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Tomato processing generates large amounts of by-products, particularly tomato pomace, which remains
an underutilized source of biocactive compounds. The objective of this study was to investigate the
potential valorisation of tomato pomace by characterising its polyphenol and carotenoid composition
and evaluating its antimicrobial activity, including under photodynamic inactivation (PDI) conditions.
Total polyphenol content determined by the Folin—-Ciocalteu method was 3.9 + 0.2 mg g~ DW for the
standard variety (ST) and 3.8 + 0.3 mg g~ DW for the high-lycopene variety (HL). HPLC-DAD-ESI-MS/
MS analysis tentatively identified 27 polyphenols, with flavonoids representing the dominant class (82%),
particularly naringenin chalcone, rutin, quercetin, and naringenin derivatives. Carotenoid levels reached
0.118 + 0.003 mg g~ DW in ST and 0.196 + 0.002 mg g~ * DW in HL, with lycopene accounting for

around 93% of the total carotenoid content. Antimicrobial assays revealed only modest activity overall.
Received 24th October 2025

Accepted 23rd March 2026 Polyphenol extracts showed a slight enhancement in antibacterial effect against Staphylococcus aureus

when combined with UVA irradiation, while carotenoid extracts displayed little photodynamic response.
DOI: 10.1039/d5fb00729a These findings highlight tomato pomace as a relevant source of bioactive compounds and support its

rsc.li/susfoodtech potential valorisation as a sustainable ingredient in food preservation strategies.

Sustainability spotlight

Tomato pomace, a major by-product of industrial processing, is typically underutilized and contributes to food waste, representing a lost opportunity for
sustainable resource use. This work valorises tomato pomace by optimizing extraction and characterization of polyphenols and lycopene, demonstrating
antimicrobial activity and potential as a natural food preservative. By converting processing residues into functional ingredients, the study reduces waste,
promotes circular economy strategies, and supports sustainable food production. These findings align with the UN Sustainable Development Goals 12
(Responsible Consumption and Production) and 2 (Zero Hunger), offering a practical approach to enhance food system efficiency while fostering health-
oriented, naturally preserved products.

processed annually, with 83% of this volume concentrated in
the ten leading producing countries.*

The FAO estimates that about one-third of all food produced
for human consumption is lost or discarded.® Within the

1 Introduction

In 2022, global production of tomato reached 186 million
tonnes over 5 million hectares, making it the most produced

vegetable crop.” Industrial processing converts a large share of
this production into sauces, soups, juices, pastes, ketchups,
salsas, and canned products.®* The World Processing Tomato
Council reports that nearly 39 million tonnes of tomatoes are
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tomato industry, this translates into roughly 8.5 million tonnes
of by-products annually,® with tomato pomace representing the
largest fraction of this waste.> The management of such resi-
dues is a major sustainability issue, as improper disposal can
harm the environment. The most common practice for tomato
waste management is to use it as animal feed. Due to its optimal
nutrient composition, it has been used for many different feeds
such as cattle feed, goat, pig, chicken, cow, sheep and even
rabbit feed.” Revalorisation of pomace presents numerous
advantages, including reducing food waste, minimizing envi-
ronmental impact, and lowering processing costs.®

Tomato by-products are notable sources of both nutrients
and biologically active molecules, including -carotenoids,

Sustainable Food Technol.
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polyphenols, dietary fibres, fatty acids (linoleic, oleic, palmitic),
tocopherols, sterols, and proteins.*® These compounds
contribute health-related properties such as antioxidant, anti-
microbial, vasodilatory, cardioprotective, anti-inflammatory,
and anti-allergenic effects.” This makes them attractive for val-
orisation into value-added applications, such as ingredients for
functional foods.* These by-products have been added into
a variety of food products for improvement of sensory proper-
ties, to extend shelf-life and as a nutritive supplement due to
their richness in bioactive compounds.'* Tomato by-products
have been incorporated into wheat-flour based foods such as
crackers, cookies, bread and pasta; some meat products such as
hamburger and sausages, and other products such as tomato
paste, soda, ice cream and jams.*” Bioethanol and biogas
production is also another method for valorisation of by-
products, as tomato wastes can be considered as low-cost
feedstocks, as a source of lignocellulosic matter for bi-
oethanol and biogas production.*>** Natural compounds such
as vitamins, lycopene, polyphenols, oils, proteins and fibers
present in the waste material are also extracted and purified
into high value-added products for the pharmaceutical and
cosmetic industry, as well as to produce organic fertilizers.*

Food products are highly perishable which facilitates
microbial colonization." Contamination during cultivation,
storage, and transport often leads to spoilage, resulting in
flavours, odour, colour, and texture deterioration, as well as
a potential risk for human health as some can carry pathogens
responsible for food-borne illnesses.** Preservation methods are
therefore essential to ensure safety and shelf life. Biological
approaches, including the application of natural antimicrobials
- non-thermal endogenous chemical preservation method, are
gaining attention as sustainable alternatives to synthetic
additives."

