene and �-carotene were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO). All solvents were
of certified HPLC or ACS grade (Fisher Scientific Co., Fair Lawn,
NJ).

Direct Determination of Lycopene and �-Carotene. Tomato juice
aliquots (5 mL) were mixed with methanol (5-mL) and centrifuged for
5 min at a speed of 3000 rpm. The supernatant was discarded, and the
pellet (juice solids) was placed onto an AP15 glass fiber filter disk
(Millipore, Billerica, MA); samples were pressed onto the ATR-IR
diamond crystal using a high-pressure clamp (Pike Technologies,
Madison, WI) for infrared spectra acquisition. Each tomato juice sample
was analyzed in duplicate (two cans), and four independent measure-
ments of the paste were collected per sample, giving a total of eight
spectra per juice sample.

Extraction of the Tomato’s Lipid Phase. Extraction of lycopene
and �-carotene from tomato juices was done as reported by Nguyen
and Schwartz (8) with some modifications. A controlled light environ-
ment was used to prevent isomerization and photodegradation. Tomato
juice aliquots (5 mL) were mixed with methanol (5 mL) and centrifuged
for 5 min at a speed of 3000 rpm. The supernatant was discarded, and
0.2 g of the pellet was resuspended with a mixture of a 1:1:2 acetone/
ethanol/hexane solution (20 mL volume) and continuously shaken for
15 min (Rotamix model RK DYNAL, Dynal Biotech Inc., Lake
Success, NY) at 180 rpm. Deionized distilled water (3 mL) was later
added and shaken continuously for 5 min at 180 rpm to induce phase
separation. The hexane (top) layer was collected and brought up to 10
mL in a volumetric flask. An aliquot (3 mL each) was dried under
nitrogen, resuspended in chloroform (60 µL), and applied onto the ATR-
IR ZnSe crystal for infrared spectral acquisition. The remaining aliquots
(2 × 3 mL) were dried under nitrogen and immediately analyzed by
HPLC. Two cans for each tomato variety sample were opened, and
duplicate or triplicate carotenoid extractions were performed with two
independent measurements made by ATR-IR spectroscopy, giving a
total of 8-12 spectra per juice sample.

Infrared Spectroscopy. A FTS 3500GX Fourier transform infrared
spectrometer (Varian Inc., Palo Alto, CA) was used in combination
with a potassium bromide beam splitter and deuterated triglycine sulfate
(DTGS) detector for all readings, operating at 8 cm-1 resolution. The
direct method analysis used an ATR accessory with a three-reflection
diamond crystal plate (MIRacle, Pike Technologies, Madison WI),
providing a 3-fold increase in sample response compared to the standard
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single-reflection crystal plate (23). The lipid extraction analysis used
an ATR ZnSe crystal plate with a refractive index of 2.5 that permitted
a triple reflection within the sample at an incidence angle of 45°, for
highest infrared sample throughput (Pike Technologies). Spectra were
collected over the frequency region from 4000 to 700 cm-1, and
interferogram of 128 scans was co-added followed by Beer-Norton
apodization. Multiple lipid-phase tomato juice samples and juice solids
samples from each breeding selection were measured to evaluate the
reproducibility of the technique. The absorbance spectrum was obtained
by rationing the sample single-beam spectrum against that of a blank
optical path (reference spectrum). Spectra were displayed in terms of
absorbance and viewed by using Win-IR Pro software (Varian). The
instrument was continuously purged with CO2-free dry air from a
CO2RP140 dryer (Dominick Hunter, Charlotte, NC).

Multivariate Analysis. The multivariate analysis was performed as
reported by Halim et al. (13). The spectra were exported as GRAMS.spc
files and imported into the multivariate statistics program Pirouette,
for Windows Comprehensive Chemometrics Modeling Software, ver-
sion 3.11 (Infometrix, Inc., Bothell, WA). The spectra were derivatized
using a five-point polynomial-fit Savitzky-Golay function and normal-
ized using the maximum normalization function. Spectral data were
then analyzed by partial least squares regression (PLSR) that was cross-
validated (leave-one-out approach) to generate calibration models. PLSR
is a bilinear regression analysis method that extracts a small number
of orthogonal factors that are linear combinations of the spectral (X)
variables and uses these factors as regressors for the analyte’s
concentration (Y variable). These orthogonal factors (latent variables)
explain as much as possible of the covariance of the X and Y variables.
PLSR has the potential to estimate the component concentration and
chemical and physical properties (loading vectors, vector of final
calibration regression coefficients, and spectral residuals) from the
spectra (24). PLSR has been particularly successful in developing
multivariate calibration models for the spectroscopy field because it
uses the concentration information (Y variable) actively in determining
how the regression factors are computed from the spectral data matrix
(X), reducing the impact of irrelevant X variations in the calibration

