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Toward food analytics: fast estimation of lycopene
and β-carotene content in tomatoes based on
surface enhanced Raman spectroscopy (SERS)†
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Carotenoids are molecules that play important roles in both plant development and in the well-being of

mammalian organisms. Therefore, various studies have been performed to characterize carotenoids’ pro-

perties, distribution in nature and their health benefits upon ingestion. Nevertheless, there is a gap regard-

ing a fast detection of them at the plant phase. Within this contribution we report the results obtained

regarding the application of surface enhanced Raman spectroscopy (SERS) toward the differentiation of

two carotenoid molecules (namely, lycopene and β-carotene) in tomato samples. To this end, an e-beam

lithography (EBL) SERS-active substrate and a 488 nm excitation source were employed, and a relevant

simulated matrix was prepared (by mixing the two carotenoids in defined percentages) and measured.

Next, carotenoids were extracted from tomato plants and measured as well. Finally, a combination of

principal component analysis and partial least squares regression (PCA-PLSR) was applied to process the

data, and the obtained results were compared with HPLC measurements of the same extracts. A good

agreement was obtained between the HPLC and the SERS results for most of the tomato samples.

Introduction

For the last several centuries, the scientific focus has been
directed toward characterizing the functioning and necessities
of the body. Moreover, currently, the role different molecules
have, their pathway upon ingestion and their daily intake
necessity is being documented. Among others, carotenoids
have attracted much attention because of their large
bioavailability1–4 and their important roles in the mammalian
organism.5–10 Nevertheless, it has been found that only 50 out
of more than 600 different known carotenoids1–4 are actually
present in the human diet, and only 5–6 of them are detectable
in human plasma (α- and β-carotene, β-cryptoxanthin, lyco-
pene, lutein and zeaxanthin).5,11 The functions each of these
carotenoids play in the body range from pro-vitamin A activity
and antioxidant activity to radical scavenging. For instance,
all-trans-β-carotene is the only carotenoid capable of oxidative
cleavage into two all-trans-retinal molecules, and this process
appears to have a feedback regulation property.2,8,11,12 That is,

β-carotene absorption and conversion to retinol partially
depends on the individual’s vitamin A availability. Moreover,
according to different published statistics the necessary intake
of vitamin A based on dietary sources of animal origin (e.g.,
fatty fish, liver and eggs) is often not reached.9–11,13 Further
on, out of the 6 carotenoids detectable in the human plasma,
lycopene was found to have the highest efficiency as an
antioxidant capable of neutralizing reactive oxygen species
(ROS)5,14,15 and reducing both cell-division at the G0–G1 cell
cycle phase and insulin-like growth of mitogens in various
cancer cell lines.5,16,17 There are, however, also negative effects
of excessive carotenoid uptake in combination with smoking
and alcohol drinking.9,18 It is, accordingly, important from a
health point of view to have a balanced dietary regime. Still, to
achieve such a regime, information regarding the quality and
composition of the food is needed.

The golden standard in carotenoid analysis is high per-
formance liquid chromatography (HPLC).19,20 The drawbacks
of this method are high costs and limited specificity (because
of co-elution).21 Thus, there is potential for alternative analyti-
cal methods. Among others, Raman spectroscopy and surface
enhanced Raman spectroscopy (SERS) were tested for analyz-
ing mixtures of carotenoids in various matrices.22–26 However,
previous Raman studies have failed to obtain sufficient differ-
entiation between the two carotenoids at lower concentrations,
with HPLC coupled with UV-VIS or MS detection remaining
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the better option for reliable food analytics.27–29 Here, we
present the first results of using SERS to differentiate between
lycopene and β-carotene in tomatoes at different ripening
stages. However, at this stage of the research, no advantage of
the potential the method has towards being non-invasive was
applied. Instead, a significant, but small amount of the full-
food-batch production sample was taken apart, and an estab-
lished extraction protocol was used to obtain analyte solutions
that were measured by both SERS and HPLC. Regarding the
SERS measurements, we designed a step-by-step experimental
procedure that reaches towards developing a possible protocol
for analyzing carotenoids from tomatoes by employing a rela-
tively simple spectroscopic technique in combination with a
statistical analytical tool. For this, the first step consisted of
the characterization of the pure carotenoids. Next, different
mixtures of β-carotene/lycopene solutions were prepared and
measured to create a database and a statistical model that
could be used for analysis of food extract samples. The avail-
able literature providing information about the amounts of the
two carotenoids present in natural products was consulted to
decide on the actual mixtures. Finally, a tomato extraction pro-
tocol was applied, and the tomato-extracts were measured and
analyzed by applying the already existing statistical model. To
verify the results of the proposed SERS approach, all tomato
samples were also measured by HPLC.

