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Abstract

Background: With global fish production exceeding
178 million tonnes and up to 35% lost to spoilage,
improving processing and storage is vital to maintain
quality. Freshwater species like carp, rich in moisture
and unstable fats, rapidly deteriorate during storage,
demanding precise preservation methods. Objective:
The study aimed to determine the effect of processing
methods and storage conditions on the organoleptic,
physicochemical, and microbiological quality of carp
products. The subject of the study was carp fillets that
were subjected to freezing, hot and cold smoking, and
traditional and optimised drying. Methods: After
processing, the samples were stored in three types of
packaging: vacuum, modified atmosphere (gas
mixture), and traditional (polyethylene and paper). The
organoleptic evaluation was conducted by qualified and
certified sensory panellists following the international
standard and additionally determined moisture content,
peroxide number, malondialdehyde content, texture
hardness and total microbial contamination. Results:
The highest sensory scores (4.6-4.8 points) were
achieved by meat processed by hot smoking or
optimised drying and packaged in a vacuum or
modified atmosphere. The frozen meat gradually lost
its texture and flavour properties, and after six months
in traditional packaging the sensory score dropped to
2.5-2.8 points. At the same time, the peroxide number
increased by 68% on average and the
malondialdehyde content by 57%. Conclusions: A
strong positive correlation between the storage time

and the level of lipid oxidation was recorded
(correlation coefficient of 0.89 with a significance level
of less than 0.01). The results of the study can be used
to improve the technologies of processing and
packaging freshwater fish in production conditions to
extend the shelf life without loss of quality.

Keywords: Sensory testing. Heat treatment. Vacuum
packaging. Dehydration. Lipid oxidation. Microbiological

stability. Physicochemical parameters.
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Introduction

The problem of maintaining the quality of fish
products during processing and storage is one of the
key challenges of modern food technology, given the
high biological value of fish, its rapid susceptibility to
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perishability and growing consumer demands for safety insights that are insufficient for creating all-
and stability of organoleptic characteristics. Globally, encompassing quality management plans for
fish provides nearly 15% of the total animal protein freshwater species like carp. The combined effects of
consumed by the human population, with an estimated processing intensity, packing environment, and storage
178 million tonnes of production in 2021, of which over length on the physicochemical, sensory, and

70% was used for direct human consumption [1]. microbiological stability of carp products are also not
However, approximately 30-35% of fish and seafood well documented empirically. In order to validate the
products are lost annually due to inadequate post- best processing and packaging combinations that

harvest handling, temperature abuse, and microbial guarantee consumer safety and long-term sensory
spoilage, representing a substantial nutritional and appeal, this information gap highlights the necessity
economic burden [2]. for a comprehensive approach that connects
Meat from freshwater fish, such as carp, bream technological characteristics with quantifiable markers
and perch, is an important source of easily digestible of product quality.
protein, polyunsaturated fatty acids, vitamins and The relevance of organoleptic monitoring of
minerals, which makes it important in the diets of the freshwater fish meat was highlighted in the study by
population [3-5]. In Central and Eastern Europe, per Fotina et al. [7], which established the effectiveness of
capita consumption of freshwater fish has increased by using organic acids to stabilise the textural
18% over the past decade, yet spoilage during storage characteristics and improve the palatability of aquatic
still leads to losses exceeding 15 kg per capita per year organisms. In practical terms, the results of this study
in small-scale fisheries [6]. However, the specific are of practical importance for raw material processing
physicochemical properties of this raw material, such technologies. The topic of freshwater fish safety in
as high humidity (typically 70-80%), unstable lipids, market conditions was covered by Liasota et al. [8] in
and relatively low buffering capacity, contribute to the the study on risk-based approaches to product quality
rapid development of microorganisms and autolysis control depending on storage conditions, regional
processes. These biochemical and microbiological specifics, and the surveillance system.
mechanisms not only accelerate quality degradation The focus on physicochemical changes during the
but also heighten the risk of toxin formation, process of cooling and freezing fish was demonstrated
emphasising the necessity of improving preservation, by Duarte et al. [9] and Walayat et al. [10], which
packaging, and cold-chain technologies for fish provided evidence of a decrease in texture quality and
products. degradation of flavour components in products with a
This study is noteworthy because it provides long shelf life. A critical reflection on sensory
workable ways to improve the quality and shelf life of assessment methods is provided in the publication by
freshwater fish, especially carp, which is a very Bernardo et al. [11], which analyses the strengths and
perishable but significant source of vital nutrients. The weaknesses of the Fish Quality Index as a universal
study offers information crucial for enhancing industrial method for monitoring changes in fish quality. The
fish processing technologies by investigating the negative effect of prolonged freezing on the sensory
combined effects of processing techniques and and textural properties of fish was confirmed by Xie et
packaging circumstances. The outcomes help to al. [12], who showed a correlation between increased
guarantee food safety, lower post-harvest losses, and levels of thiobarbituric acid reactive substances
preserve nutritional and sensory quality over extended (TBARS) and deterioration in the toughness of tilapia
storage. Additionally, the use of energy-efficient fillets. A summary of available research shows that
processing and sustainable packaging facilitates the there is a need for a comprehensive approach to
shift to ecologically conscious food production systems, studying the impact of heat treatment, packaging type,
which is consistent with international norms for and storage time on the quality of freshwater fish
resource conservation and sustainable development. meat. At the same time, there is a lack of empirical
Even though there are many studies that focus on data on the effect of smoking, drying and storage on
different aspects of fish preservation, like smoking, sensory, physicochemical, and  microbiological
freezing, or packaging, there are still very few parameters within the same experimental model.
integrated analyses that assess how particular The study aimed to determine changes in the
processing techniques interact with various storage organoleptic, physicochemical, and microbiological
conditions to affect the overall quality of freshwater properties of carp meat, depending on the method of
fish products. The majority of the research that is now heat treatment, type of packaging, and storage time.
accessible concentrates on either marine species or To achieve this goal, the following tasks were set:
specific technological factors, offering fragmented e compare the sensory characteristics of samples
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after hot and cold smoking, drying and freezing; grade paper). All samples were stored at -18°C for 1,
e determine the impact of vacuum packaging, 3, and 6 months.

