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This study describes the controlled release of phenolic compounds from residue gleaned from tomato (Solanum
lycopersicum) stems. These were pretreated by steam explosion under various conditions, including pressure,
residence time and particle size, before undergoing solid-liquid separation. The solid fraction was subjected to
Soxhlet extraction and two methods of enzymatic hydrolysis A and B. Such enzymatic treatment B combined with
steam explosion of 3.07 severity on particle size under 250 um increased the amount of phenolic content ob-

tained from 2.0 to 21.0 mg GAE/g, while flavonoid content rose from 2.6 to 8.0 mg RE/g. The liquid fraction
yielded up to 18 mg GAE/g of phenolics and 4 mg RE/g of flavonoids. Spectroscopic determination and
morphological analysis confirmed that heightened pressures and reduced particle sizes promoted matrix
disruption and compound release. These findings show that steam explosion-assisted extraction constitutes a
promising and sustainable strategy for the valorization of agricultural tomato residues.

1. Introduction

Transitioning towards a circular bioeconomy demands innovative
strategies, involving the valorization of enormous volumes of agricul-
tural residues exceeding 3803 million tons annually (Rao et al., 2024). A
major farming segment is tomato production (Solanum lycopersicum),
estimated at the amount of 45.8 million tons in 2024 (Dillon, 2024),
thereby generating significant quantities of lignocellulosic by-products,
including stems and leaves (Almeida et al., 2024). Tomato stem residues
(TSRs) represent 2% to 5% of the total yield of the crop in dry weight
(Dw), with up to 33 kg of biomass comprising fresh stems and leaves
generated per 100 kg of harvested tomatoes (Bolano et al., 2024; Uwi-
hanganye & Snoo, 2021). Waste TSRs are often dealt with via open
burning or deposited in landfills, contributing to greenhouse gas emis-
sions and soil degradation, respectively (Chang & Joye, 2024). TSRs
contain bioactive compounds, e.g. phenolics and flavonoids, known for
their antioxidant, anti-inflammatory, and antimicrobial properties
(Ouatmani et al., 2023), which have the potential for use in the food,
pharmaceutical, cosmetic and packaging sectors (Sun & Shahrajabian,
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2023; Wu et al., 2022).

Although tomato leaves typically contain higher concentrations of
phenol, processing substantive volumes of TSRs is considered most
applicable for industrial-scale valorization (Silva-Beltran et al., 2015).
Recent studies have reported that the method gives rise to products
suitable for bio-based packaging or as biofuels and functional food in-
gredients. TSR-based paperboard and corrugated cardboard was
described by Gregor-Svetec et al. (2024) as possessing enhanced me-
chanical properties suitable for various packaging applications.
Chowdhury et al. (2025) demonstrated the capacity of TSRs for con-
version into biofuels via pyrolysis and fermentation. Enzymatic treat-
ment was shown to improve the mechanical and optical properties of
paper-based materials (Sezun et al., 2023). Life cycle assessments
confirmed the environmental benefits of integrating TSRs in sustainable
materials (Tsouti et al., 2023). Research was also conducted on food
ingredients derived from tomato by-products, which had potential
health benefits pertaining to their inherent antioxidant and antimicro-
bial compounds (Szabo et al., 2019).

The act of extracting phenolic compounds from tomato-based
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residues has typically centred around pomace and peel via techniques
such as ultrasound-assisted and microwave-assisted extraction (UAE and
MAE, respectively), which improve yields and reduce solvent usage
compared to conventional methods (Panagiotopoulou et al., 2022). Of
particular interest is a procedure referred to as steam explosion (SE), a
highly efficient and environmentally-friendly form of thermal pretreat-
ment with low energy demands. It involves the brief exposure of biomass
to high-pressure steam and subsequent rapid decompression, thereby
disrupting the cell wall matrix and releasing bound compounds as liquid
and solid fractions (Mosier et al., 2005; Silveira et al., 2015). Using
steam explosion in a biorefinery concept where multiple products can be
obtained contributes to the overall economic viability of the process
(Baral & Shah, 2017; Mesfun et al., 2019). Furthermore, in many
lignocellulosic biorefinery configurations, process heat and power can
be partially supplied through the combustion or valorization of
lignin-rich residues, an approach analogous to the energy integration
strategies employed in kraft pulp mills. SE has also been successfully
applied to other agricultural residues, including barley bran and
pomegranate peel, so as to enhance phenolic extraction and antioxidant
activity (Chang & Joye, 2024), yet little research is reported on its
adoption with regard to TSRs.

Notably, combining SE with enzymatic hydrolysis presents a prom-
ising but overlooked strategy for TSR valorization (Wan et al., 2022b),
with the potential to maximize the extraction of phenolics and flavo-
noids. Findings show that carrying out enzymatic hydrolysis with
pancreatin in combination with bile at neutral pH increases the amount
of recoverable flavonoids, while acidic conditions heighten total
phenolic recovery (Pinto et al., 2023). Bovine serum albumin (BSA),
often utilized in extraction protocols, is capable of binding and stabi-
lizing liberated phenolics, aiding their solubility and measurement
(Laranjeira et al., 2022).

While it is standard practice to obtain data via UV-Vis methods on
initial total phenolic content (TPC), flavonoids, and antioxidant activity,
it is necessary to perform deeper compositional analysis as well. This
involves high-performance liquid chromatography (HPLC), whereby
quantification of targeted phenolic acids occurs, e.g., chlorogenic,
ferulic, sinapic, syringic, p-Coumaric, and vanillic acids, as well as cat-
echins and 3,4-dihydroxybenzoic acid. It is worthy of mention that
limited comparative evidence exists on the aforementioned combined
SE-enzymatic approach in contrast with conventional extraction tech-
niques (e.g., Soxhlet), in terms of extraction efficiency, phenolic
composition, antioxidant activity, and morphological changes observ-
able via scanning electron microscopy (SEM).

Despite growing interest in the valorization of tomato by-products,
the application of SE to TSR, especially in combination with enzy-
matic hydrolysis, remains under-explored. Furthermore, there is limited
comparative evidence on its effectiveness compared to conventional
extraction methods such as Soxhlet extraction, particularly in terms of
phenolic yield, composition, antioxidant activity, and structural
changes. This study addresses this gap by systematically evaluating the
combined SE-enzymatic approach and directly comparing it with con-
ventional extraction to assess its potential for sustainable TSR
valorization.

2. Materials and methods
2.1. Reagents

Folin—Ciocalteu phenol reagent, gallic acid monohydrate, gallic acid
(certified reference material), r-ascorbic acid, 2,2-Diphenyl-1-picrylhy-
drazyl (DPPH), sodium taurocholate, lecithin, pepsin, sodium chloride
(NaCl), porcine bile extract, palmitic acid, BSA, pancreatin, tris-maleate
buffer, potassium chloride (KCl), sodium carbonate (NayCOs), calcium
chloride (CaCly), hydrochloric acid, bovine bile salt, methanol, acetone,
acetonitrile, sulphuric acid (H2SO4), sodium chlorite (NaClO3), sodium
acetate (CH3COONa), sodium hydroxide (NaOH), acetic acid
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(CH3COOH), sodium nitrate (NaNO3) and aluminium chloride (AICls).
All the chemicals were commercially available, of pure/analytical
grade, and employed without further purification. Every reagent applied
in this study was sourced from a chemical distributor, e.g., Penta
Chemicals, Sigma, Biosolve-Chemicals, and Honeywell.