Experimental
Chemicals and reagents

All reagents were of analytical or HPLC reagent grade. Lyco-
pene (≥90% pure), β-carotene (≥95% pure) and 2,6-di-tert-
butyl-4-methylphenol (BHT, ≥99% pure) were purchased from
Sigma Aldrich (Steinheim, Germany). Methanol (≥99.5% pure)
was purchased from Carl Roth (Karlsruhe, Germany). Tetra-
hydrofuran (THF, ≥99.9% pure) was purchased from Merck
KGaA (Darmstadt, Germany).

Cherry tomatoes at different ripening stages were provided
by local producers from the area of Jena, Germany. First, a
series of tomatoes (series A) exhibiting different degrees of
ripeness (yellow to red) were taken from the same tomato
plant. The tomatoes were immediately frozen and stored at
−20 °C until analysis. A second series of four tomatoes (all of
them exhibiting the same degree of ripeness – all yellow) were
gathered from one plant (series B). One tomato from this
batch was frozen immediately. The remaining tomatoes were
illuminated with an 11 W lamp for various periods of time
leading to increasing degrees of ripeness. After illumination
the tomatoes were frozen and stored at −20 °C.

SERS active substrates

For the development of the SERS active substrates e-beam
lithography combined with ion-beam etching were used
according to the protocol described by Huebner et al.30,31

More exactly, a 4″ fused silica wafer was cleaned using a peroxy-
monosulfuric acid solution, and then a thin undercoating

(hexamethyldisilazane – HMDS) and a 260 nm thick positive
tone electron beam resist ‘AR6200.09’ (ALLRESIST GmbH)
were spun on the wafer. Further on, the resist was baked for
3 min at 150 °C on a hotplate, and a 10 nm gold layer was
evaporated on top of the resist. The electron beam exposure,
which was performed by using the unique character projec-
tion-based electron beam technique,31 of the shaped beam
writer SB350OS (from Vistec Electron Beam GmbH) resulted in
the formation of 48 chips per wafer (5 × 10 mm2). Each of the
obtained chips contains 4 gratings with a size of 1 × 1 mm2 for
the SERS investigations. The exposure and the removing of the
gold layer were followed by the development of the resist in an
AR 600-546 developer for 60 s and the IPA rinsing for 30 s.
Next, the etching into the fused silica surface was performed
with a CHF3–SF6–ICP etching process (Inductively Coupled
Plasma – ICP) by using an ICP power of 300 W. The etch depth
of the 2D gratings with a period of 436 nm is approximately
100 nm. Last, the residual resist was removed using an oxygen
plasma, and the wafer was separated into single chips.

Silver films were deposited freshly (at the beginning of
every measurement day) by means of thermal evaporation at
an oil-free background pressure in the lower 10−7 mbar range.
For this, the chips were mounted line of sight to the evapor-
ation boat to let the vapor strike the substrate normal to the
surface. High-purity 99.999% silver granules were used as raw
material. The thickness as well as the deposition rate was con-
trolled in situ using a quartz microbalance. The thickness of
the silver layer was 40 nm. A scanning electron microscopy
(SEM) image of the measuring fields used throughout the
experiments is presented in Fig. 1. The image was obtained
using a JEOL JSM-6700F system.

Sample preparation

For all of the experiments discussed in this study a mixed
solvent of methanol and THF stabilized with 0.1% BHT (1 : 1,
v/v) was used.

