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In this study the effect of the ozone exposure on the microbiological and antioxidant status of raspberries stored at 
room temperature was investigated. The study revealed that ozonation with a dose of 8–10 ppm for 30 min, once 
every 12 hours, for 3 days effectively reduced the growth of aerobic mesophilic bacteria and fungi. On the last day 
of storage, the level of infestation of control fruit with Botrytis cinerea reached 100%, while for the ozonated fruit it 
was only 12%. Fruits exposed to ozone exhibited higher antioxidant content due to lower loss of polyphenols com-
pared to their untreated counterparts. The procedure applied was proven to be effective and indicated the poten-
tial of ozone to extend shelf-life of raspberries kept at room temperature. 
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Introduction
A balanced diet contains adequate portions of fruit and vegetables supplying nutrients to ensure proper func-
tioning of the human organism and reducing  the risk of degenerative diseases. Raspberries (Rubus ideaus L.) are 
characterized by a wide range of compounds with documented antioxidant properties, i.e. vitamin C, phenolic 
acids, polyphenols, including ellagitannins, tannins and flavonoids. It is proven that these compounds help to pro-
tect the human body from oxidative stress which may result in cancers, cardiovascular and neurodegenerative 
diseases (Norberto et al. 2015). 

Raspberries are very fragile and must be transported as quickly as possible for further processing or storage. Un-
favorable quality changes due to respiration, transpiration and ripening are already observed in a few hours af-
ter harvest. They cause losses in individual characteristics that shape sensory and biological value, i.e. sugar con-
tent, acidity, vitamins, polyphenols, loss of weight and reduced firmness. In addition, the major problem is the 
growth of undesirable microflora, mainly molds of the genus Botrytis. This forces many producers of raspberries 
to use synthetic pesticides, already at the flowering stage. However, in harvested fruit, residues of plant protec-
tion products are detected, which can adversely affect the well-being and health of humans after ingestion. It is 
therefore important to search for technologies that can effectively reduce microbial contamination and leave no 
harmful residues on the product. An alternative to traditional fruit preservation techniques may be ozone tech-
nology (Carletti et al. 2013). 

Ozone is a substance with a strong oxidation potential that has a strong bacteriophage and fungicidal impact. There 
is an evidence that ozone and its degradation products can oxidize important components of the microbial cell 
membrane, resulting in a damage to the membrane, leakage of the contents and finally cell lysis, and oxidation of 
the internal cell components (Khadre et al. 2001). Due to this valuable property, it can widely be used in preserving 
the quality of fruit at each stage of production, e.g. transportation, sorting, storage, packaging and also as a pre-
processing element. A number of studies showed a beneficial impact of ozonation on the quality of fruit during 
storage (Barth et al. 2006, Botondi et al. 2015, Chwaszcz et al. 2015). It was concluded that preservation effect of 
ozone was dependent on the ozone doses, exposition time of fruit to this agent, the number of ozonation cycles 
and indirectly on the properties of particular plant raw material. Moreover, Skog and Chu (2001) have proven that 
gaseous ozone can oxidize ethylene which is responsible for ripening of fruit. As a result, the processes related 
to losses of chemical compounds and fruit softening are slowed down. An additional benefit of ozone utilization 
is its ability to reduce pesticide residues (Sadło et al. 2017). Balawejder et al. (2014b) indicated that ozone expo-
sure could reduce the pesticide residue content on raspberries and blackcurrants for about 60%. In the patent PL 
407854, a technology and device for the storage of raspberries in the ozone enriched atmosphere were described.  
The procedure proposed for raspberry ozonation with an ozone dose of 8–10 ppm for 30 min, once every 12h 
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allowed preservation of the fruit quality by limitation of losses caused by growth of microorganisms and physi-
ological processes. The device for realization of this method consists of a number of chambers separated from 
each other and from the environment. Each of them is connected via a valve and pipeline to the ozone genera-
tor, has a sealed opening on the front, and is equipped with a diaphragm with an residual ozone destructor (Bal-
awejder et al. 2014a). 

