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A B S T R A C T   

The production of tomato products is massive in Italy resulting in a huge amount of tomato waste as seeds, peels 
and stems. The aim of our work is to re-utilize these matrices through the extraction of carotenoids, especially 
lycopene to obtain enriched extra virgin olive oil (EVOO). The extraction has been obtained by ultrasound- 
assisted extraction (UAE) technique using directly extra virgin olive oil as extraction solvent, due to its lipo
philic nature. The quantification of lycopene has been done through HPLC-DAD, resulting in a good concen
tration of lycopene per gram of oil (0.9 mg/g oil). Then the lycopene enriched EVOO was evaluated in vitro to 
determine its antioxidant and enzyme inhibitory activity in comparison with the EVOO itself. These data were 
associated to the cytotoxicity assays and in vivo histological bioassays, aiming to highlight its safe and healthy 
profile on human normal cells.   

1. Introduction 

Carotenoids are lipophilic pigments usually found in fruits but also 
produced by microorganisms and plants, vegetables and fish. About 600 
carotenoids have been identified, but only a small number was found in 
human tissues, lycopene is among them (Imran et al., 2020). Tomato 
represents a rich source of carotenoids, mostly lycopene, which account 
for 80–90% of the overall carotenoids, and in minor part β-carotene 
(2–3%) (Dumas et al., 2003; Strati & Oreopoulou, 2011). Lycopene 
(C40H56) is a tetraterpene composed of 8 isoprene units, characterized 
by 13 C–C double bonds of which 11 are linearly conjugated (Kong et al., 
2010; Papaioannou & Karabelas, 2012). Numerous researchers investi
gated the role of lycopene for preventing health disorders (Caseiro et al., 
2020; Imran et al., 2020). Lycopene of natural origin is commercially 
available, but it’s expensive and easily purchasable only at small lots, 
thus the development of effective and economic extraction and purifi
cation procedures are of great interest (Marinaccio et al., 2024; 
Papaioannou & Karabelas, 2012). The extraction of carotenoids from 
tomato wastes starting to gain interest due to the abundance of this kind 

of by-products and the beneficial effects of the compounds contained in 
them (Strati & Oreopoulou, 2011). 

Conventional and unconventional methods have been applied to 
recover pigments from these by-products. Sample extraction using sol
vents with decreasing polarity allows to retrieve different compounds 
with the lack of specialized apparatus and the simplicity of execution 
(Marinaccio et al., 2024). However some drawbacks of the conventional 
methods (e.g. Soxhlet, maceration, distillation etc.) are the large 
amounts of solvent required, long time processes and the high con
sumption of energy, the generation of hazardous volatile organic com
pounds, low process efficiency, use of separate evaporators, and reagent 
residues after evaporation and harmful effects on the environment. The 
ultrasound-assisted extraction (UAE) has been widely studied and 
applied to obtain extracts enriched in pigments like carotenoids. The 
UAE can be performed on fresh by-products or dried samples, as 
described by Linares and Rojas (2022) and Chemat-Djenni et al. (2010). 
Briefly, the mechanisms allow the decrease of the particle size, pro
moting the interaction between the matrix and the extraction solvent 
and ameliorating the pigments release and solubilisation (Linares & 
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Rojas, 2022). A large number of papers reported the extraction of 
lycopene from tomato or tomato wastes using UAE as extraction tech
nique (Eh & Teoh, 2012; Kumcuoglu et al., 2014; Lianfu & Zelong, 2008; 
Strati & Oreopoulou, 2011). 

Also, Bendini et al. (2015) have explored the possibility to obtain 
lycopene enriched olive oil by co-milling proves of olives and tomato by- 
products. The choice of the extraction solvent depends on the chemical 
structure of the carotenoids. Xanthophylls are soluble in hydrophilic 
solvents, while carotenes are more soluble in non-polar solvents. The 
main problem is the toxicity of these kind of solvents (Strati & Oreo
poulou, 2011). Today the involvement of hydrocarburic compounds 
derived from petroleum distillation such as n-hexane, which is the most 
common solvent in carotenoid extraction, are strictly regulated by Eu
ropean directives on registration, evaluation, authorization and re
striction of chemicals (REACH) (Kultys & Kurek, 2022). 