For the concentration dependent SERS measurements of
the two analytes, stock solutions of 106 μM β-carotene and
lycopene were prepared by dissolving the appropriate analyte
quantities in MeOH/THF. Measuring solutions were prepared
by dilution in MeOH/THF immediately prior to use. Final con-
centrations of 106, 90, 74, 58, 42, 26, 10, 9, 7.4, 5.8, 4.2, 2.6
and 1 μM were obtained for both analytes. All named solutions
were used for the SERS measurements shortly after prepa-
ration. For each measurement, a new SERS substrate was used.

For the SERS measurements of the β-carotene/lycopene mix-
tures two stock solutions of 100 μM of each analyte were pre-
pared, and the two analytes were mixed to obtain the analyte
percentages shown in Table S1.† Subsequently, the resulting
mixtures were measured. However, recording the full data set
took a couple of hours, and the mixtures were stored at −20 °C
for the needed time. For each mixture a different substrate
was used.

The food samples were homogenized to obtain a puree.
2–5 g of each pure sample were mixed with 30 ml methanol/
THF of a solution (1 : 1, v/v) and 200 mg magnesium
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bicarbonate. The resulting mixture was stirred using an ultra
turrax and filtered with a Buchner funnel. The procedure was
repeated two times. The combined filtrates were evaporated to
dryness and then dissolved in a defined volume of the extract-
ing agent. The resulting sample was measured by both SERS
and HPLC. For the SERS measurements a new substrate was
used for each extract.

Spectroscopic measurements

The extinction spectra of the analytes were recorded using a
Jasco V650 diode-array spectrophotometer.

For the SERS measurements, the substrates were incu-
bated in the analyte solutions for 30 min and then dried in
an Ar stream, which was chosen due to the instability of the
carotenoid molecules under normal lab conditions. SERS
spectra were recorded using a commercially available WITec
confocal Raman system (WITec alpha 300 SR, WITec GmbH,
Ulm, Germany) equipped with a 488 nm laser. The light was
focused onto the sample via a 100× objective (NA 0.9), and
the Raman scattered light was collected with the same micro-
scope objective. An optical grating of 1800 g mm−1 was used
resulting in a spectral resolution of ∼2 cm−1. Scans consist-
ing of 100 point measurements were recorded with an inte-
gration time of 0.5 s per point. The power at the surface of
the sample was adjusted to 20 μW. For each measured
analyte (standard solution or sample extract) 13, scans were
recorded.

Data analysis

All of the presented spectra were analyzed using R (version
3.0.2)32 and plotted using Origin 8.5. For data analysis, spectra
were first averaged over a 50-point measurement. The resulting
spectra were wavenumber calibrated, cut to the relevant spec-
tral range of 500–1700 cm−1, background corrected using the
sensitive nonlinear iterative peak (SNIP) algorithm,33 spike cor-
rected and, for the analysis of the mixtures and food extracts,
normalized for the whole spectral range. For the statistical
analysis, a principal component analysis (PCA)34,35 (using a
different number of components) was performed and followed

by a partial least squares regression (PLSR)34,35 (using a
different number of components) analysis. Two types of cross-
validation were performed. First, to build up the training data
set, all values representing one concentration were removed,
which was repeated for all of the applied concentrations
(further referred to as M1). Second, 1% of the total number of
measurements was randomly taken out for training (further
referred to as M2). The optimal number of principal com-
ponents for PCA and PLS was chosen, and a model was built
using all of the measured data. The obtained model was
applied to the test data to predict the food composition. A PCA
was applied prior to the PLS regression because performing a
regression of high-dimensional data within each repetition of
the cross-validation loop would dramatically increase the pro-
cessing time. On the other side, PCA is an unsupervised
method that can be used for the dimensionality reduction of
the data outside of the cross-validation loop. Consequently,
the PLS regression was performed for low-dimensional data,
so the time required for the model construction and evalu-
ation was significantly decreased.