2.2. Lignocellulosic biomass

This study utilized residues from agricultural tomato production,
primarily leaves and straws, obtained from the Bezdinek farm in Dolni
Lutyné (Czech Republic; coordinates: 49.914262719402956,
18.44543984209592). The resultant biomass was crushed into pieces by
a knife mill (EVERPLAST MACHINERY CO. LTD, model no A-150 CE),
then divided into separate fractions by sieves (Analysensieb) graded as
18, 35, and 60 according to ASTM E11. The humidity of these fractions
equalled 8.65%, and each was individually stored in a plastic container
at room temperature while awaiting further processing. TSRs were
selected for the experiment since the Czech Republic produces a high
amount of tomatoes (12,869 t in 2021, 13,461 t in 2022, and 20,302 t in
2023; Czech Statistical Office, 2023), with such output rising every year.

2.3. Lignocellulosic compound determination of TSR

The primary composition compounds in the TSRs, e.g., cellulose,
hemicellulose, and lignin, were determined by the Klason lignin method,
wherein the separation of acid-insoluble and acid-soluble lignin frac-
tions transpired by acid hydrolysis. Values for cellulose and hemicellu-
lose contents were estimated based on the compositional analysis of the
hydrolyzed sugars. The given methodologies were conducted in accor-
dance with previously established protocols (Chen, 2015; Sluiter et al.,
2012), ensuring reproducibility and accuracy in biomass characteriza-
tion. All the experiments were performed in triplicate to minimize
variability and improve the reliability of the data. The findings provided
insight into the structural composition of the TSRs and served as a basis
for evaluating their suitability for further processing or valorization.

2.4. Steam explosion pretreatment

The SE pretreatment was performed on a custom-made device, a BH
200 Batch Hydrolyzer (3 V Tech s.r.o., Czech Republic), in accordance
with a method described by Gong et al. (2021). The SE device was
equipped with an electric water boiler to generate saturated steam, a
5-litre batch reactor, and a cyclone with a 3-litre receiver for collecting
the consequent product. A simplified schematic diagram of the SE pro-
cess is given in Fig. 1. Investigation was made as to the effects exerted by
the pressure of the steam, duration of the process, and size of the
material.

Researchers primarily focus on two critical experimental parameters
in this context, namely temperature (T, °C) and reaction time (t, mi-
nutes). These are often combined to generate a widely deployed metric
known as the severity factor (R0), permitting analysis of the influence of
hydrothermal conditions on the processed biomass. It was decided to
apply the base logarithmic value of RO herein to characterize the SE
process, as defined by Eq. (1) below (Overend et al., 1987):

Ry =t x exp [(T —100) / 4.75] (Eq. 1)

Prior to the treatment, the TSRs were separated by a sieve into mesh
sizes graded as 18-, 35-, and 60-mesh sizes, then humidified at
approximately 85% humidity, and 200 mL of HyO (per 40 g of humid-
ified TSRs) was additionally added directly into the batch reactor to stop
the burning of the input material. The samples were loaded into the SE
reactor, and processed at 15 bar (corresponding to 201.4 °C) for 1.5 min,
with the corresponding samples being labelled as S18, S35, and S60.
Next, the 35-grade mesh TSRs were processed at 5 (T = 158.9 °C), 10 (T
=184 °C), and 15 (T = 201.4 °C) bar for 1.5 min, and labeled as spec-
imens P5, P10, and P15, respectively. Finally, the 60-grade mesh TSRs
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Fig. 1. Simplified scheme of steam explosion process.

were processed at 15 bar for 0.5, 1, 1.5, and 2 min and designated,
labeled as T0.5, T1, T1.5, and T2. A summary of the pretreatment pa-
rameters is given in Table 1. It should be noted that the pressure of the
steam controls the temperature of the saturated steam (Harvey, 2001).

Formation of a sludge transpires during the SE pretreatment,
comprising a solid fraction (mostly cellulose and lignin) and a liquid
fraction (primarily hemicellulose and degradation compounds); these
arise through the actions of the saturated steam, high pressure, and
temperature in the batch reactor, and rapid expansion (Ziegler-Devin
et al., 2021). The pretreated TSRs (by SE) were collected from the
receiver and split into the two different fractions - solid and liquid, as
shown in the diagram in Fig. 2.

In order to separate the solid and liquid fractions, the samples were
squeezed in a juicer-like press with a polypropylene membrane (Pegatex
S; polypropylene spunbond, with an area density of 30 g/m? PFNon-
wovens a.s). After separation, the solid fraction underwent additional
pretreatment by Soxhlet extraction and enzymatic hydrolysis. The ex-
tracts and liquid fraction were stored at —20 °C for later
characterization.

2.5. Structural analysis of untreated and SE pretreated solid fraction

Microstructural analysis was performed on a PhenomPro (Thermo
Fisher Scientific, Germany) SEM operating at 150x and 400x magnifi-
cation. Samples were subjected to critical point drying and coated in a
gold-palladium layer to enhance their conductivity and the contrast of
surfaces. The specimens were examined at a 5 kV accelerating voltage,
enabling detailed visualization of the surface morphology of the TSRs
and of structural modifications caused by the SE pretreatment.

Table 1

The summary of parameters used during the steam explosion pretreatments.
Sample Mesh Mesh Pressure Time Severity
description* [No.] [um] [bar] [min] [logRO]
S18 18 1000 15 1.5 3.07
S35 35 500 15 1.5 3.07
S60 60 250 15 1.5 3.07
PS5 35 500 5 1.5 1.70
P10 35 500 10 1.5 2.53
P15 35 500 15 1.5 3.07
T0.5 35 500 10 0.5 2.05
T1 35 500 10 1.0 2.35
T1.5 35 500 10 1.5 2.53
T2 35 500 10 2.0 2.65

" § — fraction size as separated by the sieve; P — differences in value for pres-
sure; T — differences in time duration.

2.6. Gravimetric analysis

Gravimetric determination of dissolved TSRs in the liquid and solid
fractions was carried out in accordance with a manner described in a
previous study by the author (Klaban et al., 2024). Analytical scales
(RADWAG AS 220.R2) were employed for all measurements of mass.
Empty beakers were dried at 105 °C, cooled in a desiccator and weighed
(mo), prior to being dosed with the wet samples withdrawn directly after
steam explosion. Following this, the beakers were weighed again (m+)
and subsequently dried at 105 °C for 8 h or until constant weight was
obtained, after which they were cooled and weighed once more (m2).
Values for sample mass (Msample = M1 — Mo), dry mass (Mgry = M2 — mo)
and volatile mass (Myolatiles = Msample — Mdry) Were calculated. Volatile
and non-volatile content were expressed via Egs. (2) and 3 below:

Volatile content (%) = (Myolastes / Msampte) % 100 (Eq. 2)

Non — volatile content (%) = 100 — Volatile content (Eq. 3)

2.7. Extraction of phenolic compounds from TSR

The resulting liquid fraction enriched with phenolics underwent
analysis without any additional treatment (Sapci et al., 2013). The solid
fraction still contained a substantial amount of cellulose and partially
depolymerized lignin, however, meaning it was possible to process it
more by enzymatic hydrolysis to release phenolic compounds or convert
the biomass into fermentable sugars (Oliva et al., 2017; Zhu et al.,
2024). As a consequence, the solid fraction was further extracted for
phenolic yield by Soxhlet extraction and two methods of enzymatic
extraction.

