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Preface

7

The Special Issue ‘Enhancing Shelf Life of Food Products: Strategies, Challenges and Innovations
was conceived to provide a comprehensive overview of the latest research efforts in the field of
food preservation. The topic of shelf-life extension is increasingly relevant in the context of global
sustainability goals and the reduction of food waste. This Reprint includes contributions that explore
innovative processing methods, natural antimicrobial systems, and packaging technologies capable of
maintaining the sensory and nutritional quality of foods. It highlights not only scientific advances but
also industrial applications and consumer-oriented perspectives, demonstrating how interdisciplinary
approaches can bridge the gap between research and real-world implementation. We would like to
thank all the authors for their valuable contributions and the reviewers for their time and effort in
improving the quality of the papers. We are also grateful to the editorial team of Foods for their support

throughout the process.

Alessandro Bianchi and Francesca Venturi
Guest Editors
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1. Introduction

The concept of shelf life is fascinating because it combines scientific issues with
economic, governmental, and consumer considerations [1]. The latter factors, which can
drastically differ from nation to nation, are dynamic and are subject to change in response
to shifts in society, particularly in terms of consumer preferences and needs [2,3]. In the face
of increasing global demand, shifting consumer expectations, and pressing sustainability
goals, enhancing the shelf life of food products while maintaining their overall quality
remains a central challenge in food science and technology [2—4].

Shelf life is not merely a label datum: it encapsulates complex interactions among
microbial ecology, physicochemical stability, packaging systems, supply chain logistics,
and consumer behavior [2]. In recent decades, the paradigm has shifted from relying
on synthetic preservatives and high-intensity treatments toward milder, integrative, and
sustainable strategies that better preserve nutritional and sensory attributes while reducing
waste and aligning with the “clean label” movement [5,6]. Despite these advances, major
gaps remain in bridging laboratory innovation and real-world applicability, in quantify-
ing environmental tradeoffs, and in understanding dynamic microbial ecosystems under
storage [7].

To obtain reliable shelf life data, it is essential to refer to a systematic and reliable
approach. To achieve this aim, a comprehensive shelf life study can be divided into
three fundamental steps. First, the identification of the most critical chemical, physical, or
biological events leading to product quality depletion is required, followed by the definition
of the relevant acceptability limits. Second, the selected quality indicators are monitored as
a function of time under storage conditions that mimic foreseeable conditions (real-time
shelf life testing) or under accelerated environments that enhance deteriorative reactions
(accelerated shelf life testing, ASLT). Finally, experimental data are modeled to obtain
an estimation or prediction of shelf life [1,7-9]. Real-time testing is especially suitable
for perishable foods with short quality decay periods, while accelerated testing is more
appropriate for microbiologically stable foods such as ambient and frozen products, where
oxidative reactions dominate quality depletion [5,9,10].

Achieving the desired shelf life is a powerful driver for product and packaging in-
novation. In particular, packaging technologies have played a crucial role in extending
product life and maintaining quality [11]. Modified atmosphere packaging (MAP) exempli-
fies this progress, relying on oxygen exclusion to limit oxidative rancidity and microbial

Foods 2025, 14, 4034 1 https://doi.org/10.3390/foods14234034
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spoilage [12-15]. Beyond MAP, a wide range of active and intelligent packaging systems
have emerged to interact dynamically with the packaged food and its environment. ‘Smart’
packaging encompasses both active and intelligent forms: active materials may release
or absorb substances (e.g., ethanol vapors to inhibit microbial growth), while intelligent
devices—such as inexpensive colorimetric tags or RFID (Radio Frequency Identification)
sensors—enable communication across the supply chain to ensure quality and safety [16,17].
Recent studies have also explored biobased smart materials incorporating natural pigments
derived from plant products or food by-products—such as anthocyanins, curcumin, beta-
lains, carotenoids, tannins, and chlorophyll—as visual indicators of spoilage [18-23]. These
pigments, sensitive to volatile amines and organic acids released during deterioration,
undergo visible color changes, allowing real-time, non-invasive monitoring of freshness
and safety [20].

Besides packaging innovations, emerging food processing technologies have redefined
shelf life enhancement paradigms. At the turn of the century, novel non-thermal technolo-
gies such as high hydrostatic pressure (HHP), pulsed electric fields (PEF), ultrasound (US),
and high-pressure carbon dioxide (HPCD) processing have gained attention due to their
ability to inactivate microorganisms while preserving the sensory and nutritional character-
istics of foods [24-27]. These methods offer reduced thermal degradation, energy efficiency,
and the possibility of combination with traditional treatments for optimized microbial and
enzymatic control [28]. Integrating non-thermal methods with active packaging systems
represents a promising direction for the future, potentially leading to synergistic effects in
shelf life extension without compromising the “fresh-like” appeal of minimally processed
foods [29-31].

Another rapidly growing field involves natural preservatives and antimicrobial
compounds derived from plants. Chemical preservatives have long been used to con-
trol spoilage and pathogenic microorganisms, but growing consumer demand for mini-
mally processed and additive-free products has shifted the focus toward natural alter-
natives [32-35]. Plant-derived bioactive compounds—including phenolics, alkaloids,
flavonoids, steroids, and terpenes—exhibit significant antibacterial and antioxidant proper-
ties, providing a natural means of food protection during storage [36—40]. Essential oils, in
particular, have gained traction for their strong antimicrobial activity, though challenges
remain in their controlled release, sensory impact, and stability during processing and
storage [39,41,42].

Looking ahead, the integration of predictive modeling, real-time sensing, and sus-
tainable preservation strategies is expected to transform shelf life management [43]. Data-
driven approaches, powered by artificial intelligence and digital twins, can simulate degra-
dation kinetics under varying storage and distribution scenarios, improving the precision
of shelf life prediction [39,44,45]. Moreover, advances in biodegradable and compostable
packaging materials, coupled with circular economy principles, are pushing the field
toward eco-designed shelf life systems that minimize waste and environmental impact.
These multidimensional efforts are essential to support a holistic, science-based, and
sustainability-oriented framework for shelf life extension and monitoring [43,44,46-48].

The present Special Issue was conceived to address these challenges. The editorial
vision aimed to gather contributions that transcended incremental improvements, em-
phasizing interdisciplinary approaches that combine formulation, processing, packaging,
microbiological control, and environmental sustainability. Across its contributions, the
Issue encompasses diverse food matrices (meat, fish, fruits, berries, minimally processed
vegetables, and dairy) and technological strategies (antimicrobials, coatings, mild pro-
cessing, active and intelligent packaging, and life-cycle assessment). In the following
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sections, we synthesize the main insights, identify persisting research gaps, and propose a
forward-looking agenda for future innovations in shelf life science.

2. Key Contributions and Their Implications

This Special Issue was conceived to gather original research and review papers address-
ing innovative strategies for the control, analysis, and preservation of microorganisms in
foods, with a particular focus on natural antimicrobials, sustainable preservation technolo-
gies, valorization of food by-products, and quality-safety interactions during processing
and storage. The eleven contributions collected in this Issue exemplify the breadth of
current research, spanning from traditional food safety control to novel materials, environ-
mental assessments, and sensory optimization. Below, a brief overview of each contribution
is presented to encourage the reader to explore the full papers.

A central piece in this Issue is the review by Rabbani and collaborators (Contribu-
tion 8) on the effect of heat pasteurization and sterilization on milk. The authors com-
prehensively discuss how conventional thermal treatments—while ensuring microbial
safety—unavoidably modify protein conformation, flavor, and micronutrient integrity,
thus compromising quality. The review also highlights the growing interest in emerging
non-thermal and combined technologies, such as pulsed electric fields and high-pressure
processing, as promising tools to maintain both safety and nutritional value.

Building on this technological perspective, Dermesonlouoglou and colleagues (Contri-
bution 6) present a hybrid preservation approach combining pulsed electric fields (PEF)
and osmotic dehydration followed by modified-atmosphere packaging of fresh-cut and
fried potatoes. This multi-step protocol effectively slows down microbial proliferation and
oxidation, thereby illustrating the strength of hurdle technology, where mild complemen-
tary treatments act synergistically to preserve food quality without compromising texture
or flavor.

In a related direction, Faisal and co-authors (Contribution 5) investigated an edible
coating composed of turmeric extract and liquid smoke obtained from oil-palm empty fruit
bunches, applied to mackerel filets. The coating significantly delayed microbial spoilage
and maintained sensory acceptability for up to 48 h at room temperature, offering a low-
cost preservation strategy particularly suited for warm-climate regions where cold storage
is limited. Extending this concept to fruit products, Mari and collaborators (Contribution 7)
integrated a Life Cycle Assessment (LCA) into a process combining osmotic dehydration
and edible coatings for berries. Their work quantifies the environmental trade-offs of
such innovative technologies, identifying energy use and coating formulation as major
hotspots, and providing an evidence-based framework for the sustainable design of food
preservation methods.

Natural antimicrobials and valorized ingredients are also at the core of several other
contributions. Ka¢édniova and co-authors (Contribution 1) demonstrated that the essential
oil of Eugenia caryophyllus (clove) effectively inhibits Salmonella enterica and biofilm for-
mation, improving the microbial safety and shelf life of sous-vide deer meat. Similarly,
Tayel and collaborators (Contribution 9) evaluated dill (Anethum graveolens) essential oil as
a preservative for fish filets stored under refrigeration, finding a substantial reduction in
spoilage microorganisms and oxidative degradation, leading to longer freshness retention.

The incorporation of bioactive natural extracts into functional materials is another
emerging trend showcased in this Issue. Garcia-Judrez and colleagues (Contribution 3)
developed gelatin nanoparticles loaded with bitter orange (Citrus aurantium) peel extract,
revealing remarkable antioxidant and antibacterial activities, which highlight their potential



Foods 2025, 14, 4034

as active components for edible coatings or packaging aimed at extending shelf life and
reducing synthetic additives.

Complementing these innovations, Augustyniska-Prejsnar and co-authors (Contribution 4)
investigated microbial and sensory quality changes in broiler chicken breast meat during
refrigerated storage. Their findings provide valuable data on the relationship between microbial
growth dynamics and sensory deterioration, supporting the establishment of realistic shelf life
and quality criteria for fresh poultry.

The valorization of agro-industrial by-products was further addressed by D’ Arrigo and
collaborators (Contribution 2), who incorporated a red grape pomace ingredient—stabilized
through blanching and high-pressure processing—into traditional dry-cured salchichén
sausages. The inclusion enhanced antioxidant capacity and limited lipid and protein ox-
idation, offering a sustainable alternative to synthetic additives such as nitrites, while
maintaining desirable sensory characteristics.

A different but complementary strategy was explored by Rodrigues and col-
leagues (Contribution 10), who examined dietary supplementation of Nile tilapia
(Oreochromis niloticus) with the green alga Chlorella pyrenoidosa. The enriched diet improved
the antioxidant stability and microbial resistance of the filets during refrigerated storage,
demonstrating how nutritional interventions at the farming stage can enhance post-harvest
quality and shelf life.

Finally, Panzani and co-authors (Contribution 11) compared traditional versus con-
trolled drying methods for chestnuts (Castanea sativa), showing that controlled drying
preserved more favorable chemical and aromatic profiles, resulting in superior sensory
quality of chestnut flour. While not directly antimicrobial, this study reinforces the Issue’s
overarching theme—that innovative, controlled processing methods can simultaneously
safeguard quality, extend shelf life, and align with sustainability goals.

Collectively, these contributions underscore the multifaceted nature of modern food
preservation, spanning from molecular to environmental scales. They highlight how natural
compounds, gentle physical technologies, valorized materials, and life cycle thinking
converge toward the shared objective of achieving safe, high-quality, and sustainable foods,
thus offering valuable guidance for both researchers and industry practitioners.

3. Future Directions and Research Agenda

Although remarkable progress has been achieved in the field, several aspects still
warrant further investigation to ensure that advances translate effectively from research to
real-world applications. Scaling up experimental results remains a key challenge, as most
studies are performed under controlled laboratory conditions and must now be validated on
a pilot or industrial scale. Similarly, shelf life optimization should be approached holistically,
considering its interplay with the supply chain, cold-chain logistics, and consumer behavior.
The development of reliable predictive models that integrate microbial kinetics, packaging
performance, and storage conditions is another promising yet evolving area.

Moreover, future research would benefit from a more comprehensive evaluation of
sustainability parameters—including energy, water, and carbon impacts—supported by
life cycle and techno-economic analyses. Continued attention is also needed to ensure
that novel materials, coatings, and active systems comply with regulatory frameworks
and meet consumer expectations. Looking ahead, efforts should focus on hybrid smart
packaging systems capable of dynamic monitoring and sensor feedback, as well as on
material innovation toward biodegradable and functional solutions. The integration of
digital tools such as data-driven models and digital twins could further enhance predictive
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accuracy and process optimization, paving the way for a more efficient, sustainable, and
consumer-centered food packaging ecosystem.

4. Conclusions

This Special Issue has sought to bring together innovation, scientific rigor, and sus-
tainability within the broad domain of food shelf life extension. The contributions collected
herein clearly show that the future of the field lies not in single “silver bullet” technologies,
but rather in smartly integrated, system-level strategies that combine mild processing,
intelligent packaging, ecological assessment, and real-world validation.

Nevertheless, the journey toward truly sustainable and resilient food preservation
is far from complete. It is hoped that this closing editorial will inspire further cross-
disciplinary collaboration, motivating researchers to bridge the gap between laboratory
experimentation and pilot- or industrial-scale implementation. Equally, it should encourage
the exploration of new research pathways that connect microbiology, materials science,
data analytics, and sustainability assessment.

Readers are invited to engage with the articles in this Special Issue, identify emerging
synergies, and contribute to advancing the shared goal of safe, high-quality, and environ-
mentally responsible food systems for the future.
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Abstract: Chestnut flour, obtained through drying and milling of Castanea sativa fruits,
has evolved from a subsistence food into a sought-after niche product, appreciated for its
naturally gluten-free profile, high starch content, and richness in micronutrients. Over the
past decade, its demand has steadily increased due to consumer perception of the health
benefits associated with chestnut consumption. As the market for chestnut flour expanded
from small-scale to large-scale production, alternative methods to the traditional process
were developed. Its distinctive aroma and flavor are strongly influenced by processing
methods, which are the focus of this study. Two drying approaches were compared: a
traditional smoke-based method (drying house named metato) characterized by a wood-
drying method and a controlled laboratory process using a forced-air dryer that maintained
a constant temperature of 40 °C. The impact of these methods on the physico-chemical
composition, volatile organic compounds (VOCs), and sensory properties of the flour was
evaluated using chemical, instrumental, and sensory analyses. The traditional method
enhanced the flour’s aromatic complexity and typicity through the application of smoke,
which has been demonstrated to generate volatile organic compounds (VOCs), such as
guaiacol, furfural, and o-creosol, that are associated with the smoked aroma. Nevertheless,
if not properly managed, it can lead to undesirable sensory notes due to excessive smoke
exposure. In contrast, the laboratory-controlled process ensured better preservation of
bioactive compounds—such as polyphenols (351 mg GAE/100 g dm) and ascorbic acid
(322 mg/kg dm)—while retaining the aroma notes associated with fresh chestnuts. Opti-
mizing processing methods may support the valorization of chestnut flour as a high-quality
ingredient in the modern gluten-free and functional food market.

Keywords: gluten-free flour; volatile organic compound; bioactive compounds; sensory
analysis; forced-air drying; optimizing process

1. Introduction

The chestnut tree (Castanea spp.), belonging to the Fagaceae family, is distributed
across three main geographical areas and represented by four species: Castanea sativa Mill.
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in Europe, Castanea crenata Sieb. & Zucc. in Japan, Castanea mollissima Bl. in China and
Korea, and Castanea dentata Borkh. in North America [1,2].

Among these, Castanea sativa Mill., native to Europe, Asia Minor, and North Africa,
is the only species that grows wild in Europe and has been cultivated and valued since
the time of the Roman Empire for its fruit and wood due to its adaptability to temperate
climates [2—4]. Historically, chestnuts (Castanea sativa Mill.) have played a crucial role in
the diets of many rural communities of mountainous marginal areas unsuitable for wheat
cultivation [4,5].

Chestnuts are nutritionally rich, providing vitamins (B1, B2, C, E), minerals (Ca, P, K,
Mg, S, Fe, Cu, Zn, Mn), dietary fiber, starch (~36% fresh weight), and phenolic compounds,
while being low in fat (~3%) and cholesterol free [1,3,6-9]. However, their composition
varies significantly based on cultivar and harvest year [6,10,11].

To extend their shelf life, given their high water content (~50%) [3], chestnuts were
traditionally processed into flour [8,12], a naturally gluten-free product increasingly valued
for both traditional and modern culinary applications [13-17].

Chestnut flour, being a nutritious, naturally gluten-free product, is particularly suited
for consumers with gluten intolerance or sensitivity [6,13-16].

Italy counts fifteen chestnut-based products that have obtained the European Union’s
Protected Designation of Origin (PDO) status. Among these, five are produced in the
Tuscany region, including the renowned “Farina di Neccio della Garfagnana PDO” produced
in the Garfagnana area and “Farina di Castagne della Lunigiana PDO” produced in the
Lunigiana area [18].

Traditional chestnut flour production relies on the use of the metato, a two-level struc-
ture typically built from stone, lime and sand, where chestnuts are placed on upper racks
made of chestnut sticks, or wire mesh in more recently restored structures immediately
after harvest [19]. Drying is achieved through a slow, continuous fire maintained on the
lower level, fueled exclusively with chestnut wood and kept steaming, covering it with
residual peels from the previous year’s harvest [18].

This technique allows a gradual drying process, accompanied by mild smoking,
without burning the fruit. As a result, fresh chestnuts are transformed into dried fruit with
modified nutritional and aromatic properties, while moisture content is reduced to about
10% [20-22]. The dried chestnuts are then threshed to remove the outer shell (about 20%
of the fruit), separate the edible nut, and finally ground in traditional mills using stone
millstones, often water powered. The traditional drying process typically lasts a minimum
of 40 days, and during the drying period, chestnuts are turned at least once to promote
uniform moisture reduction.

Global chestnut production has increased steadily over the last decade due to con-
sumers’ salient beliefs in the health benefits of chestnut consumption, and as the chestnut
flour market has shifted from small to large scale, alternative methods to the traditional
one have developed [8].

Industrial processes employ higher drying temperatures (40-80 °C) and mechaniza-
tion, shortening drying times to as little as 48 h but potentially altering the nutritional and
sensory profiles of the flour these are intended to ensure greater standardization, a feature
which the traditional method currently lacks [12,22-25].

While traditional methods are valued for enhancing flavor, they often lack stan-
dardized process control, resulting in greater variability compared to modern controlled
drying techniques.
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The evolving demands of the agri-food sector in contemporary society are closely
linked to ensuring human health safety and promoting sustainable development in pro-
duction and processing methods [26].

While reviving traditional methods can be appealing, it is essential to assess how
effectively these ancient practices align with modern expectations for product quality and
health benefits. The traditional and industrial drying methods yield distinctly different
products, as each technique alters the characteristics of the product in specific ways.

The quality of the chestnut dried in the “metato” might be harmed by the continuous
change in temperature due to the manual managing of the wood fire [18]. Traditional
drying could even lead to a high formation of toxic volatile compounds, such as furfural,
guaiacol, and o-cresol. The latter two make the product taste smokey, or even burned
if present in large amounts, and are formed precisely during the thermal degradation
of lignin.

The traditional method, prized for imparting a distinctive smoky flavor to the product,
should not be abandoned. However, it is essential to regulate temperature levels and main-
tain consistency throughout the process to ensure optimal quality. Clearly, improvements
are needed in controlling the drying conditions inside the metato, as well as in managing
the different stages of chestnut drying [22].

Moreover, due to climate change, the raw materials can vary significantly from year to
year, for example showing lower moisture content, making it even more important to care-
fully monitor and adjust the drying process accordingly [27]. Moreover, the enhancement
of the conventional technique would result in a reduction of waste, for instance, due to the
development of mold and burns caused by inadequate drying management.

In this context, a critical evaluation of the impact of different processing methods, both
traditional and non-traditional, on the chemical and sensory properties of chestnut flour
becomes particularly relevant.

The present study provides a comparative evaluation of chestnut flours obtained using
traditional drying techniques and a simulated industrial low-temperature process carried
out under controlled laboratory conditions using a ventilated dryer. By characterizing
chestnuts and the resulting flours using physical and chemical analyses as well as aromatic
and descriptive sensory analysis, combined with the monitoring of processing conditions,
this study aimed to evaluate the impact of different drying processes on the physicochemical
and sensory properties of the final product.

2. Materials and Methods
2.1. Raw Materials and Production Process

The chestnuts and flour samples were provided by local growers of Garfagnana (Lucca,
Italy) and coded as follows:

M1t0: Fresh chestnuts

M2t0: Fresh chestnuts

FM1: Traditional flour obtained in metato 1 from M1t0 chestnuts
FM2: Traditional flour obtained in metato 2 from M2t0 chestnuts
FL: Laboratory-processed flour from M2t0 chestnuts

The chestnuts (Castanea sativa Mill.) used belong to the Carpinese, Pontecosi, and
Rossola varieties. However, the percentage varietal composition of the different batches is
not known.

Fresh chestnut samples were stabilized as soon as received. To ensure the preservation
of the bioactive components, the samples were chopped (Monsieur Cuisine food processor,
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Silvercrest, Bad Wimpfen, Germany) and freeze-dried (LyoQuest lyophilizer, Azbil Telstar,
S.L.U.,, Terrassa, Spain). The freeze-drying process lasted a total of 48 h, with a condenser
temperature of —52.4 °C, a shelf temperature of 25 °C, and a pressure of 0.072 mBar.

The analyzed flours were produced using two distinct methods.

Samples FM1 and FM2 were produced using the traditional method. The two metati
(drying houses), M1 and M2, were obtained from the municipality of Molazzana (Lucca,
Italy), at the following coordinates:

—  M1: 44.05939° N, 10.354385° E; approximately 800 m above sea level.
—  M2: 44.066249° N, 10.371313° E; approximately 900 m above sea level.

The total drying time was different for the two metati. For M1, the drying process
started on 16 October 2023 and ended on 29 November 2023, for a total of 44 days. In the
case of M2, the process was started on 22 October 2023 and ended on 24 December 2023,
for a total of 63 days.

Temperature and relative humidity trends (Figure Sla,b), within the traditional drying
structures (metati), were continuously monitored using PKDLA1 data loggers (Parkside®,
Neckarsulm, Germany). The devices were positioned on the top layer of chestnuts on
each drying floor to ensure representative measurements of the environmental conditions
affecting the drying process.

The FL flour was produced at the Food Science and Technology Laboratory (Depart-
ment of Agriculture, Food and Environment, University of Pisa) simulating a small-scale
industrial process using a Fruit Jerky Plus 6 dryer (Klarstein, Berlin, Germany). Fresh
chestnuts from the same batch as M2t0 (later used for FM2 production) were dried at 40 °C
with frequent weight monitoring to assess the drying progression for about 3 days (71 h;
Figure S2).

After drying, the chestnuts were manually peeled (removal of both the outer shell and
inner pellicle), chopped, and ground using a Monsieur Cuisine food processor (Silvercrest
brand). Grinding was performed in ON/OFF cycles to avoid overheating. A temperature
probe was used throughout the process to ensure that the product temperature never
exceeded the drying temperature.

2.2. Chemical Analysis
2.2.1. Determination of Dry Matter and Water Activity

The dry matter (dm) of samples was determined on about 5 g, dried at 105 °C until
constant weight and expressed as percentage [28].

Water activity (aw) was measured [29] using a HygroPalm HP23-AW-A (Rotronic,
Bassersdorf, Switzerland) hygrometer equipped with an HC2-AW probe, calibrated with
the different range standards supplied with the instruments.

2.2.2. Determination of Total Lipids

The total lipid (TL) content in the flour and fresh chestnut samples was determined
using a Soxhlet extractor (SER148, Velp Scientifica Srl, Usmate Velate, Italy) following the
methods previously reported [30]. Approximately 5 g of sample were placed in pre-dried
and pre-weighed cellulose thimbles, which were previously dried in an oven at 105 °C.
After drying, lipid extraction was carried out using n-hexane (ACS reagent, Sigma-Aldrich,
Steinheim, Germany) as solvent. Following the extraction, the thimbles containing the
de-oiled sample and the corresponding vessels containing the extracted oil were dried to
remove any residual water and then weighed.
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2.2.3. Determination of Free Fatty Acidity

The determination of free fatty acidity (FFA) was conducted on 4 g of flour samples
and chestnuts as previously reported [31]. Each sample was subjected to an extraction
with 100 mL of a 50% hydroalcoholic solution neutralized with 0.1 N HCI (ACS reagent,
Sigma-Aldrich, Steinheim, Germany) and maintained under magnetic stirring for 3 h.

Afterward, the sample was centrifuged at 966 x g for 5 min, and a 50 mL aliquot of
the supernatant was titrated with 0.02 N NaOH (ACS reagent, Sigma-Aldrich, Steinheim,
Germany), using phenolphthalein as an indicator. By performing this procedure, the
number of mL of 0.02 N alkali used for titration corresponds to the degree of acidity, which
is referred to 100 parts of dry matter. The result was expressed as g oleic acid /100 g dm.

2.2.4. Total Starch Sugars and Ascorbic Acid

Determinations of total starch, sugars, and ascorbic acid were performed using
Megazyme enzyme kits (Megazyme®, Dublin, Ireland) following the instructions for
each kit.

For the total starch content, the Megazyme® K-TSHK was used, following the procedure
described for samples containing resistant starch, simple sugars, and/or maltodextrins.

Glucose, fructose, and sucrose content were performed with the kit Megazyme® K-SUFRG.

Ascorbic acid content was determined with Megazyme® K-ASCO.

2.2.5. Bioactive Compounds and Antioxidant Activity Analysis

In order to carry out the assays, a methanol extract was first prepared [32]. Briefly,
4 g were weighed in a Falcon tube, and 40 mL of 80% (v/v) methanol (Sigma-Aldrich,
Steinheim, Germany) was added. The mixture was vortexed for approximately 15-20 s
and subsequently subjected to sonication in an ultrasonic water bath for 30 min (temper-
ature: 20 + 2 °C, power: 100%, frequency: 40 kHz). After sonication, the samples were
centrifuged at 10,000 rpm (10,733 x g) for 10 min. The supernatant was filtered with a 0.45
um cellulose acetate syringe filter. Extracts were stored at —20 °C for a minimum of 2 h
before use in the assays. Hereafter, the methanolic extract is referred to as the “sample”.