Green extraction methods are taking the stage in light of their fast 
extraction procedure, reduced thermal effects on the bioactive com
pounds without production of hazardous volatile residues, low water 
consumption and waste-water development (Martins et al., 2023). This 
method is based on environmentally friendly, safe and non-toxic sol
vents by renewable biomass sources (e.g. starch, wood, and vegetable 
oils). Vegetable oil could be a good alternative to common solvents for 
the extraction of beneficial compounds in terms of environmental and 
human safety (Fadda et al., 2022). Some applications have been 
extensively documented by Tiwari et al. (2019), which describe the 
extraction of carotenoids by UAE from carrot pomace, in linseed oil. 
Civan and Kumcuoglu (2019) optimized a method to extract carotenoids 
and capsaicin from red Jalapeño peppers using olive oil. In a similar 
fashion, Chutia and Mahanta (2021) described the extraction of carot
enoids using olive oil from passion fruit peel. Also Bhimjiyani et al. 
(2021) optimized an UAE method of carotenoids from sea buckthorn 
pomace with linseed oil. Considering that the quote of lipids in the diet is 
crucial for the uptake of carotenoids (van het Hof, 1999), the develop
ment of a method in which the vegetable oil works as extraction medium 
and vehicle at the same time, guarantees the concomitant intake of lipids 
and carotenoids. Vegetable oils are ideal vehicle for carotenoid fortifi
cation due to their lipophilic nature, regularity of consumption by the 
target population, production in strategic regions, sensory alteration of 
the food when compared to the non-fortified matrix, adequate stability 
and bioavailability as relates to consumption (Dary & Mora, 2002). 
Taking into account all these aspects, this work reports an easy and 
eco-friendly procedure for lycopene’s extraction using tomato peels 
waste as plant matrix by combining the previously developed ultrasound 
assisted extraction (UAE) (Kumcuoglu et al., 2014) with the use of EVOO 
as green solvent. With our procedure, it is possible to obtain a lycopene 
enriched extra virgin olive oil in one simple passage; furthermore we 
assessed its safety as super food and its suitability as dietary supplement, 
determining its antioxidant activity, enzyme inhibition effects, and 
cytotoxicity through in vitro assays. Such novel procedure aimed to 
reach the Recommended Daily Intake for lycopene (25.2 mg in a daily 
diet for an adult) within the enriched EVOO (https://ods.od.nih. 
gov/HealthInformation/nutrientrecommendations.aspx). 

2. Materials and methods 

2.1. Reagents and instruments 

Acetonitrile, methanol and tetrahydrofuran were all for HPLC 
(≥99.9%) and used as such for analytical purposes. HPLC system: Agi
lent HPLC-DAD 1100, C18 column (Agilent Eclipse Plus, C18 3.5 μm, 
4.6 × 100 mm, USUXR16700, USA), T column: 30 ◦C, Injection volume: 
100 μL, Mobile phase: MeOH/ACN = 9:1 + 0.125% TEA, Time run:15 
min, Flow rate: 1.2 mL/min. Lycopene analytical standard ≥85.0% 
(HPLC) was purchased by Sigma-Aldrich (Milano), shipped in dry ice 
and stored in an amber glass at − 65 ◦C before its use. UAE was per
formed with a Lab-scale ultrasound sonicator (Cole-Parmer, Illinois, 

USA) with frequency, power and amplitude of 20 kHz, 400 W and 70 %, 
respectively; centrifugation with an Eppendorf centrifuge 5702. 

2.2. Sample preparation and extraction procedure 

Tomato skins waste furnished by S.A.L.P.A. (Società Abruzzese 
Lavorazione Prodotti Agricoli) were conserved at − 20 ◦C. After lyo
philisation for 48h, the skins were grounded in a blender until the 
obtainment of a powder. Approximately 1 g of lyophilized and grounded 
powder was put in a flask along with 20 mL of extra virgin olive oil. An 
ultrasound-assisted extraction was performed for 20 min at 36 ◦C. After 
centrifugation (2750×g (4400 rpm); 20 min, 25 ± 2 ◦C). The sample was 
filtered as routinely done before HPLC analysis, then a red-coloured oil 
was obtained. It was conserved in a brown glass bottle in the fridge 
before its use. For antioxidant and enzyme inhibitory assays, the sample 
solutions were carefully formulated in ethanol at a concentration of 2 
mg/mL. All chemicals were freshly prepared, with special attention to 
keeping them in an ice bath for the upcoming use. 

2.3. HPLC-DAD analysis 

A mixture of THF/ACN/MeOH = 1.5/3/5.5 was used to solubilize 
the analytical standard of lycopene and each sample in a ratio of 1:1. 
Mobile phase: methanol/acetonitrile 9:1 + 0.125% TEA isocratic mode. 
Time run: 15 min; Column temperature 30 ◦C; wavelength 475 nm; flow 
rate: 1.2 mL/min; Injection volume: 100 μ L; Calibration curve 0.5–500 
mg/L Y = 28.80x-75.65 R2 = 1.00. 