2.7.1. Soxhlet extraction

The TSRs (0.5 g) were subjected to Soxhlet extraction with 70%
methanol for 6 h. The extracts were centrifuged, pooled, and transferred
into a 150 ml volumetric flask, which was filled to volume with meth-
anol solution. The TSR extract solution thus obtained was filtered
through a 0.45 pm microfiltration membrane and stored at —20 °C for
later analysis as control samples.

2.7.2. Engymatic hydrolysis A

Enzymatic hydrolysis of the TSRs designated “A” was performed
following the standardized in vitro protocol described by Mulet-Cabero
et al. (2020). The TSRs were combined with a first enzymatic mixture
(comprising 2.92 g/1 NaCl, 1.12 g/1 KCl, 0.59 g/1 NaHCOs3, 0.15 g/1
CaCly, and 0.667 g/1 pepsin). The mixture was incubated at 37 °C for
120 min under continuous magnetic stirring, with the pH adjusted to 2.0
by the application of HCl. Following the first phase, 10 ml of another
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Fig. 2. Schematic description of sample processing workflow.

enzymatic mixture (comprising 5.26 g/1 NaCl, 0.65 g/1 KCl, 0.33 g/1
CaCly, 8.2 g/1 bovine bile salt, and 4 g/1 porcine pancreatin) was added
into the system. The second phase took place at 37 °C for 120 min under
continuous stirring, with pH maintained at 6.8.

2.7.3. Engymatic hydrolysis B

The enzymatic hydrolysis process designated as B of TSR was per-
formed following adherence to the protocol described by Vodicka et al.
(2022). The TSRs were initially combined with the first enzymatic
mixture (comprising sodium taurocholate 0.043 g/L, lecithin (soy)
0.002 g/L, pepsin 0.1 g/L, NaCl 2.0 g/L, and water up to a volume of
1000 mL). The mixture was then incubated at 37 °C for 120 min under
continuous magnetic stirring, with the pH adjusted to 2.0 using the aid
of HCl. Following the first phase, another fluid was applied at the
amount of 10 mL of the second enzymatic mixture (comprising porcine
bile extract 0.113 g/L, lecithin (soy) 0.222 g/L, palmitic acid 0.026 g/L,
BSA 3 g/L, and pancreatin 0.1 g/L in a Tris-maleate buffer (5.5 g of Tris
and 8.8 g of maleic acid, adjusted to pH 7.8 with 0.5 M NaOH, totaling
volume 1000 mL)). The second phase was conducted at 37 °C for 120
min under continuous stirring, with pH maintained at 6.8. It should be
noted that hydrolysis B is established solely for experimental purposes,
and it was designed primarily for laboratory-scale simulation and
mechanism study. It is not intended for direct industrial application, as
the protein and lipid components introduced would substantially in-
crease downstream purification complexity and cost, rendering it
economically unfeasible at scale.

The bio-accessible fraction of each enzymatic hydrolysis was ob-
tained by centrifugation at 10,000 x g for 15 min at 4 °C. The obtained
resulting TSR extract solution was filtered through a 0.45 pm micro-
filtration membrane and stored at —20 °C for further analyses as control
samples.

2.8. Determination of phenolic and flavonoid content

2.8.1. Phenolic content

The total amount of phenolic content in the extracts was determined
via the Folin-Ciocalteu method, by means of UV-Vis spectrophotometry
on a SPECORD 210 Plus (Analytik Jena AG) UV-Vis spectrophotometer
(Masci et al., 2016; Swain & Hillis, 1959). Gallic acid was employed as
the reference for such a semi-quantitative evaluation of the phenols
present. Gallic acid standard solutions (500-0.98 mg/1) were prepared
as a series through serial dilution for calibration purposes. For analysis,
transfer was made into polystyrene cuvettes of 0.125-0.250 ml of each
extract dissolved in methanol, as well as the gallic acid standards. These
specimens were supplemented with 1.25 ml of Folin-Ciocalteu reagent
(9:1, v/v) and 1 ml of NayCOj3 solution (7.5 g/1). The cuvettes were
sealed, shielded from light, and incubated at room temperature for two
hours, thereby permitting the reduction of the Folin-Ciocalteu reagent
by phenolic compounds, in turn giving rise to a blue colour measurable
at 765 nm. Calibration curves were generated by linear regression, and
the TPC was calculated and expressed as gallic acid equivalents (GAE)
per gram of dry biomass (mg GAE/g dw) (Vek et al., 2024).

2.8.2. Flavonoid content

Total flavonoid concentrations were determined via a UV-Vis spec-
trophotometry method on the SPECORD 210 Plus (Analytik Jena AG)
UV-Vis spectrophotometer. A volumetric flask was dosed with a mixture
of 1 ml of the sample and 4 ml of distilled water, into which 0.3 ml of 5%
NaNO: solution was added, and this was left to react for 5 min at room
temperature. The addition of 0.3 ml of 10% AICls solution was made
subsequently, and the reaction continued for a further 6 min. The re-
action was neutralized by adding 2 ml of 1 M NaOH and 2.4 ml of
distilled water, followed by thorough mixing. The absorbance was
measured at 510 nm after standing at room temperature. Flavonoid
concentrations were calculated as rutin equivalents (RE) per gram of dry
sample weight. A rutin standard solution (1 g/1) was prepared for cali-
bration purposes, and serial dilutions were made to obtain concentra-
tions ranging from 0.01 to 0.8 g/1. Each calibration standard underwent
the same procedure as the sample, with absorbance being gauged af-
terwards (Chen et al., 2020). A calibration curve was generated by
plotting the absorbance readings against rutin concentration, and the
flavonoid content of each sample was calculated by substituting the
calibration equation with the value for absorbance. The results were
expressed as milligrams of RE per gram of dry TSRs (mg RE/g).

2.8.3. Phenolic compound analysis

HPLC analysis was conducted on a Dionex UltiMate 3000 Series
chromatograph equipped with a diode array detector (DAD) (Thermo
Fisher Scientific, Germany). Chromatographic separation occurred on a
Kinetex 2.6 pm C18 100 A column (150 x 4.6 mm; Phenomenex, USA)
coupled with a SecurityGuard ULTRA UHPLC C18 pre-column, main-
tained at 30 °C. A binary solvent system, either comprising water and
acetic acid or water, acetonitrile, and acetic acid, was utilized with
programmed gradient elution. Detection took place at 275 nm, at an
injection volume of 10 pl, and data acquisition was managed by the LC
Chromeleon™ 7.2 Chromatography Data System (Thermo Fisher Sci-
entific, Germany), enabling comprehensive qualitative and quantitative
analysis of sample components.

