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Abstract: The impact of ozone concentration and ozonisation time on the selected chemical, physical
and microbiological properties of Rapanui tomatoes was investigated. Tomatoes were exposed to
gaseous ozone at concentrations of 0.9 and 2.5 mg L−1 (c1, c2) for 30 and 120 min (t1, t2), and stored
for up to 15 days at a temperature of 12 ± 1 ◦C. The following parameters were evaluated: titratable
acidity, total soluble solids, total phenolic and flavonoid contents, lycopene, total carotenoids, vitamin
C, total antioxidant activity, colour L* a* b* and firmness. Ozonated fruit had higher levels of total
soluble solids and higher levels of titratable acidity during and after storage. Exposure of tomatoes to
a cooling atmosphere, applying recommended ozonisation process parameters, efficiently inactivated
microorganisms that are present on the surface and reduced fruit weight loss, while retaining their
firmness and stable colour.

Keywords: ozone; vegetables; lycopene; physicochemical parameters

1. Introduction

Quality degradation during storage is one of the greatest issues affecting postharvest
fruits and vegetables. Tomato (Lycopersicon esculentum) is one of the most important compo-
nents of the human diet worldwide and is consumed in nature, cooked and processed [1].
This fruit possesses both nutritional and functional properties due to its antioxidant content,
including molecules such as ascorbic acid, carotenoids, phenolic acids and flavonoids [2,3].
Tomatoes in the diet increase protection, inter alia, against tumours and cardiovascular
diseases [4,5]. High polyphenolic and lycopene content in the daily diet reduces the risk
of numerous civilisation diseases, as these compounds have potent antioxidant [6] and
anti-inflammatory activity [7], and are able to chelate metals and hamper lipid peroxi-
dation [8]. There are many studies indicating a correlation between the consumption of
tomatoes and processed tomato products, and a lower risk of developing cancer. Among
others, Giovannucci et al. [9] and Paur et al. [10] reported that the consumption of tomatoes
and ingestion of the lycopene contained therein positively correlates with a reduction in
prostate cancer risk. Others have shown that consumption of tomatoes positively correlated
with the content of lycopene in the plasma of study participants, as well as a lower risk of
various forms of cancer [11,12]. Tomato consumption also influences hormone balance and
the body’s immune defences [13]. Extensive evidence suggests that lycopene participates
in the formation of an antioxidant barrier in the human body which eliminates free radicals,
the most impactful cause of cellular ageing, prevents oxidation of low-density lipoprotein
(LDL) cholesterol and counteracts atherosclerosis [14,15].

Tomatoes placed at room temperature ripen fast, undergoing changes in colour, firm-
ness, taste and chemical composition, following which they begin to exhibit weight loss [16].
These factors considerably shorten their shelf life and the length of time the fruit retains
acceptable quality [17]. To avoid this, tomatoes are most commonly stored at refrigerated
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temperatures, however this is associated with high energy cost. In addition, tomatoes are
delicate fruits and are susceptible to numerous fungi diseases, further emphasising the
need for more innovative storage solutions. One such potential solution may be technology
making use of gaseous ozone treatment for fruit preservation.

Numerous studies, including those of Sachadyn-Król et al. [18], Marchica et al. [19]
and Matłok et al. [20], show that the exposure of tomatoes to ozone results in disinfection
of the fruit surface and activation of enzymes that delay rotting. Ozone is a powerful
antimicrobial substance due to its potential oxidising capacity. Furthermore, the application
of ozone in the food industry to extend shelf life and as a bactericidal factor may reduce
the use of traditional chemical compounds that are known to be harmful to the natural
environment, such as chloride [21,22].

The objective of this study was to develop an innovative method of extending the shelf
life of tomatoes with the use of gaseous ozone. Based on these findings, it was possible
to determine optimal parameters of the ozonisation process of tomatoes by controlling
factors such as the concentration of gaseous ozone in the atmosphere of a refrigerator and
an optimal time of tomato exposure to ozone.

2. Materials and Methods
2.1. Plant Material

The research material were tomatoes of the Rapanui cultivar which belong to an early
cultivar of raspberry tomatoes which exhibit continuous growth. The tomatoes came from
conventional cultivation sources in the central regions of Poland and were harvested at
the full ripening phase (completely red). The tomatoes were properly sorted to remove
rotten or damaged fruits, and to ensure unified sizes and weights (each tomato weighed
approximately 170 g). Tomatoes were transported at 8 ± 1 ◦C for 1 h.

2.2. Treatmens

After transportation tomatoes were divided into 5 groups, 5 kg per group. The
first group represented the control sample (c0t0), and the remaining groups were placed
in a cooling chamber to which ozone gas was supplied by means of a Korona 02/10
ozone generator (Ekotech, Poland). The air was enriched with ozone gas generated with a
capacity of 13 g/h. The level of ozone generated was measured by means of electrochemical
sensors using a GDX-70 measuring head purchased from Alter S.A. (Madrid, Spain) with
a measuring range of 0 to 5 mg L−1. The electrochemical ozone sensors operate on the
basis of changes in electrolytes as a result of varying concentrations of ozone. During these
changes, electrons pass from the one phase to another and the gas atoms which are directly
involved in the process undergo changes in oxidation potential. Samples were exposed to
the activity of gaseous ozone at concentrations of 0.9 (c1) and 2.5 (c2) mg L−1, for 30 (t1)
and 120 (t2) minutes. Chambers were maintained at 13 ◦C, 95% relative humidity (RH),
with both temperature and RH monitored and logged during all experiments. The cooling
chamber had dimensions of 73 × 78 × 211 cm and was hermetically sealed.

