
Detection of residual free radicals in tomato juice processed by stand-alone 
and combined ultrasonic and ultraviolet treatments
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A B S T R A C T

This study investigated the effects of ultraviolet-A (UV-A), ultrasound (US), and combined UV–A/US treatments 
on bioactive compounds, antioxidant activity, and free radical generation in tomato pulp. Individual bioactive 
compounds responded differently to UV-A, US, and combined UV–A/US treatments, depending on treatment 
conditions and number of cycles. The highest total polyphenol content (TPC) was obtained under UV-A irradi
ation at 50 mW in the third treatment cycle (224.71 mg/L GAE), while lycopene and beta-carotene reached their 
maximum concentrations under UV-A at 100 mW (1.287 µg/mL and 0.286 µg/mL, respectively). The highest 
reduction of the EPR–DPPH signal was observed under combined UV–A/US treatment (31.49 %), whereas the US 
treated sample (60 % of amplitude) showed the lowest reduction (15.12 %). CMH spin trapping measurements 
showed that CP equivalents increased with treatment intensity and number of cycles, with the highest CP value 
(73.72 µmol/L) obtained under ultrasound treatment at 90 % amplitude after three cycles. UV-A treatment alone 
resulted in lower CP values, which increased gradually with higher irradiation power and additional cycles.

1. Introduction

Tomatoes are among the most widely consumed vegetables in the 
Western world, with products such as sauces, juices, and pastes ubiq
uitous on the market (Ali et al., 2021; Bal et al., 2024; Basdemir et al., 
2024). Fresh tomatoes are rich in valuable bioactive compounds, 
including L-ascorbic acid, lycopene, beta-carotene, phenolic com
pounds, proteins, monounsaturated fatty acids, dietary fiber, and 
various minerals (Ali et al., 2021). To minimize the loss of these com
pounds during processing and storage, it is essential to limit microbial 
activity, exposure to oxygen, and the action of endogenous enzymes 
such as polyphenol oxidase (Spagna et al., 2005). These enzymes can be 
inactivated by thermal, irradiation, or pressure-based methods (Li et al., 
2023; Zawawi et al., 2022).

With the growing popularity of the Mediterranean diet, there is 

increasing demand for novel processing technologies that preserve or 
enhance nutrient and bioactive compound content in fruits and vege
tables (Ates et al., 2025; Guasch-Ferré & Willett, 2021). Non-thermal 
processing methods, in particular, have gained attention because they 
minimize degradation of heat-sensitive compounds by maintaining low 
treatment temperatures and using short processing times 
(Barbosa-Cánovas et al., 2022; Jiménez-Sánchez et al., 2017a, 2017b). 
Treatments such as ultraviolet (UV) irradiation or gamma radiation 
induce biocidal effects primarily through chemical disruption of mi
crobial membranes via the generation of transient free radicals, while 
high-pressure homogenization and ultrasound (US) achieve similar ef
fects through physical mechanisms such as pressure fluctuations and 
cavitation (Cheng et al., 2020; Cui et al., 2022; Giulitti et al., 2011; 
Mason et al., 1994; Petrier et al., 1992). In the case of US, cavitation 
leads to the formation of reactive oxygen and nitrogen species (ROS and 
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(N. Maltar-Strmečki). 
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RNS), which can also interact with plant cell walls and membranes, 
enhancing the release and bioavailability of bioactive compounds 
(Anbar et al., 1966; Colle et al., 2013; Li et al., 2016; Lopez-Sanchez 
et al., 2011; Mehta et al., 2019; Yanagida et al., 1999). Recent research 
highlights that processing conditions, including ultrasound power and 
treatment cycles, significantly affect the retention of bioactive com
pounds, antioxidant activity, and microbial characteristics in beverage 
matrices (Noorisefat et al., 2025).

Electron paramagnetic resonance (EPR) spectroscopy is a powerful 
tool for detecting species with unpaired electrons, as its measurements 
are unaffected by sample turbidity or optical absorption. Reagents such 
as CMH rapidly and efficiently trap oxidative radicals, forming stable 
CM• products that can be directly quantified by EPR (Dikalov et al., 
2011; Gotham et al., 2020). This approach enables assessment of total 
CMH-reducible oxidants, including both primary radicals and secondary 
intermediates such as RNOS generated from H₂O₂, providing a net 
insight into oxidative activity in complex food matrices (Bagryanskaya 
et al., 2015; Gotham et al., 2020; Khan et al., 2003). ROS are generally 
short-lived species, with the exception of hydrogen peroxide and organic 
peroxides, which have half-lives of 1–1000 ns even in the absence of 
antioxidants (Rubio & Cerón, 2021; Sies et al., 2017). The combination 
of UV-A and US treatments can result in complex interactions, where 
UV-A alters the kinetic steady state of free radicals generated during 
sonication, potentially producing synergistic or antagonistic effects on 
oxidative activity (Akti & Yildiz, 2025; Ashokkumar, 2011; Buxton 
et al., 1988; Trinh et al., 2025; Yikmis et al., 2025).

In the present study, we investigated the effects of UV-A and US 
treatments, individually and in combination (UV-A/US), on the residual 
concentration of free radicals in tomato juice and their impact on 
physicochemical and microbial properties. To our knowledge, the re
sidual radicals produced under these treatment conditions across three 
treatment cycles were analyzed for the first time using CMH spin- 
trapping and EPR spectroscopy. We further evaluated the influence of 
treatment parameters, including UV-A power, US amplitude, and num
ber of cycles, on radical concentration. An essential aspect of intro
ducing novel processing technologies, particularly in combination, is 
understanding their potential synergistic or antagonistic effects. 
Accordingly, we also report results for total soluble solids, pH, titratable 
acidity, phenol and carotenoid content, DPPH antioxidant activity, and 
microbiological characteristics.

2. Materials and methods

2.1. Tomato juice preparation

Ripe plum tomatoes (Solanum lycopersicum L., cultivar “Roma”) were 
purchased from the Croatian organic farm “Vrtni centar Baković”, Holus 
d.o.o., Sveti Filip i Jakov, Croatia (latitude: 43.97277, longitude: 
15.41523, 2022). The tomatoes were washed with cold water immedi
ately before processing. The peel was removed using the hot-break 
method (95 ◦C, 30 s, followed by an ice bath). The peeled tomatoes 
were cut into pieces, and the seeds were separated using a sieve. The 
remaining pulp was homogenized, filtered and tomato juice samples 
were prepared by mixing 70 % supernatant and 26 % of the filtration 
residue to total volume of 150 mL. The tomato juice samples were stored 
in plastic cups at − 20 ◦C until further analysis.

2.2. Ultrasonic and ultraviolet treatment

All samples were cooled to 7 ◦C and pre-treated with a mechanical 
homogenizer (Omni GLH 850 General Laboratory Homogenizer, Omni 
International, Inc, Kennesaw GA, USA) for 3 min at 10 000 rpm. The 
homogenized sample (150 mL) was transferred into a 250 mL, quartz 
round flask equipped with a stirring magnet.