2.9. Antioxidant activity assays

DPPH radical scavenging activity was evaluated by a method
described in the literature (Vek et al., 2024). This necessitated mixing
200 pl of a sample with 2800 pl of 80 uM/1 methanolic DPPH solution.
The mixture was incubated at room temperature in the dark for 30 min.
Absorbance was measured subsequently at 515 nm on a SPECORD 210
Plus UV-Vis spectrophotometer (Analytik Jena AG). Antioxidant activ-
ity was expressed as milligrams of Trolox equivalents (TE) per gram of
dry TSRs (mg TE/g) (Hofmann et al., 2015).

2.10. Statistical evaluation of data
To obtain reliable data, the measurements were performed in at least

three parallel replicates, and the data was presented as mean =+ standard
deviation. A one-way Tukey’s post-Hoc statistical analysis was
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performed out using HSD. P < 0.05 meant statistically significant.
3. Results and discussion
3.1. Characterization of the raw TSRs

Once harvested and dried, the TSRs were crushed by a cutting mill
into pieces that could pass through a sieve of 50 mm diameter, then
divided into fractions by sieve analysis. The percentages for the fractions
are given in Table 2. Each fraction was subjected to SE pretreatment to
compare differences in behaviour relating to size during such
pretreatment.

Determining what primary compounds were present was crucial to
assessing the sustainability of the TSRs for further processing and
valorization. These included cellulose, hemicellulose, and lignin, which
were quantified and compared with values reported in the literature.

The data presented in Table 3 highlight the variances in TSR
composition reported in relevant studies, emphasizing the influence of
factors such as plant origin, environmental conditions, and methodo-
logical differences for discerning the inherent components. The amount
of lignin observed herein (19.06 + 0.78%) was within the range stated
by Covino et al. (2020), though slightly lower than the values observed
by Boundzanga et al. (2022), these being concentrations of between
20.55% and 23.23%. The content of hemicellulose (33.1 + 1.2%) fell
within the lower level gauged by Covino et al. (2020), yet is less than
that asserted by Boundzanga et al. (2022), which extended from 35.85%
to 38.65%. The extent of cellulose (23.1 + 0.3%) was in agreement with
the findings by Covino et al. (2020), but significantly below the quantity
expressed by Boundzanga et al. (2022), who described concentrations of
between 39.60% and 40.90%. These differences could be attributed to
variations between the plants investigated, their growing conditions,
and the analytical methodologies applied. For instance, Moradi and
Fathi (2023) reported hemicellulose (14.5 + 0.27%) at an amount
beneath the results of this study, suggesting that the composition of
lignocellulosic biomass might depend on factors such as the conditions
under which the plants are grown and their maturity.

The significant lignocellulosic content in the TSRs has the potential
for application in biorefineries, or in the production of antioxidants and
anti-inflammatory, antimicrobial, and anticarcinogenic materials (Oak
et al., 2005; Shahidi & Ambigaipalan, 2015). Moreover, fibre separation
of such biomass pretreated by SE could give rise to a thermal insulation
material with antibacterial and antifungal properties (Tupciauskas et al.,
2024).

3.2. Gravimetric analysis of SE fractions

As mentioned in Section 2.4, the SE process created liquid and solid
fractions. Gravimetric analysis was carried out to quantify the mass
distribution between these fractions, providing insight into the extent of
TSR solubilization achieved during the SE process. This mass balance
was crucial for assessing how effective the pretreatment had been at
disrupting the lignocellulosic matrix. It was found that the liquid frac-
tion contained dissolved non-volatile compounds from the TSRs, as
hydrolyzed from the solid part during the pretreatment. The ratio of the
non-volatile portions of the TSRs in the liquid to solid fractions is
illustrated in Fig. 3. An average of 18% of the pretreated TSRs had
dissolved in the liquid fraction, a slightly higher amount than in a study
by Copiir et al. (2012), where the mean percentage of the dissolved

Table 2
Distribution of particle sizes of the crushed TSRs obtained from sieve analysis.

Mesh [NO.] Size [um] Percentage [%]
18 1000 45.56 + 0.34
35 500 29.71 £ 0.28
60 250 20.70 £ 0.20
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Table 3
Chemical composition of the TSR mixture (S35) compared to different studies
characterized lignin, hemicellulose and cellulose content in tomato pomace.

Reference Lignin [%] Hemicellulose [%] Cellulose [%]
This study 19.06 + 0.78 331+1.2 23.1 £0.3
(Covino et al., 2020) 10-25 30-60 20-40
(Boundzanga et al., 2022) 20.55-23.23 35.85-38.65 39.60-40.90
(Moradi & Fathi, 2023) 15.47 + 0.65 14.5 + 0.27 25.43 £ 0.73

material was 14.8%.

The gravimetric analysis revealed the influence the parameters of the
pretreatment exerted, notably that a decrease in particle size directly
affected the solubility of the TSRs. Such a reduction in particle size, at a
severity factor of logR0 = 3.06, raised their solubility. A notable aspect
was that increasing the pressure, applying corresponding severity fac-
tors (logRO = 1.70; 2.53; 3.07), and maintaining the same particle size
(S35) failed to alter the volume of non-volatiles in the liquid fraction
significantly. Likewise, no major change was made in this regard by
extending the duration of the pretreatment and adopting the corre-
sponding severity factors (logRO = 2.05; 2.35; 2.52; 2.65), with the
particle size remaining identical (S35).

3.3. Effect of SE pretreatment on the microstructure of the TSRs

The mechanisms of SE constitute complex thermomechanical pro-
cesses capable of dissolving the microstructure of biomass. Based on
research on woody biomass, this investigation of TSRs corroborated
such transformative actions. Previous studies on lignocellulosic biomass
have clarified the mechanisms of SE, notably a differential in pressure
that instantaneously disrupts cellular structures. Although originally
described for woody biomass, the same principles demonstrate
remarkable transferability to agricultural residues, such as tomato
biomass (Fu et al., 2017; Zhang & Cai, 2006).

SE pretreatment alters the microstructure of the given material,
transforming it initially through exposure to high temperature and
pressure, followed by an instantaneous drop in the latter, thereby pro-
moting both permeability and access to cellular components. A Phe-
nomPro SEM was employed herein to analyse such structural changes in
the TSRs. The micrograph in Fig. 4 of the original untreated TSR S30
sample was generated at 150x magnification, while Fig. 5 (taken at 400x
magnification) details elements variously modified by the SE procedure.

Fig. 5 contains micrographs of TSR biomass specimens at 400x
magnification, showing levels of mechanical disruption to their cellular
architectures, which represent reference points for later morphological
changes.

Fig. 5 details morphological differences between certain TSRs before
and after SE pretreatments. The original, unprocessed sample possessed
a mechanically disrupted structure, with the other pretreated ones
showing more fibrillation in their arrangements. Sample S60 exhibited
partial delamination, and its surface was rougher, indicating moderate
disruption had occurred. Sample P15, subjected to the pressure of 15
bar, demonstrated pronounced fibre separation, rupture to its walls, and
the exposure of inner cell layers, suggesting increased access to the
biomass. Sample T2, treated for 2 min, presented significant fibrillation
and the collapse of cell structures, reflecting the major impact of treat-
ment time on the degradation of fibres.

