horticulturae

Article

Lycopene and Other Bioactive Compounds’ Extraction from
Tomato Processing Industry Waste: A Comparison of
Ultrasonication Versus a Conventional Stirring Method

Konstantinos Mavridis, Nikolaos Todas, Dimitrios Kalompatsios

check for
updates
Academic Editor: Charalampos

Proestos

Received: 24 December 2024
Revised: 8 January 2025
Accepted: 9 January 2025
Published: 10 January 2025

Citation: Mavridis, K.; Todas, N.;
Kalompatsios, D.; Athanasiadis, V.;
Lalas, S.I. Lycopene and Other
Bioactive Compounds’ Extraction
from Tomato Processing Industry
Waste: A Comparison of
Ultrasonication Versus a Conventional
Stirring Method. Horticulturae 2025, 11,
71. https://doi.org/10.3390/
horticulturae11010071

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Vassilis Athanasiadis © and Stavros I. Lalas *

Department of Food Science and Nutrition, University of Thessaly, Terma N. Temponera Street,

43100 Karditsa, Greece; konmavridis@uth.gr (K.M.); ntodas@uth.gr (N.T.); dkalompatsios@uth.gr (D.K.);
vaathanasiadis@uth.gr (V.A.)

* Correspondence: slalas@uth.gr; Tel.: +30-24410-64783

Abstract: The tomato (Lycopersicon esculentum) is a prominent fruit in Mediterranean
countries with established biological activities for consumers. Given the widespread
distribution of the fruit and its large production, the need to utilize the by-products seems
imperative. With a view to valorizing the main carotenoid of tomato processing industry
waste, lycopene, as well as other bioactive compounds (i.e., polyphenols), the optimization
of a green extraction method involving ultrasound-assisted bath extraction (UBAE) was
carried out. The results showed that the optimized UBAE technique achieved substantial
yields of total carotenoids (420.8 ug of lycopene equivalents per gram of dry weight (dw))
and total polyphenols (2.62 mg of gallic acid equivalents per gram of dw). Flavonoid
naringin (0.48 mg/g dw) and non-flavonoid coniferyl alcohol (0.32 mg/g dw) were the
most abundant identified polyphenols. However, comparison with a conventional stirring
extraction revealed that the latter technique marked double figures in all assays, including
antioxidant activity assays. The study revealed that UBAE was not a preferable technique
for recovering carotenoids because of the possible degradation of labile compounds found
in tomato processing industry waste. Given that the extraction solvent was pure ethanol,
the study established a foundation for the development of a unique lycopene-enriched
product in the food industry. It is essential to conduct additional studies using alternative
food-grade solvents or other environmentally friendly extraction methods.

Keywords: tomato waste; green extraction technique; carotenoids; polyphenols; partial
least squares

1. Introduction

A highly cultivated vegetable crop worldwide and a staple of the Mediterranean diet
are tomatoes, which are scientifically known as Lycopersicon esculentum [1]. The various
health advantages of eating tomatoes include reduced blood cholesterol, the avoidance
of inflammatory reactions, and the prevention of cancer. Annually, ~130 million tons of
tomatoes are handled, including 8 million tons of waste. A significant number of tomatoes
do not meet color, maturity, and form standards, resulting in financial losses for producers
and detrimental environmental impacts [1]. Processing generates a substantial amount
of tomato peel waste. Developing novel applications for tomato waste is essential, and
its recycling represents a significant environmental concern. Tomato pomace, the solid
residue resulting from the industrial processing of tomatoes, often leads to the disposal of
numerous tomato seeds and peels in landfills or their use as animal feed and fertilizer [2].
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Lycopene, including 80-90% of the pigments in ripe tomatoes, is the primary antioxidant;
however, carotenoids, phenolic compounds, vitamins, and various other phytochemicals
are also prevalent [3]. Multiple epidemiological studies have linked the consumption
of carotenoids, especially lycopene, to the prevention of cancer and cardiovascular dis-
ease [4]. Phenolics mitigate oxidative stress-related diseases through their antibacterial and
antioxidant properties [5].

Biowaste products are a great resource left over from manufacturing processes. Ig-
noring or not recycling them could harm the environment as well as resulting in financial
losses for the company. The vegetable sector and the expenses and waste associated with
agriculture have been brought to scientific attention. These wastes are composted and
applied to crops so that nutrients can be recycled [6]. Establishing more sustainable food
systems and tackling the rising issue of overconsumption of natural resources depends on
first reducing waste. It is advised to strengthen the by-product market to help to reduce
the consumption of raw resources and related waste [7]. One significant challenge is shift-
ing the consumer’s perception of waste from a problem to a resource by identifying new
applications in fields such as bioenergy, cosmetics, pharmaceuticals, and the recovery of
components that can enhance and extend the shelf life of food [1].

Organic solvent extraction has indeed been a cornerstone in the food sector for extracting
valuable compounds like carotenoids from tomatoes. Researchers have explored a variety
of solvents, both polar and nonpolar, such as hexane, ethanol, acetone, dichloromethane,
petroleum ether, benzene, and chloroform [8]. However, many nonpolar solvents, despite
their high extraction efficiency, pose significant health and environmental risks. To address
these concerns, innovative methods have been developed. For instance, Giovanoudis et al. [9]
introduced a cloud point extraction (CPE) technique using lecithin to recover carotenoids from
liquid tomato wastewater. This method offers a safer alternative to traditional solvents. Simi-
larly, Vlachoudi et al. [10] enhanced the extraction of carotenoids from tomato industry waste
using a menthol/hexanoic acid (2:1) deep eutectic solvent, which is more environmentally
friendly. Ethanol, being a food-grade solvent, is also a viable option for extracting carotenoids,
balancing efficiency and safety [11]. These advancements highlight the ongoing efforts to find
safer and more sustainable extraction methods in the food industry.