The presented work complements the research undertaken on the effectiveness of ozone as a factor extending 
the storage life of stored fruit. The purpose of the study was to determine the ozone effect on the microbial state 
of raspberry fruit and changes in antioxidant status during storage at room temperature. 

Materials and methods
Reagents and devices

Reagents: bought from BTL (Łódź, Poland): Czapek solution agar, nutrient agar; Sigma Aldrich (Darmstadt, Ger-
many): quercetin (≥95%), trolox (97%), potassium chloride (≥99%); DPPH (2,2’-diphenyl-1-picrylhydrazyl ≥95%), 
ABTS (2,2’-azino-bis(3-ethylobenzothiazoline-6-sulphonic acid)) (≥98%), Gallic acid (≥98%), neocuproine (2,9-di-
methy-1,10-phenantroline ≥98%); Chempur (Piekary Śląskie, Poland): Folin-Ciocalteu reagent, sodium carbonate 
(99,8%), ammonium acetate (≥97%), sodium nitrate (III) (98%), sodium hydroxide (98,8%), sodium thiosulfate; 
POCH (Gliwice, Polska): methanol, copper ( II) chloride, hydrochloric acid 35–38%, Aluminium chloride anhydrous, 
sodium acetate anhydrous, sodium chloride (99%), 2,6-dichlorophenoloindophenol (99%), oxalic acid (99,75%). 

Devices: ozone generator model A 02/10 (CSI Ekotech, Piotrków Trybunalski, Poland), ozone analyzer, model 106-
M (2B Technologies), UV-Vis absorption spectrophotometer, laboratory centrifuge (MPW, Warszawa-Poland), ho-
mogenizer (Bosch), laboratory incubator, pH-meter (Elmetron, Zabrze-Poland).

Plant material for the research
Fresh raspberries (Rubus idaeus L.) were purchased directly from the grower. The raspberries were fully coloured, 
mature and ready for consumption, without signs of mold infestation or mechanical damage.

Storage procedure
Fruit ozonation in laboratory scale experiment

Raspberries were divided into two parts, each about 1 kg. Then, they were evenly distributed in containers with 
a perforated pallet and a lid. One part of the fruit was a blank test and the other part was an ozonated sample.  
Raspberries (both control and ozonated) were stored at room temperature (20–25 °C) for a period of 72 hours. 

Raspberries were ozonated during total time of experiment, daily, at 12-hour intervals, for 30 min, keeping the 
ozone concentration in the container at 8–10 ppm. After the process had been finished, the container was sealed 
and stored. Samples for analysis were collected after 24, 48 and 72 hours of storage. The experiment was per-
formed in triplicate.

Microbiological analysis of fruit samples
Determination of the degree of contamination with microorganisms by spread plate method

The microbiological analysis of the control and ozonated fruit was carried out prior to storage, as well as after 24, 
48, 72 hours of storage, using the spread plate method for aerobic mesophilic bacteria and the total number of 
fungi. Agar media were prepared according to ISO / TS 11133-1: 2009 (ISO 2009). For the analysis randomly col-
lected (50 g) raspberries from each batch of fruit were homogenized. Next, the resulting homogenate was diluted 
in the saline solution to the concentration from 10-1 to 10-6 by a series of consecutive dilutions. While maintaining 
the sterile culture conditions, further dilutions of the sample were plated using the spread plate method. The to-
tal number of aerobic mesophilic bacteria was determined using nutrient agar, where the cultivation conditions 
were 30 °C for 72 h. The total number of fungi was determined using Czapek solution agar and cultivation condi-
tions were 28 °C for 168 h. The number of colonies per plate was calculated, and then the result was shown as log 
cfu in 1 g of fruit sample. The analyses were performed in 3 replications.
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Visual evaluation of the degree of fruit infestation by gray mold

Assay included a direct visual control of the amount of fruit affected by gray mold after 72 hours of storage and 
the assessment of its percentage in comparison to the total number of fruit.