modified gas atmosphere and traditional Two smoking technologies were used in the

packaging on the chemical stability of products study: hot smoking (at 80-90°C) and cold smoking (at

during storage; 25-30°C). Both processes were conducted in a Smokey

e establish  statistical  relationships  between Oak S-200 smokehouse (Poland) using beech wood as
oxidation rates, the number of microorganisms  the smoking material. A total of 20 carp specimens

and sensory scores at different stages of storage. were used, yielding 40 fillets, which were evenly
divided between the two smoking methods (20 fillets
Materials and Methods per method). To assess the effect of smoking duration

The study was conducted between April and on the aroma intensity, separate batches of fillets were
December 2024. The object of the study was carp processed for different time intervals. For hot smoking,
(Cyprinus carpio) meat obtained from fish farms in the three groups were formed and smoked for 4, 6, and 8
Kyiv region certified in accordance with national hours, respectively. For cold smoking, the durations
veterinary and hygiene standards. Prior to capture, were 8, 12, and 14 hours. Each smoking duration was
standardised conditions were provided, including carried out as a separate process and not as a
controlled temperature conditions in water bodies (18- continuous smoking session with intermediate
22°C), a constant stocking density (up to 2.5 kg/m3), sampling. This design allowed for the evaluation of
and a unified feeding ration, which included complete different smoking intensities as standalone processing
granular feed with a standard protein and fat treatments. After smoking, the fillets were cooled to
composition (35% protein, 6% fat). These conditions +4°C for no more than 2 hours and then packed under
minimised the impact of external factors on the quality three different packaging conditions: vacuum (stored
of fish meat. The fish were caught in September 2024. at +2°C), modified atmosphere (stored at +4°C), and
For the study, 50 specimens of carp with an average traditional packaging (stored at +4°C). Samples were
length of 35-40 cm were selected, which met the stored for 1, 3, and 6 months, although it should be
inclusion criteria: no external damage, no signs of  noted that the 6-month storage of smoked fish
spoilage and a muscle tissue pH value of 6.4-6.8. exceeds typical commercial shelf life and was

A sample size of 50 carp specimens was chosen to conducted solely for experimental purposes to observe
guarantee accurate results under various storage and long-term stability. For the assessment of aroma
processing circumstances. With a 95% confidence development (see Figure 1), separate samples were
level, a power analysis verified that this sample size taken from each time point corresponding to the
would produce statistically significant results. To specific smoking durations described above. No
evaluate treatment differences, one-way ANOVA and sampling was performed during an ongoing smoking
Tukey's test were employed, guaranteeing that the process.
sample size was sufficient for trustworthy findings. The fillets were dried in two ways: by traditional

After capture, the fish were humanely slaughtered natural drying at a temperature of 20-25°C and relative
in accordance with veterinary regulations, including humidity of 60-65% for 7-10 days; and by optimised
stunning and bleeding, followed by manual dehydration at a temperature of 35-40°C in a Binder
evisceration. The carcasses were then thoroughly ED 53 drying oven (Binder ED 53, Binder GmbH,
washed under running potable water and filleted using Tuttlingen, Germany) until a moisture content of 25-
standardised  hygienic  procedures. To ensure 30% was reached within 48-60 hours. A total of 15
homogeneity of the samples, the fillets were cut into carp were used (7-8 fish per drying method). After
portions with an average thickness of 2 cm. drying, the samples were cooled to room temperature

The carp fillets were frozen by the shock method (22+1°C), packaged using three different packaging
at a temperature of -40°C using a Liebherr GNP 2956 methods (vacuum, modified atmosphere, traditional),
freezer (Germany). For the experiment, 15 fish were and stored at +20°C under stable humidity conditions
used, each vyielding two fillets, resulting in a total of 30 (55-60%) for 1, 3, 6, and 12 months, depending on
fillets. Each fillet was divided into uniform portions of the experimental design.
equal weight. Freezing was performed prior to The choice of processing methods was based on
packaging: the fillets were first frozen in open form to their prevalence in industrial fish processing and their
avoid moisture condensation and then packed under ability to significantly affect product shelf life,

