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Tomato residues in the Agadir region constitute a large and under-exploited 
source of biomass, rich in bioactive molecules such as phenolic and flavonoid 
compounds. This study highlights, for the first time, the use of high-pressure- 
temperature reactor as an innovative and advanced extraction technology to 
recover phenolic acids and flavonoids from stems and leaves of tomato waste. A 
multivariate optimization approach was designed to assess the effect of 
temperature, pressure, extraction time, and solvent ratio on the extraction 
efficiency to determine the optimal conditions. The performance of this 
method was compared to conventional and emerging techniques (Soxhlet, 
maceration, and ultrasound-assisted extraction), while the biological activities 
of the extracts were evaluated via their antioxidant and enzymatic properties. The 
results showed a maximum extraction yield of 31.2% for stems and 53.9% for 
leaves under moderate conditions (25 °C, 180 min, 10 bar, 30% ethanol). The 
highest levels of phenolic compounds (1240.89 mg GA/g extract) and flavonoids 
(59.32 mg QE/g extract) were obtained at 160 °C and 10 bars, with ethanol 
concentrations between 70% and 100%. Pareto analysis identified temperature 
and solvent polarity as the key variables influencing extraction efficiency. The 
optimal extracts demonstrated strong antioxidant activity (up to 85% DPPH 
inhibition and 261.8 mg trolox/g extract in the FRAP test) as well as significant 
anti-elastase potential (>90% inhibition), highlighting their potential for cosmetic 
and nutraceutical applications. Compared to conventional and advanced 
techniques already available on the market, Parr reactor extraction offers 
superior yield, selectivity, and process efficiency. This study validates its role as 
an environmentally friendly and scalable alternative for the recovery of tomato 
processing waste within a circular bioeconomy.

KEYWORDS

anti-elastase, antioxidant, circular bioeconomy, green extraction, high-pressure- 
temperature extraction, phenolic compounds, tomato residues, valorization

OPEN ACCESS

EDITED BY 

André M. Da Costa Lopes, 
University of Aveiro, Portugal

REVIEWED BY 

Giorgio Tofani, 
National Institute of Chemistry, Slovenia 
Kaio Vinicius Lira Da Silva Bastos, 
Goiano Federal Institute (IFGOIANO), Brazil

*CORRESPONDENCE 

Adil Mazar, 
adil.mazar@um6p.ma

RECEIVED 11 December 2025
REVISED 31 December 2025
ACCEPTED 05 January 2026
PUBLISHED 22 January 2026

CITATION 

Zrikam N, Ezzariai A, El Kharrassi Y, Nilahyane A, 
Zouiete S, Aberkani K, El Gueddari L, El Fels L, 
Ouhdouch Y, Kouisni L, Hafidi M and Mazar A 
(2026) Extraction of phenolic compounds and 
flavonoids from tomato residues using high- 
pressure-temperature advanced method. 
Front. Chem. 14:1765834. 
doi: 10.3389/fchem.2026.1765834

COPYRIGHT 

© 2026 Zrikam, Ezzariai, El Kharrassi, Nilahyane, 
Zouiete, Aberkani, El Gueddari, El Fels, 
Ouhdouch, Kouisni, Hafidi and Mazar. This is an 
open-access article distributed under the terms 
of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

Frontiers in Chemistry frontiersin.org01

TYPE Original Research
PUBLISHED 22 January 2026
DOI 10.3389/fchem.2026.1765834

https://www.frontiersin.org/articles/10.3389/fchem.2026.1765834/full
https://www.frontiersin.org/articles/10.3389/fchem.2026.1765834/full
https://www.frontiersin.org/articles/10.3389/fchem.2026.1765834/full
https://www.frontiersin.org/articles/10.3389/fchem.2026.1765834/full
https://www.frontiersin.org/articles/10.3389/fchem.2026.1765834/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2026.1765834&domain=pdf&date_stamp=2026-01-22
mailto:adil.mazar@um6p.ma
mailto:adil.mazar@um6p.ma
https://doi.org/10.3389/fchem.2026.1765834
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2026.1765834


1 Introduction

Agriculture is one of the industrial sectors that generates the most 
waste. Certain agricultural industries produce around 1.3 billion tons 
of waste per year (Kour et al., 2023; Sadh et al., 2018). In the agro- 
industry, biomass undergoes various stages of processing to recover 
various agro-industrial by-products. The tomato (Solanum 
lycopersicum), a member of the Solanaceae family, is one of the 
most widely consumed vegetables in the world (Padmanabhan et al., 
2016). Fruits and vegetables are among the main sources of industrial 
by-products (Gustavsson et al., 2011). Losses and waste associated 
with these commodities, corresponding to end products that are not 
utilized or are diverted to other uses, can reach up to 50% of 
production, particularly during processing and post-harvest stages 
(De Brito Nogueira et al., 2020). Waste generated from tomato 
cultivation is attracting growing interest worldwide as an under- 
exploited source of bioactive compounds, such as polyphenols and 
carotenoids (Branthôme, 2020; FAO, 2021). Tomato by-products are 
rich in organic matter (68%–74%) and contain valuable plant 
nutrients, including nitrogen, carbon, and calcium, which 
promote plant growth (Tabrika et al., 2021). Their lignocellulosic 
composition typically consists of 20.9% cellulose, 12% hemicellulose, 
and 6.9% lignin (Bascón-Villegas et al., 2020).

The components of tomato residues are known for their high 
content of bioactive molecules such as polyphenols and flavonoids, 
which have antibacterial, antifungal, and antiviral properties and 
may play a role in defending plants against pathogens (Arab et al., 
2019). Flavonoids are among the main compounds in tomatoes, 
contributing to their aroma and colour. These substances have anti- 
inflammatory activity in the intestine and have been associated with 
the prevention of gastric cancer (Nishiumi, 2011). These high-value 
bioactive molecules have applications in many sectors. Their 
recovery and extraction represent a promising avenue for a new 
emerging scientific field at the interface of food science and 
technology and the valorization of bio-residues (Gomes et al., 2022).