model (25). This capability provides a more information-rich data set
of reduced dimensionality and eliminates data noise, which results in
more accurate and reproducible calibration models (25). PLSR models
were evaluated in terms of loading vectors, standard error of calibration
(SEC), standard error of cross-validation (SECV), correlation coefficient
(r value), and outlier diagnostics.

Spectral data were also analyzed by soft independent modeling of
class analogy (SIMCA) to generate clustering groups. SIMCA is a
multivariate technique based on principal component analysis (PCA),

Figure 1. (A) Comparison of attenuated total reflectance (ATR) infrared absorption spectrum of a tomato juice sample by the direct method using a
diamond crystal plate and of a tomato lipid extract using a ZnSe crystal plate. (B) Infrared absorption spectrum of the lipid extract of a high-lycopene
tomato juice sample and a low-carotenoid control using an ATR-infrared accessory equipped with a ZnSe crystal plate.

Figure 2. Attenuated total reflectance (ATR) infrared spectra (A) and
second-derivative spectral transformation (B) of a low-carotenoid tomato
sample (control), FGH04-138, supplemented with lycopene and �-carotene
standard solutions to yield levels of 5 mg/100 g of tomato juice.
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which was used in this study to evaluate the ability of the ATR-IR
spectral data to discriminate among tomato varieties (26). In SIMCA,
training sets are assigned to classes and a principle component model
is generated for each class with distinct confidence regions within them
(27). The performance of this method depends not only on the difference
between classes but also strongly on the training (calibration) set for
each class (27). The scores plot allows the visualization of clustering
among samples (sample patterns, groupings, or outliers). Sample
residual and Mahalanobis distance (28) were used for outlier diagnostics.
The discriminating power in SIMCA provides a diagnostic tool that
indicates on a relative scale how important a wavenumber in the
spectrum (x variable) is to differentiating classes. This is accomplished
by comparing the class residual variance when the class samples are
modeled within the classes not containing them to the class residual
variances when the class samples are modeled within their own classes.
SIMCA analysis assesses itself by predicting each sample included in
the training set comparing that prediction to its assigned class; this
assessment is referred to as misclassifications. Zero misclassifications
typify a model in which all samples were correctly predicted to the
preassigned class.

Reference High-Performance Liquid Chromatography (HPLC)
Analysis. HPLC was used as reference method because of its sensitivity
and selectivity, which provide reliable analysis of individual carotenoids
(10). Lycopene and �-carotene concentrations in each tomato juice were
determined by an HP1050 reverse-phase HPLC system equipped with
a photodiode array detector (Agilent Techologies, Palo Alto, CA). The
conditions reported by Halim et al. (13) were used to analyze the
extracted carotenoid fraction. Dried carotenoid-containing extracts (see
extraction section) were redissolved in a 1.5 mL mixture of 2:1
methanol/MTBE solvent, filtered using a nylon membrane filter
(Fisherbrand, 13 mm diameter, 0.45 µm pore size, Fisher Scientific
Co.), and 50 µL of sample was injected into the HPLC system for
carotenoid analysis. The column consisted of a C18 Vydac (5 µm particle
size, 256 × 4.6 mm) (Grace, Deerfield, IL), and a guard column packed
with Novapack C18 stationary phase (Milford, MA) was used in-line
for all separations. Elution solvents used in this experiment were (A)
1% (v/v) methanol with ammonium acetate and (B) MTBE. Separations
were carried with a 20 min linear gradient from 0 to 20% B, followed
by a 5 min hold at 20% B, and a final 10 min linear gradient from 20
to 0% B. The column was then washed with solvent A for at least 5
min before the next analysis. The flow rate was 1.0 mL/min with
detection at 450 and 471 nm for �-carotene and trans-lycopene,