Beyond conventional chemical preservation strategies, anti-
microbial photodynamic inactivation (aPDI) has recently
emerged as a non-thermal strategy for microbial control in food
systems. This approach uses photosensitizers (PS) activated by
specific light wavelengths to generate reactive oxygen species
(ROS) that inactivate bacteria, fungi, parasites, and viruses.'®
Considerable research is now exploring aPDI for reducing
foodborne pathogens and extending shelf life in various prod-
ucts.”” Treatment efficiency depends strongly on the choice of
PS, which dictates selectivity, activity, and safety.'®

In this study, we investigated tomato processing by-
products, specifically tomato pomace, as potential sources of
natural antimicrobials and photosensitizers, namely poly-
phenols and carotenoids. Extraction methods were optimized to
efficiently recover and characterize these bioactive compounds,
improving upon previously reported HPLC techniques. The
resulting extracts were evaluated for their antioxidant potential
and tested against models of food spoilage, highlighting the
promise of tomato residues as functional ingredients and
natural preservatives in the food industry.

Although tomato processing by-products have been studied
as sources of bioactive compounds, their potential use as
natural photosensitizers for antimicrobial photodynamic inac-
tivation remains poorly explored. In particular, studies
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combining detailed characterization of polyphenols and carot-
enoids in tomato pomace with the evaluation of their antimi-
crobial activity under light activation are still limited.

2 Materials and methods
2.1 Materials

Methanol, Folin-Ciocalteu reagent, gallic acid, B-carotene,
phenol, Mueller Hinton Broth, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). TPTZ from Acros Organics (Geel,
Belgium) and acetic acid from Carlo Erba (Milano, Italy).
Acetone, hexane, and ethyl acetate from LabChem (Pennsylva-
nia, United States). Acetonitrile and hydrochloridric acid from
Chem-Lab (Zedelgem, Belgium). Sulfuric acid and sodium
carbonate from PanReac AppliChem ITW reagents (Barcelona,
Spain). Potassium dihydrogen phosphate from VWR chemicals
(Pennsylvania, USA). Sodium chloride and sodium phosphate
dibasic from Honeywell (North Carolina, USA). Mueller Hinton
agar from Liofilchem (Roseto degli Abruzzi, Italy).

Industrially produced dried tomato pomace, including
standard tomato pomace (ST) from conventional varieties and
high-lycopene tomato pomace (HL) from hybrid varieties, was
kindly provided by Kagome Foods Portugal, S.A., (Castanheira
do Ribatejo, Vila Franca de Xira, Portugal) and stored at room
temperature. Exact details of the production process cannot be
disclosed due to industrial confidentiality. The ST and HL
varieties were selected to investigate the pomace derived from
pulp and sauce products, with the pomace consisting of skin
and seeds. Markedly, the HL variety, used in the production of
patented products with health-related prevention claims, was
included to assess the composition and bioactivity of its
pomace. Samples were collected immediately after industrial
pulp extraction, dried, and stored at room temperature until
analysis, allowing a comparative evaluation of bioactive
compound profiles and antimicrobial properties between the
two varieties.

2.2 Polyphenol extraction from tomato pomace

Adapted from a method by Szabo et al.,** 0.5 g of the lyophilized
samples of both tomato varieties were extracted with 25 mL of
methanol: water (80:20) and ultra-sonicated in a ultrasonic
sonicator bath (VWR Ultrasonic Cleaner, Pennsylvania, United
States) for 60 min at room temperature. Mixtures were centri-
fuged (Dynamica Velocity 14 Refrigerated Centrifuge, Dynamic
Scientific Ltd; Livingston, UK) at 18 000xg for 10 min at 4 °C
and the samples were filtered through a 0.45 um syringe and
evaporated on a rotary evaporator under vacuum (Rotavapor R-
114, Buchi, Flawil, Switzerland). Samples were resuspended in
5 mL of methanol: water Milli Q (50:50) and refrigerated at
—18 °C.

2.3 Quantification of the total phenolic content by Folin-
Ciocalteu colorimetric assay

In each well of a 96 well plate, 3.75 uL of polyphenol extract,
18.75 pL of Folin-Ciocalteu reagent, and 125 pL of distilled
water were added and the mixture was shaken for 30 seconds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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75 pL of 20% Na,CO; and 152.5 pL of water was added and the
plate left at room temperature for 30 min in the dark. The plate
was analysed using absorbance at 750 nm in a plate reader
(Biotek, Berthold Technologies, Bad Wildbad, Germany).”® A
calibration curve was prepared using standard solutions of
gallic acid with results expressed in mg of gallic acid equivalents
(GAE) per g of dry weight (DW).