The extraction efficiency depends on many factors such as 
particle size, solvent type, ratio of biomass to solvent, extraction 
time and method, as well as temperature. Common extraction 
methods include mechanical agitation, ultrasound-assisted 
extraction, Soxhlet extraction, maceration, and supercritical fluid 
extraction (Ochoa-Villarreal, 2012). Studies indicate that tomato 
leaves and stems contain 39–70.8 mg GA/g total phenolic content 
and 18.1–32.3 mg EC/g total flavonoids (Añibarro-Ortega et al., 
2020). Tomato crop waste (stems and leaves) was extracted using 
ultrasound (40 kHz) at 70 °C with methanol as a solvent mixed with 
hydrochloric acid, as well as by maceration for 20 min under the 
same conditions. Certain conditions made it possible to obtain 
significant quantities of phenolic acids and flavonoids (Aires 
et al., 2016). Microwave-assisted extraction has also proven 
effective in recovering flavonoids and polyphenols while 
producing antioxidant ingredients (Pinela et al., 2016). Bioactive 
molecules were identified using a Soxhlet apparatus with various 
solvents, including ethanol, 2-methyltetrahydrofuran (2-MTHF), 
and ethyl acetate. GC-MS analysis revealed the presence of 
various molecules, such as polyphenols, aldehydes, and alcohols 
(Drescher et al., 2025). The yield and selectivity of conventional 
extraction methods generally depend on the polarity of the solvent 
and can degrade sensitive compounds when heat is applied. In 

contrast, ultrasound-assisted extraction improves the recovery of 
phenolic compounds and flavonoids (Bekavac et al., 2025). In 
addition, phenolic compounds and flavonoids from tomato agro- 
industrial waste are generally extracted using ethanol-water 
mixtures with orbital shaking at high temperatures for prolonged 
periods of time (Solaberrieta et al., 2022). However, ultrasonic 
extraction achieves comparable yields in significantly shorter 
times (Gomes et al., 2022). In the field of research and 
development, some extraction technologies such as microwave- 
assisted extraction, pressurized liquid extraction, and supercritical 
fluid extraction are being investigated to recover bioactive 
compounds from agricultural by-products. The efficiency of these 
methods depends on mass transfer and the desorption of target 
molecules from the matrix to the solvent, which reduces extraction 
times and solvent consumption (Dzah and Dzigbor, 2023). High- 
temperature extraction contributes to the mechanism of increasing 
phenolic acids due to their insolubility resulting from the breakdown of 
the bond between lignin and phenolic acids (Maillard and Berset, 1995). 
Extraction under high hydrostatic pressure is considered as one of the 
most simplest and effective extraction techniques (FDA, 2014). 
Extraction using high pressure allows for the inactivation and 
inhibition of enzymes and the preservation of food quality 
(Yamamoto, 2017). It has been shown that this type of extraction 
induces changes in biomass by promoting the bioavailability and 
stability of bioactive molecules (Cilla et al., 2012). Pressure and 
temperature have a synergistic effect on molecules by forcing the 
solvent to penetrate the matrix and increasing the diffusivity of the 
solvent and their solubility. At high temperatures, the tension and 
viscosity of the solvent decrease completely, leading to mass transfer and 
ensuring more efficient extraction than at low temperatures (Kamali 
et al., 2016; Machado et al., 2015). High-temperature, high-pressure 
extraction has become a widely studied technique due to its ability to 
provide an integrated system that facilitates multiple simultaneous 
reactions while ensuring high extraction yields and superior extract 
quality (Li J. et al., 2022). The HPTR, one of the most used tools for this 
type of extraction, was used to study the effects of extraction time and 
temperature on the recovery of phenolic compounds and flavonoids 
from olive pomace. The results showed excellent total content of 
polyphenol (45.2 mg CAE/g DP) and flavonoid (15.3 mg CE/g DP) 
(Aliakbarian et al., 2011). Other studies have shown that the HPTR can 
efficiently extract monomeric phenolic compounds while 
simultaneously producing synthesis gas and valuable phenolic 
monomers (Curmi et al., 2022). In addition, this reactor allows the 
recovery of valuable compounds with anti-inflammatory, anti-allergic, 
and antimicrobial properties (Szabo et al., 2018).

Although it offers significant advantages, the High-temperature- 
Pressure (HPTR) reactor has not yet been explored for developing a 
validated method for extracting and recovering phenolic acids and 
flavonoids from tomato agro-industrial biomass residues. The current 
paper aims to explore, the extraction of bioactive molecules from tomato 
plant residues using this reactor. The influence of key parameters 
(temperature, duration, pressure, and solvent concentration) is 
examined, and the results are compared with those obtained using 
conventional extraction methods (cold maceration and Soxhlet 
extraction) and a more advanced method (ultrasound-assisted 
extraction). Following extraction, the phytochemical profiles of 
polyphenols and flavonoids were determined, and antioxidant and 
enzymatic activities were evaluated.
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2 Materials and methods

2.1 Preparation of the raw material

Agro-industrial tomato residues were collected from an agro- 
industrial facility designated for tomato production in Agadir. The 
residues were sorted into leaves and stems, then dried in an oven at 
60 °C, crushed using a stem crusher, and sieved to 250–500 μm 
before being stored at room temperature until analysis.

2.2 Physicochemical characterization of the 
raw material

The pH and electronic conductivity (EC) values were measured on 
an aqueous extract of the plant materiel at room temperature (1 g/10 mL 
of distilled water) in accordance with standard AFNOR NF T90-008. To 
determine the dry matter and moisture content, the oven-drying 
method was used: a porcelain capsule, previously reduced to a 
constant mass, was placed in an oven for 24 h at a temperature of 
T = 105 °C. After drying, the capsules were cooled in a desiccator and 
weighed. To determine the volatile matter and ash content, the capsule 
used to determine the moisture content was heated in a muffle furnace at 
550 °C for 5 h, then calcined, repeating the cycle of cooling, and weighing 
the capsule mass. Nitrogen is determined by the Kjeldahl method 
(Kjeldahl, 1883). In this procedure, the nitrogenous organic matter in 
the plant sample is mineralized by a mixture of salicylic acid and 
concentrated sulfuric acid under the effect of heat and in the 
presence of a catalytic mixture. In this way, nitrogen is converted to 
ammonia. The distillate is collected in boric acid. It is then titrated with a 
0.1 N HCl solution. The protein content is calculated by multiplying the 
nitrogen content, determined by the Kjeldahl method, by a conversion 
factor (N) representing the average nitrogen content of proteins.

2.3 Biochemical characterization of the 
raw material

2.3.1 Total sugars content
The total sugar content is measured using the method described by 

(DuBois et al., 1956). This method involves heating concentrated 
mineral acids to dehydrate hexoses and pentoses, followed by 
cyclization to form furfural derivatives such as 5- 
hydroxymethylfurfural, which react with phenol. If sugars are 
present, a yellow complex is formed. The concentration of this 
complex is measured by spectrophotometry at a wavelength of 480 nm.