The determination of total polyphenols content (TPC) was performed following the
Folin—Ciocalteu method [33]. In 1 cm pathlength cuvettes, 100 pL of sample was added,
followed by 1500 puL of 1:10 diluted Folin-Ciocalteu solution (Sigma-Aldrich, Steinheim,
Germany) and 1875 pL of 7% (w/v) NapyCOs solution (ACS reagent, Sigma-Aldrich, Stein-
heim, Germany). For the blank, the same volume of distilled water was used in place of
the sample.

The cuvettes were then shaken and incubated in the dark for 1 h and 30 min. Finally,
the absorbance was measured at 765 nm spectrophotometrically using a Cary 60 UV spec-
trophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). The TPC was expressed
as mg of gallic acid equivalents (GAE) per 100 g of dry matter (dm), based on calibration
curve in the range 0-2 g/L of gallic acid (>98%, Sigma-Aldrich, Steinheim, Germany).

The determination of the total tannin content (TTC) was carried out according to
the Bate-Smith method [34], based on the property of catechins, both monomeric and
condensed, to oxidize in an acidic and alcoholic medium at high temperature (100 °C),
releasing colored proanthocyanidins (Bate-Smith reaction). A volume of 2 mL of methanolic
extract was placed in a test tube (A) with 6 mL of reaction mixture previously prepared as
follows: 500 mL of 12 N HCl (ACS reagent, Sigma-Aldrich, Steinheim, Germany) + 500 mL
of n-butanol (ACS reagent, Sigma-Aldrich, Steinheim, Germany) + 150 mg of Fe;(504)3
(ACS reagent, Sigma-Aldrich, Steinheim, Germany). The half of the mixture of the tube
A was then transferred in glass test tube (B), closed with a screw cap and a Teflon seal,
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and placed in a hot oil bath (T = 105 °C) for 30 min. Then, the B tube was cooled at room
temperature. At high temperatures, the acid hydrolysis of proanthocyanidins takes place.

Finally, the mixture in both A and B tubes was read spectrophotometrically at 550 nm
with a 1 cm quartz cuvettes. The difference between the two readings was compared to
the calibration curve in the range of 0-1 g/L of catechins (>98%, Sigma-Aldrich, Stein-
heim, Germany), allowing determination of the TTC value, expressed as mg of catechin
equivalents (CE) per 100 g dm.

The antioxidant activity was assessed with three different assays: the ABTS method
by reading the absorbance at 734 nm, the DPPH method by reading the absorbance at
515 nm, and the FRAP method by reading the absorbance at 593 nm [35]. The results were
expressed as pmol Trolox equivalents (TE) per g dm of sample, based on different standard
curves of Trolox (Sigma-Aldrich, Steinheim, Germany): 0-200 pmol L~! for the DPPH
assay, 0.2-1.5 mM range for ABTS, and 0-2.0 mM for the FRAP assay.

2.3. Color Determination

Color determination was performed using a tristimulus bench colorimeter (Eoptis®
CLM-196; Benchtop, Trento, Italy) with a white reference standard according to the CIE L*
a* b* system (applying standard illuminant D65 with a 2° observer angle). The color of the
samples was defined based on the three chromatic coordinates: lightness (L*), green-red
(a@*), and blue—yellow (b*) components.

The cylindric coordinates, namely, chroma (C*) and hue (h*); the white index (WI); and
yellow index (YI) were calculated as previously reported [31] using the following equations:

C* =1/(a*)? + (b*)? 1)
. _ b*
h* = arctan (a) )
WI = 100 — \/(100 — L)% 4 (a*)* + (b*)? 3)
Y1 = 142.86 x <E> @)

The color difference between the samples was evaluated with the AE*,;, value calcu-
lated as previously reported [35] using the following equation:

* * * * %) 2 * *
AE, = \/A(L1 —L3)* +A(aj —a3)” + A(b] —b3)? )

2.4. Volatile Organic Compound (VOC) Analysis

The aromatic profile of flours and fresh chestnuts were determined using the headspace
solid-phase microextraction (HS-SPME) method, as reported by Pieracci et al. [36]. All sam-
ples were placed in glass vials, sealed with aluminum foil, and left to equilibrate for 30
min. After equilibration, a Supelco SPME fiber (100 pm, PDMS) (Supelco analytical, Belle-
fonte, PA, USA), conditioned according to the manufacturer’s guidelines, was exposed to the
headspace for 30 min at room temperature. Then, the fiber was withdrawn into the needle
and injected into a GC-MS system. The GC-EIMS (gas chromatography-electron impact mass
spectrometry) analyses were conducted with an Agilent 7890B gas chromatograph (Agilent
Technologies Inc., Santa Clara, CA, USA) equipped with an Agilent HP-5MS capillary column
(30 m x 0.25 mm; coating thickness 0.25 mm) and an Agilent 5977B single quadrupole mass
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detector. The analytical conditions were set as follows: oven temperature ramp from 60 to 240
°C at 3 °C/min; injector temperature of 250 °C; transfer line temperature of 240 °C; helium
used as the carrier gas at a flow rate of 1 mL/min. The analysis of the HS is performed with
the splitless method. The acquisition parameters of the single quadrupole mass spectrometer
were: full scan; scan range, 30-300 71/z; scan time, 1.0 s.

Peak identification was performed by comparing the retention times with those
of authentic standards, evaluating their linear retention indices relative to a series of
n-hydrocarbons (C8-C27), and matching the mass spectra against both commercial and
laboratory-developed spectral libraries compiled from pure compounds, known essential
oil components, and published MS data [37-39].

Odor description of VOCs was obtained from FLAVORNET [40] and The Good Scents
Company Information System [41].

2.5. Sensory Evaluation

The flour sensory profile was evaluated using quantitative descriptive analysis (QDA)
by a panel of eight trained judges (four females and four males, aged between 23 and
63 years) who are members of the “Experts Panel” of Department of Agriculture, Food and
Environment of the University of Pisa. A sub-group of trained panelists participated in a
consensus panel specifically designed generated descriptors and their definitions, prior
to the tasting sessions. The research was conducted according to the ethical guidelines,
and informed consent was obtained from all participants and obtained the approval of the
Ethics Committee of the University of Pisa (protocol no. 0088081/2024).

The QDA sensory test was conducted with a final set of 30 descriptive parameters
(Figure 1) composed of both quantitative descriptors (sub-divided into visual, olfactory,
tactile, and taste perceptions) and hedonic descriptors. In addition, judges were permitted
to input free descriptors for each descriptor category.

Figure 1. Descriptive parameters (quantitative and hedonic descriptors) used in the QDA test.
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Each judge assigned a score from 0 to 9 for each attribute (Figure S3), where 0 rep-
resents the absence of perception and 9 the maximum intensity, digitally acquired by the
Input Sensory Soft 2.0 (ISS, Centro Studi Assaggiatori, Brescia, Italy). The samples were
presented in a different order at each tasting session, and 5-minute intervals between each
sample were set. Furthermore, a sample was randomly replicated to verify the performance
of the panel at each tasting session

Finally, the overall hedonic index (HI), which represents the overall acceptability of
the product, was calculated based on the mean of the hedonic parameters, which was
converted to a scale from 0 to 10, as previously reported [42].

2.6. Statistical Analysis

Results were statistically analyzed with one-way analysis of variance (ANOVA) using
CoStat version 6.451 software (CoHort Software, Pacific Grove, CA, USA) applying Tukey’s
Honestly Significant Difference test (p < 0.05).

Sensory profile data were processed using Big Sensory Soft version 2.0 software
(Centro Studi Assaggiatori, Brescia, Italy), and statistical analyses were performed by
two-way interquartile ANOVA, with samples and panelists as main factors [43].

Finally, hierarchical cluster analysis (HCA), applying the Ward method and using
two-way clustering, and other figures were performed using JMP Student version 18 soft-
ware (SAS Institute, Cary, NC, USA).

3. Results and Discussion
3.1. Physico-Chemical Characterization

Table 1 reports the physico-chemical characterization of the analyzed chestnut and
chestnut flour samples.

Table 1. Physico-chemical characterization chestnut and chestnut flour samples.

Parameter Units p-Value 1 FL FM1 FM2 M1t0 M2t0
Dry matter (dm) % 89.10 £0.09®  91.72+£007*  91.40+0.05°  5356+020° 4956 +0.13¢
aw ns 0.50 == 0.07 041 + 0.01 0.43 =+ 0.02 nd. nd.
TL g/100 g dm 41440012 2134 001" 450 4 0.012 1.30 + 0.01°¢ 1.58 4 0.01 b
FFA g oleic e 0.13 4 0.01 2 0.14 4+ 0.01 2 0.14 £ 0.012 0.07 +0.01° 0.10 £ 0.01°

acid/100 g dm

The values represent the mean (+SD). Different letters in each row correspond to statistically different values
(Turkey’s HSD, p < 0.05). 1 Significant level: ns = p > 0.05; *** = p < 0.001. n.d. = not detected.

The two flours obtained using the traditional process (FM1 and FM2) showed slightly
higher dry matter (dm) and lower water activity (aw) compared to the flour produced under
controlled conditions (FL). Variability was also observed in the total lipid content (TL), with
statistically significant difference among FL, FM2, and FM1. This may be attributed to the
heterogeneity of the raw material (e.g., different varietal composition and harvest location).

The TL of fresh chestnuts (samples M1t0 and M2t0) may have been affected by the
freeze-drying process used as a pre-treatment to stabilize the fresh sample; this process
may have altered the structural characteristics, affecting the extraction yield of the lipids.

Lipid composition, along with dm content and aw, plays a critical role in determining
the product’s shelf life.

Due to its low a,, and high dm content, chestnut flour is relatively resistant to microbial
growth. However, although chestnut flour has a relatively low-fat content, its lipid fraction
is characterized by a high percentage of unsaturated fatty acids (UFA), primarily linoleic
acid (C18:2 w6) and oleic acid (C18:1 w9), as reported in the literature for different chestnut
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varieties [2,30,44]. UFAs are prone to oxidation, which can compromise the quality of the
final product, especially under suboptimal storage conditions such as elevated temperature,
light exposure, or inadequate atmospheric composition. The free fatty acid (FFA) value is
a measure of lipid degradation. An increase in the value reflects a higher degree of lipid
hydrolysis, leading to the availability of molecules more prone to subsequent oxidative
reactions, which also impacts sensory quality. In the samples analyzed (Table 1), FFA values
were very low. High levels of free fatty acids would negatively impact oxidative stability
and, consequently, the product’s shelf life, increasing the risk of lipid rancidity with an
impact on the sensorial quality. It is evident that elevated concentrations of free fatty acids
can result in a decline in oxidative stability, thereby diminishing the product’s shelf life and
heightening the probability of lipid rancidity. This phenomenon can also exert an influence
on the sensorial quality of the product.

The data related to the carbohydrate fraction reveal an unexpected trend, particularly
with respect to free sugars. Notably, sucrose (Table 2) exhibited a statistically significant
increase after processing it into flour, contrary to expectations.

Table 2. Sucrose, D-glucose, and D-fructose content expressed as g/100 g of dm.

Parameters Units p-Value ! FL FM1 FM2 M1t0 M2t0
Sucrose g/100 g dm wxE 19.04 2142 215740512 1593 +069° 9.88+1.26°¢ 9.31 £0.33°¢

D-Glucose g/100 g dm e 0.70 £ 0.04 € 1.70£0.11% 0.61 £+ 0.06 © 091+ 0.09  0.75 4+ 0.06 b¢

D-Fructose g/100 g dm e 0.58 +0.03P 144 +0.042 0.48 £0.03 ¢ 0.44 £0.03 ¢ 0.40 £0.04 ¢

The values represent the mean (£SD). Different letters in each row correspond to statistically different values
(Turkey’s HSD, p < 0.05). ! Significant level: *** = p < 0.001.

This phenomenon has also been observed by other research groups; however, to the
best of our knowledge, no explanation can be provided at this time [6,45].

The data also show that during the transformation from fresh chestnuts (M1t0, M2t0)
to flour (FL, FM1, FM2), the free sugar content undergoes a statistically significant increase
due to the drying processes (Table 2). These processes, through water removal and heating
of the raw material, cause the breakdown of part of the starch into simpler sugars.

The different sugar compositions could be a result of the varying compositions of the
raw chestnut used, which may belong to different varieties [46]. As previously reported by
Piccolo et al. [6], in a study concerning the varieties from the same geographical area, the
different composition could impact the response to heat treatment.

Sugar transformation is affected by numerous variables, with heat treatment being the
main factor [45,47], but the phytosanitary condition of chestnuts also plays a role.

The time and conditions of storage prior to heat treatment, mainly temperature and
humidity, are also critical factors [48,49]. If these conditions are inadequate, they may
induce physicochemical changes in the fruit, including the degradation of carbohydrate
reserves necessary for cellular respiration, a process that begins when the fruit naturally falls
and continues until enzymatic activity and water activity allow germination to occur [3].

Figure 2 shows the total starch content of fresh chestnuts and their derived flours.
Although significant decreases in starch content are observed when comparing M1t0 and
M2t0 with their corresponding flours (M1t0: FM1; M2t0: FM2, FL), these differences are not
substantial enough to account for the increase in free sugar content reported in the flours
(Table 1).

Correia et al. [50] report that the starch granules of C. sativa are composed of type C
crystalline units, a mixture of type A and type B structures. Correlating with the findings
of Wang et al. [51], who reports that during freeze-drying there is a modification of the
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starch component of C. mollissima, it can be hypothesized that the freeze-drying treatment
applied to the chestnuts for analysis may have altered their components. Freeze-drying
may influence the type B crystals, which are destroyed due to the removal of the bound
water located between the helices.

Buléon et al. [52] reported that the B-type structure is composed of repeated maltoside
units; consequently, breaking the bonds between the helical chains leads to the release
of maltodextrins (linear chains of D-glucose units ranging from 2 to 20). Following the
removal of internal bound water, if the length of the resulting chains falls within the range
of maltodextrins, these could have been eliminated during the starch extraction process
used for the enzymatic kit, which includes pre-washing steps aimed at removing free
sugars and maltodextrins that would interfere with the quantification of total starch.

70
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Figure 2. Total starch (g/100 g dm). Values represent the mean =+ standard deviation (SD) of three
samples. Different letters indicate significant difference among values (Turkey’s HSD, p < 0.05).
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3.2. Bioactive Compounds and Antioxidant Activity

The trend of TPC and TTC in the flours samples is shown in Figure 3a,b, which
highlights the presence of significant differences.

The differences observed between the samples of chestnut flour can be attributed
to several factors. The FL sample underwent a shorter heat treatment at controlled tem-
peratures, which favored rapid dehydration of the product (Figure S2). This may help
to preserve the phenolic compounds present in the raw chestnuts, which are more likely
to degrade in traditionally produced flours that were exposed to heat for longer periods
under less controlled conditions (Figure Sla,b). These observations are consistent with
findings reported by Conti et al. [22].

The assays performed to evaluate the antioxidant activity of the flour samples
(Figure 4a—c) produced results consistent with the trends observed in the TPC and TTC
assays. These findings confirm that the processing conditions adopted for the FL sample
led to reduced degradation of bioactive compounds, further supporting the hypothesis that
shorter and more controlled heat treatments help preserve the nutritional and functional
properties of chestnut flour [15,53].
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This trend could also be correlated with the behavior of ascorbic acid as reported in
Figure 5.

The behavior of chestnut bioactive compounds should also be considered in relation
to the different chestnut varieties, which respond differently [6].

In this case (FM1 and FM2 comparison), the composition of the batch used for flour
production was not defined in terms of the proportion of the different varieties, which
could have influenced the results.

Moreover, the reduced processing time combined with constant temperature condi-
tions likely contributed to limiting the degradation of thermolabile compounds.

As reported in the literature, ascorbic acid is highly sensitive to thermal treatments.
According to Nguyen [54], lower drying temperatures and shorter drying times favor better
retention of vitamin C in dried chestnuts. The vitamin C content remained comparable in
FL and in FM2, both derived from the same batch of chestnuts.
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Figure 3. Bioactive compounds in flour samples: (a) TPC (mg GAE/100 g dm); (b) TTC
(mg CE/100 g dm). Values represent the mean =+ standard deviation (SD) of three samples. Different
letters indicate significant difference among values (Turkey’s HSD, p < 0.05). ! Significance level:
*** = p < 0.001.

The FM1 sample, despite undergoing a shorter drying process than FM2, showed a
significantly lower ascorbic acid concentration, likely due to compositional differences in
the raw material. Barros et al. [55] reported that the different behavior of ascorbic acid
during processing could also be influenced by variation in shell and peel properties, which
can alter thermal transfer and the diffusivity coefficient of the chestnut.
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It can therefore be concluded that the drying process conducted under controlled
laboratory conditions and stable temperatures—ensuring shorter exposure times to heat
and minimizing thermal fluctuations—resulted in better preservation of the bioactive
compounds (Figures Sla,b and S2).
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Figure 4. Antioxidant activity assay of flour samples expressed as pmol TE/g dm: (a) ABTS;
(b) DPPH; (c) FRAP. Values represent the mean =+ standard deviation (SD) of three samples. Different
letters indicate significant difference among values (Turkey’s HSD, p < 0.05). ! Significance level:
et

=p <0.001.

20



Foods 2025, 14, 1931

500

- j—
50 | p-value

B

(e

o
T

W

a1

o
T

(€8]

o

o
T

N

o

o
T

[

o

o
T

Ascorbic acid (mg/kg dm)
N

a1
o
T

FM1 FM2

Figure 5. Ascorbic acid (mg/kg dm) in flour samples. Values represent the mean =+ standard deviation
(SD) of three samples. Different letters indicate significant difference among values (Turkey’s HSD,
p < 0.05). ! Significance level: ** = p < 0.01.

The temperature trend inside the metati, as illustrated in Figure Sla,b, fluctuated

between approximately 5 °C and 35 °C, causing an instability during the drying process.

Instead, relative humidity (%) varied between approximately 30% and 90%. For the M1
and M2 metati, the weighted averages of temperature (°C) and relative humidity (%) were
19.0 °C and 81.5% as well as 17.4 °C and 71.2%, respectively. These factors were probably
affected by external environmental conditions, unlike the laboratory dryer where these
variables are kept constant over time allowing for more constant dehydration (Figure S2).

3.3. Color Evaluation

The color of chestnuts changes during the processing into flour. Undoubtedly, the
compounds present in the raw fruit undergo modifications due to spontaneous reactions.

The results of the colorimetric evaluation are reported in Table 3. The results show an
increase in lightness (L*) from raw chestnuts (M1t0, M2t0) to flour samples (FL, FM1, FM2),
accompanied by an increase in the white index (WI) and a decrease in the yellow index
(YI), following the thermal degradation and the oxidative phenomena that affecting the
carotenoids [56,57].

Table 3. Color parameters of different samples.

Parameter p-Value ! FL FM1 FM2 M1t0 M2t0
L* 8843+ 0.842 84144123 87.144+0972 68.66+0.81¢ 71.19+0.84¢
a* 02540039 1.26+0.052  0.67+0.03° 0984006 0.98+0.06P
b* 11.86 £ 0.72¢ 1413+ 052 1280+ 0.11P 223240792 223240.792
C* 11.86 £0.73°¢ 1256 +1.91P 1341 +152b¢ 223440792 223440.792
h* ok 1.55 4+ 0.012 1.48 £0.01¢  151+004P 153+001b 153+0.01P
WI ot 8341 +0.402 7872+120° 79.86+2.872 6151+0569 63.54+0.58°¢
YI 19.16 £ 1.03¢  24.01 +1.18> 2254 +3.14Pc 4644 +1.672 4479+ 1612

Values are presented as the mean + standard deviation (SD) of three samples. In the same row, different letters
indicate significant difference among values (Turkey’s HSD, p < 0.05). ! Significance level: *** = p < 0.001.
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The calculation of AE*,;, (Table 4) provides values representing the color differences
between the flour samples.

Table 4. Color differences (AE*,,) among the different flour samples.

AE*,, FL FM1 FM2

FL 2.32 3.83
FM1 1.55
FM2

In this case, the analyzed samples showed only slight differences, but these fell into
two distinct ranges. Specifically, the difference between the FL sample and the FM1 sample
falls within the AE*,}, below 2.5, indicating a slight but perceptible color difference [58].

On the other hand, the AE*;;, between the FL and FL2 samples, obtained from the
same batch of chestnuts, shows a value of 3.83, indicating a noticeable but distinguishable
color variation [31].

Since both flours were produced from the same batch of chestnuts, the differences can
mainly be attributed to the different processing methods applied.

3.4. Volatile Organic Compound (VOC) Profile

The complete chemical composition of the volatile emissions of the samples analyzed
is reported in Table 5.

Table 5. Composition of the VOC emissions (relative abundance (%)) of the fresh chestnuts and
derived flours.

Relative Abundance (%)

Compound Lri? Odor p-Value !
FL FM1 FM2 M1t0 M2t0
Monoterpene hydrocarbons
a-Pinene 941 Balsamic 0.8 +0.02°2 3b -b -b -b
Sabinene 977 Woody 1.6 £0.032 -b -b -b -b
B-Pinene 982 Herbal 3.2 40.062 -b -b -b -b
Myrcene 993 Spicy 13.6 £0.532 -b -b -b -b
5-3-Carene 1012 Citrus ok 2840342 -b -b -b -b
p-Cymene 1028 Citrus e 32+0.06? -b -b -b -
Limonene 1032 Citrus ook -c 2.0 £ 0.06 2 -c -c 01+0Pb
v-Terpinene 1062 Woody ek 204 +0.812 -b -b -b -b
Terpinolene 1090 Herbal 1.6 +£0.0312 -b -b -b -b
Alcohols
Isobutyl alcohol 627 Musty * -b -b -b 1.2 +0.052b 23+£1922
1-Butanol 657 Fusel ok -b -b -b 02+0.012 -b
Isopentyl alcohol 736 Musty *xx -¢ -¢ -¢ 13 +0.45? 6.5+247°
2-Methylbutanol 737 Fusel -b -b -b 6340392 53+2322
1-Pentanol 766 Balsamic i - 0.9 +0.012 044+02° -€ -
1,3-Butanediol 788 5.6 £ 0.11 ¢ 7.7 +£0.1° 274+006° 564274  229+112
2,3-Butanediol 789 484 0.1 9.9 +0.27b 44+001°¢ 894 364bc  338+2382
Furfuryl alcohol 858 Burning i -b -b 14+0.022 -b -b
1-Hexanol 871 Herbal ek 2.8+ 0.34P 224019 1140089 5640932 02404
1-Heptanol 970 Herbal o -b -b -b 0.4 +0.132 01+0°
1-Octen-3-ol 982 Musty ek -b 140112 1.1+0.082 -b -b
3-Ethyl-1-hexanol 1031 Floral ek -b -b 8.8+041% -b -b
1-Octanol 1071 Herbal ok - 0.7 +0.062 - 02+0.01b -¢
Phenylethyl alcohol 1111 Floral ok 240360 2.1+0.09P 0.7 +0.09 © 3.74+0.392 27 +03P
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Table 5. Cont.

Relative Abundance (%)

Compound Lri? Odor p-Value !
FL FM1 FM2 Mit0 M2t0
Ethers
2-Acetylfuran 913 Fruity ek -b -b 0.6 £0.01° b -b
2-Pentyl furan 992 Fruity ok -b 3.54£0.692 -b -b -b
y-Caprolactone 1056 Herbal ook -b 0.8+£0.012 -b -b -b
2,3- #4k b b b b a
Dihydrobenzofuran 1221 Harsh . ) . ) 0.3 £0.05
Phenols
Phenol 983 e -d 1.6+001" 45+01° 05+025¢ 01404
0-Cresol 1057 Musty e -c -c 394032 0.94+027° -c
p-Cresol 1078 Floral o -¢ -¢ 1.3+0.13% 04+013° -¢
o0-Guaiacol 1091 Smoky o -d 2.6 +0.07° 14.0+0.022 1.6 £0.76 01+0d
Veratrole 1149 Musty -b 0.7 +0.012 -b -b -b
Creosol 1193 Smoky ook -¢ 12 £0.15° 49 £0.09? -€ -¢
3-Phenylpropanol 1232 Spicy, floral i -b -b -b 2024+3.41% -b
p-Ethylguaiacol 1280 Smoky ** -b -b -b 46+£1922 -b
p-Vinylguaiacol 1314 Spicy -b -b -b -b 1.14+0.12
Esters
Ethyl acetate 611 Fruity o -b 1+0.06° 07+012°>  064+009P  45+1.987
Isopentyl acetate 876 Fruity ook -b -b -b -b 0.7 £0.05°
Butyrolactone 914 ek 48+0.12 2.8+0.12b 1.4+0.03¢ -d -d
Ethyl hexanoate 998 Fruity e -b -b -b -b 0.1+0.00°
Ethyl 2-phenylacetate 1246 Fruity, honey ook -b -b -b - 0.1+0.00?
2-Phenylethyl acetate 1259 Fruity, floral e -b -b -b -b 0.1+0.002
Aldehydes
Hexanal 802 Herbal ot 36+£033° 10.6+£0.09% 88+0.61" -d -d
Furfural 839 Baked o -¢ 2.6 £0.04° 1.8+0.16° -¢ -
Heptanal 901 Herbal o - 0.8+0.01° 0.540.09° -¢ -
Octanal 1001 ok 244005° 3+019° 14+0.03°¢ -d -d
5-Ethylcyclopent-1- st b a b b b
enecarboxaldehyde 1035 ) 04:£0 ) ) )
(E)-2-Octenal 1063 Fruity -b 06+02 0.7 £0.122 -b -b
Nonanal 1102 Fruity e 48+01°? 49+029°? 29+034° -¢ -¢
Decanal 1204 Fruity 1.2 +£0.382 -b -b -b -b
(E,E)-2,4-Nonadienal 1215 Herbal ok 0.8 4+0.022 -b -b -b -b
Ketones
2-Pentanone 696 Fruity -b -b -b 2840122 -b
Acetoin 709 Buttery e -¢ -¢ -¢ 178 +£3.36? 81+317°
2-Heptanone 894  Fruity/herbal -c 06+0° 05+009°  27+£023° -c
6'Methyti;hepte“'2' 987 Herbal _b _b -b 05 +0.022 -b
3-Octen-2-one * 1042 Spicy, herbal i -c 094005  06+001° -¢ -c
2-Nonanone 1093 Herbal e -b -b -b 15+0.18° -b
Acids
Acetic acid 599 Acidic 1884+ 0.78%  320+£0997 212+ 135 -d 93+396¢
Other non-terpene derivatives
Styrene 896  Balsamic/plastic * -b -b -b -b 12+091%
n-Undecane 1100 -b -b 0.4 +0.01° -b -b
Naphthalene 1181 Pungent o -¢ 25+0.02° 4+£0012 -¢ -¢
n-Dodecane 1200 o 0.8+0.02° -b 0.8+0.02°2 -b -b
Chemical classes
Terpenes
ﬁ/l"mterper‘e 472+015° 2,00 +0.06° - - 01£0°
ydrocarbons

23



Foods 2025, 14, 1931

Table 5. Cont.