The use of heat and extended duration in classical procedures like Soxhlet and macer-
ation extraction could lead to decreased selectivity and even the destruction of valuable
compounds that are susceptible to heat. Improved yields, less environmental impact, and
greater recovery of target compounds have resulted from advancements in extraction
processes [12]. One environmentally friendly extraction method is ultrasonication, which
creates cavitation bubbles in the solvent. Collapsing close to cell walls, these bubbles
damage plant tissues and improve solvent penetration. With less heat used, this mechani-
cal effect promotes mass transfer, leading to quicker extraction and greater yields. Both
hydrophilic and hydrophobic bioactive substances can be safely extracted using ultrasonic
extraction [13]. Ultrasound extraction is an undoubtedly promising technique; however,
certain drawbacks need to be addressed first. The effects of ultrasound waves are de-
pendent on the position of the matrix and solvent. In addition, the lack of temperature
control under continuous ultrasound waves could lead to overheating. Finally, the need for
ultrasound intensity optimization is vital; liquid agitation could proceed at high-intensity
values which could lead to decreased ultrasonic wave propagation [14].

The extraction of bioactive chemicals from tomatoes and their by-products, particularly
through green extraction methods, has been thoroughly investigated in recent years [15-21].
However, there is a scarcity of reports that address the optimization of ultrasonic extraction
methods using food-grade solvents. This study addresses the aforementioned gap and
proceeds to conduct a systematic investigation. The optimization of a green extraction
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technique utilizing ethanol, an eco-friendly and food-compatible solvent, addresses a gap
in the literature. To that end, the study aimed to valorize tomato processing industry wastes
using ethanol as solvent, optimize a green extraction technique (i.e., ultrasound-assisted
bath extraction), and compare it with a conventional stirring technique. The results of this
study could lead to the generation of a novel, high-added value product in the food sector.

2. Materials and Methods
2.1. Solvents, Reagents, and Materials

Anhydrous sodium carbonate was purchased from Penta (Prague, Czech Repub-
lic), and iron (III) chloride was obtained from Merck (Darmstadt, Germany). Methanol,
hydrochloric acid, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), 2,2-diphenyl-1-picrylhydrazyl
synthetic radical (DPPH?®), lycopene analytical standard (>85%), and all standards for
the HPLC determination of polyphenols were purchased from Sigma-Aldrich (Darmstadt,
Germany). These included both flavonoids (i.e., rutin, naringin, naringin dihydrochalcone,
and naringenin) and non-flavonoids (i.e., coniferyl alcohol, syringic acid, 4-methylcatechol,
ferulic acid, trans-cinnamic acid, and 3,4,5-trimethoxycinnamic acid). Ethanol, gallic acid,
and Folin—Ciocalteu reagent were purchased from Panreac Co. (Barcelona, Spain). Ace-
tonitrile was obtained from Labkem (Barcelona, Spain). A deionizing column generated
deionized water for the conducted experiments. The Damavand S.A. tomato processing
factory, located in Filia (Karditsa, Central Greece) supplied the tomato processing industry
waste (TPIW), which included the seeds and peels of the tomatoes. The samples were kept
at 4 °C until analysis.

2.2. Instrumentation

A Biobase BK-FD10 (Biobase Group, Jinan, China) freeze-dryer was used to lyophilize
the TPIW samples. An electric mill was used to grind the dried material which turned into
a fine powder after being sieved by an Analysette 3 PRO sieving apparatus from Fritsch
GmbH (Oberstein, Germany). A 40-mesh (400 um) sieve was used to assure uniformity in
particle size. A Heidolph magnetic stirring hotplate from Heidolph Instruments GmbH &
Co. KG (Schwabach, Germany) was used for the extraction procedure. Correspondingly, the
ultrasonication (US) process was conducted through an Elmasonic P70H US bath from Elma
Schmidbauer, GmbH (Singen, Germany). The supernatant liquid from all extracts was isolated
through a centrifugation process with a NEYA 16R centrifuge from Remi Elektrotechnik Ltd.
(Palghar, India) and was stored at —40 °C in a freezer Platinum 500 model from Angelantoni
Life Sciences (Massa Martana, Italy). To perform spectrophotometric determinations, a
double-beam Shimadzu UV-1900i PharmaSpec Spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) was used. Finally, chromatographic quantification of bioactive compounds
was performed through a High-Performance Liquid Chromatography (HPLC) system from
Shimadzu Europa GmbH (Duisburg, Germany). The HPLC apparatus was a Shimadzu
CBM-20A model connected to an SPD-M20A diode array detector (DAD). The employed
chromatographic column (100 A, 5 um, 4.6 mm x 250 mm) was a Phenomenex Luna model
C18(2) from Phenomenex Inc. (Torrance, CA, USA).

2.3. Extraction Process
2.3.1. Ultrasonic Bath-Assisted Extraction (UBAE)

The freeze-dried TPIW was extracted in an ultrasonication bath at several time inter-
vals. A liquid-to-material ratio of 10-40 mL/g of TPIW powder was mixed with ethanol in
a 25 mL screw-capped bottle. The ultrasonication bath had the frequency set at 37 kHz in
sweep mode, with the highest power of 220 W and within a duration of 5-25 min (using
10 min intervals). The temperature was measured to be <40 °C before and after the ultra-
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sonication process. Finally, the supernatant liquid from the centrifuged samples was stored
at —40 °C.

2.3.2. Stirring Extraction (STE)

A quantity of freeze-dried TPIW was mixed with 10 mL of ethanol in a 25 mL screw-
capped bottle. The extraction occurred in a magnetic stirring hotplate with a continuous
stirring of 500 rpm within a duration of 30-90 min (using 30 min intervals). The super-
natants from the centrifuged samples were stored at —40 °C.