The samples were then treated with UV-light (365 nm) and/or ul
trasonic waves using a 27.8 kHz ultrasound generator (Fig. 1) with a 14 
mm diameter probe. Technical details are provided in Table S1a and 
S1b, SI. Simultaneously, the ultrasonic probe was immersed 5 cm into 
the sample. One treatment cycle consisted of 5 min of UV-light irradi
ation, with 1 min of ultrasonic processing during the 3rd minute of 
irradiation. The samples were subjected to one, two or three treatment 
cycles, with three repetitions and constant mechanical stirring at 150 
rpm. During the ultrasonic treatment, the probe immersed in the reac
tion mixture continuously monitored the bulk temperature, which did 
not exceed 40 ◦C. All laboratory equipment used for sample handling 
was sterilised by autoclaving with steam, except for the ultrasonic probe 
and the mechanical homogeniser, which were sterilised with 96 % 
ethanol. The centrifuge tubes used for sample collection after treatment 
were purchased pre-sterilised and used as is (LLG Labware centrifuge 
tubes 15 mL, Lab Logistics group GmbH, Meckenheim, Germany). After 
treatment, the sample was divided into 10 mL aliquots, which were used 

Fig. 1. UWave 2000 multipurpose microwave chemistry workstation (Shanghai SineoMicrowave Chemistry Technology Co., Ltd., Jinan, Shan-dong Province, China) 
a) Front view and b) Interior view, showing the following accessories attached: A - UV lamp 365 nm, B - ultrasonic probe holder, C - workstation control panel, D - 
ultrasonic generator, E - UV-A output, F - ultrasonic probe, G - temperature sensor, H - magnetic stirrer.
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for further characterisation analyses. The aliquots were stored at 4 ◦C in 
sterile centrifuge tubes until further analysis.

2.3. Electron paramagnetic resonance (EPR) spin-trapping spectroscopy

The spin trapping was accomplished by 1‑hydroxy-3-methox
ycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) purchased from 
Noxygen Science Transfer & Diagnostics GmbH, Elzach, Germany. CMH 
is used as a spin probe in EPR experiments to detect reactive oxygen 
species, primarily superoxide radicals, by forming a stable nitroxide 
radical (CM•) measurable by EPR spectroscopy. Chemical structure and 
description of CMH spin probe is given in SI, Figure S1. Stock solution of 
the spin probe (CMH, concentration 1.0 mol/L) was prepared using a 
citrate buffer (0.100 mol/L, pH = 4.4), deferoxamine mesylate (DFAM, 5 
µmol/L) and sodium diethyldithiocarbamate trihydrate (DETC, 25 
µmol/L) continuously de-oxygenated by nitrogen gas to maintain min
imal background oxidation of the spin traps.

Citric acid buffer was prepared from citric acid monohydrate and 
anhydrous sodium carbonate purchased from Kemika d.d., Zagreb, 
Croatia, using Milli-Q® water. DFAM and DETC were purchased from 
Noxygen Science Transfer & Diagnostics GmbH, Elzach, Germany. CMH 
stock solution (1.0 mol/L) was immediately divided into centrifuge 
tubes (10 μL aliquots), purged with nitrogen and kept in the dark at − 20 
◦C until use. Immediately after each treatment, a 150 μL aliquot of 
sample was added to the prepared stock solution of CMH (total volume 
160 μL). After incubation in the dark for 30 min, a 50 μL was immedi
ately transferred into the BLAUBRAND® disposable intraMark micro
pipettes (Brand GmbH, Wertheim am Main, Germany). EPR spectra were 
recorded at 150 K using benchtop Bruker Magnettech ESR5000 spec
trometer (Bruker BioSpin, Rheinstetten, Germany) operating at X-band 
frequency (approx. 9.5 GHz) and using a flow of cold nitrogen gas for 
temperature control. EPR conditions were as follows: microwave power, 
5 mW, magnetic field modulation amplitude 0.3 mT, modulation fre
quency 100 kHz, sweep width 20 mT.

The control spectra (160 μL), consisting of only Milli-Q® water (150 
μL) and the CMH (10 μL), showed no EPR signal. Spectra analysis were 
done using ESR Studio v. 1.80.0 (Bruker BioSpin, Rheinstetten, Ger
many). The peak-to peak amplitude (App) of the central EPR spectral line 
after baseline correction via background subtraction was evaluated for 
determination of residual radical concentration. The concentration of 
free radicals generated during processing were calculated using a CP free 
radical presented in Figure S1, SI (Noxygen Science Transfer & Di
agnostics GmbH, Elzach, Germany). The CP free radical is used to create 
a calibration curve, by which the intensity of the EPR signal (peak-to- 
peak amplitude) is converted into the absolute spin concentration 
(Figure S2, SI). The calibration curve (1.25–100 μmol/L) of CP free 
radical Figure S3, SI was prepared by dissolving CP in the citrate buffer 
(0.100 mol/L, pH=4). The free radical concentrations in tomato juice 
samples are expressed as CP equivalents (CPE μmol/L)

2.4. Physicochemical characterization

2.4.1. pH, titratable acidity and total soluble solids
pH and titratable acidity (TA) were determined using Orion STAR 

211 pH-meter (Thermo Fisher Scientific Inc., Waltham, Massachusetts, 
SAD) using the ROSS-electrode and Orion™ pH Buffer solutions (pH 
values 4.01, 7.00 and 10.01) were used for instrument calibration. For 
TA determination, 1.00 ml of the tomato juice sample was added to 
10.00 mL of Milli-Q® water and sodium hydroxide solution Titripur® 
(Sigma-Aldrich, Schnelldorf, Germany) was used for titration (10.0 
mmol/L). TA is expressed as percentage (%) of citric acid equivalent.

Total soluble solids (TSS) were determined by an automated 
refractometer and expressed in Brix degrees (◦Brix) using a digital 
refractometer (MA885 Digital Refractometer, Milwaukee Instruments, 
Rocky Mount, North Carolina, SAD Milli-Q® water was used for 
refractometer calibration.

2.4.2. The Folin-Ciocalteu (FC) method for determination of total 
polyphenol content (TPC)

Total polyphenol content (TPC) of the treated tomato samples was 
determined according to the modified method described by Kupina et.al. 
(Kupina et al., 2018). An aliquot of 50.0 μL of the tomato sample was 
added to 2.97 ml of Milli-Q® water, followed by 250.0 μL of the 
Folin-Ciocalteu (FC) reagent (Sigma-Aldrich, Schnelldorf, Germany). 
The solution was vortex stirred for one minute, and after 15 min, 500 μL 
of aqueous sodium carbonate solution (20 % w/w) was added and the 
solution was incubated at 60 ◦C in the dark for 1 hour after which 
absorbance was measured at 765 nm using spectrophotometer Giorgio 
Bormac s.r.l., Carpi, Italy. The concentration of total polyphenol com
pounds in tomato juice samples was calculated using gallic acid (Thermo 
Scientific™ Chemicals, Waltham, Massachusetts, SAD) calibration curve 
(0–500 mg/L), and results are expressed as gallic acid equivalents (GAE 
mg/L).