Relative Abundance (%)

Compound Lri? Odor p-Value !
FL FM1 FM2 M1t0 M2t0
Non-terpene derivatives
Alcohols/ethers/phenols o 15240499  349+£089¢ 4914053 733+£274% 7533682
Esters ** 48+01°2 384018 22+0.15b 0.6 £0.09 ¢ 5542032
Aldehydes/ketones o 128 +054b 24540067 173+0.10° 25242812 81+317°¢
Acids 188 +0.78>  320+0997  21.24135° -d 93+£396°¢
Others ** 0.8+0.02¢ 2.54+0.02° 52+£0.02? -d 124£091°¢
Total identified 99.6 £ 0.01 99.7 £ 0.1 95 £ 0.55 99 £ 0.16 99.6 £ 0.05

Values are presented as the mean = standard deviation (SD) of three samples. The superscript lowercase letters
in the row indicate statistical differences among the samples (Turkey’s HSD, p < 0.05). ! Significance level:
***p<0.001, ¥ p <0.01, * p < 0.05; 2 Linear retention indices on a HP5-MS capillary column; 3 Not detected;
4 Correct isomer not determined.

The GC-MS analysis permitted the identification of a total of 62 compounds, account-
ing for 95.0-99.7% of the whole volatile profiles. The identified chemical constituents
mainly belonged to the chemical classes of monoterpene hydrocarbons and non-terpenes
derivatives. In particular, monoterpene hydrocarbons were detected in high percent-
ages (47.2%) in the laboratory-processed flour (FL), mainly characterized by y-terpinene
(20.4%) and myrcene (13.6%), responsible for woody and spicy notes, respectively. Nev-
ertheless, the volatile profile of FL flour also showed noteworthy relative amounts of the
non-terpenic acids (18.8%), alcohols (15.2%), and aldehydes (12.8%), with acetic acid, 1,3-
and 2,3-butanediol, and nonanal being the chief compounds, respectively.

Acids, alcohols, and aldehydes also represented the main chemical classes of the
volatile emission of the samples FM1 and FM2. Acetic acid was the only compound belong-
ing to the class of non-terpenic acids and was detected at the highest relative abundance in
the FM1 flour (32.0%), although FM2 (21.2%) and FL (18.8%) also showed high percentages.
The presence of acetic acid could be due to bacteria and yeasts typically present on fresh
raw materials, as demonstrated by studies conducted on other products [59]. The higher
presence of this molecule in the FM1 sample may be related to the post-harvest condi-
tions of the fresh chestnuts before processing. As these conditions are not standardized,
significant differences among samples may occur.

Among non-terpenic alcohols, the 1,3- and 2,3-butanediol isomers represented impor-
tant components of the volatile emission of FM1 and FM2 as well, and their presence could
be also related to microbial metabolism, particularly to yeast activity [60,61]. Nevertheless,
the traditional flour metato 2 exhibited remarkable relative amounts of 3-ethyl-1-hexanol,
associated with floral scent notes, which were not detected in any of the other samples.
Finally, regarding aldehydes, although considerable percentages of nonanal were also
found in FM1 and FM2, these samples were particularly rich in hexanal (10.6 and 8.8%,
respectively) responsible for green aroma notes.

Analyzing the data, it was observed that the aromatic complexity of the flours (FL, FM1,
and FM2) particularly differ from that of the fresh chestnuts (M1t0 and M2t0), probably
as the result of the thermal treatment and the traditional smoking process applied to
traditional flours. In detail, both fresh chestnut samples were characterized by alcohols as
the most abundant chemical class. However, while M1t0 showed isopentyl alcohol as the
main compound of this class, accounting for 13.0%, M2t0 exhibited 2,3-butanediol (33.8%)
followed by 1,3-butanediol (22.9%) as major constituents.

Interestingly, the volatile emission of fresh chestnuts did not show the presence of
aldehydes, which instead have been characterized in significant percentages, were greatly
found in the flours, as previously reported. Indeed, aldehyde compounds, as evidenced
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in the literature by various research groups [15,20], can derive from the drying process,
as these compounds were not found in the fresh chestnut samples (M1t0 and M2t0). The
temperatures used both in the traditional drying process and the laboratory processes,
although not high, could be sufficient to start lipid peroxidation, leading to the formation
of aldehydes and ketones. In our case, compounds like hexanal, heptanal, octanal, (E)-2-
octenal, nonanal, and decanal were detected, which might originate from the degradation
of unsaturated lipids present in the chestnuts [3,15,20,21]. Nevertheless, fresh chestnuts
spontaneously emitted remarkable percentages of ketones, with great differences between
the samples analyzed. Indeed, in addition to showing higher relative amounts of the
buttery scented acetoin, which in turn was the only ketone detected in M2t0, M1t0 also
featured not negligible percentages of 2-pentanone and 2-heptanone. Fresh chestnuts
metato 1 (M1t0) headspace, different from that of metato 2 (M2t0), was also characterized
by relevant amounts of phenolic compounds, mainly represented by 3-phenylpropanol
(20.2%), responsible for spicy and floral notes, and p-ethylguaiacol (4.6%), associated
with smoky flavors [20,21]. Considerable percentages of phenols were detected in the
volatile emission of the flours, even though, in this case, they were mainly represented
by o-guaiacol, creosol, and phenol, found in higher relative quantities in FM2 than in
FM1. The presence of these compounds could be related to the degradation of lignin into
simpler phenolic compounds during the flour thermal treatment and smoking process of
the traditional method, in agreement with Cantini et al. [19]. Thermal treatment is also
related to the presence of furanic compounds that can originate from the degradation
and the rearrangement of carbohydrates via the Maillard reaction [62,63]. Among these
compounds, furfural, furfuryl alcohol, 2-acetylfuran, and 2-pentylfuran were detected
exclusively in the flours. Conversely, 2,3-dihydrobenzofuran was found in low percentages
in MOt2 [20,22].

Hierarchical cluster analysis (HCA) graphically summarized the above discussed
differences in the volatile emissions of the analyzed samples (Figure S4). Indeed, the
obtained dendrogram was constituted by two first-level clusters, dividing fresh chestnuts
from the flours. In turn, the traditional flours FM1 and FM2 constituted a sub-cluster by
themselves, within the upper cluster also comprising the sample FL, highlighting greatest
similarities in their volatile emissions.

3.5. Sensory Profile

The sensory analysis conducted on the three chestnut flour samples permitted the
characterization of their respective sensory profiles. Figure 6a,b compares the profiles
obtained using descriptive parameters from the sensory evaluation. The descriptors for
which statistically significant differences were observed among the samples are marked
with an asterisk.

The main differences were observed between sample FL and samples FM1 and FM2.
As expected, based on colorimetric data, the samples exhibited significant visual differences
in terms of color saturation and yellow—brown hues. From an olfactory perspective, sample
FL, which was not subjected to smoking, showed a value of zero for the empyreumatic
descriptor, unlike the other two samples.

Furthermore, sample FL displayed a higher score for the chestnut descriptor, whereas
FM1 and FM2 were more strongly characterized by smoky, coffee, and cocoa notes
(Figure 6a), typically associated with traditional smoking processes [20]. These results
are also consistent with the values of VOCs such as o-guaiacol, furfural, and creosol, which
are associated with odors like smoky and baked, as reported in Table 5 and present in
samples FM1 and FM2.
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Color saturation *

a Frankness ** 9 Lightness
Umami Color homogeneity

Acid Brightness
.

Astringent Yellow-brown hue *
Bitter Grey hue
Sweet Hazelnut
Graininess A Chestnut *
Solubility Cocoa *
Ruvidity Coffee **
Homogeneity Smoked **
Fineness of touch Roasted
Persistence Floreal
Microbiological Ammonia compounds *
Empireumatic ** Rancid
Stale

--FL —FM1 —FM2

b Visual attraction

Olfactory pleasantness

Overall pleasantness * =

Taste pleasantness * Touch pleasantness *

--FL —FM1 —FM2

Figure 6. Median of the descriptor of the sensory profile of chestnut flour: (a) quantitative; (b) hedonic
significance level: * = p < 0.05; ** = p < 0.01; without asterisk = p > 0.05.

Regarding frankness (absence of defects), sample FL also reported higher positive
values than the other samples.

Sample FM2 exhibited higher intensity in the smoky and bitter descriptors (Figure 6a),
likely attributable to the extended duration of the traditional drying process and prolonged
exposure to thermal degradation phenomena. In contrast, sample FL, processed under
controlled conditions, displayed a more delicate profile characterized by sweet and fruity
notes, suggesting better preservation of the original aromatic components.

In addition, the panel evaluated the free descriptors associated with the olfactory
profile of the samples, as illustrated in Figure 7a—c. The graphs report the average values of
the free attribute and the frequency of their use.

In sample FL (Figure 7a), descriptors related to fruity and vegetal families were
identified, with the predominant descriptor being raw chestnut. In contrast, samples
FM1 (Figure 7b) and FM2 (Figure 7c) were predominantly characterized by descriptors
associated with the empyreumatic category (e.g., pungent, metallic) most likely as a result
of the traditional smoking process, which was not applied to sample FL. Sample FM2
also exhibited greater aromatic complexity compared to the other samples, a finding
that is consistent with the volatile compound (VOC) analysis previously discussed. Both
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FM1 and FM2 flours were produced using traditional smoking techniques for 43 and
66 days, respectively; however, sample FM2 underwent a markedly prolonged smoking
treatment, which may have led to excessive exposure to smoke and contributed to its

distinct aromatic profile.

a

Average values

0 1 2 3 4
B Old hazelnut | Sprouted pine nut Frequency of use
[ Vegetable B Raw chestnut

b

Average values

12%

0 1 2 3 4 5 6 7 8

1 Ammonia E Mouldy Frequency of use
M Pungent B Sprouted pine nut
M Soy sauce

Average values

0 1 2 3 4 5 6
[ Hazelnut [ Mouldy
W Acetone B Pungent Frequency of use
B Raw chestnut B Sprouted pine nut

Figure 7. Average of free descriptors and their frequency of use for each flour sample: (a) FL; (b)
FM1; (c) FM2.
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Concerning the hedonic descriptors, FM1 and FM2 received the lowest scores for
olfactory pleasantness, which negatively affected their overall evaluation. In contrast, FL
flour obtained the highest ratings for both olfactory and overall pleasantness, although it
scored lowest for tactile pleasantness (Figure 6b).

To summarize, the highest hedonic index (HI) was achieved by the sample FL (7.2),
followed by FM2 (6.7), while FM1 recorded the lowest value (6.2) (Figure S5).

These results are consistent with the instrumental analysis of volatile compounds and
confirm that different processing methods significantly affect the sensory perception of
the final product. Sensory analysis thus proved to be an essential tool for integrating and
completing the qualitative evaluation of the flours under investigation.

4. Conclusions

Traditional chestnut flour is a product obtained from the drying and milling of fruits
from various cultivars of Castanea sativa. Historically, this foodstuff has been of fundamental
importance as a staple food.

Today, it is considered a niche product, increasingly valued for its distinctive sensory
properties and its notable nutritional qualities, being rich in carbohydrates, minerals, and
vitamins, and naturally gluten free.

The present study aimed to evaluate the impact of traditional and controlled process-
ing methods on the quality of chestnut flour, representing a preliminary investigation into
the main critical aspects of chestnut flour production. To this end, a chemical-physical and
volatile and sensory characterization was performed on both fresh chestnuts and the flours
obtained from them.

The laboratory-scale drying process, conducted at controlled temperatures over shorter
times, allowed better preservation of bioactive compounds, as noted for the total phenolic
content and antioxidant activity, and overall compositional integrity. In addition, the
primary smell descriptors associated with the fresh raw material were also retained. Tradi-
tional processing, while imparting a distinctive aromatic profile due to smoke exposure
during drying, proved to be less controllable compared to laboratory-scale drying using a
ventilated system (stable at 40 °C), and the process is highly affected by weather conditions,
as evident from the observed temperature range, which spans from 5 °C to 35 °C. Although
this traditional method has the potential to enrich the flour with complex and unique
aromatic notes, inadequate control of its duration or intensity may lead to an excessively
marked empyreumatic profile, due to the presence of some VOCs, like as o-guaiacol, fur-
fural, and creosol, which, if present in excessively high concentrations, could result in a
less pleasant or unbalanced sensory perception.

To enhance the quality of traditionally produced flour, it is crucial to gain a deeper
understanding of the drying phase. The adoption of technologies capable of monitoring
the key parameters (e.g., temperature, humidity, and drying time) could minimize the
formation of undesirable compounds while safeguarding the product’s traditional sen-
sory identity, helping manufacturers to understand when the drying process needs to be
remodeled and when the optimum level of drying has been reached. Such technological
advancements would not only optimize the nutritional and sensory quality of the flour but
would also contribute to more efficient and sustainable production practices, particularly
for producers aiming to scale up without compromising product excellence.

As this is a preliminary study, future research will focus on a broader nutritional
characterization of chestnut flour, including protein and mineral content, to deepen the
understanding of how different drying methods influence its quality. These insights will
support the development of optimized drying protocols that preserve the nutritional and
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sensory attributes of the final product while maintaining the identity and authenticity of
traditional processing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods14111931/s1. Figure S1: Trend of the temperature (°C)
and relative humidity (%): (a) inside the metato 1; (b) inside the metato 2. Figure S2: Weight loss
in the drying of the FL sample. Figure S3: Sensory sheet used by the judges on the ISS portal.
Q = quantitative descriptors; H = Hedonic descriptor. Figure S4: HCA of VOCs. Figure S5: Hedonic
index (HI) of the chestnut flour samples. Different letters indicate significant differences among
values (Turkey’s HSD, p < 0.05).
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Abstract: Given the critical need for strategies to enhance food safety and quality, par-
ticularly due to the rapid spoilage of fish, this study investigated the effect of dietary
supplementation with green alga (Chlorella pyrenoidosa) on the shelf life of Nile tilapia
(Oreochromis niloticus) fillets. In addition, the microbiological, physicochemical, and sen-
sory qualities of the fillets were evaluated. Eighty-four healthy tilapias (100 £ 2 g) were
randomly allocated in three groups (1 = 28 per group): a control group (without C. pyrenoi-
dosa supplementation) and two treatment groups supplemented with either 5 or 10 g of
C. pyrenoidosa per kg of feed. After 30 days of feeding, the fish were slaughtered and their
fillets stored at 4 °C for evaluation at 0, 7, 15, and 30 days post-slaughter (dps). Fillets
from fish supplemented with C. pyrenoidosa showed significant lower counts of coliforms,
Enterobacteriaceae, and mesophilic and psychrotrophic microorganisms compared to the
control. Supplementation also reduced thiobarbituric acid reactive substance (TBARS)
levels and pH over the 30-day storage period. Sensory and color analyses indicated im-
proved brightness, appearance, and firmness in fillets from treated groups, while control
fillets exhibited poorer odor quality. Our findings demonstrate a dose-dependent effect of
C. pyrenoidosa supplementation in improving the microbiological, physicochemical, and
sensory quality of Nile tilapia fillets during refrigerated storage for up to 30 days.

Keywords: chlorophyta; microalga; antioxidant; food quality; fish flesh
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1. Introduction

The shelf life of food products is influenced by multiple factors, including storage
duration, environmental conditions such as temperature, and the intrinsic susceptibility of
the product to quality degradation. Food spoilage occurs because of physical, chemical,
and biological changes that can compromise the nutritional value, safety, and sensory
attributes of the product [1]. In fish, spoilage is characterized by the development of off-
odors and flavors, mucus accumulation, gas production, abnormal coloration, and texture
deterioration. These changes emerge as a product of autolysis, oxidation, bacterial activity,
or a combination of these processes, directly impacting the shelf life of fish [2].

To extend shelf life, strategies that prevent or reduce oxidative damage are essential, with
antioxidants playing a key role in mitigating both oxidative and microbial spoilage in freshwater
seafood products [3,4]. Chlorella pyrenoidosa is a green microalga widely used as a nutritional
supplement for both humans and animals [5]. Its characteristic green color is attributed to
the high concentrations of chlorophyll-a and chlorophyll-b, as well as other pigments such
as carotenoids (-, -, and y-carotene) and xanthophylls [6]. Dietary supplementation with
carotenoids is an increasingly common practice in aquaculture, as it enhances carcass quality
and antioxidant capacity in fish [7]. Additionally, carotenoids have been shown to improve the
microbiological, physicochemical, and sensory properties of seafood products [8].

In aquaculture, dietary inclusion of Chlorella has been shown to enhance fish health
and improve the quality of flesh by modulating antioxidant capacity, immune function, and
pigmentation. Several studies have reported that microalgae supplementation can reduce
lipid oxidation, inhibit microbial spoilage, and improve the texture, color, and sensory charac-
teristics of fish fillets during storage. For example, Takyar et al. [4] demonstrated that Chlorella
vulgaris and Spirulina platensis extracts extended the shelf life of rainbow trout by improving
oxidative stability. Similarly, Rosas et al. [7] showed improved antioxidant performance and
fillet coloration in mullets fed with carotenoid-rich microalgae. These findings highlight the
potential of Chlorella pyrenoidosa as a natural feed additive for improving the microbiological,
physicochemical, and sensory quality of fish flesh, making it a promising candidate for sus-
tainable strategies in aquaculture and food preservation. Given the nutritional importance
of fish in ensuring food security and the need for effective preservation strategies, this study
aimed to evaluate the effect of dietary C. pyrenoidosa supplementation, administered orally
through feed, on the microbiological, physicochemical, and sensory quality of Nile tilapia
(Oreochromis niloticus) fillets during 30 days of refrigerated storage.

2. Material and Methods
2.1. Animals

A set of 84 healthy Nile tilapia (O. niloticus), each weighing approximately 100 g,
were purchased from the same spawning and placed in 12 aquariums (1 = 7), with each
aquarium having a capacity of 100 L of chlorine-free running water from an artesian well,
flowing at a rate of 1 L/min. Prior to the start of the experiment, the fish were monitored
for physiological condition and general behavior to ensure the inclusion of only clinically
healthy individuals. Animals were considered suitable if they exhibited species-specific
body coloration, absence of external lesions, intact scales, clear eyes, balanced swimming,
responsiveness to stimuli, and no signs of stress such as lethargy, erratic swimming, or
prolonged bottom-dwelling behavior. This screening ensured the homogeneity of the
experimental groups and the reliability of subsequent results. The fish were acclimated for
15 days to allow their plasma cortisol concentrations and osmolarity to return to baseline
levels. During the initial three days of acclimation, the fish were treated with a NaCl solu-
tion at a concentration of 6.0 g/L [9]. They received commercial pelleted feed (32% crude
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protein), constituting the basal diet. The animals were fed three times a day, corresponding
to 2% of the biomass of the aquariums. Water quality was monitored at feeding times
throughout the experimental period using a YSI-63 pH meter (YSI incorporated®, Yellow
Springs, OH, USA) and a YSI-55 oximeter (YSI incorporated®, Yellow Springs, OH, USA)
and its values remained within the appropriate range for the welfare of tropical fish [10]
(dissolved oxygen = 4.07 & 0.89 mg/L; temperature = 27.64 £ 2.05 °C; pH = 7.64 £ 0.54;
and electrical conductivity = 208.29 £ 97.57 uS/cm).

2.2. Experimental Design

Tilapia were randomly distributed among 12 aquariums (100 L of water each, n =7)
with the following treatments: TO (no treatment with C. pyrenoidosa), T1, and T2 (treated
with 5 g and 10 g of C. pyrenoidosa per kg of feed, respectively). After one month, the
fish were slaughtered, and fillet samples were collected for analysis of microbiological,
physicochemical, and sensory characteristics. These analyses corresponded to the following
post-slaughter periods: 0, 7, 15, and 30 days post-slaughter (dps) (n = 7 per period, totaling
28 tilapia per treatment).

2.3. Experimental Diets

The basal diet composition consisted of commercial pelleted feed (LAGUNA®, ADM
Company, Sao Paulo, Brazil), containing 32% crude protein, 7% ether extract, 5% crude fiber,
and 12% mineral matter. The animals were fed three times a day, at 8:00 am, 1:00 pm, and
6:00 pm, corresponding to 2% of the aquarium biomass. To standardize the experimental
diet containing C. pyrenoidosa (Caléndula Vet Pharmacy, Sao Carlos, SP, Brazil), 5 and
10 g/kg of feed were added to the commercial feed, following the study by Abdulrahman
et al. [11]. For diet preparation, the commercial feed was weighed based on the average
biomass per tank, and 2% soybean oil was incorporated along with the respective amounts
of C. pyrenoidosa (5 or 10 g/kg). The control diet received 2% soybean oil without microalgae
to ensure energetic balance and consistency in pellet coating across treatments. The diets
were stored in dark plastic bags and kept at 9 °C for use during the experimental period
of one month prior to the slaughter of the animals. After the 30-day feeding period, no
significant performance variation was detected across dietary groups: control fish gained
26.1 g, whereas those supplemented with 5 g and 10 g kg~! of C. pyrenoidosa presented 34.1
and 31.7 g, respectively.

2.4. Slaughter of Fish and Remouval of Fillets

The stunning method employed was hypothermia, using a mixture of hyperchlori-
nated water (5 ppm) and ice in a 2:1 ratio. This mixture was placed in a 15 L Styrofoam
box lined with sterilized plastic bags, into which the fish were immersed for 3 min to
induce stunning. The plastic bags and knives were changed for each group to prevent cross-
contamination. After the fish were rendered unconscious, decerebration of the brainstem
was performed. The filleting process was carried out by a single individual, who divided
each fish into two fillets (right and left, weighing about 50 g each), ensuring the dorsal
musculature was preserved along the entire length of the spine and ribs. The left side of
each fish was allocated for microbiological analysis, while the right side was designated for
physicochemical and sensory analysis. This standardization was maintained throughout
the 30-day experimental period. The fillets were stored in sterilized plastic bags and trans-
ported to the laboratory where they were stored in a B.O.D. (Biological Oxygen Demand)
incubator at a controlled temperature of 4 =1 °C.
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2.5. Microbiological Analysis
2.5.1. Preparation of Dilutions

Under aseptic conditions, fragments representing the entire surface and depth of each
fillet sample were randomly taken until reaching a total of 10 g. After weighing, 90 mL
of 0.1% peptone water (HiMedia® Laboratories, Kennett Square, PA, USA) was added,
and the mixture was homogenized for approximately 60 s using a Stomacher-type device,
resulting in the initial 10! dilution. Subsequently, serial dilutions of 1072, 103, and
10~* were made by taking a 1 mL aliquot from the initial dilution and transferring it to
tubes containing 9 mL of 0.1% peptone water, continuing this process until reaching the
10~* dilution.

2.5.2. Most Probable Number of Total and Thermotolerant Coliforms

The Most Probable Number (MPN) method was used to estimate the quantity of total
coliforms and thermotolerant coliforms in the samples according to APHA 9:2015 [12]. In
the presumptive test, a 1 mL aliquot from the 1071, 10~2, and 103 dilutions was inoculated
into a series of three sterile tubes, each containing Lauryl Sulfate Tryptose (HiMedia®
Laboratories, USA) broth with inverted Durham tubes. The tubes were incubated for 48 h
at 36 £ 1 °C. Tubes were considered positive if they showed gas formation in at least
1/10 of the Durham tube or effervescence when gently shaken and were selected for the
confirmatory test. Confirmation of total and thermotolerant coliforms was performed
by transferring a platinum loop of the positive tubes from LST to Brilliant Green Bile
Lactose broth (HiMedia® Laboratories, USA), incubated at 36 + 1 °C for 48 h, and to EC
broth (HiMedia® Laboratories, USA), incubated at 45 + 1 °C for 48 h in a water bath,
respectively [12].

2.5.3. Counts of Aerobic Mesophilic and Psychrotrophic Microorganisms

For the counting of mesophilic microorganisms, 1 mL from each dilution was inocu-
lated into sterile Petri dishes, and 15-20 mL of Plate Count Agar (Kasvi®, Castelfidardo,
Italy), previously melted and maintained at 4648 °C, was added. The plates were mixed
and incubated at 35 + 1 °C for 48 h, according to the APHA 08:2015 method. After incuba-
tion, the plates were read, the number of colonies was multiplied by the corresponding
dilution factor, and the result was expressed as colony-forming units per gram (CFU/g) [13].
The same procedure was used for counting psychrotrophic microorganisms, with the plates
incubated at 7 £ 1 °C for 10 days, according to the APHA 13.61:2015 method [13].

2.5.4. Counts of Coagulase-Positive Staphylococci

The method ISO 6888-1:1999/ Amd 1:2003 was used for the enumeration of coagulase-
positive staphylococci. Thus, 0.1 mL of each dilution was inoculated onto the surface of
Baird-Parker agar (Kasvi®, Italy) supplemented with egg yolk solution and potassium
tellurite (Dinamica®, Ttacoatiara, Brazil), using a Drigalski loop, and evenly spread until
complete absorption. The plates were inverted and incubated at 35 + 1 °C for 30 to 48 h.
After bacterial growth, five typical colonies (shiny black with an opaque ring, surrounded
by a clear, transparent halo distinct from the medium’s opacity) and atypical colonies
(grayish or shiny black without a halo) were selected and transferred to Brain Heart
Infusion (BHI) broth (Kasvi®, Italy) for biochemical tests (catalase, Gram, and coagulase).
Subsequently, the Coagulase Test was performed using BHI culture tubes and lyophilized
rabbit plasma (NewProv®, Pinhais, Brazil). These tubes were incubated in a water bath at
36 £1 °C for 24 h [14]. Readings were taken at 1, 2, 3, 4, and 24 h.
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2.5.5. Enterobacteriaceae Count

According to Mossel [15], MacConkey broth is used as a selective medium for the
presumptive detection of bacteria from the Enterobacteriaceae family. Therefore, 1 mL
from each dilution was inoculated into sterilized Petri dishes, and approximately 20 mL
of MacConkey agar (Kasvi®, Italy), previously melted and maintained at 46-48 °C, was
added. The inoculum was then homogenized with the medium. After the medium had
completely solidified, the plates were incubated in an inverted position at 36 £ 1 °C for 18
to 24 h. Three to five typical colonies were selected and transferred to tubes containing BHI
for Gram staining (as described above) and for the oxidase test [15].