2.3.2 Extraction and measurement of 
photosynthetic pigments

A sample of approximately 50 mg from leaves was dissolved in 
4 mL of 80% acetone (3 mL for grinding and 1 mL for rinsing). After 
2 h in the dark, the optical densities (OD) were read at 480 nm, 645 nm, 
and 663 nm (Arnon, 1949). The following formulas, based on Beer- 
Lambert’s law, can be used to calculate pigment concentrations: 

Chl a mg g of dry weight−1
􏼐 􏼑 � 12.7 OD 663( )− 2.69 OD 645( )[

× V 􏼎 1000 × W]

Chl b mg g d.w.−1( 􏼁 � 22.9 OD 645( )− 4.68 OD 663( ) × V 􏼎 1000 × W􏼂 􏼃

Carotenoids (mg g of dry matter−1) = Acar/Em × 100, where V 
represents the volume of the aliquot and W represents the weight of 
the tissue. Acar = DO 480 + 0.114 (DO 663) - 0.638 (DO 645) 
and Em = 2500.

2.4 Extraction optimization using the HPTR

Extraction experiments were conducted in a HPTR (Series 
5000 Multiple Reactor System) designed to provide an integrated 
system for performing multiple reactions simultaneously and 
applying high-throughput experimentation principles to reactions 
conducted at high temperatures and pressures. The experiments 
were conducted by varying the following extraction parameters: 
temperatures (25, 50, 70, and 160 °C), times (30 min, 60 min, and 
180 min), pressure (5 and 10 bar), and ethanol concentration (30%, 
70%, and 100%) (Table 1). For each test, 2 g of material was 
suspended in the solvent medium (40 mL) and then subjected to 
the different extraction conditions. The extracts were then 
centrifuged for 10 min at 5,000 rpm and the supernatants were 
concentrated using a rotary vacuum evaporator. All experiments 
were performed in triplicate.

2.5 Extraction using conventional methods

2.5.1 Cold maceration extraction
5 g of material (leaves and stems) were placed in a 100% ethanol 

solution (70:30 v: v) and stirred at a temperature of 4 °C for 24 h. The 
solid material was collected by filtration and the solvent was 
evaporated under vacuum.

2.5.2 Soxhlet extraction
The extraction process was carried out using a Soxhlet apparatus 

with 5 g of sample powder and 100 mL of an ethanol and water 
solution (70:30 v: v) for 6 h at a temperature of 60 °C. The solvent 
was then evaporated using a rotary evaporator.

2.5.3 Ultrasound-assisted extraction
Ultrasound-assisted extraction of tomato residues (leaves and 

stems) was performed using a sonicator (QSonica Q500, power 
500 W, 20 kHz, 25 mm probe, maximum amplitude of 120 μm) 
under control of time, temperature, amplitude, and pulse. 5 g of 
material (leaves and stems) were treated in ethanol solvent (70: 
30 v: v). The mixture was then sonicated at a specified amplitude 
for a specified extraction time. The extract was centrifuged at 
3000 g for 10 min and concentrated in a rotary vacuum 
evaporator.

2.6 Determination of extraction yield

The extraction yield (%) was determined by calculating the ratio 
of the dry extract mass to the dry matter mass used: extraction yield 
(%) = 100 × extract weight/solid weight.
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2.7 Phytochemical screening

2.7.1 Determination of total polyphenol content
The polyphenol concentration in the aqueous extracts was 

determined using the Folin-Ciocalteu method (Vlase et al., 
2014), with glycolic acid as the standard. To 0.25 mL of each 
extract, 1 mL of Folin-Ciocalteu reagent (10%) and 750 μL of 
sodium carbonate solution (1%) were added. After incubation 
for 2 h at room temperature, the absorbance was measured at 
760 nm. The analyses were performed in triplicate and the 
results were expressed in mg of gallic acid equivalent (GA)/ 
gram of extract.

2.7.2 Determination of total flavonoid content
The flavonoid content was determined using the method 

described by Herald et al. (2012). This method consists of adding 
250 μL of an ethanol solution (2% AlCl3) to 250 μL of each 
extract (1 mg/mL). The mixture is incubated for 30 min at room 
temperature and the absorbance is measured at 415 nm. The 
flavonoid content is expressed in mg of quercetin equivalent 
(Q)/gram of extract.

2.8 Evaluation of biological activities

2.8.1 Antioxidant activities
The (2,2-diphenyl-1-picrylhydrazyl-hydrate) free radical 

scavenging activity (DPPH) was evaluated according to the 
method described by Molyneux (2004). A methanolic solution 
of DPPH was prepared by dissolving 4 mg of this product in 
100 mL of ethanol with stirring for 30 min. Next, 1.5 mL of the 
DPPH solution was added to 500 μL of extract at a concentration 
of (1 mg/mL). The tubes were shaken for a few seconds and then 
incubated for 30 min in the dark. The absorbance was recorded 
using a spectrophotometer at a wavelength of 517 nm, using 
methanol as a blank. Ascorbic acid was used as a control. The 
antioxidant activity related to the DPPH radical scavenging effect 
is expressed as a percentage of inhibition (PI) using the 
following formula: 

Inhibition %( ) � Abs control 517 − Abs extract 517􏼎Abs control 517( 􏼁 *100 

The ferric reducing antioxidant power (FRAP) test was 
performed by preparing the FRAP reagent (acetate buffer, TPTZ, 
and FeCl3·6H2O) and mixing 0.3 μL of extract with 2.7 mL of FRAP 
reagent, incubating for 10 min at 37 °C, and measuring the 
absorbance at 593 nm. The results are expressed in mg trolox/g 
extract (Nenadis et al., 2004).

2.8.2 Enzymatic activity (anti-elastase)
A stock solution of porcine pancreatic elastase (3.33 mg/mL) was 

prepared in 0.2 mM Tris-HCl buffer (pH 8). The substrate, 
N-methoxy-succinyl-Ala-Ala-Pro-Val-pNA (0.43 mM), was 
dissolved in Tris-HCl buffer. The test consisted of pre-incubating 
50 μL of the sample solution, Tris-HCl buffer, and enzyme for 
15 min. Next, 50 μL of substrate was added to reach a final volume of 
200 μL, and the reaction mixtures were incubated at 37 °C for 
20 min. The absorbance was immediately measured at 405 nm using 
a microplate reader. Kojic acid was used as a positive control (Li S. 
et al., 2022). The percentage of elastase inhibition (%) was 
determined using the following formula: 

Inhibition %( ) � Ac − As 􏼎Ac( 􏼁 × 100 

where, As: corrected absorbance of samples (A Sample + Enzyme – 
A Sample). Ac: absorbance of controls (A buffer + enzyme).

3 Results and discussions

3.1 Results of physicochemical and 
biochemical characterization

The Table 2 shows the physicochemical properties of tomato 
waste (leaves and stems) collected in the Agadir region. The results 
indicate significant physicochemical differences between the leaf and 

TABLE 1 Variables used in optimizing extraction by the HPTR.

Temperature (°C) Extraction time (min) Solvent concentration (ethanol v/v) Pressure (bar)

25 30 30 5

50 60 70 10

70 180 100

160

TABLE 2 Physicochemical and biochemical characterization of parameters 
of tomato waste.