2.4.3. Carotenoids
The carotenoids, lycopene and beta-carotene, were extracted ac

cording to a modified method described by Nagata et al. (Nagata & 
Yamashita, 1992). After the treatments, samples were divided in ali
quots (0.10 mL) which were placed in the plastic tubes and filled up with 
1 mL of 4:6 v/v acetone:n-hexane solution. Acetone was purchased from 
Kemika d.d., Zagreb, Croatia while n-hexane was purchased from VWR 
Chemicals, Radnor, Pennsylvania, SAD. Prepared suspension was vor
texed for 15 min at 3000 rpm and centrifugated. Supernatant was 
divided from precipitate and extraction was repeated one more time. 
After extraction, obtained supernatants were mixed and stored in sealed 
tubes at 4 ◦C until analysis, which was performed within 2 h of extrac
tion. The instrument was calibrated before the measurement with a 
suitable cuvette filled with an acetone/hexane mixture (4:6 v/v). The 
absorbances were measured using spectrophotometer Giorgio Bormac s. 
r.l., Carpi, Italy at 453, 505, 645 and 663 nm and concentration of 
lycopene and beta-carotene were calculated according to equations 
(Nagata & Yamashita, 1992): 

clyc= − 0.0458 A663+ 0.204 A645+ 0.372 A505− 0.0806 A453            (1)

cbetac= 0.216 A663− 1.22 A645− 0.304 A505+ 0.452 A453                 (2)

where A663, A645, A505, and A453 correspond to absorbance at 663, 645, 
505, and 453 nm, respectively. The lycopene and beta-carotene con
centrations are expressed in μg/mL.

2.4.4. Total antioxidant activity
The antioxidant activity was determined using the DPPH assay 

(Brand-Williams et al., 1995). A stock solution was prepared with 19.71 
mg DPPH (Sigma-Aldrich, Schnelldorf, Germany) and 500.00 mL of 96 
% ethanol (Gram-Mol, Zagreb, Croatia) in a volumetric flask, resulting in 
a 0.100 mmol/L solution. The prepared solution was wrapped in 
aluminium foil, aerated for 15 min under a steady stream of nitrogen gas 
and stored overnight in a refrigerator at 4 ◦C. In triplicate, 20.0 μL of the 
sample was added to 5.00 mL of DPPH stock solution. The solution was 
stirred well and covered with aluminium foil for 1 hour at 21 ◦C.

The EPR spectra were collected using Bruker Magnettech ESR5000 
spectrometer (Bruker BioSpin, Rheinstetten, Germany) at X-band fre
quency and at room temperature. The following instrument parameters 
were used: microwave power, 4 mW, magnetic field modulation 
amplitude 0.2 mT, modulation frequency 100 kHz and sweep width 12 
mT. Each spectrum presents an average of five accumulations. The 
DPPH solutions were analysed using calibrated micropipettes (Brand 
GmbH, Wertheim am Main, Germany) of a fixed diameter and filled to 
the 50 μL mark. The micropipettes were sealed with critoseal. In EPR 
spectroscopy, the concentration of detected unpaired electrons (in this 
case, concentration of the unreacted DPPH free radicals) corresponds to 
the decrease in EPR signal (EPR-DPPH) amplitude. Therefore, the anti
oxidant activity of the tomato samples is expressed as a percentage, 
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which is calculated using the following formula: 

% reduction of DPPH⋅ =
Ab − As

Ab
× 100 (3) 

where the Ab is the amplitude of the blank sample and As is the ampli
tude of the tomato juice samples.

The concentration of antioxidants presented in tomato juice samples 
was calculated using calibration curve of L (+) ascorbic acid (0–100 
mM/L) obtained from Gram Mol, Zagreb, Croatia. The results are 
expressed as ascorbic acid equivalents (AAE mM/L).

2.5. Microbiological characterization

The total count of yeasts and molds was determined according to the 
ISO 21,527–1:2008 method, while the total count of mesophilic bacteria 
was determined according to the ISO 4833–2:2013 method. The raw 
material was used for initial inoculation and for ten serials 1:10 dilutions 
in buffer peptone water (Merck, Darmstadt, Germany). From each 
dilution in duplicate, 0.1 mL aliquots were uniformly spread on a 
nutrient medium surface by L-stick, Dichloran Rose Bengal Chloram
phenicol Agar (DRBC) (Difco, Chicago, IL, USA) for molds and yeasts or 
Plate Count Agar (PCA) (Merck, Darmstadt, Germany) for mesophilic 
bacteria. The inoculated DRBC agar plates were incubated for five days 
at 25 ◦C (± 1 ◦C), while the PCA agar plates were incubated for 72 h at 
30 ◦C (± 1 ◦C) under aerobic conditions. After incubation, the grown 
colonies of molds, yeasts and bacteria were counted and CFU/ml were 
determined.

2.6. Statistical analysis

All analyses were performed with three replicates unless otherwise 
stated, and results are presented as mean ± SD. A one-way analysis of 
variance (ANOVA) was performed to determine possible differences in 
the results with p ≤ 0.05. The means of the treatments were separated 
using an unequal Tukey test for honestly significant differences (HSD) 
with p ≤ 0.05. A Pearson correlation test was performed between all 
measured values. Statistical analyses were performed using Systat 
v.13.2.01 (Grafiti LLC, Palo Alto, US).

3. Results and discussion

3.1. Spin-trapping of residual radicals by EPR spectroscopy

EPR spin trapping of residual free radicals with CMH was success
fully used to quantify the species of free radicals generated by both 
stand-alone and combined UV-A and US treatment in three treatment 
cycles. The so-called blank spectra (P(UV)=0 mW, A(US)=0 %), which 
consist only of untreated tomato samples and the CMH, showed no EPR 
signal (Fig. 2). As shown in Fig. 2, clear differences in the intensity of the 
EPR-CM signals were observed between the control sample, US-treated 
sample, and UV-A/US-treated sample, with signal intensity being pro
portional to the concentration of generated free radicals. Furthermore, 
the figure suggests an antagonistic interaction between US and UV-A 
treatments, as a higher EPR-CMH signal intensity was observed in 
samples treated with US alone compared to those subjected to the 
combined UV-A/US treatment, indicating that the addition of UV-A may 
influence or partially suppress radical formation induced by ultrasound.

The results shown in Fig. 3. confirm previous findings that both UV-A 
and US treatment alone generate free radicals, mainly in the form of 
reactive oxygen species (ROS) (Bhat, 2016; Carp et al., 2004; Char et al., 
2010; Mehta et al., 2019; Nimse & Pal, 2015). The results of the 
spin-trapping experiments in our study show that the concentration of 
trapped radicals was significantly higher when only ultrasonic treatment 
was applied. Pearson’s correlation analysis revealed a moderate nega
tive correlation between UV-A treatment and CP concentration (r =

− 0.5715), indicating that increasing UV-A exposure was associated with 
a decrease in CP concentration. In contrast, ultrasound treatment 
showed a moderate positive correlation with CP concentration (r =
0.5282), suggesting a potential enhancing effect of ultrasound on CP 
concentration (Figure S4, SI). In addition, the concentration of trapped 
radicals increased slightly but statistically significantly (p = 0.005) with 
the number of treatment cycles in all stand-alone treatments. Mecha
nistically, acoustic cavitation generates primary radicals inside 
collapsing microbubbles, creating localized extreme conditions (high 
temperature and pressure) that thermally decompose water into •OH 
and •H radicals: 

H2O → H⋅ + OH                                                                                 

OH⋅ + OH⋅ → H2O2                                                                            

During the ultrasonic treatment, the probe immersed in the reaction 
mixture continuously monitored the bulk temperature, which did not 
exceed 40 ◦C. It should be noted, however, that ultrasonic cavitation 
generates transient localized hotspots with temperatures and pressures 
much higher than the measured bulk values. These microenvironments 
are responsible for the observed enhancements in reaction rate, while 
the bulk temperature reflects the overall macroscopic conditions.