2.4. Experimental Design and Response-Surface Methodology (RSM) Optimization

Response-Surface Methodology (RSM) via Box-Behnken design, incorporating three
factors at three levels, was employed to ascertain the optimal extraction conditions for
total carotenoid content (TCC) and antiradical activity (DPPH assay). This methodology
was applied to two extraction methods: (I) ultrasonic bath-assisted extraction (UBAE) and
(II) stirring extraction (STE) using TPIW. The examined independent variables included the
liquid-to-solid ratio (R, mL/g) as X1, extraction time (f, min) as X5, and either ultrasonic
power (E, %) or extraction temperature (T, °C) as X3. These variables were assigned
three coded levels: low (—1), medium (0), and high (+1), as shown in Table 1 for UBAE
and Table 2 for STE (vide infra). To assess method repeatability, 15 experimental runs with
3 central points were conducted. Each run was replicated three times, recording the average
response values.

Table 1. Experimental findings for the three investigated independent variables and the dependent
variables’ responses to the UBAE technique.

. Responses
Independent Variables
Design TCC (ug LyE/g dw) DPPH (umol AAE/g dw)
Point X1 (R . . :
¢ X5 (t, min) X3 (E, %) Actual * Predicted Actual * Predicted
mL/g)
1 1 (40) —-1(5) 0 (80) 164.9 £+ 6.6 2417 6.56 £+ 0.33 6.52
2 —1(10) 1(25) 0 (80) 3254 +18.2 287.3 428 +0.27 4.40
3 0 (25) 0 (15) 0 (80) 1154 £5.7 122.0 5.30 £ 0.12 5.24
4 0(25) 1(25) —1(60) 148.8 £ 8.6 228.7 5.69 £+ 0.33 6.11
5 —1(10) 0(15) —1(60) 294 + 20 222.7 3.06 £ 0.09 2.56
6 1 (40) 0(15) —1(60) 121.6 + 8.8 71.0 6.84 + 0.44 6.41
7 0 (25) 0(15) 0 (80) 119.8 £ 6.9 122.0 5.36 £ 0.24 524
8 0 (25) ~1(5) —1(60) 121.2 £ 4.1 146.0 5.15 + 0.18 5.67
9 —1(10) —1(5) 0 (80) 406.6 +13.4 393.5 5.31 +£0.39 5.26
10 0(25) —-1(5) 1 (100) 4757 £28.1 387.2 6.59 £+ 0.45 6.17
11 0(25) 0(15) 0 (80) 113.5+ 49 122.0 5.07 £ 0.21 5.24
12 1 (40) 1(25) 0 (80) 1439 £ 3.6 135.5 5.68 £+ 0.36 5.65
13 1 (40) 0 (15) 1 (100) 141.1 + 4.1 123.2 2.50 + 0.05 3.00
14 —1(10) 0(15) 1 (100) 1524 +73 275.0 3.91 4+ 0.28 4.34
15 0(25) 1(25) 1 (100) 1255+ 75 92.1 451 +0.12 4.00

* Values represent the mean of triplicate determinations + standard deviation. UBAE, ultrasonic bath-assisted
extraction; TCC, total carotenoid content; LyE, lycopene equivalents; DPPH, antiradical activity; AAE, ascorbic
acid equivalents; dw, dry weight.
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Table 2. Experimental findings for the three investigated independent variables and the dependent
variables’ responses to the STE technique.

Responses
Independent Variables
Design TCC (ug LyE/g dw) DPPH (umol AAE/g dw)
Point X1 (R . . :
¢ X, (t, min) X3 (T, °C) Actual * Predicted Actual * Predicted
mL/g)
1 1 (40) —1(30) 0 (50) 4421 +24.3 504.0 21.01 +1.16 19.61
2 —1(10) 1 (90) 0 (50) 2249 +13.5 198.0 8.46 £ 0.27 9.03
3 0 (25) 0 (60) 0 (50) 491.6 £ 16.7 481.1 16.13 + 0.52 15.96
4 0(25) 1(90) —1(20) 191.8 £5.6 232.2 9.61 £0.44 9.79
5 —1(10) 0 (60) —1(20) 97 £5.3 101.0 5.84 +£0.33 5.18
6 1 (40) 0 (60) —1(20) 247.1+£17.5 241.0 12.55 £ 0.7 12.32
7 0 (25) 0 (60) 0 (50) 471 £174 481.1 14.85 £ 0.65 15.96
8 0 (25) —1(30) —1(20) 177.7 £10.1 139.4 10.41 £ 0.26 11.00
9 —1(10) —1(30) 0 (50) 254 + 8.6 270.8 10.76 £ 0.57 10.24
10 0(25) —1(30) 1 (80) 691.3 £37.3 650.9 21.69 £1.17 22.13
11 0(25) 0 (60) 0 (50) 480.6 £+ 26 481.1 15.88 + 0.86 15.96
12 1 (40) 1 (90) 0 (50) 483 £ 25.6 431.2 17.81 £0.73 18.40
13 1 (40) 0 (60) 1 (80) 684.1 £+ 30.8 680.1 24.63 + 0.49 25.68
14 —1(10) 0 (60) 1 (80) 347.6 +22.6 353.7 13.49 + 0.35 14.10
15 0(25) 1(90) 1(80) 374 +20.6 4124 23.15+1.74 20.92

* Values represent the mean of triplicate determinations + standard deviation. STE, stirring extraction; TCC, total
carotenoid content; LyE, lycopene equivalents; DPPH, antiradical activity; AAE, ascorbic acid equivalents; dw,
dry weight.

Stepwise regression was utilized to refine the model’s predictive precision by reducing
variance from superfluous term estimation, leading to a second-order polynomial equation
that delineates the interactions between the three independent variables:

2 2 2 3
Yi=Bo+ ) BiXi+ Y BuXi+ ), Y., BiXiX; @
i=1 i=1

i=1j=i+1

where the independent variables are denoted by X; and Xj, and the predicted response
variable is defined by Y}. In the model, the intercept and regression coefficients By, i, Bii,
and f;; represent the linear, quadratic, and interaction terms, respectively.