Limit of detection (LOD) values were defined according to
the IUPAC norms and are equal to the signal of the blank plus
three times the standard deviation of the blank.

HPLC measurements

The HPLC system consisted of a Shimadzu binary gradient
system with a DGU-20A3R degassing unit, SIL-20AC auto-
sampler, CTO-20AC column oven and SPD-20A UV/VIS detec-
tor. The injection volume was 50 µl, and the separation was
performed on a 250 × 4.6 mm S-5 µm YMC 30 HPLC column.
The mobile phase consisted of methanol (solvent A) and ter-
tiary butyl methyl ether (tBME, solvent B). The total flow was
1.3 ml min−1, and the column temperature was adjusted to
29 °C. The gradient started with 90% solvent A and 10%
solvent B. A linear gradient was applied up to 55% solvent A
and 45% solvent B (45 min) followed by another linear gradi-
ent up to 45% solvent A and 55% solvent B (5 min). This ratio
was held constant for 5 min before returning to the starting
conditions (90% solvent A) within 2 min.

Fig. 1 SEM image of the measurement field of the SERS active substrate (grating pitch: 436 nm): a quartz-grating as the template without a silver
film (A) and the quartz-grating covered with 40 nm silver as a SERS-substrate (B).
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The peaks were evaluated at 450 nm and 470 nm. The
quantification was performed by an external calibration with
standard solutions taking into account the internal standard.
The limit of quantification (LOQ) determined by the signal to
noise ratio was 0.03 µg ml−1.

Results and discussion

Plants naturally produce carotenoids to color their flowers and
fruits, to attract animals, to gather the light needed for photo-
synthesis and to protect chlorophyll from photo-damage.1

According to the available literature1,2,36,37 lycopene and β-car-
otene are two carotene molecules (out of 600 known) that can
be found in the same plants, in different ratios, depending on
the maturity/age of the plant. As depicted in Fig. S1† and
largely presented in the literature,1,2,23,36 in the plant bio-
synthesis, lycopene is first formed, and upon cyclization, it con-
verts to either β-carotene or α-carotene, which further undergo
conversions to other carotenoid molecules. Accordingly, at the
different stages of fruit ripening the amount of lycopene and
β-carotene also differs. Considering this and keeping in mind
the different roles the two carotenoids have in the mammalian
organism, it is important to be able to differentiate which
plants contain high amounts of each of them. On the other
hand, lycopene and β-carotene are very similar from a chemi-
cal and spectroscopic point of view (Fig. 2), making the differ-
entiation rather difficult. Analyzing the extinction profile of
the analytes (see Fig. 2A), a gain from the resonance contri-
bution by using a 488 nm laser as an excitation source is
expected. In a further step, SERRS measurements of the two
analyte solutions having a concentration of 106 μM were per-
formed, and the obtained data are shown in Fig. 2B. By analyz-
ing these spectra, a number of differences in the two analytes
concerning band intensities and band positions are identified.
The ratio of the bands centered at 1526 and 1155 cm−1 and
assigned to CvC in-phase stretching and C–C stretching

vibrations of the polyene chain of the two molecules change
when comparing the case of β-carotene with that of lyco-
pene.38,39 Further on, in the spectral range of 1230–1330 cm−1,
two different small bands can be observed. That is, the band
centered at 1270 cm−1 and assigned to the C–H rocking
vibration (also belonging to the polyene chain), and the one at
1287 cm−1 assigned to the ring methylene twist.38 The ratio of
these two also changes for the different molecules. Addition-
ally, a 5 cm−1 shift of the band centered at approximately
1190 cm−1 (and assigned to the C–C stretching vibration) from
one molecule to the other can be observed.38

As already mentioned, this study is directed towards the
detection of β-carotene and lycopene out of a food matrix. To
do so, different experimental steps were designed and per-
formed. First, different concentrations of the independent
pure analytes were measured before mixing them in different
ratios (see Table S1† for the exact percentages). Upon perform-
ing these measurements and the analysis, a calibration curve
was generated and used for estimating the presence of the two
analytes in the studied tomatoes. The results were then com-
pared with the current gold standard, HPLC.