2.4. Antioxidant assays 

Spectrophotometric methods were used for the assessment of the 
total content of phenols and flavonoids described in the paper (Slinkard 
& Singleton, 1977) The total antioxidant capacity of the extracts was 
evaluated using the previously reported assays (Grochowski et al., 
2017). Results from the 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2, 
2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical 
scavenging, Cupric reducing antioxidant capacity (CUPRAC), and ferric 
reducing antioxidant power (FRAP) tests were reported as milligrams of 
Trolox equivalents (TE) per gram of extract. Moreover, the antioxidant 
potential of the extracts was determined by the phosphomolybdenum 
assay (PBD), denoted in terms of millimoles of Trolox equivalents (TE) 
per gram of extract, while metal chelating activity (MCA) was quantified 
as milligrams of disodium edetate equivalents (EDTAE) per gram of 
extract (Grochowski et al., 2017). 

2.5. Enzyme inhibition activity 

The cholinesterase inhibitory activity (AChE and BChE) of the ex
tracts was obtained as equivalents of galantamine per gram of the plant 
sample using Elmann’s method. The tyrosinase inhibitory activity of the 
extracts was evaluated as equivalents of kojic acid per gram of the plant 
sample using dopachrome method. The α-amylase inhibitory activity of 
the extracts was obtained as equivalents of acarbose per gram of the 
plant sample using the iodine/potassium iodide method. The α-gluco
sidase inhibitory activity of the extracts was measured as equivalents of 
acarbose per gram of the plant sample using the chromogenic PNPG 
method. All protocols in detail were described by Grochowski et al. 
(Grochowski et al., 2017). 

2.6. Cell culture 

The PNT1A cell line, which is a normal human prostatic epithelial 
cell line that lacks androgen receptor (AR) and prostate-specific antigen 
(PSA) expression, was used in this study. The PNT1A cells (catalog no: 
95012614) were obtained from the European Collection of Authenti
cated Cell Cultures (ECACC, Wiltshire, England) and cultured in RPMI 
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1640 Medium (catalog no: A1049101) (Gibco, Waltham, MA, USA) 
supplemented with 10% FBS, 100 units/mL penicillin, and 100 μg/mL 
streptomycin (Stefanucci et al., 2024). The cells were cultured in poly
styrene cell culture flasks and incubated in a humidified standard 
incubator with 5% CO2 at 37 ◦C. When the cells reached 80% density, 
they were subcultured using trypsin-EDTA 0.25% (Gibco, Waltham, MA, 
USA). Prior to each main experiment, cell counting was performed using 
a hemocytometer, and cell viability was assessed using the Trypan Blue 
(Gibco, Waltham, MA, USA) exclusion method (Bender & Atalay, 2018). 

2.7. iCelligence cell proliferation assay 

The effect of EVOO and lycopene-enriched EVOO (EVOO + Lyco
pene) on cell proliferation was evaluated using the iCELLigence cell 
analysis system (Agilent Technologies (formerly ACEA Biosciences, San 
Diego, CA, USA), which can monitor changes in cellular behavior, 
including proliferation, migration, and invasion, in real-time and 
without any labeling (Bender, Celik, et al., 2023; Mahomoodally et al., 
2018). Prior to the experiment, the iCELLigence instrument was placed 
in a 37 ◦C incubator with 5% CO2. The experiment was started by 
measuring the background with 200 μL of the growth medium, and then 
PNT1A normal prostate cells were seeded in E-Plate L8 wells at a density 
of 2.0 x 104 and incubated in a laminar flow cabinet for 30 min. Sub
sequently, the E-plates were placed in the iCELLigence instrument and 
incubated for 24 h to allow for cell growth (Bender, Gunduz, et al., 
2018). The cells were treated after 24 h, with various concentrations of 
EVOO or EVOO + Lycopene (62.5 μg/mL, 125 μg/mL, 250 μg/mL, 500 
μg/mL, and 1000 μg/mL) in duplicate. Docetaxel (Taxotere®) and 
growth medium were used as positive and negative controls, respec
tively. The iCELLigence system was set to measure the cell index every 
15 min for 72 h. The data were analyzed using the RTCA Data Analysis 
Software 1.0 (Agilent Technologies, formerly ACEA Biosciences). 

2.8. Cellular morphology assays 

2.8.1. Inverted microscopy 
To evaluate the morphological effects of serial concentrations of 

EVOO or EVOO + Lycopene on PNT1A cells, Leica DM IL LED inverted 
microscope equipped with a DFC-290 camera (Leica, Wetzlar, Germany) 
was used (Alafnan et al., 2023; Bender, Shoman, et al., 2023). Briefly, 
the PNT1A cells were seeded into 6-well cell culture plates with 2.0 ×
105 cells per well in 1 mL of growth medium. After 24 h of incubation, 
cells were treated with increasing concentrations of EVOO or EVOO +
Lycopene (62.5 μg/mL, 125 μg/mL, 250 μg/mL, 500 μg/mL, and 1000 
μg/mL) for 72 h. As negative control, growth medium was used. At the 
end of the incubation period, the medium was discarded, the wells were 
carefully washed with PBS. Then, cells were observed for morphological 
changes assessment under an inverted microscope. All experiments were 
conducted in duplicates. 

