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Abstract: Optical systems are used for analysing the internal composition and the external properties

in food. The measurement of the lycopene content in fruits and vegetables is important because

check for

updates of its benefits to human health. Lycopene prevents cardiovascular diseases, cataracts, cancer, os-

teoporosis, male infertility, and peritonitis. Among the optical systems focused on the estimation
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and identification of lycopene molecule are high-performance liquid chromatography (HPLC), the
colorimeter, infrared near NIR spectroscopy, UV-VIS spectroscopy, Raman spectroscopy, and the
systems of multispectral imaging (MSI) and hyperspectral imaging (HSI). The main objective of this

Barranco-Gutiérrez. AL Current paper is to present a review of the current state of optical systems used to measure lycopene in fruits.

Status of Optical Systems for It also reports important factors to be considered in order to improve the design and implementation
Measuring Lycopene Content in of those optical systems. Finally, it was observed that measurements with HPLC and spectrophotom-
Fruits: Review. Appl. Sci. 2021, 11, etry present the best results but use toxic solvents and require specialized personnel for their use.
9332. https://doi.org/10.3390/ Moreover, another widely used technique is colorimetry, which correlates the lycopene content using
app11199332 color descriptors, typically those of CIELAB. Likewise, it was identified that spectroscopic techniques

and multispectral images are gaining importance because they are fast and non-invasive.
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1. Introduction
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published maps and institutional affil-  €Xternal quality and characteristics of the internal composition of fruits to be determined,
{ations. such as the shape, colors, maturity, vitamins, and soluble solids [1-4]. The operation
principle of these systems is to associate the variable of interest of the vegetable or fruit
matrix with the optical properties, such as the reflectance, transmittance, absorbance,
fluorescence, and emission, which can be analyzed and associated with the radiation of
light on the sample [5].

The study of the optical properties of each piece of fruit or vegetable is complex
because of their non-uniform surface. The relevance of the knowledge of the structure
allows identification of how light travels through food. In Figure 1, the light behavior
conditions of the Creative Commons  Schema on fruit radiated by a light beam is shown. Chen [5] reported that approximately
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energy can be absorbed or reach the other surface of the fruit with the same or a different
wavelength [6,7].
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Figure 1. Schematic of the interaction between light and a fruit [5].

The optical properties of the lycopene molecule allow the absorption of ultraviolet
and green electromagnetic regions because it has a structure of 40 carbons and eight
isopropene units. These characteristics identify the family of carotenoids. The main
functions attributed to carotenoids are fruit pigmentation, capture of light, and plant
photoprotection [8-12]. The study of lycopene in fruits is very important because it has
helpful antioxidant properties, which helps to avoid the generation of unstable molecules
and free radicals that damage proteins, DNA, carbohydrates, and fats [13-15]. Some fruits
that contain lycopene are tomato, watermelon, guava, grapefruit, papaya, and apricot. In
Table 1, it can be observed that the fruits with the highest lycopene content are guava,
tomato, watermelon, and papaya [16].

Table 1. Lycopene content of some fruits and vegetables [16].

Fruit Tomato Watermelon  Guava Grapefruit Papaya Apricot
Lycopene
ug/100 g 8.8—42 23-72 54 33.6 20-53 <0.1
wet weight

By 2023, lycopene is expected to generate an economic impact of $133 million accord-
ing to Industry ARC [17]. The aim of this work is to present a review of optical systems
focused on the study of lycopene. For the analysis, an advantages and disadvantages com-
parison of the following optical systems is presented: the colorimeter, multispectral and
hyperspectral imaging systems, high-performance liquid chromatography, and different
spectroscopy types (IR, UV-VIS, Raman).

2. Lycopene Nutraceutical Properties and Its Effects on Human Health

Currently, the health sector focuses its research on foods that provide a benefit to
humans due to their nutritional composition. Foods high in lycopene play an important
role in the prevention of diseases. These include cardiovascular diseases, cataracts, can-
cer, osteoporosis, male infertility, and peritonitis [13,15,18]. The suggested dose of daily
lycopene intake is 30 to 35 mg according to Rao et al. [19], similarly suggesting that daily
consumption is 5 to 7 mg to maintain lycopene levels in blood and to combat oxidative
stress, as well as the risks of chronic diseases. In the case of cardiovascular diseases, an
intake of between 35 and 75 mg is recommended.
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Figure 2 shows the mechanism for the prevention of diseases from [20]. The first phase
of this mechanism considers the intake of lycopene, which is absorbed from 10 to 30% of the
total content in the diet and the lifetime of this, in the blood, is 2 to 3 days [21-23]. Lycopene
allows a reduction of reactive oxygen species (ROS), as it works as a mechanism to prevent
chronic diseases. This is achieved with the increase of lycopene levels in the human body.
Among the benefits provided are the regulation of gap genes, improvement of intercellular
communication, hormone modulation, metabolism regulation and its improvement for the
immune response, participation in carcinogenic metabolism, and in the metabolic pathway
through the induction of enzymes.
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Figure 2. Role of lycopene in the prevention of chronic diseases [20].

