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Abstract: Supercritical carbon dioxide extraction (SCE-CO) is an attractive, green technology that
is used for the recovery of biologically active compounds from plant material. The antioxidant po-
tential of lipophilic fractions (extract obtained with SCE-CO:z) and hydrophilic fractions (extracts
obtained from the residue after extraction) obtained from a matrix of freeze-dried tomatoes (cvs.
“Admiro” F1, “Jurgiai”, “Vilina”, “Pirmutis”, and “Skariai”) was assessed via different antioxidant
activity methods. The total amount of polyphenols, carotenoids, and carotenoid isomers before and
after SCE-CO: extraction was also determined. To investigate the effect of the SCE-CO2 extract on
the viability of cancer cells, rat glioblastoma C6 cells were chosen. The SCE-CO: yielded an average
of 800 mg of lipophilic fraction per 100 g of freeze-dried tomatoes. The ABTS** scavenging activity
of the extract was 251 + 3.4 umol TE/g. After SCE-CO:2 extraction, the DPPH"-RSA of the freeze-
dried tomato matrix was 7 to 12% higher. There was a strong positive correlation (R = 0.84) between
the total polyphenolics content and the DPPHe-RSA of the tomato samples. The SCE-CO: increased
the radical scavenging activity of the extraction residue, indicating that a considerable fraction of
the hydrophilic compounds with particular antioxidant capacity remain unextracted from the to-
mato matrix. Our results reveal the cytotoxic effect of lycopene extract rich in cis-isomers (62% cis-
isomers of the total lycopene content) on rat glioblastoma C6 cells. The viability of the glioblastoma
C6 cells significantly decreased (-42%) at a total lycopene concentration of 2.4 uM after 24 h of in-
cubation.

Keywords: lycopene; tomato; supercritical fluid extracts; antioxidant activity; cytotoxic effect

1. Introduction

The development of health-promoting food products is a key research priority [1].
Vegetables are highly recommended for a healthy diet due to their high contents of bio-
active components, including antioxidants [2,3]. Plants are an important source of bioac-
tive compounds and functional ingredients with beneficial health properties. In order to
assess the efficacy of plants as functional foods and/or sources of ingredients for food
supplements, it is important to describe their quality and physicochemical properties, to
determine the composition and quantity of the present bioactive compounds and evaluate
their bioactivity [4].
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Recently, natural carotenoids and phenolic substances have attracted great attention
from the scientific community as potential agents for the prevention of oxidative-stress-
related diseases [5]. A significant link between the regular intake of phytochemical-rich
foods (e.g., foods rich in carotenoids, phenolic compounds) and the prevention of certain
degenerative diseases (cancer, arthritis, diabetes, cardiovascular diseases, etc.), as well as
the enhancement of the immune function, have been demonstrated in many studies [6].
Carotenoids and phenolic compounds contribute to the nutritional value of tomatoes and
affect their quality attributes (aroma, taste, texture, and appearance) [7-9]. Diets rich in
natural carotenoids (lycopene, [3-carotene, et. al.) have been associated with many health
benefits. Carotenoids are a class of naturally occurring fat-soluble pigments responsible
for the characteristic (yellow, orange, red) colors of numerous fruits and vegetables. These
natural pigments play a very important role in human health and disease (cancer, cardio-
vascular diseases, macular degeneration) prevention [10,11]. Lycopene is the major carot-
enoid occurring in ripe tomatoes, accounting for up to 90% of the total carotenoids pre-
sent. Lycopene is not synthesized in the human body; therefore, it must be acquired from
the daily diet [12]. Lycopene ({, {-carotene) is a symmetrical tetraterpene with eight iso-
prene units. Lycopene has a molecular formula of CsHss, which has been attributed to its
chemical structure, containing 13 double bonds, 11 of which are conjugated. Although 71
kinds of lycopene cis-isomers are theoretically possible because of the stereo-hindrance of
double bonds [13,14], lycopene in plant sources—for example, in tomatoes and other
fruits—exists predominantly in an all-trans-isomers form. The molecular structure of a
nutrient (for example, cis- or trans-conformation, the number of carotenoids) determines
its biological role and activity [15]. For instance, in human plasma, cis-isomers of lycopene
make up at least 60% of the total lycopene [16,17]. The predominant lycopene cis-isomers
(6-cis; 7-cis; 9-cis; 13-cis; 15-cis) in tomatoes and tomato products were revealed in our pre-
vious works [18,19]. According to the literature, lycopene exhibits the highest antioxidant
activity compared with other carotenoids [20,21].