2.5. Quantification of Bioactive Compounds
2.5.1. Determination of Total Polyphenol Content (TPC)

The evaluation of TPC was based on spectrophotometric measurements of a bluish
mixture at 740 nm, as previously established [22]. The results were expressed as mg gallic
acid equivalents (GAE) per g of dry weight (dw), as shown in Equation (2). Briefly, 200 pL
of properly diluted sample was mixed with the same volume of the Folin-Ciocalteu reagent
and 1600 pL of 5% w/v aqueous sodium carbonate solution after 2 min in an Eppendorf tube.
The mixture was finally incubated at 40 °C for 20 min. The total polyphenol concentration
(Ctp, mg/L), the exact volume of the extraction solvent V (in L), and the dried weight of
the sample (w, in g) were calculated. A calibration curve of 10-100 mg GAE/L in methanol
was conducted before the analysis.

TPC (mg GAE/g dw) :CTPTXV )
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2.5.2. Individual Polyphenol Quantification

The individual polyphenols were identified and quantified chromatographically using
an established method [22]. The identification was conducted through a comparison of the
absorbance spectrum and retention times to those of pure standards. The quantification
process was performed through excellent linearity (<0.99) calibration curves (0-500 mg/L).
To fit the data into a specific range, data from TPC were used to properly dilute each
sample. The mobile phase involved 0.5% v/v aqueous formic acid (mixture A) and 0.5%
v/v formic acid in acetonitrile (mixture B). The flow rate was kept constant at 1 mL/min.
The separation of bioactive molecules was performed in a column which was kept at a
constant temperature at 40 °C. Isolating and quantifying flavonoid and non-flavonoid
compounds effectively requires separate programs. To identify flavonoids, a gradient
program was utilized. The program began with a 3 min increase from 5% to 30% B,
continued for 34 min to 68% B, then for 1 min to 100% B, followed by a 3 min hold, and
finally, it swiftly returned to 5% B. To the contrary, the non-flavonoid identification gradient
program was conducted as follows: 5% to 12% B ramped up in 15 min, 55% in 35 min,
and 100% in 1 min. The procedure decreased the B concentration to 5% after maintaining
a constant state for 3 min. Both programs had a total duration of 40 min. The injection
volume was constant at 20 pL. The total polyphenolic components can be determined by
comparing the absorbance spectra and retention periods to pure standards. Calibration
curves ranging from 0 to 500 mg/L were utilized for their measurement, and they exhibited
high linearity (<0.99). The identified molecules were measured at the wavelength where
their peaks were most noticeable, in accordance with the protocol.

2.5.3. Determination of TCC

The TCC of the specific agricultural waste was determined spectrophotometrically
through the UV-Vis spectrum from 400 to 700 nm, using a modified method from
Popescu et al. [21]. Specifically, proper dilution of extracts was performed with ethanol,
and the samples were scanned within a wavelength range of 400-700 nm using 1 cm quartz
cuvette cells. A calibration curve of lycopene (0.1-5 pg/mL, R? = 0.9981) was constructed
to calculate the TCC, with results expressed as pg lycopene equivalents (LyE)/g dw.

2.6. In Vitro Antioxidant Capacity Assessment
2.6.1. DPPH® Scavenging Activity

The antioxidant activity of the TPIW extract was evaluated through radical-scavenging
assay. A volume of 975 uL of the purplish methanolic DPPH*® (100 uM) was mixed with
25 uL of each extract, as previously discussed by Shehata et al. [23]. The decolorization of
DPPH* was assessed spectrophotometrically at 515 nm, wherein the initial (As;5)) and
final (As15(5)) absorbance after 30 min storage in the dark was measured (Equation (3)).
Specifically, the blank solution contained 975 pL of the methanolic DPPH® and 25 pL of
methanol. The calculation of antiradical activity (Asr) of each extract was feasible with
the employment of a powerful antioxidant with scavenging potential (ascorbic acid, AA).
The results involved the solvent volume (V, in L), the measured AA concentration (Caa, in
umol/L), and the dried mass of TPIW (w, in g), as shown in Equation (4).

Aggsp) — A
Inhibition (%) = —2W 75150 o 109 3)

As1s(i)

Aar(umol AAE/g dw) = CAATXV )
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2.6.2. Ferric-Reducing Antioxidant Power (FRAP)

The antioxidant capacity of TPIW extracts was further evaluated with another antiox-
idant assay. An ion-reducing-based methodology (i.e., FRAP) by Shehata et al. [23] was
used, in which a stable blueish complex of Fe*?> — TPTZ was formed and the absorbance at
620 nm was recorded. Briefly, 100 pL of properly diluted sample was mixed with 100 pL of
iron chloride (III). After being incubated at 37 °C for 30 min, 1800 uL of TPTZ (1 mM in 0.05
M HCI) was added to the mixture. The calibration curve of AA dissolved in 0.05 M HCl
had a range of 50-500 pM and was used before analysis. The reducing power (PR) of ferric
ions was assessed using Equation (5) and expressed as umol of ascorbic acid equivalents

(AAE) per g of dw.

Pr (umol AAE/g dw) :CAAiwa )

2.7. Statistics

Each assay and extraction was performed in triplicate. Statistical processes including
RSM and distribution analysis were conducted using JMP® Pro 16 software (SAS, Cary,
NC, USA). Principal component analysis was conducted with the same software. The
Kolmogorov—-Smirnov test was used to test the data for normality. A significance level of
95% was used in a one-way analysis of variance (ANOVA) to explore statistically significant
differences. This was followed by post hoc Tukey HSD (honestly significant difference)
test calculations, applying the Tukey—Kramer method. The results are expressed as mean
values £ standard deviations.

3. Results and Discussion
3.1. Optimization of Extraction Parameters

Optimization of the extraction of TPIW bioactive compounds, mainly targeting ly-
copene and polyphenols, was one of the main objectives of the study. The target was
performed with a solvent of intermediate polarity, which is also food-compatible (i.e.,
ethanol). Multiple bioactive substances cause differences in solubility and polarity, which
might complicate the extraction process [24]. The antioxidant capacity and extraction yield
are also significantly affected by the extraction technique and other processing parame-
ters. Modern extraction techniques have surpassed critical issues, such as the reduction
in the need for harmful solvents, the safeguarding of public health, and the low energy
requirement. The successful implementation of this technology relies on the use of an
environmentally acceptable solvent [25]. As a solvent of medium polarity, ethanol is much
more effective at extracting both polar and nonpolar molecules. Due to its lack of toxicity, it
finds extensive application in the food and pharmaceutical industries, where it excels in
extracting lipids, fatty acids, and phenolic compounds [26].

