Eurasian Journal of Veterinary Sciences

https://eurasianjvetsci.org
pISSN:1309-6958/eISSN:2146-1953

Eurasian ] Vet Sci 2026;42:e0479
DOI:10.63673/Eurasian] VetSci.479

RESEARCH ARTICLE

Effects of Different Ozone Application on Some Quality Parameters of
Red Meat During Cold Storage

Ozge Durmaz', Umit Gurbuz"*

'Selcuk University, Faculty of Veterinary Medicine, Department of Food Hygiene and Technology, Konya, Tiirkiye

Abstract

This study investigated the effects of gaseous ozone treatments at different
concentrations and exposure times on the physicochemical and microbiological
quality of beef (Musculus longissimus lumborum) during cold storage. Beef loin
samples were divided into control and treatment groups, with ozone applied at
0.5-0.6 ppm for 10 or 20 minutes. Quality parameters, including pH, water activity,
color (L*, a*, b*), lipid oxidation (TBARs), and microbial counts, were measured
immediately after treatment and on days 7 and 14 of storage. Ozone treatment
significantly reduced microbial loads, particularly mesophilic aerobic bacteria,
Pseudomonas spp., and Enterobacterales, and maintained microbial counts at
acceptable levels throughout storage. Although ozone exposure increased lipid
oxidation, pH and water activity values remained within normal ranges, and color
changes were moderate. These findings highlight ozone as a promising non-thermal
preservation technology that can improve microbial safety and extend the shelf life
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of beef without leaving chemical residues.
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INTRODUCTION
The  increasing  demand  for  high-quality,
microbiologically safe, and minimally processed

foods has driven the development of alternative
food preservation technologies. Traditional methods
such as refrigeration and thermal treatments, while
effective to a certain extent, often fail to adequately
suppress spoilage microorganisms without affecting
the sensory and nutritional quality of foods (Hugas
et al 2002, Mor-Mur and Yuste 2003). Non-thermal
preservation techniques have gained prominence due
to their potential to inactivate microorganisms while
preserving food quality attributes such as color, flavor,
and texture.

Among these novel techniques, ozone (O3) has emerged
as a promising tool in food preservation due to its strong
oxidizing capability, broad-spectrum antimicrobial
activity, and environmental compatibility (Khadre et al
2001). Ozone decomposes into oxygen without leaving
toxic residues, making it an eco-friendly alternative to
conventional chemical disinfectants (Khadre et al 2001,
Savas et al 2014, Gimenez et al 2021). It is effective
against bacteria, yeasts, molds, and viruses and has
been used for surface decontamination, equipment
sanitation, and water treatment in the food industry
(Megahed et al 2020).
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Ozone was designated as “Generally Recognized as Safe”
(GRAS) by the U.S. Food and Drug Administration
(FDA) in 1997 and was subsequently approved for direct
contact with food products in 2001. This regulatory
acceptance, combined with its cost efficiency and
minimal environmental impact, has led to increased
interest in its application for preserving perishable
foods, including meat and poultry (Kim and Yousef
2000, Rice 2001).

Red meat, due to its high moisture and nutrient
content, is particularly susceptible to microbial
spoilage during storage. Controlling microbial growth
without compromising physicochemical properties
remains a significant challenge. The use of gaseous
ozone has shown potential in reducing microbial load
and extending the shelf life of meat products, although
its impact on physicochemical parameters such as
pH, color stability, water activity, and lipid oxidation
requires further investigation (Cho et al 2014, Gimenez
et al 2021, Qian et al 2022).

In this study, considering the favorable characteristics
of ozone, beef Musculus longissimus lumborum muscles
were subjected to different gaseous ozone treatments.
The aim was to evaluate the effects of ozone exposure
on the microbial flora and key quality parameters
during refrigerated storage. The findings are intended
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to contribute to the scientific understanding of ozone’s
applicability as a non-thermal preservation technique
for red meat.

MATERIAL AND METHODS
Material

In this study, six beef loin muscles (M. longissimus
lumborum), each with an average weight of approximately
2.5 kg, were obtained from three male cattle of similar
age, breed, and live weight, with carcass weights ranging
between 300 and 320 kg to ensure sample homogeneity.
All carcasses were sourced from the same slaughterhouse
under standardized hygienic conditions. Following
slaughter, the carcasses were aged at 4°C for 24 hours, after
which M. longissimus lumborum muscles were excised
from the same anatomical location on both the right and
left sides of each carcass.

Care was taken to select only meat samples free from
physical defects, discoloration, or surface contamination.
Furthermore, group homogeneity was ensured by
evaluating standard meat quality parameters such as initial
pH and color (L*, a*, b*) values. This approach enhanced
experimental reliability and enabled valid comparisons
between treatment groups.

Preparation of Experimental Samples and Ozone
Applications

Rightand left beefloin samples (M. longissimus lumborum)
were taken from the same animal. To determine the
initial condition of the experimental meat samples before
ozonation (raw material), pH, water activity (a, ), color (L*,
a*, b¥), Thiobarbituric Acid Reactive Substances (TBARs),
and microbiological parameters (total mesophilic aerobic
microorganisms, Pseudomonas spp., Enterobacterales,
Escherichia coli, Salmonella spp.) were analyzed according
to standard procedures representative of the entire sample.

Each muscle was divided equally into five pieces. For each
ozone application, one piece from the right and one from
the left loin were combined, forming five experimental
groups with homogeneous distribution. The groups were
coded according to the treatment conditions. Ozone
was applied to these groups at different concentrations
and exposure durations (Table 1). Each treatment was
performed in triplicate, and all analyses were conducted

in duplicate. Data were evaluated according to the
procedures specified under the statistical analysis section.