three different conditions — vacuum, modified organoleptic properties and microbiological stability.
atmosphere (50% CO2, 40% N2, 10% O2), and Freezing ensures long-term storage at low
traditional packaging (polyethylene bag with food- temperatures, smoking provides the desired flavour
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profile and suppresses microflora, and drying reduces product is acceptable for consumption. Additionally, a
water activity, creating unfavourable conditions for 9-point scale adapted from ISO 13299:2016 [16] was
bacterial growth. Comparing these methods in used to assess odour intensity during the smoking
combination with different packaging options identified duration study: 1 point — no or very low odour; 5
the best technological solutions for the long-term points — moderate intensity, typical of smoked
preservation of carp products. products; 9 points — extremely intense aroma, possibly
To ensure objective comparison between different pungent or overly concentrated. The average score for
processing methods and storage conditions, a control each group was calculated based on the individual
group was included in the experimental design. To ratings provided by 10 sensory panellists.
compare the evaluation results, a control group of To ensure the safety of sensory panellists,
fresh carp fillets that had not been subjected to any microbiological screening was conducted prior to each
processing was used. These samples were obtained tasting session. Samples with total viable counts (TVC)
from the same batch of 10 carp as the experimental exceeding 5.0 log colony forming units (CFU)/g or with
groups. Filleting was performed immediately after confirmed presence of Listeria spp. or Escherichia coli
slaughter, and sensory evaluation took place within 3 were excluded from organoleptic evaluation. In
hours of filleting to preserve the freshness of the particular, smoked products stored for six months
product. Each panellist received an individual coded underwent full microbiological testing before being
sample, ensuring that every fillet portion was considered for sensory analysis. Only samples that
evaluated only once to avoid cross-panel bias. Before complied with basic food safety criteria and hygiene
tasting, all samples — except for the smoked ones — regulations were presented to the panel. Furthermore,
were brought to a temperature of +4°C and subjected all tasters were instructed not to ingest the products
to standard culinary preparation: cooking for 10 during evaluation. The assessment was limited to
minutes in water without the addition of salt or spices. smell, texture, and visual appearance, following
Smoked products were tasted without any additional spitting and rinsing protocols recommended in ISO
processing. This approach ensured consistent serving 8586:2023 [13], to minimise any risk of accidental
conditions and enabled an objective comparison of the ingestion of potentially compromised products.
sensory characteristics across all treatment groups. Tastings were conducted in a specially equipped
The organoleptic evaluation was carried out by 10 sensory laboratory with controlled conditions:
qualified tasters (panellists) aged 30 to 50 vyears, temperature 20+2°C, neutral lighting, and no foreign
selected following ISO 8586:2023 [13]. All participants odours. The samples were coded with a random three-
had at least 5 years of experience in sensory testing digit number and presented to the tasters in a
and were previously instructed in the evaluation randomised order with the taste buds cleansed
methodology. Before the main testing, all tasters between tests (water, unsalted bread). The average
underwent a calibration assessment to verify the scores were used for further statistical analysis. The
sensory sensitivity and reproducibility of the results. All physical and chemical analysis included the
tasters provided voluntary written consent to determination of malondialdehyde (MDA) (TBARS) by
participate in the study following the requirements of spectrophotometric method (Lambda 25, PerkinElmer,
ISO 11136:2014 [14]. The evaluation was carried out USA), peroxide value according to ISO 3960:2017
on a 5-point scale according to ISO 4121:2003 [15], [17], and moisture content by the gravimetric method
considering four main parameters: texture, taste, at 105°C to a constant weight. Meat hardness was
smell, and colour. According to this scale: 1 point — measured using a TA.XT Plus texture analyser (Stable
unacceptable quality; pronounced defects such as Micro Systems, Great Britain) at a deformation rate of
unpleasant odour, pungent taste, undesirable colour, 1 mm/s. Microbiological studies (total number of
or textural disintegration; 2 points — poor quality, with microorganisms, CFU/g (colony-forming units per
significant deviations from the norm, but the sample is gram)) were carried out on Plate Count Agar A (PC) by
still considered suitable for consumption; 3 points — ISO 48331:2013 [18].
satisfactory quality; minor defects are noticeable, but
sensory characteristics are generally acceptable; 4 Statistical Analysis
points — good quality, with only slight deviations from The SPSS 26.0 software was used for statistical
the reference sample and pleasant organoleptic data processing. A one-way analysis of variance
properties; 5 points — excellent quality; the sample is (ANOVA) with Tukey's test (significance level p<0.05)
free of defects and exhibits a clearly defined, typical was used to identify differences between processing
smell, taste, colour, and texture. It is generally methods. The correlation between the shelf life and
assumed that a score of 3 or higher indicates that the organoleptic/chemical parameters was assessed by
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Pearson's coefficient, and the normality of the was recorded (Table 1). At the same time, lowering the
distribution was checked by the Shapiro-Wilk test. drying temperature in the optimised mode significantly
Measurement errors did not exceed 5%. Compliance improved both the taste and texture characteristics of
with ethical requirements was ensured following the the product compared to the traditional method.
provisions of DSTU ISO 7218:2015 (2017) for the Similar results were obtained by Aktaruzzaman et al.
microbiological control of food products. The study did [22], demonstrating that the combination of
not involve animal experimentation or invasive human preheating and dense packaging ensures the
exposure, so no ethics committee approval was preservation of the textural and flavour characteristics

required. of tilapia products during storage. The benefits of
advanced temperature-controlled drying were also
Results and Discussion highlighted by Tavares et al. [23], demonstrating the

The results of the study reflect changes in the effectiveness of physical innovative technologies in
organoleptic characteristics of carp meat depending on  Preventing the spoilage of fresh fish.