2.6. Physicochemical Analysis
2.6.1. Determination of pH

The pH was determined in duplicate in the epaxial muscle using a digital pH meter
(Testo® model 205, West Chester, PA, USA) equipped with a penetration electrode for
direct insertion.

2.6.2. Colorimetry

Color was determined using the CR-400 Chrome Meter (Konica Minolta Sensing
Americas®, Inc., NJ, USA), which utilizes the CIELAB system (L*, a*, and b*) proposed
by the Commission Internationale de 1’Eclairage [16]. Parameters such as lightness (L*),
redness intensity (a*), and yellowness intensity (b*) of the epaxial muscles were evaluated.
The assessment was conducted at three different points on each muscle part to obtain
an average value. Color intensity is expressed by chroma (Cab), while hue (H°ab) cor-
responds to the color name found in its pure state on the spectrum. These values were
calculated using the formulas: Cab = /(a® + b®) and H°ab = arctan(b*/a*), according to
Hernédndez et al. [17].

2.6.3. Lipid Oxidation (TBARS)

For each sample, 5 g of fillet was weighed and placed in a Falcon tube for lipid
oxidation analysis following the methodology described by Pikul et al. [18]. To the sample,
25 mL of 7.5% trichloroacetic acid (Synth®, Sao Paulo, Brazil) was added (one tube at a time,
as the acid dries out the sample). The mixture was blended using a Turrax for 1 min and
then filtered through another Falcon tube. All samples were processed in triplicate, and
5 mL of 0.01 M (thiobarbituric acid, Synth®, Brazil) was added to 5 mL of the extract. The
mixture was then placed in a water bath at 100 °C for 40 min, with the test tube covered with
marbles. The determination of TBARS (thiobarbituric acid reactive substances, expressed as
mg of malondialdehyde/kg of sample) was performed using spectrophotometry at 532 nm.

2.6.4. Sensory Analysis

Sensory quality assessments of the fillets were performed at each sampling interval by
a panel of five trained evaluators, who were blinded to the treatment conditions. Panelists
were trained over three 1-h sessions using fillets with known sensory deviations (e.g.,
loss of brightness, textural softening, off-odors), following adapted protocols based on
Meilgaard et al. [19]. During training, panelists were calibrated using reference samples to
ensure consistency in scoring brightness, firmness, appearance, and odor. Fish samples
(50 g) from the dorsal region were presented individually to the panelists in individual
booths under controlled conditions of light, temperature, and humidity. The panelists were
asked to rate the characteristics of brightness, firmness, appearance, and odor on a scale
from 1 to 10, with 10 being the best condition and 1 being the worst [8].

37



Foods 2025, 14, 1642

2.7. Statistical Analysis

Differences between treatments (10 g, 5 g, and control) and time (0, 7, 15, and 30 days)
were determined using the non-parametric Kruskal-Wallis [20] test with GraphPad Prism
version 9.0 software. Differences were considered significant when p < 0.05. Principal
Component Analysis (PCA) was performed using PAST software (version 4.03) to ex-
plore patterns among microbiological (total and thermotolerant coliforms, mesophilic and
psychrotrophic counts, Staphylococcus spp.), physicochemical (pH, TBARS, color param-
eters), and sensory variables over time and treatments. All variables were auto-scaled
(mean-centered and standardized to unit variance) prior to analysis. Components with
eigenvalues greater than 1.0 were retained based on the Kaiser criterion. The first two
principal components (PC1 and PC2) were used to construct biplots and interpret sample
distribution and variable correlations. Factor loadings were examined to identify the most
influential variables in each component, allowing the identification of quality degradation
patterns and treatment-specific effects during refrigerated storage. The PCA was used as a
parameter to perform Spearman correlations (SAS 9.3)

3. Results
3.1. Microbiological Analysis

The results observed in the microbiological analysis of the fish samples are presented
in Figure 1. The MPN counts for total coliforms showed significant decrease (p < 0.05) in
fillets from tilapia treated with 10 g of C. pyrenoidosa after 15 days of storage (Figure 1A).
The thermotolerant coliforms counts did not show significant differences (p > 0.05) among
treatments during 30 days of storage (Figure 1B).
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Figure 1. Mean values transformed into log(x + 5) (=SEM) for microbiological analysis. (A) Total coliforms;
(B) Thermotolerant coliforms; (C) Mesophilic microorganisms; (D) Psychrotrophic microorganisms; (E)
Enterobacteriaceae; (F) coagulase-positive staphylococci. Means (7 fish) followed by the same letter do not
differ by the Kruskal-Wallis test (p < 0.05). Uppercase letters compare treatments within each experimental
period, while lowercase letters evaluate the progression of each treatment across experimental periods.
Sampling periods: 0, 7, 15, and 30 days post-slaughter (dps); Treatments: 10 g—treated with 10 g of
Chlorella; 5 g—treated with 5 g of Chlorella; Control—untreated with Chlorella.
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Tilapia treated with C. pyrenoidosa exhibited a reduction in mesophilic microorgan-
ism counts throughout the shelf-life period (Figure 1C). Fillets from fish treated with
10 g showed a significant decrease in counts 15 days post-slaughter (dps) compared to
the control group (Figure 1C). In control fish fillets, a significant increase in mesophilic
microorganism counts was observed at 30 dps compared to the initial storage phase at
7 dps (Figure 1C). Psychrotrophic microorganism counts in tilapia fillets did not differ
significantly (p > 0.05) among treatments (Figure 1D). Microbiological analysis over time
revealed a significant increase (p < 0.05) in psychrotrophic microorganism counts 30 dps in
all treatments (Figure 1D).

The results for enterobacteria colony count showed a significant increase in the fillets
from control tilapia 30 dps compared to fish treated with 10 g of C. pyrenoidosa, while the
counts remained stable in the algae-treated groups (Figure 1E). The genus Staphylococcus
was not detected in the tilapia fillets stored for 30 days at 4 °C (Figure 1F).

3.2. Physicochemical Analysis

TBARS analysis (thiobarbituric acid reactive substances) over time revealed a signifi-
cant increase (p < 0.05) in all treatments (Figure 2A). Fillets from tilapia treated with 10 g of
C. pyrenoidosa showed lower values of TBARS throughout the shelf-life period, and these
results were significantly lower when compared to those observed in the control group
fillets at 15 dps (Figure 2A). During the fillet storage period, the pH presented the lowest
values 7 dps for all treatments (Figure 2B). However, the fillets from the control group
showed increased pH values at 15 and 30 dps (Figure 2B).
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Figure 2. Analysis of TBARS and pH. (A) TBARS; (B) pH; Means (9 fish) followed by the same letter
do not differ by the Kruskal-Wallis test (p < 0.05). Uppercase letters compare treatments within each
experimental period, while lowercase letters evaluate the progression of each treatment across ex-
perimental periods. Sampling periods: 0, 7, 15, and 30 days post-slaughter (dps); Treatments:
10 g—treated with 10 g of Chlorells; 5 g—treated with 5 g of Chlorella; Control—untreated
with Chlorella.
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Correlation analysis between microorganism counts and pH or TBARS values revealed
that control animals showed a significant (p = 0.0198 and p = 0.0197) positive correlation of
55.83% and 47.26% between the increase in the counts of mesophilic microorganisms and
raising pH and TBARS values, respectively (Table 1).

Table 1. Correlation analysis between microorganism counts and pH or TBARS values observed in
the tilapia fillets treated or not with C. pyrenoidosa.

Correlated Experimental Correlation Analysis
Parameters Sampling ! p? Prob. > Ip| *
. Control 0.5583 0.0198
pH X Mesophilic 5 —0.1182 0.6626
microorganisms 10 0 4849 0.0793
TBARS X Mesophilic Corgtwl 8';%;2 8(1);357;
microorganisms 10 0'1 261 0.5662

! Correlation between control animals (1 = 28); 5—animals treated with 5 g C. pyrenoidosa/kg of feed (n = 28);
10—animals treated with 10 g C. pyrenoidosa/kg of feed (n = 28). 2 p = Coefficient of Spearman Correlation;
Prob. > | p | —Significance Probability of p value.

Colorimetry

In the colorimetry study of tilapia fillets, no significant changes (p > 0.05) were
observed in the analysis of luminosity (L*) and Delta E (AE) in the comparison among
different treatments (Figure 3A,E). It is worth highlighting in this analysis that there was
a significant increase (p < 0.05) in both parameters during the refrigerated storage period
in all treatments (Figure 3A,E). The analysis of red to green intensity (a*) showed that
the fillets initially showed a tendency towards reddish coloration and turned green in all
treatments, with these effects being less pronounced in fillets of fish treated with 10 g of
green alga, which were statistically significant (p < 0.05) at 7 dps when compared to the
other treatments (Control and treated with 5 g) (Figure 3B). Fillets from fish treated with
10 g exhibited an initial decrease (p < 0.05) in red color intensity (Figure 3B).

The analysis of the blue to yellow color intensity (b*) initially observed that the fillets
of all treatments showed a tendency towards a bluish coloration that became yellowish
with refrigerated storage, except for the fish fed with 10 g of C. pyrenoidosa, which presented
a significantly different bluish color at 30 dps (Figure 3C). Chroma index was significantly
reduced (p < 0.05) in tilapia fillets throughout the shelf-life period, except for fish fed 10 g
of C. pyrenoidosa (Figure 3D). Fish treated with 5 g demonstrated a significant reduction
(p < 0.05) in this index after 30 days compared to both the control group and fish fed 10 g
(Figure 3D).

The analysis of the Hue angle (H",,) over time did not show significant changes
between fillets from different treatments throughout the storage period. However, control
fish showed a significant decrease in this parameter at 30 dps when compared to fish
treated with C. pyrenoidosa (Figure 3F). It is worth noting that fish treated with 5 g showed
a significant increase in Hue at 7 dps when compared to control fish and fish treated with
10 g (Figure 3F).

Correlation analysis between microorganism counts and colorimetry (Table 2) revealed
that fillets from control animals showed a significant (p = 0.0106 and p = 0.0305) positive
correlation with the increase counts of psychrotrophic microorganisms and increase in b*
(60.20%), as well as Delta E (AE) (55.84%), respectively. Similar results were observed in
fish treated with 5 g, which showed 54.68% positive correlation (p = 0.0430) between these
same parameters (Table 2).
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Figure 3. (A) Lightness (L*); (B) Redness (a*); (C) Yellowness (b*); (D) Chroma (C*); (E) Delta E (AE);
(F) Hue (H,;). Means (9 fish) followed by the same letter do not differ by the Kruskal-Wallis test
(p <0.05). Uppercase letters compare treatments within each experimental period, while lowercase
letters evaluate the progression of each treatment across experimental periods. Sampling periods: 0,
7,15, and 30 days post-slaughter (dps); Treatments: 10 g—treated with 10 g of Chlorella; 5 g—treated
with 5 g of Chlorella; Control—untreated with Chlorella.

Table 2. Correlation analysis between microorganism counts and colorimetry observed in the tilapia
fillets treated or not with C. pyrenoidosa.

Correlated Experimental Correlation Analysis
Parameters Sampling ! o2 Prob. > 1p1 2
Psychrotrophic Control 0.6020 0.0106
microorganisms X b* 5 0.3410 0.1204
10 0.3450 0.1255
: Control 0.5584 0.0305
Psychrotrophic
micro}(l)rganisnlfs X AE 5 0.5468 0.0430
10 0.1286 0.5785

! Correlation between control animals (1 = 28); 5—animals treated with 5 g C. pyrenoidosa/kg of feed (n = 28);
10—animals treated with 10 g C. pyrenoidosa/kg of feed (n = 28). 2 p = Coefficient of Spearman Correlation;
Prob. > | p|—Significance Probability of p value.

Correlation analysis between TBARS values and colorimetry revealed that fillets from
control animals showed a significant (p = 0.0127) positive correlation with Delta E (AE)
(50.06%) and a significant (p = 0.0044) negative correlation with redness (a*) (—54.95%)
(Table 3). Fillets from tilapia treated with 10 g of C. pyrenoidosa showed a positive correlation
(p = 0.0255) of 45.50% between the increase in TBARS values to Hue pitch angle during
storage (Table 3).
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Table 3. Correlation analysis between TBAR’s values and colorimetry in the fillet of tilapia treated or
not with Chlorella pyrenoidosa.

Correlated Experimental Correlation Analysis

Parameters Sampling ! R Prob. > Ipl 2

Control 0.0523 0.8036

TBARS X H',, 5 0.3374 0.1577

10 0.4550 0.0255

Control 0.5006 0.0127

TBARS X AE 5 0.3405 0.1811

10 0.3693 0.0757

Control —0.5495 0.0044

TBARS X a* 5 —0.5539 0.0092

10 —0.2962 0.1598

1 Correlation between control animals (1 = 28); 5—animals treated with 5 g C. pyrenoidosa/kg of feed (n = 28);
10—animals treated with 10 g C. pyrenoidosa/kg of feed (n = 28). 2 p = Coefficient of Spearman Correlation;
Prob. > | p| —Significance Probability of p value.

3.3. Sensory Analysis

The results observed in the sensory analysis of the fish highlighted the following char-
acteristics: brightness, firmness, appearance, and odor, as expressed in Figure 4. Over time,
a significant worsening (p < 0.05) was observed in sensory parameters analyzed for all treat-
ments, with these findings being more pronounced in control fish (Figure 4A-D). At 7 dps,
a significant decrease in brightness, firmness, appearance and odor was observed in fillets
of control fish when compared to fillets of fish treated with C. pyrenoidosa (Figure 4A-D).

Storage days Storage days

7 15
Storage days Storage days

@ 10g #® 59 4 Control

Figure 4. Sensory analysis. (A) Brightness; (B) Firmness; (C) Appearance; (D) Odor. Means (9 fish)
followed by the same letter do not differ by the Kruskal-Wallis test (p < 0.05). Uppercase letters
compare treatments within each experimental period, while lowercase letters evaluate the pro-
gression of each treatment across experimental periods. Sampling periods: 0, 7, 15, and 30 days
post-slaughter (dps); Treatments: 10 g—treated with 10 g of Chlorella; 5 g—treated with 5 g of Chlorella;
Control—untreated with Chlorella.

3.4. Principal Component Analysis (PCA)

Principal component analysis (PCA) helps to understand the interactions (correlation)
between the variables studied. Figure 5A shows the dispersion of the groups studied
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and the loads that each vector (variables) presents within the analysis. These loads are
illustrated in the heat map (Figure 5B); the more intense the red color, the greater the load
attributed to this variable within the analysis and the greater the correlation between these
factors. The sum of components (PC) 1 and 2 explains 41.79% of the relationships between

the variables studied.
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Figure 5. Principal component analysis (PCA) on the distribution of variables obtained after treat-
ment of Nile tilapia with 10 g or 5 g of green alga (Chlorella pyrenoidosa) and control (untreated).
(A) Relationship between variables studied by means of principal components. The directions of the
vectors determine high scores in the respective variables. (B) Heat Map with the scores obtained in
the three-dimensional PCA PC1 and PC2 of the variables used in the Spearman correlation test.

These data show that there may be a correlation between the variables PC1 and
PC2, as well as between themselves in the same component. Table 1 shows a positive
correlation between pH and mesophiles (p2 = 55.83%) represented by low-intensity red
colors. Similarly, the correlation between pH and psychrotrophics (p2 = 72.19%) can be
observed, in which the intensity of red shown in Figure 5B is greater in psychrotrophics. It
is interesting to note that the Delta E variable in Tables 2 and 3 presents positive correlations
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with psychotrophics (p2 = 55.84%; 54.68%) and TBARS (p2 = 50.06%) respectively, even
though their loadings tend to 0% (PC1) and —34% (PC2).

In accordance with the results obtained in the loadings (the name given in the program)
of the 17 variables studied in the first PCA (Figure 5), those that presented 20% or more (in
PC1 or PC2) were selected. From this, a new PCA analysis was performed (Figure 6). This
second analysis explains 63.65% (45.79% in PC1 and 17.86% in PC2) of the relationships
between the data collected in the study. The heat map (Figure 6B) shows intense red colors
in brightness, firmness, color and odor in the first principal component, PC1. In PC2,
these tones appear in the bacteria evaluated during the study. The correlation between
TBARS and mesophiles (p2 = 47.26%) presented in Table 1 can be observed with less intense
staining (Figure 5B) and with greater intensity mainly in TBARS in Figure 6B.
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Figure 6. Principal component analysis (PCA) on the distribution of variables selected from the
first PCA with loadings of 20% or more in PC1 and PC2 in Nile tilapia with 10 g or 5 g of green
alga (Chlorella pyrenoidosa) and control (untreated). (A) Relationship between variables selected by
principal components. The directions of the vectors determine high scores in the respective variables.
(B) Heat Map with the scores obtained in the three-dimensional PCA PC1 and PC2 of the variables
used in the Spearman correlation test.

It is interesting to note that positive correlations with a high probability of significance
can be observed when the variables present a higher load in the same component, such as
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psychotrophic vs. b* (Table 2). Similarly, observing the clusters (Figure 7), we can identify
these correlations by the proximity (distance) in which the variables appear. Therefore,
the greater the distance between them, the lower the probability of significance or even
negative correlation coefficients (p?).
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Figure 7. Clusters of loading variables with 20% or more in PC1 and PC2 in Nile tilapia with 10 g or
5 g of green alga (Chlorella pyrenoidosa) and control (untreated).

Table 3 shows a negative correlation between TBARS vs. a*. When observing the heat
maps (Figures 5B and 6B), the variable a* is colored pink (PC1) and blue (PC2). Therefore,
when compared under the same main component or between the components, there is a
large difference between them. This difference is evidenced when observing the distance
between the variables in Figure 7.

4. Discussion

Nile tilapia supplemented with C. pyrenoidosa exhibited reduced microbial counts
in fillets during a 30-day monitoring period, with an evident dose-response effect. Total
coliforms and mesophilic bacteria count significantly increased in control fish after 15 days
of refrigeration, in contrast to the lower counts observed in C. pyrenoidosa-treated fish.
Total coliforms and thermotolerant coliforms are indicators used to assess the hygienic and
sanitary conditions of food, and they can predict the presence of pathogenic microorgan-
isms [3]. Junior et al. [21] emphasized the relevance of monitoring total and thermotolerant
coliforms in Nile tilapia, noting a significantly higher prevalence and concentration of these
indicators in fillet samples compared to whole fish. According to Ferreira et al. [22], the
filleting process in tilapia production is predominantly manual, with limited mechanization.
This extensive human handling increases the risk of cross-contamination, particularly by
thermotolerant coliforms, due to direct contact with operators and surfaces. Although
recent studies have demonstrated the ability of microalgae, including C. pyrenoidosa, to
remove pathogens from wastewater [23], little is known about their antimicrobial activity.
However, to date, no studies have been identified that assess the effects of supplementation
with this alga in animal models and its influence on coliforms counts during the shelf life
of other foods of animal’s origin.
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Mesophilic and psychtrophic microorganisms are among the most widely used mi-
crobiological indicators of food quality, as they reflect the effectiveness of temperature
and hygiene control during processing, transportation, and storage [24]. Stejskal et al. [25]
reported that refrigerated hake fillets packaged with active films incorporating Spirulina
platensis protein concentrate exhibited reduced counts of mesophilic, psychrotrophic, and
Enterobacteriaceae microorganisms compared to control samples. These findings align
with the results of the present study, in which tilapia supplemented with the green alga
C. pyrenoidosa demonstrated similarly decreased levels of these microbial groups during
refrigerated storage. In a study on the shelf life of tilapia fillets treated with astaxanthin, a
carotenoid produced naturally in another freshwater microalga, Haematococcus pluvialis,
Aracati et al. [8] reported significant reductions in mesophilic and psychrotrophic bacterial
counts, attributed to the compound’s antioxidant activity. Similar outcomes were reported
by Santos et al. [26], who evaluated smoked tilapia fillets coated with chitosan. Further-
more, C. pyrenoidosa has demonstrated in vitro antimicrobial and antifungal activity [27],
supporting the results of the present study, which showed a reduction in mesophilic and
Enterobacteriaceae counts in fillet samples supplemented with C. pyrenoidosa at 5 g and
10 g doses, with the most pronounced effect observed at 10 g.

No Staphylococcus spp. counts were detected in the tilapia fillets stored for 30 days at
4 °C in the present study. The absence of these microorganisms suggests that the fillets
were clean and safe, and that slaughter was performed under good hygienic and sanitary
practices, corroborating the study by Atitallah et al. [28]. Coagulase-positive Staphylococcus,
such as Staphylococcus aureus, are responsible for producing a heat-stable toxin and are
one of the most prevalent foodborne pathogens [21]. Humans are common carriers of this
microorganism, and the authors isolated multiple strains of Staphylococcus aureus from
the nasal mucosa of food handlers [29], reinforcing the findings of Junior et al. [21], who
demonstrated that the presence of S. aureus in Nile tilapia may be attributed to improper
handling, inadequate hygiene practices, storage deficiencies, and cross-contamination.

Lipid oxidation is one of the main factors contributing to the deterioration of food
quality, especially in fish flesh, directly influencing color changes, undesirable flavor, nutri-
tional value, and shelf life [30]. Tilapia fillets from fish supplemented with C. pyrenoidosa
exhibited significantly lower TBARS levels in comparison to fillets from the control group.
Algae contain antioxidant compounds that are efficient oxygen radical scavengers and can
diminish the oxidation of fatty acids [4]. The application of an algal-based coating contain-
ing Spirulina platensis and Chlorella vulgaris to refrigerated veal fillets was investigated by
Shafiei and Mostaghim [31], who observed a marked decrease in TBARS values, reflecting
enhanced oxidative stability in the treated samples. The findings of Takyar et al. [4], who
emphasized the antioxidant potential of these algae in delaying lipid oxidation, are consis-
tent with those of the present study, which likewise demonstrated a pronounced reduction
in lipid oxidation throughout the storage period.

A positive correlation between the increase in mesophilic bacterial counts and both
TBARS levels and pH values was observed exclusively in fillets from the control tilapia
group. Elevated pH during storage is known to compromise food quality by facilitating
microbial growth, as bacteria metabolize low-molecular-weight compounds present in fish
muscle tissue, contributing to pH elevation [8]. The decrease in pH observed during the
initial days of storage may be attributed not only to post-mortem glycolysis and residual
glycogen degradation but also to the accumulation of low molecular-weight compounds
produced by microbial and enzymatic activity. These include organic acids (e.g., lactic and
acetic acids), free amino acids, and other small metabolites, which contribute to acidification
of the muscle tissue. Over time, as proteolytic degradation progresses, the formation of
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basic compounds such as ammonia and trimethylamine may lead to pH stabilization
or a slight increase, depending on the balance of microbial populations and metabolic
pathways [32,33]. These alterations were not detected in fillets from fish supplemented
with C. pyrenoidosa, suggesting a potential antioxidant effect of the dietary supplementation
in enhancing fillet stability under refrigerated conditions. Additionally, our findings, which
showed a decline in pH levels across all experimental groups by day 7 of refrigerated
storage compared to day 0 (slaughter day), are consistent with previous reports indicating
that live fish typically exhibit a natural pH slightly above 7.0, which decreases significantly
post-mortem due to rigor mortis and the accumulation of lactic acid resulting from glycogen
metabolism [34].

Color plays a crucial role in the acceptance of food products, acting as a key indicator
of quality, freshness, preservation status, flavor perception, and commercial appeal. In
the present study, both luminosity (L) and total color difference (AE) values increased
over the storage period across all treatment groups. This trend may be associated with
the progressive darkening of the fillets during refrigeration, as the initially fresh fish with
high luminosity underwent deterioration, resulting in a gradual loss of brightness [8]. In
fish muscle, particularly in Nile tilapia (Oreochromis niloticus), the colorimetric parameters
lightness (L*), redness (a*), and yellowness (b*) are influenced by the deposition of both
endogenous and dietary pigments. The redness (a)* value is strongly associated with the
presence of carotenoids such as astaxanthin, 3-carotene, and canthaxanthin, which can be
absorbed from the diet and deposited in the muscle tissue, enhancing reddish hues. These
pigments are lipophilic and accumulate primarily in the subcutaneous and intramuscu-
lar fat, influencing a* values through their antioxidant and color-enhancing effects [7,35].
The yellowness (b)* component is also affected by carotenoids, particularly lutein and
zeaxanthin, which impart yellow-orange tones to the flesh. Meanwhile, lightness (L)* is
less directly affected by specific pigments and more influenced by muscle structure, water
and fat content, and the degree of lipid oxidation, all of which alter the light scattering
properties of the muscle. However, high concentrations of deposited pigments may con-
tribute secondarily to light absorption and reflectance. In this study, supplementation with
Chlorella pyrenoidosa, a microalga rich in chlorophylls and carotenoids, likely contributed to
the observed variations in a* and b* values in the fillets, especially in the 10 g/kg group,
indicating a dose-dependent enhancement of pigment-related color stability.

In the present study, fillets from tilapia treated with 5 g of C. pyrenoidosa and those from
the control group exhibited a more intense green coloration (—a*). In contrast, fillets from
fish supplemented with 10 g of C. pyrenoidosa showed a less pronounced green hue (—a)
only after 30 days of storage. The predominance of green coloration (—a*) observed at the
end of the storage period was associated with loss of fillet quality. A negative correlation
between increased TBARS levels and decreased redness intensity (a* values) was observed
in both the control group and the 5 g supplementation group. This effect was less evident
in fillets from tilapia fed 10 g of C. pyrenoidosa, suggesting a dose-dependent protective role
of the alga against lipid oxidation-related color loss. These findings are consistent with
those reported by Aracati et al. [8] in tilapia fed astaxanthin, and by Majdinasab et al. [36]
in rainbow trout supplemented with alginate.

An increase in the yellow component (+b) was observed throughout the shelf life in
the group supplemented with 10 g of C. pyrenoidosa. According to Alfaia et al. [37], the
inclusion of C. vulgaris in broiler diets led to a yellowish coloration in breast and thigh
muscles, attributed to the high carotenoid content of this alga. However, An et al. [38]
reported that low inclusion levels (0.05%, 0.15%, and 0.5%) of Chlorella in broiler diets did
not significantly affect breast meat coloration. These findings help explain the yellowing
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observed in fillets from fish supplemented with 10 g of C. pyrenoidosa, whereas this effect
was not evident in the 5 g supplementation group over the 30-day storage period. An
increase in the yellow component (+b) and total color difference (AE) was positively corre-
lated with the rise in psychrotrophic microbial counts in control fish fillets. These results
suggest that the observed colorimetric changes also were associated with the prolifera-
tion of psychrotrophic microorganisms capable of growing under refrigeration, thereby
compromising fillet quality.