In the presence of UV-A, these radicals undergo accelerated recom
bination, including •OH dimerization to H₂O₂, and are further quenched 
by photoexcited chromophores acting as radical traps (Koutchma, 2009; 
Martí et al., 2016; Vione et al., 2006; Wu et al., 2025). US-induced tissue 
disruption enhances this effect by releasing bound antioxidants, 
increasing their immediate availability for radical scavenging under 
UV-A exposure (Prempeh et al., 2025; Wu et al., 2025).

The results of the combined UV-A/US treatments show a significant 
reduction in the detected concentration of residual radicals. Moreover, 
the concentration remained essentially the same after the second and 
third cycles, suggesting that the combination of these two treatments 
can be used to suppress the formation of free radicals. One possible 
explanation is that the same process that causes the formation of free 
radicals under UV irradiation also enables faster recombination and 
neutralisation. This indicates that the formation of free radicals in the 
individual treatments, especially in the US treatment, which generates 

Fig. 2. The difference in EPR-CM signal intensity between US treated sample 
(red line), UV-A/US treated sample (blue line) and control sample (black line).
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the highest concentration of free radicals, can be suppressed by the 
simultaneous application of a UV treatment. Under combined UV-A 
exposure, photochemical processes reduce the net accumulation of 
short-lived radicals by accelerating radical recombination and decay 
pathways, lowering the steady-state concentration of •OH despite 
continued ultrasonic generation (Koutchma, 2009; Vione et al., 2006). 
In addition, tomato juice contains a dense pool of endogenous chro
mophores, such as polyphenols, carotenoids, and ascorbic acid, that can 
be photoexcited by UV-A to reactive singlet or triplet states (Martí et al., 
2016; Moreno et al., 2023). These photoexcited antioxidants act as 
radical sinks, reacting rapidly with US-generated radicals and effectively 
neutralizing oxidative intermediates before they propagate chain re
actions (Moreno et al., 2023; Vione et al., 2006). US-induced tissue 
disruption further amplifies this effect by releasing bound phenolics and 
carotenoids from cellular structures, increasing their immediate avail
ability for radical scavenging during UV-A exposure (Prempeh et al., 
2025; Wu et al., 2025).

Although UV-A can photolyze H₂O₂ to regenerate •OH in simple 
aqueous systems (Vione et al., 2006), in a complex antioxidant-rich 
matrix such as tomato juice this effect is likely outweighed by rapid 
quenching via the endogenous antioxidant network, including redox 
cycling of ascorbate, glutathione, and phenolic compounds (Buxton 
et al., 1988; Niu & Liao, 2016; Prempeh et al., 2025; Vione et al., 2006; 
Wu et al., 2025). This creates a recombination-dominant regime in 
which radical decay exceeds US-induced radical generation, providing a 
kinetic explanation for the observed antagonistic effect (Akti & Yildiz, 
2025; Vione et al., 2006). Furthermore, UV-A exposure may promote a 
shift in radical speciation from highly reactive ROS toward more rapidly 
quenched reactive nitrogen–oxygen species (RNOS), potentially 
explaining the reduced net radical signal under combined treatment 
(Gotham et al., 2020; Niu & Liao, 2016).

Furthermore, this combination can be implemented instead of the 
use of additives containing free radical scavengers such as garlic 
(Goodman et al., 2002) and other species when samples are treated with 
US to preserve the quality of the samples.

Hydrogen peroxide formed via radical recombination is relatively 
stable and contributes less strongly to EPR signals than •OH (Buxton 

et al., 1988). In acidic tomato juice, H₂O₂ can participate in secondary 
reactions with nitric oxide–derived species, forming RNOS such as 
peroxynitrite (ONOO‒), which are rapidly consumed by phenolic com
pounds through nitration, effectively channeling reactive intermediates 
into stable, non-radical products (Buxton et al., 1988; Niu & Liao, 2016). 
The balance between H₂O₂ photolysis and rapid antioxidant quenching 
helps explain why regenerated •OH remains limited in tomato juice 
despite UV-A exposure (Buxton et al., 1988; Vione et al., 2006). This 
shift from ROS-dominated chemistry toward quenched RNOS pathways 
provides a mechanistic basis for the reduced radical signal observed 
under combined UV-A/US treatment (Akti & Yildiz, 2025; Vione et al., 
2006). These mechanistic pathways are proposed explanations rather 
than experimentally confirmed processes.

Future studies employing EPR spin trapping with selective probes (e. 
g., DMPO for •OH and CPH for superoxide/peroxynitrite) are warranted 
to experimentally verify changes in radical speciation and to test the 
hypothesis that UV-A promotes a ROS → RNOS shift (Gotham, 2020).

3.2. Physicochemical characterization

3.2.1. pH, titratable acidity and total soluble solids
The type and duration of treatment had no significant effect on the 

pH value of the tomato samples (4.48 ± 0.08). The total soluble solids 
content (4.1 ± 0.4) ◦Brix and titratable acidity (0.24 ± 0.04) % of citric 
acid equivalents show similar trends when the mean values are grouped 
according to the type of treatment, i.e. UV-A irradiation only, ultrasound 
treatment only and combined UV-A and US treatment (Table 1 and 
Table 2). Pearson’s correlation analysis revealed a weak positive cor
relation between UV-A treatment and TSS (r = 0.287) as well as TA (r =
0.2384). In the case of ultrasound treatment, a moderate positive cor
relation was observed with TSS (r = 0.6208), while a weak positive 
correlation was found with TA (r = 0.1561) (Figure S4, SI). The number 
of cycles, i.e. the duration and repetition of the cycles, did not deci
sively/weightily change the TSS and TA values within the same treat
ment type. The TSS content increased with combined UV-A and US 
treatment from 3.3 ◦Brix to a maximum of 4.6 ◦Brix, with the most 
significant increase observed with a UV-A treatment of 50 mW in 

Fig. 3. Concentration of free radicals in tomato juice samples expressed as gallic acid equivalents (mg/L GAE). Different uppercase letters (A, B, C) above bars 
indicate statistically significant differences between cycles, while different lowercase letters (a, b, c) indicate statistically significant differences between treatments 
(p ≤ 0.05, Tukey post-hoc test).
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combination with any applied US amplitude.
The TSS observed after US and combined UV-US treatments can be 

explained by the mechanical and cavitation effects of ultrasound. 
Acoustic cavitation generates microbubbles that collapse violently, 
producing localized high temperatures and pressures, which disrupt 
plant cell walls and membranes. This physical disruption facilitates the 
release of intracellular compounds, including sugars and other soluble 
solids, into the juice matrix (Anaya-Esparza et al., 2023; Mehta et al., 
2022). UV-A irradiation alone does not significantly break down cell 
walls but can induce mild photochemical effects that slightly modify 
cellular structures. When combined with US, UV-A may influence the 
kinetic behavior of radicals generated during sonication, potentially 
enhancing extraction without causing additional degradation 
(Khadhraoui et al., 2021). The minimal change in TSS over successive 
treatment cycles suggests that the majority of soluble solids are released 
during the initial treatment, with diminishing returns for repeated 
cycles.