Parameters Leaves Stems

pH 6.10 ± 0.07 5.65 ± 0.07

Conductivity (µs/cm) 590.57 ± 278.90 369.37 ± 88.64

Moisture (%) 85.82 ± 1.02 90.04 ± 0.95

Dry matter (%) 14.18 ± 1.02 9.96 ± 0.95

Volatile matter (%) 81.60 ± 1.14 81.17 ± 2.13

Ash content (%) 18.40 ± 1.14 18.40 ± 2.3

Nitrogen (%) 3.97 ± 0.32 3 ± 0.22

Proteins (%) 24.76 ± 1.98 18.77 ± 1.38

Total sugars content (mg/g MF) 17.01 ± 10.47 8.29 ± 0.07

Chlorophyll a (µg/mL) 16.89 ± 4.08 -

Chlorophyll b (µg/mL) 3.35 ± 1.99 -

Carotenoids (µg/mL) 4.82 ± 2.19 -

Frontiers in Chemistry frontiersin.org04

Zrikam et al. 10.3389/fchem.2026.1765834

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2026.1765834


stem matrices. The pH of the leaves (6.10 ± 0.07) was significantly 
less acidic than that of the stems (5.65 ± 0.07). Additionally, the 
elevated electrical conductivity observed in the leaves (590.57 ± 
278.90 µS/cm) suggests a substantially higher concentration of ionic 
solutes, such as mineral salts. The analysis demonstrate that the 
leaves have a high-water content (85%), as well as significant levels of 
nitrogen (3.961%), proteins (24%), and total sugars content 
(17.011 mg/g MF). The leaves from Agadir also had high levels 
of photosynthetic pigments, particularly chlorophyll a, with an 
average of 16.881 ± 4.08. These results could be attributed to a 
lack of fertilization (Perezespinosa, 2005), which could explain the 
variations in nitrogen, sugar, and protein content. As for tomato 
stems, the analysis revealed that they are richer in protein and 
nitrogen and have a very high-water content (90%).

3.2 Evaluation of stem extracts obtained 
using HPTR

3.2.1 Analysis of extraction yield, total polyphenol 
content (TPC), and total flavonoid content (TFC)

The optimization of tomato stem waste extraction using a HPTR 
was carried out by testing 216 operating conditions. The extraction 
yields obtained during these experiments ranged from 3.02% ± 2.3% to 
31.2% ± 4.7%. The maximum yield (31.2% ± 4.7%) was achieved under 
the following conditions: a temperature of 25 °C, an extraction time of 
180 min, an ethanol concentration of 30%, and a pressure of 10 bar. 
Conversely, the lowest yields were observed at temperatures between 
25 °C and 50 °C under a pressure of 5 bar. The results indicate a positive 
correlation between extraction time and yield prolonged contact 
between the solvent and the biomass results in a higher extractable 
mass. By comparison, conventional extraction methods, with a 
duration of 60 min, yield much lower yields, ranging from 8% to 
14% (Añibarro-Ortega et al., 2020; Perea-Domínguez et al., 2018). 
Under optimal conditions, extraction techniques such as microwaves 
and ultrasound have achieved yields of 11% and 13.2% respectively, 
with ultrasound extraction proving slightly more effective (Hassan et al., 
2014). This difference could be explained by improved mass transfer 
during ultrasonic extraction, which is likely to release higher molecular 
weight compounds. Another study comparing the extraction yield from 
different parts of tomato waste found that the extraction yields for the 
stems and leaves were ≤20%, even though this waste is rich in bioactive 
molecules that were the subject of this study for the formulation of 
advanced soil cover biofilms for hydroponic tomato crops in the 
context of the circular economy (Panagiotopoulou et al., 2022).

The results of the phytochemical screening show TPCs ranging 
from 8.76 ± 31.05 to 289.36 ± 31.05 mg GA/gE. The maximum 
average TPC (289.36 ± 31.05 mg GA/gE) recorded is the result of the 
following experimental conditions (temperature = 70 °C, extraction 
time = 30 min, ethanol concentration = 70%, pressure = 10 bars). By 
varying the extraction temperature, the polyphenol content remains 
high compared to other conditions even if the extraction time is 
short and the pressure is 5 bar. By varying ethanol concentration, 
there is no significant difference between concentrations of 70% and 
100% in terms of TPC, however a concentration of 30% slightly 
reduces the polyphenol content under the conditions mentioned 
above. Temperature has been shown to be an important factor in 
extracting bioactive compounds (Cheynier et al., 2013). A previous 

study used tomato waste as biomass to develop a better extraction 
technique to produce extracts with improved polyphenol levels 
based on physical parameters, extraction time, solvent, and 
liquid-solid ratio. As a result, Soxhlet and ultrasound extraction 
yielded higher amounts of TPC: 178.20 mg GA/gE for ultrasound 
and 73.79 mg GA/gE for Soxhlet, but ultrasound was complete in 
only 5 min. Microwave extraction yielded a TPC of 146.57 mg GA/ 
gE and was fast, completing the extraction in 20 min, but reducing 
the phenol concentration by about 30% compared to the other two 
methods (López-Téllez et al., 2024).

The maximum flavonoid content reached 47.90 ± 10.80 mg QE/ 
gE, obtained under the following conditions (temperature = 70 °C, 
extraction time = 30 min, ethanol concentration = 100%, pressure = 
10 bars). The accumulation of flavonoids in tomatoes is a dynamic 
process, positively influenced by light but inversely affected by 
darkness (Wilkens et al., 1996). Beyond these immediate 
environmental factors, the final content is highly dependent on 
the cultivar, as established by several studies (Stewart et al., 2000; 
Willcox et al., 2003). The impact of climate is also notable, with 
plants from warmer regions consistently showing higher flavonoid 
concentrations than those from more temperate climates (Stewart 
et al., 2000). Previous studies have shown the presence of 6 mg/g of 
biomass of flavonoids in extracts obtained from tomato waste (leaf 
part) using deep eutectic solvents by extraction under mechanical 
agitation at a temperature of 70 °C for 2 h (Wawoczny et al., 2025).