2.4 Quantification and identification of the polyphenol
content by HPLC-DAD/ESI-MS/MS

The polyphenol content of each sample was analysed through
High Performance Liquid Chromatography, with a method
adapted from Xiao et al,** with key modifications, including
flow rate, gradient parameters, and duration. A reverse phase
C18 column (Purospher STAR RP-18, 150 X 4.6 mm, i.d.: 5 um)
was used at 25 °C. The solvents used were H,0 : CH;COOH (99 :
1, v/v) (A) and CH;OH (B), at a flow rate of 0.4 mL min~" (0-
30 min: 95% A, 30-40 min: 70% A, 40-45 min: 60% A, 45-
52 min: 50% A, 52-60 min: 30% A, 60-65 min: 60% A, 65—
70 min: 95% A). Detection was made from 200 to 400 nm.
Mass detection was made on a Finnigan LCQ DECA XP MAX
(Finnigan Cor., San Jose, CA, USA) quadrupole ion trap equip-
ped with an atmospheric pressure ionization (API) source using
an electrospray ionization (ESI) source. The vaporizer and
capillary voltages were 5 kV and 4 V, respectively. The capillary
temperature was set at 325 °C. Nitrogen was used as both sheath
and auxiliary gas flow rates of 80 and 30, respectively (in arbi-
trary units). Spectra were recorded in the negative mode
between m/z 120 and 2000. The mass spectrometer was pro-
grammed to do a series of three scans: a full mass, a zoom scan
of the most intense ion in the first scan, and a MS/MS of the
most intense ion using relative collision energies of 30 and 60 V.

2.5 Carotenoid extraction from tomato pomace

Carotenoid extraction method, adapted from Choi et al.’” and
Szabo et al.,*® consisted of 1 g of tomato pomace sample of both
varieties placed into a falcon with 20 mL of an acetone: hexane
solution (4 : 6, v/v). Samples were wrapped in an aluminon foil
to keep from light exposure, ultra-sonicated in an ultrasonic
sonicator bath (VWR Ultrasonic Cleaner, Pennsylvania, United
States) for 10 minutes at 30 °C and then centrifuged at 18 000 X
g for 10 minutes at 4 °C. The pellet was re-extracted, and the
supernatants were combined.

2.6 Quantification of carotenoids from tomato pomace via
UV-vis analysis

Spectrophotometric quantification, based on Szabo et al'®
method, consisted of absorbance measurement at 450 nm in
a UV-vis spectrophotometer (PerkinElmer Lambda 365, Massa-
chusetts, US). A standard curve was performed with (-carotene
standard, from 0.0005 to 0.005 mg mL™".

2.7 Quantification of carotenoids via HPLC-DAD

The HPLC method was adapted from Sérino et al®® using
a reverse phase C18 column (Purospher STAR RP-18, 150 X 4.6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mm, i.d.: 5 pm) at 30 °C. The solvent used was acetonitrile:
water: ethyl acetate (53:7:40, v/v/v) at a flow rate of 0.4
mL min~" for 8 minutes. Detection was made from 350-500 nm.
Standard curves were performed with concentrations ranging
from 0.0005 to 0.005 mg mL~" and 0.0075 to 0.0275 mg mL ™"
for B-carotene and lycopene, respectively.

2.8 Antimicrobial activity of polyphenol- and carotenoid-rich
extracts

Strains used in this study included Escherichia coli (E. coli) ATCC
25922 and Staphylococcus aureus (S. aureus) ATCC 29213.
Bacteria were grown on Mueller Hinton (MH) agar plates from
stock cultures, incubated at 37 °C for 24 hours prior to each
assay to obtain fresh cultures.

Polyphenol and carotenoid-rich extracts were dried in
a CentriVap Benchtop Centrifugal Vacuum Concentrator (Lab-
conco, Missouri, United States) and resuspended in 100%
dimethyl sulfoxide (DMSO). Samples were filtered with 0.22 pm
filter and diluted with phosphate buffered saline (PBS) to ach-
ieve 5% DMSO. Optical density at 600 nm of each inoculum was
adjusted to 0.1 (approximately 1 x 108 CFU mL ') in PBS and
then diluted 1:100. In a 96 well plate, 50 pL of bacterial
suspension was mixed with 50 pl of diluted extract. The anti-
microbial activity of the samples was tested with and without
light irradiation (two groups). For carotenoids’ extract, irradia-
tion was performed for 1 hour, using a device composed of
light-emitting diodes (LEDs) emitting at 400-700 nm at an
irradiance of 25 mW c¢m™> measured by a Spectroradiometer
USB2000 + RAD (OceanOptics, USA). For polyphenols, a UVA
lamp 365 nm with irradiance of 42 mW cm > was used. Light
sources were chosen by evaluation of the absorption spectrum
of the extracts (performed via a spectophotometer) and overall
energy dose based on studies with similar doses.*® The samples
were drop plated in MH agar for colony forming units (CFU)
count, with 6 serial dilutions. Plates were incubated for 24 hours
at 37 °C.