Chroma (C) values decreased during refrigerated storage, indicating a loss in color
intensity. This finding is consistent with previous studies by Aracati et al. [8] and Hernandez
et al. [17], who investigated the shelf life of Oreochromis niloticus and Argyrosomus regius
fillets, respectively, and also reported this alteration during the shelf life. In contrast, the
hue angle tended to shift toward a more reddish tone, which may be attributed to the
presence of carotenoids, as C. pyrenoidosa is known to be a rich source of these pigments.
Fradique et al. [39] reported that C. vulgaris accumulates substantial amounts of carotenoids
in muscle tissue. Regarding total color difference (AE), both groups showed an increase
over time, with more pronounced changes observed in the control group. Additionally,
tilapia fed with C. pyrenoidosa exhibited increased hue angle values (Hab), indicating
a shift toward a more reddish coloration. This observation is consistent with previous
findings in O. niloticus and Pagrus pagrus fed with astaxanthin [8,40]. However, in fish
supplemented with 10 g of C. pyrenoidosa, the increases in H°ab values were positively
correlated with elevated TBARS levels, suggesting a relationship between lipid oxidation
and color alteration. Mattje et al. [40] also reported that storage duration affects hue,
with food products tending to become more yellowish by the end of refrigerated storage,
primarily due to oxidative processes. Fish flesh is more perishable compared to red
meat and poultry due to high levels of free amino acids, volatile basic nitrogen, and
polyunsaturated fatty acids (PUFAs) [4]. Oxidation of PUFAs leads to the deterioration of
food quality and consequently reduces shelf life, causing unpleasant and rancid flavors
due to the formation of aldehydes and ketones, and diminishing nutritional value through
the destruction of essential fatty acids and fat-soluble vitamins. Additionally, it can have
adverse health effects due to the formation of free radicals [3]. The addition of algae extracts
to fish has antioxidant activity capable of extending shelf life while preserving quality. Thus,
C. pyrenoidosa can delay lipid oxidation and maintain the sensory properties of refrigerated
fish [4]. Sensory analysis results (brightness, firmness, color, and odor) showed that overall
acceptability ratings were significantly higher in algae-treated tilapias compared to control
animals. Furthermore, a gradual reduction in sensory parameters was observed over time
in all groups, with more pronounced effects in the control group, indicating a reflection
of fillet quality loss. Lépes-Cénova et al. [41] described similar sensory changes in tilapia
during refrigerated storage, including a gradual increase in pH values, corroborating the
findings of this study:.

The results from microbiological, physicochemical, and sensory evaluations highlight
the beneficial role of C. pyrenoidosa in extending the quality of refrigerated tilapia fillets.
Both the 5 g and 10 g doses improved microbial stability, sensory attributes, and reduced
lipid oxidation over 30 days, with the higher dose producing more pronounced effects,
suggesting a dose-response correlation. While this study demonstrated the beneficial effects
of Chlorella pyrenoidosa supplementation on the quality of tilapia fillets, several limitations
should be addressed in future research. Detailed chemical profiling of the microalga
(e.g., chlorophylls, carotenoids, antioxidants) is needed to clarify the active compounds
responsible for the observed effects. Inclusion of a reference antioxidant (e.g., vitamin E)
and molecular microbiological tools (e.g., 165 rRNA sequencing) would strengthen causal
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inference. Moreover, assessing the economic feasibility, nutritional composition of fillets,
and storage conditions that reflect commercial realities (e.g., MAP, temperature variation)
would enhance practical relevance. Although C. pyrenoidosa is generally recognized as safe
(GRAS), monitoring for potential contaminants remains essential to ensure food safety.

5. Conclusions

The dietary use of Chlorella pyrenoidosa proved effective in enhancing the microbi-
ological stability, oxidative resistance, and sensory quality of Nile tilapia fillets stored
under refrigeration. Incorporating this alga into the fish diet offers a practical strategy to
naturally extend fillet shelf life and improve product quality, with potential applications in
sustainable aquaculture and value-added fish processing.
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Abstract: This study estimated the preservative potential of Dill essential oil (DEQO,
Anethum graveolens) in terms of the quality and shelf life of Pangasius bocourti (basa fish)
fillets during cold storage. GC-MS analysis of DEO’s chemical composition identified
monoterpenes, including a-phellandrene (21.81%), d-limonene (18.54%), carvone (17.42%),
and Dill ether (14.82%). DEO showed concentration-dependent antioxidant properties in
the DPPH assay, with an IC50 of 48.3 &+ 0.9 pg/mL (mean =+ SE). Its antibacterial efficacy
against various foodborne pathogens was evaluated using the resazurin turbidimetric
microdilution method. Fish fillets were treated with DEO at 200, 2000, and 4000 ppm, and
compared to the untreated control and 200 ppm butylhydroxytoluene (BHT)-treated groups.
Physicochemical parameters, microbial growth, and sensory characteristics were assessed
over a 15-day period at 2.5 °C £ 0.5 °C. Higher concentrations of DEO effectively preserved
the pH, water-holding capacity, and color stability of the fillets. Microbial analysis showed
that DEO, particularly at 4000 ppm, significantly inhibited the growth of aerobic bacteria,
lactic acid bacteria, coliforms, and staphylococci compared with the control. Sensory eval-
uation revealed that DEO treatment, especially at 4000 ppm, maintained the odor, color,
texture, and overall acceptability of fish fillets throughout storage. These results suggest
that Anethum graveolens L. essential oil can serve as an effective natural preservative to
enhance the quality and prolong the shelf life of refrigerated fish fillets.

Keywords: fish fillet; dill essential oil; food safety; food quality; natural preservative;
quality preservation

1. Introduction

Recognized for their health benefits, fish and seafood products are crucial components
of human nutrition, supplying at least 20% of the protein consumption for one-third of
the global population. The reliance on these food sources is particularly pronounced in
developing nations [1]. Fish has been demonstrated to play a crucial role in human nutrition,
offering significant advantages for both food security and addressing malnutrition and
micronutrient deficiencies in less-developed nations. The value of incorporating fish into
diets has been well established, particularly in its ability to combat nutritional challenges
faced by developing countries [2]. Fish also has beneficial characteristics, including nutrient-
dense protein content and unique flavor. Fish has a clear advantage over other animal
and plant products because of the vast diversity of species and wide range of prices. This
variety makes fish accessible to individuals across all economic levels, including the high-,
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middle-, and low-income groups. Consequently, fish has become one of the most widely
consumed sources of animal protein [1]. Seafood, especially fish, is highly susceptible to
spoilage owing to enzymatic and microbiological degradation. This rapid deterioration can
lead to waste with fish product losses potentially reaching up to 40% [3]. Fish and other
seafood are particularly prone to decay caused by enzymes and microorganisms. This
quick decomposition can result in significant waste, with potential losses of fish products
as high as 40% [4]. Fish fillets rapidly deteriorate in nutritional quality, even when stored
in refrigeration, due to various processes, including enzymatic browning, non-enzymatic
lipid oxidation, and protein breakdown. This deterioration is one of the adverse effects of
spoilage and can lead to both health-related and economic issues [5]. Chilling and freezing
are the conventional methods for preserving fish fillets. While chilled fish can retain a
high sensory quality that consumers find acceptable, it faces potential microbial safety
issues due to the temperature range in which it is stored. This is because psychotropic
pathogens can proliferate without noticeably affecting the sensory characteristics of the
fish [6]. Although freezing can extend the shelf life of fish and fish products, it may lead to
changes in texture. This occurs because of the formation of ice crystals and denaturation of
proteins, resulting in increased dryness and toughness. These effects are more pronounced
in lean fish species compared to fatty or semi-fatty varieties [7].

The majority of preservatives used in meat products, especially in seafood, rely on
chemical additives to prolong shelf life and improve sensory appeal [8]. Among the
chemical preservatives used in seafood, butylated hydroxytoluene (BHT) stands out as
the most frequently utilized option [9]. The utilization of BHT is attributed to its potent
antioxidant properties and antimicrobial effects [8]. Nevertheless, BHT has been shown
to pose risks to public health including its potential to cause toxic and cancer-inducing
effects [10]. Due to these detrimental effects on both the sensory qualities of fresh seafood
and consumer health, food safety authorities and certain nations have banned the use of
these substances in meat production [10]. Furthermore, both consumers and professionals
in the field have recognized the urgent importance of investigating and implementing
“bio-preservatives” [11]. EOs and plant extracts have been described in [12].

Recent research has shown that plant essential oils contain antimicrobial properties
that can reduce food spoilage bacteria both in vitro and in vivo [13]. Furthermore, the broad
antimicrobial properties of essential oils may contribute to preserving seafood freshness, an
aspect highly valued by consumers [14]. Moreover, the wide-ranging antimicrobial effects
of essential oil could help maintain the freshness of seafood, a quality highly prized by
customers [15].

The antioxidant activity of essential oils is mainly associated with the presence of
oxygenated monoterpenes and other volatile bioactive compounds that can act as radical
scavengers or metal chelators. Additionally, the presence of unpaired electrons allows
phenolic compounds to form complexes with metal ions and oxygen, which contributes to
the prevention of lipid oxidation [16]. The use of essential oils as antimicrobial agents offers
two key advantages: their natural origin makes them generally safer for consumers com-
pared to synthetic chemicals, and they have a reduced likelihood of promoting resistance
to dangerous microorganisms. These benefits make essential oils an attractive alternative
to conventional antimicrobial substances [17].

One of the annual plants is Dill (Anethum graveolens L.), which contains essential oil
and belongs to the Umbelliferae family. Dill contains compounds such as essential oils,
fatty acids, mineral elements (Mn, Ca, Na, Cu, Mg, Fe, K, and phosphorus), vitamins,
carbohydrates, proteins, fiber, flavonoids, carotenoids, and phenolic compounds [18]. The
primary constituents of DEO, including d-carvone, d-limonene, and a-phellandrene, are
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responsible for its antibacterial and antioxidant properties [19]. These compounds can
protect lipids from oxidation by scavenging reactive oxygen species and free radicals,
contributing to fish spoilage [19].

The antimicrobial and antioxidant Dill components enhance the shelf life, sensory,
and physicochemical properties of Atlantic bonito fish using Dill leaves [20], fresh fish
(Cyprinus carpio) meat quality [12], minced meat using Dill EO [21], beef burger using Dill
EO [8], refrigerated storage beef using Dill EO [22], and cherry tomatoes using Dill EO [23].

These potent antibacterial qualities make Dill (Anethum graveolens L.) essential oil
(DEO) a good candidate for prolonging the shelf life of fish products and could prevent
the proliferation of foodborne pathogens. To date, few studies have assessed the preser-
vation characteristics of A. graveolens EO in fish fillets. Therefore, the current study was
conducted to assess the preservative effects of Anethum graveolens EO on fillets of Basa fish
(Pangasius bocourti).

2. Material and Methods
2.1. Ethical Approval

The research protocol received approval from the Research Ethics Care and Use
Committee at Banha University’s Faculty of Veterinary Medicine, with the reference number
BUFVTM 18-08-24.

2.2. Dill Essential Oil Preparation

At the beginning of the vegetative period, fresh Dill was acquired from a local market.
The hydrodistillation process involved placing 50 g of powdered Dill and 750 mL of
distilled water into a glass Clevenger apparatus. Essential oil extraction proceeded for 3 h
at approximately 100 °C at a distillation rate of 1 mL/min. The resulting essential oil was
then collected in pre-weighed vials, using a balance with 0.0001 precision, and stored at a
temperature of 4 °C [24].

2.3. Determination of the Chemical Compounds of Dill Essential Oil
Gas Chromatography—-Mass Spectrometry (GC-MS) Analysis

A Trace GC-TSQ mass spectrometer (Thermo Scientific, Austin, TX, USA) equipped
with a direct capillary column TG-5MS (30 m x 0.25 mm X 0.25 um film thickness) was
utilized to analyze the chemical composition of the samples. The column oven temperature
was initially set at 50 °C, then raised by 5 °C/min to 250 °C and maintained for 2 min. It
was further increased to 300 °C at a rate of 30 °C/min and held for 2 min. The injector and
MS transfer line temperatures were maintained at 270 °C and 260 °C, respectively. Helium
served as the carrier gas, flowing at a constant rate of 1 mL/min. With a solvent delay of
4 min, diluted samples of 1 uL were automatically injected using an Autosampler AS1300
coupled with GC in split mode (Thermo Scientific, Austin, TX, USA). EI mass spectra were
gathered in full scan mode at 70 eV ionization voltages across the m/z range of 50-650. The
ion source temperature was configured at 200 °C. Component identification was achieved
by comparing their mass spectra with those found in WILEY 09 and NIST 14 mass spectral
databases [25].

2.4. Dill Oil Antioxidant Activity

The extract’s antioxidant properties were evaluated at Al-Azhar University’s Regional
Center for Mycology and Biotechnology (RCMB) using the 2,2-diphenyle-1-picrylhydrazyl
(DPPH) free radical scavenging assay. The test was conducted three times, and the mean
values were used. The method for assessing DPPH radical scavenging activity followed
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the protocol outlined by Ang et al. (2015) [26] with some modifications. In summary, a
fresh methanol solution (0.004% w/v) of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was
created and kept in dark conditions at 10 °C. The test compound was also dissolved in
methanol. A 40 uL portion of this solution was introduced to 3 ml of the DPPH solution.
A UV-visible spectrophotometer (Milton Roy, Spectronic 1201, Houston, TX, USA) was
used to immediately record absorbance measurements. The decline in absorbance at
515 nm was continuously monitored, with data recorded every minute until stabilization
occurred (16 min). The absorbance of DPPH radical without antioxidant (control) and the
reference compound ascorbic acid were also measured. Each measurement was performed
in triplicate, and the results are expressed as mean =+ standard error (SE). The percentage
inhibition (PI) of the DPPH radical was calculated according to the following formula:

PI = [((AC — AT)/AC) x 100]

where AC = absorbance of the control at t = 0 min and AT = absorbance of the sample
+DPPH at t = 16 min.

2.5. In Vitro Antibacterial Activity

The minimum inhibitory concentration (MIC) of DEO was assessed using a resazurin-
based turbidimetric microdilution method [27]. A stock solution containing 100 mg/mL
of Dill essential 0il was prepared using sterile distilled water. The initial column
of a 96-well plate received 100 puL of this solution, which was then serially diluted
twice across Columns 2 to 10. Following this, 50 pL of the stock bacterial suspension
(6 log CFU/mL) was added to each well in Columns 1-10, yielding a final concentration of
5-5.7 log CFU/mL. The tested Gram-negative strains included Escherichia coli ATCC 25,922
and four field isolates of Salmonella enterica—BS26, BS29, N7, and N9—that were previ-
ously isolated and identified by Sabeq et al. (2022) [28] and Gamil et al. (2024) [29]. The
Gram-positive bacterial panel consisted of Listeria monocytogenes ATCC 19,115 and two
strains of Staphylococcus aureus, ST62 and NC15. Column 11 contained 100 pL of the diluted
standardized inoculum, while Column 12 held 100 pL of medium broth as a sterility control.
After incubation at 37 °C for 24 h, 30 uL of resazurin (0.015%) was introduced to each well.
The wells were then incubated for an additional 2 to 4 h to monitor color changes. Columns
that retained the blue resazurin color and showed no change at the end of the incubation
period were considered to have surpassed the MIC value. To determine the minimum
biocidal concentration (MBC), the contents of wells with concentrations exceeding the MIC
value were immediately plated.

2.6. Fish Sample Collection and Preparation

The research utilized fresh Basa fish fillets (Pangasius bocourti) acquired from a seafood
supplier in Banha City, Egypt, during October and November 2024. A total of 7.5 kg of
fillets were promptly transported to the laboratory in ice at 0 °C. The fillets, weighing 300 g
each, were randomly allocated into five groups. The control samples underwent immersion
in sterile distilled water, while BHT-treated fillets were submerged in a 200 ppm (w/v)
BHT solution. The DEO dipping solution was created by dissolving DEO in a 0.8% (w/v)
tween 80 solution using a homogenizer mixer (Hielscher, Teltow, Germany) at 1500 rpm
for 5 min. The remaining three groups were treated with Dill essential oil (EO) at varying
concentrations: 200 ppm (DEO-1), 2000 ppm (DEO-2), and 4000 ppm (DEO-3). All samples
were immersed for a duration of 30 min (Figure 1).
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Figure 1. Fish sample preparation and treatment using BHT and three different concentrations of Dill
essential oil. (A) Control group; (B) BH-treated group; (C) Dill essential oil-treated group (200 ppm);
(D) Dill essential oil-treated group (2000 ppm); and (E) Dill essential oil-treated group (4000 ppm).

After extraction from the dipping solutions, the specimens were allowed to drain on a
sanitized sieve for 15 min. They were then placed in dual zipper food-grade low-density
polyethylene (LDPE) bags and distributed across 6 monitoring locations. The samples were
stored in a programmable cooling incubator at 2.5 & 0.5 °C (BINDER GmbH, Tuttlingen,
Germany). At designated intervals (0, 3, 6, 9, 12, and 15 days post-treatment), the samples
underwent analysis for physicochemical properties, microbial load, and sensory attributes
throughout the 15-day period. The experiment was conducted in duplicate.

2.7. Physicochemical Analysis of Fish Fillets
2.7.1. pH Measurement

In summary, the pH of each fish fillet sample was directly assessed using electrodes
from a pH meter (Jenway 3510 pH meter, Cole-Parmer, Staffordshire, UK). The device
was calibrated at ambient temperature using three distinct pH levels (10, 4, and 7) in
combination with a metal temperature probe [30].
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2.7.2. WHC Estimation

The filter paper press method (FPPM) was employed to assess the water-holding
capacity (WHC) of fish fillets. This technique involved applying a 5 kg weight for 30 s to
compress a 0.2-0.5 g sample on Whatman No. 1 filter paper. The WHC of the meat was
determined by calculating the percentage of water retained in the sample after deducting
the forced loose moisture from its initial weight [31].

2.7.3. Purge Loss (PL) and Cooking Loss (CL) Estimation

For the assessment of purge loss, two cuboidal samples weighing 50 + 5 g each were
designated. The evaluation of purge loss during various storage intervals was conducted by
calculating the percentage decrease in fish fillet weight from the initial measurement taken
on the first day of refrigeration (at 0, 3, 6-, 9-, 12-, and 15-days following treatment) [32].
Following the estimation of purge loss at each storage interval, the same two samples
were utilized to assess cooking loss (CL). Fish fillets, previously weighed and shaped into
cuboids (50 + 5 g), were individually sealed in thin-walled, heat-resistant plastic bags.
These were then immersed in a water bath at 80 °C for 10 min. After heating, the samples
were cooled to room temperature using tap water, further chilled to 5 °C in an ice bath,
dried, and weighed again. The CL was calculated as the percentage difference between the
initial raw weight and the final cooked weight [32].

2.7.4. Warner-Bratzler Shear Force (WBSF)

The Warner—Bratzler Shear Force (WBSF) measurement was conducted on cooked
fish fillets utilizing the 3343 Universal Test Device Mono column (Instron, Norwood, MA,
USA). The samples were cut perpendicular to the muscle fibers” longitudinal orientation.
The WBSF value, expressed in kilogram-force (KGF), was calculated as the mean of six core
measurements taken from each fish fillet sample [33].

2.7.5. Instrumental Color Analysis

The chromometer CR-410 (Konica Minolta Sensing INC., Osaka, Japan) was utilized to
measure three color parameters: L*, a*, and b* in the samples. The device was set to the L*,
a*, b* color space with illuminant D65, using a 2° observer angle and an 8.0 mm aperture
size with a closed cone. Prior to taking measurements, the instrument was calibrated using
a standardized white tile. Readings were taken across the cut surface of peeled shrimp after
allowing it to bloom for 30 min. The obtained color values were then employed to calculate
color saturation (Hue angle (i) = arctg b*/a*) and color intensity (C = (a*? + b*?)*). For
each group, an average of six measurements was taken. Increased Chroma levels signify
higher saturation of the sample’s primary Hue, while greater Hue angle (or color intensity)
values indicate a reduced amount of meat [34], and the total color difference (AE), which
indicates the amount of color difference between shrimp before and after storage, was
calculated as follows [35]:

(AE) = [(L" = L%0)2 + (a" —a%) 2+ (b" —D"0)2]1/2

Whiteness indices (WIs) are mathematical formulas that combine measurements of
lightness, yellow, and blue into a single value to assess the level of whiteness [36]. The WI
was determined according to the following formula reported in [37]:

WI = 100 — \/(100—L)2+a2+b2
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And the yellowness index (YI) measures how much a sample’s surface deviates from
pure white in terms of its yellow coloration [20]:

YI = 142.86 % B
L
Browning index (BI) = 199 (% - 0-31) [38]

2.8. Fish Fillet Microbial Analysis

The aerobic plate count (APC), coliform count, lactic acid bacteria count, and staphy-
lococcal count of Basa fillets generated from compared groups were assessed over 12 days
(0,3, 6,9, and 12 days) in a binder incubator (BINDER GmbH, Tuttlingen, Germany) at
25+05°C.

2.8.1. Determination of Aerobic Plate Count

The aerobic plate count (APC) in Basa fillet samples was assessed in the same manner
as for ground beef products [39]. To prepare each sample, a 10% homogenate was created
by combining 10 g of the sample with 90 mL of sterile distilled water using a Stomacher
400R (Seward, West Sussex, UK) under aseptic conditions. The resulting homogenates
underwent serial tenfold dilutions in sterile distilled water. For each dilution, 1 mL was
spread on the surface of two separate sterile plate count agar plates (Condalab, Madrid
Spain). Following inoculation and solidification, the plates were incubated at 37 °C for
24 h [40]. Colonies were counted and reported as log colony-forming units per gram of
food (CFU/g).

2.8.2. Lactic Acid Bacteria Count (LAB)

To identify lactic acid bacteria (LAB), researchers utilized Man, Rogosa, and Sharpe
medium agar (MRS, HiMedia, Kennett Square, PA, USA) with previously prepared tenfold
serial dilutions. The samples were applied using the spread plating technique and then
placed in a Gas Pak Jar for anaerobic incubation at 30 °C for a duration of 72 h [39]. The
number of colonies was measured and expressed as log CFU/g of food.

2.8.3. Determination of Coliform Count

For coliform enumeration, 1 mL of previously prepared tenfold serial dilutions from
Basa fillet homogenates was introduced into two separate sterile Petri dishes containing
Violet red bile agar (Himedia Laboratories, Maharashtra, India). The dishes were then
incubated at 37 °C [41]. The number of colonies was measured and expressed as log
CFU/g of food.

2.8.4. Determination of Staphylococcus Count

Staphylococcus counts in Basa fillets were determined using the surface-plating method
on a Baird Parker agar plate (Oxoid, Hampshire, UK), as previously published for milk [42].
A sterile disposable spreader was employed to evenly distribute one milliliter of each
previously prepared serial dilution across a Baird Parker agar plate. The inoculated plates
were then placed upright in an incubator for a period ranging from approximately 10 min
to one hour, allowing sufficient time for the agar to absorb the inoculum. The injections
were inverted and incubated at 37 °C for 48 h [43]. The number of colonies was measured
and expressed as log colony-forming units (CFUs) per gram of food.
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2.9. Sensory Evaluation

Sensory evaluation of raw fish fillets was conducted by ten-member panels that
underwent necessary training and testing. The training was considered complete when the
panelists were comfortable with the evaluation process and individual scores were within
one unit of the mean score. The laboratory assessment involved serving representative
fish fillet samples on porcelain plates in an open area, without disclosing the treatment
type, with three replicates per sample. With the provision of proper natural light, panelists
employed a nine-point hedonic scale to evaluate freshness, assigning scores from 1 to 9
for each attribute based on sensory quality criteria. The evaluation encompassed color,
odor, appearance, and texture. Overall sensory quality scores were used to categorize
fish fillets as very good, good, acceptable, unacceptable, or bad, corresponding to the
scale: 9 (like extremely), 8 (like very much), 7 (like moderately), 6 (like slightly), 5 (neither
like nor dislike), 4 (dislike slightly), 3 (dislike moderately), 2 (dislike very much), and
1 (dislike extremely). The samples were evaluated in their natural state without additional
preparation [44].

2.10. Statistical Analysis

SPSS Version 22 (SPSS Inc. Chicago, IL, USA) was used for data analysis. The effects
of antimicrobial dipping, storage periods (1, 3, 6,9, 12, and 15 d), and their interaction on
the fish fillet’s physicochemical, microbiological, and antioxidant attributes were examined
using general linear models (GLMs), with fillets being treated as a random variable and
antimicrobial dipping and chilling time as fixed effects. The means and standard errors of
the results were determined. The statistical model employed Tukey’s b multiple comparison
test to assess the impact of antimicrobial dipping compared to the control and compare
different monitoring point averages within the same group. Significant differences were
defined as p < 0.05. All experiments were performed in triplicate, and data are presented
as mean = standard error (SE). For each treatment group and storage day;, three fish fillet
samples (n = 3) were used for microbial and physicochemical analyses, including pH,
water-holding capacity, cooking and purge losses, shear force, and color measurements.
Antioxidant assays (e.g., DPPH) and MIC determinations were conducted using three
independent replicates (1 = 3) for each concentration. For the sensory evaluation, a trained
panel of ten assessors (1 = 10) evaluated the samples at designated intervals.

Principal component analysis (PCA) was employed to assess the relationships among
various physicochemical and microbiological parameters of fish meat samples treated with
different antioxidants, including DEO at three concentrations, a control (CON), and BHT
(a synthetic antioxidant). The analyzed parameters included color change, pH, water-
holding capacity (WHC), CL, PL and microbial assessment. Prior to the PCA, all data were
standardized to ensure comparability across variables with different measurement scales.
The PCA was conducted using R (FactoMineR package, Version 4.5.0), where the covariance
matrix was computed, and eigenvalues and eigenvectors were extracted to determine the
principal components (PCs). The selection of significant PCs was based on eigenvalues
greater than 1 (Kaiser’s criterion) and scree plot analysis. The contribution of each variable
to the total variance was assessed through loading scores, and a biplot was generated to
visualize the clustering of treatments and the influence of different parameters. Bartlett’s
test of sphericity and the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy were
performed to validate the appropriateness of the PCA, with a KMO value greater than
0.7 indicating suitability. The results of the PCA provided insights into the major factors
influencing the quality attributes of fish meat under different antioxidant treatments.
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3. Results

3.1. Dill Essential Oil Chemical Composition

Gas chromatography—mass spectrometry (GC/MS) analysis of DEO provided a com-

prehensive chemical profile of its constituents, offering insights into its potential functional

and therapeutic applications (Table 1). GC/MS analysis revealed the presence of multiple

bioactive compounds in DEO, each characterized by distinct retention times and mass

spectral patterns. The chemical profile indicated that monoterpenes dominated the volatile

fraction and accounted for most of the identified compounds.