After ozonisation, each group of tomatoes was divided into four parts. The first
group was subjected directly to microbiological and chemical analysis and marked as
D0. Measurements included determination of the content of total soluble solids, titratable
acidity, total content of phenolic compounds, flavonoids, lycopene, total carotenoids and
vitamin C levels. Tomato fruit weight loss was determined by means of a weighing balance.
Microbiological analysis was conducted to quantify the presence of yeasts and moulds.
The remaining ozonised tomatoes, together with the control, were kept under refrigerated
conditions at a temperature of 12 ± 1 ◦C. Analyses were carried out on days 0, 5, 10 and
15 of storage.

2.3. Titratable Acidity (TA) and Total Soluble Solids (TSS)

Titratable acidity (TA) and total soluble solids (TSS) were identified by analysis of
tomato biomass that had been homogenised to pulp using a portable Bosch ErgoMixx food
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processor MSM66120 (Gerlingen, Germany). Titratable acidity was determined according
to Aguayo et al. [23]. Briefly, 10 g of homogenised pulp were diluted in 50 mL of distilled
water and titrated with standardised 0.1 N NaOH up to pH 8.1. The volume of NaOH
added was converted to a percent citric acid [(volume of NaOH × 0.1 N × 0.064/10.00 g of
juice) × 100] and expressed in terms of fresh weight. TSS content in the liquid obtained
from the homogenised pulp was determined using a manual digital Atago Brix (0–32%)
refractometer (Minato-ku, Japan) and expressed as a percentage weight/volume [23]. These
results were calculated as the arithmetic mean of 3 measurements.

2.4. Total Phenolic Content (TPC)

To analyse the total phenolic content (TPC), a Folin–Ciocalteu method was used [24].
In brief, 20 g of sample were subjected to extraction using 100 mL of ethanol for 24 h.
Following this, 0.5 mL of distilled water was added to 0.125 mL diluted extract, followed by
0.125 mL of Folin–Ciocalteu reagent. After 3 min, 1.250 mL of sodium carbonate was added
(7.5%), and the volume was made up to 3.0 mL with water. The solution was kept for 30 min
at 40 ◦C in a WNB 7 Memmert water bath (Schwabach, Germany). The absorbance was
measured spectrophotometrically at 760 nm using a Tecan SparkTM 10M spectrophotometer
(Männedorf, Switzerland). TPC was expressed as mg Gallic acid equivalents (GAE) per
Kg fresh weight based on a calibration curve prepared with Gallic acid. All analyses were
performed in triplicate.

2.5. Total Flavonoid Content (TFC)

The total flavonoid content (TFC) was determined using spectrometric methods with
the application of aluminium chlorohydrate [24]. Briefly, 8 mL of ethanol was added to
1 mL sample, followed by addition of 0.2 mL of 5% NaNO2 aqueous solution. After 5 min,
0.2 mL of 10% aluminium chlorohydrate aqueous solution was applied. After a further
6 min, 0.6 mL of 4% NaOH aqueous solution was added. Finally, distilled water was
added to a volume of 10 mL. Simultaneously, a blind sample without extract was prepared.
Absorbance measurement was performed at a wavelength of 430 nm. TFC values were
read out from the sample curve, and expressed as mg of rutin equivalent (RE) per kg fresh
weight (mg kg−1 rutin equivalent RE). All experiments were performed in triplicate.

2.6. Total Carotenoids and Lycopene Content

Total carotenoid and lycopene extraction and determination were conducted as de-
scribed by Lee [25] and Fish et al. [26], respectively. In this method, a mixture containing
acetone and 0.05% of butylated hydroxytoluene (BHT) was added to the tomato pulp (5 mL
to 0.5 g pulp), after which 5 mL ethanol and 10 mL hexane were added to the mixture. The
mixture was shaken for 30 min on ice and then 3 mL of distilled water was added and the
mixture was shaken for another 5 min. During the extraction process, the samples were
protected from light by wrapping in aluminium foil to avoid photooxidation of lycopene.
After the shaking stage, samples were left without shaking for 5 min in order to separate
the phases. The total carotenoid and lycopene content was determined by means in a Tecan
SparkTM 10M spectrophotometer (Männedorf, Switzerland) at wavelengths of 450 and
503 nm, respectively. Absorbance measurement was carried out in the hexane layer.

The total carotenoids quantity was expressed as mg β-carotene equivalents per kg
of fresh weight (mg kg−1 β-CaE). Lycopene molar extinction e = 17.2 × 104 M−1 cm−1 in
n-hexane was used for lycopene content determination and the results were expressed as
mg kg−1. All experiments were performed in triplicate.

2.7. Vitamin C Content Analysis

The vitamin C content was analysed by titration with 2,6-dichlorophenolindophenol (DCIP).
A detailed description of the vitamin C content analysis is described in Onopiuk et al. [27]. The
ascorbic acid content was expressed as mg per kg of fresh tomatoes. All experiments were
performed in triplicate.
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2.8. Total Antioxidant Activity (TAA)

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity of the toma-
toes was determined according to a modified method previously described by Lu et al. [28].
Tomato fruit extract (0.4 mL) was mixed with 3.6 mL of DPPH solution (0.024 g mL−1) and
incubated for 30 min in darkness. The absorbance was measured at a wavelength of 515 nm.
Ethanol was used as a blank and three replications were made for all measurements. The
total antioxidant activity (TAA) was expressed as % reduction of DPPH according to the
following equation:

TAA(%) = (1 − As/Ac) × 100%

where As is the absorbance of the sample and Ac is the absorbance of the control (prepared
according to identical procedures, but without the tomato extract).