Table 1. PLSR Models for Directa (1500-800 cm-1) and Extractionb (1300-800 cm-1) Methods for Determination of Lycopene and �-Carotene in Tomato
Juice

carotenoid
carotenoid rangec

(mg/100 g of juice)
PLSR

calibration
no. of

samples
latent

variablesd R-Vale
SECVf

(mg/100 g of juice) R-Calg
SECh

(mg/100 g of juice)

lycopene 9.25-15.22 direct 160 10 0.97 0.40 0.99 0.18
extraction 200 6 0.96 0.52 0.97 0.43

�-carotene 0.18-0.66 direct 160 9 0.91 0.054 0.97 0.031
extraction 200 12 0.96 0.036 0.98 0.025

a Application of the tomato paste directly onto an ATR diamond crystal for spectral collection. b Extraction of the lipid phase from the tomato paste and application onto
an ATR ZnSe crystal for spectral collection. c Carotenoid range determined on the basis of an HPLC reference method. d Latent variables: orthogonal factors that provide
maximum correlation with dependent variable. e R-Val, coefficient of correlation for cross-validated model. f SECV, standard error of cross-validation. g R-Cal, coefficient of
correlation for calibration model. h SEC, standard error of calibration.

Figure 3. Cross-validated (leave-one-out) PLSR plots for lycopene content
in tomato juice using the direct method (A) and the lipid extraction method
(B).

Figure 4. Cross-validated (leave-one-out) PLSR plots for �-carotene
content in tomato juice using the direct method (A) and the lipid extraction
method (B).
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respectively. The identification of all-trans-carotenoids was carried out
by comparing the retention times and absorption spectra with the
reference standard, with typical retention times of ∼19 min for lycopene
and ∼15.5 min for �-carotene. Lycopene and �-carotene standards were
used to build calibration curves for quantitation based on peak area.
Triplicate analyses were performed, and the mean value was determined.
Because the concentrations of lycopene and �-carotene may differ
slightly, either due to raw fruit concentrations or differences in the

processing, the moisture content (ranging from 65 to 72% with an
overall average value of 68%) for all samples was determined and used
for determination of lycopene and �-carotene levels in the tomato
juices.

Predicting Carotenoid Content in Tomato Juice Samples. An
independent set of randomly selected canned tomato juice samples
(TSH04, TC680, HyPeel696, FGH04-472, FGH01-158, and OH8245)
that included tomato varieties representative of those used for PLSR
modeling and commercial tomato juices purchased from a local store
(Columbus, OH) were analyzed to estimate lycopene and �-carotene
levels. The carotenoid levels were determined by the HPLC reference
method. Infrared spectra were collected for samples using the direct
and lipid extraction methods as described previously and were used to
test the predictive ability of the PLSR calibration model for lycopene
and �-carotene content in tomato juices. Predictions were performed
using Pirouette software (Infometrix, Inc., Woodvile, WA).

RESULTS AND DISCUSSION

Spectral Analyses. A simple, fast, and reliable direct
determination of lycopene content in tomatoes by ATR-IR
spectroscopy was previously reported by Halim et al. (13). In
this study we evaluated ATR-IR spectroscopy for the simulta-
neous determination of the major carotenoid pigments in tomato
juice products, lycopene and �-carotene. In addition, we
compared the performance of calibration models obtained from
spectra generated by either directly measuring the tomato sample
or using a lipid extraction procedure. The extraction protocol
separated lipid-soluble components, allowing for the removal
of overlapping signals, especially the broad absorption signals
of water, carbohydrate, and protein bands that may influence
the spectral resolution of the target phytochemical groups
(Figure 1). The formation of a homogeneous film onto the ZnSe
crystal was critical to yield reproducible spectra and required
controlled delivery of sample to provide adequate evaporation
of the lipid extract solvent (chloroform). The typical ATR-IR
spectrum for the lipid phase analysis of a tomato juice sample
(Figure 1B) showed characteristic bands associated with lipid
groups at 1380-1370 and 1485-1440 cm-1 (C-H bending),
1725-1700and1750-1725cm-1 (CdOesters), and3000-2800
cm-1 (C-H stretch) (17). The infrared region between 1200
and 700 cm-1 is characteristic of the “fingerprint region”, which
provides complex but unique and reproducible spectral informa-
tion (ester, ethers, alcohols) with a significant contribution for
substance identification (29). Visual analysis of the ATR-IR
spectrum of the lipid phase for the high all-trans-lycopene-
containing sample and the control (low carotenoid containing
sample) showed a unique IR spectral band at 957 cm-1