3.2.2 Influence of extraction parameters on 
extraction yield

Analysis of the Pareto chart (Figure 1) of normalized effects 
shows that ethanol concentration is the most decisive variable in 
optimizing extraction yield. Its effect, which is significantly above 
the statistical significance threshold (α = 0.05), indicates that 
increasing or modulating this parameter directly influences the 
efficiency of the process. It has been suggested that the 
effectiveness of using polar solvent as an extraction agent 
interacts with high temperatures in ASE extractions at 165 °C 
(Efthymiopoulos et al., 2018). Temperature also appears to be a 
major factor, confirming that the solubilization and diffusion of 
bioactive compounds are strongly linked to the thermal conditions 
applied. Work carried out using other extraction methods, such as 
microwaves, has highlighted the role of increased temperature in 
breaking down cell walls, thereby promoting the release of target 
compounds (Carpentieri et al., 2021). The temperature range has 
been adjusted between 50 °C and 100 °C, which can have an impact 
on extraction yield (Bhadange et al., 2024). Apparently, most 
modern extraction techniques use high temperatures to increase 
extraction yield. It has been observed that the extraction time and 
pressure parameters do not have a statistically significant effect on 
the response variable, suggesting that their contribution is negligible 
in the intervals tested. Furthermore, the influence of certain 
interactions, although detectable, remains below the critical 
threshold, highlighting the predominance of the main effects in 
this process.

3.2.3 Influence of extraction parameters on 
polyphenol content (TPC)

The Figure 2 shows that temperature (A) is the most influential 
parameter, well above the significance threshold. The AB interaction 
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(temperature × time) also plays a secondary role. These results 
indicate that polyphenol extraction is highly dependent on 
temperature control, which is consistent with the heat-sensitive 
nature of these molecules and their increased release at high 
temperatures. One study found that solvent extraction under 
pressure increases yield at temperatures above 100 °C. Raising the 
temperature to between 180 °C and 200 °C results in a significant 
increase in TPC, as well as enhanced antioxidant activity in the 
extracts (Antony and Farid, 2022).

3.2.4 Influence of extraction parameters on 
flavonoids content (TFC)

This Pareto chart presented in Figure 3 reveals that temperature 
is the predominant factor controlling flavonoid content (TFC), with 
its normalized effect of 2.003 being the only one to clearly exceed the 
significance threshold (α = 0.05). Ethanol concentration (factor D) 
has a very marked effect. Its interaction with temperature (AD) is 
also significant, as are secondary interactions such as AB and BD. 
This suggests that optimizing the solvent, particularly the 

FIGURE 1 
Pareto chart representation of the effects of extraction factors on the extraction yield of stem extracts.

FIGURE 2 
Pareto chart representation of the effect of different extraction factors on total polyphenol content (TPC) of stem extracts.
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proportion of ethanol, is crucial for flavonoid extraction. On the 
other hand, extraction time, pressure, and ethanol concentration 
have secondary or even negligible influences. This hierarchy 
indicates that process optimization should focus on controlling 
temperature, which probably affects the diffusion kinetics and 
solubility of the target compounds, potentially reducing the other 
less influential parameters for more efficient extraction.

3.3 Evaluation of leaves extracts obtained 
using HPTR

3.3.1 Analysis of extraction yield, total polyphenol 
content (TPC), and total flavonoid content (TFC)

The phytochemical screening results obtained for the leaf 
extracts show that under conditions of temperature 25 °C, 
extraction time of 60 min, pressure 10 bars, and a solvent 
concentration of 70% ethanol, the overall extraction yield is 
53.95%. The results obtained show that the operational 
conditions strongly influence the composition of the extracts. 
Indeed, an extraction performed at a high temperature of 160 °C, 
with a reduced duration of 30 min, a pressure of 10 bars, and an 
ethanol concentration of 30% yielded a TPC = 1240.89 ± 
53.62 mg GA/gE. A previous study reports that some heat 
treatments increase TPC, perhaps because they cause the release 
of compounds contained in the vacuoles of fruits and vegetables, in 
addition to cell degradation and the denaturation of oxidative and 
hydrolytic enzymes capable of degrading polyphenols (Fuentes et al., 
2013). The change from a polyphenol content of 11.09 ± 
5.493 mg GA/gE at a temperature of 25 °C to a value of 124.89 ± 
53.62 mg GA/gE at a temperature of 160 °C shows that temperature 
has a positive linear effect on polyphenols. This hypothesis was 
confirmed by Helmi et al. (2025), who worked on the extraction 
from the foliar part of tomato across a temperature range from 25 °C 

up to 80 °C, and they found that TPC increases with rising 
temperature, reaching 30 mg GA/g DM under conditions of 
78.5 °C and a duration of 29 min. The improvement in 
polyphenol recovery also depends on the extraction solvent used; 
for this reason, using ethanol for extraction from tomato leaves is 
more effective than using water alone.

Furthermore, the use of a 100% ethanol concentration at 25 °C 
and 10 bars achieved a TFC of 59.32 mg QE/gE, which highlighted 
the importance of simultaneously optimizing temperature, time, and 
solvent polarity to target specific compounds of interest and 
maximize the added value of the extracts. A comparative study 
between two tomato varieties revealed very different TFCs, 
following the same extraction procedure: 7.8 ± 0.15 mg RE/gE 
for the first variety and 35.5 ± 1.64 mg RE/g E for the second 
variety, showing that the flavonoid concentration depends on the 
type of cultivar of the plant in question (Omotoyinbo et al., 2020).

3.3.2 Influence of extraction parameters on 
extraction yield

The Pareto diagram (Figure 4) shows that the dominant factor is 
temperature (A), followed by extraction time (B). Significant 
interactions are also observed, such as AB (temperature × time) 
and AD (temperature × ethanol concentration). This indicates that 
the yield is primarily influenced by temperature and time, 
confirming that thermal elevation facilitates the solubilization of 
bioactive compounds. When compared with stem extracts, which 
also show that extraction yield is impacted by temperature as well as 
ethanol concentration. Overall, these results confirm that optimizing 
extraction yield mainly relies on controlling solvent concentration 
and temperature, followed by extraction duration, while other 
parameters can be adjusted secondarily without significantly 
affecting process efficiency.

The increase in temperature disrupts the matrix interactions 
between bioactive molecules and the samples, which are caused by 

FIGURE 3 
Pareto chart representation of the effect of different extraction factors on total flavonoid content (TFC) of stem extracts.
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hydrogen bonds, van der Waals forces, and dipole interactions. This 
facilitates deeper solvent penetration into the sample matrix and 
increases extraction yield (Mustafa and Turner, 2011). Another 
study also confirmed that temperature affects extraction yield by 
increasing both solvent solubility and the mass transfer rate within 
the plant matrix studied (Pangestuti et al., 2021). As for extraction 
time, it remains one of the factors that need to be optimized in each 
extraction to help minimize cost and energy consumption (Spigno 
et al., 2007).

3.3.3 Influence of extraction parameters on 
polyphenol content (TPC)

Observation of the Figure 5 reveals that temperature (A) is the 
most influential parameter, far exceeding the significance threshold. 
The AB interaction (temperature × time) also plays a secondary role. 
These results indicate that the extraction of polyphenols is highly 
dependent on thermal control, which is consistent with the heat- 
sensitive nature of these molecules and their increased release at 
high temperatures. One study established that pressurized solvent 

FIGURE 4 
Pareto chart representation of the effect of different extraction factors on extraction yield of leaf extracts.