2.9. Colour Measurements

The instrumental measurement of the colour parameters of tomatoes was done ac-
cording to the L*a*b* system using a Konica Minolta chromameter CR-400 (Tokyo, Japan).
The chromameter was calibrated on the CIE LAB colour space system using a white plate
(L* = 98.45, a* = −0.10, b* = −0.13). The readout for the sample was calculated as the
arithmetic mean of 10 measurements as described by Mauro et al. [29].

2.10. Firmness

Fruit firmness was determined as described by Aragüez et al. [30] using an Instron 5965
Universal Testing Machine (Norwood, MA, USA). Firmness was measured via compression
using a 50 N load cell. After establishing zero-force contact between the probe and the
horizontally positioned fruit, specimens were compressed 2.5 mm at the equatorial region
of each fruit. Firmness was expressed as the maximum force in Newtons (N) needed to
penetrate a tomato and was calculated as the arithmetic mean of 6 measurements.

2.11. Evaluation of Fruit Weight Losses during the Storage Time

Both ozonised tomatoes and the control group were subjected to weight control. Also
the percentage decrease of weight was determined for ozonised and non-ozonised fruit.
Fruits were stored at 12 ± 1 ◦C for 15 days after ozonisation.

2.12. Microbial Analysis (Yeasts and Moulds)

Determination of the presence of yeasts and moulds was carried out according to
standard PN-ISO 7954:1999. Details of the microbiological analysis method used have
already been described by Onopiuk et al. [31]. Results were provided in colony-forming
units and were expressed as log10 CFU g−1.

2.13. Statistical Analysis

Experimental data were subjected to analysis of variance (ANOVA) using Statistica
12.5 software in order to determine the impact of ozonisation and storage time on response
parameters (two-factor experiment using ozone dosage, treatment duration and storage
period). The differences between groups were tested according to Tukey’s test (significance
level of p ≤ 0.05).

3. Results and Discussion
3.1. Titratable Acidity (TA) and Total Soluble Solids (TSS)

The main reasons for minimising the storage time of fresh tomatoes are biochemical
reactions which take place in tissues, and the growth of microorganisms on the fruit surface.
Fermentation is one of the biochemical processes in which sugars are metabolised, resulting
in an increase of the titratable acidity changes. Titratable acidity (TA) is a fundamental
parameter which affects fruit and vegetable quality, and increases in acidity may be in-
dicative of incorrect storage conditions [27]. TSS is a refractometric index that indicates
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the proportion of dissolved solids in a solution. It reflects the sum of sugars (sucrose
and hexoses, 65%), acids (citrate and malate, 13%) and other minor components (phenols,
amino acids, soluble pectins, ascorbic acid and minerals) in the tomato fruit pulp [16,32].
Sugars combined with organic acids have a decisive impact on the tomato fruit taste, as
well as its utility in the processing industry [33]. Higher content of sugars and TA are
associated with better taste values in tomatoes. TSS and titratable acidity data for ozonised
and control tomatoes after 0, 5, 10 and 15 days of storage are presented in Table 1.

Table 1. Impact of concentration and ozonisation time on the total soluble solids and titratable acidity measured after 0, 5,
10 and 15 days of storage at 12 ± 1 ◦C.

Chemical Quality
Parameters

Concentration and
Ozonisation Time

Storage Period (Days)

D0 D5 D10 D15

Total soluble solids (%) control 4.10 A ± 0.10 4.27 Aa ± 0.15 4.83 Ba ± 0.12 4.40 Aa ± 0.10

0.9 mg L−1 30 min 4.23 A ± 0.06 4.50 ABab ± 0.10 5.10 Cb ± 0.10 4.81 BCb ± 0.17
120 min 4.07 A ± 0.15 4.57 Bab ± 0.15 5.27 Cb ± 0.06 4.80 Bb ± 0.10

2.5 mg L−1 30 min 4.13 A ± 0.06 4.77 Bbc ± 0.12 5.33 Cbc ± 0.12 5.03 BCb ± 0.15
120 min 4.27 A ± 0.15 4.93 Bc ± 0.06 5.57 Cc ± 0.06 5.10 Bb ± 0.10

Titratable acidity (%) control 0.40 C ± 0.02 0.37 BCb ± 0.04 0.31 Bc ± 0.01 0.25 Ab ± 0.02

0.9 mg L−1 30 min 0.41 C ± 0.02 0.34 Bab ± 0.02 0.29 ABbc ± 0.02 0.26 Ab ± 0.02
120 min 0.41 C ± 0.03 0.32 Bab ± 0.01 0.28 ABbc ± 0.03 0.23 Ab ± 0.02

2.5 mg L−1 30 min 0.43 C ± 0.01 0.29 Ba ± 0.03 0.24 ABab ± 0.02 0.21 Aab ± 0.02
120 min 0.43 C ± 0.01 0.29 Bab ± 0.04 0.21 Aa ± 0.01 0.17 Aa ± 0.02

A–C—capital letters show significant differences for each treatment during storage time, a–c—lowercase letters show significant differences
between treatments within each storage time. The values represented the mean ± standard error.