Ozone applications were carried out using an ozone
generator and air ozone measuring device (Teknozone
TKZ-6G, 6 g/h, Tirkiye). To ensure the bactericidal
efficiency of ozone, ozonation was conducted in a specially
designed refrigerator (TeknikBuz, YDAD-41, Tiirkiye)
maintained at 4 + 0.5°C and 90 + 1% relative humidity.

Immediately after ozone application, samples were
analyzed for pH, aw, color (L*, a*, b*), TBARs, and
microbiological ~ parameters  (Pseudomonas  spp.,
Enterobacterales, E. coli, Salmonella spp.). Subsequently,
treated samples were stored at 2 + 1°C with 0.1-0.2 m/s
air velocity and 85-90% relative humidity for 14 days.
On the 7" and 14™ days of storage, all samples were
periodically analyzed for the specified physicochemical
and microbiological characteristics.

Physicochemical Analyses

Determination of pH Value: The pH of the experimental
samples was determined using a portable pH meter (Testo
205, Testo AG, Lenzkirch, Germany). The instrument was
calibrated with Testo buffer solutions of 4.01 and 7.00 *
0.01 at 20°C before measurements.

Determination of Thiobarbituric Acid Reactive Substances
(TBARs): The degree of lipid oxidation was determined
according to the method described by Tarladgis et
al (1960). The procedure is based on distillation of
malondialdehyde (MDA) from the sample, incubation
with TBA reagent, and measurement of the color intensity
of the resulting chromogen using a spectrophotometer.
Results were expressed as mg MDA/kg.

Determination of Water Activity: Water activity values
were determined using a portable hygrometer (Novasina
Labswift-a , Switzerland) following the method of Rédell
et al (1975).

Color Analyses

Reflectance color measurements were performed using a
Minolta Chromameter (Model CR-400, Konica Minolta,
Osaka, Japan) with D65 illumination, 2° observer, and
8 mm illumination range in Diffuse/O mode. The color
coordinates L* (lightness), a* (redness: +60 = red; —60
= green), and b* (yellowness: +60 = yellow; —60 = blue)
were determined according to the CIE Lab* system. Three

Table 1. Experimental implementation design.
Group Ozone Application (ppm) Duration (minutes)
Control -
L 0.5 10
1L 0.5 20
III. 0.6 10
V. 0.6 20
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replicate measurements were taken on the surface of each
meat sample (Rohrle et al 2011).

Microbiological Analyses

Total Mesophilic Aerobic Bacteria Count: Total mesophilic
aerobic bacteria were enumerated according to the FDA
Bacteriological Analytical Manual (FDA 2001). One mL
of each dilution was inoculated by the pour-plate method
on Plate Count Agar (Merck 1.12535, Germany) and
incubated at 37°C for 24 h before counting.

Pseudomonas spp. Count: The analysis was performed
according to TS EN ISO 13720:2011, “Meat and Meat
Products - Enumeration of Pseudomonas spp..

Enterobacterales Enumeration: Enumeration was
performed according to ISO 21528-2:2017a. Samples
were plated on Violet Red Bile Dextrose Agar (VRBD,
Merck 1.10275, Germany) using the double-layer pour-
plate method, and typical colonies were counted after
incubation at 37°C.

E. coli Count: Enumeration of E. coli was carried out
according to TS ISO 16649-2:2001 using the colony-
counting technique.

Salmonella spp. Detection: Detection of Salmonella spp.
was performed according to TS EN ISO 6579-1:2017b.

Statistical Analyses

Statistical analyses were performed using IBM SPSS
Statistics Version 27. Analysis of variance (ANOVA)
was applied for repeated measurements of pH and
water activity (a ). The Kruskal-Wallis test was used for
microbiological data, while the General Linear Model
(GLM) was employed for color analysis. The Duncan and
paired t-tests were applied for pairwise comparisons of
parametric data. The Mann-Whitney U and Wilcoxon
tests were used for independent and dependent non-
parametric comparisons, respectively. A significance level
of p < 0.05 was adopted for all evaluations. The Friedman
test was applied to assess differences in non-parametric
dependent data. Differences between groups were
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Figure 1. Changes in pH values of samples according to days.

expressed using distinct letter symbols for rows (x, y, z)
and columns (a, b, ¢, ...).

RESULTS
pH Changes

Considering the initial pH values of the experimental
samples, it was observed that there were no significant
differences, although partial decreases and increases
occurred in the pH values of the meats after ozone gas
application (Figure 1; Table 2; p>0.05). It was observed
that the pH values of the experimental samples during the
storage period after ozone treatment were higher than the
initial pH values. On the 14th day of storage, the pH values
of the ozone-treated samples ranged between 5.57 and
5.71, whereas the non-ozonated (control) samples had a
pH value of 5.80. The differences between the groups were
found to be significant (Figure 1; Table 2; p<0.05).