Regarding the TCC in the UBAE extraction, the range was found to be quite wide
(i.e., from 113.5 to 475.7 ug/g dw), noting a four-fold difference. An even wider range
was found in the conventional STE extraction (97-691.3 ng/g dw). It can thus be seen
that the extraction conditions significantly affect the examined parameters. A comparable
trend was noted in the evaluation of antioxidant activity. The UBAE technique yielded
2.50-6.84 umol AAE/g dw, whereas the corresponding range from the STE technique
was found to be from 5.84 to 24.63 umol AAE/g dw. As was previously mentioned, it
was observed that the highest antioxidant capacity was obtained in the extract that was
prepared with the use of low ultrasonication intensity (i.e., design point 6). The results
demonstrated that STE is the most efficient approach for extracting antioxidant compounds
from solid TPIW, achieving nearly double the efficacy of the UBAE technique. Finally,
Table 3 provides the statistical features of the TCC technique and DPPH stepwise regression
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analysis of ANOVA on UBAE and STE, respectively. We removed it from the equation
for all variables that did not make a statistically significant difference (p > 0.05). More
importantly, the obtained models satisfactorily matched the data; nonetheless, it should be
noted that the STE method had a better R? value (>0.96).

Table 3. Analysis of variance (ANOVA) was utilized for the response-surface quadratic polynomial
model in the context of UBAE and STE techniques.

UBAE STE
Factor
TCC DPPH TCC DPPH
Stepwise regression coefficients
Intercept 121.97* 5243 * 481.07 * 15.96 *
X;—liquid-to-solid ratio —75.86 * 0.628 * 116.60 * 4.681*
Xp,—extraction time —53.10 —0.431 —36.42 —0.605
Xa—ultrasonic 26138 —0.404 172.93% 5.569 *
power/temperature
Xix2 - - - -
X1 X3 - —1.298 * 46.6 1.107
X7X3 —94.45* —0.655 —82.85* -
X2 51.004 —0.597 —7241* —1.641*
X5? 91.529 * 0.811 * —57.66 -
X3? - —0.569 —64.71* -
ANOVA
F-value (model) 4.236 8.045 23.25 68.1
F-value (lack of fit) 744.37 19.1 32.565 3.334
p-value (model) 0.0323 * 0.0102 * 0.0006 * <0.0001 *
p-value (lack of fit) 0.0013 * 0.0504 s 0.0300 * 0.2501 s
R? 0.761 0.915 0.969 0.974
Adjusted R? 0.581 0.801 0.927 0.960
RMSE 76.373 0.553 48.396 1.138
cv 59.6 24.55 47.52 37.71
DF (total) 14 14 14 14

* Values significantly affected responses at a probability level of 95% (p < 0.05). UBAE, ultrasonic bath-assisted
extraction; STE, stirring extraction; TCC, total carotenoid content; DPPH, antiradical activity; ns, non-significant;
F-value, test for comparing model variance with residual (error) variance; p-value, probability of seeing the
observed F-value if the null hypothesis is true; RMSE, root mean square error; CV, coefficient of variation; DF,
degrees of freedom.

3.2. Model Analysis

Simplified polynomial equations were generated from the response surface of the
model’s evaluated data, with variables that do not show a statistically significant contribu-
tion (p > 0.05) to improving the recovery of the targeted bioactive molecules being excluded.
The TCC, with lycopene being the most abundant carotenoid, and its antiradical activity
through DPPH scavenging were examined. Equations (6) and (7) refer to UBAE, whereas
Equations (8) and (9) involve the STE procedure. In both cases, the models contained only
significant terms.

TCC = 4.424 — 16.392X; + 5.011X, + 8.391X;3 + 0.227X;2 + 0.915X,% — 0.472X,X5  (6)

DPPH = —15.06 + 0.520X; — 0.024X, + 0.365X3 — 0.003X;2 + 0.008X,2 — 0.001X52 — 0.004X; X5 — 0.003X,X;5  (7)

TCC = —686.86 + 18.686X1 + 11.076X, + 15.888X5 — 0.322X;% — 0.064X,% — 0.072X5% + 0.104X; X5 — 0.092X,X5  (8)

DPPH = —1.396 + 0.554X; — 0.020X, + 0.124X3 — 0.007X;% + 0.002X; X3 )

The extraction optimization of bioactive molecules, assessed via the TCC and DPPH
methods, can also be illustrated through 3D graphical plots utilizing the specific parameters
X1, Xy, and X3, as demonstrated in Figures 1 and 2. Figure 1 illustrates the influence of
the parameters X; and X, for specific assays within the PLE extraction technique. The
reasoning behind the interpretation of these diagrams lies in the selection of parameters that
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yield the highest value of the variable in focus (i.e., red color), whereas the less favorable
low values are represented in blue. For example, in Figure 1A which corresponds to the
UBAE technique, it is observed that for TCC optimization, the parameter X; required values
below 10, whereas for X5, values lower than 5 were necessary, indicated by the red color on
the graph. Concerning the STE technique, it was noted that optimization yielded higher
values compared to UBAE, where the blue color is dominant, suggesting that optimizing
the specific parameters did not markedly improve the extraction of bioactive molecules.
This finding could indicate further parameter optimization regarding the UBAE technique.
The optimal conditions as identified through the 3D plots for both extraction techniques are
presented in Table 4. A high desirability value (>0.95) indicates the reliability of the method.