During the 15-day storage period, an increase in TSS content was reported both in the
control as well as in each of the ozonised groups of tomatoes, which results from biological
processes which take place in fruit and vegetables. The content of TSS appeared to increase
up to day 10 of storage, but reduced content was observed at day 15 of storage. During
storage (D5, D10, D15), ozonised tomatoes had a higher content of TSS in comparison
to the control, which, according to Javanmardi and Kubot [17], may result from distinct
changes in the proportion of glucose to fructose and levels of organic acids during storage.
Additionally, as a result of transpiration, water loss takes place during storage, causing
tomatoes to lose both firmness and weight, while also causing TSS to increase. These find-
ings are in agreement with those reported by Inestroza-Lizardo et al. [34] and Liu et al. [35],
varying by only by 4.07–4.81%. The lowest content of TSS during storage was observed
in tomatoes from the control group, while the highest content was observed in tomatoes
from the groups that were ozonised with a dose of 2.5 mg L−1 for 30 and 120 min (c2t1 and
c2t2). Ozonisation and 15-day storage of tomatoes caused statistically significant (p ≤ 0.05)
changes in TSS.

The TA in the tomato fruit was 0.40% of citric acid at the beginning of the experiment
(D0). Similar TA values were reported by Odriozola-Serrano et al. [36], who observed
acidity of tomatoes ranging from 0.34% to 0.59%. The value of the TA of tomatoes of all
groups at D0 did not differ statistically significantly (p ≤ 0.05). During storage, a noticeable
decrease in acidity was observed across all groups and after 15 days, the acidity dropped
to 0.17–0.25%. Acidity of tomatoes depends on their maturity degree, with more mature
fruit exhibiting lower acidity. The greatest difference in TA, approximately 60% reduction,
was observed in the tomatoes which were ozonised with 2.5 mg L−1 for 120 min (c2t2),
after 15 days of storage. The decrease in TA during storage is a natural phenomenon,
which has also been demonstrated by Zou et al. [37] and Buendía−Moreno et al. [38].
According to Tigist et al. [39], the decrease in TA during the storage time could be related
to a higher respiration rate as ripening advances, as organic acids are used as a substrate in
the respiration process.
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3.2. Total Phenolic, Total Flavonoid, Lycopene, Carotenoids and Vitamin C Content Determination

Tomatoes constitute a rich source of many substances with antioxidant properties,
including polyphenols, flavonoids and carotenoids (particularly lycopene and β-carotene),
and are also a valuable source of vitamin C. The impact of ozonisation on the total phenolic
content (TPC), total flavonoids content (TFC), total lycopene, total carotenoids and vitamin
C content are presented in Table 2.

Table 2. Effect of ozone concentration, time of ozonation and storage on the total phenolic content, flavonoids, lycopene,
total carotenoids and vitamin C of Rapanui tomatoes stored at 12 ± 1 ◦C.

Chemical Quality
Parameters

Concentration and
Ozonisation Time

Storage Period (Days)
D0 D5 D10 D15

Total phenolic content
(TPC) mg kg−1 GAE

control 296.9 A ± 6.9 331.4 Ba ± 6.4 321.4 Ba ± 10.8 288.9 Aa ± 8.1

0.9 mg L−1 30 min 287.5 A ± 11.6 349.2 Cab ± 11.7 331.0 BCa ± 6.7 306.7 ABab ± 5.9
120 min 289.3 A ± 11.3 357.7 Cb ± 7.9 354.0 Cb ± 6.7 325.2 Bb ± 3.7

2.5 mg L−1 30 min 276.9 A ± 12.1 334.1 Bab ± 12.8 328.7 Ba ± 2.3 299.4 Aa ± 11.9
120 min 279.2 A ± 14.1 334.6 Cab ± 8.1 329.7 BCa ± 9.9 304.5 ABab ± 8.0

Total flavonoid content
(TFC) mg kg−1 RE

control 170.4 B ± 8.2 151.6 Ba ± 8.1 121.9 Aa ± 8.0 101.2 Aa ± 8.2

0.9 mg L−1 30 min 167.6 C ± 3.8 160.3 BCab ± 5.5 148.4 Bb ± 8.4 120.8 Aab ± 7.3
120 min 174.2 C ± 6.6 171.1 Cb ± 4.3 151.2 Bb ± 6.2 134.6 Ab ± 6.5

2.5 mg L−1 30 min 179.5 B ± 8.9 166.3 Bab ± 6.8 142.7 Ab ± 7.4 127.0 Ab ± 8.4
120 min 170.6 B ± 7.7 159.0 Bab ± 4.2 137.9 Aab ± 6.2 122.9 Ab ± 8.9

Lycopene (mg kg−1)

control 159.7 Bb ± 4.2 173.0 Ca ± 3.6 152.3 Bb ± 3.8 129.3 Aa ± 3.2

0.9 mg L−1 30 min 143.7 Aa ± 3.2 190.0 Cbc ± 3.0 165.3 Bc ± 3.5 143.0 Ab ± 5.2
120 min 153.3 Ab ± 3.1 193.7 Cc ± 4.0 175.0 Bc ± 5.2 158.3 Ac ± 4.5

2.5 mg L−1 30 min 157.8 Bb ± 4.8 181.3 Cab ± 4.2 138.0 Aa ± 6.6 128.3 Aa ± 3.5
120 min 150.5 Cab ± 3.5 173.0 Da ± 2.6 141.0 Bab ± 3.5 125.7 Aa ± 3.8

Total carotenoids
content (mg kg−1

β-CaE)

control 231.7 Bab ± 2.5 258.7 Da ± 4.5 243.0 Cab ± 3.6 206.7 Acd ± 3.1

0.9 mg L−1 30 min 238.7 Bbc ± 3.5 270.7 Db ± 3.8 249.3 Cb ± 5.1 212.3 Ad ± 3.1
120 min 243.3 Bc ± 3.8 283.3 Cc ± 4.0 275.7 Cc ± 2.9 193.3 Aab ± 5.1