High-resolution SEM at 400x magnification enabled the visualization
of microstructural changes induced by the SE pretreatment. The
consequent findings indicate the procedure is capable of modifying TSR
microstructures, potentially raising the efficiency of biomass conver-
sion. Further research would be necessary to correlate the ensuing
microstructural alterations with its capacity for biochemical trans-
formation, in addition to optimizing its parameters for maximum
biomass valorization.
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Fig. 3. Proportion of TSR matter dissolved by SE into the liquid fraction to the remaining solid-fibrous portion (total dry content). The liquid contained hydrolyzed
compounds (both volatile and non-volatile), whereas the other fraction contained solid, partially hydrolyzed compounds. The pretreatment conditions comprised
sieve size (S), pressure (P) and time (T). Different letters within each experimental group (Sn, Pn, Tn) indicate statistically significant differences (Tukey HSD, P
< 0.05).

Fig. 4. Structural overview of the untreated TSR S30 sample at 150x magnification.
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Fig. 5. Visualization of structures captured at 400x magnification, imaging the breadth of alterations exerted by the various pretreatments. Micrographs of (1) the

initial TSR sample, (2) sample S60, (3) sample P15 and (4) sample T2.

3.4. Phenolic and flavonoid content determination

3.4.1. Analysis of total phenolic content determination in the TSR extracts
by UV-Vis spectroscopy in TSR extracts

Polyphenols, complex secondary metabolites abundant in plants,
exist at various concentrations in different parts of plants. The amount of
phenol found in TSRs is not consistent, as can be seen in Fig. 6. Phenolics
ranging between 5 and 25 mg GAE per g, yet potentially more than in the
fruit of the tomato plant for reason of an inherent defence mechanism
(Bulgari et al., 2015; Khoddami et al., 2013).

Fig. 6 contains data on TPC, as determined by comprehensive anal-
ysis of the SE pretreated TSRs. Apart from UV-Vis spectrophotometry,
other methods were employed to obtain the findings, namely Soxhlet
extraction (for control purposes) and two forms of enzymatic hydrolysis
(denoted A and B) of the pretreated TSRs. Samples that had undergone
the SE pretreatment demonstrated higher phenolic yields, varying as per
the given conditions. A notable trend was a correlation between a
decrease in TSR particle size and a consequent sharp rise in phenolic
yield. Such a reduction in dimension would make sense if it served as an
additional pretreatment procedure, albeit with a requirement for extra
energy utilization (more milling and/or sieving of the biomass). Raising
pressure also increased the phenolic content gained. Little variance was
discerned, though, between the 35-mesh TSR specimens pretreated for
different periods of time. Total phenolic yield initially went up in
connection with this, but later dropped. It would appear that this
parameter exerted only a minor effect on the samples of this size, with
any divergence likely being related to the uncertainty of the method.

The highest phenolic yields were achieved by enzymatic method B with
60-mesh TSRs. The maximum seen for them was 5.9 times higher than
for the untreated specimen, i.e. 21.01 mg GAE/ g of TSRs. These results
indicate that SE facilitates the dissolution of phenolics from the ligno-
cellulosic matrix in an effective manner, while the adopted enzymatic
methods heighten the yield even more.

The enhanced efficiency of Enzymatic hydrolysis B in releasing
phenolic compounds can be attributed to several synergistic mecha-
nisms. Bovine Serum Albumin (BSA) acts as a phenolic carrier that
prevents the re-adsorption of liberated compounds back onto the
biomass surface. BSA forms reversible complexes with phenolics, which
stabilizes them and enhances their solubility in the aqueous phase (Rai
et al., 2018). Furthermore, the inclusion of bile salts and lecithin serves
to emulsify apolar components into micelles, which 'capture' and sta-
bilize polyphenols, protecting them from degradation during pH tran-
sitions and enhancing overall bioaccessibility (Stinco et al., 2022). Bile
salts also act as permeability enhancers by inducing
phospholipid-disordering and thinning the structural integrity of resid-
ual cell membranes. This membranolytic activity increases biomass
permeability, allowing enzymes like pepsin and pancreatin to achieve
deeper penetration and better access to bound phenolic-polysaccharide
complexes (Ozkan et al., 2020).These combined effects particularly
favor the release and stabilization of more amphiphilic and structurally
complex phenolics, such as chlorogenic acid, thereby explaining its
higher recovery under Scheme B conditions.

The two-phase nature of Scheme B (starting at pH 2.0 and moving to
pH 6.8) further maximizes the release of specific phenolic classes. While
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Fig. 6. Effects of three SE factors (pressure, duration and particle size) on total phenolic content in the TSRs, expressed in mg GAE per g of biomass, quantified by
UV-Vis spectrophotometry. Pretreatment conditions comprised 3 modes - sieve (S), pressure (P) and time (T). As a control, the untreated sample S35 was considered.
Different letters within each experimental group (Sn, Pn, Tn) indicate statistically significant differences (Tukey HSD, P < 0.05).

acidic conditions favor total phenolic recovery, the neutral environment (Colombo et al., 2023; Dawidowicz & Typek, 2011. In contrast, simpler
in the second phase (pH 6.8-7.5) specifically increases the recovery of phenolic acids such as 3,4-dihydroxybenzoic acid, which are less effec-
flavonoids and stabilizes pH-sensitive compounds like chlorogenic acid tively stabilized within micellar systems, may be more susceptible to
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Fig. 7. Effects of SE, pressure, duration and particle size on total flavonoid content in the TSRs, expressed in mg RE per g of biomass. Pretreatment conditions
comprised 3 modes - sieve (S), pressure (P) and time (T). As a control, the untreated sample S35 was considered. Different letters within each experimental group (Sn,
Pn, Tn) indicate statistically significant differences (Tukey HSD, P < 0.05).
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oxidative degradation or structural transformation during prolonged
exposure to near-neutral pH. Consequently, their lower yield in Scheme
B may reflect reduced stability under these conditions rather than
limited release.

3.4.2. Determination of flavonoid content in the TSR extracts by UV-Vis
spectroscopy

The data in Fig. 7 were gathered by analysing the total flavonoid
content extracted from the pretreated TSRs. The methods adopted were
Soxhlet extraction and forms of enzymatic hydrolysis denoted A and B,
with yields reported as mg RE per g of biomass. The different mesh sizes
applied affected the content of phenol discerned. The highest flavonoid
yield for all the samples was observed for the 60-mesh sieve at 7.97 +
0.19 mg RE/ g of TSRs, equal to 1.5 times more than the untreated
control sample which underwent enzymatic hydrolysis B. Smaller TSR
particles resulting from the lesser dimensions of mesh stood out in this
regard, too. For instance, the control at mesh size 18 yielded more fla-
vonoids. Varying the pressure applied (5-15 bar) also led to rises in the
flavonoids obtained, although prolonging the duration (0.5-2 min) of
the SE pretreatment had little effect. These findings show that the SE
procedure strongly promotes the dissolution of flavonoids from TSRs.