2.9 Statistical analyses

The data was analysed with the statistical program GraphPad
Prism 10.3.1 for MacOS (GraphPad Software, La Jolla California,
USA). The mean and standard deviations within samples were
calculated for all cases. The differences between measurements
were obtained by the application of ANOVA with Tukey's post-
test (for more than two groups), and the unpaired #test to
analyse the differences between two groups. Statistical calcula-
tions were based on a confidence level of >95% (p < 0.05 was
considered statistically significant). Three independent extrac-
tion replicas were analysed, and three analytical replicates were
performed for each.

3 Results and discussion
3.1 Polyphenols

3.1.1 Polyphenols extraction from tomato pomace. Poly-
phenol extraction efficiency is largely determined by solvent
characteristics®® and most studies identify methanol or

Sustainable Food Technol.
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methanol-water systems as the most effective, given their broad
solubilizing capacity and ability to reduce oxidation via inhibi-
tion of polyphenol oxidase.* When combined with ultrasound-
assisted extraction (UAE), methanol-based mixtures further
enhance yield and preserve biological activity compared with
conventional methods.**** In this study, we adopted an 80: 20
methanol-water solvent with UAE at room temperature as the
optimal approach, since elevated temperatures promoted
polyphenol degradation and oxidation.*®

3.1.2 Quantification of total polyphenol content by Folin-
Ciocalteu colorimetric assay. No significant differences were
observed in the total phenolic content (TPC) of samples, with ST
variety presenting 3.9 £ 0.2 mg GAE g~ ' DW and HL variety 3.8
+ 0.3 mg GAE g~ ' DW (Fig. 1). This suggests that the higher
lycopene trait did not substantially affect total phenolic
accumulation.

There is a wide range of published values for tomato by-
products (including tomato waste which represents any
unwanted parts of a tomato that arise during processing,
including bruised parts, undeveloped fruits, or any other
unusable material),** with TPC as low as 0.7525 to 18.65 mg GAE
g~ DW, whilst the TPC for this study fits well within this range
of values reported in literature.>**” The wide range of phenolic
contents reported in the literature can be attributed to genetic
variability, ripening stages, environmental influences, agricul-
tural practices, processing conditions and extraction
method.”*®

3.1.3 Quantification of phenolic content by HPLC-DAD/
ESI-MS-MS. HPLC analysis of polyphenols in tomato pomace
was based on solvent systems reported throughout litera-
ture.'®"” The selected method, adapted from Xiao et al.,'® con-
sisted of water with 1% acetic acid (A) and methanol (B). This
methodology was the starting point for its broad polyphenol
coverage and good peak resolution. Chromatographic separa-
tion was enhanced by optimizing gradients and run times,
while peak tentative identification by HPLC-DAD/ESI-MS/MS,
was supported through comparisons with MassBank, HMDB,
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Fig. 1 Total Phenolic Content (TPC) of phenolic extracts of Standard
(ST) and High Lycopene (HL) tomato-pomace expressed in mg of gallic
acid equivalents per g of dry weight (mg GAE g~* DW). No significant
differences (p > 0.05).
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PubChem, NIST, and FOODB databases. The 35 peaks (Fig. 2)
were divided into three groups according to maximum absor-
bance wavelength, 280 nm for catechin equivalents (CATE),
353 nm for quercetin equivalents (QE) and 320 nm for chloro-
genic acid equivalents (CAE). HPLC-TPC and group concentra-
tions (QE-, CATE- and CAE-polyphenol content) are present in
(Fig. 3).

The HPLC-TPC of the ST and HL tomato pomace was
measured at 2.9 &+ 0.1 mg g ' DW and 2.9 & 0.2 mg g ' DW,
respectively. These values fall within the ranges reported in
other studies for different tomato varieties, such as 1.12-
4.08 mg g ' DW? and 1.93-5.21 mg g~ ' DW.? The TPC values
obtained via the Folin method were, as expected, slightly higher
than those measured by HPLC analysis, considering the Folin
assay can oftentimes overestimate polyphenol content due to
interference from other reducing compounds, such as the
ascorbic acid present in tomatoes.**

Of the 35 detected peaks, 27 were tentatively identified. For
peaks tentative identification and each peak quantification
please see Table A1 at SI. The identified compounds included
the main classes of phenolic acids (hydroxycinnamic and
hydroxybenzoic acids) and flavonoids such as flavanones,
flavonols, chalcones, and dihydrochalcones. Phenolic acids
accounted for 18% of the total polyphenols, while flavonoids
represented 82%, consistent with the findings of Kaloger-
opoulos et al.,*® who reported flavonoids as the predominant
class in tomato by-products, followed by phenolic acids at
23.3%.