absorbance band corresponding to the presence of trans-
HCdCH- bending out of plane vibrations (30). Furthermore,
comparison of the ATR-IR spectra of the low-carotenoid
breeding line variety, FGH04-138, supplemented (5 mg/100 g)
with lycopene and �-carotene standards (Sigma-Aldrich Chemi-
cal Co.) allowed corroboration of the unique spectral bands for
lycopene (957 cm-1) and �-carotene (968 cm-1) (Figure 2).

Table 2. Reported Partial Least-Squares Regression (PLSR) Performance Statistics for Determination of Lycopene and �-Carotene in Tomato Products by
Infrared (Mid- and Near-) and Raman Spectroscopic Techniques

method
lycopene range

(mg/100 g)
�-carotene range

(mg/100 g)
RMSEP,a

lycopene
R value,b

lycopene
RMSEP,

�-carotene
R value,

�-carotene
source

NIR 14.4-92.1 0.51-1.75 2.16 0.99 0.75 0.99 14
ATR-IR 2.6-629.0 0.23-2.83 33.20 0.98 0.16 0.97 15
NIR 2.6-629.0 0.23-2.83 91.19 0.85 0.41 0.80 15
FT-Raman 2.6-629.0 0.23-2.83 74.34 0.91 0.34 0.89 15
ATR-IR 5.8-13 0.69 0.93 13

a RMSEP, root mean standard error of prediction. b R value, correlation coefficient.

Figure 5. SIMCA class projections of infrared spectra (A) and discriminat-
ing power (B) for different red tomato juice varieties. Data were collected
in the 4000-700 cm-1 spectral region. Varieties included the following:
107, TSH04 (Tomato Solutions); 207, Ohio OX52; 307, TSH08 (Tomato
Solutions); 407, Progress (Seminis); 507, TSH16 (Tomato Solutions); 807,
GEM31 (RedGold); 1007, GEM94 (RedGold); 1207, TC680 (HarrisMoran);
1507, FG04-142 (Ohio State University); 2707, FGH04-472 (Ohio State
Universtiy); 2909, FGH01-163 (Ohio State University); 3007, FGH01-158
(Ohio State University).
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Quantitative Analysis of Tomato Juice Carotenoids. The
lycopene and �-carotene contents of the tomato juices ranged
from 9.2 to 15.2 mg/100 g of juice and from 0.18 to 0.66 mg/
100 g of juice, respectively, based on the HPLC analysis. A
Pearson correlation of 0.59 (p ) 0.006) between lycopene and
�-carotene levels provided evidence of a positive relationship
between the levels of these carotenoids for the different tomato
breeding selections used for juice processing. Levels of caro-
tenoids in tomato juice have been reported to range from 5.8 to
12.17 mg/100 g for lycopene and from 0.48 to 0.60 mg/100 g
of juice for �-carotene (3). Average levels of 10.8 and 0.27
mg/100 g of lycopene and �-carotene, respectively, have been
reported in tomato juices (31). The carotenoid levels (lycopene

and �-carotene) determined in this study are close to those
reported in the literature, taking into consideration that caro-
tenoid levels may be affected by factors such as variety,
maturity, temperature, altitude, and soil nutrients, among others.
Our precisions (% CV) for replicated HPLC assays were <14
and <18% for the lycopene and �-carotene samples, respectively.

The cross-validated (leave-one-out) PLSR model results are
shown in Table 1. Second derivative (5 point window)
transformation of the spectral measurements improved the
quantitative analysis by resolving overlapped bands and limiting
variations in spectral baselines. The estimated contents of
lycopene (Figure 3) and �-carotene (Figure 4) measured by
ATR-IR spectroscopy showed good correlation with the refer-

Table 3. PLSR Models Predicted Concentration of Lycopene and �-Carotene in Tomato Juice Samples Using ATR-IR for the Direct and Extraction Methods

analyte
sampling
method

samplea reference valueb

(mg/100 g of juice)
SDc CVd (%)