15

3
)
yE/g dw)

TCC (ug LyE/a 4%

100

TCC (ug 1

Figure 1. The optimal extraction via the UBAE technique, depicted in 3D graphs, demonstrates
the effects of process variables on the responses (TCC and DPPH). For TCC, plot (A) represents
the covariation in X; (liquid-to-solid ratio; R, mL/g) and X, (extraction time; {, min); plot (B), the
covariation in Xj and X3 (ultrasonic power; E, %); and plot (C), the covariation in X, and X3. For
DPPH, plot (D) represents the covariation in X; and Xj; plot (E), the covariation in X; and X3; and
plot (F), the covariation in X, and X3.
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/9 dw)

Clug Ly,

Figure 2. The optimal extraction via the STE technique, depicted in 3D graphs, demonstrates process
variables’ effects on the responses (TCC and DPPH). For TCC, plot (A) represents the covariation
in X; (liquid-to-solid ratio; R, mL/g) and X, (extraction time; ¢, min); plot (B), the covariation in X;
and X3 (extraction temperature; T, °C); and plot (C), the covariation in X, and X3. For DPPH, plot
(D) represents the covariation in X; and Xjy; plot (E), the covariation in X; and Xj3; and plot (F), the

covariation in X, and X3.

Table 4. Optimal extraction conditions maximize predicted responses for the dependent variables.

Independent Variables :
Technique Parameters P Desirability RStepw1.se
X1 (R, mL/g) X, (t, min) X3 (E, %) egression
TCC (ug LyE/g dw) 10 5 9% 0.9576 489.9 + 1455
UBAE DPPH (jumol 40 5 66 0.9761 6.97 +1.17
AAE/g dw) . : .
X1 (R, mL/g) X5 (t, min) X3 (T, °C)
TCC (ug LyE/g dw) 37 37 80 0.9946 731.1 + 100.4
STE DPPH (pmol 38 33 80 0.9945 25.86 + 1.97
AAE/g dw) . . ;

UBAE, ultrasonic bath-assisted extraction; STE, stirring extraction; TCC, total carotenoid content; LyE, lycopene
equivalents; DPPH, antiradical activity; AAE, ascorbic acid equivalents; dw, dry weight.

3.3. Pareto Plot Analysis of the Effect of Extraction Parameters on Assays

The impact of the examined extraction conditions of the two techniques was analyzed
in detail to enhance our understanding of their influence. A Pareto plot was utilized to
accomplish this. The t-ratio on a Pareto plot (Figure 3) is determined by dividing the
parameter estimate by its standard error. This ratio is crucial for assessing the significance
of each parameter estimate. Additionally, the cumulative line on the plot illustrates the total
of absolute t-ratios, providing insight into the relative explanatory power of each estimate.
The diagram utilizes different colors that are clearly distinguishable for interpretation. Blue
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UBAE Term

X1(10,40)
X2*X3
X2*X2
X2(5,25)
X1*X1
X3(60,100)

S 1 Term

T X3(20,80)
X1(10,40)
X2*X3
X1*X1
X3*X3
X2*X2
X2(30,90)
X1*X3

signifies a positive impact, while red denotes a negative impact. An asterisk denotes the
statistical significance (p < 0.05) of the effect. As such, an increase in the X; parameter had a
negative impact on the TCC, as observed in the UBAE technique (Figure 1A). An increasing
X value was deemed preferable for carotenoid extraction, whereas the X3 parameter had
no impact at all. On the other hand, the X3 parameter had a vast impact on the extraction of
carotenoids, an expected trend as the molecule’s solubility increases at higher temperatures.
In addition, an increasing liquid-to-material ratio was preferable in the STE technique
when compared to the UBAE method, meaning that the latter method demanded lower
ratios. This finding could be a matter of the propagation of ultrasonic waves within the
matrix—solvent solution.

tRatio TCC Term t Ratio DPPH C
-2.810* X1#X3 -4.690* -\
2473+ R X1(10,40) 3207+ | ]
2.310* |1 X2*X2 2.816* R
-1.967 N X2*X3 2367 18
1207 R ¢ X2(5,25) 2204 1N
0968 W X1*X1 2072 IR
X3(60,100) -2.064 [l
X3*X3 -1.976 B
tRatio TCC Term tRatio DPPH D
10.106* X3(20,80) 13.836*
6.814* | N x1(10,40) 11.6371* | NN
3424 10 : X1*X1 2786
-2875* : X1#X3 1946 W :
-2569* X2(30,90) -1.503 |
2289
2129 B
1926 B

Figure 3. Pareto plots represent the significance of each parameter estimate for the UBAE and STE
techniques on TCC (A,B), and DPPH assays (C,D), respectively. A pink asterisk is included in the
plot to denote the significance level (p < 0.05). Red bars show negative values, and blue bars show
positive values.

3.4. Investigating Optimal Extraction Conditions Through Partial Least Squares (PLS) Analysis

The effect of the extraction parameters was further studied using PLS to graphically
reveal the impact on the parameters under investigation. In addition, the model will suggest
the optimal extraction conditions for each technique, taking into account the key parameters
(i.e., temperature, extraction time, ultrasonic intensity, and solid-to-solvent ratio) [27].
Figure 4 illustrates the results from the PLS model using both techniques. Regarding the
UBAE technique, it could be interpreted that the solvent-to-solid ratio had a negative
impact on the DPPH® technique, but it was higher in carotenoid extraction, as revealed in
Figure 4A. The corresponding Figure 4B reveals how this parameter positively affected
carotenoid extraction by means of quantitation. Concerning the X, parameter, which was
again the same for the two extraction techniques, an extended UBAE duration was deemed
undesirable for the extraction of bioactive compounds, most probably due to the labile
nature of these compounds. This parameter was of low significance for STE. Finally, the
X3 parameter, which was unique for each extraction technique (i.e., ultrasonication power
for UBAE and temperature for STE), showed a positive impact when increased in both
extraction techniques. The increased solubility of the molecules and the increased cavitation
bubble force could be the matter of this pattern. Variance importance plots (VIPs) are also
illustrated in Figure 4C,D. The rationale behind these graphs resembles that of the Pareto
plot we examined earlier. Rather than determining whether the impact of each extraction
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parameter was positive or negative, the primary focus of the plot was determining whether
that impact was positive or negative. The red line denotes statistical significance (0.8).
Regardless, the results are in accordance with previous findings.
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Figure 4. The optimization of UBAE and STE techniques from TPIW extracts is shown in plots
(A) and (B), respectively, using a desirability function with extrapolation control and a partial least
squares (PLS) prediction profiler. The variable importance plot (VIP) graph is shown in plots (C)
and (D), which show the VIP values for each predictor variable in the UBAE and STE approaches,
respectively. Each variable in plots (C,D) has a red dashed line at the 0.8 significance level.