Analysis of the changes in antioxidant potential
Preparation of fruit samples to analyses

Samples of 20 g of the ozonated and control fruit were homogenized in a 60 ml 1:1 methanol-water mixture, which 
was followed by centrifugation at 15 000 rpm for one minute. The supernatant obtained was analyzed.

Determination of the vitamin C content with Tillmans method

5 g of fruit was homogenized with 50 ml 2 % solution of oxalic acid. Next, it was vigorously shaken and incubated 
in darkness for 15 min. The resulting suspension was filtered and the filtrate was analyzed. 

A 10 ml sample of filtrate was immediately titrated with a standard solution of 2,6-dichlorophenolindophenol at 
the concentration 25 mg in 100 ml. The titration was performed in triplicate for each filtrate, while the whole as-
say was made for 3 samples of ozonated and 3 samples of control fruit. In order to determine the vitamin C con-
tent of the fruit samples, the following formula was used:

where: V = volume of DCPiP used during titration [ml], M = concentration of standard solution DCPiP, Vkm = volu-
metric flask volume [ml], Vp = filtrate volume [ml], m = fruit mass [g].

Determination of antioxidant activity using ABTS•+ radical

A 7 mM solution of ABTS in water solution of 2.45 mM K2S2O8 was prepared. Next, it was incubated in darkness 
for 24 h. Before the actual analysis the radicals solution of ABTS•+ was diluted with distilled water until the absor-
bance 0.7 ± 0.02, at λ = 734 nm was achieved.

A 1 ml solution of ABTS•+ radicals was placed into a glass tube , and 10 µl of the sample prepared for analysis was 
added. After six minutes of incubation in darkness, the absorbance of the solutions was measured at λ = 734 nm 
(using a blank sample as reference). The antioxidant activity was determined based on a calibration curve for 100 
µM–1.5 mM trolox solutions in methanol. For each sort of fruit 6 independent repetitions of the antioxidant ac-
tivity measurements were performed. The obtained results are presented as an equivalent of µmol of trolox in 
100 g of fresh fruit mass.

Determination of antioxidant activity using DPPH• radical

Freshly prepared methanol solution of DPPH• radicals at a concentration of 100 µM was diluted until its absor-
bance reached 1.00 ± 0.02, at λ = 515 nm. 

A 1 ml DPPH• radical solution was placed into a glass tube, and next 30 µl of the fruit sample was added. After 30 
min of incubation in darkness, the solutions absorbance was measured at λ = 515 nm (using a blank sample as 
a reference). The antioxidant activity was determined based on the calibration curve for 50 µM–1 mM of trolox 
solutions in methanol. For each sort of fruit 6 independent repetitions of the antioxidant activity measurements 
were performed. The obtained results are presented as an equivalent of µmol of trolox in 100 g of fresh fruit mass.

Determination of the antioxidant activity using CUPRAC method

1 ml 0.0075 M neocuproine solution, 1 ml 1 M NH4Ac, 1 ml of the research sample and 0.1 ml of distilled water 
were added into 1 ml of 0.001 M CuCl2 solution. The reaction mixture was incubated for 30 min at room tempera-
ture (20–25 °C) in darkness. Next, the absorbance was measured at λ = 450 nm (using a blank sample as a refer-
ence). To assess the antioxidant activity of the research samples, a calibration curve for 1–500 µM of trolox solu-
tions in methanol was utilized. For each measurement 6 independent repetitions were conducted. The obtained 
results are presented as an equivalent of µmol of trolox per 100 g of fresh fruit. 