SERRS spectra of different concentrations of the analytes
ranging from 106 μM to 1 μM were measured to establish an
understanding of the technique’s sensitivity. As observed from
the plots in Fig. S2,† detection down to a concentration of
10 μM and 26 μM were achieved for lycopene and β-carotene,
respectively. Keeping this in mind and considering the already
discussed plant-carotenoid transformation path (see Fig. S1†),
different lycopene/β-carotene mixtures were prepared. Infor-
mation regarding the individual percentages of these two
analytes in each solution and the different individual concen-
trations are included in Table S1,† while Fig. 3 depicts the
obtained SERRS spectra. As already mentioned, a change in
the ratio of the bands centered at 1270 and 1287 cm−1 is
observed in the case of the SERRS spectra of the pure analytes
(Fig. 2B). The same observation is also valid for the spectra in
Fig. 3, where a gradual change of the two bands’ intensities

Fig. 2 Chemical structure and extinction spectra of lycopene, 18.7 nM and β-carotene, 6 μM (A) and SERRS spectra of the two analytes, 100 μM (B).
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occurs with a variation in the amount of the two analytes in
the solution. Additionally, a change in the shapes of the bands
centered at 1190 and 1207 cm−1 as the solution composition

changes is observed. That is, the band centered at 1190 cm−1

becomes more defined with increasing in β-carotene fractions.
To better comprehend and visualize these features and to
show the potential of the SERRS technique in food analytics,
the SERRS data were further analyzed by applying statistical
methods. As mentioned, this consisted of a PCA-PLSR analysis
considering the optimal number of components, selected
from two different cross validation procedures (see Data analy-
sis section of Experimental for further information). Neverthe-
less, before applying the PCA-PLSR analysis, each group of 50
spectra were averaged, resulting in a total number of 30
spectra per mixture that were further used for the statistical
analysis. This step was performed to compensate for the
widely discussed SERRS drawbacks regarding the chemical
binding of the analyte to the substrate and the reproducibility
of the larger scale SERRS measurements.40,41 Additionally,
when analyzing this result, one should consider that β-caro-
tene percentages lower than 26% are lower than the lowest
detectable analyte concentration achieved for measuring the
pure analyte. The same is valid for percentages of lycopene
lower than 10%. This was expected to negatively influence the
root mean square error (RMSE)34 value of the obtained
regression results. The RMSE values obtained for the different
considered PCA-PLS component numbers are depicted in
Fig. 4. When analyzing this data, one realizes that by using
more than 4 PCA components and 2 PLS components a satur-
ation of the RMSE for both cross-validation approaches is
achieved. Accordingly, to avoid overfitting, the chosen PCA-PLS
combination for further analysis was limited to 4 PCA and 2
PLS components, having a RMSE value of 11.7%. The different
cross-validated regression results are depicted in Fig. 5. The
expected accuracy of the proposed SERRS method in predicting

Fig. 3 SERRS spectra of the β-carotene/lycopene mixtures. The spectra
are arranged based on the variation of the two analyte percentages: (i)
0% β-carotene and 100% lycopene (0% βc and 100% lyc), (ii) 8% βc and
92% lyc, (iii) 16% βc and 84% lyc, (iv) 24% βc and 76% lyc, (v) 32% βc and
68% lyc, (vi) 40% βc and 60% lyc, (vii) 48% βc and 52% lyc, (viii) 56% βc
and 44% lyc, (ix) 64% βc and 36% lyc, (x) 72% βc and 28% lyc, (xi) 80% βc
and 20% lyc, (xii) 88% βc and 12% lyc, (xiii) 96% βc and 4% lyc, and (xiv)
100% βc and 0% lyc. The graph on the right side depicts the spectral
range between 1330 and 1160 cm−1 for better visualization.

Fig. 4 RMSE values for various numbers of components used for PCA and for PLS.
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the concentrations of the two investigated carotenoids in food
samples is also around the same level. To assess the potential
of our SERS approach as well as its limitations by employing
real food samples, cherry tomatoes in different ripening stages
were investigated.