3. Effects in the Biological and Physical-Chemical Properties of Lycopene by
Electromagnetic Wave Radiation

The chemical structure of the lycopene molecule consists of 11 double bonds that allow
the absorption of electromagnetic radiation between 200 and 490 nm [24]. Hashimoto et al. [25]
reported that carotenoids absorb in the blue and green regions of the electromagnetic spec-
trum. The absorption in the blue region is due to the lycopene molecule, which has an
outer electron that can move along the main carbon chain. It is conjugated and consists of
alternating sequences of double (C=C) and simple carbon bonds (C-C) [26,27]. Radiation in
the visible blue region of the lycopene molecule is a factor that supports carotenoid biosyn-
thesis. This can affect the antioxidant content and the product quality [28-30]. Figure 3
shows the chemical structures and absorption spectra of lycopene, x-carotene, (3-carotene,
and lutein belonging to the same carotenoid’s family. A characteristic highlighted of
carotenoids is that their absorption spectra generally exhibit similar behaviors, and it has
three peak values. In the case of lycopene, maximum absorption in acetone is found at 446,
474, and 504 nm [31,32].

When studying lycopene, it is necessary to consider the possible factors that can
damage it. Amongst these are high temperatures, extreme pH values, and oxygen [33].
Radiation use allows inhibition and carotenoid stimulation. Also, the use of distant red-
light radiation inhibited carotenoid generation in tomato and, with the red-light radiation,
it was stimulated [30].
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Figure 3. Chemical and molecular structures of selected carotenoids from Zielinska et al. [34].

Liu et al. [34] also established that the increase in carotenoid synthesis in tomatoes
is logarithmic. In the study, 30 tomato samples in the breaking maturity stage with
three variants of radiation for each analysis were used. The first treatment consisted of
radiating the samples with red light (243 mw/cm?). The second one irradiated the samples
with far red light (488 mw/cm?). The last treatment only isolated them in the dark. All
samples were observed for 14 h per day, for a total of 8 days. Finally, they were kept in

the dark. The results were: 692.5, 345.6, and 180.8 nug/g for the first, second, and third
experiments, respectively.

3.1. Biological and Chemical Effects by Radiation in Lycopene

The food industry demands higher-quality food and durability and lower chemical
waste content [35]. The quality of food can be affected by the following factors, such as
the amount and intensity of the lighting that it is grown in, the temperatures to which the
fruits are exposed, and the CO, content in the environment [36]. These are related to the
chemical reactions that generate lycopene. This process is called biosynthesis. The optimal
temperature for biosynthesis is 22 to 26 °C and the range under which it is affected is 30
to 35 °C [32,37-40]. Lycopene biosynthesis is shown in Figure 4, where the predecessor of
this molecule can be seen. These include phytoene and g-carotene. Molecules derived from
lycopene also appear, including 5-carotene, x-carotene, y-carotene, and {3-carotene.
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Figure 4. Simplified route of lycopene biosynthesis [39].

3.2. Fluorescent Lighting

Pesek et al. [41] explored the effects of radiation on vegetable juice with fluorescent
light. For the investigation, they used two trials, and each trial had 2 g of juice. One sample
was treated with fluorescent light at a constant intensity at 230 ft-c and 4 °C while the other
sample remained isolated from illumination. The samples initially contained 3.0 ug/g
of a-carotene, 8.2 ug/g of 3-carotene, and 62.9 ug/g of lycopene. They were exposed to
radiation for four days and showed a reduction in antioxidants: 25% for lycopene, and 75%
for a-carotene and [3-carotene. The authors concluded that the lycopene carbon rings at
the ends of its chemical structure protect it from light degradation.

In another experiment, Lee et al. [42] reported lycopene’s behavior at different tem-
peratures (50, 100, and 150 °C) and radiated with fluorescent light at 25 °C for different
periods. They observed that at 50 °C, isomerization predominated in the first 9 h and
then degradation started. In contrast, for conditions between 100 and 150 °C, degradation
proceeded faster than isomerization.

3.3. UV-C Radiation

The use of UV-C radiation generates positive biological effects, such as a reduction of
food decomposition, and germicidal and antimicrobial effects [43,44]. Bhat [45] explored
the impact of treating tomato juice by using ultraviolet radiation (UV-C) at different time
intervals (0, 15, 30, and 60 min). In the study, the physicochemical properties, antioxidant
activity, microbial load, and the color were evaluated. The researcher determined, by using
color analysis, the value of the L* coordinate, which increased significantly, and for the
coordinates a* and b*, the values decreased after the treatments with UV-C. Regarding the
content of lycopene, no significant changes were perceived.

Liu et al. [34] used UV-C treatments and red and solar light on the tomato. They
analyzed the behavior of the carotenoids, skin color, firmness of the tissue, and soluble
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reactive solids during the experiment. They found that sunlight and red light increased the
lycopene content in tomato but UV light degraded it. They also mentioned that soluble
solids are not affected by this type of radiation. Another similar study on tomato was
proposed by Noga et al. [46]. They used handlings with red light and with short exposure
to UV radiation, and achieved an increase of lycopene, 3-carotene, total flavonoids, and
phenolic compounds. Table 2 shows the four treatments used and the concentration of
lycopene obtained in periods of 5, 10, 15, and 20 days. The control treatment was kept in
the dark. For the treatments dark + UV and red light + UV, the samples were irradiated
with 4.98 kJ/m? of UV light for 30 min. In the treatments red light and red light + UV,
tomatoes were irradiated with a special LED lighting module. The spectrum of the light
was composed of 60% UV-B (280-320 nm with a dominant peak at 290 nm), 30% UV-
A (320400 nm), 4% UV-C (200-280 nm), and 6% visible light (400-700 nm). The red
illumination was applied throughout the storage time, with a peak at 665 nm, equivalent
to an available radiation photosynthesis (PAR) of 113 pmol/m? per day. The procedure
that presented a significant change was the red and UV light, and this occurred between
days 5 and 10.

Table 2. Lycopene content, per kg tomato irradiated by red light + UV [34].