𝐶𝐶𝐶𝐶 =  
𝑉𝑉𝑉𝑉 ∙ 𝑀𝑀𝑀𝑀 ∙  𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚
𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝 ∙ 𝑚𝑚𝑚𝑚

 ∙ 100, [mg ∙ 100g−1] 
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Determination of the total phenolic compounds content

A 0.25 ml of Folin-Ciocalteu reagent that was diluted 1:1 with a distilled water and 0.5 ml of 7% Na2CO3 solution 
were added into 5 ml of hundredfold diluted research sample. After 30 minutes of incubation at room tempera-
ture (20–25 °C) in darkness, the absorbance was measured at λ = 750 nm (using a blank sample as reference). To 
assess the total phenolic compounds content of the research samples, a calibration curve for 0.1–1 mg 100 ml-1 

gallic acid in methanol solution was used. For each measurement 6 independent repetitions were conducted. The 
obtained results were presented as an equivalent of mg of gallic acid per 100g of fresh fruit (Ozyurt et al. 2011).

Determination of the total anthocyanin with Francis-Fuleki method

A 12.5 ml 0.4 M sodium acetate/HCl at pH 4.5, and 0.5 ml of the investigated fruit samples were added into 12.5 
ml 0.025 M KCl/HCl at pH 1.0. Next, the absorbance of each solution was measured at wavelength λ = 510 nm 
and 700 nm, where the blank test was distilled water. To determine the anthocyanin content (mg 100g-1 of fruit) 
calculated as equivalent of cyanidin-3-glucoside, the following formulas were used:

				    A = [(A510-A700)pH=1] – [(A510-A700)pH=4.5] ;

 
				    [mg l-1] =

where: A = the calculated absorbance of the solutions in given environment, MW = molecular weight of cyani-
din-3-glucoside (449.2 g mol-1), DF = the dilution factor, ε = molar absorption coefficient of the dye (26900 dm3 
mol-1 cm-1), l = the path length of the beam of light through the material sample (1 cm) (Giusti and Wrolstadt 2001).

Statistical analysis
To test the statistical significance of the effect of the ozonation process on a given qualitative parameter, the Stu-
dent’s t-test was used for independent samples, with significance level p = 0.05. The significance of the differences 
was checked for each term of analysis. Furthermore, the effect of storage time on the specified quality parameter 
of the control and ozonated fruit in relation to the value of the specified quality parameter before storage was 
determined using a one-way ANOVA and t-Tukey test for unequal sample sizes (p = 0.05). These analyzes were 
performed in STATISTICA12.5 PL from StatSoft company.

Results and discussion
Microbial status of fruit

Raspberry fruit is metabolically active and undergoes an adverse quality changes in a few hour after harvest. How-
ever, it is not always possible to keep the fruit in cold conditions, e.g. during transport of fruit from the plantation 
to the processing plant or storage chambers, distribution in warehouses and between individual stages of tech-
nological process in fruit processing (Carletti et al. 2013). Therefore, in this  study the impact of ozonation process 
on the microbial contamination was examined in raspberries stored at room temperature. 

The procedure of daily ozonation of raspberry fruit with an ozone dosage of 8–10 ppm for 30 minutes once every 
12 hours during the whole storage period had a statistically significant impact on the inhibition of the develop-
ment of microorganisms responsible for deterioration of fruit quality. The results of analysis of the total number 
of aerobic mesophilic bacteria and the total number of fungi are presented as graphs of the number of colonies 
forming units versus time of storage for ozonated and control fruit (Figs. 1 A and B).