2.5 mg L−1 30 min 232.3 Bab ± 4.0 269.0 Db ± 2.6 250.0 Cb ± 4.4 199.3 Abc ± 4.5
120 min 228.7 Ba ± 3.5 256.7 Ca ± 3.8 234.3 Ba ± 3.8 188.0 Aa ± 4.6

Vitamin C (mg kg−1)

control 210.8 A ± 3.2 229.2 B ± 3.2 210.8 A ± 6.4 201.7 A ± 8.4

0.9 mg L−1 30 min 216.3 B ± 6.4 234.7 C ± 8.4 203.5 AB ± 5.5 190.7 A ± 6.4
120 min 207.2 AB ± 3.2 225.5 B ± 9.5 205.3 A ± 6.4 192,5 A ± 9.5

2.5 mg L−1 30 min 214.5 BC ± 5.5 232.8 C ± 3.2 205.3 AB ± 11.4 188.8 A ± 8.4
120 min 205.3 B ± 3.2 229.2 C ± 8.4 198.0 AB ± 5.5 185.2 A ± 8.4

A–D—capital letters show significant differences for each treatment during storage time, a–d—lowercase letters show significant differences
between treatments within each storage time. The values represented the mean ± standard error.

At D0, the TPC in the control group and ozonised groups were comparable and
within 276.9–296.9 mg kg−1 GAE. A similar TPC of 258.75 ± 18.04 mg kg−1 GAE was
also reported by Bravo et al. in control tomatoes [40]. Del Giudice et al. [41] reported
that the TPC in a control group was equal to 169.7–268.9 mg kg−1 GAE. Choi et al. [4]
reported that the TPC greatly depends on the tomato cultivar, and Ding et al. [42] asserted
that the crop location influences the TPC. The greatest difference in TPC with respect to
the control, a difference of 32.6 mg kg−1 GAE, was observed in c1t2 tomatoes at D10. No
statistically significant differences were observed in the other groups (p ≤ 0.05). Glowacz
and Rees [43] also described the lack of a clear effect of ozone on TPC in sweet pepper
fruit and Tzortzakis et al. [44] reported similarly inconclusive findings in tomato fruit
cv. Carousel.

The antioxidant properties of flavonoids result from the presence of conjugated, double
binding and hydroxyl groups, by means of which they may inhibit free radicals and chelate
metals with a pro-oxidation nature [45]. The presence of flavonoids in tomatoes enhances
antioxidant properties of the other nutritional components. The flavonoid con-tent of
Rapanui tomatoes analysed at the beginning of the experiment (D0) was in the range of
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167.6–179.5 mg kg−1 RE. During storage, flavonoids became partially degraded as a result
of natural biochemical reactions taking place in tissues [6]. The greatest decrease in TFC
during 15 days of storage was observed in the control group, where levels dropped to
101.2 mg kg−1 rutin equivalent (40.6% in comparison to levels determined at D0). The
greatest stability in flavonoid content was observed in tomatoes ozonised with a dose of
0.9 mg L−1 for 120 min, where a decrease of only 22.73% was detected. The 0.9 mg L−1

dose appeared to be more effective in inhibiting flavonoid degradation than the higher
dose of 2.5 mg L−1. After exposure of tomatoes from groups c2t1 and c2t2 to ozone, a
spontaneous decomposition of the ozone can take place, which would lead to formation
of free radicals such as hydroperoxyl (H2O•), hydroxyl (•OH) and superoxide (•O2

−).
High levels of ozone may cause damage to epidermis and/or epidermal tissues of the
fruit [46]. Although the level and composition of flavonoids in tomato fruit depends
considerably on the cultivar, environmental conditions and storage conditions, the TFC
levels recorded in this study are in agreement with the results obtained by Ilahy et al. [24].
They tested 4 different tomato cultivars and found that the flavonoid content of mature
fruit was 133–474 mg kg−1 RE. A similar TFC content in tomatoes was recorded in the
studies performed by Klunklin et al. [47].

During fruit growth, the green pigment chlorophyll is degraded, and carotenoids
are synthesised. Carotenoids, particularly lycopene and β-carotene, are components
of tomatoes and are responsible for the characteristic red and orange colour of mature
tomatoes. Carotenoids have a great impact on consumer perception of fresh tomatoes [35].
According to the literature, ripe tomatoes contain 97–254 mg kg−1 of lycopene, while the
total content of carotenoids is in the range of 105–278 mg kg−1 β-CaE [28]. The carotenoid
content also depends on the cultivar, environmental conditions and storage conditions.
An environmental factor that determines the level of carotenoids, including lycopene, is
the storage temperature. According to Park et al. [48] an optimal storage temperature for
maintenance of high lycopene and β-carotene levels is 12 ◦C.