According to Table 5, the UBAE technique indeed uses a lower solvent-to-material
ratio (R) and a shorter extraction time (), making it more desirable in terms of these
variables. However, the STE technique excels in achieving a higher TCC and DPPH radical
scavenging activity, which indicates a more efficient extraction process under its optimal
conditions. This highlights the contrast between the two techniques, where UBAE is more
efficient in terms of solvent use and time, while STE is more effective in extracting higher
quantities of carotenoids and antioxidants.

The experimental results and PLS model predictions exhibit outstanding concordance, as
evidenced by the high correlation coefficients of 0.9966 and 0.9971, and substantial coefficient
of determination (R?) values of 0.9933 and 0.9943 for the UBAE and STE techniques, respec-
tively. Furthermore, the p-values being less than 0.0001 for both UBAE and STE indicates that
the deviations between the actual and predicted values are statistically insignificant.
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Table 5. The highest desirability for every variable under each optimal extraction condition for the
UBAE and STE procedures was ascertained by the partial least squares (PLS) prediction profiler.

Technique Independent Variables PLS Model Values
X1 (R, mL/g) X; (t, min) X3 (E, %) TCC (ug LyE/g dw) DPPH (umol AAE/g dw)
UBAE 10 5 100 514.05 6.24
X1 (R, mL/g) X; (t, min) X3 (T, °0)
STE 40 30 80 741.69 26.28

UBAE, ultrasonic bath-assisted extraction; STE, stirring extraction; TCC, total carotenoid content; LyE, lycopene
equivalents; DPPH, antiradical activity; AAE, ascorbic acid equivalents; dw, dry weight.

3.5. Comparison of Two Extraction Techniques
3.5.1. Antioxidant Activity of Extracts

Naturally occurring polyphenols are among the most well-known types of chemicals
for their potential to improve health. Many fields could benefit from these compounds,
including the food and pharmaceutical industries [28]. The carotenoids found in tomatoes,
of which lycopene is the most abundant, aid in the substantial decrease in cancer, cardio-
vascular illness, and age-related macular degeneration [29]. The extraction of carotenoids
and polyphenols from tomato residue is therefore essential since they also have potent
antioxidant activity.

By their mode of action, antioxidant agents can be categorized as either primary or
secondary. The polyphenols (including flavonoids) and carotenoids found in tomatoes
are the principal “chain-breaking” antioxidants. These donate hydrogen atoms to radicals,
which inhibits or delays lipid oxidation. “Preventers” are secondary antioxidants that
impede initiation by chelating metal ions, most commonly iron and copper, and slow lipid
oxidation. The mentioned mode of action could be of high significance should the extracts
be employed as natural antioxidants in oily food products. The oxidation of free radicals
and lipids is prevented by lycopene, which is classified as a secondary antioxidant [30].
The antioxidant activity was measured by utilizing ion-reducing assays (FRAP) and a
radical scavenging test (DPPH), given the nature of the extracted antioxidants from TPIW.
DPPH is used to detect antioxidant activity in both hydrophilic and lipophilic molecules,
while the FRAP assay has the best results in hydrophilic antioxidants [31]. The unique
UV-Vis absorbance of lycopene is illustrated in Figure 5, where spectra of the two optimal
samples are recorded. A representative spectrum from a lycopene standard solution, at
a concentration of 3.5 mg/L, was also recorded for comparison reasons. It should be
highlighted that the spectrum from the STE sample resembled the unique peaks from pure
lycopene. The fact that the UBAE sample had a significantly lower absorbance could be a
matter of lycopene degradation due to ultrasound, as reported elsewhere [30]. The unstable
nature of carotenoids could demand the further optimization of ultrasonic extraction or the
development of other extraction techniques.

For each prepared optimum extract, the measured responses, including bioactive com-
pounds (TPC and TCC) and antioxidant capacity (DPPH and FRAP), are shown in Table 6.
It was observed that the values obtained from the STE technique had statistically significant
(p < 0.05) differences compared to the UBAE technique. This pattern was observed in both
the recovery of the bioactive substance and the obtained antioxidant activity.
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Figure 5. UV spectra of extracts from TPIW were obtained under optimal conditions using the UBAE
and STE techniques with dilutions of 1:50 and 1:5, respectively. A lycopene standard at 3.5 mg/L was
included for comparison.

Table 6. Bioactive compounds and antioxidant activities were assessed under optimal conditions
using the UBAE and STE techniques for TPIW extracts.

Parameters UBAE STE
TCC (ng LyE/g) 420.8 +29.46 723.75 + 46.32*
DPPH (umol AAE/g) 7.5 4 0.52 19.94 +0.98 *
FRAP (umol AAE/g) 476 +0.15 16.68 + 0.82 *
TPC (mg GAE/g) 2.62 £ 0.05 3.69 + 0.08 *

* Indicate the statistical significance differences when p < 0.05 for each row. UBAE, ultrasonic bath-assisted
extraction; STE, stirring extraction; TCC, total carotenoid content; LyE, lycopene equivalents; DPPH and FRAP,
antiradical activity; AAE, ascorbic acid equivalents; TPC, total polyphenol content; GAE, gallic acid equivalents;
dw, dry weight.