One-way analysis of variance (ANOVA) showed that the storage time had a statistically significant impact on the 
development of mesophilic aerobic bacteria for both ozonated and control fruit (p<0.05). The initial microbial 
load was 5.24 ± 0.46 log cfu g-1. After 24 hours of storage, a statistically significant growth of bacteria on the con-
trol fruit was observed up to 6.90 ± 0.24 log cfu g-1 (p<0.05). In subsequent days of analysis, the growth of bacte-
ria was not statistically significant based on the t-Tukey test (p>0.05). The procedure of fruit storage in the ozone 
enriched atmosphere resulted in inhibition of the growth of aerobic bacteria, which is indicated by statistically 

𝐴𝐴𝐴𝐴 ∙ 𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊 ∙  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 1000    
𝜀𝜀𝜀𝜀 ∙ 𝑙𝑙𝑙𝑙
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significant lower count of colony forming units on the ozonated fruit compared to control fruit during the whole 
period of the storage experiment (p<0.05). The most noticeable ozone effect was observed after 48 hours of stor-
age. At that time it was observed that the count of colony forming units on the raspberry fruit was lower by 1.18 
log cfu g-1 (Fig. 1A).

According to the literature, the fungal growth is correlated with the storage time and storage conditions (Zavala 
et al. 2004). In our research we also observed a clear correlation of fungi colony forming units count with time 
for both control fruit and ozonated fruit. The total count of fungi before the storage experiment was 4.8 ± 0.09 
log cfu g-1. During the conducted tests, a statistically significant and systematic growth of the fungal colony form-
ing units on control fruit was observed. At the end of the experiment, this value was higher by 2.87 log cfu g-1 

in comparison to the initial value (Fig. 1B). The analyzes indicated that the ozone dose and exposure time had  
effectively reduced the development of fungi that deteriorated fruit quality. Although after 24 hours of storage of 
the ozonated fruit, a statistically significant growth of fungal colonies was observed, no significant changes in the 
studied parameters were noticed. After 48 and 72 hours, the number of fungal colonies on the ozonated fruit was 
respectively 1.28 and 1.64 log cfu g-1 lower than on the control fruit (p<0.05). Similar correlations were observed 
by Aguayo et al. (2006), who examined the level of microbial contamination in tomatoes treated with ozone at a 
concentration of 4 ± 0.5 ppm, every 3 hours, for the entire storage period. The authors have shown that the pro-
cedure used successfully limited the development of mesophilic aerobic bacteria as well as fungi. At the last day 
of experiment the authors observed lower counts of mesophilic aerobic bacteria by 1.1 log cfu g-1 and fungi by 
1.75 log cfu g-1 on the ozonated fruit in comparison to control fruit. 

The efficacy of protective effect of ozone exposure depends mainly on the ozone dose, exposure time, the num-
ber of ozonation cycles and indirectly on the product properties and the resistance of microorganisms. In the re-
search by Yeoh et al. (2014) prolonging the time of ozonation, with the ozone dose of 9.2 ± 0.2 ppm, resulted in a 
greater reduction of microorganisms responsible for fruit deterioration. However, prolonging the exposure time 
can compromise some qualitative features of ozonated fruit. In turn, in the research of Concha-Meyer et al. (2015) 
it was concluded that ozonation of highbush blueberry with the ozone dose of 4 ppm had no protective effect on 
the fruit quality at temperatures 4 °C and 12 °C, which had presumably been a result of an inadequate ozone dose.

The degree of fruit infestation by gray mold (Botrytis cinerea) can be assessed visually. Gray mold (Botrytis cinerea) 
occurs as a characteristic, gray rash on fruit (Matiacevich et al. 2013) and its development is accompanied by softening 
of fruit and the leakage of juice. The degree of fruit infestation by gray mold was verified at 72 hour of the experiment. 
It was observed that storage in ozone-enriched atmosphere protected raspberry fruit from the development of 
gray mold, which was evidenced by only 12% infestation on the ozonated fruit, while at the same time 100% of the 
control fruit were infected with this fungus. The mentioned above research clearly indicate the efficacy of ozone 
as a factor improving the shelf life of raspberry fruit due to its bactericidal and fungicidal action.
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Fig. 1. Impact of ozonation on the total count of mesophilic aerobic bacteria (A) and total count of fungi (B) in the raspberry fruit 
stored under non cold storage ambient conditions. Mean values with the same lower (changes over time for control fruit) or 
upper (changes over time for ozonated fruit) case are not statistically significant according to the t-Tukey test (p=0.05). The mean 
values highlighted “*” in a given day of storage are mutually significantly different according to the Student’s t-test (p=0.05).
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Antioxidant potential
Changes in the vitamin C content