the method of heat treatment, the type of packaging
and the storage time. Parameters such as texture, ~ 1able 1. Comparative evaluation of —organoleptic
taste, smell and colour were assessed on a 5-point ~ characteristics of carp fillets subjected to different
scale. The evaluation of organoleptic parameters  Processing methods (mean+SD, n=10 panelists, 5-
identified characteristic changes in the quality of fish ~ Point scale).

meat associated with different processing methods:
freezing, smoking (hot and cold) and drying. Compared Processing | Texture | Taste | Odour | Colour | " '
to fresh fillet samples cooked immediately after method (#SD) | (#SD) | (£SD) | (#SD) | (. ¢p)
capture, frozen carp meat showed a decrease in Fresh (control, |4.80+0.20|4.90+0.10| 4.70+0.15| 4.90+0.10| 4.83+0.14
organoleptic scores for all parameters’ most nOtably in I(::eri (1 month)| 3.60+0.25 | 3.80+0.30| 3.10+0.28| 3.20+0.22| 3.43+0.26
terms of smell and colour. This indicates that freezing Smoked (hot, 6 h
affected not only the texture but also the aroma profile day 0)

and appearance of the product, resulting in an overall ﬁlm;’:;g)(m'd’ 12
decrease in consumer appeal [19]. However, the taste Dried (traditional,
remained at an acceptable level, which indicates the |92y 0

. - Dried (optimised,
relative stability of the flavour components under the day 0)( P 3.80+0.18 | 3.80£0.20| 3.70+0.17| 3.90+0.15| 3.80+ 0.18

recommended storage conditions. Note: all samples in this table were evaluated within 3
Smoking, especially hot smoking, had a positive  hours after processing to ensure comparability of fresh
effect on the flavour and colour of the meat. The  sensory characteristics. Hot smoking was performed
highest scores for odour intensity were recorded for for 6 hours at 80-90°C, cold smoking for 12 hours at
hot-smoked samples. This method contributed to the 25-30°C. Traditional drying was carried out for 7-10
formation of stable flavour compounds and improved days at 20-25°C and 60-65% RH; optimised drying was
the appearance, which resulted in high organoleptic  conducted in a drying oven at 35-40°C until 25-30%
scores. While cold smoking showed slightly lower  mojsture was reached within 48-60 hours. Scores
values, it provided a more delicate flavour profile,  represent the mean + standard deviation of ratings
which may be desirable for certain consumer  given by 10 certified sensory panelists following ISO
categories. This correlated with the results of Ekelemu 4121:2003 [15]. According to the scale used, a score
et al. [20], who showed that smoking in combination  of 3.0 or higher indicates that the product is acceptable
with spices not only enhanced the flavour but also  for consumption. Source: compiled by the authors.
significantly extended the shelf life of smoked fish.
Similar conclusions are presented by Oli et al. [21], Comparative analysis demonstrated that the
determining that smoke treatment significantly reduces  organoleptic properties of fish meat varied significantly
moisture and at the same time increases organoleptic depending on the processing method. Fresh carp fillet
stability compared to fresh samples, while maintaining  samples after minimal heat treatment received high
taste appeal. marks for their natural texture and typical smell but
Drying resulted in a decrease in all organoleptic  \vere slightly inferior to smoked versions in terms of
parameters, including texture, due to moisture loss and  taste. Freezing resulted in a decrease in quality, mainly
increased stiffness. The worst scores were obtained for due to a deterioration in texture and smell, while hot
samples  without  process  optimisation  (i.e.,  smoking provided a high level of taste and aroma.
conventional drying), where the lowest overall quality  prying, especially without prior optimisation, had a
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negative impact on texture and flavour, but Thus, hot smoking is effective in achieving intense
improvements in  technology ensured partial flavour in a relatively short time but requires precise
compensation for these losses. Similarly, Omoruyi and control of the duration, while cold smoking provides a
Omosoh [24] reported the effectiveness of combined lasting flavour with longer exposure. The choice of
methods (heat treatment + dehydration) in ensuring method depends on the target sensory profile and the
the stability of sensory parameters of fish semi-finished type of fish being processed.

products, which confirms the relevance of the The study results demonstrated that the
approaches used in this study. To visualise the processing method has a decisive influence on the
dynamics of aromatic characteristics depending on the organoleptic properties of carp meat. Freezing reduces
processing method and the duration of thermal the quality of texture, colour and smell, although it
exposure, a graph was constructed and presented in ensures partial preservation of taste characteristics
Figure 1, which shows the relationship between the [25,26]. Smoking, especially hot smoking, provides
intensity of the smell and the hours of smoking. pronounced aromatic and visual benefits, while cold
smoking creates a more delicate sensory palette.
Drying without optimisation leads to a significant

:@ deterioration in texture, but adjusting humidity and

O Horsmoking (odonr temperature can improve quality [27]. In general, the
8- Cold smokin (oo most attractive characteristics for the consumer were

recorded in hot-smoked samples under optimal
technological conditions. The relevance of combining
organoleptic, chemical and microbiological methods of
quality control for fish products was confirmed by Yu et
al. [28], substantiating the benefits of an integrated
approach to monitoring the freshness and safety of fish
products without freezing.

Storage of processed fish requires precise control
of temperature, humidity and time to preserve its
nutritional and organoleptic quality [29, 30]. The
study analysed changes in the physicochemical,
textural, microbiological and sensory characteristics of
freshwater fish meat depending on the duration of
storage using three main processing methods:
freezing, smoking and drying.