Exhibition

Treatment Time Lycopene Concentration mg/Kg
0Days 5Days 10 Days 15 Days 20 Days
Dark (Control) 24h 42.07 44.22 131.92 961.37 871.16
Only two UV
Dark + UV radiation of - 54.61 49.60 855.14 850.84
15 min daily
Red light 24h - 40.92 1049.08 1176.50 1507.17
24 h of red light
Redlight + uy ~ Withtwo UV - 5465 128018 132443 141391
radiation of
15 min daily

3.4. v-Radiation

Kumar et al. [47] experimented with y-rays and magnetic fields to establish a rela-
tionship with the behavior of the biochemical attributes that influences the maturation
and quality of the fruits. Radiation with y-rays showed reductions in maturation, in the
synthesis of lycopene, and in the production of ethylene and reactive oxygen species (ROS).
Silva-Sena et al. [48] studied the effect of y-irradiation on the carotenoids and vitamin C
contained in papaya. The lycopene of this fruit was not affected by the irradiation but the
other carotenoids were. With this, the increase of carotenoids in the ripening of the papaya
was delayed.

4. Current Systems for Estimating Lycopene

It is necessary to highlight that these optical systems have elements, such as multiple
lenses, mirrors, prisms, and windows. In this sense, the measurement of lycopene is
determined with the interaction of light and the optical properties of the samples [49]. This
section deals with the optical systems for the identification, estimation, and measurement
of lycopene. These can be grouped in high-performance liquid chromatography (HPLC),
colorimetry, UV-Vis spectroscopy, IR spectroscopy, Raman spectroscopy, and multispectral
and hyperspectral imaging systems. The analysis of these was focused on the mode of
acquisition of lycopene information, the region of the electromagnetic spectrum, and the
processing of the study sample.
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4.1. High-Performance Liquid Chromatography (HPLC)

In the food sector, one of the main techniques that allows identification of the internal
composition of food is high-performance liquid chromatography (HPLC). This lycopene
measurement technique requires its extraction from the food. This is a process used to
obtain an oil that contains the carotenoid. Conventionally, it is done with the use of
solvents, heat, and agitation to separate the compounds from the sample. The HPLC
technique employs a non-polar stationary phase and a mobile phase that acts as a carrier
for the sample can be composed of various solvents. The components of the solution
migrate according to the non-covalent interactions of the compounds with the column.
These chemical interactions determine the separation of the contents in the sample [50].
Figure 5 shows the basic elements that integrate HPLC. These are the solvents of the mobile
phase, the pumping system, the chromatograph, the injection system, the column for
liquids, the detectors, waste, the control, and processing. The limit of detection (LOD) and
limit of quantitation (LOQ) are important characteristics used to evaluate the efficiency
of HPLC. Camara et al. [51] reported that this method can determine concentrations of
lycopene LOD = 0.6 nug. For the case of LOQ = 0.11, this parameter is related to the lowest
concentrations with acceptable repeatability and accuracy.

Software and
> Detectors > integrators

Pump and Syringes and

Chromatograph (| injectors > Column for liquids

Waste

Figure 5. Elements that integrate a high-performance liquid chromatograph.

Figure 6 shows the optical system used by HPLC to identify different study molecules.
It has seven elements, which are a UV-lamp (1), lamp mirror (2), flow cell (3), fold mirror
(4), programmable or fixed slit (5), grating (6), and diode array detector (DAD) (7). Its
operation uses the UV-lamp light, which is focused by the lamp mirror, towards the inlet
of the flow cell. Subsequently, the light is guided by the optofluidic waveguides to the
opposite end of the flow cell. This is focused on the fold mirror using the holographic
grating. Subsequently, the light is scattered over the diode array detector (DAD) in order
to have simultaneous access to all the information related to the wavelengths [37].

Figure 6. Elements that integrate the optical system of HPLC [37].

4.1.1. Lycopene Extraction Methods

The extraction of lycopene from food is relevant to facilitate the displacement of the
same in the mobile phase, and this allows the optical detectors of the HPLC to identify
and subsequently quantify the sample to be studied. Perkins-Veazie et al. [52] proposed a
method that allows lycopene to be obtained from different varieties of watermelon. They
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used 2 g of watermelon tissue puree, 50 mL of hexane, 25 mL of acetone, 25 mL of ethanol,
and 0.05% (w/v), butylated hydroxytoluene (BTH). The mixture was placed in a wrist-
action shaker for 10 min at 5 °C and then stirred for another 5 min, adding double-distilled
water. The sample settled for 15 min to achieve separation of the polar and non-polar layers.
Subsequently, duplicates of 1 mL each of the hexane layer were removed for measurement.
In the case of Skoog et al. [50], to extract lycopene from tomato, the samples of the fruit were
homogenized by means of a blender for 3 min and the water content was measured by the
constant weight method in a vacuum oven at 70 °C. The carotenoids were separated from
the homogenate formed by a hexane, acetone, and ethanol mixture (50:25:25). It was stirred
for 15 min during phase separation and the sample was settled. After this, the sample
was settled. Subsequently, the polar and non-polar layers were filtered and separated [53].
Likewise, Camara et al. [51] described a method of extracting beta-carotene and lycopene
from fresh tomato, tomato sauce, ketchup, tomato juice, tomato puree, carrots, watermelon,
peach, green chili, and medlar. The analytical method of extraction of the samples used the
mixture of THF/ ACN/methanol solvents (15:30:55 v/v/v). This extraction process required
shaking the samples for 30 min. Subsequently, the lycopene was separated from the food
matrix by layers.