It has been widely accepted that no single antioxidant alone can lead to health bene-
fits. Rather, the combination and possible synergistic effects of various present antioxi-
dants are necessary. There is an opinion that carotenoids sometimes interact synergisti-
cally with other natural antioxidants. Carotenoid mixtures show higher bioactivity than
single compounds. The synergistic interaction of lycopene and p-carotene was reported
previously [15,22]. Milde and co-w [23] tested the effect of a combination of rutin and
carotenoids (lutein and lycopene) on the oxidation of human low-density lipoproteins
(LDL). Both combinations were shown to facilitate synergistic (supra-additive) protection
of LDL towards oxidation. The authors concluded that this is most likely due to the dif-
ferent allocation of the antioxidants in the LDL particles and the different mechanisms of
antioxidant action [23]. Besides carotenoids, phenolic compounds also contribute to the
beneficial health effects of tomatoes and tomato products. Phenolic compounds such as
flavonoids are the most important compounds in tomato fruits and have strong antioxi-
dant activity [24]. The antioxidant activity of phenolic compounds is mainly due to their
capacity to block the generation of reactive oxygen and nitrogen species (ROS and RNS,
respectively) [25].

Nowadays, the interest in concentrated bioactive food constituents with antioxidant
potential is increasing. Thus, it is very important to preserve as many biologically valuable
compounds as possible from the primary product. It is worth emphasizing that freeze-
drying is commonly used in laboratories to stabilize and store highly sensitive biological
materials since, in the freeze-dried materials, no enzymatic reactions can occur [26]. It is
also important to note that the freeze-dried tomatoes could be utilized as a replacement
for fresh fruits in various recipes. Freeze-dried plant products (seasoning, various snack
foods, etc.) are becoming increasingly available to the general population in health food
stores and supermarkets. Rizzo and colleagues [27] reported that the pre-treatment of
cherry tomatoes with a dipping solution preserves nutritional components (polyphenols,
vitamin C) in the partially dried product.
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It is known that the freeze-drying process preserves the composition of the plant ma-
terial [28]. Therefore, in this study, in order to protect lycopene and other carotenoids as
well as polyphenolic compounds from oxidation, tomato fruits of different varieties were
lyophilized before the extraction process.

Lycopene is of high commercial value due to its application as a natural pigment and
bioactive compound with functional properties. It can be used in nutraceuticals, cos-
meceuticals and pharmaceuticals, and as an ingredient in different foods and beverages.
The global market for carotenoids is expected to reach USD 2 billion by 2022 [29]. Conse-
quently, oleoresins from tomatoes have good potential for industrial applications.

Supercritical carbon dioxide extraction (SCE-CQ) is an alternative process to con-
ventional organic solvent extraction. SCE-CO: fits all the requirements for the green, sus-
tainable recovery of functional components from plant materials [19]. In this study, the
antioxidant potential of tomato lipophilic fractions, obtained by supercritical carbon diox-
ide extraction (SCE-CO), as well as remaining solid extraction residues, were evaluated.
The study aimed to isolate lycopene-rich extracts from different tomato varieties using an
environmentally friendly extraction process.

The aim of the work was to assess the antioxidant activity of freeze-dried tomatoes
of different varieties. To investigate the effect of the extracts on the viability of cancer cells,
rat glioblastoma C6 cells were chosen. The evaluation of the antioxidant activity of hydro-
philic and lipophilic fractions was conducted via supercritical carbon dioxide extraction
(SCE-COz) and the antioxidant activity of the remaining solid extraction residues was as-
sessed. This approach could be regarded as a sustainable alternative to obtaining value-
added ingredients from tomatoes for use in foods, nutraceuticals, and pharmaceuticals.

To the best of our knowledge, this is the first study to compare the antioxidant ca-
pacity of freeze-dried tomato matrix lipophilic fractions extracted with using SCE-CO,
and the remaining solid residue indicated that these fractions could be used as a source of
antioxidants. The obtained extracts could play a very important role in human health
through foods, cosmetics, nutraceuticals, and the pharmaceuticals industry.