Table 1. Chemical composition of Dill essential Oil.

No. Compound Cl};:nl?iil(;l RT RI Area, %
1 2-thujene Monoterpene 4.71 915 0.32
2 [3-ocimene Monoterpene 4.84 944 1.84
3 Sabinene Monoterpene 5.60 820 0.17
4 x-pinene Monoterpene 6.04 886 0.36
5 [-pinene Monoterpene 6.04 878 0.36
6 a-phellandrene Monoterpene 6.33 938 21.81
7 p-cymene Monoterpene 6.71 936 8.89
8 d-limonene Monoterpene 6.93 941 18.54
9 Dill ether Monoterpene 10.83 947 14.82
10 Camphor Monoterpene 11.10 911 0.93
11 Camphene Monoterpene 11.33 883 0.61
12 Carvone Monoterpene 12.21 933 17.42
13 Terpineol Monoterpene 12.48 868 1.21
14 Carvyl acetate Monoterpene 14.69 779 1.73
15 Isodillapiole phenylpropanoid  16.38 700 0.58
16 x-sinensal Sesquiterpenoid ~ 26.77 810 0.23
17 Apiol Phenylpropene 21.72 879 10.30

3.2. Dill Oil Antioxidant Activity

The antioxidant activity of DEO was evaluated using the DPPH (2,2-diphenyl-
1-picrylhydrazyl) radical scavenging assay (Figure 2). The DEO demonstrated dose-

dependent antioxidant activity, with DPPH scavenging percentages ranging from 17.6% at
1.95 ng/mL to 80.4% at 1000 pg/mL. The IC50 value, which represents the concentration
required to inhibit 50% of DPPH radicals, was determined to be 48.3 £ 0.9 pg/mL.
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Figure 2. DDPH scavenging % of Dill essential oil.

3.3. In Vitro Antimicrobial Assay

Dill (Anethum graveolens L.) essential oil exhibited moderate antibacterial activity, particu-
larly against Gram-positive bacteria such as Listeria monocytogenes and Staphylococcus aureus,
with MIC values as low as 0.195 mg/mL (Figure 3). The antibacterial activities of
DEO on Gram-negative bacteria, including E. coli and Salmonella isolates, were less
pronounced, requiring higher concentrations (up to 6.25 mg/mL) for growth inhibi-
tion. The MIC results revealed varied antimicrobial activity of DEO across the tested
bacterial strains. For Escherichia coli ATCC 25922, growth inhibition was observed at
concentrations > 3.9 mg/mL. For the Salmonella enterica isolates BS26 and BS29, the MIC
was 6.25 mg/mL, while the MIC of both the N7 and N9 isolates was 3.12 mg/mL. In con-
trast, the Listeria monocytogenes ATCC 19,115 and Staphylococcus aureus field isolates ST62
and NC15 were more sensitive, with MICs as low as 0.195 mg/mL. These concentrations
were calculated based on a stock solution of DEO prepared at 100 mg/mL (Figure 3).

Two-Fold serial dilution
100 50 25 12.5 6.25 3.12 1.56 0.78 0.39 0.195 C-V C+V

&

E. coli
Listeria monocytogenes

Salmonella BS 26

Salmonella BS 29

Salmonella N7

Tested Pathogens

Salmonella N9

Staph ST62

Staph NC15

Dill il

Figure 3. Microdilution assay for determining the minimum inhibitory concentration (MIC) of Dill
essential oil (DEO) against bacterial strains.
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3.4. Physicochemical Analysis of Fish Fillets

Statistical results indicated a significant interaction between treatment and storage
time, affecting all estimated physicochemical attributes and color (p < 0.05). DEO treatment
influenced all physicochemical attributes except CL and DL. Additionally, all physico-
chemical attributes were significantly affected by the storage interval (p < 0.05). The pH
values of the fish samples varied significantly across the different treatment groups and
storage times (p < 0.001) (Figure 4). On Day Zero, the highest pH was observed in the
DEO-3 group (9.24), followed by DEO-2 (8.94) and BHT (8.87), whereas the lowest pH
was recorded in the DEO-1 group (8.44). By the third day, the pH values remained signif-
icantly different, with BHT-treated samples exhibiting the highest pH (9.02) and DEO-1
samples displaying a lower pH (8.74) (p < 0.05). On the sixth day post-treatment, All
DEO-supplied groups, particularly DEO-3, had lower pH values than both the control and
BHT (p < 0.05). By the ninth day, the control and DEO-1 groups had the highest pH values
(9.31 and 9.33, respectively), while BHT-treated samples exhibited a significantly lower pH
(9.10) (p < 0.05), indicating better preservation. On the twelfth day, all groups exhibited
comparable pH values, ranging from 8.44 to 8.77, demonstrating a general stabilization
of pH across treatments. However, on day 15, the control group exhibited the highest pH
(9.67), indicative of spoilage progression, whereas the BHT-treated samples maintained
a significantly lower pH (9.00), reinforcing their effectiveness in preserving fish quality.
The overall trends suggest that the BHT and DEO treatments influenced pH fluctuations
over time, with BHT being more effective in maintaining stability, whereas DEO treatments
showed concentration-dependent variations. Moreover, WHC values varied on the first
day, while all other groups were not different from the control (p > 0.05). On the third
day post-treatment, DEO-2-supplied fish exhibited the highest WHC value compared to
all other groups (p < 0.05). On all of the days following post-treatment, the BHT- and
DEO-treated groups had similar WHC values compared to the control (p > 0.05). The
longer storage period decreased the WHC values in the control fish, which was obvious in
the last storage period compared to the first day (p < 0.05). Compared to the first day, all
other fish treated with BHT or different DEO levels, particularly DEO-1, exhibited similar
WHC values across the entire storage period (p > 0.05). Purge loss was not affected by
BHT and/or DEO treatment (p > 0.05), except on the third and ninth days post-treatment
where DEO-3- and BHT-supplied fish exhibited higher purge loss than the control (p < 0.05),
respectively. All DEO-treated fish exhibited similar purge loss (PL) values across the entire
storage period compared to the first day (p > 0.05). However, the control fish showed an as-
cending curve that reached the peak at six days post-treatment (p < 0.05) and then dropped
to similar loss values compared to the first day (p > 0.05). BHT-supplied fish, compared
to the first day, exhibited a declining PL curve and reached the lowest losses at 12 and
15 days post-treatment (p < 0.05). Cooking losses (CLs) were not affected by BHT and/or
DEOQ treatment (p > 0.05), except on the 12th day post-treatment where BHT-supplied fish
exhibited higher loss than all other groups (p < 0.05). Compared to the first day, all groups
did not show significant differences in CLs across the entire storage period (p > 0.05), except
DEO-1- and DEO-2-supplied fish (p < 0.05). The DEO-1-supplied fish showed an ascending
CL curve and reached the peak a day six post-treatment, followed by a sharp declining
trend compared to the first day (p < 0.05). While DEO-2-supplied fish had similar CL values
until the ninth day post-treatment (p > 0.05), followed by a sharp lower CL trend on the
last two storage periods compared to the first day (p < 0.05).
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Figure 4. Changes in physicochemical parameters over time in fish subjected to different Dill essential

oil treatments.

The Warner—-Bratzler Shear Force (WBSF) values were assessed at multiple time points
to evaluate the impact of different antioxidant treatments (control, BHT, DEO-1, DEO-2,
and DEO-3) on texture retention (Figure 4). In the initial measurement (D-Zero), the control
group exhibited the highest WBSF value (1.71), indicating a firmer texture. In contrast, fish
treated with BHT (1.26), DEO-1 (1.24), and DEO-3 (1.26) demonstrated significantly lower
WBSF values, suggesting an initial softening effect compared with the control (p < 0.05).
Over time, the control group exhibited a declining WBSF trend, reaching its lowest value at
D-12 (1.01) before slightly increasing at D-15 (1.60). This pattern indicates loss of firmness,
likely due to protein degradation and structural changes during storage. The BHT-treated
group showed fluctuations in WBSE, with a notable peak at D-3 (1.95) and another increase
at D-15 (1.90). This suggests that BHT contributed to the preservation of structural integrity,
delaying the softening process. DEO-1-treated samples exhibited moderate fluctuations,
with a peak at D-9 (1.58) and a subsequent increase at D-15 (1.47), indicating partial
resistance to texture deterioration. Similarly, DEO-2-treated fish maintained a relatively
stable pattern, peaking at D-12 (1.41) and decreasing at D-15 (1.12), suggesting that DEO-2
delayed texture degradation until later storage periods. The most distinct pattern was
observed in the DEO-3-treated group, which demonstrated an ascending WBSF trend,
reaching its peak at D-6 (1.74) before declining at D-9 (1.16). This suggests that DEO-3
initially enhanced muscle firmness, but this effect diminished after prolonged storage.
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Statistical analysis confirmed that treatment (G), time (T), and their interaction (G*T)
significantly influenced the WBSEF values (p < 0.001), highlighting the role of antioxidant
supplementation in texture modification.

Concerning meat color, it was noted that DEO-3-supplied fish exhibited the lowest
lightness (L*) (p < 0.05) on the first day; at the same time, both the BHT group and other
DEO-supplied groups had higher L* compared to the control (p < 0.05) (Figure 5). On
the third day post-treatment, the BHT group and all DEO-supplied groups had higher L*
compared to the control, particularly DEO-2 (p < 0.05). On the ninth day post-treatment,
it was noted that DEO-2-supplied fish exhibited the lowest L* (p < 0.05), while all other
groups were not different from the control (p > 0.05). On the twelfth day post-treatment, all
groups had higher L* (p < 0.05) compared to the control. On the 15th day post-treatment, it
was noted that L* sharply decreased in BHT-supplied fish (p < 0.05), while DEO-supplied
fish displayed higher values compared to the control, clearly in DEO-2 (p < 0.05). Compared
to the first day, all fish groups, except DEO-2-supplied fish, changed with a longer storage
period (p < 0.05). Also, all fish groups displayed lower L* values on the third day post-
treatment (p < 0.05) compared to the first day, and then started to ascend followed by
declining curves that reached their peaks either on the sixth day post-treatment in DEO-3
or on the ninth day post-treatment in the control, BHT, and DEO-1-supplied fish (p < 0.05).
Moreover, the redness index (a*) was not affected by any of the treatments on the first
day compared to the control (p > 0.05) (the redness index was higher in DEO-2 than the
BHT-supplied fish). On the following days, changes started to appear where the BHT-, and
DEO-1-treated fish had lower and higher a* values compared to the control, respectively
(p < 0.05). On the sixth day post-treatment, the BHT-treated fish still had a lower a* value,
while the DEO-3-supplied fish exhibited the highest a* value compared to the control
(p < 0.05). On the ninth day post-treatment, all treated fish groups, particularly DEO-3,
exhibited higher a* values compared to the control group (p < 0.05) with a longer storage
period; the a* value increase in the control fish was obvious on the last two storage periods
compared to the first day (p < 0.05). Both the BHT group and all of the DEO-supplied
groups generated an ascending curve that reached the highest values at either day 12 or 15
post-treatment, particularly BHT and DEO-1 compared to the first day (p < 0.05) (Figure 5).
Both the BHT- and DEO-supplied fish, except DEO-3, showed higher yellowness (b*) values
compared to the control on the first day (p < 0.05). On the third day post-treatment, both
DEO-1 and DEO-3 exhibited the highest b* values compared to the control and other fish-
treated groups (p < 0.05). On day six post-treatment, both DEO-2 and DEO-3 exhibited the
highest b* values compared to the control and other fish-treated groups (p < 0.05). On the
ninth day post-treatment, while both the BHT- and DEO-1-supplied groups showed higher
b* values compared to the control, DEO-3 exhibited the lowest b* value (p < 0.05). On the
twelfth day post-treatment, all fish-treated groups exhibited a sharp decrease in b* value
compared to the control, except the DEO-1-supplied fish, which showed the highest b*
value compared to the control (p < 0.05). On the 15th day post-treatment, it was noted that
the b* value increased in all fish-treated groups compared to the control (p < 0.05). With a
longer storage period, the control fish showed an ascending curve that reached the peak at
the middle storage periods, six and nine days post-treatment (p < 0.05), and then dropped
to similar b* values of the first day (p > 0.05). Across the entire storage period, except the
ninth day, the BHT-supplied fish exhibited declining b* values compared to the first day
(p < 0.05). Compared to the first day, the DEO-1-supplied group showed stable yellowness
values that dropped at the last storage period, 15 days post-treatment (p < 0.05). Across the
storage period, DEO-2 exhibited comparable b* values to the first day, but higher and lower
values were recorded on the sixth and twelfth days post-treatment (p < 0.05). With longer
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storage, the DEO-3-supplied fish displayed an increasing b* trend compared to the first
day, which was apparent on the third, sixth, and fifteenth days post-treatment (p < 0.05)
(Figure 5).
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Figure 5. Changes in color parameters of fish meat samples subjected to different treatments over a
15-day storage period. a* (Red-Green Axis): measures the degree of redness (+a*) or greenness (—a*),
which is primarily influenced by myoglobin oxidation; b* (Yellow-Blue Axis): represents yellowness
(+b*) or blueness (—b*), which is often associated with lipid oxidation and pigment degradation;
L* (Lightness Intensity): indicated by the color gradient, with darker shades representing lower L*
values and lighter shades indicating higher L* values.

Hue (color saturation): It was noted that the BHT-treated fish exhibited a higher Hue
than the control and DEO-treated fish from the first day up to the sixth day post-treatment
(p < 0.05). On the third and sixth days post-treatment, it was noted that the DEO-1- and
DEO-3-supplied fish had the lowest Hue than all the other groups, respectively (p < 0.05).
On the ninth day post-treatment, it was noted that all fish-treated groups had a lower Hue
value than the control, particularly the DEO-3-supplied fish (p < 0.05). On the twelfth and
fifteenth days post-treatment, the DEO-1-supplied and all DEO-treated fish showed a higher
Hue, respectively (p < 0.05), compared to the control and BHT-treated fish groups. With a
longer storage period, the control fish showed an ascending curve that reached the peak on the
ninth day post-treatment (p < 0.05), and then the curve sharply decreased until the completion
of the storage period (p < 0.05) compared to the first day. Both the BHT- and DEO-3-supplied
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fish, compared to the first day, exhibited a declining Hue curve and reached the lowest losses
at 12 and 15 days post-treatment (p < 0.05). Compared to the first day, the DEO-2-supplied fish
had a comparable Hue during the entire storage period (p > 0.05), except the lowest value was

observed at 12 days post-treatment (p < 0.05) (Figure 6).
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Chroma: Compared to the control group on the first day, both the BHT- and DEO-
supplied fish groups, except DEO-3, exhibited a higher Chroma (p < 0.05). This higher
Chroma trend was also noticed in the DEO-1- and DEO-3-supplied groups on the third
day post-treatment compared to the control, particularly DEO-1. Six days post-treatment,
the DEO-2- and DEO-3-supplied groups exhibited a higher Chroma value (p < 0.05) than
the other groups. On the ninth day post-treatment, both the BHT- and DEO-1-supplied
groups exhibited a higher Chroma value (p < 0.05) than all other groups. On the twelfth
day, all groups differed, where DEO-1-supplied fish had higher values while other treated
groups had lower Chroma values compared to the control (p < 0.05). Similarly, on the
15th day post-treatment, the BHT- and DEO-1-supplied groups exhibited a lower Chroma
value, but the DEO-2- and DEO-3-supplied groups exhibited a higher Chroma value than
the control (p < 0.05). With a longer storage period, it was noted that both the control
and DEO-1-supplied groups did not show differences in Chroma across the entire storage
period (p > 0.05), while the BHT group exhibited a sharp declining Chroma curve on the
third and sixth days post-treatment (p < 0.05). Compared to the first day, DEO-2 exhibited
a constant curve along the storage experiment (p > 0.05) but had a peak on the sixth day
post-treatment (p < 0.05). While DEO-3-supplied fish showed an ascending curve until
six days post-treatment (p < 0.05), and then a declining curve compared to the first day
(p < 0.05) (Figure 6).

Regarding the whiteness index, on the first day, the BHT- and DEO-2 treated groups
had significantly higher WI values than the other groups (p < 0.05). The DEO-2-fortified
group exhibited substantially greater WI values than the other groups on the third and
fifteenth days of storage (p < 0.05). However, the WI values of the DEO-2-treated group
decreased significantly on the ninth day of storage in comparison to the control group
(p < 0.05). Furthermore, all treated groups, regardless of BHT or DEO, exhibited signifi-
cantly elevated WI values on the 12th day of cold storage in comparison to the control
group (p < 0.05). It was observed that the WI values across groups, except the DEO-2-
fortified group, displayed a comparable trend. On the first day, there was a downward
trend in WI values and then an upward trend, reaching the highest values on days 6 and
9 in the DEO-3-fortified groups and day 9 only in the remaining groups. Then, the WI
value decreases until the end of the storage period (Figure 6). For the yellowness index,
the yellowness index (YI) in both the BHT- and DEO-1-fortified groups demonstrated a
descending trend from the third day, reaching its maximum values on the ninth day and
subsequently decreasing until the end of the storage period. Simultaneously, the DEO-2-
and DEO-3-fortified groups exhibited a comparable trend as previously observed and
achieved their peak YI values on the sixth and fifteenth days of storage. In comparison
to other groups, on the sixth day of storage, both the DEO-2- and DEO-3-fortified groups
showed the highest YI values (p < 0.05). Moreover, the BHT- and DEO-1-fortified groups
had higher YI values than the other groups on the 9th day of storage (p < 0.05), but DEO-1
displayed a substantially greater YI value than the other groups on the 12th day of cold
storage. Furthermore, for the browning index, on the first day of cold storage, the brown-
ing index (BI) for the DEO-2-fortified group exhibited a statistically significant increase
(p < 0.05) in comparison to the BHT-fortified group. The DEO-1-fortified group exhibited
the highest Bl value, whereas the BHT-fortified group displayed the lowest BI value in
comparison to the other groups (p < 0.05) on the third day of cold storage. Furthermore, the
DEO-3-fortified group exhibited the highest Bl value relative to the other groups (p < 0.05)
on the 6th, 9th, and 15th days of cold storage; however, on day 12, both the control and
BHT-treated groups demonstrated the highest Bl values compared to the other groups
(p < 0.05). The browning index values within the groups exhibited a similar pattern, with
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a decrease during cold storage and an upward trend until they reached their maximum
level on day 12 for the control, BHT-fortified group, and DEO-2-fortified group, and on day
15 for both the DEO-1- and DEO-3-fortified groups (Figure 6). The Delta E (AE) level of
the DEO-3-treated group was lower than that of the BHT-treated group on the initial day
of cold storage (p < 0.05). Nevertheless, the AE level of both the BHT- and DEO-1-treated
groups increased in comparison to the other treated groups on the third day of cold storage
(p < 0.05) (Figure 6). Furthermore, the DEO-3-treated groups exhibited the maximum AE
level in comparison to the other treated groups (p < 0.05) on days 6 and 15 of cold storage.
On the ninth day of cold storage, the AE levels of both the BHT- and DEO-1-treated groups
were significantly higher than those of the other treated groups (p < 0.05). On the twelfth
day of cold storage, DEO-2 exhibited higher AE levels than those of the other groups
(p <0.05). The AE levels within the group exhibited a similar pattern to that of WI, YI,
and BI, as they initially decreased and then increased in an ascending manner until they
reached their maximum levels on day 9 for the BHT- and DEO-1-treated groups, day 12 for
the DEO-2-treated groups, and day 15 for the DEO-3-treated groups, respectively.

3.5. Fish Fillet Microbial Analysis

The application of BHT and/or DEO generally did not yield significant effects on
APC (p > 0.05) from the first day to day 15 post-treatment, with one notable exception. On
day nine after treatment, higher DEO concentrations were found to reduce APC below
5log CFU/g (p < 0.05) compared with the control and other treated fish groups. Although
not statistically significant, the DEO-treated groups, particularly DEO-3, exhibited nu-
merically lower APC by approximately one log CFU/g compared to the control group
(p > 0.05) until the ninth day post-treatment (p < 0.05). As the storage duration increased,
all groups, including the positive control and BHT-treated samples, showed an increasing
trend, reaching over 6 log CFU/g at 12 and 15 d post-treatment (p < 0.05) (Figure 7A).
Likewise, the BHT and/or DEO treatments did not significantly affect LAB (p > 0.05) during
the initial 15 d post-treatment. However, with increased storage time, all groups, including
the positive and negative controls, displayed an upward trend, exceeding 6 log CFU/g at
12- and 15- days post-treatment (p < 0.05). Although the DEO-treated groups, especially
DEO-3, showed numerically lower lactic acid bacteria counts (~1.5 log CFU/g) on day
9 compared to the control, these reductions were not statistically significant (p > 0.05).
Therefore, no definitive antimicrobial effect can be concluded at this storage point. Never-
theless, by the twelfth day post-treatment, LAB counts in all groups, including DEO-treated
fish, surpassed six logs CFU/g (p < 0.05) (Figure 7B). The BHT and/or DEO treatments
generally did not affect coliform levels (p > 0.05), with two exceptions: on the third and
ninth days after treatment, fish treated with DEO-2 and BHT exhibited higher coliform
counts than the control and other treated groups (p < 0.05). As the storage time increased,
an upward trend in coliform counts was observed across all fish groups, particularly in the
negative control (p < 0.05) (Figure 7C). Regarding the impact on staphylococcal counts, all
groups showed similar counts, a pattern that was repeated in the final two post-treatment
storage periods. However, variations emerged during the intermediate periods. On the
third day post-treatment, the BHT-treated fish displayed higher staphylococcal counts than
those of the control. By the sixth day, DEO-1 showed differences, and on the ninth day;, all
DEO-treated groups exhibited lower counts than the control and other groups (p < 0.05).
As storage time increased, most groups maintained stable staphylococcal counts relative to
day one, except for the control and BHT-treated fish. These two groups showed significant
increases (p < 0.05) on the 9th and 15th days post-treatment. Notably, the DEO-treated fish
remained unaffected by extended storage (p > 0.05) (Figure 7D).
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Figure 7. Microbial analysis of fish fillets stored at refrigeration (4 °C) for 15 days after treatment
with Dill essential oil (DEO) at three concentrations (DEO-1, DEO-2, and DEO-3) compared with
the control and BHT groups. (A) Aerobic plate count (APC); (B) lactic acid bacteria (LAB) count;
(C) coliform count; and (D) total staphylococcal count. Error Bars represent the standard error (SE)
of the mean microbial counts (log CFU/g) at each storage period.

3.6. Sensory Evaluation

Figure 8 illustrates a detailed comparison of the sensory evaluation results for fish meat
subjected to various treatments. These treatments included three different concentrations
of DEO, butylated hydroxytoluene (BHT), and a control. The assessment, conducted over
a storage period, examined four key sensory attributes: odor, color, texture, and overall
acceptability. Evaluations were performed at the start of the experiment (Day Zero) and
subsequently on days 3, 6, 9, 12, and 15. As anticipated, all treatment groups exhibited
a gradual decrease in sensory scores throughout the storage period. This decline was
attributed to the natural degradation of fish meat quality, primarily due to processes
such as lipid oxidation and microbial growth. In the odor assessment, all the treatment
groups initially showed comparable scores. However, the control group experienced the
quickest deterioration in odor quality, especially after day 6. While the BHT-treated samples
maintained better odor scores than the control, they still showed a consistent decline by
day 15. The DEO treatments demonstrated a concentration-dependent effect, with DEO-3
preserving the odor quality for the longest period, followed by DEO-2 and DEO-1. The
coloration changed over time. By the ninth day, both the control and BHT groups exhibited
a significant decrease in color scores. In contrast, the samples treated with Dill, particularly
DEO-3, demonstrated superior color retention. Texture analysis revealed a gradual decrease
in firmness and overall textural quality across all treatments over time. The samples in the
control group softened most rapidly, whereas those treated with DEO-3 maintained a firmer
consistency for an extended period. A comprehensive sensory evaluation, which integrates
individual sensory characteristics into a single assessment, was initially favorable for all
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samples. However, by day 9, the acceptability ratings of the control group had decreased
significantly. Although the BHT-treated samples outperformed the control, they showed a
gradual decline. In contrast, the Dill-treated groups demonstrated superior preservation of
the overall sensory quality, with DEO-3 consistently receiving the highest scores throughout
the experiment.

BHT BHT

DEO1 DEO1
DEO2 DEO2
DEO3 DEO3

o day o day

ontrol D Control
BHT == BHT
DEO1 —e— DEO1

DEO2 —e— DEO2
DEO3 —o— DEO3

o day

Figure 8. Sensory evaluation of fish meat treated with different concentrations of Dill essential oil
compared to BHT and the control group over a 15-day storage period. The sensory attributes assessed
included odor (A), color (B), texture (C), and overall acceptability (D) at different time intervals.

3.7. Correlations Between Physicochemical Parameters

The scatter plot matrix reveals several key relationships among the physicochemical
parameters analyzed (Figure 9). The correlation between pH and WHC appears weak or
inconsistent. Additionally, a moderate negative correlation was observed between WHC
and CL, whereby samples with higher WHC tend to exhibit lower CLs. Furthermore, a
positive correlation between PL and CL underscores the interconnected nature of protein
integrity and CL.
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Figure 9. Scatter plot matrix of physicochemical parameters (pH, WHC, PL, and CL) in stored
fish meat under different treatment groups and storage durations. Each subplot represents the
relationship between two variables, with diagonal plots displaying kernel density estimations (KDEs)
for distribution analysis. Storage days are color-coded (D-Zero, D-3rd, D-6th, D-9th, and D-12th),
while treatment groups are represented by different marker shapes (¢ CON, B BHT, ¢ DEO-1,
A DEO-2, and ¥ DEO-3).