4.1.2. Chromatographic Conditions

Camara et al. and Barba et al. [51,54] handled the same characteristics in their chro-
matographer in order to quantify lycopene: a pBondapack C18 column (300 mm x 2 mm),
10 um pore size, a pBondapack C18 precolumn (20 mm x 3.9 mm), 10 um pore size, mobile
phase 90:10 methanol/ACN (v/v) + 9 uM TEA, flow rate 0.9 mL/min, temperature of the
column of 30 °C, and a detection wavelength A = 475 nm. In the case of Arias et al. [1], they
used a 4.6 x 250 mm, 5 um polymer C18 column for the isolation of carotenoids, with a
mobile phase isocratic system that was composed of methyl alcohol and methyl tert-butyl
ether in a ratio of 3:7. The wavelength range used was 420-530 nm, and the length for the
identification of the lycopene reported was 471 nm. On the other hand, Perkin et al. [53]
used a Microsorb 277 MV-C-18 column with a 470 nm detection wavelength and solvent
proportion of acetonitrile (40%), methanol (20%), methylene chloride (20%), and hexane
(20%). Pedro et al. [55] determined lycopene and [3-carotene (mg kg’l) using a Shimatzu
HPLC (Shimatzu, Co., Kyoto, Japan) equipped with a CTO-10A column furnace, a Sil-10A
automatic injector, LC-10AD pumps, and a UV-visible SPD-10AV detector at 473 nm. The
separation was achieved using a RP18 Zorbax ODS column (5 um, 15 x 0.46 cm). The
mobile phase was MetOH/THF/H;0 (67:27:6), Socratic at 1.0 mL/min.

4.2. Colorimeter

Color is one of the main indicators used to identify the maturity and physical and
chemical composition of fruits and vegetables [56-59]. The colorimeter is an instrument that
uses the CIELAB color space and provides unified measurements. It has a perception closer
to that of humans [60-62]. The CIELAB color space consists of a coordinate space of three
orthogonal components, which are L* (clarity), a* (redness), and b* (yellowness) [59,62,63].

Various investigations have used color for the measurement of lycopene. Arias
et al. [56] analyzed the use of several relationships for the measurement of lycopene
in tomato using the coordinates L¥, a*, b*, c*, and h*, where the selection of these was in
the stages of green maturation, yellowish with some pink regions, orange, soft red, red,
intense red in firm fruit, and intense red with soft fruit. Color measurement of tomatoes
in the equatorial region of the surface using a Minolta Chroma Meter CR-200 (Minolta)
colorimeter (Camera Co. Ltd., Osaka, Japan) determined that the coordinate a* shows a
linear correlation with the stages of maturation of the tomato. Splicing was observed in
the groups of firm red and intense red, the luminosity factor L* decreased during the first
five stages of maturation and then remained constant, and the b* value increased through
the first four stages of maturity due to the synthesis of 3-carotene and presented a low
correlation with the maturity states.
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Different models focus on the measurement of lycopene using the color space Cielab.
Vazquez-Cruz et al. [1] proposed a model based on an artificial neural network (RNA). Its
architecture has six entries, two hidden layers of 13 and eight neurons, respectively, and
an output for the prediction of lycopene. The entries used were L*, a*, b*, a*/b*, and the
leaf area index (LAI). The learning ratio was 0.4, with a time of 0.6 and the coefficient of
the relationship was 0.98. Tilahun et al. [64] performed a prediction model of lycopene
and (3-carotene in tomatoes, using the color correlation coefficients, which were, a*, a*/b*,
and (a*/b*)%. Another investigation was that of Ye et al. [65], who used tomato of the
Momotaro breed to create a model for lycopene estimation. They used a gram of tomato
tissue, and the quantification was performed spectrophotometrically with a biophotometer
(B PM-10 Bio, Taitec Corporation, Saitama, Japan). They used a standard solution of
lycopene with concentrations of 0, 2, 5, 10, and 15 ppm and a colorimeter (NF333, Nippon
Denshoku Industries Co., Ltd., Tokyo, Japan). The system was performed on an Android
4.2.2 tablet. Its operation consisted of capturing an image or images with the standard
colors to calculate the values and reference chromaticity. Subsequently, they determined
the color differences between the test fruit and each of the standard colors. The model for
estimating lycopene used the color relationship (a*/b*) 2. Table 3 shows the factor with the
highest correlation with the lycopene content, which is a*/b*, which was used by [1,54,64].
For the case of Ye et al. [65], they used the same squared correlation factor. Moreover, Hue
and Chroma did not present an R? correlation lower than 0.7 with the lycopene content as
reported by Arias et al. and Ye et al. [56,65].

Table 3. Comparison of lycopene measurement systems using color.

Arias et al. Vazquez-Cruz Tilahun et al. Xujun Ye and Zhang
(2000) et al. (2013) (2018) (2018)
Factor L R - L R -
near I;ezgresswn near I:Zgresswn Linear Regression R? Linear Regression R?
L* 0.90 0.908 0.49 0.83
a* 0.87 0.909 0.92 0.78
a2+ X X X 0.72
b* 0.09 0.02 0.52 0.50
b2* X X X 0.48
(a*/b*) 0.90 0.980 0.94 0.76
(a*/b*)? 0.86 X 0.42 0.81
Hue
Tan — ! (b*/a%) 0.44 X X X
Chroma
C* = ((a%)? + (b*)2)1/2 0.67 X X 0.36
Lycopene mg/100 g 091 0.586 X X
wet weight

X = Descriptor not reported by the author.