2.8.2. Crystal violet staining 
Crystal violet staining was performed to assess and visualize the ef

fects of EVOO or EVOO + Lycopene on cellular morphology (Bender, 
Llorent-Martínez, et al., 2018). PNT1A cells were seeded at a density of 
2.0 × 105 cells/well in 6-well cell culture plates and incubated overnight 
at 37 ◦C and 5% CO2. The following day, the cells were treated with 
varying concentrations of EVOO or EVOO + Lycopene (ranging from 
125 μg/mL to 1000 μg/mL) for 72 h. Then, media was discarded, and the 
cells washed twice with ice-cold PBS. The cells were fixed with 100% 
methanol for 10 min at room temperature. After the methanol was 
aspirated, the cells were stained with 0.5% crystal violet solution for 15 
min at room temperature (25 ± 2 ◦C). Stained cells were washed with 
distilled water, and allowed to air dry. Subsequently, the cells were 
photographed under an inverted microscope, Leica DM IL LED, equip
ped with a DFC-290 camera (Leica, Wetzlar, Germany). 

2.9. Statistical analysis 

Each experiment was repeated three times to ensure accuracy and 
reliability. The findings are depicted as mean values accompanied by 
standard deviation (SD). To assess variances between these samples, the 
student t-test (α = 0.05) was employed. This statistical analysis was 
conducted using the GraphPad v. 9.0 program. 

3. Results and discussion 

3.1. HPLC-DAD quantification of lycopene UAE extract 

The potential beneficial effects of lycopene on human health and its 
expensive cost made its extraction from food waste an interesting topic. 
The extraction of this carotenoid requires the use of a lipophilic solvent 
given its chemical nature. To overcome the environmental and safety 
drawbacks of the common organic solvents, an edible oil was used for 
the extraction. Both the extraction technique (UAE) and the solvent used 
render the process entirely green, furthermore EVOO represents both the 
vehicle and final enriched product minimizing the sample’s treatments. 
The result is the production of an oil enriched of the lipophilic com
pounds contained in the tomato peels waste, in particular of lycopene 
which represents the main fat-soluble carotenoid in this matrix. After 
the extraction process, the EVOO changes its colour from yellow to red 
due to the presence of this red pigment. The lycopene content of the 
EVOO was assessed by HPLC-DAD. Carotenoids are characterized by 
their chemical liability, which imply a meticulous manipulation. The 
analytical methods generally used for the determination of carotenoids 
are not suitable for the quantification of lycopene because of its lipo
philic nature and low solubility in the solvents, e.g. methanol (Barba 
et al., 2006; Bicanic et al., 1995). In our work the determination of 
lycopene content, was performed using the method developed by Barba 
et al. (2006) with slight modifications. The column was set at 30 ◦C to 
avoid the separation of the pigments (Barba et al., 2006). The correct 
balance of the mobile phase has a pivotal role; indeed an excess of 
methanol can cause the lycopene precipitation while the excess of 
non-polar solvent could induce deformation of the chromatographic 
peaks linked to the polarity difference (Barba et al., 2006). The use of 
TEA prevents or reduces the degradation of carotenoids on-column 
(Barba et al., 2006; Hart & Scott, 1995; Rodriguez-Amaya, 2003). The 
lycopene content in the enriched EVOO oil is 0.9 ± 0.2 mg/g expressed 
as milligrams of lycopene per gram of oil. The result is the mean of three 
different experiments ± the standard deviation. Considering that the 
daily intake is 25.2 mg and about 37 g for lycopene and EVOO respec
tively in a diet for an adult, this quantity perfectly fits the recommen
dation of EFSA, the European Food Safety Authority (https://www.efsa. 
europa.eu/it). 