Naringenin chalcone and rutin were the polyphenols detec-
ted at the highest concentrations. Consistent with the literature,
these compounds, along with quercetin derivatives are the
predominant polyphenols in tomato and its by-products.”**>
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Fig. 2 Chromatogram from HPLC-DAD/ESI-MS-MS of polyphenol
extracts of ST variety at 280 nm. 1. Cinnamic acid, 2. chlorogenic acid,
3. quinic acid, 4.-10. non-determined (nd), 11. p-coumaric acid, 12.
caffeic acid-hexose, 13. nd, 14. homovanillic acid-O-hexoside, 15.
coumaric acid-hexose, 16. rutin-O-hexoside-pentoside, 17. nar-
ingenin chalcone-dihexoside, 18. and 19. rutin-O-hexoside, 20. nar-
ingenin-O-glucoside, 21. quercetin-3-galactoside, 22. eriodictyol-O-
dihexoside, 23. naringenin-O-glucoside, 24. eriodictyol-7-O-gluco-
side, 25. naringenin-O-dihexoside, 26. rutin-O-pentoside, 27. phlor-
etin-C-diglycoside, 28. querecetin derivative, 29. rutin, 30. rutin
derivative (1), 31. tricaffeoylquinic acid derivative, 32. naringenin deri-
vate, 33. tricaffeoylquinic acid derivative, 34. rutin derivative (2), 35.
naringenin chalcone. Blue numbers represent CAE, purple numbers
QE and black CATE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Total Phenolic Content (TPC) in mg of polyphenol equivalents
per g of dry weight (mg PE g~! DW), total concentration of quercetin
equivalents (QE), catechin equivalents (CATE) and chlorogenic acid
equivalents (CAE). No significant differences were found between
varieties in any group (p > 0.05).
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Rutin concentration (0.86 and 1.10 mg g~ ' DW for ST and HL,
respectively) were similar to typical values reported for tomato
by-products, including averages of 0.84 mg g ' DW? and
0.61 mg g~ ' DW.? Its presence reflects the terminal phase of the
polyphenols biosynthetic pathway and is often associated with
tomato ripening.”® Naringenin chalcone content in the ST
variety (0.30 mg g~ ' DW) was comparable to literature values of
0.402* and 0.34 mg g ' DW,* while the HL variety exhibited
a slightly higher level (0.71 mg g~ ' DW). During the ripening
stages, naringenin chalcone and other flavonoids accumulate
predominantly in the peel as a result of the limited expression
of flavonoid biosynthetic genes in the flesh of tomatoes.?” This
compound also serves as a precursor for most flavonoids,
including naringenins, kaempferols, quercetins, and their
derivatives.'**

Hydroxycinnamic acids were the most abundant subclass
among the phenolic acids, with coumaric acid and its derivative
detected at the highest level (0.395 mg g~ DWand 0.150 mg g
DW for ST and HL, respectively). This pattern differs from
typical reports in the literature,***** where chlorogenic acid is
usually the dominant compound. Although generally abundant
in tomato fruits, chlorogenic acid decreases substantially
during ripening and the final stages of development,* which
likely explains variations in profiles.

3.2 Carotenoids

3.2.1 Carotenoids extraction from tomato pomace. Carot-
enoids extraction from tomato pomace has been widely re-
ported with hexane-based solvents often preferred either alone
or combined with acetone for higher yields.>® A saponification
step is sometimes introduced to remove chlorophylls,** yet most
tomato studies choose to omit it since it can decrease carot-
enoid recovery.*” Given that tomatoes are low in chlorophyll,
omitting saponification avoids pigment loss and simplifies the
procedure,** an approach also applied in this study.

3.2.2 Quantification of total carotenoids by spectropho-
tometry. The ST variety showed a total carotenoid content of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.095 + 0.001 mg g~ ' DW, whereas the HL variety contained
nearly twice as much, at 0.182 + 0.005 mg g~ ' DW (Fig. 4). The
higher content for HL is consistent with its high lycopene
background and suggests that the enhanced carotenoid accu-
mulation in the raw material was retained in the pomace after
processing. Reported values in the literature vary widely,
ranging from as low as 0.02 mg g *,* to intermediate levels of
0.09-0.23 mg g '.**% Baaka et al,’® using a similar hexane:
acetone extraction of tomato pomace, obtained 0.068 mg g~
DW, comparable to the ST values observed here. Such broad
discrepancies across studies are often linked to the thermal and
photosensitive instability of carotenoids, their antioxidative
reactivity, and the limited accuracy of spectrophotometric
approaches.*