4.3. Ultraviolet-Visible (UV-Vis) and Infrared (NIR) Spectroscopy

Spectroscopy is used to identify maturity states and the internal composition of some
fruits and vegetables. It uses optical properties, such as the reflectance and absorbance, in
a range of 780-2526 nm [66]. An important aspect in spectroscopy is that absorption causes
fundamental vibrations. They are related to the functional groups -CH, -NH, -OH, and
-SH [67,68]. The (NIR) spectroscopy consists of irradiating the study element with a light
that can be reflected, absorbed, or transmitted. Once the measurement of the sample is
made, the composition is established, as well as the structure, depending on the amount of
light measured and the wavelength [69-71]. Figure 7 shows the elements integrating the
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optical system of the type of (NIR) spectroscopy: light source of the halogen or tungsten
type, a monochromator, a sample holder, and detectors.

Detector Diffuse
Reflectance

Light source Monochromator Detector

Transmittance

Figure 7. Elements that integrate an optical system of spectroscopy (NIR) [72].

Li et al. [57] identified the maturity stages of the tomato using spectroscopy (Vis-Nir).
Through this, the reflectance spectra were obtained in the range 380 to 2500 nm; these
present changes in the region of 400-700 nm and allow the fruits to be classified as shown
in Figure 8. Similar studies allow the measurement of lycopene, as in the case of Tamburini
et al. [73], who developed an online spectroscopy (NIR) system. For this, they selected
the range of 900 to 1700 nm with the intention of measuring lycopene, (3-carotene, and
total soluble solids in watermelon (Citrullus lanatus). This system used the NIR On-Line
RX-One (Buchi, Flawil, Switzerland), which is made up of a diode array detector (DAD)
and a dual tungsten-halogen lamp. In 2013, they performed tests with watermelons on
a conveyor belt without movement. From these, two spectra were obtained from two
selected regions. By 2014, the four-sided spectra with the moving band were obtained.
Three speeds were used for the band, which were 2100, 2400, and 2700 rpm, to obtain
a total of 720 spectra. Finally, in 2015, they obtained 35 spectra randomly, using new
fruits. The spectra obtained during the study were treated by the standard normal variance
(SNV) and the first derivative for the reduction of noise and unwanted information. With
the use of principal component analysis (PCA), they identified three groups of data that
offer significant information. These groups are the year of sampling, the climate that is
associated with the frequency of rains, extreme temperatures, and the physical-chemical
characteristics. One aspect to highlight is that these factors together with the radiation
modify the lycopene content in the fruits. The reported correlations for lycopene in the case
of R?,; calibration were 0.877; for the validation R?, 0.756; and finally, for the external
validation, R?gy, the result obtained was 0.805.
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Figure 8. Identification of the maturity of tomato using spectroscopy (NIR) from Li et al. [57].
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Tilahun et al. [66] performed a prediction model for lycopene and (-carotene in
tomatoes, using a laptop and Vis-NIR spectra. In the development of the model, they
used a range of 500-1100 nm and reported some relationship coefficients for the lycopene
calibration of R%c = 0.89092 and in the case of 3-carotene R%- = 0.88158. The correlation
coefficients for the predictions were R2p = 0.85106 and RZp = 0.77353. The transmittance
spectra of the intact tomatoes were obtained with a Vis-NIR spectrometer (Life & Tech, CO,
Ltd., Yongin, Korea) using a halogen lamp as the Vis-NIR light source. The measurement
on the fruit was done six times to reduce the noise, obtaining a total of 3500 data for
each measurement with a spectrum resolution of 0.2 nm. Together with this, a total of
1160 spectra were obtained, which represent the breaking, pink, and red maturity state of
the fruits in the study. For the calibration and cross-validation process, they used 50% of
the spectra for each stage. The spectra obtained from the fruits were processed to eliminate
unwanted information and noise. Original spectra were treated by a Hanning Window,
standard normal variance (SNV), multiplicative dispersion correction (MSC), and the first
derivative. Another study focused on lycopene measurement is that of Pedro et al. [55],
who analyzed, in a non-destructive way, the soluble solids and carotenoids in tomato
products. The tomato spectroscopy NIR was acquired after opening the samples. The
aliquot of the fruit was placed at the bottom of a Petri dish (Schott 23 755 48 05), and the
readings were performed on a Biichi NIRLab Spectrometer N-200 (Btichi Labortechnik AG,
Postfach) equipped with a diffuse reflectance cell MSC-100. The method for the calibration
models was that of partial least squares (PLS). For this, 42 samples were used during the
calibration stage, with 126 spectra obtained. In the validation, 37 samples and 111 spectra
were used. The proposed models used three regions that were 1000 to 1250 nm, 1250 to
1666.67 nm, and 1666.67 to 2500 nm. The original spectra were pre-processed by applying
a medium smoother with a window width of 15 wave numbers. Among the proposed
models, the main difference is the number of spectrum regions and the number of factors
or main components they use. The best model reported by Pedro et al. [55] is the one that
used the treatment with multiplicative signal correction (MSC) and the use of the spectrum
from 1250 to 2500 nm using 5 factors. The correlation factor was 0.9996 and a mean squares
error of prediction of 21.5779.

4.3.1. Raman Spectroscopy

Raman spectroscopy has been used to measure the lycopene content. The technique
involves the use of high-energy monochromatic light, such as a laser, which disperses
over the molecules and interacts with the photons of the sample. The study matrix does
not require a complex preparation and they can be studied in either glass or polymer
packaging [74-77]. Typical Raman measurements employ the highest intensity that is
related to the longest wavelength and Stokes scattering [77]. The measurement is carried
out using the vibrations of the stretches of the C-C bonds (v1) of the polyene chain. The
other stretch of interest is the bond C=C and the deformation C-CH3, respectively known
as (v2) and (v3) [78-83].