Storage of fish at -18°C was accompanied by a
gradual deterioration of its texture and chemical
composition, especially in samples packed traditionally.
After 1 month of exposure, these samples showed a
partial disruption of the muscle fibre structure, and
after 6 months, macroscopic damage, including cracks
and a loss of juiciness. These changes were
accompanied by a decrease in the proportion of
moisture in the tissues and an increase in the stiffness
of the meat, which is associated with the degradation
of protein structures and ice crystallisation.

Lipid oxidation progressively increased over the
storage period, with the rate of TBARS accumulation
varying depending on the type of packaging. In
conventional packaging, TBARS levels nearly tripled
after 6 months. In contrast, the increase did not
exceed 40% of the initial values in vacuum packaging
and modified atmosphere packaging (50% CO2, 40%
N2, 10% O2). Measurements were conducted after 1,
3, and 6 months of frozen storage at -18°C, and each
point in Figures 2-4 represents the mean of three
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Figure 1. Dependence of fish meat odour intensity on
the duration of smoking under different thermal
processing conditions. Note: X-axis — smoking duration
(in hours); Y-axis — odour intensity (on a 9-point
scale). Data for hot smoking (80-90°C) include
durations of 4, 6, and 8 hours; data for cold smoking
(25-30°C) include 8, 12, and 14 hours. No hot smoking
was performed beyond 8 hours — the 14-hour value
applies only to cold smoking. Odour intensity was
assessed using a 9-point scale by 10 sensory panelists
immediately after smoking. Source: compiled by the
authors.

The analysis of the graphical dependence of odour
intensity on the duration of smoking shows differences
in the effect of hot and cold methods on the aromatic
properties of fish. In the case of hot smoking, a rapid
increase in odour intensity was observed for up to 8
hours, after which the values began to decline. Such
dynamics indicate that beyond the optimal interval (6-8
hours), excessive accumulation of smoke components,
in particular phenols, leads to an overload of the
aroma profile and the appearance of undesirable
notes.

Cold smoking is characterised by a gradual
increase in odour intensity, which reaches a maximum
of 12 hours. After that, the curve stabilises without a
significant decrease. This profile is characteristic of
delicate processing, which contributes to the formation
of a balanced flavour with mild character. In contrast
to hot smoking, there is no sharp decline in quality
after the peak point, which underlines the stability of
the method within the technologically acceptable time.
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replicates. A similar trend was recorded by Siddiqui et and MAP packaging. The fillets' pH steadily dropped in
al. [31], who noted a significant deterioration in Figure 3, with samples kept in conventional packaging
organoleptic characteristics and an increase in bacterial experiencing a more noticeable decline, suggesting
load during storage of freshwater shrimp at low that the fillets' acidity increased with time. After six
temperature. A characteristic “fishy” or “fatty acid” months, traditional packaging once again displays the
flavour, which correlates with TBARS values exceeding largest microbial load, as seen in Figure 4, which
5.0 mg MDA/kg, indicates the onset of oxidative shows the rise of TVC. On the other hand, MAP and
spoilage. vacuum packing showed superior control over
microbial development, preserving lower TVC over the

7 course of storage. To complement the visual
e representation, detailed numerical data for each
j _ s (mg MDA parameter (TBARS, pH, TVC) by packaging type and
s —m—MAP (mg MDAkg) storage duration are presented in Table 2.
R '-_-g—"::':_-'—::_:—' Traditional (mg MDA/kg)
1 Table 2. Changes in lipid oxidation (TBARS), pH, and
0 . 5 p microbial load (TVC) in frozen carp fillets at -18°C
Figure 2. Dynamics of lipid oxidation (TBARS) in carp depending on paclfaglng type and storage duration.
fillets during frozen storage at -18°C under different Storage | Packaging TBARS pH Tve
i o ; ) time type (mg DA/kg) (log FU/g)
packaging conditions. Note: X-axis — storage duration Vacuum 2.1+0.2 6.30£0.05 | 2.840.2
(in months); Y-axis —TBARS (mg MDA/kg); MAP — 1 month |MAP 2.3%0.3 6.35+0.06 |2.9+0.2
modified atmosphere packaging. Source: compiled by Traditional ~ |3.5+0.4 6.45+0.08 |3.4+0.3
the authors. Vacuum 2.5+0.2 6.42+0.04 |3.3+£0.2
3 months | MAP 2.7+0.2 6.48+£0.05 |3.6+0.2
o Traditional 4.2+0.3 6.58+0.07 [4.1+£0.3
67 Vacuum 2.9+£0.3 6.55+£0.06 |3.9+0.2
o5 6 months | MAP 3.1£0.2 6.60+0.07 |4.2+0.2

65 - e Vacuum Traditional | 5.8+0.4 6.70+0.09 |4.9+0.3

64 ~E-MAP Note: TBARS - thiobarbituric acid reactive substances;
raditional . - . .

63 1 e pH — acidity of muscle tissue; TVC — total viable count

of microorganisms. Values are expressed as mean +
standard deviation (n=3). MAP — modified atmosphere

Figure 3. Changes in pH of carp fillets during frozen ~ Packaging (50% CO2z, 40% N2, 10% O2). Source:

storage at -18°C under different packaging conditions. ~ cOmpiled by the authors.