Carotenoid accumulation is strongly influenced by tomato
ripening, during which biosynthesis is activated mainly in the
peel, while inner tissues remain largely inactive.”” Conse-
quently, the peel can contain up to five times more carotenoids
than the flesh of ripe fruits.>® By-products, being rich in peel,
therefore represent a concentrated source compared to whole
tomatoes. Processing steps can also enhance carotenoid
extractability and bioavailability, which explains why higher
levels are more often detected in purees than in fresh
tomatoes.*”

3.2.3 Quantification of carotenoids via HPLC-DAD. Several
HPLC protocols have been reported for carotenoid analysis in
tomatoes and their by-products,’**** and following compara-
tive testing, the acetonitrile : water : ethyl acetate mixture (53 :
7:40) described by Sérino et al.*® was selected, with flow rate
adjustments. We identified two main peaks, corresponding to
lycopene and B-carotene, the predominant tomato carotenoids.

Total carotenoids content in this study was 0.118 + 0.003 mg
g ' DW for ST and 0.196 + 0.002 mg g~ * DW for HL (Fig. 5). For
chromatogram, please see Fig. Al at SI.

Although published values in literature vary widely, these
findings are within the ranges reported. For instance, Szabo
et al.*® found carotenoid concentrations from 0.077 to 0.37 mg
¢! DW in tomato pomace, while their later work®® indicated

*okokok
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Fig. 4 Total carotenoid concentration of both ST and HL variety,
measured through spectrophotometry, with results expressed in mg of
B-carotene per g of dry weight of tomato pomace (mg B-carotene
per g DW). **** indicates significant differences (p < 0.0001).
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Fig. 5 Total carotenoids, Lycopene and B-carotene concentration,
measured through HPLC in mg Carotenoid Equivalents (CTE), lyco-
pene and B-carotene, respectively. **** indicates significant differ-
ences (p < 0.0001).

0.20-0.38 mg g~ ' DW. Strati et al.** measured 0.004-0.17 mg g~ "
DW depending on extraction solvent. Using a hexane: acetone
mixture like that applied here, they obtained 0.22 mg ¢! DW,
comparable to HL but slightly higher than ST.

These concentrations were only slightly higher than those
obtained via spectrophotometric method whichoften over-
estimate carotenoids content due to absorption at overlapping
wavelengths from chlorophyll and degradation products.*®

Lycopene concentration in the tomato pomace were 0.110 +
0.003 mg g~ ' DW for ST and 0.183 + 0.003 mg g~ ' DW for HL,
with the ST variety falling toward the lower spectrum reported
in the literature. Lycopene was the main carotenoid present, at
roughly 14 times the B-carotene concentration and accounting
for 93% of total carotenoids. These findings align with other
reports, where lycopene represented 74-94% of total caroten-
oids in tomato products.”® Previous studies on tomato pomace
have shown a broad distribution of lycopene content. One
study®* observed 0.15-0.29 mg g~ " DW, while another report®
indicated a slightly higher average of 0.27 mg g~ DW. Wider
variations have been documented in tomato processing waste,
ranging from 0.13 to 0.82 mg g ' DW,* and another as low as
0.05 mg g~' DW.* B-Carotene concentrations were compara-
tively low, measured at 0.008 + 0.002 mg g~ ' DW in ST and
0.0129 4 0.0006 mg ¢ ' DW in HL, values closer to those found
in whole tomatoes (0.0096-0.0703 mg g~ ' DW)?® rather than the
higher ranges reported for pomace (0.03-0.08 mg g~ DW).2>%

3.3 Antimicrobial activity of the polyphenol- and carotenoid-
rich extracts

E.coli and S. aureus were selected as representative models of
Gram-negative and Gram-positive bacteria, respectively, allow-
ing the evaluation of potential differences in susceptibility
related to bacterial cell wall structure. In addition, both
microorganisms have been previously associated with contam-
ination and spoilage scenarios in tomato, making them relevant
initial models for assessing the antimicrobial potential of
tomato pomace extracts."
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PDI efficacy depends on the wavelength of light, which must
align with the absorption spectrum of the PS."” Absorption
spectra of the extracts were first determined to guide light
selection. Absorption spectrum of polyphenol and carotenoids
extracts of HL variety (as an example) can be found at SI
(Fig. A2-A5).

Polyphenol extracts absorbed mainly between 200 and
400 nm. UVA was chosen to minimize bactericidal effects from
light alone,"” with previous studies having tested antimicrobial
activity also using UVA-based PDI with polyphenols such as
gallic acid and caffeic acid.**** Carotenoid extracts showed
broader absorption between 350 and 550 nm, so a visible light
source spanning 400-700 nm was selected. Total energy dose
for polyphenols was 150 J cm™~> and for carotenoids 90 J cm™>.