Withnall et al. [83] reported two peaks of greater magnitude for the estimation of
carotenoids in tomato. The location of these is in the spectral regions of 1100-1200 and
1400-1600 cm~!. In Figure 9, the study of the behavior of the maturity of the tomato is
presented. It can be seen that the peaks coincide with those reported by Withnall et al. [83].
Measurement of the lycopene content was achieved using a portable Raman spectroscopy
system and the maximum concentration of lycopene occurred in the state of deep red
maturity [84].
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Figure 9. Spectra of tomato maturity behavior using Raman spectroscopy [84].

Qin et al. [85] developed a spatial compensated Raman spectroscopy system (SORS),
for a non-destructive evaluation of the internal maturity of the tomatoes. The system
shown in Figure 10 consists of a 785 nm laser in the spectra range 4000 to 50,000 nm, a 16-bit
camera with 1024 x 256 pixels, and a Raman imaging spectrometer. This system accepts
light by means of an input slot 5 mm long by 100 mm wide. The spectrometer works in the
range of 779-1144 nm. The focusing unit consists of a band pass filter, a focus lens, and
an optic fiber collimator. The biological materials’ auto-flowering difficulty was solved by
the curve adjustment method called modified polynomial means [86]. The method used
to identify the lycopene was through the divergence of spectral information (SID) and
relative entropy.

785 nm Laser
Module

Stepping Two-axis Motorized Raman Imaging
Motor Positioning Table Spectrometer Computer
Controller

Figure 10. Raman spectroscopy system for lycopene measurement [86].

4.3.2. Multispectral (MSI) and Hyperspectral (HSI) Imaging Systems

The optical systems of multispectral and hyperspectral images are used to acquire both
the spatial and spectral information of a product by combining traditional methods of imaging
and spectroscopy. With them, internal and external information is obtained from the study
matrix [86]. Qin et al. [87] performed the measurement of the optical properties of fruits and
vegetables. The multispectral system shown in Figure 11 is made up of a light source and a
hyperspectral image unit. The unit contains a focusing lens and a spectrograph. The broadband
light was coupled to an optical fiber and a micro lens to generate a 1.0 mm diameter beam,
which impinges on the sample at 15° from the vertical direction. The images were captured in
online scan mode covering a spectral range between 200 and 1100 nm. The difference between
the traditional UV-VIS and NIR spectroscopy techniques is based on the regional study of the
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matrix. In the case of multispectral and hyperspectral images, they evaluate the entire surface
of the element of study, and provide spatial and spectral information [85].

Camera
CCD
spectrograph

Stepping
Motor Two-axis Motorized

Controller Positioning Table

Computer

Figure 11. Multispectral system for lycopene measurement from Qin et al. [85].

Liu et al. [9] developed a system using multispectral images with chemo-metric meth-
ods to measure lycopene and the phenolic compounds in tomato. This system operated
with 19 wavelengths from 405 to 970 nm. The total samples used for calibration and
validation were 162 fruits in different stages of maturity. When calibrating, they used
two-thirds of the total of fruits and the rest during validation. The proposed models to
measure lycopene are partial least squares regression (PLS), the least squares support
vector machine (LS-SVM), and the backpropagation neural network (BPNN). According
to its results, BPNN obtained the best results for its RZC calibration of 0.957 and the Rzp
prediction of 0.938.

The research by Polder et al. [7] measured the superficial distribution of carotenes
and chlorophyll in mature tomatoes using imaging spectrometry and PLS. The recorded
range was 400 to 700 nm with a resolution of 1 nm. The images were recorded using
two illuminators Dolan-Jenner PL900 (Andover St. Lawrence, Massachusetts, USA), with
quartz halogen lamps of 150 W in the range of 380 and 2000 nm. The root mean square
error of the lycopene concentration in one pixel was 0.95 and for the base tomato it was
0.96. Here, 500 mg samples of the fruit were milled with liquid nitrogen and 4 mL of
acetone with 50 mg of CaCOs. To the granules obtained after centrifugation, lycopene was
extracted with 4 mL of acetone, 2 mL of hexane, and 5 mL of acetone: hexane (4:1). All
solvents contained 0.1% (w/v) butylated hydroxytoluene (BHT).

Table 4 summarizes the application of different optical systems for the estimation of the
lycopene content. The correlation coefficients are reported with the lycopene, instrumentation,
wavelengths for the estimation of the same, treatment of the matrix, type of vegetable and fruit,
acquisition method, and range of measurement. In the same table, the use of spectroscopy is
highlighted, which allows a good correlation with tomato lycopene of R = 0.996 to be obtained.
The proposed system uses the spectrum regions 4000 to 6000 cm ! and 6000 to 8000 cm ™!,
together with an MSC treatment. Another optical system that has a good correlation with the
lycopene content in tomato is vegetable color measurement using the correlation a*/b*. It should
be noted that high-performance liquid chromatography is commonly used for the validation of
lycopene measurement systems. The relevance is that it allows quantification of the correlation
between the states of maturity of the fruits when using the absorbance. The advantage of using
this optical system is that it allows the creation of prediction models of lycopene content in
tomato sauce, ketchup, tomato juice, tomato puree, carrots, watermelon, peach, green pepper,
and medlar. HPLC measurements have the disadvantage that it requires a process of extraction
of lycopene in the fruits. In this sense, the process is destructive and involves the use of toxic
solvents. Furthermore, an important factor is the choice of a suitable mobile phase to achieve
an adequate separation of this carotenoid. The use of spectral images and NIR spectroscopy
presents a wide range of estimation of the lycopene content with 2.65-151.75 (mg/kg) [73] and
in the case of spectral images it is 7.52-139 mg/g [7].