3.2. Antioxidant assays 

After determining the lycopene content, the antioxidant activity of 
the fortified oil was evaluated and compared with the baseline antiox
idant activity of the EVOO. The results are shown in Table 1. First, we 
determined the total bioactive compounds in the EVOO and the fortified 
oils. Total phenolic content in the fortified oil (30.95 mg GAE/g) was 
higher than that of the EVOO (24.72 mg GAE/g). However, the total 
flavonoid content in the EVOO (0.25 mg RE/g) was 3.5 times higher 
than that of enriched oil (0.07 mg RE/g). This fact can be explained by 
the formation of a complex between lycopene and flavonoids. This fact 
was also supported by some researchers (Han et al., 2012). Lycopene 
enrichment increased total phenolic content in certain oil samples 
(Montesano et al., 2006), consistent with our findings. However, in the 
Folin-Ciocalteu assay, interactions between lycopene and the Folin re
agent can occur, which can lead to false positive results. At this point, 
the in vitro antioxidant assays may be more useful to understand the 
effect of lycopene fortification. The antioxidant activity of the EVOO and 
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the fortified oil were investigated using various methods, including 
radical quenching (DPPH and ABTS), reducing power (CUPRAC and 
FRAP), phosphomolybdenum, and metal chelating. DPPH and ABTS are 
the most common tests for evaluating antioxidant properties and reflect 
the hydrogen donation ability of antioxidants (Bibi Sadeer et al., 2020). 
In the DPPH assay, enrichment with lycopene increased the radical 
scavenging ability compared to EVOO. DPPH and ABTS are the most 
common tests for evaluating antioxidant properties and reflect the 
hydrogen donation ability of antioxidants. In the DPPH assay, enrich
ment with lycopene increased the radical scavenging ability compared 
to EVOO. The contradictory results can be explained by the different 
nature of these radicals. Both hydrophilic and lipophilic antioxidant 
systems can be tested with the ABTS method, while the DPPH method 
utilizes a radical dissolved in organic media and is suitable for hydro
phobic systems. The assays based on the reduction of metal ions reflect 
the electron donating ability of the antioxidant and a high reducing 
ability indicates a high antioxidant potential. To this end, CUPRAC and 
FRAP assays were performed. In both assays, the fortified oil exhibited 
higher reducing abilities compared to EVOO. Müller et al. (2011) re
ported that lycopene was the most active carotenoid in the FRAP assay 
compared to β-carotene and zeaxanthin and this ability can explained by 
the presence of conjugated double bonds in its structure. In addition, 
several studies have shown that the enrichment with lycopene was 
positively influenced the reducing power of the tested samples (Naz 
et al., 2013). Similar to CUPRAC and FRAP assays, the phosphomo
lybdenum assay involves the reduction of Mo(VI) to Mo(V) by antioxi
dants under acidic conditions. Because not only phenolic but also 
nonphenolic antioxidants can play a role in the assay, it is considered a 
total antioxidant test. In contrast to FRAP and CUPRAC assays, the 
EVOO and enriched oils showed very similar performance in the phos
phomolybdenum assay. This fact can be explained by the breakdown of 
lycopene at higher temperatures (>90 ◦C). Metal chelation ability may 
be closely related to controlling the production of hydroxyl radicals in 
the Fenton reaction. As can be seen from Table 1, the metal chelating 
ability of the lycopene fortified EVOO (3.81 mg EDTAE/g) was higher 
than EVOO (3.31 mg EDTAE/g). From this point on, the lycopene can 
positively influence the observed ability to form metal chelates. At first 
glance, some structural features of lycopene suggest the possible 
mechanism of metal chelation. Like other carotenoids, lycopene is a 
highly unsaturated molecule and can isomerize. Lycopene may chelate 
metal ions through multiple mechanisms, both through the pi electrons 
in the polyene chain and through the lone pairs of electrons on the 
carbonyl or hydroxyl groups. Overall, lycopene fortification has a pos
itive impact on antioxidant properties and may therefore be useful for 
the development of health-promoting applications, including functional 
foods. 

3.3. Enzyme inhibitor activity 

The theory of enzyme inhibition is linked to tackling global health 
problems such as diabetes, obesity, cancer or Alzheimer’s disease. Ac
cording to the theory, by inhibiting key enzymes, the pathological 
symptoms of these diseases can be reduced. For example, by inhibiting 
amylase and glucosidase, blood sugar levels can be controlled after a 

high-carbohydrate diet (Kashtoh & Baek, 2023). To this end, we tested 
the inhibitory properties of EVOO and lycopene-enriched oils against 
cholinesterase, tyrosinase, amylase and glucosidase. The results are 
shown in Table 2. The AChE inhibition of EVOO was higher than that of 
lycopene-enriched EVOO. However, their BChE inhibition was very 
close. In other enzymes, namely inhibition of tyrosinase, amylase and 
glucosidase, the ability of lycopene-enriched EVOO was higher than that 
of EVOO. From this point on, lycopene enrichment can be considered a 
valuable ingredient for further applications. Consistent with our results, 
Ronanki et al. (2018) evaluated the inhibitory effect of tomato-fortified 
rice on amylase and glucosidase and reported higher efficacy in 
tomato-fortified than non-fortified samples. In addition, Kim (2011) 
provided information on the inhibitory mechanism of lycopene on 
cytokine expression in pancreatic acinar cells. Similarly, Morais et al. 
(2018) reported a correlation between lycopene and tyrosinase inhibi
tory effects of Dalbergia ecastaphyllum. Báo et al. (2023) found a signif
icant tyrosinase-inhibiting effect of the nano form of lycopene. In 
another study by Shahraki and Daneshmand (2023), the anti-tyrosinase 
effect of lycopene-loaded solid lipid nanoparticles was investigated, and 
the particles could alleviate melanogenesis in melanoma cells. In sum
mary, with the exception of cholinesterase inhibition, lycopene enrich
ment positively influenced the observed inhibitory properties. In this 
sense, reinforcement can be useful for designing functional products. 