IR predicted valuee

(mg/100 g of juice)
SDc CVd (%)

lycopene direct 107 13.68 1.00 7.31 13.74 0.21 1.56
2507 9.81 0.29 2.95 10.34 0.17 1.69
3007 9.26 0.98 10.63 9.65 0.11 1.15
3507 10.75 0.08 0.73 10.12 0.51 5.08

extraction 1207 9.56 0.85 8.89 9.94 0.34 3.41
2707 9.59 0.88 9.18 9.62 0.39 4.07
3507 10.75 0.08 0.73 9.63 0.14 1.49
juice A 8.21 1.02 12.40 8.30 0.20 2.40
juice B 9.30 0.72 7.77 8.84 0.49 5.52

�-carotene direct 107 0.36 0.02 6.44 0.38 0.02 5.90
2507 0.36 0.04 10.18 0.35 0.01 1.63
3007 0.24 0.02 9.36 0.21 0.01 2.93
3507 0.18 0.04 21.40 0.16 0.03 18.43

extraction 1207 0.55 0.05 8.29 0.55 0.02 4.56
2707 0.17 0.04 23.36 0.16 0.03 20.04
3507 0.18 0.04 21.40 0.18 0.02 9.18
juice A 0.16 0.02 12.69 0.19 0.01 7.65
juice B 0.52 0.06 11.87 0.52 0.01 1.65

a Sample numbers are codes given by the North Central Agricultural Research Center at Fremont (Ohio) for genetically diverse varieties of tomatoes: 107, TSH04; 1207,
TC680; 2507, Hypeel 696 (or PS696); 2707, FGH04-472; 3007, FGH01-158; 3505, OH8245. Commercial juices (A and B) were purchased from a local store (Columbus,
OH). Tomato juice B indicated a lycopene content of 8.5 mg/100 mL of juice. b Reference value reports the average carotenoid (lycopene or �-carotene) level determined
by HPLC, based on triplicate extractions. c SD, standard deviation. d CV, coefficient of variability. e IR predicted values report the estimated average carotenoid (lycopene
or �-carotene) levels determined by ATR-IR spectroscopy, based on triplicate (lipid fraction) or duplicate (direct) independent measurements.

Figure 6. Partial least-squares loadings plot for cross-validated models for the determination of lycopene and �-carotene using the lipid extraction
method.
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ence HPLC analysis. The PLSR models based on mid-infrared
spectra collected by the direct determination of tomato paste (r
value > 0.91, and SECV of 0.40 mg of lycopene/100 g of juice
and 0.05 mg of �-carotene/100 g of juice) gave performance
statistics similar to those of models generated from spectra
collected from the lipid fraction of tomato juices (r value >
0.95, and SECV 0.52 mg of lycopene/100 g of juice and 0.04
mg of �-carotene/100 g of juice). Removal of interfering signals
(i.e., carbohydrates, proteins, moisture) from the spectra by
separation of the lipid fraction only slightly improved the
performance of the PLSR models. Nevertheless, the lipid
extraction method proved to be best for qualitative analysis, as
shown by the SIMCA model (Figure 5A). Direct analysis of
the tomato juice solids limits the error introduced by the lipid
fractionation steps (weighing, extraction efficiency, carotenoid
degradation), and the unique infrared fingerprint of carotenoids
(13) in the tomato matrix allowed PLSR to minimize the impact
of irrelevant spectral variations in the calibration model (24).
The reported performance of PLSR models for the determination
of lycopene and �-carotene content in different tomato products
by infrared (mid- and near-) and Raman spectroscopic tech-
niques are shown in Table 2. Overall, our results showed
superior performance statistics, and the direct analysis of tomato
juice solids allowed the estimation of carotenoid content in a
few minutes (∼2 min). The PLSR models were used to predict
the concentrations of lycopene and �-carotene in an independent
set of juice samples. ATR-IR predictions were comparable to
the HPLC reference values, as shown in Table 3. Improved
reproducibility among measurements (coefficient of variability,
CV) was obtained with the ATR-IR method for both the lipid
extract and direct analysis as compared to HPLC analysis. In
general, the CV for �-carotene was higher than that for lycopene,
probably because of the low �-carotene concentrations in tomato
juices and the signal-to-noise ratio might have considerable
effects on the reproducibility of the methods.