Researchers state that flavonoid content in tomato varies from 2 to 6
mg AE per g (Duma et al., 2018; Mokhtar et al., 2015), and that an
optimized SE pretreatment procedure can enhance the release of
bioactive compounds from plant biomass (Martin-Sampedro et al., 2011;
Wan et al., 2022a). The influence of the SE pretreatment on the phenolic
and flavonoid content varies to some extent. Li et al. (2020) state it is
capable of destroying cell wall structures, thereby promoting the solu-
bilization of bioactive compounds, especially flavonoids. They also
describe an increase in flavonoid content in sea buckthorn pomace from
7.14 to 24.74 mg catechin equivalence per g (Li et al., 2018), in line with
the results stated herein. Certain chemical bonds, such as glycosidic
bonds and hydrogen bonds, can be cleaved by the instantaneous change
in pressure during the SE pretreatment, however, leading to the
decomposition of phenolics (Chen et al., 2020). Since a reduction in total
phenolic and flavonoid content occurs following the procedure, it would
appear that its effectiveness may depend on the particular phenolic
composition and structural characteristics of the biomass matrix. This
includes the type of lignin present and how it interacts with cell wall
components, which in turn influence the solubilization and stability of
phenolic compounds during processing (Gong et al., 2021).

The data presented in this study agree with or exceed values in the
literature for similar agricultural residues treated by comparable
methods. For instance, Cui et al. (2023) asserted that SE pretreatment
yielded 30-55 mg GAE/g Dw of phenolics from grape pomace. Research
on olive pomace revealed that the same procedure gave rise to a
phenolic content of 25-50 mg GAE/g Dw (Gullon et al., 2018). The SE
pretreatment of Hangbaiju (Hangzhou white chrysanthemum) by Zhu
et al. (2024) yielded up to 13 mg CAE/g of phenolics. Other lignocel-
lulosic residues from various agricultural sources (e.g. wheat straw and
rice husks) treated with SE produced 15-40 mg GAE/g of phenolics
(Cara et al., 2008; Wan et al., 2022a). The results presented herein show
that enzymatic hydrolysis B, when applied to a solid fraction of
steam-exploded TSRs (S60), released an additional 21.01 mg GAE/g,
hence a cumulative yield of approximately 40 mg GAE/g. This combined
effect significantly exceeds the average phenolic content typically re-
ported for untreated TSRs (5-25 mg GAE/g), highlighting the strong
synergistic potential of SE followed by the enzymatic process. It should
be noted, though, that the methodologies employed in the studies above
may have differed and thereby affected the values reported.

3.4.3. Steam explosion mechanism of lignin

Bioactive compounds, e.g. phenolics and flavonoids, arise through
the transformation of lignin during the given SE procedure. Critical to
recovering such substances, this form of thermomechanical treatment
initially involves exposing biomass to high-pressure steam, followed by
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rapid decompression that causes physical and chemical modification to
the structure of the lignin. The intense heat and pressure have the po-
tential to cleave p-O-4 ether bonds which can be observed in Fig. 8 that
are prevalent in the polymer matrix of lignin, leading to partial depo-
lymerization and the formation of lower molecular weight lignin frag-
ments and soluble phenolic compounds (Jamari et al., 2019; Nader
et al., 2022). However, lignin might repolymerize under certain condi-
tions pertaining to the hydrothermal properties of SE, consequently
impacting the yield of the bioactive compounds (Li et al., 2007).

SE hydrolyses hemicellulose into its monosaccharide components,
primarily pentoses and hexoses. Under the acidic conditions generated
during SE, sugars undergo dehydration (Bao et al., 2024); specifically,
hexoses like glucose could isomerize and cyclize, giving rise to com-
pounds such as quinic acid. The latter serves as a precursor for the
synthesis of chlorogenic acid (CGA), the ester formed through the
esterification of quinic acid with caffeic acid. CGA is known for its
antioxidant activity and health benefits (Gong et al., 2021), and has
anti-inflammatory properties.

3.4.4. Phenolic compound analysis

Studies by Ali et al. (2020) and Flores et al. (2021) have proven that
phenolic compounds are found in tomatoes. In order to clarify the in-
fluence of SE pretreatment on their release and extraction, HPLC-DAD
was conducted on extracts to quantify the phenolics present in orig-
inal and pretreated samples, applying the Soxhlet and enzymatic pro-
cesses (A and B) to this end. Table 4 summarizes a subset of five phenolic
compounds discerned, namely CGA, ferulic acid, 3,4-dihydroxybenzoic
acid, vanillic acid and catechin, selected for their quantitative rele-
vance, response to the pretreatment and biological significance. Such
data reflect how the combined procedure of SE and enzymatic hydrolysis
affects the release of hydroxycinnamic and hydroxybenzoic acids, as
well as flavonoids.

The complete analytical data set is provided in the supplementary
materials. It includes HPLC-DAD chromatograms of 18 phenolic stan-
dards (Fig. S1) and their corresponding chromatographic parameters
and retention times (Table S2). To illustrate the extraction profiles, Fig.
S3 shows representative chromatograms for fraction S60 across all four
processing methods (liquid fraction (LF), enzymatic hydrolysis A (A),
enzymatic hydrolysis B (B), and Soxhlet extraction (E)). The total
quantified yields (expressed in pg/g dry TSR) for selected phenolic acids
and catechin across all sieve fractions and processing parameters (S, P,
and T) are summarized in Table S4. While the chromatograms in Fig. S3
show the complete polyphenolic profile, Table S4 focuses on the pre-
dominant compounds, including p-coumaric, ferulic, sinapic, chloro-
genic, 3,4-dihydroxybenzoic, vanillic, and syringic acids.

The most abundant compound detected was CGA, as typically bound
in the cell wall of the plant. While Soxhlet extraction of the untreated
TSRs yielded 17.2 ug/g, the T2 SE-treated sample (at 15 bar for 2 min.;
S35) notably exceeded it at 51 pg/g. This is important because CGA
possesses antihypertensive and antidiabetic properties, showing poten-
tial impact against metabolic syndrome (Santana-Galvez et al., 2017),
and due to enhanced stability it is promising compound for food pre-
servatives (Nam et al., 2017) or crosslinking in biopolymers (Saputa
et al.,, 2024). A similar finding was seen for catechin, with Soxhlet
extraction engendering 9 ug/g for the untreated TSRs and 23 pg/g for
the T2 sample. Catechin is a strong antioxidant with potential benefits in
cardiovascular health and cognitive function (Mita et al., 2024). Since it
is not from monolignols but flavan-3-ols, the SE pressure and steam
break down proanthocyanidins by cleaving interflavan bonds to release
monomeric catechin units (Zhang et al., 2021). These results confirm
that SE facilitates access to phenolic compounds by cleaving ester and
ether bonds in the lignin-carbohydrate complex, which are otherwise
bound within the lignocellulosic matrix (Serrano et al., 2017; Wan et al.,
2022a). Such enhanced release under Soxhlet conditions indicates that
SE contributes to depolymerization and solvent accessibility, though
does not promote aqueous solubilization during the pretreatment.
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Table 4

Influence of SE-pretreatment parameters on the yield (in pg/g of dry TSRs) of specific phenolic compounds in the TSRs. Quantification comprised HPLC-DAD of the
liquid fraction, as to the forms of enzymatic hydrolysis (A and B) and Soxhlet extraction applied. The SE conditions for each compound corresponded to the set of
parameters (particle size, pressure and time) that exerted the greatest overall effect. The control sample denoted S35 contained untreated TSRs.