3.4. Cytotoxicity assay 

Finally, the cytotoxicity of the enriched EVOO and the morpholog
ical changes on PNT1A normal prostate Ecell line were investigated. 
Assessing the effects of EVOO and EVOO + Lycopene on cell viability in 
a normal cell line is crucial for understanding their safety and thera
peutic potential. Therefore, the iCELLigence real-time cell analysis sys
tem was used to evaluate the effect of EVOO and EVOO + Lycopene on 
cell proliferation and determine their cytotoxicity in the PNT1A normal 
prostate cell line. For this assay, the PNT1A cells were seeded into 
iCELLigence E-plates, which have gold-plated sensor electrodes at the 
bottom of each well. Through impedance readings, these specialized 
plates allow for real-time monitoring of cell viability (Bird & Kirstein, 
2009; Ke et al., 2011; Kho et al., 2015; Lazarova et al., 2015). 
Twenty-four hours after cell seeding, the cells were treated with EVOO 
or EVOO + Lycopene at various concentrations (62.5 μg/mL, 125 
μg/mL, 250 μg/mL, 500 μg/mL, and 1000 μg/mL). As a positive control 
group, cells were treated with docetaxel. The cells were monitored, and 
measurements were taken every 15 min for a total of 96 h, including a 
72-h period following the EVOO or EVOO + Lycopene treatment. The 
normalized cell index graph was given in Fig. 1A and B. Furthermore, 
the cell viability percentages for each dosage at certain time points were 
calculated as mentioned in previous study (Bender, Celik, et al., 2023), 
and presented in Table 3 for EVOO and Table 4 for EVOO + Lycopene. 

As illustrated in Fig. 1, the PNT1A non-cancerous cell line shows a 
similar cell growth dynamic when treated with EVOO or EVOO +
Lycopene in a time-dependent manner. Notably, EVOO or EVOO +
Lycopene treatments did not significantly affect cell viability compared 
to the control group. However, the lowest cell viability was observed at 
the highest concentrations of EVOO (1000 μg/mL) after 48 and 72 h of 

Table 1 
Total phenolic, flavonoid content and antioxidant properties of the tested samples.  

Samples TPC (mg 
GAE/g 

TFC (mg RE/ 
g) 

DPPH (mg TE/ 
g) 

ABTS (mg 
TE/g 

CUPRAC (mg TE/ 
g) 

FRAP (mg TE/ 
g) 

MCA (mg 
EDTAE/g) 

PBD (mmol TE/ 
g) 