2. Materials and Methods
2.1. Chemicals, Solvents, and Gasses

Ethanol (96.6%) was obtained from MVGroup Production (Kaunas, Lithuania). Fo-
lin—Ciocalteu phenol reagent (2 M, with respect to acid), gallic acid (3,4,5-trihydroxyben-
zoic acid, 99%), 2,2-diphenyl-1-picrylhydrazyl hydrate free radical (DPPH*, 95%), 2,2"-az-
ino-bis(3-ethylbenzthiazoline-6-sulphonic  acid) (ABTS*), 6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid (Trolox, 297%), Na2COs, were purchased from Sigma-
Aldrich (Steinheim, Germany). The 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox, 297%) and [-carotene were obtained from Sigma-Aldrich (Steinheim, Ger-
many).

Carbon dioxide gases (99.9%) were obtained from Gaschema (Jonava region, Lithua-
nia). Chromatographic analysis was performed using LC-grade solvents.

2.2. Samples and Experiment

The experiments were performed in 2020 at the Laboratory of Biochemistry and Tech-
nology of the Institute of Horticulture, Lithuanian Research Centre for Agriculture and
Forestry. Healthy, ripe, red tomato cvs. “Admiro” F1, “Jurgiai”, “Vilina”, “Pirmutis”, and
“Skariai” were visually selected and harvested. Tomatoes were lyophilized using a freeze-
dryer FD8512S (ilShin® Europe, The Netherlands). All samples were ground to powder
(particle size < 0.20 mm) using a knife mill GM200 (Retsch, Germany). The freeze-dried
tomato powders were weighed immediately after collection and refrigerated at —20 °C

prior to the extraction with SCE-COs.
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2.2.1. Supercritical CO2 Extraction

The supercritical CO2 extraction was performed on a supercritical fluid extractor,
SFT-150 (Supercritical Fluid Technologies, USA). The stainless-steel extraction vessel had
a total internal volume of 500 mL. For each extraction, 30 g of different ground tomato
varieties of the lyophilized tomato matrix was loaded into the extraction vessel. A flow
chart diagram of the instrument used is presented elsewhere [18]. To avoid system clog-
ging, the sample was placed between two layers of cotton wool. The volume of CO: con-
sumed was measured using a ball float rotameter and a digital mass flow meter in stand-
ard liters per minute (3 SL/min) at a standard state (Pcoz = 100 kPa, Tcoz = 20 °C, gco: =
0.0018 g/mL). The extraction parameters were set at a temperature of 73.9 °C, pressure of
43.7 MPa, and time of 155 min, according to our previous study [18], to achieve the highest
yield of the lipophilic fraction (oleoresin) with cis-lycopene isomers from different tomato
varieties. The samples were collected in an amber flask and cooled in an ice bath. Collected
extracts were kept at a temperature of 22 °C before analysis.

2.2.2. Carotenoid Extraction

The total lycopene and -carotene contents were determined according to our previ-
ous studies [18,30], with slight modifications. The different varieties of freeze-dried to-
mato samples (1.0 g) were extracted with a 40-mL mixture of acetone and n-hexane (1:3,
v/v) for 15 min. The whole procedure was repeated three times. The extracts were com-
bined. The total lycopene and B-carotene contents (considered as 100% yield) were ana-
lyzed using the HPLC method. The total carotenoid content was expressed as mg (3-caro-
tene equivalents in 100 g extract. To minimize the interference from other carotenoids, the
concentration of lycopene was calculated at 503 nm.

The recovery of total lipophilic fraction from tomato freeze-dried powder was ob-
tained by Soxhlet automated extraction (“Behr Labor-Technik”, Diisseldorf, Germany),
with the mixture of chloroform and hexane (1:1, v/v), considered as maximum extraction
yield (100%), which was later compared with the results obtained using SC-CO: extrac-
tion.

2.2.3. Qualitative and Quantitative Analysis of Lycopene Isomers and (3-carotene Using
High-Performance Liquid Chromatography