The PLSR loading vectors provide interpretative tools by
identifying frequencies associated with the highest variation in
the calibration set, reflecting inter-relationships among different
variables (infrared spectra) that can be related to chemical
components. The first three and five latent variables (factors)
explained most of the variance (93%) in the PLSR models for
determination of lycopene and �-carotene, respectively. The
partial least-squares loading plots for the cross-validated PLSR
models (Figure 6) of both lycopene and �-carotene using the
mid-infrared spectra from the tomato juice lipid fraction showed
bands in the region ranging from 970 to 950 cm-1 that correlated
with unique spectral signal attributed to the deformation
vibrations of trans-C-H out-of-plane bend at 957 cm-1 (lyco-
pene) and 968 cm-1 (�-carotene), respectively (Figure 6). In
addition, aliphatic functional group [1300-1600 cm-1 (C-H
bending)] vibrations of lipid moieties influenced the spectral
variation in estimating �-carotene in tomato juices.

Chemometric Classification of Tomato Samples. The
feasibility of the application of a pattern recognition method
(SIMCA) for the classification of different red tomato juice
samples based on the infrared spectral patterns of their lipophilic
components (lipid extraction) was evaluated. Twelve tomato
juice samples were shown instead of the complete set of juices
(20) because they provided simple visualization of clustering
patterns and included a mixture of experimental, commercial,
and elite hybrids with wide genetic variation. The SIMCA class
projection (Figure 5A) for selected tomato juice samples
exhibited well-separated and tight clusters with interclass
distances [based on Mahalanobis distance measurements com-

puted between the centroids of classes (27)] ranging from 2.9
to 24.5. Clusters with interclass distance values of >3 are
considered to be different from one another (32). There were
zero misclassifications in validating the predictive ability of the
SIMCA model. Spectra obtained from the direct method did
not generate well-defined clusters, probably due to interferences
of the components in the juice solids. Figure 5B shows the
discriminating power for the SIMCA model, identifying the
frequencies in the spectrum that have a prevailing and important
effect for sample classification (32), which then can be correlated
with known chemical functional groups. The bands associated
with most of the discrimination among tomato juice samples
corresponded to the region between 1770 and 1720 cm-1

associated with carbonyl ester (-CdO) stretching vibrations
of triglycerides (17, 29) (Figure 5B). The trans-lycopene band
(957 cm-1) contributed only slightly to the discrimination among
tomato juices, showing a weak intensity in the discriminating
power plot. Thus, our results showed that the presence of lipid
components other than carotenoids can yield specific spectral
profiles that discriminate among tomato juice samples obtained
from a diverse genetic pool. Lipid profiling reflects the species
taxonomy and cellular biochemistry (33), being associated as
chemical descriptors to differentiate among plant varieties (34).

The ATR-IR technique used with two different methods of
sample preparation, a direct method and lipid-phase extraction
method, allowed the development of PLSR and SIMCA models
for the quantitative and qualitative analysis of carotenoids in
tomato juice samples. Our PLSR models for quantification of
lycopene and �-carotene showed superior performance statistics
compared to those reported in literature for various tomato
products. PLSR models generated from mathematically trans-
formed (normalized, second derivative) infrared spectral data
gave correlation coefficients (r value) of >0.95 between the
ATR-IR predicted and HPLC reference values and SECV of
0.5 and 0.06 mg/100 g of juice for lycopene and �-carotene,
respectively. Both sample preparation methods were accurate
for the analysis of lycopene and �-carotene content in processed
tomato juices, based on the predictions of an independent
validation set of samples. However, given the greater simplicity
and speed of the “direct” method over the “lipid extraction”
method and the similar predictive abilities of the chemometric
models, r value and SECV, we recommend the direct method
for quantitation of lycopene and �-carotene in tomato juice. In
contrast, extraction of the lipid phase of tomato juices for ATR-
IR analysis removed interfering signals, allowing for the
clustering of tomato juice samples probably based on variety.
This technique provides for the fast analysis of food carotenoids
with minimal personnel training, simple data acquisition, and
immediate predictions.

ABBREVIATIONS USED

Tomato, Solanum lycopersicum L.; ATR-IR, attenuated total
reflectance infrared; HPLC, high-performance liquid chroma-
tography; PLSR, partial least-squares regression; SECV, stan-
dard error of cross-validation; r, correlation coefficient; SIMCA,
soft independent modeling of class analogy; PCA, principal
component analysis; CV, coefficient of variability.
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