EVOO 24.72 ± 1.12b 0.25 ± 0.03a 0.76 ± 0.05b 11.66 ±
0.38a 

42.59 ± 1.06b 24.40 ± 1.13b 3.31 ± 0.41b 0.96 ± 0.03a 

EVOO with enriched 
lycopene 

30.95 ± 0.50a 0.07 ± 0.01b 7.88 ± 0.74a 10.60 ±
0.36b 

49.74 ± 1.07a 27.38 ± 1.66a 3.81 ± 0.24a 0.97 ± 0.08a 

Values are reported as mean ± SD of three parallel measurements. TPC: Total phenolic content; TFC: Total flavonoid content; MCA: Metal chelating assay; PBD: 
Phosphomolybdenum. GAE: Gallic acid equivalent; RE: Rutin equivalent; TE: Trolox equivalent; EDTAE: EDTA equivalent. 
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incubation, with viability rates of 30.34% ± 0.01 and 14.75% ± 0.00, 
respectively. Similarly, for EVOO + Lycopene, the lowest cell viability 
was observed at the highest concentrations (1000 μg/mL) after 48 h and 
72 h, with viability rates of 32.07% ± 0.00 and 18.10% ± 0.00, 
respectively. These findings suggest that longer exposure to high con
centrations of EVOO or EVOO + Lycopene can slightly decrease PNT1A 
cell viability compared to the control. Furthermore, based on these re
sults, lycopene does not exhibit cytotoxic effects beyond those observed 
with EVOO treatment on PNT1A cells. Also, the results shown in Fig. 1, 
Table 3, and Table 4 indicate that treatments with EVOO or EVOO +
Lycopene at a concentration of 1000 μg/mL had a similar viability 
profile to that of 20 nM docetaxel over all time periods. At 24 h, the cell 
viability for EVOO treatments ranged from 51.54% ± 0.01–99.27% ±
0.00 (Table 3) and EVOO + Lycopene treatments ranged from 54.67% 
± 0.01 (Table 4) while the viability for Docetaxel was 51.33% ± 0.00 
and 55.32% ± 0.00, respectively. Based on the 24- to 72-h exposure 
time, it was observed that doses ranging from 1000 μg/mL to 250 μg/mL 
of both EVOO and EVOO + Lycopene led to a slight decrease in cell 
viability compared to the control group. However, even at these con
centrations, the treated cells still exhibited relatively high cell viability 
rates at 24 h. Particularly, concentrations of EVOO or EVOOL at 250 μg/ 
mL and below demonstrates higher cell viability throughout all time 
periods. Based on these findings, it can be concluded that EVOO +
Lycopene is not toxic to the PNT1A cell line at concentrations below 500 
μg/mL across all exposure times. Especially, concentrations of EVOO or 
EVOO + Lycopene at 250 μg/mL and below demonstrate higher cell 
viability throughout all time periods. These results suggest that EVOOL 
at lower concentrations has a favourable effect on cell viability and does 
not induce cytotoxicity in the PNT1A cell line. Taken together, all these 
results indicated that Lycopene does not exert any cytotoxic effects 

Table 2 
Enzyme inhibitory effects of the tested samples.  

Samples AChE inhibition (mg GALAE/g) BChE (mg GALAE/g) Tyrosinase (mg KAE/g) Amylase (mmol ACAE/g) Glucosidase (mmol ACAE/g) 

EVOO 2.22 ± 0.01a 4.42 ± 0.30a 10.17 ± 1.56b 1.17 ± 0.03b 1.43 ± 0.12b 

EVOO with enriched lycopene 1.93 ± 0.09b 4.41 ± 0.23a 12.36 ± 1.56a 1.42 ± 0.01a 1.59 ± 0.08a 

Values are reported as mean ± SD of three parallel measurements. GALAE: Galanthamine equivalent; KAE: Kojic acid equivalent; ACAE: Acarbose equivalent. 

Fig. 1. RTCA assay for the determination of cytotoxicity profile of EVOO (A) and EVOO enriched with lycopene (B).  

Table 3 
PNT1A cell viability rates (%) at 24-, 48-, and 72- hours treatments with EVOO 
or Docetaxel (Min %Control).  

Time 
point 

Cell Viability (% ± SEM) 

Control EVOO (μg/mL) Docetaxel 

1000 500 250 125 62.5 20 nM 

24 h 99.27 
± 0.00 

51.54 
± 0.01 

72.23 
± 0.00 

87.66 
± 0.01 

92.07 
± 0.00 

95.01 
± 0.00 

51.33 
± 0.00 

48 h 99.22 
± 0.00 

30.34 
± 0.01 

52.27 
± 0.01 

84.53 
± 0.04 

92.07 
± 0.00 

95.01 
± 0.00 

21.72 
± 0.00 

72 h 98.90 
± 0.01 

14.75 
± 0.00 

34.97 
± 0.01 

75.83 
± 0.05 

92.07 
± 0.00 

95.01 
± 0.00 

15.67 
± 0.00  

Table 4 
PNT1A cell viability rates (%) at 24-, 48-, and 72- hours treatments with EVOO 
+ Lycopene or Docetaxel (Min %Control).  

Time 
point 

Cell Viability (% ± SEM) 

Control EVOO + Lycopene (μg/mL) Docetaxel 

1000 500 250 125 62.5 20 nM 

24 h 97.80 
± 0.00 

54.67 
± 0.01 

75.04 
± 0.01 

87.58 
± 0.01 

93.02 
± 0.01 

97.38 
± 0.03 

55.32 
± 0.00 

48 h 94.46 
± 0.00 

32.07 
± 0.00 

53.35 
± 0.02 

81.06 
± 0.01 

91.87 
± 0.00 

94.96 
± 0.01 

23.03 
± 0.00 

72 h 94.18 
± 0.01 

18.10 
± 0.00 

38.54 
± 0.01 

71.59 
± 0.02 

91.31 
± 0.01 

94.71 
± 0.01 

17.34 
± 0.00  
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above the effects of EVOO on the cells and is not harmful to their 
viability. Overall, these results highlight that EVOO or EVOO + Lyco
pene did not induce any significant toxicity or harm to the PNT1A cells, 
as indicated by their high cell viability rates. The concentrations of 500 
μg/mL, 250 μg/mL, 125 μg/mL, and 62.5 μg/mL deserve particular 
attention in further investigations and potential applications. 