Lycopene, its isomers (cis- and trans-), and 3-carotene content in freeze-dried tomato
powder and lipophilic extracts obtained using SCE-CO:2 from different tomato varieties
were determined via high-performance liquid chromatography (HPLC) with a slight
modification (Urbonaviciene et al., 2018). Briefly, 0.05 g of the sample was dissolved in 30
mL of hexane. The content of carotenoids (lycopene, its isomers (cis- and trans-), and [3-
carotene) was monitored using a diode-array detector (DAD, 2998, Water Corporation,
USA). Analytical detection was conducted from 200 to 600 nm. Lycopene and its isomers
were detected at 473 nm and -carotene at 450 nm. Chromatographic separations were
performed on a RP-C30 column (5 pm, 250 x 4.0 mm, YMC Europe, Dinslaken, Germany)
connected to a C30 guard column (5 pm, 10 x 4.0 mm, YMC Europe, Dinslaken, Germany)
using a flow rate of 0.7 mL/min. The temperature of the column was 25 °C. The mobile
phase used in the study consisted of methyl tert-butyl ether (solvent A) and methanol
(solvent B). Samples were injected at 60% B (held 5 min), and the gradient then changed
to 17% B in 50 min. Then, the gradient changed to 0% B in 5 min (held 10 min) and to 60%
B in 5 min (held 10 min). All the samples were filtered through a 0.45-mm polyvinylidene
fluoride (PVDEF) syringe filter (“Millipore”, Burlington,UT, USA) before injection. To
quantify lycopene in the extract samples, a calibration curve was generated using an au-
thentic all-trans-lycopene and all-trans-p-carotene standard. The levels of cis-lycopene iso-
mers are given in all-trans-lycopene equivalents. The obtained data were processed with
the Waters Empower software (“Waters Corporation”, Milford, USA).
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2.2.4. Analysis of Total Polyphenolic Compounds

The total polyphenol content in the extracts was determined according to the Folin—
Ciocalteu method, using gallic acid (GA) as the standard, according to the method of
Bobinaite et al. [31]. Three g of freeze-dried tomato powder and dried extracts (after SCE-
CO») were extracted with 50 mL of aqueous ethanol (70%). Extractions were carried out
in an ultrasound bath for 20 min and then filtered using Whatman paper. The reagent was
prepared by diluting a stock solution with ultra-pure distilled water (1/10, v/v). Samples
(1.0 mL, three replicates) were introduced into test cuvettes followed by 5.0 mL of Folin—-
Ciocalteu’s phenol reagent and 4.0 mL of Na2COs (7.5%). The system was then placed at
ambient temperature for 1 h. The absorbance of all samples was measured at 765 nm using
a Cintra 202 (“GBC Scientific Equipment”, Knox, Australia) spectrophotometer. The total
concentration of phenolic compounds was determined from the calibration curve and ex-
pressed in mg of gallic acid equivalents in one gram of dry sample.

2.2.5. Assay for Hydrophilic and Lipophilic Antioxidant Activity

The antioxidant activity of hydrophilic and lipophilic fractions was measured by the
TEAC (Trolox equivalent antioxidant capacity) assay as described by Re et al. [32], using
the ABTS** discoloration method. The fractions were sequentially extracted from 0.1 g of
each sample (three independent replicates from the same batch) with methanol and ace-
tone (1:1, v/v), respectively, at 5 °C in an ultrabath for 1 h. The samples were centrifuged
at 8800x g for 7 min. Supernatants were recovered and used for the antioxidant activity
assay.

Ten microliters were mixed with 1.0 mL of ABTS** solution and the absorbance de-
crease was measured at 734 nm in a Cintra 202 (Scientific Equipment, Australia) spectro-
photometer. Methanol and acetone mixtures were used as blanks for hydrophilic and lip-
ophilic extracts, respectively. The antioxidant activity of the samples was calculated, on
the basis of the inhibition exerted by standard of Trolox concentrations at 734 nm, inhibi-
tion time being fixed at 30 min. Antioxidant activities were expressed as pmol Trolox
equivalent (TE)/g oleoresin.

2.2.6. Analysis of DPPH* Radical Scavenging Activity (DPPH*-RSA)

The radical scavenging activity (RSA) of the extracts against stable DPPH* was de-
termined using the slightly modified spectrophotometric method of Brand-Williams et al.
[33]. DPPH* ethanoic solution (2 mL, 6 x 10> M) was mixed with 20 puL of prepared extract.
The reaction was carried out at ambient temperatures. The decreasing absorbance at 515
nm due to the scavenging of DPPH* was measured with a spectrometer, Genesys-10
UV/Vis (“Thermo Spectronic”, Rochester, USA), for a period of 30 min to attain the reac-
tion equilibrium. Simultaneously, the absorption of a blank sample containing the same
amount of ethanol and DPPH* solution was measured daily. The measurements were per-
formed in triplicate.

DPPH?" radical scavenging activity of the samples was expressed as Trolox equivalent
(TE) antioxidant capacity (umol TE/g dry weight of sample).

2.2.7. Cell Culture

Rat glioblastoma C6 cells (Lines Service GmbH (Germany)) were used for the exper-
iments. Glioblastoma C6 cells were maintained in DMEM + 10% fetal calf serum + penicil-
lin (100 U/mL)/streptomycin (100 pg/mL) and glutamine (2 mM) medium at 37 °C in a
humidified atmosphere containing 5% of CO.. Every 3—4 days, the cells were subcultured.