Water Activity (a ) Changes

The initial water activity (a ) value of the experimental
samples was 0.995. It was determined that the aw values
of the samples varied between 0.993 and 0.995 after ozone
treatment, and the differences between the groups were
not statistically significant at the beginning, after the
application, or on the 7th and 14th days of storage (Figure

Table 2. pH values of experimental samples treated with ozone at different dosage and duration.
Applications
Attribute Durati Raw Material b Day 7 Day 14
Ozone (ppm) uration Application Y Y P
(minutes)
0.5 10 5.45+0.05Y 5.45+0.00% 5.63+0.01b 5.57+0.01Y 0.04
pH 0.5 20 5.45+0.05" 5.38+0.01" 5.68+0.01% 5.71£0.01%* 0.04
0.6 10 5.45+0.05Y 5.50+0.03* 5.59+0.01* 5.71£0.01° 0.04
0.6 20 5.45+0.05" 5.51+0.06" 5.72+0.02% 5.59+0.01 0.04
Control 5.45+0.05" 5.45+0.05" 5.6620.02 5.80+0.01* 0.03
p 1.00 0.14 0.02 0.01
x,y,z: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05
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Table 3. aw values of experimental samples treated with ozone at different dosage and duration.
Applications
Attribute Duration Raw Material | After Application Day 7 Day 14 P
Ozone (ppm) .
(minutes)
0.5 10 0.995+0.0006* 0.995+0.0003* 0.993+0.0009* 0.895+0.0003" 0.0396
aw 0.5 20 0.995+0.0006* 0.994+0.0006 0.992+0.0006" 0.885+0.0048" 0.0293
0.6 10 0.995+0.0006* 0.995+0.0003* 0.992+0.0003* 0.885+0.0003" 0.0323
0.6 20 0.995+0.0006* 0.993+0.0007% 0.992+0.0006" 0.883+0.0003" 0.0293
Control 0.995%0.0006* 0.995+0.0006* 0.992+0.0009* 0.882+0.0015" 0.0293
P 1.00 0.131 0.569 0.068
x,y;z: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05

Table 4. TBARs values of experimental samples treated with ozone at different dosage and duration.
Applications
Attribute Duration Raw Material | After Application Day 7 Day 14 P
Ozone (ppm) .
(minutes)
0.5 10 0.73+ 0.02* 2.19+ 0.05" 2.53+ 0.06% 1.99+ 0.05* 0.029
TBARSs 0.5 20 0.73+ 0.02Y 1.25% 0.03% 1.76£ 0.05 1.78+ 0.05* 0.042
0.6 10 0.73£ 0.02Y 0.91+0.1% 3.35+ 0.08* 1.61+ 0.04% 0.029
0.6 20 0.73+ 0.02* 2.72+ 0.07* 2.53+ 0.06% 2.05+ 0.05v* 0.029
Control 0.73+ 0.02Y 0.73+ 0.02¢ 2.35+ 0.06 1.12+ 0.03¥ 0.029
p 1.000 0.011 0.017 0.012
x.y:z: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05

2; Table 3; p>0.05). When the initial, post-treatment,
7th, and 14th days of storage were compared, statistically
significant differences were observed among the days in
all groups (p<0.05), and the water activity values of the
samples showed a significant decrease on the 14th day
compared to the initial level. On the 14th day, the control
group samples had the lowest water activity value (0.882),
while the ozone-treated groups had water activity values
ranging from 0.883 to 0.895 (Figure 2; Table 3). The initial

aw values of the experimental samples gradually decreased,
reaching 0.882-0.895 on the 14th day of storage (Table 3).

Changes in TBARs Values

It was determined that the TBARs values of the
experimental samples varied between 0.73 and 3.35 mg
MDA/kg. After ozone application, the samples treated
with 0.6 ppm ozone for 20 minutes reached 2.72 mg
MDA/kg. TBARs values followed a fluctuating trend after

Table 5. Total Mesophilic Aerobic Bacteria group microorganism counts (logl0 cfu/g) of experimental samples treated with ozone at
different dosage and duration.
Applications
Duration Raw Material | After Application Day 7 Day 14 p
Ozone (ppm) .
(minutes)
0.5 10 5.57+0.02% 3.26+0.01¢ 5.19+0.02%* 5.70+0.04* 0.029
0.5 20 5.57+0.02 3.30+0.01% 5.35+0.02% 6.65+0.01 0.029
0.6 10 5.57+0.02" 3.99+0.07¢ 5.92+0.04% 6.95+0.01% 0.029
0.6 20 5.57+0.02" 3.42+0.01% 5.83+0.03% 6.62+0.01> 0.029
Control 5.57+0.02Y 5.57+0.02% 7.22+0.02% 8.18+0.01* 0.029
P 1.000 0.009 0.01 0.009
x,y;2: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05
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Table 6. Ozone treatment of experimental samples with different dosage and duration Pseudomonas spp. group microorganism counts

(log,, cfu/g).
Applications
Duration Raw Material | After Application Day 7 Day 14 p
Qo (pie) (minutes)
0.5 10 5.308+0.010¥ 3.151+0.00% 4.306+0.009% 5.794+0.010% 0.029
0.5 20 5.308+0.010* 2.221£0.00¢¥ 4.150+£0.001* 5.337£0.020% 0.042
0.6 10 5.308+0.010" 3.230+0.001¢ 5.713+0.019% 5.850+0.017< 0.029
0.6 20 5.308+0.010" 3.751+0.00" 5.417+0.027> 6.198+0.027" 0.029
Control 5.308+0.010" 5.308+0.01% 6.047+0.074> 6.533+0.066™ 0.029
p 1.000 0.008 0.010 0.037

x,y,z: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05

experimental samples.