Appl. Sci. 2021, 11, 9332 14 of 21

Table 4. Comparison of lycopene detection and measurement methods.

Mode of Wavelength Treatment Rank of Analysis
Food Technique A ode t(? of of the Measurement Correlation Photochemical Reference
cquisition Detection Matrix Wet Weight of Lycopene
R?=0.723
hydroxytoluene, >
HPLC R =0.468
. butylated *
Watermelon (Citrullus (190-950 nm) Absorbance 475 nm al (;1 1},;3(; /o) 252100 choarma R? =0.357 (Perkins-
1\1/?;2?; g};\lﬁ?) 3ug/g 1000 a*/(b* + L) R?=0.123 Veazie et al., 2001)
1
Colorimeter Absorb (BHT) in etanol R? = 0.666
(400700 nm) sorbance (1:1, v/v) R? =0.451
10.37-29.25
HPLC a* 2 _ :
hexane/ mg/100 g R*=0.82 (Arias et al.,
Lycopersicun 120-530 Absorbance 471 nm acetone/ 0922117 o 2000)
esculentum (420-530 nm) mg/100 g a*/b R?=0.96
Mill cv. Laura _
Colorimeter Absorbance (SSEI:;;) 1nlg3 / 11303§ (a*/b*)? R2 =0.905
Ketchup, juice tomato, g(}:lllj]//
tomato pure, carrots, HPLC 502 y 446 . 1 Absorbance values in _ o (Camara et al.,
watermelon, green (190-800 nm) Absorbance nm (T;’ ;aé‘ gé 29 (gmL™) 446 and 502 nm Re=0.99Rp =0.99 2009)
pepper and medlar v /.v /'z;)
HPLC 0.1% (w/v) butylated, 6.456 105
Absorbance 450 nm hydroxytoluene (BHT) (7.1 x 107%)
(190-950 nm) A . (Vazquez-
in ethanol (1:1, v/v) mg/_L \
Solanum lycopersicum Ty Cr%le;)a "
a
Colorimeter PRI _
(400-700 nm) Absorbance a*/ EA Iand Rp =0.95
2.14-15.57
mg/Ke a* R. =0.92
2.23-16.67
. N mg/Kg a*/b* R. =0.94
. Spectrophoto- . acetone, ethanol, an 6.04-17.46
Solanum lycopersicum 3 met}r)y Transmittance 503 nm hexan (25:25:50) mg/Kg (a*/b*)? R. =042 (Tilahun et al.,
2.41-16.19 a* Re = 0.90 2018)
mg/Kg p=5
2.75-16.23 * /h* -
mg/Kg a*/b Rp =098
Colorimeter 6.10-16.40 5 _
(400700 nm) Absorbance mg/Kg (a*/b%) Rp = 0.52
Spectroscopy _
VIS/NIR gc = gg’;
p=0.

(500-1100 nm)
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Table 4. Cont.
Mode of Wavelength Treatment Rank of Analysis
Food Technique Acquisition of of the Measurement Correlation Photochemical Reference
q Detection Matrix Wet Weight of Lycopene
Watermelon Citrullus HPLC 2.65-151.75 R. =0.756 (Tamburini
lanatus (195-650 nm) Absorbance 450 nm chioroform (mg/kg) Rp = 0.805 etal, 2017)
NIR Process
Analyser Reflectance
900-1700 nm
Solanum Ivcopersicum HPLC Absorbance 473 nm hexane/acetone/ethanol 144-921 R. = 0.999 (I;ejrl;zii:d
yeop (190-600 nm) (50:25:25) mg/Kg e =L 2005)
MSC and
segmentation
Spectrometer Reflectance 4000- of the spectrum
1000-2500 nm 10,000 cm~1. region 4000 to 6000
cm~! and 6000 to 8000
cm™!
Spectrometer
. of pictures . . 1151y 1513 (Qin and Lu, 2008; Qin
Solanum lycopersicum Raman light scattering cm-1 chloroform etal,, 2001)
779-1144 nm
Nitrogen, Acetone,
CaCO;3, hexane, (p/v)
Solanum lycopersicum Spectrograph Reflectance 396-736 nm hydroxytoluene, 7:52-139.0 Correlation PCA (Polder etal.,
396-736 nm b ug/g 2004)
utylated
(BHT)
Solanum lycopersicum Spectroscopy Absorbance 503 nm hexane/ethanol/acetone (Liuetal,
yeop VIS/NIR 2010)
Videometer 405,
435, 450, 470,
505, 525, 570, . . .
590, 630, 645, Video-meter (2:1:1), containing 2.5% 0.840-36.791 Neural network with R, =0.957
Reflectance BHT (butylated
660, 700, 780, wave-lengths hydroxy toluene) mg/kg 19 wavelengths R, =0.938
850, 870, 890, ydroxy foluene
910, 940 and

970 nm
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5. Discussion

According to the literature review, it can be noted that in the food industry, different
variants of optical systems are used to mathematically describe the lycopene content in
fruits. It can be identified that optical systems that measure the lycopene content in fruits
use reflectance, absorbance, light scattering, and transmission as a quantitative variable that
detects and quantifies this molecule. This is possible because the frequencies used in this
measurement are in the infrared, visible, and/or ultraviolet spectrums. Such is the HPLC
case, as it uses the optical property of light absorption. Several methods [1,51,52,55,56,73]
use this in focus, where the photodiode array detector of the HPLC operates in the range
of 450-503 nm. This range is used to identify the maximum absorption peak of this
carotenoid. Another proposal is [51], as they reported the use of two absorption peaks with
wavelengths of 446 and 502 nm. In many studies, this equipment (HPLC) has achieved
extremely reliable results of an R? = 0.99.