Titratable acidity has the lowest values in separate UV and US 
treatments compared to the combined treatments. Another observation 
is that the standard deviation of titratable acidity is significantly larger 
for no US treatment and low power UV treatment than for the samples 
subjected to higher intensity treatments such as US or combined UV-A 
and US treatment. This indicates a greater heterogeneity of the sam
ples after low intensity treatments. This effect indicates further degra
dation of the tomato matrix by high intensity treatments and increased 
homogeneity of the sample (Anese et al., 2013).

Titratable acidity (TA) is largely determined by the content of 
organic acids such as citric acid in tomato juice. The slight increase in TA 
following US and combined UV-A/US treatments can similarly be 
attributed to cell wall and membrane disruption, which facilitates the 
release of intracellular acids into the juice. UV-A alone had minimal 
impact on TA, indicating that photochemical effects are insufficient to 
release significant amounts of organic acids. The overall stability of TA 
across treatments and cycles suggests that these non-thermal processing 
methods preserve acid composition while slightly enhancing release, in 
contrast to thermal treatments that can cause acid degradation.

3.2.2. Determination of total polyphenol content (TPC)
Similar tendencies as for TSS and TA can also be observed for the 

determined values of TPC (Table 3). Statistical analysis showed no sig
nificant (p = 0.554) differences between cycles when ultrasound was 
applied alone. However, the p-value (p = 0.000) indicated a statistically 
significant effect of the applied US amplitude and correlation analysis 
revealed a moderately negative relationship between the US amplitude 
and the TPC value (r = − 0.6700) (Figure S4, SI). This indicates that 
higher US amplitudes are moderately associated with lower TPC values. 
According to the results presented in Table 3, an increase in TPC with the 
number of cycles was observed at 60 % amplitude, whereas the opposite 
effect was observed at 90 % amplitude. Nevertheless, the TPC in US- 
treated samples was lower than in the control sample, but higher than 
in the UV–A/US treated samples.

Statistically significant increase (p = 0.0235) in TPC concentration 
was obtained in samples treated with UV-A. Higher concentrations of 
TPC were achieved at lower power (50 mW) with highest concentration 
of 224.71 mg/L of GAE. An increase in the number of cycles led to a 
decrease in TPC during UV-A treatments. However, all UV-A treated 
samples exhibited higher polyphenol concentration than the control 
sample.

The combined UV-A/US treatment resulted in a statistically signifi
cant decrease in TPC (p = 0.0005) with the highest decrease observed 
under the treatment of 90% US amplitude combined with 100 mW UV-A 
applied, suggesting a synergistic degradative effect. The decrease in TPC 
values is more difficult to interpret as it is probably due to a combination 
of thermal instability of the polyphenols and their reactions with ROS.

The results indicate that all treatments involving ultrasound (alone 

Table 1 
Total soluble solids in tomato juice samples. Results (◦Brix) are expressed as 
mean of three replicates ± SD.

P(UV-A)/ 
mW A(US)/ 

%

Total Soluble Solids (◦Brix)

No. of treatment cycles

1 2 3

0 0 3.33 ± 0.06
0 60 4.00 ± 0.00 cB 3.97 ± 0.06 cAB 3.90 ± 0.00 cA

0 90 3.93 ± 0.6a cA 3.97 ± 0.06 cA 3.97 ± 0.06 cdA

50 0 3.33 ± 0.06 aA 3.60 ± 0.00 bB 4.63 ± 0.06 fC

50 60 4.63 ± 0.06 dB 4.33 ± 0.12 dA 4.60 ± 0.00 fB

50 90 4.53 ± 0.12 dA 4.57 ± 0.06 eA 4.57 ± 0.06 efA

100 0 3.67 ± 0.06 bA 3.60 ± 0.00 bA 3.60 ± 0.00 bA

100 60 4.53 ± 0.06 dA 4.50 ± 0.00 eA 4.43 ± 0.12 eA

100 90 4.03 ± 0.03 cA 4.10 ± 0.00 cA 4.07 ± 0.06 dA

*Within each row, different uppercase letters (A, B, C) indicate statistically 
significant differences between cycles and within each column, different 
lowercase letters (a, b, c) indicate statistically significant differences between 
treatments (p ≤ 0.05, Tukey post-hoc test).

Table 2 
Titratable acidity expressed as percentage (%) of citric acid equivalents. Mea
surements present as mean of three replicates ± SD.

P(UV-A)/ 
mW A(US)/ 

%

TA% (citric acid equivalents)

No. of treatment cycles

1 2 3

0 0 0.27 ± 0.08
0 60 0.18 ± 0.01 aA 0.22 ± 0.01 aB 0.21 ± 0.01 abcAB

0 90 0.22 ± 0.01a abB 0.20 ± 0.01 aA 0.20 ± 0.01 abcAB

50 0 0.20 ± 0.04 abA 0.25 ± 0.06 aA 0.28 ± 0.03 abA

50 60 0.26 ± 0.01 abdA 0.26 ± 0.01 aA 0.26 ± 0.01 bcA

50 90 0.27 ± 0.01 abA 0.27 ± 0.01 aA 0.29 ± 0.01 abcA

100 0 0.20 ± 0.01 abA 0.20 ± 0.01 aA 0.19 ± 0.00 aA

100 60 0.28 ± 0.01 bA 0.28 ± 0.00 aA 0.28 ± 0.01 bcA

100 90 0.27 ± 0.01 abA 0.26 ± 0.01 aA 0.26 ± 0.01 abcA

*Within each row, different uppercase letters (A, B, C) indicate statistically 
significant differences between cycles and within each column, different 
lowercase letters (a, b, c) indicate statistically significant differences between 
treatments (p ≤ 0.05, Tukey post-hoc test).

Table 3 
Concentration of total polyphenol compounds in tomato juice samples expressed 
as mg/L of gallic acid equivalents. Results are expressed as mean of three rep
licates ± SD.

P(UV- 
A)/ 
mW

A 
(US)/ 

%

Total phenolic content (mg/L GAE)

No. of treatment cycles

1 2 3

0 0 147.89 ± 28.07
0 60 127.63 ± 21.90 

aA
133.04 ± 3.97 baA 134.09 ± 5.91 aA

0 90 142.01 ± 18.02 
abA

140.96 ± 16.68 
baA

128.67 ± 8.97 aA

50 0 191.54 ± 13.09 
bA

150.16 ± 11.67 
bAB

224.71 ± 33.43 
bB

50 60 135.75 ± 8.13 aB 91.16 ± 22.94 aA 124.92 ± 3.15 
aAB

50 90 127.00 ± 3.75 aA 120.33 ± 5.32 baA 124.50 ± 4.38 aA

100 0 160.31 ± 34.63 
abA

159.27 ± 41.59 
bA

139.52 ± 12.08 
aA

100 60 115.96 ± 10.78 
aA

119.08 ± 14.07 
baA

119.08 ± 13.73 
aA

100 90 113.25 ± 3.80 aA 104.91 ± 3.97 
baAB

120.33 ± 2.89 
aAB

*Within each row, different uppercase letters (A, B, C) indicate statistically signifi
cant differences between cycles and within each column, different lowercase letters (a, 
b, c) indicate statistically significant differences between treatments (p ≤ 0.05, Tukey 
post-hoc test).
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or in combination with UV-A) lead to a significant decrease in poly
phenolic content, highlighting the need to optimize treatment parame
ters, particularly by reducing ultrasound amplitude. This effect can be 
attributed to the increased cavitation intensity, which, while promoting 
the release of compounds, may cause degradation of phenolic com
pounds at high amplitudes. In contrast, UV-A treatments result in an 
increase in phenolic content, particularly at lower power (50 mW), 
indicating enhanced release of phenolic compounds from tomatoes. 
These findings are consistent with previous reports, including (Dyshlyuk 
et al., 2020) and (Alabdali et al., 2020) which showed increases in total 
phenolic content in tomatoes ranging from 13 to 55 % depending on the 
UV-A wavelength. Phenolic compounds play a crucial role in photo
protection by absorbing UV-A radiation and by acting as antioxidants 
that reduce oxidative stress. The increase in total polyphenol content 
during UV-A treatment can be explained by the inactivation of poly
phenol oxidase (Bi et al., 2015; Müller et al., 2014). Also, UV exposure 
stimulates metabolic pathways involved in their biosynthesis, leading to 
increased accumulation and changes in the polyphenolic profile of to
matoes. However, an increase in the number of UV-A cycles may lead to 
partial degradation of phenolics or a reduction in the release effect, 
emphasizing the importance of a balanced treatment design to enhance 
bioactive compound content without inducing their degradation 
(Mariz-Ponte et al., 2019).