3.8. PCA Analysis

The principal component analysis (PCA) presented in Figure 10 illustrates the distri-
bution of different treatment groups—control (CON), BHT (a synthetic antioxidant), and
three concentrations of Dill essential oil (DEO-1, DEO-2, and DEO-3)—based on key physic-
ochemical and microbiological parameters, including color change, pH, water-holding
capacity (WHC), CL, PL, and microbial load. The first principal component (PC1) accounts
for 42.3% of the total variance, while the second principal component (PC2) explains 27.8%,
collectively capturing a substantial portion of the dataset’s variability. The traditional
treatments, CON and BHT, are positioned in distinct quadrants. The CON group, located
in the lower-left quadrant, suggests minimal alterations in physicochemical properties,
likely reflecting untreated fish meat’s natural deterioration over time. In contrast, BHT
appears in the upper-left quadrant, indicating a different trajectory in response to antioxi-
dant treatment, possibly due to its effects on oxidative stability and microbiological control.
The experimental treatments (DEO-1, DEO-2, and DEO-3) cluster within the right half of
the PCA plot, signifying distinct physicochemical and microbiological characteristics com-
pared to traditional treatments. DEO-1, located in the upper-right quadrant, demonstrates
a unique response, potentially reflecting stronger antioxidant or antimicrobial effects at this
concentration. DEO-2 and DEO-3, closely positioned in the lower-right quadrant, indicate
similar influences on fish meat properties, suggesting a trend in treatment response as the
DEO concentration increases.
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Figure 10. PCA analysis of treatment effects.

4. Discussion

The current study aimed to assess the preservation effects of Anethum graveolens es-
sential oil (DEO) on the quality and shelf life of Basa fish fillets in refrigerated storage.
The main components of Dill essential oil are monoterpenes, primarily «-phellandrene,
d-limonene, carvone, and Dill ether. These findings align with those of [45], who found that
carvone (42.47%), limonene (29.04%), and x-phellandrene (13.12%) are essential compo-
nents of Dill essential oil. Similarly, ref. [46] identified significant concentrations of carvone
(34.33%), o-phellandrene (22.03%), Dill ether (18.84%), limonene (6.93%), and Dill apiol
(5.01%) as primary constituents. In addition, refs. [8,47] also found that the most common
monoterpenes in DEO are carvone and limonene. Nevertheless, ref. [48] disclosed that
the majority of the components of DEO are dillapiole (44.01%), d-limonene (19.47%), and
carvotanacetone (14.03%). The variations in the concentration and composition of various
components can be ascribed to varied weather conditions and geographical regions, as well
as metabolism, maturity, and the portion of the plant from which the essential oils (EOs) are
extracted [49]. Furthermore, harvesting time, storage conditions, and extraction techniques
all have an impact on essential 0il yield and composition [50,51]. Although DEO lacks
classical phenolic compounds, its moderate DPPH scavenging activity may be attributed
to oxygenated monoterpenes such as carvone and limonene, which have demonstrated
radical scavenging activity in other studies despite not possessing aromatic hydroxyl
groups [52,53]. So, DEO acts as a promising source of antioxidants due to its high level
of phenolic compounds. The DPPH antioxidant assay results indicated a concentration-
dependent variation in the suppression of DPPH radicals by the DEO. The antioxidant
activity may be ascribed to the presence of monoterpenes in DEO, which may act as radical
scavenging agents. The majority of earlier experiments concluded that the essential oils
contained monoterpene hydrocarbons, oxygenated monoterpenes, and/or sesquiterpenes,
which have strong antioxidative properties [53]. Limonene from the class of monoterpene
phenols has been reported to possess antioxidant activity [54]. Thus, the current high
content of limonene component might contribute to estimated high antioxidant activity.
Limonene is listed in the Code of Federal Regulations as generally recognized as a safe
(GRAS) antioxidant in human foodstuff [55].

72



Foods 2025, 14, 1591

The DEO demonstrated a lower antimicrobial potential on Gram-negative bacteria,
particularly Salmonella spp., in the resazurin-based turbidimetric assay. Nevertheless, it
demonstrated a slightly higher antimicrobial potential on E. coli at 0.098 mg/mL than
the value reported by Mujovi¢ et al. (2024) [8], who demonstrated that the MIC of DEO
for E. coli was 28.41 uL/mL. Conversely, Gram-positive bacteria demonstrated a higher
degree of susceptibility to DEO than Gram-negative bacteria, which is likely attributable to
variations in cell wall structure. DEO flavonoids can form a complex with bacteria’s outer
membrane and soluble proteins that are related to it [56]. Nevertheless, the synergistic
effect of beneficial essential oil components has previously been shown to be effective in
terms of antibacterial activity [57]. Gram-negative bacteria have both an outer membrane
and a periplasmic space, whereas gram-positive bacteria lack either of these components.
This membrane stops hydrophiles from entering the bacteria. The periplasmic region
includes large enzymes capable of decomposing foreign substances [56,58]. These find-
ings align with previous studies highlighting dill oil’s moderate antimicrobial efficacy
against foodborne pathogens [8,59]. Biological activities of EOs are related to their chemical
compositions [60]. The current principal constituents of DEO are monoterpenes, notably
limonene and carvone, which have potent antibacterial effects [8,61,62]. Monoterpenes
lipophilic characteristics can permeate cell membranes, enhance fluidity, and inhibit em-
bedded enzymes [63]. Current DEO promising antimicrobial activities against multidrug
resistant pathogens support the potential application as a natural antimicrobial agent in
food preservation and safety strategies.

Fish muscle is unlike mammalian muscle, which experiences a significant post-mortem
pH decline due to glycogen breakdown into lactic acid and often exhibits a more moderate
pH drop due to its lower glycogen reserve [64]. The higher initial pH of DEO-3-treated fish
may be attributed to the buffering capacity of certain bioactive compounds in DEO, such as
terpenes and phenolic compounds, which can neutralize the acidic metabolites produced
during post-mortem changes [8]. Another justification for higher pH might be attributed to
the antimicrobial activity of DEO. By inhibiting the growth of native microflora, including
current estimated LAB, which is capable of acidic byproduct production, DEO treatment
could result in a relative increase in pH compared with untreated samples. This DEO
antimicrobial effect has also been documented in previous studies on fungal pathogens,
where DEO disrupted cellular processes and inhibited acid production [65]. BHT-treated
samples showed the highest pH, especially from the 3rd to 6th days compared to the
control and DEO-treated groups. This may be due to the antioxidant properties of synthetic
BHT, which likely prevents the formation of acidic byproducts from lipid oxidation and
proteolysis, maintaining a higher pH [66]. DEO contains bioactive compounds with similar
antioxidant properties, but these natural compounds may degrade over time, leading to a
decrease in antioxidative and antimicrobial efficacy. The degradation of natural compounds
might trigger spoilage involving proteolytic activity and lipid oxidation, resulting in acidic
metabolites with a decreased pH. Previous research indicated that while DEO exhibits
initial antimicrobial and antioxidant effects, its efficacy diminished with extended storage,
leading to quality degradation of fish products [8]. In the untreated control samples and
those treated with low concentrations of DEO (DEO-1), the higher pH observed during
later storage stages (days 9-15) is likely due to microbial spoilage. Microbial activity leads
to the production of basic compounds such as ammonia and biogenic amines, resulting in
increased pH. Studies have shown that inadequate antioxidant protection allows microbial
proliferation and spoilage, contributing to pH elevation in stored fish products [67]. Higher
concentrations of DEO (DEO-3) appeared to be more effective in inhibiting oxidative
and proteolytic processes, maintaining muscle quality, and preventing pH fluctuations.
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The enhanced preservation effect at higher DEO concentrations is supported by studies
demonstrating that increased levels of natural extracts can improve the shelf life and quality
of fish products during storage [68]. The current study indicates that DEO may enhance
the water-holding capacity of fish muscle. The impact of DEO and its primary components,
such as carvone, on the water-holding capacity (WHC) of fish muscle has been explored
in various studies [8,69]. These earlier investigations highlighted the potential of DEO to
enhance WHC through its antioxidant properties and interactions with muscle proteins.
On the third day post-treatment, DEO-2-treated fish exhibited the highest WHC value
compared to all other groups, including the control. DEO-2 likely contains an optimal
concentration of bioactive compounds, such as carvone and limonene, which stabilize
muscle proteins and enhance their ability to retain moisture. These compounds may
interact with myofibrillar proteins like actin and myosin, reducing proteolytic degradation
and maintaining the integrity of the muscle structure. Additionally, DEO-2’s antioxidative
properties may prevent lipid oxidation, which can lead to the formation of hydrophobic
products that reduce WHC [69]. From day 6 onward, all treated groups (BHT, DEO-1,
DEO-2, and DEO-3) exhibited similar WHC values compared to the control group. The
control group showed a significant decrease in WHC by the end of the storage period
(day 15), indicating progressive dehydration due to proteolytic activity and oxidative
damage [70]. Endogenous enzymes like calpains and cathepsins degrade myofibrillar
proteins, leading to increased water release and reduced WHC [71]. Regarding purge loss
(PL), the current findings revealed significant differences in PL trends among the groups,
particularly at specific time points. The interplay between WHC and PL is driven by protein
oxidation, proteolysis, and structural modifications in muscle fibers. As storage progresses,
oxidative stress leads to carbonylation and aggregation of myofibrillar proteins, reducing
their ability to retain water and causing increased PL [72]. Essential oil components, such
as carvone and limonene, have been reported to mitigate these effects by scavenging free
radicals and inhibiting pro-oxidant metal ions, thereby stabilizing protein structure and
maintaining hydration capacity [73]. Cooking loss (CL) is a critical parameter that reflects
the ability of muscle proteins to retain water during heat processing. It is influenced
by factors such as protein denaturation, oxidative modifications, and muscle structure
integrity. The results indicate that while the BHT and DEO treatments did not significantly
affect CL throughout most of the storage period (p > 0.05), certain differences emerged at
specific time points. On day 12, fish treated with BHT exhibited significantly higher CL
compared to all other groups (p < 0.05). This increase in CL suggests that lipid and protein
oxidation may have compromised the muscle’s water-holding properties. Previous studies
have reported that synthetic antioxidants like BHT primarily target lipid oxidation but
may have limited effects on protein oxidation, which is a key factor influencing WHC and,
consequently, CL [72]. In contrast, DEO-1 and DEO-2 exhibited distinct trends, with DEO-2
showing superior late-stage stability. These results underscore the potential of DEO as a
natural alternative for preserving water retention properties in stored fish meat, particularly
in mitigating protein oxidation-related cooking losses. Oxidative modifications can lead to
protein cross-linking, aggregation, and reduced WHC, resulting in higher CL [74].

The scatter plot matrix provides insights into the effects of storage time and treatment
formulations on meat physicochemical properties. The correlations suggest that acidity
alone does not significantly influence the water retention capacity of stored meat. Instead,
other physicochemical and structural factors, such as protein oxidation, myofibrillar inter-
actions, and lipid stability, likely play a more dominant role in determining WHC. This
observation aligns with previous findings, indicating that protein denaturation and oxida-
tive modifications can impact the ability of muscle fibers to retain water, rather than pH
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being the sole determinant. The results indicate that DEO-2 and DEO-3 exhibit potential
benefits in maintaining WHC and reducing CL, which could contribute to improved meat
quality during extended storage. The observed trends in pH, WHC, and PL suggest that
oxidative and protein degradation processes are key determinants of quality deterioration
over time. For food scientists and industry professionals, these findings underscore the
importance of incorporating targeted antioxidant and protein-stabilizing interventions in
meat preservation strategies. Future research should include controlled oxidative stability
tests, rheological assessments, and sensory evaluations to further validate the efficacy of
these treatments. Additionally, future research should focus on elucidating the molecu-
lar mechanisms underlying protein—water interactions and their implications for texture,
juiciness, and overall consumer acceptability of stored and processed meat products.

The observed variations in the Warner-Bratzler Shear Force (WBSF) values among the
different treatment groups can be attributed to the interplay between post-mortem prote-
olytic activities and the antioxidative properties of the applied treatments. In the control
group, the progressive decline in WBSF values over time was indicative of muscle softening,
primarily due to endogenous proteolytic enzymes such as calpains and cathepsins degrad-
ing myofibrillar proteins. This degradation leads to the weakening of the muscle structure,
resulting in decreased shear force measurements [75,76]. By contrast, the BHT-treated
group maintained higher WBSF values throughout the storage period. BHT, a synthetic
antioxidant, inhibits lipid oxidation and the subsequent oxidative damage to muscle pro-
teins. BHT preserves the integrity of myofibrillar structures by preventing the formation of
ROS, thereby mitigating the extent of proteolysis and maintaining muscle firmness [77,78].
The DEO-treated group exhibited an initial increase in WBSF values followed by a decline.
This pattern suggests that DEO may initially enhance muscle firmness, possibly through
the stabilization of muscle proteins by its antioxidative components. The initial increase in
WBSF in the DEO-treated group could be attributed to several mechanisms, including the
presence of bioactive compounds, such as carvone, limonene, and other terpenoids, which
are known for their antioxidant properties. These compounds can scavenge reactive oxygen
species (ROS) and prevent oxidative damage to myofibrillar proteins such as actin and
myosin, which are critical for maintaining muscle texture [8,79]. Certain terpenes in DEO
have been shown to form hydrogen bonds or hydrophobic interactions with myofibrillar
proteins, potentially stabilizing their conformations [8,80,81]. However, direct evidence
linking DEO components to the promotion of cross-linking in myofibrillar proteins is
limited, and studies on similar natural compounds, particularly polyphenols, provide
relevant insights [82,83]. These interactions and cross-linking interactions between DEO
components and muscle proteins can increase the resistance of muscle fibers to shear forces,
resulting in higher WBSF values, which are indicative of tougher meat texture in the initial
storage period. However, over time, the protective effect diminishes due to the degradation
of DEO bioactive compounds during storage, leading to increased proteolytic activity and
subsequent muscle softening [8,84,85].

The color parameters—L¥, a*, b*—and color stability parameters such as Hue, Chroma,
and Delta E (AE) are crucial indicators of fish quality and shelf-life stability. The lightness
parameter (L*) reflects the brightness or whiteness of the fish muscle, which is an important
indicator of freshness and consumer appeal. On Day Zero, fish treated with the highest
concentration of Dill essential oil (DEO-3) exhibited the lowest L* values, indicating re-
duced lightness. This initial decrease in lightness was also noticed with the application
of Dill seed essential oil (DSEQO) in meat products and was attributed to interactions of
DEQO’s bioactive compounds (such as carvone and limonene), which present with the
highest concentration in DEO-3 than other levels, with muscle pigments or lipids [8]. In
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contrast, the BHT and other DEO treatments preserved lightness better, likely due to their
antioxidative properties that prevent pigment degradation. By day 3, all treated groups
exhibited higher L* values than the control, indicating that these treatments effectively
slowed down oxidative processes that generated darker meat. DEO-2 was particularly
effective at this stage [86]. On day 9, DEO-2-treated fish showed the lowest L*, suggest-
ing some degree of browning or discoloration, while other groups were not significantly
different from the control. This could be attributed to the transient nature of DEO-2’s
antioxidative effects or interactions with muscle pigments or the enzymatic breakdown of
DEO active components [8]. By day 12, all treated groups maintained higher L* values than
the control, highlighting their ability to preserve lightness during mid-storage. On day
15, the sharp decrease in L* for BHT-treated fish was perhaps attributable to the onset of
spoilage, advanced protein oxidation, and pigment degradation, likely due to the restricted
antioxidant activity of BHT to inhibit lipid oxidation. DEO-2-treated fish maintained higher
L* values, suggesting sustained antioxidative effects and better lightness preservation [8].
The redness index (a*) measures the intensity of red color in fish muscle, primarily in-
fluenced by myoglobin stability and oxidation. On Day Zero, no treatment significantly
affected redness, indicating that myoglobin stability was not immediately impacted by the
treatments [87]. By days 3-6, the BHT-treated fish showed lower a* values, possibly due to
reduced myoglobin stabilization [8]. In contrast, the DEO-1-treated fish exhibited higher a*
values, suggesting enhanced preservation of red pigments. On day 6, the DEO-3-treated
fish displayed the highest a* values, likely due to the highest level of antioxidant compo-
nents that might generate higher myoglobin protection than other levels [88]. By day 9, all
treated groups, particularly DEO-3, exhibited higher a* values than the control, confirming
better preservation of red color. This suggests that DEO treatments may inhibit oxidative
reactions that degrade myoglobin. The increased redness in the treated groups indicates
that the antioxidative effects of DEO treatments were more pronounced, preventing the
oxidation of myoglobin and maintaining the red color. Carvone, the major component
of DEO may chelate pro-oxidant metal ions, such as iron and copper [73]. The iron and
copper ions are responsible for catalyzing oxidative reactions leading to myoglobin oxida-
tion [89]. Therefore, by binding these metals, carvone can inhibit their oxidative activity,
thereby preserving myoglobin in its reduced, oxygen-binding state. On days 12-15, redness
increased in all groups, with BHT- and DEO-1-treated fish reaching their highest values.
The increased redness in untreated fish could be due to oxidation-induced changes in
myoglobin, leading to altered color perception. The treated groups” higher a* values at later
stages suggest that their antioxidative effects became more apparent over time, stabilizing
and enhancing redness. The yellowness index (b*) reflects the intensity of yellow tones in
fish muscle, often influenced by lipid oxidation and pigment interactions. On Day Zero,
BHT- and DEO-treated fish (except DEO-3) showed higher b* values, indicating initial yel-
lowing effects. This could be attributable to the DEO contents of yellowish pigments such
as carotenoids and their potential isomers [90,91] or the formation of yellowish oxidation
products [92]. The higher contents of DEO of yellow pigments such as carotenoids and their
potential isomers, which simultaneously had strong antioxidant actions, clearly contributed
to sustained higher yellowness values in DEO-2- and DEO-3-treated fish until the ninth
storage day compared to other groups. On day 12, the sharp decrease in b* values for most
treated groups suggests that antioxidative processes slowed down or stabilized after an
initial peak [67]. By day 15, all treated groups exhibited higher b* values than the control.
This observation may be the result of the deterioration of DEO natural yellow pigment
with extended storage, loss of antioxidant effectiveness, and subsequent production of
yellowish oxidation products [92].
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The native aerobic plate count (APC) microorganisms were suppressed by higher
concentrations of DEO, particularly DEO-3, maintaining microbial levels below critical
thresholds until the ninth day, while the control samples exceeded these limits earlier.
Similar inhibitory effects were observed for lactic acid bacteria (LAB) and coliforms, with Dill
oil treatments, especially DEO-3, showing notable antimicrobial activity by decelerating
microbial proliferation. On day 9, the staphylococcal counts were noticeably lower in the
DEO-treated fillets than in the control samples. The current noticeable DEO antimicro-
bial properties are aligned with the findings reported on the microbiological quality of
beef burgers [8]. The strong antimicrobial efficacy of DEO can be attributed to the high
contents of bioactive components and their specific modes of action. The antimicrobial
efficacy of DEO in suppressing spoilage-causing microorganisms is evident. Dill oil con-
tains a high concentration of biologically active substances, primarily terpenes (such as
carvone, limonene, and myrcene), phenolic compounds, and flavonoids [8]. These com-
ponents are recognized for their ability to combat microbes, effectively targeting both
Gram-positive and Gram-negative bacterial strains [93]. These compounds disrupt the
microbial cell membranes, leading to increased permeability and subsequent cell death [94].
Additionally, bioactive components interfere with bacterial enzyme systems, thereby hin-
dering essential metabolic pathways. Studies have demonstrated the effectiveness of DEO
against various microorganisms, including Aspergillus niger, Saccharomyces cerevisiae, and
Candida albicans [94]. Furthermore, research has indicated that Dill oil exhibits antibacterial
activity against strains such as Staphylococcus aureus, Escherichia coli, and Salmonella Ty-
phimurium. Current study findings support the potential application of Dill oil as a natural
preservative in food products, enhancing safety and extending shelf life [95]. By day 9, the
cumulative antimicrobial activity of DEO may have peaked, with sustained interactions
with microbial cells leading to a noticeable reduction in staphylococcal counts [96]. At
this point, spoilage microbes that were initially resistant may have been overwhelmed
by the consistent antimicrobial pressure of DEO. The prolonged action of DEO likely
caused irreparable damage to bacterial cells, reducing their ability to recover and prolif-
erate, even under favorable conditions, which explains the lower count in the control on
days 12 and 15.

The sensory evaluation results highlight the effectiveness of DEO treatments, partic-
ularly at higher concentrations (DEO-3), in preserving the quality attributes of fish meat
during storage. Several studies support the efficacy of DEO in preserving the sensory
qualities of fish meat during storage [21,97]. For instance, research has demonstrated
that DEO exhibits significant antimicrobial and antioxidant activities, which contribute to
maintaining the chemical and sensory properties of minced meat over an 18-day storage
period [98]. These findings suggest that DEO, particularly at optimal concentrations, can
serve as a natural alternative to synthetic antioxidants like BHT, offering improved sensory
preservation and extended shelf life for fish meat.

The findings of this study have promising practical implications for the meat pro-
cessing industry. The demonstrated efficacy of DEO in maintaining meat quality—by
reducing purge and cooking losses, preserving pH, and improving tenderness during
storage—suggests its potential use as a natural alternative to synthetic antioxidants such
as BHT. With increasing consumer demand for clean-label and natural food products,
incorporating DEO into meat preservation protocols could offer a safe, effective, and sus-
tainable solution. Furthermore, its antimicrobial and antioxidant properties could reduce
reliance on artificial preservatives, enhancing both product shelf life and consumer appeal
in retail environments.
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5. Conclusions

This study investigated the preservative effects of Anethum graveolens essential oil
(DEO) on the quality and shelf life of Basa fish fillets during refrigerated storage. GC-
MS analysis revealed the presence of monoterpenes such as a-phellandrene, d-limonene,
carvone, and Dill ether in DEO. DEO exhibited dose-dependent antioxidant activity and
antibacterial efficacy against various foodborne pathogens. Fish fillets treated with DEO,
particularly at higher concentrations, effectively maintained pH, water-holding capacity,
and color stability compared to the control. Microbial analysis showed that DEO sig-
nificantly reduced the growth of aerobic plate count, lactic acid bacteria, coliforms, and
Staphylococci. Sensory evaluation indicated that DEO treatments preserved the odor, color,
texture, and overall acceptability of the fish fillets throughout the storage period. These
findings demonstrate the potential of Anethum graveolens essential oil as a natural preserva-
tive to enhance the quality and extend the shelf life of fish fillets during refrigerated storage.
Finally, the current study focused on only one type of fish and one constant storage setting;
such constraints may be considered in future investigations to clarify the consequences
of DEO preservative traits. Future research should also consider defining mechanisms of
action and estimating in vivo safety data.
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Abstract: This study presents a Life Cycle Assessment (LCA) of a berry production sys-
tem using osmotic dehydration and edible coating to extend the shelf life and improve
the nutritional value. The goal is to evaluate environmental impacts, identify hotspots,
and propose improvements. Osmotic dehydration is the main contributor to environ-
mental impact, particularly due to the energy and resources required by apple juice as
the osmotic agent. It contributes up to 0.64 kg CO; eq. per kg of blueberries, 1.36 kg
CO; eq. per kg of raspberries, and 0.66 kg CO; eq. per kg of strawberries. The edible
coating, however, has minimal environmental impact due to its low energy consumption
and biodegradable materials. Packaging has a lower carbon footprint but contributes
more to fossil fuel depletion and human toxicity. Raspberries show the highest human
health impact (3.5 x 10~® DALY /kg) and ecosystem impact (9.5 x 108 species.yr/kg), fol-
lowed by strawberries (1.78 x 10~ DALY /kg, 4.97 x 10~8 species.yr/kg) and blueberries
(1.7 x 107® DALY /kg, 5.1 x 108 species.yr/kg), highlighting the greater environmental
and health costs of raspberries. Despite the environmental burden of osmotic dehydration,
it offers economic benefits by extending the shelf life, reducing losses, improving supply
chain efficiency, and enhancing product quality, which leads to higher prices and profit mar-
gins. The study concludes that, while the environmental impacts of osmotic dehydration
should be optimized, its economic and logistical benefits make it a promising preservation
solution. Further research into eco-friendly practices is recommended to reduce ecological
costs while maintaining commercial advantages.

Keywords: Life Cycle Assessment; berries processing; sustainability; osmotic dehydration;
edible coating

1. Introduction

Modern lifestyles are intricately linked to dietary habits, with fruits and vegetables being
integral components of a healthy diet due to their abundance of bioactive compounds [1]. Berries
are a valuable component of a healthy diet, known for their rich nutritional profile, including
essential vitamins (C and K), minerals (manganese and potassium), and bioactive compounds
such as flavonoids and anthocyanins [2]. These phytochemicals offer potent antioxidant and
anti-inflammatory benefits, supporting heart health, brain function, and reducing the risk of
chronic diseases like diabetes and cancer [3,4]. Due to their low-calorie content and natural
sweetness, berries are increasingly popular among health-conscious consumers [5,6].

The shelf life of berries is a crucial factor in ensuring their availability and minimizing
losses throughout the food supply chain. Due to their high perishability and rapid deterio-
ration, berries are particularly susceptible to spoilage, which leads to significant food waste,
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especially during the transportation and storage stages [7]. The seasonal nature of berry
production often results in periods of oversupply, which, if not efficiently managed, can lead
to excess product that spoils before reaching consumers [8,9]. The losses incurred not only
affect the economic viability of berry producers but also contribute to the broader environ-
mental issue of food waste [10,11]. According to the United Nations Food and Agriculture
Organization (FAO), 13.8% of global food production is lost annually before it even reaches
consumers, with fruits and vegetables being particularly vulnerable, experiencing a loss rate
of 21.6% [12]. This loss has profound economic implications, particularly in the berry industry,
where oversupply and inadequate storage systems can drastically reduce profitability [13].

To mitigate these losses, various preservation techniques have been developed to
extend the shelf life of berries while maintaining their quality and nutritional value. The
ability to extend the freshness of berries provides significant economic benefits, reducing
the volume of product waste and improving supply chain efficiency [5,14]. Preservation
methods such as osmotic dehydration and edible coatings are gaining attention for their
effectiveness in prolonging berry freshness and minimizing spoilage. Osmotic dehydration
works by immersing berries in hypertonic solutions, which reduces the moisture content
and inhibits microbial growth, thus slowing down spoilage and extending the shelf life [15].
Edible coatings, typically made from natural biopolymers such as polysaccharides, proteins,
and lipids, create a protective barrier that limits moisture loss, prevents oxygen ingress, and
reduces microbial contamination [16]. These coatings help maintain the quality and texture
of berries, extending their freshness during storage and transportation [17,18]. Additionally,
the extended shelf life made possible by these methods not only reduces food waste but
also improves the overall efficiency of the berry supply chain, allowing for better inventory
management, fewer transport-related losses, and greater profitability for producers [19].