Table 7. Effect of different dosage and duration of ozone treatment on Enterobacterales group microorganism counts (log,, cfu/g) of

Applications
Duration Raw Material | After Application Day 7 Day 14 P
Qo (ppia) (minutes)
0.5 10 3.210+0.01* 0.500+0.000¢ 2.749+0.004 0.800+0.000"* 0.0290
0.5 20 3.210£0.01* 1.250£0.006 0.700+0.000% ND 0.0498
0.6 10 3.210+0.01* 0.600%0.000% 0.633+0.067<% ND 0.0970
0.6 20 3.210£0.01 1.703+0.003¢ 2.700+0.003¢ ND 0.0498
Control 3.210+0.01% 3.208+0.007* 3.684+0.006™ 2.881+0.005% 0.0290
p 1.000 0.009 0.009 0.009

x,yz: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with

different letters in the same column are significant p<0.05. ND: Not Detected

treatment and during the 7th and 14th days of storage,
and the differences among both groups and days were
statistically significant (Figure 3; Table 4; p<0.05).

The initial TBARs value of the experimental samples
was 0.73 mg MDA/kg (Table 4; Figure 3). After ozone
treatment, the highest increase in TBARs value was
observed in the group treated with 0.6 ppm ozone for 20
minutes, reaching 2.73 mg MDA/kg. This was followed by

0.991
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0.961
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0.941
0.931
0.921
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0.881
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=&=Group IV
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A Y
Raw After
Materials Treathment
Days

Day 7 Day 14

Figure 2. Change in aw values of samples according to days.

the groups treated with 0.5 ppm for 10 minutes, 0.5 ppm
for 20 minutes, and 0.6 ppm for 10 minutes. The lowest
value was detected in the control group. On the 7th day of
refrigerated storage, the highest TBARs value among the
ozone-treated samples was observed in those treated with
0.6 ppm ozone for 10 minutes. On the 14th day of storage,
TBARs values ranged from 1.12 to 2.05 mg MDA /kg, with
the highest value again recorded in the samples treated
with 0.6 ppm ozone for 20 minutes (Figure 3; Table 4).
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Figure 3. Change of TBARs values of samples according to days.
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Changes in Microbial Flora

After the ozone treatment, it was determined that the
TMAB counts of all ozone-treated experimental samples
decreased by about 2 log units, and the differences between
the groups were statistically significant during this period
(Figure 4; Table 5; p<0.05).

The initial TMAB count of the raw material (5.57 log10
cfu/g) decreased to 3.26-3.99 logl0 cfu/g in the ozone-
treated groups; the greatest decrease occurred in samples
treated with 0.5 ppm for 10 minutes, followed by 0.5 ppm
for 20 minutes, 0.6 ppm for 10 minutes, and 0.6 ppm for
20 minutes. Thus, TMAB counts in all ozone-treated
groups decreased by approximately 2 log units from the
initial value. During storage, TMAB counts in the ozone-
treated samples remained lower than in the control on the
7th and 14th days; in the non-ozonated control group,
TMARB reached 8.18 log10 cfu/g on day 14 and exceeded
acceptable limits, whereas counts in the ozone-treated
samples remained at acceptable levels.

Changes in Pseudomonas spp. Counts

After ozone treatment, Pseudomonas spp. counts in
all ozone-treated experimental samples decreased by
2-3 log units, and the differences between groups were
statistically significant (Figure 5; Table 6; p<0.05). The

initial Pseudomonas spp. count of the raw material (5.30
log10 cfu/g) decreased to 2.21-3.75 logl0 cfu/g in the
ozone-treated groups; the greatest decrease occurred in
samples treated with 0.5 ppm for 20 minutes, followed by
0.5 ppm for 10 minutes, 0.6 ppm for 10 minutes, and 0.6
ppm for 20 minutes. Counts decreased by ~3 log units in
the 0.5 ppm/20 min group and by ~2 log units in the other
ozone-treated groups relative to the initial value. During
storage, Pseudomonas spp. counts in ozone-treated
samples remained lower than in the control on days 7
and 14; in the non-ozonated control group, Pseudomonas
spp. reached 6.53 logl0 cfu/g on day 14, increasing in
proportion to TMAB toward upper limits, while ozone-
treated samples remained at acceptable levels.

Changes in Enterobacterales Counts

Following ozone treatment, Enterobacterales counts in all
ozone-treated experimental samples decreased by 2-3 log
units, and the variations among groups were statistically
significant (Figure 6; Table 7; p<0.05). The initial
Enterobacterales count of the raw material (3.21 logl0
cfu/g) decreased to 0.50-1.70 logl0 cfu/g in the ozone-
treated groups; the greatest decrease occurred in samples
treated with 0.5 ppm for 10 minutes, followed by 0.6 ppm
for 10 minutes, 0.5 ppm for 20 minutes, and 0.6 ppm for
20 minutes. Counts decreased by ~3 log units in the 0.5
ppm/10 min and 0.6 ppm/10 min treatments, and by ~2
log units in the other ozone-treated groups.