2.2.8. Measurement of Intracellular Reactive Oxygen Species in a Glioblastoma Culture

The lycopene extract with 62% cis-lycopene isomers (to compare with total lycopene
isomers) was separated from SC-COz extracted oleoresin (“Admiro F1”) and was analyzed
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in this study. The extract rich in cis-lycopene isomers (62%) was separated using the sep-
arated chromatography method with slight modifications [34]. Oleoresins (10 mg) were
dissolved in 20 mL of tetrahydrofuran. The lycopene content and isomerization ratio were
measured using HPLC, followed by solvent evaporation in a rotary evaporator and the
removal of solvent residue under the gentle nitrogen flow. The samples were stored at -
80 °C until further use or analysis.

Lycopene was identified by comparing the retention times with an authentic stand-
ard. The quantitation of lycopene was based on an external standard method. The HPLC
chromatograms were monitored at 500 nm.

2.2.9. Measurement of Intracellular Reactive Oxygen Species in a Glioblastoma Culture

The lycopene extract with 62% cis-lycopene isomers (to compare with total lycopene
isomers) was separated from SC-COz extracted oleoresin (“Admiro F1”) and was analyzed
in this study. The extract rich in cis-lycopene isomers (62%) was separated using the sep-
arated chromatography method with slight modifications [34].

Oleoresins (10 mg) were dissolved in 20 mL of tetrahydrofuran. The lycopene content
and isomerization ratio were measured using HPLC, followed by solvent evaporation in
a rotary evaporator and the removal of solvent residue under gentle nitrogen flow. The
samples were stored at =80 °C until further use or analysis.

Lycopene was identified by comparing the retention times with an authentic stand-
ard. The quantitation of lycopene was based on an external standard method. The HPLC
chromatograms were monitored at 500 nm.

Reactive oxygen species in a rat glioblastoma C3 cell culture were measured fluoro-
metrically (with excitation of 485 nm and an emission of 530 nm) using 2',7"-dichlorodihy-
drofluorescein diacetate (DCFH2-DA ) dye. DCFH2-DA easily diffuses into the cells and is
deacetylated by cell esterases into DCHF. Reactive oxygen species, e.g., cell-originated
hydrogen peroxide, oxidize DCFH into a fluorescent compound DCF compound. The in-
tensity of fluorescence is proportional to the generated amount of H20: in the cells. The
cell suspension (3 x 104 cells/200 uL), added to 96-well plates (each with 0.2 mL of me-
dium) and loaded with 10 umol/L of DCHE-DA for 30 min at 37 °C in a dark place, was
treated with different concentrations of lycopene extract (0.05, 0.1, 0.6, 1.2, 3, and 6 puM)
(dissolved in DMSO) for 0.5-3 h. Then, the lycopene extract (separated from oleoresin)
was carefully washed out with PBS buffer and the generation of ROS was measured using
a fluorimeter. The data were compared with the control cell group (untreated with lyco-
pene extract). The used DMSO concentrations had no effect on the production of ROS.

2.2.10. Evaluation of Cell Viability

Cell viability was measured using a (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. MTT, a yellow tetrazole, is reduced and turns into a colorful
(purple) compound, formazan, depending on the redox status of the living cell. Therefore,
the color change of MTT is an indicator of enzymatic oxidation reduction reactions, deter-
mined by the activities of various dehydrogenases. The amount of generated formazan is
directly proportional to the number of viable cells. The activity of dehydrogenases (and
cell viability) was evaluated using an MTT test. The glioblastoma cell culture was treated
with different concentrations of lycopene extract (0.025, 0.05, 0.1, 0.2, 0.6, 1.2, and 3 puM)
for 24 h. After this period, the medium was removed; cells were loaded with 0.5 mg/mL
solution of MTT and incubated for 1 h. After the incubation, the light absorption was
measured at 570-nm wavelength. The reduction of control cells (untreated with lycopene
extract) was equated to 100%.

2.3. Statistical Analysis

All the experiments were carried out in triplicate. The mean values and standard de-
viations of the experimental data were calculated using the software SPSS 20 (“SPSS Inc.”,
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Chicago, USA). One-way analysis of variance (ANOVA) along with the post hoc Tukey’s
HSD test were employed for statistical analysis. Differences were considered to be signif-
icant at p < 0.05.