FIGURE 5 
Pareto chart representation of the effect of different extraction factors on total polyphenol content (TPC) of leaf extracts.
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extraction increases yield at temperatures above 100 °C. A 
temperature increase to a range of 180 °C–200 °C leads to a 
significant increase in TPC, as well as enhanced antioxidant 
activities of the extracts (Antony and Farid, 2022).

3.3.4 Influence of extraction parameters on 
flavonoids content (TFC)

The ethanol concentration (D) has the most significant effect, 
followed by its interaction with temperature (AD). The importance of 
interactions AB and BD is also observed (Figure 6). This demonstrates 
that the proportion of solvent is the key parameter for the extraction of 
flavonoids, as their solubility is influenced by the polarity of the ethanol 
and water mixture. Furthermore, temperature promotes flavonoid 
extraction at temperatures between 25 °C and 50 °C. Above this 
temperature, the flavonoid concentration decreased slightly. This can 
be explained by the fact that higher temperatures are not favorable for 
flavonoid extraction due to the evaporation of the ethanol solvent (Wei 
and Yang, 2014). In addition, the extraction solvent influences the 
extraction of secondary metabolites; water is not a preferred solvent 
for flavonoids, however, the ethanol/water mixture was preferable for 
flavonoids, with the four concentrations of 50%, 60%, 70%, and 80% were 
tested in an experiment, the flavonoid extraction yield reached a 
maximum of 9,263 mg/g with an ethanol concentration of 70%. 
Beyond this threshold, the yield increases with concentration, but 
decreases sharply beyond that point. This peak efficiency can be 
explained by the optimal solubility of flavonoids in 70% ethanol. This 
leads to the conclusion that a higher concentration probably reduces the 
extraction of water-soluble compounds such as flavonoids (Bi et al., 2011).

3.4 Selection of optimum conditions

There are few publications dealing with the qualitative 
determination of bioactive compounds in extracts from tomato 

leaf or stem waste using HPTR. Studies conducted by the HPTR 
on other biomasses show that under high pressure and high 
temperature conditions, maximum TPC (23.8 mg GA/gE) and 
TFC (15.5 mg QE/gE) contents were obtained at a temperature 
of 150 °C after 240 min under a nitrogen atmosphere (Ben Hamissa 
et al., 2012). Based on the previous results highlighting the effects of 
extraction factors, a selection of optimal operating conditions with 
an excellent phytochemical profile and poor conditions with a poor 
phytochemical profile was made by cross-referencing the mass 
extraction yield of the HPTR with quantitative analyses of 
polyphenols and flavonoids (Tables 3, 4). These selected 
conditions will be subject to further evaluation of their 
antioxidant and enzymatic activity. The objective of this step is 
to confirm the performance of extraction by the HPTR, which is a 
method applied here for the first time in this context.

3.5 Antioxidant activity of the extracts

The extracts obtained from tomato stems (T59–T72, Figure 7A) 
and leaves (F59–F68, Figure 7B) under optimal conditions exhibited 
high antioxidant activity, reaching 70%–85% DPPH inhibition, 
indicating an efficient extraction of phenolic compounds. In 
contrast, extracts obtained under optimal conditions, with low 
phytochemical profiles in terms of TPC and TFC (stems 
T1–T5 and leaves F3–F42), showed markedly reduced activity 
(<40%), highlighting the major influence of extraction 
parameters on the recovery of antioxidant molecules. TPCs act as 
effective hydrogen donors to the DPPH radical due to their specific 
chemical structure. Their antioxidant capacity depends mainly on 
the number and position of hydroxyl groups on their aromatic rings. 
As shown in Figure 7, the high levels of TPCs and TFCs in the 
selected extracts correlate positively with DPPH activity. TPCs thus 
appear to be efficient hydrogen donors to the DPPH radical owing to 

FIGURE 6 
Pareto chart representation of the effect of different extraction factors on total flavonoid content (TFC) of leaf extracts.
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their ideal chemical structure. This antioxidant activity is attributed 
to the presence of phenolic compounds in the extracts, whose 
efficiency depends on their structure, particularly the number 
and position of hydroxyl groups on the aromatic rings 
(Balasundram et al., 2006; Turkmen et al., 2007).

The antioxidant activity measured by the FRAP assay was very 
high in the selected stem extracts (T59–T72, Figure 7C), reaching a 
maximum value of 261.814 mg trolox/g extract in T72, obtained at 
160 °C, 180 min, 10 bar, and using pure ethanol (100%). All major 
selected extraction conditions were performed at high temperatures 
(160 °C). Conversely, extracts obtained under mild conditions 
(T1–T5) exhibited lower FRAP activity, ranging from 76.41 to 
22.55 mg trolox/g E.

For the leaf extracts, Figure 7D shows similar FRAP trends to the 
stem extracts. The maximum value among extracts F3–F42 was close 

to 250 mg trolox/g E, whereas extracts from mild conditions 
(F3–F42) showed FRAP values below 100 mg trolox/g E. It is 
noteworthy that extracts F3, F4, F21, F24, and F27, obtained at 
25 °C, exhibited very low FRAP activity (<25 mg trolox/g E). In 
contrast, extract F42, obtained under similar conditions but at a 
higher temperature (70 °C), showed a marked increase in 
FRAP value.

This clear increase in FRAP antioxidant activity with varying 
extraction conditions suggests that temperature plays a key role in 
enhancing the antioxidant potential of tomato waste extracts. 
Higher temperatures can promote compound diffusion but may 
also reduce extraction selectivity and affect thermolabile compounds 
(Mustafa and Turner, 2011). Comparatively, previous studies 
reported FRAP antioxidant activity of tomato fruits reaching 
23.6 ± 6.3 mg TE/g (Ganugi et al., 2023). Other studies found a 

TABLE 3 Selected conditions for stem extracts.

Extracts Temperature (°C) Time (min) Pressure (bar) Ethanol concentration (%)

Low conditions T1 25 30 5 30

T4 25 30 10 30

T3 25 30 5 100

T5 25 30 5 70

T12 25 60 10 100

T17 25 180 5 70

Optimum conditions T71 160 180 5 70

T72 160 180 10 100

T59 160 30 5 70

T56 160 30 10 70

T61 160 60 5 30

T64 160 60 10 30

TABLE 4 Selected conditions for leaf extracts.

Extracts Temperature (°C) Time (min) Pressure (bar) Ethanol concentration (%)

Low conditions F3 25 30 5 100

F4 25 30 10 30

F21 50 30 5 100

F24 50 30 10 100

F27 50 60 5 100

F42 70 30 10 100

Optimum conditions F59 160 30 5 70

F56 160 30 10 70

F61 160 60 5 30

F62 160 60 10 70

F68 160 180 10 70

F69 160 180 5 100
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value of 23.73 µmol/g for FRAP activity in tomato agro-industrial 
waste extracts obtained by non-conventional extraction techniques 
(Chada et al., 2022).