3.3.1 Polyphenol extracts. For E. coli the polyphenol
extracts of both varieties showed minor CFU m1~" decreases for
non-irradiated samples and a slightly larger decrease for irra-
diated samples however these were not significant reductions,
compared to control (Fig. 6). For S. aureus, small decreases for
both varieties were noted for non-irradiated and irradiated
samples, with only the irradiated samples presenting signifi-
cant decreases. Solvent controls with DMSO 5% were also per-
formed and had no effect on growth.

Polyphenol extracts from both ST and HL tomato varieties
had no significant effect in CFU mL ™" for E. coli whilst S. aureus
showed small, but significant, reductions in the irradiated
group, indicating that UVA light enhances polyphenols' anti-
microbial effects. Similar trends have been reported in the
literature. Studies of tomato by-products' and tomato seeds*
have demonstrated strong activity of polyphenols against Gram-
positive bacteria, with limited effects on Gram-negative species.
E. coli's higher resistance is attributed to the Gram-negative
outer membrane, composed of lipopolysaccharides, which
limits polyphenol penetration.*> Another study,’® reported
inhibition of tomato pathogens, including E. coli and S. aureus,
with MIC values of 3125-12500 ug mL ™", and noted a concen-
tration-dependent antimicrobial response. Given the average
polyphenol concentration in this study was considerably

4x10° 5%10°

Il Non-irradiated

4x10° [ Iradiated

3108
3108
2105 ]

CFU/mI
=
CFU/mI

2%10°
1x108 %105

0 0
Control ST HL
E. coli

Control ST HL
S. aureus

Fig. 6 CFU mL™ of E. coli (left) and S. aureus (right) with polyphenol
extracts from ST and HL variety from non-irradiated and irradiated
samples. Polyphenol concentration of 386 pug mL™' * indicates
significant differences (p < 0.05).
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smaller, 386 ug mL™ ", the minor, and non-significant, reduc-
tions observed align with these findings.

Polyphenols have well documented antimicrobial activity,
which is closely related to their chemical structure, including
hydroxyl, methoxy, prenyl groups, and glycosylation patterns.*
These can affect microorganisms by disrupting membranes,
interfering with metabolic pathways, chelating essential metal
ions, damaging nucleic acids, and inhibiting key enzymes.*”
Flavonoids such as quercetin, kaempferol, naringenin, iso-
rhamnetin glycosides, and rutin have been shown to actively
inhibit bacterial growth.**** Chalcones and quinones have also
been proven to enhance the effectiveness of antibiotics by
modulating efflux pumps and increasing intracellular drug
accumulation.® These findings confirm that the high levels of
polyphenols present in these pomaces can contribute directly to
their antimicrobial activity.

Evaluating the PDI results, it should be noted that light
exposure alone (control samples without polyphenols) did not
inhibit bacterial growth. Treatment with polyphenol extracts
combined with UVA irradiation resulted in a modest log
reduction of 0.14. Although small, this effect aligns with the
relatively low polyphenol concentration used, which limits
antimicrobial potency. Nevertheless, this decrease can indicate
that light exposure enhances the bioactivity of polyphenols.
Polyphenols are increasingly investigated as photosensitizers in
aPDI. Their aromatic ring systems facilitate intersystem
crossing to triplet states, which can generate reactive species via
two mechanisms: Type II, where energy transfer to molecular
oxygen produces singlet oxygen (as with hypericin and ribo-
flavin), and Type I, involving electron or hydrogen transfer that
forms radicals such as superoxide or hydroxyl species. Previous
research using quercetin,51 resveratrol,®* gallic acid,** and caf-
feic acid,” with varying wavelengths and concentrations,
demonstrated substantial bacterial reductions. Given that the
polyphenol concentration in this study is considerably lower
than those applied in these reports, the modest reductions
observed are consistent with expectations.

3.3.2 Carotenoids extracts. Carotenoid extracts from both
ST and HL tomato varieties had no significant effect on E. coli,
which can be attributed to the Gram-negative outer membrane
acting as a strong protective barrier (Fig. 7). For S. aureus,
reductions were observed in both varieties, but statistically
significant decreases were only recorded for the HL extract.
Specifically, HL showed small log reductions of 0.20 and 0.26 for
non-irradiated and irradiated samples, respectively. Light
exposure did not significantly enhance carotenoid antimicro-
bial activity.