In the control group without ozone, a ~1 log-unit decrease
was observed by day 14. During storage, Enterobacterales
counts in ozone-treated samples remained lower than
in the control on days 7 and 14; by day 14, the non-
ozonated control reached 2.88 logl0 cfu/g, whereas no
growth or considerable reductions were observed in the
ozone-treated groups. Differences between groups and
across days (depending on the application methods) were
statistically significant (Table 7; p<0.05). In this study,
the effect of ozone treatments on E. coli present in the
experimental samples was also evaluated. It was observed

6
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Table 8. L*. a*. b* values of experimental samples with different dosage and duration of ozone treatment.
Applications
Attribute Duration Raw Material | After Application Day 7 Day 14 p
Qi ) (minutes)
0.5 10 37.04+1.06* 37.11+0.88* 22.98+1.13% 23.01+1.33cy 0.002
L* 0.5 20 37.04£1.06* 36.52+0.38* 23.20+0.85% 25.08+0.80% 0.002
0.6 10 37.04+1.06* 35.91+0.56* 25.16+1.05% 27.5240.84% 0.002
0.6 20 37.04£1.06* 36.88+0.93* 24.81+1.11% 25.71£1.92% 0.002
Control 37.04+1.06* 37.04+1.06* 28.02+0.80% 27.96+1.4% 0.001
p 1.000 0.836 0.031 0.032
0.5 10 21.18+0.49* 20.95%0.56* 12.76+1.68 7.27+0.39% 0.0017
. 0.5 20 21.18+0.49* 21.05%0.37* 9.91+1.43% 8.36+0.31° 0.0022
0.6 10 21.18+0.49* 20.71+0.30* 14.61+1.01% 12.14+1.45% 0.0022
0.6 20 21.18+0.49* 20.93+0.43* 14.44+1.09 12.1242.39% 0.0019
Control 21.18+0.49* 21.18+0.49¢ 16.5+0.63v 9.38+0.8%* 0.0004
p 1.000 0.959 0.024 0.040
0.5 10 16.36+0.53* 16.00+0.46* 8.84+0.93% 7.52+0.40Y 0.002
b 0.5 20 16.36+0.53* 16.08+0.46* 8.16+0.90% 7.18+0.26" 0.002
0.6 10 16.36+0.53* 15.53+0.25* 10.58+0.59® 9.55+0.63" 0.002
0.6 20 16.36+0.53* 16.07+0.52% 10.58+0.57 9.73+1.32Y 0.002
Control 16.36+0.53* 16.36+0.53* 12.56+0.72% 8.56+0.74" 0.001
p 1.000 0.765 0.010 0.163
x,y,z: Differences between groups with different letters in the same row are significant p<0.05. a,b,c,d: Differences between groups with
different letters in the same column are significant p<0.05

that E. coli, which was >10 cfu/g in the initial samples, was
not detected after ozone treatments. Only in the control
group was E. coli detected at >10 cfu/g on the 7th and 14th
days of storage.

Color Changes L* Values

The L* value, which was 37.0 at the beginning (raw
material), was determined to be between 37.1 and 35.9
after ozone treatment. While there was no significant
difference before and after the application, there was also
no statistical difference in L* values between the groups
(Figure 7; Table 8; p>0.05). On the 7th and 14th days of
storage, the highest L* values (28.0; 27.9, respectively)
were observed in the control group samples without
ozone treatment, and significant differences (p<0.05)
were observed between the groups at these time points.

When the initial (raw material), post-ozone treatment,
7th, and 14th days were compared, the differences between
days were significant; the raw material and post-ozone
treatment were similar in terms of L* but differed from
the 7th and 14th days, and the L* values determined on
the 7th and 14th days were similar in all groups (Table 8).
When the initial L* values were compared with those on
day 14, L* decreased significantly in all treatments, with

the least change in the control group samples.

Color Changes a* Values

The a* value, which was 21.1 at the beginning (raw
material), was determined to be between 20.7 and 21.1
after ozone treatment. While there was no significant
difference before and after the application, there was also
no statistical difference in a* values between the groups
(Figure 8; Table 8; p>0.05).

On the 7* and 14" days of storage, the highest a* values
(14.6; 12.1, respectively) were observed in samples treated
with 0.6 ppm ozone for 10 minutes, and significant
differences (p<0.05) were observed between the groups
at these times. When the initial, post-treatment, 7th, and
14th days were compared, the differences between days
were significant; the raw material and post-treatment were
similar in terms of a* but differed from the 7th and 14th
days, and the a* values determined on the 7* and 14" days
were similar across groups (Table 8). When the initial a*
values were compared with those on day 14, a* decreased
significantly in all treatments, with the least change in
samples treated with 0.6 ppm ozone for 10 minutes.
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Color Changes b* Values

The b* value, which was 16.3 at the beginning (raw
material), was determined to be between 15.5 and 16.3
after ozone treatment. While there was no significant
difference before and after application, there was also
no statistical difference in b* values between the groups
(Figure 9; Table 8; p>0.05).

On day 7, the highest b* value (12.5) was observed in the
control group without ozone treatment, and differences
between groups were observed at this time (Figure 9;
Table 8; p<0.05). On day 14, the highest b* value (9.7) was
observed in samples treated with 0.6 ppm ozone for 20
minutes and the lowest (7.1) in samples treated with 0.5
ppm ozone for 20 minutes. The differences observed on
day 14 were not statistically significant (p>0.05; Table 8).
When the initial, post-treatment, 7th, and 14th days were
compared, the differences between days were significant;
the raw material and post-ozone treatment were similar in
terms of b* but differed from the 7th and 14th days, and
the b* values determined on the 7th and 14th days were
similar across groups. Comparing initial b* with day-14
b*, b* decreased significantly in all treatments.

Di1sCUSSION

In this study, it was determined that ozone application did
not cause a significant change in the pH values of meat
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application can cause significant (p<0.05) decreases in
the pH values of samples and that the effect intensifies as
the exposure time increases. This variation is likely due
to differences in ozone dosage, duration, and the type of
material used.