3. Results and Discussion

Five varieties of freeze-dried tomato powder (“Admiro” F1, “Jurgiai”, “Vilina”,
“Pirmutis”, and “Skariai”) produced in Lithuania were analyzed. The biologically active
compounds’ composition and antioxidant activity in freeze-dried tomato powder, SCE-
CO:2 extracts, and residue after extraction were analyzed. For the purposes of this study,
the total concentration of phenolic compounds with Folin-Ciocalteu’s method and the in
vitro antioxidant activity of the freeze-dried tomato matrix, SCE-CO: extracts, and residue
after extraction was investigated using a series of determinations, such as DPPH* and
ABTS*, respectively.

With SCE-CO», under optimal conditions, almost all of the lipophilic tomato fractions
were extracted (79%), to compare with Soxhlet extraction. The residue obtained after ex-
traction retains biologically active compounds of diverse hydrophilic nature. The antiox-
idant properties of the SCE-CO: extracts were evaluated as well as the residues’ antioxi-
dant properties after extraction. Moreover, the particle size of the tomato matrix is an im-
portant parameter for determination of biologically active components for SCE-CO: ex-
traction. Topal and colleagues [35] mentioned that the recovery of carotenoid lycopene
from dried tomato peels was higher when it was ground into small-sized particles [35].
This may be due to the fact that reducing the particle size of the tomato matrix increases
the recovery of extract. During the extraction, the small-sized particles” surfaces and the
volume ratio of the samples increases the contact area between the fluids [35]. For this
reason, all tomatoes in this study were first lyophilized and then ground to obtain a to-
mato powder with an average particle size of <0.20 mm and containing <20 g/kg moisture.

The total amount of polyphenols found in the Lithuanian freeze-dried tomato matrix
varieties was similar and ranged from 378.2 to 406.5 mg/100 g of dry matter (in the respec-
tive cvs. Jungiai and Vilina) in extracts obtained directly from tomato powder before SCE-
CO:2 extraction. The lowest content of polyphenols was found in the tomato hybrid “Ad-
miro F1” (305.5 mg/100 g dry weight). Similar observations were reported by other scien-
tists and in our previous studies. The total phenolic content DPPH* and ABTS*+ scaveng-
ing capacity values of extracts obtained via the pressurized extraction of solvents with
hexane from rowanberry pomace residue were significantly higher compared with SCE-
CO: extracts [36]. Similar research findings have been presented to compare the antioxi-
dant activity of lipophilic and hydrophilic extracts obtained from berry by-products, with
significantly lower antioxidant activity in lipophilic extracts [37].

The total polyphenol compounds in the residue after SCE-CO: extraction of tomato
samples ranged from 374.9 mg/100 g (“Admiro F1”) to 507.7 mg/100 g (Pirmutis), i.e., after
supercritical extraction, the concentration of polyphenolic compounds in the samples was
16 to 32% higher. The obtained results show that polyphenolic compounds were concen-
trated in the extracted material via supercritical extraction, which explains the increase in
the amount of polyphenols in the dry mass (Figure 1).
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700 -
B Tomatoes powder before extraction

600 | ™ Residue after extraction

a1
o
(=}

Polyphenolols, mg/100 g

Jurgiai Skariai ~ Pirmutis Vilina Admiro

Figure 1. The total amount of polyphenols in tomato powders and residues after SCE-CO2 extrac-
tion. * Different letters above the columns of the same color indicate significant differences be-
tween the measured values (p < 0.05).

The DPPH*-RSA values of the freeze-dried tomato varieties, “Jurgiai”, “Skariai”, and
“Vilina” were similar, on average —18.1 umol TE/g of dry weight. The highest DPPH*-RSA
was found in tomato variety Pirmutis (19.7 umol TE/g dry weight), and the smallest in the
“Admiro F1”7 (14.9 umol TE/g dry weight) hybrid (Figure 2). After SCE-CO: extraction,
DPPH" residues values were 7 to 12% higher. There was a strong positive correlation (R =
0.84) between the total polyphenolics content and DPPHe-RSA of the tomato samples.
These findings are in line with previous results reported by Rizzo and co-workers [27],
who found a clear correlation between total phenols and antioxidant activity for untreated
semi-dry cherry tomatoes (R = 0.98) [27]. The DPPH" radical scavenging activity value
from our study is comparable to the values summarized by Szabo et al. [38], who recorded
DPPH*-RSA ranging between 12 and 25 umol TE/g sample in different varieties of tomato
waste extracts [38]
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B Tomato powders before supercritical extraction
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Jurgiai Skariai Pirmutis Vilina Admiro

Figure 2. DPPH" radical binding activity in tomato powders and residues after SCE-CO: extrac-
tion. * Different letters above the columns of the same color indicate significant differences be-

tween the measured values (p < 0.05).