Note: X-axis — storage duration (in months); Y-axis — _ _ _
pH. Source: compiled by the authors. The curve has a pronounced linearly increasing
character, which indicates a gradual accumulation of

secondary lipid oxidation products (malondialdehyde)
under conditions of long-term storage at 18°C. Such

6

5

4 T dynamics are typical for the processes of auto-

=#—Vacuum (log CFU/g) . . . .

5 AP (o R oxidation of unsaturated fatty acids, which occur even
2 1

1+

0

6.2

6.1
1 3

@

Traditional (log CFU/g) at low temperatures in the presence of residual
oxygen. After the third month, the growth rate of
. 5 ‘ 6 TBARS significantly accelerates, which may be due to
the exhaustion of the antioxidant potential of tissues
and the intensification of radical reactions. Similar
observations were recorded by Wei et al. [32], who
proved that even under conditions of high hydrostatic
pressure, an increase in microbiological risks,
deterioration of sensory properties and transformation
of the microbial composition of meat occurred during
storage of Escolar fillets.

These changes were explained by the spoilage
mechanisms described by Green [33], including
enzymatic reactions, lipid oxidation and the activity of
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Figure 4. Dynamics of total viable counts (TVC) in carp
fillets during frozen storage at -18°C under different
packaging conditions. Note: X-axis — storage duration
(in months); Y-axis — TVC (log CFU/g). Source:
compiled by the authors.

Figure 2 illustrates how lipid oxidation (TBARS)
rose gradually over time, with samples in conventional
packing showing the highest oxidation levels. The
oxidation process was successfully halted by vacuum
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specific microflora. Similar dynamics were observed by other packaging types. These results are in line with
Elbarbary et al. [34], who found that even with the the findings of Aref et al. [36], who demonstrated that
use of functional additives (e.g., Moringa oleifera), food films based on chitosan, nanochitosan, and
long-term storage was accompanied by a gradual essential oils can partially delay oxidative and
degradation of the taste and texture properties of fish microbiological spoilage of fish meat during cold
products. This is also consistent with the results of Al- storage.

Kuraieef [35], who showed that even under gamma Dried fish showed the highest microbiological
irradiation, the preservation of texture, colour, and stability due to low water activity but underwent
taste decreased over time, despite the effective gradual degradation of the fat fraction. Over the
inhibition of microflora. Exceeding the level of 5.0 mg course of 12 months, the peroxide number increased
MDA/kg at the end of storage indicates a critical almost threefold, causing the flavour to change from a
decrease in the organoleptic quality of the product and characteristic one to a bitter one with notes of ageing.
the need to reduce the freezing time or use inhibitory This was especially noticeable in samples without
technologies. hermetic packaging and with poor oxidation protection.
The microbiological condition of the frozen When the moisture content was reduced to 18-20%,
samples remained within acceptable limits, but after 6 the meat lost its elasticity and became brittle, with a
months, an increase in the total number of mesophilic characteristic tough texture. The same dependence
microbiota was recorded. Psychrotrophic bacteria of was found by Ramadhan et al. [37], who found that
the genus Pseudomonas showed the greatest the degree of oxidation of proteins and fats in fish
resistance, the activity of which led to a gradual muscles directly depended on the packaging method
increase in the pH of meat, which further reduced the and the period of cold storage in silver carp fillets.
quality of the product. Similar effects of long-term storage were reported by
The quality of smoked fish significantly depended Lithi et al. [38], who, in their study of tilapia fish
on the storage temperature, duration, and tightness of burgers, found a deterioration in texture characteristics
the packaging. Carp fillets processed by both hot (4, 6, and an increase in residual moisture due to oxidative
and 8 hours) and cold smoking (8, 12, and 14 hours) changes during deep freezing.
were stored at +4°C and at room temperature (20- In samples where the residual moisture content
25°C) and tested at regular 15-day intervals over a exceeded 25% due to uneven drying, the growth of
period of 90 days. During storage at +4°C, moulds, in particular Aspergillus flavus, was recorded.
microbiological indicators (including total viable counts, The reduction in oxidation intensity and stabilisation of
moulds, and Listeria innocua) remained within sensory indicators were most clearly observed in
acceptable limits for the first 30 days in all packaging samples stored in vacuum packaging or in a MAP,
types. However, by day 45, the appearance of which limited contact with oxygen. The duration of
microscopic moulds and bacterial contamination storage is a critical factor that determines the
(Listeria innocua) was observed in samples stored in preservation of freshwater fish meat quality after
conventional, less hermetic packaging. These changes processing [39, 40]. Extended data on the effect of
were more pronounced in cold-smoked products, time and temperature on the sensory quality of
indicating a lower bactericidal effect of cold smoking products are provided by Valentim et al. [41], where
compared to hot smoking. At room temperature (20- the effect of the cooking method on texture and fatty
25°C), microbiological instability appeared as early as acid profile was determined. Frozen samples retained
day 10 across all smoking durations and packaging an acceptable level of quality for up to 3 months, after
types. Escherichia coli was detected in multiple which intense oxidation and texture deterioration
samples, confirming that storing smoked products began. Smoked products were sensitive to
outside the cold chain is unacceptable. Sensory environmental conditions, especially temperature, and
degradation during storage included a noticeable required protective packaging to minimise sensory and
decline in smoke aroma intensity, attributed to the microbiological losses. Dried fish remained stable
gradual loss of volatile phenolic compounds. during long-term storage but required optimised drying
Furthermore, samples stored in conventional or less conditions and the use of antioxidants to prevent lipid
airtight packaging showed a progressive reduction in deterioration. Incorporating the features, the choice of
sodium content, likely due to salt diffusion into the processing method and appropriate packaging should
packaging environment, which negatively affected be based on the target shelf life and logistical
taste. In contrast, vacuum packaging significantly characteristics of the product.
slowed down these adverse processes, with a Packaging is a key element in the storage system
reduction in flavour loss of nearly 50% compared to of fish products, as it directly affects the rate of lipid
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oxidation, microflora development and preservation of
sensory properties [42, 43]. The study evaluated the
impact of three packaging options: vacuum, MAP and
traditional (polyethylene, paper) on the quality of fish
processed by freezing, smoking and drying.