This can be explained by the fact that after the pH of meat
reaches its lowest point postmortem, it gradually increases
again due to biochemical and microbial activities, which
may also be partly influenced by ozone exposure. Zhang
et al (2020) suggested that ozone gas treatment of beef
may slow down the increase in pH at the end of the storage
period.

Eriksson (2005) indicated that differences in pH values
after ozone exposure could also be attributed to the
formation of carboxylic acids, such as formic, acetic, or
propionic acids, produced during oxidation of organic
matter. However, in this study, the changes in pH during
storage may have been caused by multiple parameters
rather than a single factor. The increases in pH values
throughout storage can also be explained by the formation
of alkaline metabolic products resulting from high protease
activity. Similar interpretations were also reported by
other researchers (Obuz et al 2014). It was observed that
the pH values of both ozone-treated and control samples
at different times and doses remained within acceptable
levels for fresh meat (Table 2).
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The aw value of the experimental samples at the beginning
was consistent with the values reported in the literature
for fresh meat, and no significant difference was observed
between the ozone-treated groups and the control group
after ozone application. This indicates that ozone gas
treatment had no direct effect on a . Karamah and Wajdi
(2018) reported a very small decrease in the water content
of chicken meat following ozone application and stated
that ozone had no significant effect on water retention.
Cigek et al (2013) determined that the initial aw value
of beef (0.99) decreased to 0.977 by the 7th day of storage
and attributed this reduction to surface drying during
storage. The decreases in aw values from day 7 to day 14
can be explained by the loss of free water from the samples
during storage, as well as by environmental factors such as
ambient temperature, air velocity, and relative humidity.
The faster drying of smaller sample pieces taken for
analysis also contributed to the decrease in water activity.

The initial TBARs value of the experimental samples was
0.73 mg MDA/kg. Considering the opinions of several
researchers (Kalchayanand et al 2020) that TBARs values
in fresh and good-quality processed meat products can
range between 0.7 and 1.0 mg MDA/kg, the initial value
obtained in this study indicates that the meat samples
used were of suitable quality.

It was observed that these values (except for the group
treated with 0.6 ppm for 20 minutes) remained below the
rancidity threshold of 2 mg MDA/kg, which is considered
the upper limit of acceptability for beef (Gomez et al
2014). However, the lower TBARs values in the control
group compared to the ozone-treated groups indicate that
ozone concentration and exposure time may influence
lipid oxidation (Figure 3; Table 4). Similar findings
have been reported by other studies employing ozone
treatment. In this context, several researchers (Coll
Cardenas et al 2011, Cho et al 2014) reported that ozone
can significantly increase TBARs values by promoting
lipid oxidation in beef.

Mubhlisin et al (2016) noted an increase in TBARs values
in duck and chicken fillets, and Trindade et al (2012)
observed similar effects in chicken carcasses. Cho et al
(2014) found that the TBARs value of minced beef, initially
measured at 0.66 mg MDA/kg, increased significantly to
0.76, 0.75, and 0.79 mg MDA/kg on the 1st, 2nd, and 3rd
days, respectively, during ozone treatment and subsequent
3-day storage at 4°C. Ayranci et al (2020) indicated that
TBARs values increased with longer ozone exposure
times in turkey breast meat. Piachin and Trachoo (2011)
reported that TBARs values of ozone-treated samples
exceeded those of potassium lactate-treated samples in
fresh pork meat. Susilo et al (2021) found that ozone
application enhanced lipid oxidation in chicken breast
meat, while Gimenez et al (2021) reported that prolonged

(>10 minutes) ozone exposure adversely affected redness
and increased oxidative rancidity in beef. Jeong et al
(2007) observed that the TBARs values of pork treated
with ozone gas for 15 minutes were significantly higher
on the 15t" and 20" days of cold storage than those of the
control group.

On the other hand, some researchers (Pohlman et al
2002, Stivarius et al 2002) reported that the sensory
properties of beef were not adversely affected by ozone
treatment, whereas others (Kim and Shin, 2011, Lyu et
al 2016) claimed that sensory properties were improved.
In addition, Qian et al (2022), in a study investigating
the effect of ozone gas on the quality and microbial
flora of salmon, reported that ozone treatment delayed
the increase of thiobarbituric acid reactive substances
(TBARSs). These differences in the TBARSs values observed
across studies are likely due to variations in ozone dosage,
the type of material used (beef, chicken, pork, or fish), and
the application method.

The findings obtained in the present study demonstrate
the antimicrobial effectiveness of ozone treatment against
microbial populations. Khadre et al (2001) state that
ozone is a powerful, broad-spectrum antimicrobial agent
against bacteria, fungi, protozoa, viruses, and bacterial/
fungal spores. Its antimicrobial effect disrupts microbial
cells by damaging the membrane, affecting cellular
enzyme systems, inhibiting respiration, and ultimately
causing cell death.

Many studies show that ozone has an inactivating effect on
microorganisms. Gorman et al (1995) reported a 1.49 log
cfu/cm? reduction in aerobic bacteria when using water
and 0.5% ozone at 35 °C on beef adipose tissues. They also
reported that ozonated water alone or in combination with
sanitizers such as acetic acid and lactic-acid-containing
organic acids reduced microbial loads on carcasses.
Reagan et al (1996) reported that aerobic bacteria on
cattle carcasses treated with 2.3 ppm ozone decreased
by around 1.3 log cfu/cm®. Jaksch et al (2004) reported
decreased microbial growth in ozone-treated pork and,
accordingly, prolonged shelf life. Jeong et al (2007)
observed that aerobic bacteria and coliforms decreased by
0.45-1.04 log cfu/g and 0.26-0.30 log cfu/g, respectively,
on days 5, 10, and 15 in vacuum-packaged pork stored at
4°C for 20 days with different ozone exposure periods.