The results presented in Figure 7 suggest that high TPC and TFC 
contents in the selected extracts are positively correlated with 
antioxidant activities as measured by both DPPH and FRAP 
assays. These bioactive compounds can inhibit oxidative 
processes induced by free radicals (Minarti et al., 2024). Overall, 
these findings demonstrate that a moderate increase in temperature 
can enhance the diffusion and recovery of antioxidant compounds, 
leading to the identification of an optimal extraction point using 
HPTR, and confirming the biological value of the extracts for 
potential agro-food or cosmetic applications.

3.6 Anti-elastase biological potential

The results of the percentage inhibition of anti-elastase activity 
show a wide fluctuation between stem extracts obtained under 
optimal and suboptimal conditions. Figure 8A shows that, the 
excellent extracts T56 and T61 recorded the highest inhibition 
rates, close to 100%, while T12 exhibited around 80% inhibition 
of elastase activity. In a previous study on tomatoes, following 

extraction by maceration using ethanol (70%) as a solvent, the 
mean inhibition rate of elastase activity was 19.73% ± 0.44%. 
This result correlated positively with their antioxidant activity 
(Henderson et al., 2020).

The anti-elastase activity results of leaf extracts (Figure 8B) 
showed lower inhibition rates compared to stem extracts. Elastase 
is a proteolytic enzyme that hydrolyzes the peptide bonds of elastin a 
key structural protein responsible for skin elasticity. Excessive 
elastase activity in the dermis leads to the degradation of elastin, 
contributing to skin aging. Therefore, elastase inhibition represents 
an effective cosmetic strategy to prevent loss of elasticity. 
Compounds capable of inhibiting this enzyme are thus developed 
as active ingredients for anti-aging formulations (Ambarwati et al., 
2019). It can be observed that the stem extracts contain more 
compounds than the leaf extracts that may influence elastase 
inhibition. The ability of our extracts to inhibit this enzyme may 
not be explained solely by their phytochemical profile; however, in 
some stem extracts, TPC and TFC appear to contribute to elastase 
inhibitory activity. Most natural antioxidants are phenolic 
compounds that can reduce oxidant levels and inhibit enzymes 
such as elastase. It has been demonstrated that the polyphenol 
content of plants helps to combat free radicals that trigger the 
skin-aging process (Wittenauer et al., 2015).

FIGURE 7 
Antioxidant activity results for selected extracts; (A) DPPH test (%) for stem extracts, (B) DPPH test (%) for leaf extracts, (C) FRAP test (mg trolox/gE) for 
stem extracts, (D) FRAP test (mg trolox/gE) for leaf extracts.
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These selected extracts obtained under both optimal and 
suboptimal conditions showed moderate to high inhibition values. 
Considering that they were derived from agro-industrial waste, it is 
noteworthy that this anti-elastase activity exhibits remarkable 
potential, especially in the fruit and seed parts of tomato plants.

3.7 Comparative evaluation with the 
extraction methods

The results of phytochemical analysis of tomato extracts 
obtained using the two conventional methods and one advanced 
method are shown in Figure 9. For stem extracts (Figure 9A), 
extraction using Soxhlet showed a very low average extraction 
yield (9.3%), with very low TPC levels close to 95 mg GA/gE and 
low TFC levels with an average of 13.15 ± 2.10 mg QE/gE. Extraction 
by ultrasound and maceration showed a slight increase in extraction 
yield, 17.64% and 21.70% respectively. In terms of bioactive 
molecules, ultrasound showed an average TPC of 73.03 ± 
1 mg GA/gE and TFC of 3.95 ± 2.10 mg QE/gE, while 
maceration showed an average TPC of 33.76 ± 9.04 mg GA/gE 
and TFC of 6.85 ± 5.61 mg QE/gE.

For leaf extracts, the graph shown in (Figure 9B) indicates a low 
extraction yield (16.49%) for Soxhlet extraction compared to the other 
two techniques. However, Soxhlet extraction yields the highest TPCs, 
with an average of 36.56 ± 10.93 mg GA/gE, and a low TFC of 5.62 ± 
0.04 mg QE/gE. Moving on to the ultrasound method, we see that it 
gives results slightly similar to Soxhlet, with average TPCs of 26.96 ± 
7 mg GA/gE, and TFCs of 11.72 ± 3.49 mg QE/gE. Finally, extraction 
using cold maceration gives TPC values close to 30 mg GA/gE and 
TFC values close to 20 mg QE/gE, slightly higher than those obtained 
by the other methods, with a maximum extraction yield of 21.70%. 
Extraction using the Soxhlet apparatus favors stable total phenols, 
while maceration promotes the preservation and diffusion of sensitive 
flavonoids. Ultrasound remains in second place between the Soxhlet 
apparatus and maceration, as a balanced alternative between yield, 
speed, and selectivity.

The comparative evaluation of different extraction techniques 
(Soxhlet, ultrasound, and maceration) highlights marked contrasts 

in terms of overall yield and richness in bioactive compounds (TPC 
and TFC). The results show that the Soxhlet method leads to the 
highest total polyphenol content, close to 100 mg GA/gE, followed 
by ultrasound-assisted extraction, while maceration remains the 
least effective for this category of metabolites. These observations 
can be explained mainly by the thermal and exhaustive nature of the 
Soxhlet process, in which continuous solvent reflux promotes the 
disintegration of cell walls and the complete solubilization of 
phenolic compounds trapped in the lignocellulosic matrix. 
However, this same prolonged heating can lead to partial thermal 
degradation of certain flavonoids and other sensitive metabolites, 
which explains the relatively moderate TFC contents observed. 
Moving on to the antioxidant activity results (Figure 10), Soxhlet 
extraction of stem extracts shows DPPH antioxidant activity of less 
than 25%. However, the percentage of DPPH inhibition rises to 89% 
for the last two extraction methods using extracts from stems and 
leaves. Antioxidant activity, as measured by the DPPH test, was 
strongly correlated with TPC and TFC. The low DPPH antioxidant 
activity capacity could be linked to the low polyphenol and flavonoid 
content in these extracts, as the very long maceration process 
generates a low yield at room temperature, and its long 
extraction time may lead to the risk of fermentation and 
degradation of the target molecules.