The optimal values (at 73 °C and 53.5 MPa of pressure after 180-min duration) of the
process, which were determined in our previous studies, were used in this study for com-
parative analysis of different tomato varieties. SCE-CO: extracts from different tomato
varieties were used to find the total concentration of carotenoids and their isomers (frans-
and cis-). In particular, the extract of “Vilina” SCE-CO, a tomato variety with a total con-
centration of carotenoids of 189 +1.21 mg/100 g of oleoresin, was distinguished. The total
concentration of lycopene, {3 carotene, and their isomers in concentrated extracts (oleores-
ins) of SCE-CO: is depicted in Figure 3. Genotype differences between cultivars, such as
skin thickness, skin/pulp ratio, seed numbers, and dimensions, could significantly affect
the amounts of the freeze-dried tomato matrix obtained from fresh tomatoes [38,39].

7]
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Figure 3. Concentrations of lycopene (frans- and cis-isomers) and -carotene contents of different
tomato varieties in the oleoresins. * Different letters above the columns of the same color indicate

significant differences between the measured values (p < 0.05).
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The antioxidant properties of lipophilic extracts were determined and evaluated in
SCE-COx: extracts from different tomato varieties. The highest antioxidant activity was ob-
served in the oleoresin of tomato varieties (“Skariai” and “Vilina”, respectively, 223 and
251 pumol TE/g), with the highest concentration of carotenoids (Figure 4). The lowest anti-
oxidant activity was observed in the “Admiro F1” variety (2.6-fold lower than the oleo-
resin of “Vilina”) (Table 1).

Table 1. The antioxidant activity of different lipophilic SCE-CO:z extracts. ** Different letters above
the columns of the same color indicate significant differences between the measured values (p <
0.05).

Tomato Source Carotenoid Content, Antioxidant Activity,
mg/100g of Oleoresin pmol TE/g of Oleoresin
Jurgiai 81.8 +3.49 d* 97.1 +4.86 *
Skariai 89.5 +3.83 ¢* 100.7 + 5.04 ¢*
Pirmutis 140.3 £ 6.02 ¢* 167.5 + 8.38 <*
Vilina 189.0 + 8.10 b* 223.8 +11.19v*
Admiro F1 211.7 £9.04 =* 251.5 +12.58 a*

The quality assessment for lycopene-rich extracts was determined via lycopene, its
concentration of isomers, and the proportions of the trans- and cis- lycopene isomer con-
tent. The technological parameters of extraction influenced the proportion of different ly-
copene isomers, at the same time affecting the quality of the extract’s composition. The
main geometrical isomers of lycopene were 5-cis and 9-cis. The total content of cis-lyco-
pene isomers in the SCE-CO: extracts at optimal extraction conditions at 73 °C and 53.5
MPa of pressure after 180-min duration of extraction was 62%. The tomato processing
pomace of the tomato industry, especially the seeds, generates around 35% of the oils [40].
The knowledge regarding the extraction of biologically active compounds from the to-
mato matrix might be helpful for the development and production of cis-isomer-rich ca-
rotenoids and polyphenolic compound preparations to manufacture foods or their ingre-
dients with enhanced levels of bio-accessible carotenoids and polyphenols The extraction
of biologically active compounds from the tomato matrix may be useful in the develop-
ment and production of carotenoids rich in cis-isomers, and the compounds from poly-
phenol group preparations have increased bioavailable carotenoids and polyphenols in
manufacturing. The knowledge regarding the properties of isomerized lycopene extract
could be useful for developing food supplements, cosmetics, or ingredients for food sup-
plements.

To investigate the effect of lycopene on the viability of cancer cells, rat glioblastoma
C6 cells were chosen. Glioblastoma is one of the most aggressive and most common gli-
oma (malignant brain tumors) forms [41]. The exact causes of glioblastoma initiation are
not known, but tumor development may be influenced by ionizing radiation, electromag-
netic fields, infection, and other undetermined causes. Research on the impact of lycopene
isomer extract concentrations (0.05-2.4 uM) on glioblastoma cells determined that these
concentrations inhibit cell viability by 20-42% (Figure 4). The weakest effect was deter-
mined via 0.05 puM of lycopene isomers and the greatest effect (—42%) was determined via
2.4 uM of lycopene isomer extract.
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Figure 4. The effects of different concentrations of lycopene on rat glioblastoma cells.