Sheldon and Brown (1986) found that the microbial
load of poultry carcasses stored at 4°C and treated with
ozone was lower than that of chilled carcasses without
ozone treatment; immersion of chicken carcasses in
chilled water containing ozone decreased microbial load
by 2 log units compared with untreated carcasses. Rice
(2001) stated that the total bacterial load on chicken
carcasses decreased after spraying ozone at 6.0-8.0 mg/L.
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Coll Cardenas et al (2011) stated that ozone treatment
at 0-4°C for 3 hours resulted in a 0.5-log reduction in
total aerobic mesophiles in beef without discoloration or
rancidity. El-Dahshan et al (2013) suggested that applying
40, 60, or 70 ppm ozone for 20 minutes to chilled chicken
carcasses effectively reduced total aerobic bacteria,
coliforms, and total molds/yeasts in chicken breast meat
stored at 4 + 1°C and extended shelf life by more than 9
days. Torlak et al (2013) stated that ozone applications
were effective on microbial flora and caused 1.8-2.7
log reductions. Kalchayanand et al (2019) discovered
that aqueous-ozone spray cooling markedly (p<0.05)
diminished aerobic bacteria (~0.99 log) in fresh meats.
Kalchayanand et al (2020) stated that UVC irradiation
in combination with ozone treatment reduced pathogen
populations and aerobic bacteria on fresh beef surfaces.
Aabed Allah and Abed Ali Al-Obaidi (2020) suggested
that total bacteria initially at 5.30-5.51 log cfu/g decreased
to 2-4.8 log cfu/g with 10-minute ozone exposure and to
1.2 log cfu/g with 15-minute exposure in beef and mutton.
Megahed et al (2018a, 2018b) noted that initial bacterial
quantity strongly influences the ability of ozone treatment
to eliminate microbes, establishing a direct correlation
between initial count and reduction rate. When the results
of the present research are compared with these studies,
it is observed that ozone effectively reduces TMAB load
across different matrices, consistent with literature data.

These findings indicate that ozone had an inhibitory effect
on microorganisms of the genus Pseudomonas. In many
studies, the inactivating effect of ozone on Pseudomonas
spp. has been determined. Kim and Yousef (2000) stated
that ozone gas affects Pseudomonas fluorescens and
Leuconostoc mesenteroides, and that <2 mg/L ozone
decreased Pseudomonas and Candida.

Gertzou et al (2016) used ozone at doses of 2, 5, and 10
mg/L to determine the contribution of ozone treatment
and vacuum packaging to the shelf life of fresh chicken
thighs. The ozone-treated thighs were vacuum-packed
using PA/PE films and stored at 4+1°C for 16 days.
Microbiological ~ parameters (TVC,  Pseudomonas
spp., lactic acid bacteria (LAB), molds/yeasts, and
Enterobacterales) were evaluated, and high-dose ozone
was more effective in controlling microbial populations.
Al-Haddad et al (2005) applied 2000 ppm ozone for 30
minutes (followed by 70% CO,:30% N storage at 7°C)
and 2000 ppm for 15 minutes (followed by 70% CO,:30%
N, at 7 °C) to chilled chicken breast meat; they found
97% reduction in Salmonella infantis and 95% reduction
in Pseudomonas aeruginosa in the >2000 ppm/30-minute
group. According to Kalchayanand et al (2020), the use
of UVC light along with ozone on fresh meat decreased
harmful and aerobic bacteria on fresh beef surfaces.
AAbed Allah and Abed Ali Al-Obaidi (2020) reported

that psychrophiles initially ranged between 3.1 and 3.3
log cfu/g in beef/mutton and decreased by 1.8-1.9 log
cfu/g after 10-minute ozone exposure. Jindal et al (1995)
applied 0.44-0.54 ppm ozone for 45 minutes at 4 °C to
chicken carcasses prior to chilling to increase microbial
safety and extend shelf life; they found reductions of 0.38,
1.11, and 1.14 log in P. aeruginosa, Gram-negative, and
Gram-positive bacteria, respectively, and reported a 2-day
shelf-life extension with ozone treatment.

In this study, the significant decrease in Pseudomonas spp.
after ozone application was consistent with other studies,
confirming the inhibitory effect of ozone on this group of
microorganisms.

The reductions observed in the present study demonstrate
the antimicrobial effectiveness of ozone treatment against
Enterobacterales. However, the decrease observed in the
control may also result from internal factors of meat (pH,
aw) and environmental conditions. This observation may
be explained by reduced aw values associated with lower
humidity and the consequent suppression of microbial
development, as reported by some researchers (Campbell
et al 2001, Ahnstrom et al 2006, Kahraman and Gilirbuz
2019).

According to the Turkish Food Codex Communiqué on
Microbiological Criteria (2011), E. coli should not be
present in meat and meat products. The effect of ozone on
E. coli has been revealed in many studies.