In samples of frozen fish stored in vacuum
packaging at -18°C for 6 months, the level of
malondialdehyde (TBARS) was 2.9+£0.3 mg/kg, which
was 35-40% lower than in control samples in
polyethylene (4.8+0.4 mg/kg; p<0.01). This indicated
an effective inhibition of lipid oxidation due to the
absence of oxygen, which catalyses auto-oxidation
processes. Textural properties were maintained at a
stable level, in particular, the loss of tissue juice did
not exceed 12%. In smoked fish, vacuum packaging
retained up to 90% of the initial intensity of the smoke
flavour after 3 months of storage. The sensory
evaluation of the aroma remained high at 4.2+0.3
points.

For dried fish, packaging in MAP with 50% COz2,
40% N2 and 10% O2 was effective. This combination
contributed to the inhibition of aerobic microflora. After
9 months of storage, the total number of bacteria did
not exceed 2.1+£0.2 Ig CFU/g, while in traditional
packaging this figure reached 4.0+0.3 Ig CFU/g. This
confirmed the ability of CO2 to inhibit the metabolic
activity of spoilage bacteria of the genus Pseudomonas
and Bacillus. These results correlated with the findings
of Kunova et al. [44], who indicated the effectiveness
of natural preservatives and modified atmosphere
packaging in reducing bacterial contamination.

MAP also effectively slowed down the auto-
oxidation of fats: the peroxide number after 12 months
of storage did not exceed 14.5+0.6 mEq/kg. For
comparison, in samples with traditional packaging, this
figure reached 25.3t1.1 mEqg/kg. The growth of
facultative anaerobic bacteria (Clostridium spp.) was
recorded, which required preliminary dehydration
before packaging. Polyethylene and paper materials
did not provide sufficient protection against external
factors. In frozen fish packed in polyethylene, the level
of TBARS after 3 months was 4.2+0.3 mg/kg, which
indicated accelerated lipid oxidation. In addition,
protein oxidation was intensified: the content of free
amino groups increased from 12.4 to 18.7 pmol/g,
which correlated with the appearance of a persistent
“fishy” odour.

In the smoked samples, paper packaging caused a
significant loss of volatile compounds as the fibrous
structure of the paper absorbed the aromatic
components. After 30 days, the sensory assessment of
aroma decreased from 4.0 to 2.5 points. The dried fish
in polyethylene showed increased water activity (Aw
up to 0.82), which contributed to the growth of moulds

(Aspergillus, Peniciflium) up to 2.5 Ig CFU/g within 6
months. To ensure comprehensive coverage of
changes in carp meat quality, the study monitored
sensory,  physicochemical, and  microbiological
parameters at three storage intervals: 1, 3, and 6
months. However, all significant trends observed
between 1 and 3 months are consistent with the
patterns described. In addition, for smoked products,
the presentation of data focuses on one representative
duration for each smoking method (hot smoking — 6
hours; cold smoking — 12 hours), which showed the
most balanced sensory properties based on preliminary
screening. This decision was made to avoid
unnecessary redundancy and to allow for a clearer
interpretation of the storage dynamics under controlled
conditions. The choice is explicitly aligned with Option
2 proposed by the reviewer: selecting key
combinations and presenting complete longitudinal
data for them. Regarding the reference to 45 days of
storage, we clarify that this interval was used in
microbiological and sensory stability testing for smoked
samples, which were evaluated at 15-day intervals up
to 90 days (i.e., 15, 30, 45, 60, 75, 90 days). This
short-term monitoring corresponds to real-world shelf-
life expectations for smoked fish and does not
contradict the general 1-3-6-month storage framework
applied to frozen and dried products. The inclusion of a
6-month period for smoked products was performed
exclusively for experimental purposes to observe
longterm  degradation trends, even beyond
commercially relevant storage durations. As noted in
the text and figure legends, results beyond 60 days for
smoked fish should be interpreted with caution and are
not intended to recommend extended shelf-life
practices (Table 3).

Table 3. Comparative effectiveness of packaging types
for different fish processing methods after 6 months of
storage.