The frequency spectrum usage is an important characteristic to optimize lycopene
measurement methods. For example, Perkins et al. [52] used an HPLC with a spectrum
between 190 and 950 nm and in its detection only used the wavelength around 475 nm.
Arias et al. [56] worked with HPLC in the spectrum between 420 and 530 nm and its
detection in the wavelength around 471 nm. Camara et al. [51], Pedro et al. [55], Vazquez-
Cruz [1], Tamburini et al. [73], and Tilahun [64] also worked with wide electromagnetic
spectrum systems in lycopene detection. It is understood that equipment is designed for
quantification at different wavelengths, but by designing equipment in a smaller range, this
reduces component costs. Polder et al. [7] used a range of the electromagnetic spectrum
between 396-736 nm to recognize lycopene. However, other references make it possible to
identify a narrower useful zone between 446 and 503 nm. This allows us to label this space
as one range where lycopene can be acknowledged, as shown in Figure 12.

Histogram of references by wavelength
2 T T T
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1.2

0.8
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b

0.6

0.4
0.2
0
446 450 471 473 475 502 503
nm

Figure 12. Range of the electromagnetic spectrum most used to detect lycopene.

It was also observed that all current lycopene quantification methods require a stan-
dard sample of this molecule to calibrate the equipment [1,52,56]. Additionally, several
research teams have calibrated the colorimeter using calibrated HPLC to obtain a non-
invasive, portable, and fast system for the measurement of lycopene in fruits [1,53,56].

It was also found that there is a limited amount of work on the estimation of lycopene
using image processing in the ultraviolet, visible, and infrared spectra [10]. Although
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there are many computer vision works that have analyzed the quality, maturity, and
defects of fruits, they have not focused on the lycopene content [2—4,58,64,65,88,89]. Raman
spectroscopy has also been scarcely explored to solve this problem due to the cost, size,
and controlled working conditions [84,85,89]. This could change in the future thanks to
advances in technology, as the electronics industry offers us cameras with low cost and
sensitivity in the ultraviolet, visible, and near infrared range, as Wu et al. [59] has claimed.

An important phenomenon in the study of the generation and degradation of lycopene
in fruits is the effect of UV, VIS, and infrared radiation. Liu et al. [34] is the only study
found on this topic.

Another interesting aspect to highlight is the correlation higher than R? = 0.9 reached
by HPLC when the lycopene content in tomato is measured. However, for other fruits, this
efficiency drops to R? = 0.72.

On the other hand, optical absorption is used in coloration quantification of the fruit
epicarp. This measurement is related to the change in lycopene content and is a tool to
estimate this important molecule. This descriptor is generally determined by using the a/b
quantity in CIE L*a*b space, which it is the most sensitive factor in identifying measure-
ments from 10.375 mg/100 g wet weight [56] and the a* component allows measurement
of contents of 29.25 mg/100 g wet weight [52]. Between important relations, we note
that there is a general increase in reflectance and transmittance in the region of 405 to
780 nm [64,73]. This optical property behavior coincides with the changes in the absorption
spectrum reported by [90]. This fact is related to the maturity stage of the fruit and the
change in lycopene content.

Although, HPLC continues to be the most reliable equipment (par excellence) to
determine the amount of lycopene in fruits. Portable and easy-to-use equipment, such as
the colorimeter and artificial vision systems, are beginning to increase in use because they
help the agri-food industry to monitor the content of lycopene in fruits from its cultivation
to its consumption without destroying the samples. Additionally, its reliability is increasing
due to technological tools, such as artificial intelligence, and improvements in sensors, such
as low power consumption and resolution.

6. Conclusions

The current review provides a description of the techniques used for quantification
of lycopene contents in various fruits: High-performance liquid chromatography (HPLC),
colorimetry, NIR spectroscopy, UV-Vis spectroscopy, Raman spectroscopy, multispectral
images (MSI), and hyperspectral images (HSI). The HPLC and spectrophotometry methods
can provide more efficient results, but their measurement procedures are lengthy and
complicated. In contrast, both multispectral, hyperspectral, and colorimeter imaging
techniques are fast and non-contact, and suitable for online applications but still face many
challenges regarding their accuracy. NIR spectroscopy, UV-Vis spectroscopy, and Raman
spectroscopy are moderately reliable with respect to HPLC. Likewise, current techniques
have certain limitations that restrict their comprehensive applications in industrial food
inspections. A solution that several research teams are implementing to measure lycopene
content in the field is the calibration of colorimeters with respect to HPLC. Studies that
considered this method of determining lycopene contents demonstrated that the use of
the CIELAB model facilitates the calculations and provides high reliability, although the
original color model of the sensors is the RGB model. A relevant finding is that the
efficiency in the lycopene measurement in tomato turns out to be more efficient than in
other fruits. This motivates the discovery of techniques to improve the estimation in
various fruits that contain lycopene. In general, the introduction of artificial intelligence
algorithms, the internet of things, parallel processing hardware, and the reduction of
equipment costs are areas of future study that lead to the early translation of laboratory
results to field applications.
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