Ewell (1946) reported that 0.5-3 mg/L ozone gas reduced
E. coli on meat surfaces by 50%. Reagan et al (1996)
reported that E. coli was reduced in inoculated ground
beef treated with ozone. Stivarius et al (2002) reported
that treating pre-trim meat in a 1% ozone-water bath
for 7 and 15 minutes reduced E. coli; in ground beef
inoculated with E. coli and treated with ozone, reductions
were likewise observed. Stivarius et al (2002) further
found that a 15-minute treatment reduced E. coli,
Salmonella Typhimurium, coliforms, and total aerobic
bacteria. Coll Cardenas et al (2011) reported that the
highest microbial inhibition in beef treated with the same
ozone concentration was observed at 0°C and in 24-hour
treatment groups, with decreases of 0.7 and 2.0 logl0
cycles in E. coli and total aerobic mesophiles, respectively.
Kalchayanand et al (2019) evaluated conventional spray
cooling versus aqueous-ozone spray cooling in fresh meats
and found that aqueous ozone significantly (p<0.05)
reduced E. coli (~1.49 log) and aerobic bacteria (~0.99 log)
on fresh meat surfaces. Novak and Yuan (2003) reported
that applying 3 ppm aqueous ozone to inoculated beef at 45
and 55°C for 5 minutes decreased Clostridium perfringens,
E. coli, and Listeria monocytogenes by 1.28, 0.85, and 1.09
log, respectively. Jindal et al (1995) applied 0.44-0.54
ppm ozone for 45 minutes at 4°C to chicken carcasses
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prior to chilling and reported decreases >1.11, 0.91,
and 0.90 log in aerobic colonies, coliforms, and E. coli,
respectively. McMillin and Michel (2000), in a study on
ozonized, E. coli-inoculated ground meat, revealed post-
application decreases; using high ozone concentrations
(500, 3500, and 5000 ppm; 1.07, 7.49, 10.70 x 10° kg/
m?®), they observed ~2.0 log  reductions, with higher
concentrations providing greater effectiveness. Salmonella
spp. were not detected at any stage of the application,
including the raw materials. According to the Turkish
Food Codex Communiqué on Microbiological Criteria
(2011), Salmonella spp. should not be present in meat and
meat products.

The decrease in L* values observed in this study may
be associated with oxidative changes caused by ozone
application, as well as moisture loss, surface drying, and
alterations in the physicochemical properties of meat
during storage. The observation of similar decreases in
the control group indicates that this change was not solely
related to ozone treatment, but may also be associated with
storage conditions such as temperature, relative humidity,
and air velocity. Differences in L* values are explained by
many researchers through various factors. Kim and Hunt
(2011) explained that meats with higher surface moisture
reflect more light and therefore have higher L* values;
conversely, surface drying increases light absorption and
the color appears darker red. Brewer et al (2001) reported
that L*, which indicates meat lightness, is not affected by
oxygenation time and is closely associated with meat pH.
The most notable effect of ozone is related to changes in
surface color. Clavijo (2005) observed a reduction in L*
and b* values in partially dried chicken meat treated with
ozone, underscoring ozone-induced alterations in surface
coloration.

The decrease in a* values observed in this study may
be associated with oxidative changes induced by ozone
application, as well as moisture loss and alterations in
the physicochemical properties of meat during storage.
Considering that similar decreases were also observed
in the control samples, these changes may not be solely
attributed to ozone treatment, but may additionally be
associated with meat pH and storage conditions such
as temperature, relative humidity, and air velocity.
Differences in a* values are attributed by many researchers
to various factors. Hunt (1991) stated that a*, an indicator
of redness, is closely related to oxygenation time; this is
a consequence of redox transitions of myoglobin that
directly interact with meat pH. Coll Cardenas et al (2011)
reported that surface color parameters did not change
significantly (p>0.05) compared with the control when
meat was treated with ozone continuously for 3 hours
at 0°C and 4°C, whereas significant changes (p<0.05)
occurred with 24-hour ozone treatment. They suggested

that a* decreased relative to the control due to oxidation
of myoglobin and oxymyoglobin to metmyoglobin, i.e.,
loss of the oxymyoglobin pigment; similar findings were
reported by Suman and Joseph (2013). According to
Bekhit et al (2013), a* may diminish due to oxidation of
myoglobin and oxymyoglobin into metmyoglobin when
exposed to ozone gas. Ozone, along with other reactive
oxygen species, acts as a strong oxidizing agent, triggering
lipid and myoglobin oxidation. Mancini and Hunt
(2005) stated that metmyoglobin is formed via myoglobin
oxidation and that this transformation is characterized
by low redness. Gimenez et al (2021) found that ozone
applied to beef significantly (p<0.05) affected total
color difference; AE* increased as application intensity
increased, and a* (red/green coordinate) decreased
due to oxidation of myoglobin and oxymyoglobin to
metmyoglobin.

The lack of significant differences between groups for b*
on day 14 renders the effect of ozone on b* inconclusive.
This change is likely related to meat-intrinsic factors,
applied methods, different materials used across studies, or
drying of experimental samples during storage. Muhlisin
et al (2015) observed that L* and b* in chicken breast
exposed to ozone remained unchanged during a 3-day
storage period. Similarly, Cho et al (2014) noted little to
no impact of ozone on b* across diverse meat samples.

CONCLUSION

Ozone application effectively reduced microbial loads in
beef, particularlymesophilicaerobicbacteria, Pseudomonas
spp.» and Enterobacterales, while maintaining pH and aw
within acceptable ranges. Moderate effects were observed
on color parameters, and lipid oxidation increased
depending on ozone concentration and exposure time.
Overall, ozone represents a promising non-thermal
intervention for enhancing microbial safety and extending
the shelf life of beef. However, optimization of application
conditions is still necessary to balance microbial control
with quality preservation. As sensory attributes were not
evaluated in this study, future research should incorporate
consumer-based sensory analyses to confirm the practical
applicability of ozone treatments
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