Ozone is considered as a substance that can induce the reactive oxygen species generation in plant cells (Kan-
gasjärvi et al. 2005). Therefore, the investigation of antioxidant compounds content, such as total phenolic com-
pounds, vitamin C, and total antioxidant activity in ozonated fruit should be also carried out. The impact of ozona-
tion on the antioxidants level is significantly associated with process and storage conditions (Carletti et al. 2013, 
Botondi et al. 2015). The use of high ozone concentration results in a significant decrease of antioxidants content 
in berries, which is connected with occurrence of oxidative stress in plant cells (Ali et al. 2014). However, the ap-
plication of “mild” process conditions reduces the antioxidant compounds losses in fruit during storage or even 
induces an increase of antioxidants level in comparison to the initial value (Zhang et al. 2011). 

Changes in the vitamin C content during the storage are presented in Figure 2. Directly after the harvest, the content 
of vitamin C in the fruit was 11.98 ± 0.5 mg per 100 g of the fruit. The vitamin C content is susceptible to changes 
related to storage and is the most labile of all antioxidants (Zhang et al. 2011). Also in our research we observed 
a statistically significant and continuous loss of the vitamin C during the storage. The procedure of the raspberry 
ozonation had no impact on the vitamin C content up to 48 hours of the storage (p>0.05). However, after 48 hours 
of experiment, it was observed that the reduction of vitamin C content in fruit was significantly lower in the ozo-
nated fruit than in control fruit, i.e. the vitamin C concentration was 28% higher in the ozonated raspberry than in 
control raspberry fruit. At the end of experiment vitamin C content decreased by 62 % and 73 % in the ozonated 
and control fruit, respectively, compared to the values at the beginning of the experiment. 

 

The impact of ozone has been shown to be dependent on the storage procedure and the fruit type. For instance, 
Yeoh et al. (2014) reported that ozonation with the ozone dose of 9.2 ± 0.2 ppm for 10, 20 and 30 minutes result-
ed in various impact on the vitamin C content in papaya fruit. During 10 and 20 minutes of exposure to ozone gas 
the content of the vitamin C in papaya increased, but after 30 minutes of ozonation the vitamin C content dropped 
rapidly. Zhang et al. (2011) reported that presence of the ozone gas in the cooling chambers at the concentration of 
2, 4 or 8 ppm resulted in reduction of vitamin C losses in the strawberry fruit. The reduction of the vitamin C con-
tent in fruit is caused by high activity of ascorbic acid oxidase and ascorbic peroxidase. It is suggested that a prop-
erly chosen ozone dose has impact on the pace of vitamin C reduction, due to inactivation of oxidative enzymes. 
Moreover, Ali et al. (2014) suggested that higher content of ascorbic acid in ozonated fruit could be attributed to 
stimulation of biochemical mechanisms of vitamin C generation which is called “ozone stress” (Ali et al. 2014).

Changes in the total content of phenolic compounds and anthocyanins

The phenolic compounds are the main group of antioxidants which include flavonoids and anthocyanins. Aside 
of high biological value they are responsible for sensory properties of raspberry fruit. Total phenolic compounds 
content in raspberry fruit measured with Folin-Ciocalteu method before the storage experiment was 712.40 ± 
36.50 mg in 100 g of fruit, calculated as a gallic acid equivalent. During the experiment it was observed that ozo-
nation process had a positive impact on the total phenolic content in raspberry fruit (Fig. 3). Based on statistical  
analysis, a statistically significantly higher level of phenolics was observed in ozonated fruit than in the control fruit (p<0.05).  
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The loss of phenolic compounds content in the ozonated fruit was observed only after 72 hours of storage, while 
the phenolic content in control fruit dropped significantly already after 24 hours of storage (p<0.05). Finally, at 
the end of the experiment, the phenolic compounds level in ozonated raspberries was 42% higher than in con-
trol fruit (Fig. 3). 