Rapanui tomatoes placed in an atmosphere with ozone at concentrations of 0.9 or
2.5 mg L−1 for of 30 or 120 min and then stored at a temperature of 12 ◦C contained
143.7–157.8 mg kg−1 of lycopene and 228.7–243.3 mg kg−1 β-CaE of total carotenoids at D0.
At D5, an increase in the total carotenoid content, including lycopene, was recorded. The
greatest increase in lycopene was recorded for the c1t1 group (0.9 mg L−1, 30 min), while
the smallest increase was recorded in the control group. During further storage (D10 and
D15) a statistically significant (p ≤ 0.05) decrease in total carotenoids and lycopene was
recorded in the majority of groups. Tomatoes from group c1t2 (0.9 mg L−1, 120 min) were
an exception, where lycopene content at D15 did not considerably change in comparison
to D0 (158.3 ± 4.5 mg kg−1). Extensive loss of lycopene observed in groups c2t1 and
c2t2 (a reduction of 18.69% and 16.48%, respectively) during storage could have resulted
from an excessive dose of ozone. According to Kopec et al. [49], under the influence of
oxidisers, ozone-induced oxidation of one of double conjugated bonds of lycopene, as
well as decomposition and formation of apo-lycopenal or apo-lycopenon with a terminal
aldehyde or ketone group may take place. Multi-stage decomposition of lycopene also
results in the formation of apo-carotenodiols, which have the aldehyde group at both ends
of the molecule. Ölmez and Akbas [50] studied the effects of ozone on salad and concluded
that they were highly concentration dependent: ozone may have favourable effects up to a
certain level, but after reaching a critical point it accelerates the browning reactions, causing
rapid deterioration of the fruit and vegetable quality. Decreases in the total lycopene and
carotenoid content during storage is a natural process which takes place in tomatoes, which
was demonstrated by (inter alia) Park et al. [48], who monitored the storing of black ‘Hei’
tomatoes for 20 days at three temperature variations: 8, 12 and 20 ◦C.

Ripe tomatoes constitute a rich source of vitamin C, the content of which in fresh red
tomatoes is 158.0 ± 11 mg kg−1 according to Georgé et al. [51], but its level also depends
on the cultivar and the degree of fruit maturity [24]. Pinela et al. [52], studying Batateiro



Agriculture 2021, 11, 428 8 of 16

tomatoes, reported a vitamin C content of 108.6 ± 0.9 mg kg−1, while it was almost two-fold
more in Coração tomatoes, amounting to 185.6 ± 0.4 mg kg−1 of fresh weight.

The levels of vitamin C recorded in this study are in the range of 176.0–242.0 mg kg−1,
with the average levels recorded at 210.83 ± 5.76 mg kg−1. After ozonisation, at D0, no
statistically significant changes in the vitamin C content between experimental groups
were recorded. A slight decrease in vitamin C content at D10 and D15 may have occurred
as a result of oxidation of L-ascorbic acid to dehydroascorbic, which was further oxidised
with the loss of biological activity. However, no significant correlation between the ozoni-
sation dose and time and the vitamin C stability has been verified and the control group
exhibited similar vitamin C content in comparison to the groups which were subjected
to ozonisation. This lack of correlation between ozone treatment and vitamin C stability
was also reflected in the research of Glowacz and Rees [43], who studied red and green
pepper fruit. Ölmez and Akbas [50] equally did not conclude any correlation between
the ozone dose (0.5–4.5 mg L−1) and vitamin C stability during 12-day storage of salad.
A satisfactory stability of vitamin C in our experiment was probably obtained because of
the use of optimal temperature during storage (12 ◦C). Vitamin C belongs to thermolabile
compounds, which are very sensitive to a high temperature [53]. Dewanto et al. [54]
demonstrated the impact of high temperatures on loss of vitamin C content in tomatoes.
Only 2 min of exposure of tomatoes to high temperature (88 ◦C) caused vitamin C loss of
0.76 to 0.68 µmol g−1 in comparison to tomatoes not subjected to the thermal treatment.

3.3. Total Antioxidant Activity (TAA)

As a measurement of the antioxidant properties of tomatoes, the ability of tomato
extract to deactivate free radicals was determined with the use of DPPH. Figure 1 shows
that Rapanui tomatoes had an antioxidant activity at an average level of 32.04 ± 0.90 (D0),
respectively. As was shown by Javanmardi and Kubota [17], only slight differences be-
tween the TAA of the various treatment groups were observed during the first 5 days of
storage and these were probably as a result of water loss due to respiration and transpira-
tion. During extended storage, an increase in TAA was observed in most of the treatment
groups, although in both control and the groups treated with 0.9 mg L−1 of ozone, this
increase was lower than in the group treated with 2.5 mg L−1 ozone. Tomatoes from the c2t1
group were characterised by the highest antioxidant activity at D5 and D10 (35.29 ± 1.46%
and 41.76 ± 1.87%, respectively). The highest TAA at D15 was observed in the c2t2 group
(53.25 ± 2.13%). The increase in antioxidant activity observed in tomatoes from the c2
group during storage could be related to the ripening process and the metabolism of
phenolic compounds, as was observed by Mirdehghan and Valero [55] and Javanmardi
and Kubota [17]. A high correlation was shown between the phenol content and the total
antioxidant activity (p < 0.001, r2 = 0.720) [55]. Radoni et al. [56] demonstrated that the
presence of ozone does not cause any loss of biologically active substances in tomatoes
during the storage. Additionally, sufficiently high concentrations of gas may even inhibit
enzymes that cause oxidation of phenolic compounds, which increases the total antioxidant
activity. An increase in TAA upon ozonation was also reported by Glowacz and Rees [43].