The FRAP test results show that extracts obtained using the 
Soxhlet method have the highest values, reaching approximately 
315.44 mg trolox/g of extract for stems and 170 mg trolox/g for 
leaves. Stems consistently show higher FRAP activity than leaves, 
regardless of the method used. In contrast, ultrasound-assisted 
extraction generated intermediate values (approximately 
120–140 mg trolox/g), indicating moderate efficiency. This method, 
considered gentler and more respectful of the chemical integrity of 
metabolites, allows for effective cavitation but is sometimes limited by 
the resistance of the plant matrix, particularly in more lignified stems. 
Maceration leads to the lowest values (40 mg trolox/g for leaves and 
100 mg trolox/g for stems), which can be explained by the absence of 
mechanical agitation and heat, thus reducing the diffusion and 
solubilization of the active compounds.

The other aspect of the evaluation of biological activities 
concerns anti-elastase enzyme activity, which demonstrates the 

FIGURE 8 
Results of anti-elastase activity of stem (A) and leaf (B) extracts using HPTR.

Frontiers in Chemistry frontiersin.org12

Zrikam et al. 10.3389/fchem.2026.1765834

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2026.1765834


anti-aging potential of our extracts using other methods (Figure 11). 
The graphs show high inhibitory activity from Soxhlet, with an 
average value of 41.80% ± 1.66% for leaves and 40.09% ± 2.30% for 
stems. This enzymatic activity then drops for both types of stem and 
leaf extracts obtained using ultrasound and maceration, with 
inhibition varying between 9% and 13%. The superior efficiency 
of the Soxhlet method can be explained by the extraction conditions 
(temperature and extraction time), which allow for better release of 
molecules with anti-elastase activity. In comparison, ultrasound and 
maceration techniques, although more environmentally friendly 
and less aggressive, are less effective at targeting this specific 
enzymatic activity.

TPCs were higher in tomato samples extracted using solid-liquid 
extraction than in other samples extracted using Soxhlet extraction. 
The polyphenol content also depends on another factor, namely, the 
polarity of the solvent, with semi-polar and polar solvents being 
favorable for phenolic compounds (Brglez Mojzer et al., 2016; 
Drescher et al., 2025). In a study on tomatoes, maceration 

extraction yielded polyphenol concentrations ranging from 3.2 to 
3.8 mg GA/g (Peralta et al., 2020). Antioxidant activity, as assessed 
by the DPPH test, was strongly correlated with TPC and TFC. This 
relationship confirms the major contribution of phenolic 
compounds to the elimination of free radicals and the 
modulation of oxidative stress (Marcu Spinu et al., 2025). The 
variation in flavonoids in this study was due to the dominant 
influence of temperature and solvent polarity, while time and 
pressure had secondary effects. Statistical analysis using Pareto 
charts revealed that temperature is the most important factor in 
the extraction of flavonoids from tomato stems, while ethanol 
concentration and its interaction with temperature play a more 
important role for leaf extracts. In stems, increasing the temperature 
has a positive effect on flavonoid extraction yield, while in leaves, 
solvent concentration is the predominant factor. Furthermore, it has 
been shown that certain flavonoids are capable of neutralizing free 
radicals. Their mechanism of action is based on the transfer or 
donation of electrons, as well as the inhibition of the activity of 

FIGURE 9 
Results of total polyphenol and flavonoid content obtained based on the extraction yield of tomato waste; stem part (A) and leaf part (B) using the 
three conventional methods.

FIGURE 10 
Antioxidant activity (%) results using the DPPH assay (A) and FRAP assay (mg trolox/gE) (B) of extracts obtained from tomato waste using three 
different extraction techniques.
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enzymes or lipids involved in the production of these same radicals 
(Samsonowicz et al., 2015).

For anti-elastase activity, Soxhlet extraction showed higher 
inhibition than ultrasound and maceration. When combined with 
the mild conditions of HPTR, these extracts exhibit antioxidant 
and anti-aging activities similar to those obtained using 
traditional methods, demonstrating that HPTR allows for the 
adjustment of secondary metabolite selectivity (TPC and TFC) 
and maximization of the activities (DPPH/FRAP/anti-elastase) of 
tomato waste. Furthermore, the best extraction conditions 
selected from the HPTR extracts showed phytochemical 
profiles with high TPC and TFC contents. These extracts were 
positively correlated with their biological activities, which showed 
DPPH activity ranging from 70% to 85% and FRAP activity 
reaching a maximum value of 261,814 mg trolox/gE. In 
addition, anti-elastase inhibition rates reached notable values 
between 20% and 98%.

These results are consistent with previous studies, indicating 
that high-pressure and high-temperature extraction can lead to an 
increase in chemical and biochemical reactions in cells through both 
desirable and undesirable changes, which influences its antioxidant 
capacities (Oey et al., 2008). It has been shown that certain insoluble 
molecules contained in plants, as well as lignin, degrade at high 
temperatures, leading to an increase in phenolic acids and extraction 
yields (Maillard and Berset, 1995). A study has shown that the 
innovative high-pressure extraction technique preserves the 
valuable active ingredients in plants. It thus provides access to 
the wealth of essential micronutrients and bioactive 
phytochemicals contained in fruits and vegetables (Wang 
et al., 2016).

Overall, the use of HPTR in this study as an extraction technique 
leads to results superior to those obtained under traditional 
conditions when the parameters are optimized. It also allows 

comparable efficiency to be achieved under less intense operating 
conditions. The results indicate that the range studied, pressure 
between 5 and 10 bar had a negligible influence on the extraction 
yield and bioactive compound recovery. Furthermore, no significant 
interaction between pressure and the other studied factors was 
observed. This suggests that increasing pressure under these 
conditions does not enhance extraction efficiency, which may be 
advantageous from a process scalability and economic perspective, 
as lower pressure systems are simpler and less energy intensive. This 
study showed that the most influential parameters are temperature 
and solvent polarity. These two factors are decisive for extraction 
yield and the preservation of the bioactivity of the extracts. These 
results represent a promising strategy for the sustainable recovery of 
agro-industrial tomato waste.

4 Conclusion

This work demonstrates the feasibility of extraction assisted by 
the HPTR, which significantly improved the extraction yield of 
bioactive compounds. Under optimal conditions (160 °C, 10 bar, 
70%–100% ethanol), the stem and leaf extracts showed a high total 
phenolic content (up to 1240.9 mg EAG/g extract) and a high total 
flavonoid content (59.3 mg EQ/g extract). This optimization 
identified temperature and solvent polarity as the dominant 
parameters. The evaluation of biological activities confirmed the 
high functional potential of the extracts, with DPPH radical 
inhibition reaching 70%–85%, FRAP activity up to 261.8 mg 
trolox/g extract, and elastase inhibition close to 100%. This 
process establishes a new approach to valorizing tomato residues 
and contributes to the development of sustainable pathways for 
biomass valorization within the framework of a circular 
bioeconomy.

FIGURE 11 
Anti-elastase activity of tomato waste extracts using conventional methods.
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