Several studies have highlighted the antimicrobial potential
of carotenoid extracts against different bacterial species.’*>*
Natividad et al>* demonstrated that tomato carotenoids
inhibited S. aureus growth while having negligible effects on E.
coli, consistent with this study's observations. Similarly, carot-
enoids from Peltophorum petrocarpum® and Sinularia sp.*®
showed strong activity against S. aureus but limited effects on
Gram-negative bacteria. In this study, the carotenoid concen-
tration in the extracts was only 3 and 5 pg mL™", far below the
levels reported to achieve complete bacterial inhibition, which

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 CFU mL™t of E. coli (left) and S. aureus (right) with carotenoid
extracts from ST and HL variety from non-irradiated and irradiated
samples. Carotenoid extract concentration (according to HPLC
quantification) of 3 pg mL~*and 5 ug mL~* for ST and HL respectively. *
indicates significant differences (p < 0.05) ** indicates significant
differences (p < 0.01).

explains the modest log reductions observed and the weaker
activity of the ST extract, which contained an even lower carot-
enoid content. These results emphasize that carotenoid anti-
microbial effects are dose dependent, requiring higher
concentrations to achieve bacterial inactivation.

The main two carotenoids detected in the tomato pomace
are likely responsible for the antimicrobial activity observed.
Previous studies have shown that lycopene exhibited inhibitory
effects against microorganisms such as S. aureus and C. albi-
cans,” while B-carotene demonstrated significant activity at
concentrations of 100-1200 ug mL ", particularly against Gram-
positive bacteria.®® These bioactive compounds can interact
with bacterial outer membranes by binding to porin proteins,
disrupting their structure, and reducing cell wall permeability,
which limits bacterial growth.*® Additionally, lycopene has been
reported to induce bactericidal effects through reactive oxygen
species, especially hydroxyl radicals, causing DNA damage
beyond bacterial repair capacity.>

Carotenoids absorb visible light and are excited to singlet
states, which rapidly undergo internal conversion or inter-
system crossing, but instead of transferring energy to oxygen,
most carotenoids dissipate the energy through vibrations along
their polyene chains, effectively limiting singlet oxygen
production.® Consequently, they mainly act as photoprotective
molecules, producing minimal ROS during PDI. Although
research on carotenoids as PDI agents is scarce, a recent study®*
also tested tomato carotenoids against foodborne bacteria
under light exposure. pB-Carotene and lutein did not show
enhanced antimicrobial activity, while lycopene displayed some
intrinsic toxicity but limited photodynamic effects under white
light. Effective PDI with lycopene likely requires illumination
closely matching its absorption peak (475 nm) rather than
a wide wavelength range. In this study, the applied irradiation
may not have provided sufficient intensity at the optimal
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wavelength, explaining the negligible photodynamic antimi-
crobial enhancement observed for carotenoid extracts.
However, this study contributes to improving the documenta-
tion and consistency in the investigation of these bioactive
compounds as antimicrobials and as photosensitizers for the
inactivation of bacterial models relevant to foods and their
ingredients, while emphasizing new efforts to develop naturally
derived antimicrobials obtained from tomato pomace.

It is also worth considering that photoactivation may induce
chemical changes in the extracts themselves. Although the
antimicrobial effects observed here were primarily attributed to
the generation of reactive oxygen species during photodynamic
treatment, modifications in the composition of the extracts
could also contribute to the antibacterial response. Future work
should therefore assess the chemical profile of the extracts
before and after irradiation, allowing evaluation of possible
photochemical transformations and their contribution to the
antimicrobial activity.

4 Conclusions

This study highlights tomato processing pomace as a rich
source of bioactive compounds, supporting their valorisation
within a circular economy framework. Optimized extraction and
quantification methods enabled the characterization of
phenolic and carotenoid content in two industrial produced
tomato pomace varieties, alongside assessment of their anti-
microbial properties. Notably, the HL variety is employed in the
production of patented products with health-related prevention
claims, further underscoring the relevance of studying its cor-
responding pomace.

The pomaces exhibited a diverse phenolic profile with 27
tentatively identified polyphenols, from rutin and quercetin
derivatives to naringenin chalcone and various hydroxycin-
namic acids. Carotenoid analysis confirmed these pomaces as
significant amounts of lycopene, with the high-lycopene variety
nearly doubling the content of the standard variety. Antimi-
crobial testing indicated moderated effects of high-lycopene
carotenoid extracts against Gram-positive models. Photody-
namic inactivation experiments demonstrated that polyphenol
extracts could potentially act as natural photosensitizers,
producing some bacterial reductions (however moderate and
not superior to 3 log-reduction), whereas carotenoids did not
show enhanced activity under the tested light conditions.

Overall, these findings validate the optimized methodologies
for tomato pomace valorisation, providing the first detailed
insight into its bioactive composition. Together, these results
position tomato pomace as a valuable resource for sustainable
food preservation, functional ingredient development, and
broader biotechnological applications.

Future studies should focus on antimicrobial evaluation
with other bacterial models and a wider range of extract
concentrations and irradiation conditions. This should include
the addition of a standard positive antimicrobial control to
enable broader comparison of extract efficacy. Further work
should also examine changes in the chemical profile after
photoactivation, optimise irradiation conditions and extract
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concentrations and evaluate their effectiveness in more
complex food systems.
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