Compound Chlorogenic acid [ug/g] Ferulic acid [pg/g]

3,4-dihydroxybenzoic acid [pg/g] Vanillic acid [pg/g] Catechin [ug/g]

Liquid fraction

Control N/A N/A*

S60 0.27 £ 0.01 0.43 £ 0.02
P15 5.6 +0.3 0.209 =+ 0.004
T2 <LOQ* <LOQ*
Enzymatic hydrolysis A

Control 5.94 + 0.06 0.212 + 0005
S60 19.9 + 0.3 0.131 + 0.003
P15 8.4+ 0.2 0.18 £ 0.01
T2 15.3+0.5 0.77 + 0.03
Enzymatic hydrolysis B

Control 3.9+0.2 0.391 + 0.008
S60 <LOQ* 0.228 + 0.008
P15 7.3+0.2 0.148 + 0.003
T2 6.30 + 0.06 0.79 £ 0.03
Soxhlet extraction

Control 17.2 £ 0.2 0.092 =+ 0.002
S60 31+1 0.41 + 0.02
P15 37+2 0.32 £ 0.01
T2 51+3 0.44 £ 0.01

N/A N/A N/A
25+0.1 1.8+0.1 6.5+ 0.3
2.6 £ 0.1 1.9+0.1 4.2+0.3
1.5+0.1 0.98 + 0.01 1.76 £ 0.01
2.63 + 0.02 1.64 £+ 0.06 <LOQ*
24+0.1 23+0.1 11.3 £0.8
1.7+0.1 0.80 + 0.04 3.1+02
0.69 + 0.03 1.83 £+ 0.09 6.43 + 0.06
2.6 £0.2 25+0.1 3.9+0.2
<LOQ* 3.5+0.2 10.6 + 0.4
0.42 + 0.02 2.69 + 0.02 1.85 + 0.03
<LOQ* 3.1+0.1 55+0.1
6.5+ 0.2 1.9+0.1 9.0 £ 0.5
51+0.1 3.0+0.2 20.9+0.3
4.7 +£0.2 3.3+£0.1 11.5+£0.1
25+0.3 4.2+0.1 21+1

*N/A (not applicable) — all liquid fractions were pretreated by SE.
*LOQ (limit of quantification) = 0.04 — 0.08 %.

A distinct pattern was seen for p-coumaric acid, in contrast. Greater
concentrations of it were detected in the liquid fraction with increased
severity factors, highlighting its susceptibility to thermal solubilization.
The p-coumaric acid has strong antimicrobial activity and is used in
active packaging to improve UV protection and shelf life (Virgili et al.,
2022), or as a browning inhibitor in fresh-cut produce (Jiang & Penner,
2022). This reinforces the finding that p-coumaric acids exist in less
complex esterified forms, which are easily cleaved and released into the
aqueous phase during SE (Auxenfans et al., 2017).

A declining trend was also observed for 3,4-dihydroxybenzoic acid
(3,4-DHBA), as untreated samples possessed a higher concentration of it
(6.5 pg/g, Soxhlet), followed by consistent reduction alongside a parallel
rise in severity factor. While 3,4-DHBA shows potential in protecting
cells from oxidative damage, can also be used to improve the properties
of polymers (e.g. mechanical) and positively affect degradation rates
(Mouren et al., 2024).

The highest concentration for the Soxhlet control specimen pertained

to ferulic acid, evincing its vulnerability to raised pressure and tem-
perature during exposure. It has anti-ageing properties and is used as a
bio-based monomer for polyesters (Zhang et al., 2024). While evidence
exists that protocatechuic acid can sometimes leach into the liquid
fraction during the SE process, its overall yield decreases in line with a
rise in severity (Wan et al., 2022b).

Vanillic and syringic acids presented mixed distributions. The latter
was moderately distributed in each extract and in the liquid phase,
suggesting partial solubility. Vanillic acid has neuroprotective effects
and benefits for metabolic syndrome and serves also as a bio-based
monomer for polymer synthesis and as an additive in polymers for
food packaging (Magiera et al., 2025; Vannini et al., 2023). In contrast,
syringic acid remained largely in the solid phase, with a greater recovery
rate by Soxhlet and moderate by enzymatic extractions. It is used in
rubber to prevent oxidation and in edible coatings to prolong shelf life
(Chen et al., 2022; Yang et al., 2019). These patterns imply that certain
phenolics undergo degradation or structural rearrangement under SE
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conditions, especially at elevated severities (Akizuki et al., 2023).

Sinapic acid which can be used to strengthen biopolymer films and a
stabilizing agent in edible coatings (Crouvisier-Urion et al., 2019;
Rabiej-Koziot et al., 2022), somewhat resists direct extraction during SE
pretreatment, though. The greatest yields were achieved by enzymatic
extraction B of the SE pretreated sample S35 (4.8 pg/g) (Wang et al.,
2021).

This study emphasizes how the SE pretreatment influences the
phenolic profiles of TSRs. The biomass is altered through the degrada-
tion, conversion and solubilization of phenolic compounds under vary-
ing procedural conditions, which directly affect the bioactive potential
of the TSR matrix. SE pretreatment significantly enhances the release
and bioaccessibility of phenolic compounds from the biomass, by dis-
rupting the cell wall matrix and enabling the extraction of bound phe-
nolics during enzymatic hydrolysis (Das et al., 2020). The
transformations observed, such as the degradation of 3,4-dihydroxyben-
zoic acid, highlight the effects of SE and conditions of enzymatic hy-
drolysis on phenolic profiles. These findings suggest that SE-treated
TSRs show potential as a valuable source of bioaccessible phenolics with
functional and health benefits, and that further research is warranted.

Based on the specific phenolic profile of the extracts obtained in this
study, targeted application scenarios can be proposed beyond general
functional food uses. High-pressure steam explosion combined with
enzymatic hydrolysis (particularly Scheme B) resulted in extracts with
significant yields of chlorogenic acid and catechins. Given that CGA has
a strong propensity to concentrate at oil-water interfaces, these extracts
are exceptionally suited as natural antioxidant stabilizers for emulsion-
based systems (e.g., salad dressings or functional beverages), where they
can effectively inhibit lipid oxidation (Meireles et al., 2019). Further-
more, for fractions containing higher relative amounts of ferulic acid
and p-coumaric acid, the most promising application lies in the devel-
opment of bioactive food packaging. Studies have shown that ferulic
acid improves the mechanical strength and barrier properties of biode-
gradable films, such as PLA or PHBV, while providing intrinsic antimi-
crobial activity (Moll & Chiralt, 2023; Ordonez et al., 2022). These
specific applications are further supported by the physiological benefits
of these compounds, such as the modulation of gut microbiota and in-
testinal barrier function, suggesting their potential as ingredients in
gastrointestinal-targeted functional foods (Huang et al., 2025; Tian
et al., 2022).