To do so, the data already presented was used in an attempt
to analyze two different series of cherry tomatoes differing in
their degree of ripeness. Tomatoes in the A series were picked
from the tomato plant upon reaching the different ripening
stages, and tomatoes from the B series were picked from the
tomato plant at the same early ripening stage (yellow). In the
case of the B series, the different investigated ripening stages
were achieved in simulated lab-ripening conditions consisting
of illuminating the vegetable with an 11 W lamp for the
needed period of time. Upon reaching a different ripening
stage under the lab illumination conditions, one tomato out of
the batch, corresponding to the new ripening stage, was frozen
and stored at −20 °C until the extraction and measurement
were performed. The analysis protocol depicted in Fig. 6 con-
sists of 4 easy steps. First, an HPLC extraction protocol
(described in the Sample preparation section) was performed
individually for each of the tomatoes studied (i) to obtain the

solutions (ii) used for incubating the SERRS substrates for
30 min (iii). Upon incubation, the substrates were dried using
Ar (iv) and measured by applying a 488 nm excitation source.
The obtained SERRS spectra are depicted in Fig. 7 together
with pictures of the 4 different ripening stages considered
throughout this study. As observed, the spectra are similar to
the ones already discussed (see Fig. 2B). Nevertheless, there
are a few differences in the spectral range of 1100–1300 cm−1.
First, a difference in the intensity of the band centered at
1190 cm−1 can be observed in both Fig. 7A and B as the color
of the tomato changes from yellow (spectra A1 and B1) to red
(spectra A4 and B4). The band intensity is higher in the case of
the yellow tomato and comparably lower for the red tomatoes.
By comparing this alone to the spectra in Fig. 2B one would
expect that the red tomato has higher lycopene content than
the yellow one. Further on, the shoulder that can be identified
at approximately 1207 cm−1 in the spectra of the pure analytes
(and that is assigned to the C–C stretching vibration)39 devel-
ops into a well-defined band in the case of the tomato
samples. This can also be observed in the case of the mixed
carotenoid spectra (Fig. 3) and could be a result of the inter-
action of the different carotenoid molecules via the polyene
chain. Additionally, the band centered at 1526 cm−1 in the
case of the pure analytes (Fig. 2B) is blue shifted in the case of
the tomato extracts by 6 cm−1 for the yellow tomatoes and
9 cm−1 for the red tomatoes (Fig. 7A and B). All of the named
spectral changes can be caused by the interaction of the caro-
tenoid molecules among themselves and with the SERRS
active substrate. However, one should keep in mind that in the
case of the tomato extracts the analyzed matrix has a higher
degree of complexity than the one used for creating the analyti-
cal model. More exactly, other carotenoids, such as phytoene,
phytofluene, ζ-carotene, γ-carotene and neurosporene, can
also be found in the tomato fruit matrix and could have spec-
tral contributions.42 Nevertheless, according to the literature,
the predominant molecule in the tomato fruit is lycopene fol-
lowed by β-carotene.26,42

The preprocessing of the tomato SERRS spectra was per-
formed by following the same steps performed in the case of
the studied pure analyte. The value obtained for the RMSE is
approximately 18.9%. The results (in the form of PLS scores
obtained by applying the PCA-PLS regression analysis) are pre-
sented in Table 1 together with the HPLC measurements’

Fig. 5 Cross-validation analysis results obtained for the case of the
4-component PCA and 2-component PLS analysis.