To evaluate the effect of lycopene on the generation of intracellular ROS in glioblas-

toma cells, the cells were treated with different concentrations of lycopene (0.05-2.4 uM).
It was determined that lycopene promotes ROS burst in glioblastoma cells by 12, 22, 34,
and 42% (Figure 5).
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Figure 5. The effect of lycopene on intracellular ROS generation in a rat glioblastoma cell culture.
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The effect increases depending on the concentration. The greatest effect (42%) was
determined using the maximum investigated concentration of 1.2-2.4 uM. While it is
known that the production of reactive oxygen species involves healthy cell signaling path-
ways and the alteration in redox status may result in the development of cancer, reactive
oxygen species may also be used for killing tumor cells [42]. Our results demonstrate that
lycopene triggers the generation of ROS in glioblastoma cells and inhibits their viability.
However, in a macrophage culture, the generation of ROS triggered by NADPH oxidases
is promoted and may be associated with the anti-inflammatory effect of lycopene.

It was suggested that cis-isomers of lycopene have stronger in vitro antioxidant ac-
tivity to compare with the all-trans form [43]. In most cases, in studies with cells, oxidative
damage induced by H20: is measured after preincubation of the cells with carotenoids,
but we could not find these experiments with lycopene cis-isomers [44,45]. Zini et al. [46]
preincubated human sperm samples with 0.2 or 5 uM lycopene before treating them with
H20:2 (50 pM) and established protection against DNA SBs (measured with the comet as-
say) at higher concentrations. In the work of Seo et al. [47], the “Ku70 protein” involved
in the repair of a double-strand DNA break and its concentration was decreased in rat
pancreatic cells via oxidative stress induced by glucose/glucose oxidase, and it was shown
that the decrease was prevented by co-incubation with lycopene. Cell culture studies can
provide useful information to evaluate the beneficial effects of carotenoids, particularly
their more biologically active forms (for example, cis-lycopene isomers), on human health.

Our results reveal the cytotoxic effect of lycopene-rich cis-isomer (62%) extract on rat
glioblastoma C6 cells. The viability of the glioblastoma C6 cells significantly decreased
(—42%) at a total lycopene concentration of 2.4 uM after 24 h of incubation.

The extract of lycopene with 62% cis-isomers decreases the viability of glioblastoma
cells. The extract of isomerized lycopene decreases the viability of rat glioblastoma C6
cells by 40%. The extracts of cis-lycopene isomers could be applied as pharmacological
agents with anti-proliferative activity.

4. Conclusions

In conclusion, the data on the supercritical fluid extraction of lycopene, cis-isomers
of lycopene, and -carotene could be a basis for the development of technology to isolate
high-value biologically active components, thus improving the efficiency of the industrial
processing of tomatoes. The use of a freeze-dried tomato matrix of concentrated carote-
noid extracts in traditional food products can improve product functionality and increase
the efficiency of the industrial processing of tomatoes. Nowadays, there is growing inter-
est in using bioactive food ingredients with potential antioxidant capacity as dyes to re-
place the synthetic colors currently used in foodstuffs. The results of this study show that
tomato lipophilic and hydrophilic tomato extracts exert specific in vitro antioxidant prop-
erties in the DPPH* and ABTS** assays. The average yield of the lipophilic fraction ob-
tained via SCE-CO: extraction was 800 mg from 100 g of the freeze-dried tomato matrix,
with the activity of 251 + 3.4 umol TE/g extract as measured in the ABTS** assay. After
extraction, DPPH*-RSA SCE-CO: sample values were 7 to 12% higher. There was a strong
positive correlation (R = 0.84) between the total content of polyphenolics and the DPPH*-
RSA of the tomato samples. The SC-CO: extraction parameters could be modified to in-
crease the concentration of the cis-lycopene isomers in the final product (oleoresin) by
improving product functionality. The extract of lycopene-rich cis-isomer (62%) decreases
the viability of glioblastoma cells. The extract of isomerized lycopene decreases the via-
bility of rat glioblastoma C6 cells by 42%. The concentrated extracts with cis-isomers of
lycopene could be applied as pharmacological agents with anti-proliferative activities.

The use of bioactive compounds in different commercial sectors, such as the pharma-
ceutical, food, and chemical industries, makes it very important to extract them or use
technological processes that could not only increase the concentrations of the bioactive
compounds in the final product but also improve product functionality.
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