3.4. Colour Measurements

The colour of tomatoes evaluated in the L* a* b* system is presented in Table 3. During
the 15-day storage at 12 ± 1 ◦C, a decrease in the value of the L* parameter was observed,
which is a naturally occurring process in tomatoes and has been verified by several studies
conducted by, inter alia, Chen et al. [57] and Boonsiriwit et al. [58]. During storage, the a*
parameter increased and the b* parameter decreased in all groups of tomatoes, regardless
of the time of ozonisation and gas concentration. These changes were observed to a
lesser extent during storage, which suggests that the fruit quality after storage remains
acceptable. If the reduction in the L* parameter (tomato darkening) during storage is
too rapid, this would indicate poor storage conditions and a rapid deterioration process.
Statistical analysis showed that the colour of the control samples did not differ significantly
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(p ≤ 0.05) during storage from the ozone treated samples, indicating that the ozonisation
time and gas dose (0.9 and 2.5 mg L−1; 30 and 120 min) did not change the colour of the
surface of Rapanui tomatoes. The lack of a significant effect of ozone on the colour was
previously demonstrated by the work of Glowacz and Ress [43], where exposure to ozone at
a concentration of 0.45 and 0.9 µmol mol−1 had no effect on the colour of red chilli peppers.
Research conducted by Rodoni et al. [56] also showed that ozone (10 µL L−1, 10 min) did
not change the colour of tomatoes. The low doses of ozone did not damage the epidermis
and appeared to have no negative impact on the quality of these fruit or vegetables.
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Table 3. Impact of the ozone concentration and storage time on the colour L*, a*, b* of tomato cultivars of Rapanui tomatoes
measured on 0, 5, 10 and 15 days of storage.

Group Days in Storage L* a* b*

Control

0 44.40 d ± 1.06 25.56 ABa ± 1.05 20.22 c ± 0.65
5 42.01 c ± 1.69 27.64 b ± 0.53 18.32 b ± 0.63
10 38.81 b ± 1.65 28.71 BCc ± 0.80 18.34 Cb ± 0.52
15 36.83 ABa ± 0.62 30.32 Bd ± 0.75 16.96 Ba ± 0.42

0.9 mg L−1; 30 min

0 43.75 c ± 1.34 25.91 Ba ± 0.56 21.09 c ± 0.77
5 42.49 c ± 1.51 27.28 b ± 0.71 18.17 b ± 0.50
10 39.08 b ± 1.07 28.35 ABCc ± 0.63 17.90 BCb ± 0.42
15 36.22 Aa ± 0.62 29.61 ABd ± 1.03 16.20 Aa ± 0.50

0.9 mg L−1; 120 min

0 44.23 d ± 1.48 25.52 ABa ± 0.72 20.69 d ± 0.66
5 42.21 c ± 1.74 27.28 b ± 0.74 18.35 c ± 0.58
10 39.18 b ± 1.17 27.81 ABb ± 0.66 17.51 Bb ± 0.47
15 36.35 ABa ± 0.91 29.33 ABc ± 0.85 16.04 Aa ± 0.41
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Table 3. Cont.

Group Days in Storage L* a* b*

2.5 mg L−1; 30 min

0 45.03 c ± 1.63 25.42 ABa ± 0.79 20.57 c ± 0.70
5 42.37 b ± 1.28 27.06 b ± 0.46 18.79 b ± 0.50
10 38.52 a ± 0.62 27.53 Ab ± 0.90 16.79 Aa ± 0.44
15 37.38 Ba ± 1.17 29.31 ABc ± 0.96 16.58 ABa ± 0.72

2.5 mg L−1; 120 min

0 44.34 c ± 1.95 24.68 Aa ± 0.86 20.86 c ± 0.89
5 41.88 b ± 1.76 27.57 b ± 0.87 18.19 b ± 0.34
10 38.58 a ± 0.80 29.25 Cc ± 0.53 17.87 BCb ± 0.62
15 37.10 ABa ± 0.60 29.05 Ac ± 0.69 16.41 ABa ± 0.60

a–d—lowercase letters show significant differences for each treatment during storage time, A–C—capital letters show significant differences
between treatments within each storage time. The values represented the mean ± standard error.

3.5. Firmness

Loss of firmness during storage is a serious problem because it reduces marketability
of the product due to reduced attractiveness to the market. Firmness of tomato fruit
strongly influences the purchase decision and consumer’s acceptance. It also influences the
perception of taste, aroma, the shelf life and the transportation resilience of fruits [59].

Tomato storage in an atmosphere with 0.9 and 2.5 mg L−1 ozone for 30 and 120 min
contributed to a statistically significant (p ≤ 0.05) difference in firmness, as compared to
the non-ozone treated control group (Figure 2). With increased storage time, the firmness
decreased in all the groups, which was likely related to loss of water and the activity
of enzymes that degrade cell walls [60]. The cell wall matrices, especially pectin, are
broken down during the ripening of fruits and vegetables, which reduces their firmness. It
appears that the presence of ozone in the storage atmosphere may limit the loss of firmness
during storage. The ozone treated groups exhibited higher firmness at D5, D10 and D15
compared with the control group. In the c1t2 and c2t1 groups, the decrease in firmness was
most effectively reduced and at D15 the tomatoes lost only 26.2–27.0% of their firmness
compared to D0. The greatest decrease in firmness was recorded in the control group at
D15 (32.57%). Similar results were recorded by Tzortzakis et al. [44] studies, who showed
that exposure to ozone at a concentration of 1.0 µmol mol−1 significantly influenced the
firmness of tomatoes of the Carousel cultivar during 12 days of storage (at 13 ◦C, RH 95%).
In addition, Radoni et al. [56] demonstrated that exposing tomatoes to gaseous ozone at a
concentration of 10 µL L−1 for 10 min has a statistically significant (p ≤ 0.05) effect on the
preservation of their firmness.