The preservation of the high level of the anthocyanin content within fruit is important mainly due to their sen-
sory attractiveness but also pro-health properties and high antioxidant activity. It is estimated that anthocya-
nins accounts for 20% of the antioxidant activity of raspberry fruit (Kalisz and Wolniak 2006). The changes in the  
anthocyanins content within the raspberry fruit during the storage experiment for the ozonated and the control 
fruit are summarized in Figure 4. The initial anthocyanin content calculated as cyanidin-3-glucoside amounted 
165.33 ± 13.11 mg per 100 g of raspberry fruit. Krupa and Tomala (2006) indicated steady drop of the anthocya-
nin content in fruit during storage. In our research, we observed a statistically significant reduction of the antho-
cyanins in non-ozonated sample. The utilized ozone dose and the exposition time have both contributed to inhi-
bition of the anthocyanin degradation until 48 hours of storage. An evidence for this statement is a higher level of 
anthocyanin content in the ozonated fruit in comparison to the control fruit (p<0.05). After 72 hours of the stor-
age no differences in the anthocyanin content in both groups could be observed (Fig. 4).  

A beneficial impact of the ozonation process on the anthocyanin content was also reported by Barth et al. (2006). 
They showed that ozone enriched atmosphere at the ozone concentration of 0.1 ppm and 0.3 ppm within the 
storage chamber inhibited the color loss in the marionberry fruit. Analogously, Botondi et al. (2015) observed a 
higher color level in the grapes ozonated once with the ozone dose 1.5 g h-1 for 18 hours and daily ozonation with 
the ozone dose 0.5 g·h-1 for 4 hours during the whole storage period.  
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According to the state-of-the-art, phenolic compounds degradation during fruit storage is a result of enzymatic 
reactions resulting from the action of oxidoreductase enzymes mainly the polyphenol oxidase. Probably ozone 
inactivates oxidizing enzymes, therefore slows down or totally inhibits decomposition of phenolic compounds. 
Wahangchai et al. (2006) and Barth et al. (2006) observed that regardless of the time of exposition to ozone, the 
polyphenol oxidase activity in stored fruit was inhibited. The enzymatic process of fruit browning was not ob-
served and the biological value resulting from the high content of polyphenols was preserved. In turn, Ali et al. 
(2014) suggested that a preventive effect of ozone treatment on the phenolic content is a result of the activation 
of enzymes responsible for polyphenols generation in fruit, e.g. phenylalanine ammonia-lyase. Therefore, it can 
be assumed that the effect observed in our research is dependent on the mentioned processes. 

Total antioxidant capacity

In this study total antioxidant capacity was measured using three methods differing in composition of the reac-
tion mixture and the detection conditions. Therefore, it was possible to depict the processes occurring during the 
storage of fruit samples. Total antioxidant capacity was determined using methods based on its ability to neutral-
ize the synthetic radicals ABTS•+ and DPPH•, and its potential for Cu2+ reduction (CUPRAC method) (Fig. 5). 