Overall, the results demonstrate that treatment intensity plays a key 
role in balancing radical suppression and bioactive compound retention. 
Ultrasound treatment, particularly at higher amplitudes, generally 
reduced total phenolic content, indicating that strong cavitation pro
motes degradation rather than preservation of phenolics. In contrast, 
UV-A treatment increased polyphenol concentration, especially at lower 
irradiation power (50 mW), while excessive exposure diminished this 
beneficial effect. The combined UV-A/US treatment resulted in the 
greatest TPC reduction, suggesting a synergistic degradative action. 
Therefore, moderate UV-A treatment (50 mW) without high-amplitude 
ultrasound, or combinations employing reduced ultrasound intensity 
and limited cycles, appear to provide the most favourable compromise 
between oxidative stabilization and preservation of bioactive 
compounds.

3.3. Carotenoids: lycopene and beta-carotene

The total carotenoid content, expressed as the content of lycopene 
and beta-carotene as the predominant carotenoids, is shown in Table 4 
and Table 5. The effect of US on lycopene isolation was manifested as a 
decrease in lycopene concentration compared to the control sample. 
Pearson’s correlation analysis showed no meaningful correlation be
tween UV-A treatment and lycopene content (r = 0.0035), while ultra
sound treatment exhibited a weak positive correlation with lycopene 
content (r = 0.1661) (Figure S4, SI). A comparison of treatments per
formed at amplitudes of 60 % and 90 % showed a statistically significant 
decrease in concentration with increasing amplitude and number of 
cycles (p = 0.0000), indicating that higher amplitudes and a greater 
number of cycles lead to higher reduction in lycopene concentration. In 
contrast, an increase in lycopene concentration was observed in samples 
treated with UV radiation without US at a power of 100 mW, as well as a 
further increase with an increasing number of cycles at the same power 
(p = 0.0319). The highest concentration of lycopene, 1.287 μg/mL was 
obtained in the third cycle under the power of 100 mW. The lowest 
lycopene concentrations were obtained at a UV power of 50 mW, where 
a decrease was observed compared to the treatment at 100 mW. How
ever, in same tretament conditions, an increasing trend with respect to 
the number of cycles was present. In combined UV and US treatments at 
lower power and amplitude (50 mW and 60 % of amplitude), a decrease 
in lycopene concentration was observed, whereas an increase was 
associated with a higher number of cycles. In contrast, for treatments 
performed at 100 mW and amplitudes of 60 % and 90 %, lycopene 
concentration increased with the number of cycles, while decreasing 

with increasing amplitude. The increase in lycopene concentration 
observed under prolonged UV-A treatments at an intensity of 100 mW is 
consistent with the findings of Dyshlyuk et al. (2020), who reported a 
24–56 % increase in lycopene concentration under prolonged exposure 
conditions. The increase in lycopene concentration under prolonged 
UV-A irradiation may be related to a stress-induced upregulation of 
carotenoid biosynthesis, as UV treatments have been reported to alter 
carotenoid profiles in exposed tissues (Badmus, Ac et al., 2022). How
ever, US appears to affect lycopene content mainly through mechanical 
and indirect oxidative effects on tissue structure, which can lead to 
compound degradation at higher amplitudes and longer exposure 
(Fallah et al., 2025). When combined, the balance between UV-induced 
biosynthetic stimulation and ultrasound-induced structural disruption 
likely determines the net change in lycopene concentrations, with 
UV-dominated conditions favoring accumulation and 
ultrasound-dominant conditions favoring reduction.

The concentration of beta-carotene in all samples did not depend on 
the number of treatment cycles. Pearson’s correlation analysis revealed 
a weak positive correlation between UV-A treatment and beta-carotene 
content (r = 0.1215), whereas ultrasound treatment exhibited a 

Table 4 
Lycopene concentration (μg/mL) in tomato juice samples. Results are expressed 
as mean of three replicates ± SD.

P(UV- 
A)/ 
mW

A 
(US)/ 

%

Lycopene (μg/mL)

No. of treatment cycles

1 2 3

0 0 0.096 ± 0.001
0 60 0.730 ± 0.000 

bcA
0.848 ± 0.004 

abB
0.822 ± 0.005 

abA

0 90 0.997 ± 0.000 cA 0.899 ± 0.001 
abA

0.859 ± 0.008 bA

50 0 0.638 ± 0.008 
baA

0.731 ± 0.008 aA 0.794 ± 0.005 
abA

50 60 0.872 ± 0.002 
bcA

0.885 ± 0.002 
abA

1.272 ± 0.002 cB

50 90 0.865 ± 0.007 
bcA

0.913 ± 0.002 
abA

0.458 ± 0.014 aA

100 0 0.995 ± 0.018 cA 1.061 ± 0.106 bA 1.287 ± 0.018 cA

100 60 0.390 ± 0.005 
bcA

1.050 ± 0.005 bB 1.022 ± 0.004 
bcB

100 90 0.787 ± 0.002 aA 0.778 ± 0.078 aA 0.822 ± 0.011 
abA

*Within each row, different uppercase letters (A, B, C) indicate statistically signifi
cant differences between cycles and within each column, different lowercase letters (a, 
b, c) indicate statistically significant differences between treatments (p ≤ 0.05, Tukey 
post-hoc test).

Table 5 
Beta-carotene concentration (μg/mL) in tomato juice samples. Results are 
expressed as mean of three replicates ± SD.