3.5. Morphological evaluations of EVOO and EVOO + lycopene on body 
cells 

We further validated our findings by performing additional assays 
that enabled us to assess the morphological changes on PNT1A cells 
following treatment with EVOO or EVOO + Lycopene. These assays 
provide valuable insights into the characteristics and overall appearance 
of the cells, allowing us to gain a comprehensive understanding of the 
effects of EVOO or EVOO + Lycopene treatments on cellular 
morphology. 

For first assay, the PNT1A cells were treated with various concen
trations of EVOO or EVOO + Lycopene (62.5 μg/mL, 125 μg/mL, 250 
μg/mL, 500 μg/mL, and 1000 μg/mL) for 72 h and photographed under 
inverted microscope to visualize any morphological changes (Fig. 2). 
Furthermore, we performed crystal violet staining, which is a colori
metric method that dyes cellular nuclei and can be used for various 
purposes. In this assay, PNT1A cells were seeded and incubated for 24 h. 
Subsequently, cells were treated with different concentrations of EVOO 
or EVOO + Lycopene (ranging from 125 μg/mL to 1000 μg/mL). Cells 
were photographed after 72 h of treatments (Fig. 3). 

The control group, untreated PNT1A cells, displayed a polygonal 
shape and strong adhesion to the bottom of the plate, reflecting their 
epithelial nature (Figs. 2 and 3). Moreover, these untreated cells 
exhibited elongated cytoplasmic regions and maintained membrane 

integrity, resulting in a larger cell volume (Figs. 2 and 3). In Fig. 2, cells 
treated with a concentration of 1000 μg/mL of EVOO or EVOO +
Lycopene showed noticeably reduced viability compared to the control. 
At a magnification of 400× (Fig. 3), relatively fewer cells were observed 
at 1000 μg/mL concentration for both treatments, and the polygonal 
membrane structures of the cells became more rounded. At a concen
tration of 500 μg/mL of EVOO or EVOO + Lycopene, cell viability was 
slightly decreased (Fig. 2); however, the cell membranes maintained a 
more structurally intact appearance compared to the 1000 μg/mL con
centration (Fig. 3). Notably, in Fig. 2 concentrations of EVOO or EVOO 
+ Lycopene within the range of 250 μg/mL and 62.5 μg/mL demon
strated higher cell viability. Correspondingly, in Fig. 3 the cells exhibi
ted a polygonal shape similar to the control group and displayed a 
higher cell volume when treated with EVOO or EVOO + Lycopene 
concentrations at 250 μg/mL and below. 

Consequently, these morphological observations are consistent with 
the results obtained from the iCELLigence assay. There were no signif
icant differences observed between the treatment of EVOO or EVOO +
Lycopene on the cellular morphology. Also, our findings indicate that 
EVOO or EVOO + Lycopene treatments do not significantly alter the 
cellular morphology of PNT1A cells, except at concentrations higher 
than 500 ug/mL. At these higher concentrations, cellular viability de
creases, and noticeable changes in cellular morphology become 
apparent. At concentrations of 250 μg/mL and below, both EVOO and 
EVOO + Lycopene treatments resulted in higher cell viability and 
minimal changes in the cellular morphology of PNT1A cells. The 
integrity of the cell structure and cellular properties were maintained at 
doses of 250 μg/mL and below. 

Fig. 2. Morphological evaluations of EVOO and EVOO + Lycopene on PNT1A cells.  
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4. Conclusions 

The consumption of food rich in carotenoids is of primary impor
tance in human diet due to the well-known beneficial properties on 
health. Lycopene is a carotenoid mostly found in red and orange fruits, 
such as tomato, which daily intake for an adult is 25.2 mg as recom
mended by EFSA. Since the presence of these fruits is not always guar
anteed in a daily diet, it would be possible to assume lycopene using an 
EVOO as extraction solvent/vehicle. Despite other research groups have 
already produced lycopene enriched olive oil by other procedures 
(Bendini et al., 2015; Kumcuoglu et al., 2014), we used a green pro
cedure in mild condition to achieve the production of a safe enriched 
extra virgin olive oil. The bioactive compound has been extracted using 
a green UAE procedure from tomato peels as industrial waste and then it 
was quantified by HPLC-DAD. The safety profile and beneficial in vitro 
activities of this product have been evaluated and compared with the 
pure EVOO, confirming its cell protecting effect on PNT1A cells and 
strong antioxidant activity in vitro. These results suggest the potential 
use of lycopene-enriched EVOO as a novel food, dietary supplement and 
nutraceutic in human diet. In conclusion, this work opens concrete 
perspectives on the production of enriched foods starting from food 

wastes, promoting sustainable economy through new-food production 
chains. 
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