The utilized ozonation procedure, where the raspberry fruit were ozonated with the ozone dose of 8–10 ppm for 
30 min once every 12 hours during the storage period, had a statistically significant preventive impact on their an-
tioxidant activity. Regardless of the measurement method used, the ozonated fruit were characterized by a statisti-
cally significant higher antioxidant activity in comparison to control fruit (p<0.05). Prior to the storage experiments, 
the antioxidant capacity of investigated fruit was equal to 9.64–14.54 µmol of trolox per 1 g of fresh fruit mass, 
respectively to the chosen method of analysis (Fig. 5). During the fruit storage, a statistically significant reduction 
of antioxidant activity of the control fruit was observed. The ozonation process caused that the antioxidant activity 
measured in relation to DPPH• radical and CUPRAC test was reduced only after 24 hours of the storage and did not 
change statistically significantly during next hours. In addition, it was observed that the antioxidant capacity of the 
ozonated fruit for the ABTS•+  radicals did not change significantly during the whole storage experiment (p>0.05). 
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Fig. 5. Impact of ozonation on the total 
antioxidant capacity in the raspberry fruit 
stored under non cold storage conditions. 
The mean values highlighted “*” in a given 
day of storage are mutually significantly 
different according to the Student’s t-test  
(p=0.05). The similarity of mean values 
in the remaining cases is not statistically 
significant according to the t-Tukey test  
(p=0.5). (A=method with ABTS•+ radical, 
B=method with DPPH• radical, C=CUPRAC 
method).
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Ali et al. (2014) observed that the antioxidant activity was higher in ozonated fruit in comparison to control fruit.  
They investigated the impact of ozone on the stability of the antioxidant compounds in papaya fruit. They observed 
that the fruit ozonation with the ozone dose of 1.5, 2.5 or 3.5 ppm for 95 hours before the 10 day long storage 
resulted in an increase of antioxidant activity of the fruit by 0.03%, 30.9%, 21.9%, respectively, in comparison to 
the control fruit. In turn, in the research by Giuggioli et al. (2015) no statistically significant impact of ozone treat-
ment of raspberry fruit on the antioxidant activity was observed. The authors suggested that the ozone dose they 
had used was too low (500 ppb). 

In our research a statistically significant correlation between the total phenolic compounds content, anthocyanins 
or vitamin C, and the total antioxidant capacity of investigated fruit samples was observed (Table 1). The total an-
tioxidant capacity of the investigated raspberry fruit was determined mainly by the anthocyanin and vitamin C 
content. In turn, the remaining substances belonging to the phenolic compounds had a much smaller impact on 
the total antioxidant capacity. An additional cause of the differences in the values of the total antioxidant capac-
ity is the reaction environment differing in the analytical methods mentioned. In the light of strong correlations 
between the qualitative properties, it is possible to suppose that changes in the total antioxidant capacity of the 
ozonated and control fruit depend on changes in polyphenols and vitamin C content due to the ozone impact and 
the interactions of individual components occurring during storage. 

Table 1. Values of Pearson’s linear correlation between the total antioxidant activity (CUPRAC, DPPH•, ABTS•+) and the total 
polyphenol content, anthocyanin and vitamin C in ozonated (rozone) and non-ozonated (rcontrol) fruit sample (p<0.05)

Pearson correlation 
coefficients

(p<0.05)

Total polyphenol content Total anthocyanin content Vitamin C
content

rozone rcontrol rozone rcontrol rozone rcontrol

CUPRAC 0.68 0.71 0.95 0.89 0.98 0.82

DPPH• 0.61 0.69 0.91 0.82 0.94 0.97

ABTS•+ 0.82 0.72 0.72 0.71 0.70 0.89

Conclusions

Ozonation of the raspberry fruit with the ozone dose of 8–10 ppm for 30 min once every 12 hours during the fruit 
storage had a positive impact in terms of protection the fruit from development of storage diseases and inhibi-
tion of the loss of antioxidants. There were less colony forming units of mesophilic bacteria and gray mold pre-
sent during the storage of raspberry fruit. The procedure used preserved the antioxidant capacity of the fruit and 
limited the phenolic compounds loss including anthocyanins. The utilized method had no impact on the vitamin C 
content in the fruit. The presented method was proven to be successful and its simplicity accompanied with low 
economic costs has a potential for utilization of ozone as a substitution for other methods used for the preserva-
tion of fruit quality during storage. 
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