P(UV- 
A)/ 
mW

A 
(US)/ 

%

beta-carotene (μg/mL)

No. of treatment cycles

1 2 3

0 0 0.218 ± 0.002
0 60 0.200 ± 0.002 aA 0.206 ± 0.001 abA 0.208 ± 0.004 aA

0 90 0.124 ± 0.002 aA 0.064 ± 0.001 abA 0.146 ± 0.012 aA

50 0 0.133 ± 0.004 aA 0.164 ± 0.004 abA 0.191 ± 0.001 aA

50 60 0.259 ± 0.011 aA 0.240 ± 0.011 bA 0.212 ± 0.004 aA

50 90 0.166 ± 0.004 aA 0.183 ± 0.001 abA 0.211 ± 0.001 aA

100 0 0.274 ± 0.009 aA 0.286 ± 0.006 abA 0.282 ± 0.001 aA

100 60 0.151 ± 0.006 aA 0.191 ± 0.000 abA 0.174 ± 0.004 aA

100 90 0.141 ± 0.004 aA 0.121 ± 0.002 abA 0.124 ± 0.003 aA

*Within each row, different uppercase letters (A, B, C) indicate statistically signifi
cant differences between cycles and within each column, different lowercase letters (a, 
b, c) indicate statistically significant differences between treatments (p ≤ 0.05, Tukey 
post-hoc test).
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moderate negative correlation with beta-carotene content (r = − 0.5523) 
(Figure S4, SI). The effect of ultrasound was reflected in a decrease in 
concentration compared to the control sample, as well as a further 
decrease with increasing amplitude. A similar trend was observed in 
treatments with UV radiation alone, without ultrasound, when a lower 
UV power was applied, whereas an increase in concentration was 
recorded at a higher UV power, where the highest beta-carotene con
centration of 0.286 µg/mL was obtained. The lowest beta-carotene 
concentrations (121 µg/mL) were recorded in the combined UV and 
US treatments. The trends observed for beta-carotene were largely 
similar to those reported for lycopene. Prolonged UV-A exposure 
appeared to stimulate carotenoid biosynthesis, resulting in increased 
beta-carotene concentrations at higher UV power, as UV radiation has 
been shown to alter carotenoid contents in other plant or microalgal 
systems (Badmus, Crestani et al., 2022; Mutschlechner et al., 2022; 
Wongsnansilp et al., 2019), although responses are compound-specific 
and not fully consistent across studies. US treatments primarily 
induced mechanical and oxidative degradation, leading to reduced 
concentrations at higher amplitudes (Tovar-Pérez et al., 2020; Živanović 
et al., 2017). In combined UV-A and US treatments, beta-carotene con
centrations were lowest, suggesting that US-induced degradation out
weighed UV-induced stimulation. It should be noted that lycopene is the 
predominant carotenoid in tomato, and structural differences between 
lycopene and beta-carotene, particularly the acyclic versus cyclic 
configuration, may contribute to differences in their stability and 
response to UV-A and US treatments. Overall, carotenoid concentrations 
appear to be influenced by the balance between UV-induced biosyn
thetic activation and US-induced structural disruption.

Overall, carotenoid responses indicate that treatment intensity de
termines the balance between compound preservation and degradation. 
Ultrasound treatment, particularly at higher amplitudes, generally 
reduced lycopene and beta-carotene concentrations, suggesting that 
mechanical disruption and oxidative effects promote carotenoid degra
dation. In contrast, UV-A treatment, especially at higher irradiation 
power (100 mW), stimulated carotenoid accumulation, likely due to 
stress-induced biosynthetic responses. However, combined UV-A/US 
treatments resulted in the lowest carotenoid levels, indicating that 
ultrasound-induced degradation predominated over UV-A stimulation. 
Therefore, UV-A processing at 100 mW without high-amplitude ultra
sound appears to provide favourable conditions for maintaining carot
enoid stability while achieving technological treatment effects.

3.4. Total antioxidant activity

The results of antioxidant activity measurements showed a signifi
cant increase following US (p = 0.073), UV (p = 0.005), and combined 
UV–A/US treatments, depending on the number of cycles and treatment 

parameters. The highest reduction (Table 6) of the EPR-DPPH signal was 
observed under combined UV–A/US treatments (31.49 %), whereas the 
lowest was recorded in the US treated sample in two cycles (15.12 %). 
The effects of treatments on antioxidant concentration followed the 
same trend as the percentage reduction of the EPR-DPPH signal 
(Table S2, SI). The effects of UV-A and US treatments on bioactive 
compounds and antioxidant activity exhibited distinct and independent 
patterns. TPC reached its maximum of 224.71 mg/L GAE under UV-A at 
50 mW in the third treatment cycle, while lycopene reached maximum 
concentration of 1.287 μg/mL under UV-A at 100 mW in the third cycle, 
and beta-carotene showed its highest concentration of 0.286 μg/mL 
under UV-A at 100 mW in the second cycle. Pearson’s correlation 
analysis (Figure S4, SI) showed that antioxidant activity had a weak 
positive correlation with lycopene (r = 0.2312) and a weak negative 
correlation with beta-carotene (r = − 0.1762) and TPC (r = − 0.2224), 
suggesting that other naturally occurring antioxidants in tomato pulp, 
including ascorbic acid, may contribute to the overall antioxidant ac
tivity. Despite variations in individual compounds, antioxidant activity 
remained elevated in many treatments, indicating that it reflects the 
combined contribution of all bioactive compounds rather than a single 
component. This suggests that antioxidant activity cannot be attributed 
to any individual compound but represents a complex response of all 
bioactive components in tomato pulp, collectively influenced by UV, US, 
and combined UV-A/US treatments. The observed enhancement of 
antioxidant activity is consistent with previous studies demonstrating 
that UV and US treatments can increase the antioxidant activity of 
treated samples relative to untreated controls. Overall, these results 
highlight the synergistic effects of UV-induced biosynthetic stimulation 
and US-facilitated compound release, and confirm that TPC, lycopene, 
beta-carotene, and antioxidant activity each follow their own distinct 
trends, with the overall antioxidant potential arising from the combined 
contributions of all components rather than from any single bioactive 
compound. Moreover, previous studies have shown that both UV and US 
treatments individually can enhance the concentration of bioactive 
compounds and antioxidant activity (Dyshlyuk et al., 2020; Lu et al., 
2020; Mariz-Ponte et al., 2019; Mditshwa et al., 2017; Tovar-Pérez et al., 
2020), while, to our knowledge, no studies have yet investigated the 
combined effect of UV/US treatments. Accordingly, the results of the 
present study are consistent with these findings, as antioxidant activity 
was increased in all treated samples, with the greatest enhancement 
observed under the combined UV-A/US treatment.

3.5. Microbiological analysis

All samples, both, the treated and the control samples, showed mi
crobial loads (total aerobic microbial count (TAMC), total yeast count 
(TYC), total mold content (TMC) and total yeast and mold count 
(TYMC), with log values below 4 (Table 7). A significant difference in 
the inactivation of yeasts was observed between the treatments with UV- 
A irradiation in contrast to the treatments without UV-A. This finding is 
consistent with earlier studies by Thabet et al. and Shirai et al. who also 
found that UV-A light has a big impact on the inactivation of yeast, and 
with Adekunte et al. who used US to inactivate microorganisms in to
mato juice (Adekunte et al., 2010; Shirai et al., 2022; Thabet et al., 
2013). For the treatments including UV-A irradiation, the values are 
between 1.00 and 1.96, which is close to the values of the three cycles of 
the US treatments with values of 2.15 and 2.18. In some combinations of 
treatments and the blank sample, the TYM count was below the detec
tion limit. The log(CFU/mL) of total aerobic microbial count (TAMC) 
value for the control group was 2.49, and for the treated samples it 
varied between 2.08 and 3.18 with an average value of 2.76 ± 0.30. The 
highest TAMC values were obtained with a combined UV-A and US 
treatments, while the lowest value was obtained with an US treatment 
alone.

It is well established that the effectiveness of UV-A irradiation in 
water treatment is significantly limited by several factors, including 

Table 6 
Antioxidant activity of tomato juice samples expressed as percentage (%) of 
DPPH-EPR signal intensity. Results present mean value of three replicates ± SD.