3.6. Assessment of Tomatoes Weight Losses during Storage

According to García et al. [61], tomatoes are susceptible to rapid water loss, which
results in weight loss, depending on the sensibility of the thin skin to damage. Changes in
the weight of Rapanui tomatoes during storage are presented in Figure 3.

The weight of the ozone treated tomatoes at D5, D10 and D15 was not drastically
different from their weight at D0, suggesting that ozone may efficiently reduce weight loss
during storage of treated tomatoes in comparison with the control group. The greatest
weight loss was recorded in the control group, where the mass was reduced by as much as
4.30% while in the groups of tomatoes subjected to ozonisation, the average weight loss
was 3.37%. Ozonisation of tomatoes for 120 min at an ozone concentration of 2.5 mg L−1

(group c2t2) resulted in weight loss of 3.02% at D15. Ozonisation effectively reduced weight
loss in Rapanui tomatoes over the entire period of storage.
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These results were in agreement with studies carried out by Glowacz and Rees [43],
where the impact of the ozone dose on the weight loss of red pepper was investigated.
Ozone at concentrations of 0.9 and 2.0 µmol mol−1 resulted in a statistically significant
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(p < 0.05) reduction of weight loss in comparison to the non-ozonised group. Slightly
differ-ent results were reported by Tzortzakis et al. [44], who saw no impact of ozonisation
(1.0 µmol mol−1) on the weight loss of Carousel tomatoes during storage at 13 ◦C.

The storage conditions had a great impact on the storage time, which is also evident
from research carried out by Javanmardi and Kubota [17]. Clermon tomatoes stored at 12 ◦C
for the first 7 days and then 5 ◦C for the next 7 days exhibited a statistically significant
(p < 0.01) reduction in weight loss compared with tomatoes stored at room temperature
(25–27 ◦C) after a storage time of 7 days. This is in agreement with Park et al. [48], who
investigated the relationship between weight loss and storage time at 8, 12 and 20 ◦C.

We concluded that ozone doses of 0.9 mg L−1 and 2.5 mg L−1 at ozonisation times
of 30 min and 120 min, combined with storage at 12 ± 1 ◦C, reduced tomato weight loss
during 15 days of storage.

3.7. Microbiological Analysis (Yeasts and Moulds)

Determination of the total amount of yeasts and moulds according to standard PN-
ISO 7954:1999 enables testing of the impact of ozonisation on the microbiological safety
of red Rapanui cultivar tomatoes. Results of these analyses are presented in Figure 4. The
total amount of yeasts and moulds in the control group was 1.15 log10 CFU g−1, while in
ozonised groups as early as at D0, a lower microbial content was observed. The lowest
total amount of yeast and moulds at D0 (0.90 log10 CFU g−1) was recorded in tomatoes
ozonised with a dose of 2.5 mg L−1. During storage, a significant increase in the number
of microorganisms in each group was recorded, but tomatoes from the control group
exhib-ited the highest amount of colony forming yeasts and moulds (4.84 log10 CFU g−1 at
D15). Ozone therefore caused an evident reduction in yeast and mould content, but the
most effective dose was 2.5 mg L−1 with an ozonisation time of 120 min (c2t2).
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Tzortzaki et al. [44] ozonised tomatoes with a dose of 0.005 to 5.0 µmol mol−1 and
demonstrated that this gas efficiently suppressed growth of the pathogen B. cinerea on
the fruit surface. Analyses also confirmed that higher ozone concentration and longer
exposure time caused more effective reduction of microorganisms growth on the surface
of tomatoes during storage. Similar conclusions were drawn by Aguayo et al. [23] who
cyclically ozonised tomatoes cultivar Thomas at an ozone concentration of 7 µL L−1 for
30 min every 3 h. Ozonisation inhibited the expansion of yeast and moulds during the
15-day storage. Wani et al. [62] previously suggested that efficiency of ozonisation depends
not only on the type of microorganism, but also the age of a colony, as older colonies are
more resistant to ozone, which may be related to their stronger attachment to the product.
Ozone reacts with organic compounds, causing oxidation and rapid degradation of the cell
wall of microorganisms, especially during the first stage of ozone activity. Subsequently,
polyunsaturated fatty acid which comprise the cytoplasmic membrane are peroxidised,
which leads to formation of peroxides of these compounds. Peroxidation product changes
the physical properties of cell membranes and the activity of micro-organisms becomes
inhibited. In conclusion, ozone effectively inhibits growth of yeast and moulds on the
surface of tomatoes.

4. Conclusions

Storage of tomatoes in atmosphere that has ozone at concentrations of 0.9 or 2.5 mg L−1

and for durations of 30 or 120 min proved to be a factor causing an increase in the con-
tent of total soluble solids and a reduction in titratable acidity. Our results show that
treatment of tomatoes with ozone at a concentration of 2.5 mg L−1 for 120 min produces
the best results. Treatment with ozone was also favourable for the maintenance of the
total flavonoid, lycopene and total carotenoid content and total antioxidant activity. The
most effective preservation was seen in tomatoes from group c1t2 (0.9 mg L−1, 120 min).
Exposure of tomatoes to the ozonisation process under refrigerated conditions resulted
in efficient inactivation of microorganisms which are located on the fruit surface, which
enables reduction of fruit weight loss with simultaneous maintenance of high fruit quality.
Application of ozone inhibited yeasts and moulds growth on the surface of tomatoes and
limited weight loss, without negatively affect their firmness or colour stability. Outcomes
of this research show that ozone may be used as an alternative disinfecting technology in
the fresh tomatoes branch, which does not cause deterioration of the nutritive quality and
the physical properties of tomatoes.
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