However, it should be mentioned that we employed ethanol to recover lycopene
and other compounds as a green solvent which could be used in the food sector in sev-
eral oily products. Ethanol was not as efficient as other organic solvents, such as hex-
ane, ethyl acetate, acetone, and molecular mixtures, according to a previous study by
Strati et al. [15]. The authors used a conventional extraction technique with a solid-to-liquid
ratio of 3:1-10:1 (v/w). The particle size ranged from 500 to 1000 pm, where ethanol yielded
up to 6.1 mg lycopene/kg dried tomato waste. In a more recent study by Silva et al. [20],
the authors employed ultrasound-assisted extraction using a water bath with hydrophobic
eutectic mixtures as solvents. The results were comparable to ours, in which the isolated
lycopene ranged from 774.1 to 1462.8 ug/g. This specific study suggests that this mixture
involving DL-menthol and lactic acid could be a reliable alternative lipophilic, food-grade
solvent. Regarding the determination of TPC, our results ranged from 2.62 to 3.69 mg
GAE/g dw. In a similar study by Grassino et al. [32], ultrasound and high hydrostatic
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pressure were applied to tomato peel waste to extract pectin. However, the authors mea-
sured TPC, which ranged from 0.16 to 0.25 mg GAE/g dw. The difference in the cultivar
could describe variations in the above recovered bioactive compounds in addition to the
extraction techniques. Regarding the extraction solvent, further studies including other
food-grade solvents could be conducted to shed more light on the valorization of TPIW.

3.5.2. Individual Polyphenols Composition

The extraction of polyphenolic compounds has been the subject of many research
studies. To begin with, ethanol not only comprises a food-grade solvent, it is also a solvent
of medium polarity which could extract a wide range of polyphenols. The results from
the identified individual polyphenols are shown in Table 7. We divided the polyphenols
into flavonoids and non-flavonoids for better interpretation of the obtained results. The
total flavonoids were measured at 1.03 and 2.13 mg/g in UBAE and STE, respectively. The
corresponding yield of non-flavonoid compounds was measured at 0.59 and 1.21 mg/g dw,
further supporting the evidence that STE was a preferable technique. The findings were
both contradictory and highly interesting, particularly considering the earlier study by
Kalompatsios et al. [22], which showed that the US probe extraction of Opuntia macrorhiza
suggested ultrasonication could serve as a reliable, time- and energy-efficient extraction
technique. The results also revealed that the labile nature of the compounds present
in TPIW may explain the inefficiency of ultrasound as an extraction technique for the
specific by-product. To that end, a similar study from Solaberrieta et al. [19] was conducted
to extract bioactive compounds from tomato waste. The authors used microwave- and
ultrasound-assisted extraction (with a probe) using hydroethanolic mixtures for that reason.
Using the latter method, the authors quantified similar compounds to ours (i.e., naringenin
and rutin at 19.3 and 7.5 mg/g dw, respectively). The difference in this yield could be a
matter of the solvent or the ultrasound probe extraction. However, it was revealed that
microwave extraction was again preferable to US, marking an almost two-fold increase in
the obtained polyphenols.

Table 7. Optimal extraction conditions for phenolic compounds using the UBAE and STE techniques
for TPIW extracts.

Phenolic Compounds (mg/g) UBAE STE
Non-Flavonoids
Coniferyl alcohol 0.32 +£0.01 0.38 +0.02 *
Syringic acid 0.11£0.01* n.d.
4-Methylcatechol 0.03£0 011£0*
Ferulic acid 0.07+£0 0.29 +0.02*
trans-Cinnamic acid 0.06 £0 0.37 £0.02*
3,4,5—Trimethoxycinnamic acid n.d. 0.07+0*
Y Non-flavonoids 0.59 £+ 0.02 1.21 £ 0.08 *
Flavonoids
Rutin 0.29 +0.01 0.46 +£0.01*
Naringin 0.48 +0.02 092 +0.02*%
Naringin dihydrochalcone 0.14 £ 0.01 0.39 £0.03 *
Naringenin 012£0 0.35£0.03 %
Y Flavonoids 1.03 + 0.04 2.13 +0.09*
Total identified phenolics (TIP) 1.62 £ 0.06 333+0.17*

* Indicates statistically significant differences when p < 0.05 for each row; n.d. means not detected. UBAE,
ultrasonic bath-assisted extraction; STE, stirring extraction.

3.6. Principal Component Analysis

Principal component analysis (PCA) was employed to extract additional information
from the variables and conduct a more thorough data analysis. Finding a link between
TPC, carotenoids, and antioxidant tests was the goal of this investigation. Two primary
components were determined based on eigenvalues >1, as seen in Figure 6. Together,
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these factors explained 99.96% of the variation. A correlation, either positive or negative,
between the parameters was shown by the results. For instance, TCC and the sum of total
non-flavonoids had a positive correlation with PC2, whereas all of the depicted variables
had a positive correlation with PC1, which was the most prevalent. The majority of the
examined parameters were discriminated and in close proximity with the STE technique,
highlighting that this technique was preferable for TPIW valorization.
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Figure 6. Principal component analysis (PCA) was used to compare the UBAE and STE techniques
for extracting compounds from TPIW, focusing on the measured variables.

4. Conclusions

This study enhances the current research on the use of tomato by-products, a significant
fruit in the Mediterranean. The chain-breaking properties of antioxidants present in TPIW
suggest that the extracts obtained could be utilized to develop high-value products within
the food industry. The labile nature of the bioactive compounds found in TPIW renders
the ultrasonication method a less preferable option for their recovery. However, this
study highlights the potential for environmentally friendly and non-destructive extraction
methods, which could yield high-value products for future research. One recommended
technique for lycopene extraction is magnetic stirring, as it is a less destructive method. This
pattern was similarly noted in the extraction of various bioactive compounds, including
flavonoids and non-flavonoid polyphenols. Although the recovery of molecules with
biological activity has been low, this study indicates the potential for developing new
high-added value products, as the use of ethanol is suitable for this aim. Furthermore,
the study suggests opportunities for the advancement of alternative green methods or
the application of other food-grade solvents. These findings open up new avenues for
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research and development in the field of sustainable extraction techniques, contributing to
the creation of high-value products from TPIW.
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