P(UV-A)/ 
mW A (US)/ 

%

Radical reduction (%)

No. of treatment cycles

1 2 3

0 60 17.35 ± 1.46 abB 15.12 ± 1.08 aA 24.34 ± 1.31 bC

0 90 21.93 ± 1.10 cA 23.71 ± 1.84 bB 24.58 ± 2.01 bB

50 0 27.92 ± 3.46 dA 24.99 ± 3.83 bA 27.53 ± 0.98 dA

50 60 28.92 ± 1.35 deB 29.77 ± 2.23 cB 25.18 ± 1.53 bcA

50 90 30.17 ± 1.50 deA 29.36 ± 1.97 cA 27.87 ± 1.26 cdA

100 0 19.21 ± 2.23 bA 24.36 ± 1.07 bB 24.95 ± 1.41 bcB

100 60 32.96 ± 1.57 fC 31.49 ± 1.02 cB 27.02 ± 1.02 cdA

100 90 30.63 ± 1.33 efB 30.75 ± 1.50 cB 16.15 ± 2.50 aA

*Within each row, different uppercase letters (A, B, C) indicate statistically signifi
cant differences between cycles and within each column, different lowercase letters (a, 
b, c) indicate statistically significant differences between treatments (p ≤ 0.05, Tukey 
post-hoc test).
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reduced light penetration in turbid media, particle shielding (shadowing 
effects), and the complex relationship between applied dose and ab
sorption characteristics (González et al., 2023). Consequently, the full 
potential of UV-A is expected to be lower in complex matrices such as 
tomato juice.

However, the results presented in Table 7 indicate that there was no 
significant reduction in TMC or TYMC. This is likely due to the mild 
treatment with US, UV-A light, and their combination. As shown in 
Table 7, the highest reduction in TAMC was observed in the treatment 
with two cycles of UV-A alone at a power of 50 mW, with a reduction of 
190 CFU/mL, and in the US treatment alone at an amplitude of 60 % 
after two cycles, where a reduction of 130 CFU/mL was achieved. For 
yeasts and moulds, an increase in the cell count was observed in almost 
all samples, although the count remained below 550 CFU/mL (Table 7).

In the present study, the initial microbial load was relatively low 
(~2.5 log CFU/mL), and the observed microbial reduction was therefore 
limited. To better demonstrate the antimicrobial potential of UV-A in 
such matrices, future studies should employ higher initial microbial 
concentrations, where treatment effects would be more pronounced. 
Nevertheless, even with the relatively small difference between micro
bial counts before and after treatment, UV-A irradiation demonstrated 
potential for microbial reduction in this type of matrix.

4. Conclusion

This study demonstrates that UV-A, US, and combined UV–A/US 
treatments significantly influence concentration of bioactive com
pounds, antioxidant activity, and free radical generation in tomato pulp. 
From a microbiological perspective, all treated and control samples 
exhibited low microbial loads, with total aerobic bacteria, yeasts, and 
molds remaining below 4 log CFU/mL. UV-A irradiation showed a more 
pronounced effect on yeast inactivation compared to treatments without 
UV-A, while ultrasound treatments produced comparable reductions in 
total aerobic microbial counts. No significant reductions in mold or total 
yeast and mold counts were observed, likely due to the mild nature of 
the applied treatments and the complexity of the tomato matrix. Com
bined UV-A/US treatments effectively enhanced antioxidant activity in 
tomato pulp, with the highest DPPH reduction observed under com
bined treatment (31.49 %) and the greatest CP value recorded under 
ultrasound at 90 % amplitude after three cycles (73.72 µmol/L). EPR 
analysis using the CMH spin trapping method showed that ultrasound 
had the strongest effect on free radical generation, while UV-A alone 
induced lower CP equivalents and combined UV–A/US treatments 
resulted in intermediate values, indicating a non-additive interaction. In 
contrast, UV-A treatments alone were more effective in increasing 
concentrations of bioactive compounds, reaching maximum values of 
224.71 mg/L GAE for total polyphenols, 1.287 µg/mL for lycopene, and 
0.286 µg/mL for beta-carotene. The observed effects may be explained 

by ultrasound-induced ROS generation, as indicated by the higher CP 
values at increasing US amplitude, while UV-A alone seems to activate 
endogenous antioxidant pathways, reducing radical accumulation. The 
intermediate CP values observed in combined UV–A/US treatments 
suggest a modulatory effect of UV-A on US-induced radicals, consistent 
with a non-additive interaction. These trends indicate a potential shift in 
the ROS/RNS balance and possible antioxidant photoactivation under 
UV-A exposure.These findings suggest that while combination treat
ments are promising for enhancing antioxidant activity, further opti
mization of UV-A and US parameters is necessary to simultaneously 
maximize both antioxidant activity and bioactive compound content.

To our knowledge, this is the first study to investigate the combined 
effect of UV-A and US on tomato pulp, highlighting its potential for 
improving the nutritional and functional quality of tomato-based 
products and guiding future research on treatment optimisation and 
mechanistic understanding. Nevertheless, several limitations of the 
present study should be acknowledged. The investigation focused on 
short-term effects, and storage stability of treated tomato pulp was not 
evaluated, which should be considered in future studies. In addition, 
although UV-A was selected due to its potentially milder impact on 
quality parameters, other UV ranges, such as UV-C, may provide 
stronger antimicrobial effects and require further comparative evalua
tion. Future research should also include sensory analysis to assess 
consumer acceptability and scale-up trials to confirm industrial feasi
bility. Moreover, further optimisation of processing parameters could be 
achieved using response surface methodology, enabling simultaneous 
evaluation of key factors such as ultrasound amplitude, number of 
treatment cycles, and UV exposure conditions.
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González, Y., Gómez, G., Moeller-Chávez, G. E., & Vidal, G. (2023). UV disinfection 
systems for wastewater treatment: Emphasis on reactivation of microorganisms. 
Sustainability, 15(14). https://doi.org/10.3390/su151411262

Goodman, B. A., Glidewell, S. M., Arbuckle, C. M., Bernardin, S., Cook, T. R., & 
Hillman, J. R. (2002). An EPR study of free radical generation during maceration of 
uncooked vegetables. Journal of the Science of Food and Agriculture, 82(10), 
1208–1215. https://doi.org/10.1002/jsfa.1180

Gotham, J. P., Li, R., Tipple, T. E., Lancaster, J. R., Liu, T., & Li, Q. (2020). Quantitation 
of spin probe-detectable oxidants in cells using electron paramagnetic resonance 
spectroscopy: To probe or to trap? Free Radical Biology and Medicine, 154, 84–94. 
https://doi.org/10.1016/j.freeradbiomed.2020.04.020
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Jiménez-Sánchez, C., Lozano-Sánchez, J., Segura-Carretero, A., & Fernández- 
Gutiérrez, A. (2017b). Alternatives to conventional thermal treatments in fruit-juice 
processing. Part 2: Effect on composition, phytochemical content, and 
physicochemical, rheological, and organoleptic properties of fruit juices. Critical 
Reviews in Food Science and Nutrition, 57(3), 637–652. https://doi.org/10.1080/ 
10408398.2014.914019

Khadhraoui, B., Ummat, V., Tiwari, B. K., Fabiano-Tixier, A. S., & Chemat, F. (2021). 
Review of ultrasound combinations with hybrid and innovative techniques for 
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