While this study focuses on laboratory-scale optimization, the
ecological and circular economy benefits of the proposed strategy are
significant. Compared to conventional solvent-based extraction
methods, which typically require large volumes of organic solvents,
longer processing times, and additional solvent recovery steps, SE rep-
resents a more environmentally friendly and potentially energy-efficient
alternative due to its rapid processing and minimal chemical input. SE is
an energy-efficient pretreatment due to the rapid disruption of the
lignocellulosic matrix without the necessity for toxic organic solvents,
which reduces the overall environmental footprint compared to con-
ventional chemical methods. From an economic perspective, the lignin-
rich residues recovered after SE represent a valuable by-product rather
than waste. In a biorefinery context, these residues can be valorized as a
low-cost fuel source to generate process heat and power, analogous to
energy integration strategies employed in kraft pulp mills (Ziegler-Devin
et al.,, 2021). Furthermore, although enzymatic hydrolysis B utilizes
laboratory-grade reagents like BSA and bile salts to provide mechanistic
clarity, industrial-scale implementation would transition to
industrial-grade enzymes and recycling protocols to ensure economic
feasibility. By utilizing TSR, which is an abundant and currently
underutilized agricultural waste, this process directly supports circular
economy goals by converting low-value biomass into high-value anti-
oxidant extracts suitable for industrial applications

In general, the SE pretreatment has the capacity to boost phenolic
yields over those for untreated TSRs, whereby an increased amount of
phenolic is recoverable, depending on the compound in question.
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Combining high pressure with a fine grind of the biomass and an
adopted form of extraction maximizes the release of bioactive com-
pounds, e.g. chlorogenic and catechin. These results align with those of
prior studies on lignocellulosic residues, and indicate that TSRs are
valorized effectively through SE pretreatment and selective fraction-
ation (Wan et al., 2022a; Yu et al., 2023). This approach would be
applicable for a concept at a biorefinery for producing high-value anti-
oxidant phenolics from agricultural waste.

3.5. Antioxidant activity of TSR extracts

Past investigations have shown that phenolic compounds exhibit
strong antioxidant properties, functioning as radical scavengers and
reducing agents that protect against oxidative stress (Kumar & Goel,
2019). In this study, the antioxidant activity of the TSRs was evaluated
by a DPPH assay, and the results are presented in Fig. 9. The antioxidant
activity is expressed as TE per gram of sample, where a higher TE value
indicates greater antioxidant capacity (Song et al., 2024). The
SE-pretreated TSRs exhibited enhanced antioxidant activity, their fa-
cility for DPPH radical scavenging exceeding (by 2.1 times) the original
untreated samples (9.74, 12.18 and 13.45 TE mg/g, respectively).

SE has been reported to improve the efficiency of polyphenolic
extraction by disrupting the lignocellulosic matrix, facilitating access to
phenolics and enhancing their bioavailability (Wan et al., 2022a). Such
pretreatment boosted the antioxidant potential of all the samples. For
instance, those denoted S18, S35 and S60 exhibited rises of up to 16.1 +
0.2 mg TE/g (S60), while the pressure differences exerted on P5, P10
and P15 brought about increases of up to 17.6 + 1.7 (P10 and T1.5).
Varying the parameter of time (T0.5, T1, T1.5 and T2) failed to exert any
significant effect, compared to the control sample, prior to carrying out
enzymatic hydrolysis. In fact, a slight decrease in antioxidant activity
was observed, dropping from 17.6 (T1.5) to 16.2 (T2) mg TE/g of TSRs.

Once enzymatic hydrolysis A and B had been performed, another rise
in DPPH activity was observed. For example, the S35 and P15 samples
exhibited the highest activity at 25.4 + 0.5 mg TE/g, followed closely by
S60 (23.4 + 0.3 mg TE/g). These findings support the hypothesis that
enzymatic hydrolysis processes are able to release bound polyphenols,
boosting the level of antioxidant activity. Indeed, enzymatic hydrolysis
may cause the extraction of esterified or insoluble phenolics, thereby
furthering their bioavailability (Neffe-Skocinska et al., 2023). The re-
sults reported herein on the antioxidant activity of TSRs after SE pre-
treatment and enzymatic hydrolysis agree somewhat with prior related
research. Investigations by Liu et al. (2021) on Prinsepia utilis (Royle
fruits) and Gomes et al. (2019) on grapes both highlighted a gradual rise
in antioxidant capacity following simulated processes of enzymatic hy-
drolysis. This suggests that such an environment of hydrolysis has the
potential to intensify the availability or bioactivity of antioxidant
compounds in certain plant-based materials. Returning to the current
investigation, since certain samples demonstrated improvement in or
maintained their antioxidant activity while others diminished in this
regard, it would seem that the specific parameters applied during the
pretreatment and enzymatic hydrolysis procedures significantly affected
the consequent antioxidant profile of the TSRs.

Notably, samples with a high TPC (e.g. S60 and P15) also showed
elevated antioxidant activity, lending support to the strong correlation
between phenolic concentration and radical scavenging capacity. These
results accentuate the potential of SE within a strategy for valorization
that aims to recover antioxidant-rich extracts from TSRs.

4. Conclusion

Carrying out SE pretreatment of agricultural residues (herein a har-
vest of Solanum lycopersicum) shows promise in connection with sus-
tainable valorization and circular economy applications. It was observed
that SE effectively altered the content and profiles of the phenolic
compounds in the tested tomato residues. Optimal conditions for this
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Fig. 9. Effects of explosion pressure, duration and particle size on the antioxidant activity of TSRs expressed in mg TE/g. The pretreatment conditions comprised 3
modes - sieve (S), pressure (P) and time (T). The untreated sample S35 served as a control. Different letters within each experimental group (Sn, Pn, Tn) indicate

statistically significant differences (Tukey HSD, P < 0.05).

comprised both the smallest particle size and high pressure, bringing
about the greatest yields of 21.01 + 0.24 mg GAE/g of phenolics and
7.97 + 0.19 mg RE/g of flavonoids with statistical significance across all
treatments (P < 0.05). Combining SE with additional hydrolysis boosted
the amounts obtained of certain phenolics, such as acids (chlorogenic, p-
coumaric, 3,4-dihydrobenzoic, ferulic, syringic, sinapic and vanillic)
and catechin. Enzymatic hydrolysis facilitated higher yields of phenolic
and flavonoid compounds, in addition to raising the level of antioxidant
activity, in comparison with a typical method of solvent extraction (e.g.
Soxhlet). The enhanced recovery of bioactive compounds highlights the
potential applicability of this approach for the production of natural
antioxidants suitable for food formulation, active and bio-based pack-
aging materials, and integration into biorefinery platforms for high-
value ingredient recovery. It should be acknowledged that the single-
factor experimental design employed herein does not demonstrate po-
tential interactions between variables, and future studies should there-
fore consider multivariate optimization approaches, such as response
surface methodology, to identify global optimum conditions. Future
research should focus on scaling up the process, techno-economic
evaluation, optimizing industrial parameters and gaining further
insight into the thermochemical mechanisms involved. This would raise
the sustainability and economic viability of the approach in the pro-
duction of high-value bioactive compounds.
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