Fig. 6 Schematic representation of the analysis chain. As depicted, the first step consists of the preparation of the analytes to be measured. To this
end, the described extraction protocol was applied (i) and the resulting solutions (ii) were used for incubating the SERRS active substrate (iii). Upon
incubation the substrates were dyed with N2 (iv) and measured by means of SERRS.
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results. For the latter, the exact same extract was measured as
in the case of the SERRS experiments. As observed from the
table, a quite good agreement was obtained for the two analyti-
cal methods. In the case of the samples B1 and B2, however,
the lycopene and β-carotene content predicted by SERRS and
measured by HPLC presented different levels of the two caro-
tenoids. This might be due to miss-assignments of other caro-
tenoids present in the extract (i.e., phytoene, phytofluene,
ζ-carotene, γ-carotene and neurosporene) by SERRS, as at this
ripening stage their presence in the plant is expected. An
improved prediction of the tomato composition is expected
when employing all of the mentioned carotenoids for building
the model. This prediction is, however, beyond the aim of this
study. A further observation that can be made by analyzing
Table 1 is related to the variation in the lycopene composition
in an adult tomato fruit. Upon reaching the red ripening stage,
further storage of the tomato before consumption leads to a
decrease of the lycopene content in favor of other carotenoids.
This is important when deciding on a dietary regime building

towards a health-improving result. A last, interesting obser-
vation, first noted during experimentation, confirms that a
tomato’s lycopene content still increases when the fruit ripen-
ing is achieved in lab/shop conditions. This is important
regarding the transportation time needed from the actual plan-
tations to the commercializing facilities.

Conclusions

The current paper presents the work performed toward analyz-
ing cherry tomato fruits by means of SERRS. To this end, a
rather simple but relevant simulated matrix was prepared.
This matrix consisted of different mixtures of the two most
prevalent carotenoids found in tomatoes, namely, β-carotene
and lycopene. The percentages of the two carotenoids were
varied to simulate possible compositions in vegetables, such
as tomatoes. Upon statistical analysis, a regression curve was
obtained and used to analyze the tomato samples. Further on,

Table 1 Percentage of lycopene and β-carotene estimated to be present in the tomato extracts by means of HPLC and SERRS measurements

SERRS resultsa HPLC results

lyc βc lyc βc lycb βcb

% % μM μM % %

Plant-ripening A1 41.5 ± 12.9 58.5 ± 12.9 10.7 ± 1.1 7.8 ± 0.8 57.9 42.1
A2 70.1 ± 6.4 29.9 ± 6.4 30.0 ± 3.0 10.6 ± 1.1 74.0 26.0
A3 67.2 ± 9.4 32.8 ± 9.4 51.5 ± 5.1 13.4 ± 1.3 79.3 20.7
A4 59.6 ± 15.6 40.4 ± 15.6 20.8 ± 2.1 12.0 ± 1.2 63.4 36.6

Lab-ripening B1 11.3 ± 10.4 88.7 ± 10.4 13.1 ± 1.3 10.7 ± 1.1 55.1 44.9
B2 48.1 ± 9.0 51.9 ± 9.0 27.9 ± 2.8 13.2 ± 1.3 67.9 32.1
B3 86.6 ± 5.7 13.4 ± 5.7 99.7 ± 9.9 14.6 ± 1.5 87.2 12.8
B4 63.9 ± 4.8 36.1 ± 4.8 54.8 ± 5.5 18.0 ± 1.8 75.3 24.7

lyc – lycopene. βc – β-carotene. a PLS score value. b The % calculation was performed by considering that lycopene and β-carotene are the only two
carotenoids present in the extract.

Fig. 7 SERRS spectra of the garden-ripening tomato batch (A) and the lab-ripening tomato batch (B), as well as sample pictures of the colors the
tomatoes had when analyzed.
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two tomato series representative of garden-ripening and lab-
oratory-ripening conditions were considered to test the develo-
ped analytical method and to comparatively access the
lycopene/β-carotene abundance of market-available tomatoes.
Accordingly, upon acquiring the needed tomatoes for the
designed experiments, they were subjected to the same caro-
tenoid-extraction protocol and measured by both SERRS and
HPLC. The SERRS measurements were performed under the
same conditions as the ones employed for the lycopene/β-caro-
tene mixtures. Upon analyzing the data, we were able to esti-
mate the abundance of the two carotenoids investigated in the
tomato samples. Moreover, a good agreement was obtained
between the HPLC and the SERRS results for most of the
tomato samples. Additionally, both measurement methods
registered a gradual increase of the lycopene content indepen-
dent of the tomato ripening conditions investigated.
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