. .. | Sensory

Processing B Type of | TBARS Odour) Microbial score
Variant N loss | load (log .

method packaging | (mg/kg) (5-point

(%) | CFU/g)

scale)

Vacuum [2.9+0.3 |10 3.0+0.3 4.0+£0.2

Freezing - MAP 3.1+0.2 |15 3.1+0.2 3.9+0.2
Traditional |4.2+0.3 |50 4.0+£0.3 2.5+0.3

Hot y ked 6 Vacuum |- 12 2.9+0.2 4.2+0.3
(6°h)5m° g ;mo < MAP |- 15  |2.1#02 |3.840.2
Traditional |- 60 4.2+0.3 2.5+0.4

Cold i smoked Vacuum |- 20 3.4+0.3 3.6+0.3
(102 h§m° 915 MAP |- 25  |3.0£03 |3.2%0.3
h Traditional |— 65 4.5+0.4 [2.2+0.4

Vacuum |- - 2.2£0.2 3.6+0.3

Traditional MAP 14.5+0.6 |- 2.1+0.2 3.5+0.2

) Traditional |25.3+1.1 |- 2.5+0.2 2.4+0.3

Drying

Vacuum |- - 2.0+0.2 3.84+0.2

Optimised MAP 13.9+£0.5|- 2.1+0.2 3.6+0.2

Traditional |24.6+1.0|— 2.6+0.3 2.6+0.3
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Note: TBARS values are expressed in mg of
malondialdehyde per kg of product. Odour loss (%) is
based on comparison with the fresh control group.
Microbial load reflects total viable count (TVC). Sensory
score is the average of 10 certified panelists on a 5-
point hedonic scale. Measurements were taken after 6
months of storage at +4°C for freezing and smoked
samples, and at +20°C for dried samples under
controlled humidity. A 6-month storage period is
presented here for comparative purposes, although
typical market shelf life for smoked fish is <45-60
days. Therefore, sensory and microbiological changes
beyond this period should be interpreted cautiously
Source: compiled by the authors.

The analysis confirmed the high efficiency of
vacuum packaging and modified gas atmosphere for
stabilising the organoleptic, physicochemical and
microbiological properties of carp meat. Similar
results were presented by Vijayakumar et al. [45],
who determined that modern barrier packaging
materials can significantly reduce the loss of sensory
properties of fish products, ensuring their stability
during storage. This correlated with the results of
Kazam et al. [46], proving the effectiveness of neem
oil-based nanoemulsions as a natural barrier to
preserve the sensory characteristics of Oreochromis
niloticus fillets, particularly when stored in hermetic
conditions. Vacuum packaging minimised lipid
oxidation, ensured flavour stability and reduced tissue
juice loss. MAP proved to be particularly effective for
dried products due to its ability to inhibit microbial
growth and inhibit the auto-oxidation of fats. In
contrast, traditional materials did not provide an
adequate barrier to oxygen and moisture, leading to
sensory and microbiological degradation of the
product. This correlated with the results of a study by
Salman et al. [47], noting that even when recycled
materials were used (e.g., silver carp fishcakes), shelf
life had a critical impact on the taste, smell and
microbiological stability of the product. Therefore, the
choice of packaging should be based on the type of
processing, shelf life, and stability of the fat and
protein fractions of the product.

Based on the results, the data were statistically
processed to quantify the impact of processing
methods, packaging types and storage time on the
quality of carp meat.

ANOVA showed statistically significant differences
between the three main processing methods
(freezing, smoking, drying) for all organoleptic criteria
(p<0.05). In particular, the level of lipid oxidation
(TBARS) showed a significant difference between the

groups (F=45.6; p<0.001). The lowest values were
typical for smoked samples, and the highest for dried
ones. Tukey's test confirmed that the Ilargest
statistical gap was observed between frozen and
dried samples (difference in mean=5.3 mg/kg; 95%
confidence interval: 4.8-5.8).

Correlation analysis showed strong correlations
between storage time and degradation changes in
fish products. For example, in frozen samples, TBARS
levels had a high positive correlation with storage
time (r=0.85; p<0.01), indicating a steady increase in
oxidation products over time. At the same time, the
intensity of natural aroma decreased with increasing
storage time (r=-0.72; p<0.05), which correlated with
the loss of volatile components.

For smoked samples, a decrease in flavour
intensity was observed after 30-45 days of storage at
4°C, which is possibly determined by the migration of
dissolved components into the packaging environment
or structural changes in protein fibres. In the samples
stored at room temperature, a high positive
correlation between storage time and Listeria spp.
Contamination was observed (r=0.91; p<0.001),
indicating that such conditions are unsuitable for
long-term storage. In the dried samples, a strong
positive correlation was observed between storage
time and peroxide number (r=0.94; p<0.01),
indicating the accumulation of primary fat oxidation
products.

Similar trends were recorded in a study by
Elbarabary et al. [34] on the effect of combined
processing and packaging methods on the quality of
tilapia fillets during storage. The study determined
that a combination of vacuum packaging and hot
smoking can significantly reduce lipid oxidation and
stabilise organoleptic characteristics for up to 60
days. At the same time, traditional packaging
methods, even when stored at low temperatures, did
not provide adequate protection against microbial
contamination and texture degradation. Comparison
with the current results demonstrates the consistency
of the conclusions regarding the effectiveness of
barrier packaging and technologies with a pronounced
antimicrobial and antioxidant effect. Thus, the results
of the study confirm that optimal preservation of carp
meat quality is achieved by combining an effective
method of heat treatment (in particular, hot smoking
or dehydration in a controlled environment) with a
barrier type of packaging (vacuum or MAP). This
approach ensures a reduction in oxidation intensity,
stability of sensory characteristics and slowing down
of microbiological processes even during longterm
storage.
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storage and the increase in malondialdehyde levels
(r=0.89, p<0.01). The practical significance of the
study is determined by the possibility of adapting the
results to the conditions of industrial production to
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