Life Cycle Assessment (LCA) plays a crucial role in evaluating the environmental
impacts of these preservation methods [20]. By examining the entire lifecycle of a product
or process—from raw material extraction to disposal—LCA provides valuable insights into
the resource use, energy consumption, and emissions associated with different preservation
strategies [21]. In the case of osmotic dehydration and edible coatings, LCA can help
determine their environmental sustainability by comparing their ecological footprint and
identifying opportunities for improvement [22]. This comprehensive evaluation enables
the identification of the most sustainable practices within the food industry, particularly in
the context of berry preservation.

The aim of this study is to conduct an LCA of sustainable techniques for preserving
the quality and extending the shelf life of berries. Specifically, the research analyzes
the environmental impacts of osmotic dehydration and edible coatings as methods to
prolong the shelf life of berries, with the primary goal being to assess the feasibility
and sustainability of these technologies. This study takes a comprehensive approach to
evaluating these preservation methods from an environmental perspective, focusing on
their long-term sustainability and potential to reduce the ecological footprint of berry
preservation.

2. Materials and Methods

Life Cycle Assessment (LCA) was performed following the guidelines outlined in
ISO 14040 and 14044:2006 [23], and it consists of four steps: (i) Goal & Scope Definition,
(ii) Inventory Analysis, (iii) Impact Assessment, and (iv) Interpretation.
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2.1. Goal and Scope

The Goal of the LCA analysis was to determine the effect of the implementation of mild
processing methods, such as osmotic dehydration and edible coatings, in the development
of innovative berries with an increased shelf-life and high nutritional value.

A gate-to-gate approach was selected for the evaluation of the environmental footprint
of processed berries. Specifically, the system boundaries encompass production processes
from berries pickup to processing and packaging.

The data utilized in this study were sourced from the GaBi professional and Ecoinvent
databases, which pertain to the geographical area of the European Union 28 (EU-28). All
the studies and data collected are relevant to the past five years.

The Scope of the LCA analysis involves defining the goals and boundaries of the study;,
collecting data on resource inputs and environmental outputs throughout all stages of the
life cycle, evaluating potential environmental impacts, and interpreting the results to guide
decision-making and foster sustainability.

The Life Cycle Assessment (LCA) was performed following the recommendations
proposed by the ISO 14040 recommendations series (14040:2006 and 14044:2006) [23].
ReCiPe 2016 (H, hierarchist) was selected as a method to perform the impact assessment,
with its main objective being the transformation of Life Cycle Inventory results into a
limited number of environmental impact scores using characterization factors. Finally,
GaBi ts software (v10.6.2.9, Sphera Solutions GmbH, Echterdingen, Stuttgart, Germany)
was used for the calculation of the impact categories [24].

The ReCiPe 2016 methodology defines impact indicators at two levels: midpoint and
endpoint indicators. Midpoint indicators focus on specific environmental impacts, provid-
ing detailed insights into areas such as climate change, particulate matter formation, and
resource depletion. These indicators cover issues like climate change (with and without
biogenic carbon), particulate matter, mineral resource depletion, freshwater consumption
and ecotoxicity, eutrophication, human toxicity (carcinogenic and non-carcinogenic), ioniz-
ing radiation, land use, marine ecotoxicity, photochemical ozone formation, stratospheric
ozone depletion, and terrestrial acidification and ecotoxicity.

Endpoint indicators aggregate the midpoint indicators to simplify result interpretation.
However, as aggregation increases, so does the uncertainty of the results. Endpoint indica-
tors offer a broader overview of environmental impacts, assessing damage to human health
(measured in Disability-Adjusted Life Years, DALY), ecosystems (measured in species.yr),
and resource availability (measured in monetary terms, $).

2.1.1. Product Systems and System’s Boundaries

The evaluation was conducted on the innovative berry production line with extended
shelf life. The system studied includes the process of receiving, processing, and packaging
berries in an innovative production line, as shown in Figure 1. Specifically, compared
to conventional berries that are received and directly packaged, processing methods of
osmotic dehydration and edible coating have been added to the production phase.

Electricity &
grid

Osmotic & Edible &

2 o Final packaged
et dehydration d g g

= =
Water Polyethylené

Figure 1. Flow chart of the innovative production of berries.
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2.1.2. Process Analysis

Figure 2 provides a graphical representation of the production chain, illustrating the
process from start to finish. It begins with the addition of freshly harvested berries into the
osmotic solution, followed by their immersion in the edible coating solution, and concludes
with the packaging of the berries as the final product.

Figure 2. Process of the innovative production of berries.

Osmotic Dehydration

Osmotic dehydration is a natural and mild method of removing water from food using
osmotic solutions. Based on the principle of osmosis, the process exploits the movement of
water from a region of low solute concentration to a region of high solute concentration
through a semipermeable membrane [18]. In the osmotic dehydration of berries, apple
juice at 42°Brix has been selected as the optimum solution, after an optimization conducted
in the laboratory regarding the dehydration kinetics, the quality characteristics of the final
product, and the shelf life [25]. The duration of dehydration varies between the different
types, with blueberries and raspberries at 360 min and strawberries at 200 min to achieve
the optimal result. The process is carried out at 40 °C, maintaining the nutritional value and
organoleptic characteristics of the berries and making it suitable for industrial application.
This method helps preserve the natural texture, aroma, and flavor of the berries, as it does
not require high temperatures or mechanical stresses that could damage the cell walls [26].
At the same time, osmotic dehydration reduces the need for preservatives and extensive
processing, making the berries healthier and more appealing to consumers seeking naturally
processed products. Finally, this method offers economic and environmental benefits, as
it reduces energy and resource consumption, contributing to a sustainable and efficient
production of products.

Edible Coating

Edible coating is an innovative technology applied in food processing, aimed at
improving their quality and shelf life. This process involves coating the berries with an
edible film made from natural materials such as polysaccharides, proteins, and lipids [27].
Edible coatings are designed to create a protective barrier that reduces moisture loss
and prevents oxygen ingress while simultaneously protecting the berries from microbial
contamination [28]. The edible coating was selected based on the evaluation of various
coatings conducted by Mari et al. (2024) [29]. In their study, the coating derived from the
protein of Chlorella vulgaris was identified as the most effective for enhancing the shelf life
of berries. The system studied includes the process of receiving, processing, and packaging
berries in an innovative production line, as shown in Figure 1. Specifically, compared
to conventional berries that are received and directly packaged, processing methods of
osmotic dehydration and edible coating have been added to the production phase.

Packaging
The berries were packaged using High-Density Polyethylene (HDPE) plastic, selected
for its durability and protective qualities. The packaging was designed to minimize physical
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damage during handling, transportation, and storage. HDPE serves as an effective barrier
against moisture, oxygen, and contaminants, helping to maintain the freshness, appearance,
and quality of the berries over time. The material’s structural integrity ensures that the
berries remain intact, reducing the risk of bruising or other damage [11]. The packaging was
sealed to prevent moisture loss and exposure to air, thereby slowing down the deterioration
process. HDPE’s transparent nature allows for easy visibility of the product, aiding in
consumer decision-making while also providing a stable surface for labeling and branding.
Furthermore, the choice of HDPE was based on its cost-effectiveness and widely recognized
performance in extending the shelf life for perishable items [28-31].This packaging method
is commonly used for fresh produce due to its effectiveness in protecting the product
and facilitating handling and transport. However, the environmental impact of HDPE
packaging was also considered, with a focus on exploring more sustainable alternatives for
future applications.

2.1.3. Functional Unit

The functional unit for the berry systems is defined as 1 kg (1 kg), while an analysis
was also conducted using 1 euro (EUR) of revenue as a functional unit.

2.1.4. Assumptions and Limitations

The data used for berry production in both cases is derived from experimental studies
and supplemented with literature reviews to ensure accuracy and represent the current
industry conditions. This study primarily aims to assess the environmental footprint of
the proposed methods and evaluate their feasibility for managing solid and liquid waste.
Additionally, energy consumption is carefully considered, particularly in the osmotic
dehydration process, where the highest energy losses occur.

2.1.5. Data Requirements

For the collection of data and the establishment of the inventory, values were obtained
from experiments conducted by our research team between 2021 and 2024. These experi-
mental data were combined with relevant literature data, and all figures were appropriately
adjusted and verified through direct communication within the team.

2.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) links processes with quantitative data based on the
selected functional unit (1 kg of final packaged berries). Tables 1-3 present the input and
output data for each process involved in berry processing, as depicted in Figure 2, for each
berry. Literature and experimental data were used as a reference for data collection and
inventory establishment, with appropriate adjustments made based on the specific context.
These numbers were verified through careful review and consultation with relevant sources.

Table 1. Life Cycle Inventory (LCI) for innovative blueberries, expressed on a unit basis (1 kg of final
packaged berries) of the final blueberry product.

Process Flow Quantity
Osmotic dehydration [In] Blueberries (kg) 091
[In] Apple juice (kg) 1.20
[In] Water (kg) 1.02
[In] Electricity (M]) 0.25
[Out] Blueberries (kg) 0.90
[Out] Wastewater (kg) 1.72

87



Foods 2025, 14, 1167

Table 1. Cont.

Process Flow Quantity

Edible coating [In] Berries (kg) 0.90
[In] Protein (kg) 0.01

[In] Tween 20 (kg) 3.58 x 1074

[In] Glycerol (kg) 2.69 x 1073
[In] Water (kg) 0.08
[Out] Blueberries (kg) 0.99
Packaging [In] Blueberries (kg) 0.99
[In] HDPE (kg) 0.01
[Out] Blueberries (kg) 1.00

Table 2. Life Cycle Inventory (LCI) for innovative raspberries, expressed on a unit basis (1 kg of final
packaged berries) of the final raspberry product.

Process Flow Quantity

Osmotic dehydration [In] Raspberries (kg) 1.17
[In] Apple juice (kg) 1.52
[In] Water (kg) 1.30
[In] Electricity (M]) 0.20
[Out] Raspberries (kg) 0.90
[Out] Wastewater (kg) 2.60
Edible coating [In] Berries (kg) 0.90
[In] Protein (kg) 0.01

[In] Tween 20 (kg) 3.58 x 1074

[In] Glycerol (kg) 2.69 x 1073
[In] Water (kg) 0.08
[Out] Raspberries (kg) 0.99
Packaging [In] Raspberries (kg) 0.99
[In] HDPE (kg) 0.01
[Out] Raspberries (kg) 1.00

Table 3. Life Cycle Inventory (LCI) for innovative strawberries, expressed on a unit basis (1 kg of
final packaged berries) of the final strawberry product.

Process Flow Quantity

Osmotic dehydration [In] Strawberries (kg) 1.03
[In] Apple juice (kg) 0.75
[In] Water (kg) 1.15
[In] Electricity (M]) 0.25
[Out] Strawberries (kg) 0.90
[Out] Wastewater (kg) 3.94
Edible coating [In] Berries (kg) 0.90
[In] Protein (kg) 0.01

[In] Tween 20 (kg) 3.58 x 1074

[In] Glycerol (kg) 2.69 x 1073
[In] Water (kg) 0.08
[Out] Strawberries (kg) 0.99
Packaging [In] Strawberries (kg) 0.99
[In] HDPE (kg) 0.01
[Out] Strawberries (kg) 1.00
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3. Results and Discussion
3.1. Life Cycle Impact Assessment

The results of the environmental impact assessment throughout the life cycle of the

production of innovative berries (blueberry, raspberry, and strawberry) with extended shelf

life, per 1 kg of final packaged berries, are presented in Tables 4-6.

Table 4. Life cycle impact assessment results for the innovative blueberries (per 1 kg of final packaged

berries) for the selected conventional and innovative midpoint impact categories.

Midpoint Impact . Osmotic Edible .
Categories Units Dehydration Coating Packaging Total
Climate change,
default, excl kg CO, eq. 6.35E—01 1.27E—02 2.26E—02 6.70E—01
biogenic carbon
_ Climate change, kg CO; eq. 4.02E—01 421E—03 2.27E—02 429E—01
incl biogenic carbon
Fine Particulate
Matter Formation kg PMy5 eq. 6.42E—04 1.01E—05 7.88E—06 6.60E—04
Fossil depletion kg oil eq. 1.20E—01 5.01E—03 2.28E—02 1.48E—01
Freshwater m3 6.92E—02 1.13E—04 9.86E—05 6.94E—02
Consumption
Freshwater kg 1.4 DB eq. 1.03E—03 6.94E—06 8.24E—06 1.05E—03
ecotoxicity
Freshwater
Eutrophication kg P eq. 1.09E—05 1.08E—06 3.46E—08 1.20E—05
Human toxicity, kg 1.4-DB eq. 2.80E—04 3.79E—06 1.35E—05 2.97E—04
cancer
Human toxicity, kg 1.4-DB eq. 2.66E—02 1.27E—02 2.83E—03 42102
non-cancer
Ionizing Radiation Bq C'g?req' to 1.29E—03 6.14E—04 7.77E—05 1.98E—03
Land use A““e‘zla.lycmp 3.56E—01 1.31E—02 2.94E—04 3.69E—01
Marine ecotoxicity kg 1.4-DB eq. 8.64E—04 1.11E—05 2.44E—05 9.00E—04
Marine
Eutrophication kg N eq. 4.29E—04 8.28E—06 2.86E—07 4.38E—04
Metal depletion kg Cu eq. 5.35E—04 3.17E—-04 1.63E—05 8.68E—04
Photochemical
Ozone Formation, kg NOy eq. 2.99E—-01 2.82E—02 1.62E—02 3.43E—-01
Ecosystems
Photochemical
Ozone Formation, kg NOy eq. 1.87E—01 1.75E—02 1.00E—-02 2.15E-01
Human Health
Stratospheric kg CFC-11eq.  1.67E—06 2.18E—08 4.88E—09 1.70E—06
Ozone Depletion
Terrestrial
Acidifiontio kg SO, eq. 1.88E—03 4.35E—05 2.37E—05 1.95E—03
Terrestrial ecotoxicity kg 1.4-DB eq. 7.14E—02 5.25E—03 3.12E—-03 7.98E—02
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Table 5. Life cycle impact assessment results for the innovative raspberries (per 1 kg of final packaged

berries) for the selected conventional and innovative midpoint impact categories.

Midpoint Impact . Osmotic Edible .
Categories Units Dehydration Coating Packaging Total
Climate change,
default, excl kg CO; eq. 1.36E+00 6.36E—02 2.26E—02 1.45E+00
biogenic carbon
_ Climate change, kg CO; eq. 8.35E—01 2.14E—02 2.26E—02 8.79E—01
incl biogenic carbon
Fine Particulate
Matter Formation kg PMy5 eq. 1.39E—-03 5.05E—05 7.86E—06 1.45E—03
Fossil depletion kg oil eq. 2.56E—01 2.51E—-02 2.27E—02 3.04E—-01
Freshwater m? 1.55E—01 5.67E—04 9.83E—05 1.56E—01
Consumption
Freshwater kg 1.4 DB eq. 227603 3.45E—05 8.22E—06 2.31E—03
ecotoxicity
Freshwater
Eutrophication kg P eq. 2.24E—05 5.39E—06 3.45E—08 2.78E—05
Human toxicity, kg 1.4-DB eq. 5.53E—04 1.90E—05 1.35E—05 5.86E—04
cancer
Human toxicity, kg 1.4-DB eq. 5.67E—02 6.27E—02 2.82E—03 1.22E—01
non-cancer
Ionizing Radiation Bq C'g_?req' to 2.86E—03 3.07E—03 7.74E—05 6.01E—03
Land use Am:(‘]a_lycmp 7.92E—01 6.52E—02 2.93E—04 8.57E—01
Marine ecotoxicity kg 1.4-DB eq. 1.89E—03 5.53E—-05 2.44E—05 1.97E—03
Marine
Eutrophication kg N eq. 9.53E—04 4.12E-05 2.85E—07 9.94E—04
Metal depletion kg Cueq. 1.12E-03 1.58E—-03 1.63E—-05 2.72E-03
Photochemical
Ozone Formation, kg NOy eq. 5.78E—01 1.41E-01 1.61E—02 7.35E-01
Ecosystems
Photochemical
Ozone Formation, kg NOy eq. 3.61E—01 8.77E—02 1.00E—02 4.59E—01
Human Health
Stratospheric
Ozone Depletion kg CFC-11 eq. 3.71E—06 1.08E—07 4.86E—09 3.82E—06
Terrestrial
Acidification kg SO, eq. 4.09E—-03 2.16E—04 2.36E—05 4.33E—-03
Terrestrial ecotoxicity kg 1.4-DB eq. 1.29E—01 2.61E—-02 3.11E—-03 1.58E—01
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Table 6. Life cycle impact assessment results for the innovative strawberries (per 1 kg of final

packaged berries) for the selected conventional and innovative midpoint impact categories.

Midpoint Impact . Osmotic Edible .
Categories Units Dehydration Coating Packaging Total
Climate change,
default, excl kg CO; eq. 6.65E—01 2.55E—-02 227E—-02 713E—-01
biogenic carbon
_ Climate change, kg CO; eq. 4.15E—01 8.51E—03 2.27E—02 446E—01
incl biogenic carbon
Fine Particulate
Matter Formation kg PM; 5 eq. 6.75E—04 2.02E—-05 7.90E—06 7.03E—04
Fossil depletion kg oil eq. 1.23E—-01 1.01E—-02 2.29E—-02 1.56E—01
Freshwater m3 741E—02 2.27E—04 9.88E—05 7.44E—02
Consumption
Freshwater kg 1.4 DB eq. 1.15E—03 1.39E—05 8.26E—06 1.17E—03
ecotoxicity
Freshwater
Eutrophication kg P eq. 1.51E-05 2.16E—06 3.47E—08 1.73E—05
Human toxicity, kg 1.4-DB eq. 4.03E—04 7.60E—06 1.36E—05 4.24E—04
cancer
Human toxicity, kg 1.4-DB eq. 2.81E—02 2.53E—02 2.84E—03 5.62E—02
non-cancer
Ionizing Radiation Bq C'g_?req' to 1.44E—03 1.23E—03 7.78E—05 2.75E—03
Land use Am:(‘]a_lycmp 3.92E—01 2.61E—02 2.94E—04 4.18E-01
Marine ecotoxicity kg 1.4-DB eq. 9.60E—04 2.22E—-05 2.45E—05 1.01E-03
Marine
Eutrophication kg N eq. 4.78E—04 1.65E—05 2.87E—-07 4.95E—-04
Metal depletion kg Cueq. 6.25E—-04 6.33E—04 1.64E—-05 1.27E-03
Photochemical
Ozone Formation, kg NOy eq. 2.52E-01 5.66E—02 1.62E—02 3.25E-01
Ecosystems
Photochemical
Ozone Formation, kg NOy eq. 1.58E—01 3.51E—02 1.01E—02 2.03E—01
Human Health
Stratospheric
Ozone Depletion kg CFC-11 eq. 1.83E—06 4.35E—08 4.89E—09 1.88E—06
Terrestrial
Acidification kg SO, eq. 1.98E—03 8.69E—05 2.37E—05 2.09E—-03
Terrestrial ecotoxicity kg 1.4-DB eq. 4.81E—-02 1.06E—02 3.13E—-03 6.17E—-02

Subsequently, detailed diagrams are presented in Figures 3-5, illustrating the contri-
bution of each individual process to the total footprint of the selected midpoint impact

categories, providing a comprehensive analysis of the environmental burden.
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Figure 3. Contribution of each process to the final footprint of the selected midpoint impact categories
for the production of innovative blueberries.
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Figure 4. Contribution of each process to the final footprint of the selected midpoint impact categories
for the production of innovative raspberries.
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Figure 5. Contribution of each process to the final footprint of the selected midpoint impact categories
for the production of innovative strawberries.
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kg CO2 eq.

Figure 6 represents the total climate change, default, and biogenic carbon of the berry
process. The impact assessment was conducted using two functional units: product mass
(1 kg) and economic value (1 EUR). This dual approach aims to evaluate the environmental
and economic trade-offs, ensuring a comprehensive and well-founded analysis. The study
investigates the environmental and socio-economic implications in relation to profit mar-
gins to derive robust and data-driven conclusions. The pricing of berries was determined
based on an analysis of the Greek market, with the following estimated values: blueberries
at 24 EUR/kg, raspberries at 39 EUR/kg, and strawberries at 5 EUR/kg.

18 mikg gy m1€

14 012 |

k2 0.10

1.0
0.08 |

0.8

kg CO2 eq.
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Berry Berry
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Figure 6. Climate change, default, and biogenic carbon [kg CO, eq.] for the production of innovative
berries (blueberry, raspberry, strawberry) (a) per 1 kg of product and (b) per 1 EUR of product.

Figures 7-9 illustrate the endpoint impact categories, which describe the environmen-
tal consequences associated with the production of innovative berries. These impacts are
classified into three main categories: effects on human health, ecosystem integrity, and
resource availability. Human health impacts (DALY) quantify the potential risks arising
from exposure to pollutants during berry processing. Ecosystem impacts (species.yr) as-
sess potential biodiversity loss and ecosystem destabilization resulting from agricultural
practices, while resource availability ($) reflects the depletion of natural resources and the
corresponding economic costs associated with their use.
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Figure 7. Damage to human health [DALY] for the production of innovative berries (blueberry,
raspberry, and strawberry) (a) per 1 kg of product and (b) per 1 EUR of product.
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Figure 9. Damage to resource availability [$] for the production of innovative berries (blueberry,
raspberry, and strawberry) (a) per 1 kg of product and (b) per 1 EUR of product.

The impact assessment was carried out using two functional units to ensure a compre-
hensive evaluation: one based on product mass (1 kg) and the other on economic value
(1 EUR). This dual approach allows for a more detailed analysis, considering both the
physical quantity of the product and its financial significance in the market.

3.2. Interpretation

The Life Cycle Assessment (LCA) of the innovative berry production system, which
integrates osmotic dehydration and edible coating techniques, offers critical insights into the
environmental impact of these processing methods. This analysis highlights that osmotic
dehydration is the primary driver of the increased environmental burden, contributing
significantly to the environmental footprint across nearly all impact categories. Specifically,
its contribution to climate change and land use is notably higher when compared to edible
coating and packaging processes.

The use of osmotic dehydration significantly increases the environmental burden
due to the use of apple juice as the osmotic agent, which has a substantial environmental
footprint due to the cultivation and processing requirements of apples [32]. Furthermore,
osmotic dehydration has been found to have detrimental environmental effects in other
cases, particularly when alternative solvents such as glycerol are used. These solvents
also contribute to heightened environmental impacts due to the energy required for their
production, processing, and the waste generated during the dehydration process [33].
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The environmental footprint of osmotic dehydration is not primarily attributed to
electricity consumption. This indicates that, in terms of direct energy usage, the method is
relatively energy-efficient compared to other dehydration techniques. However, the overall
environmental impact stems mainly from the production and processing of osmotic agents
rather than from the energy required to operate the dehydration process itself.

Despite these challenges, osmotic dehydration is widely used to extend the shelf life of
fruit products, reducing spoilage and food waste [14,34,35]. A comprehensive assessment
of its environmental benefits would require a full life cycle analysis, particularly evaluating
its impact at the end-of-life stage. However, such studies have not yet been conducted due
to a lack of sufficient data.

Opportunities exist for reducing the environmental footprint of osmotic dehydration.
Recycling and reusing the osmotic solution through reverse osmosis technology is an
important strategy for minimizing the environmental impact. Additionally, reducing the
total volume of solvent required and optimizing the ratio of fruit to osmotic solution can
further improve sustainability. Performing the process at temperatures close to ambient
conditions can also yield significant energy savings, improving both energy efficiency and
the overall sustainability of the method [36].

The edible coating process, on the other hand, does not contribute significantly to
the environmental footprint, primarily because of the simplicity and sustainability of
its production process. The raw materials used are biodegradable and plant-based, and
the process requires minimal energy, particularly when performed at low temperatures.
This helps reduce greenhouse gas emissions. Furthermore, the waste generated by edible
coatings is minimal, as the residues are biodegradable and can be safely integrated into
the environment. In addition to its low environmental impact, edible coating effectively
extends the shelf life of food products by reducing moisture loss and slowing down
microbial growth. Its environmental impact is almost insignificant in most categories,
making it a highly sustainable food preservation technology and an environmentally
friendly alternative to other food preservation methods [37,38].

Packaging, while still having a relatively low environmental impact, contributes more
significantly to issues such as fossil fuel depletion and human toxicity, primarily due to
the production and disposal of packaging materials [39]. In this process, the packaging
remains the same as that used for fresh products, offering no additional environmental
burden. However, sustainable and innovative packaging solutions, such as biodegradable
or recyclable materials, could further enhance sustainability and should be explored in
future research [40].

Despite the increased environmental burden, the innovative production method offers
several advantages, most notably in extending the shelf life and improving the nutritional
value of berries. These benefits, however, come with a higher environmental footprint
compared to fresh berries, primarily due to the additional processing steps required. The
overall environmental burden, particularly in terms of human health, resource availability,
and ecosystem impacts, is higher for the processed berries, with osmotic dehydration
and edible coating being the main contributors. Among the berries, raspberries exhibit
the highest environmental footprint across all categories, which is attributed to the in-
creased solvent use during osmotic dehydration, as optimized in the process. In contrast,
the environmental impact of edible coating is consistent across all berry types, with no
significant variations.

When the environmental footprint is normalized based on the selling price (EUR),
significant differences in the impact of the preservation methods are observed. The en-
vironmental footprint of raspberries decreases and becomes more comparable to that of
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blueberries, while the footprint for strawberries increases substantially. This shift can be
attributed to the higher commercial value of blueberries and raspberries, which justifies
their relatively higher environmental impact despite the lower footprint observed in the
analysis. The increased cost of strawberries, in comparison, amplifies their environmental
footprint when normalized to price, reflecting the complexities of balancing economic value
with environmental sustainability. On the other hand, the lower price of strawberries is
insufficient to offset the environmental burden of the processing method, rendering it less
efficient from both an environmental and economic perspective. However, if the extended
shelf life of the product is taken into account, the overall environmental impact could be
reconsidered, as reduced food waste may contribute to sustainability. Nevertheless, given
that strawberry prices are not consistently low, the economic advantage remains limited,
and the positive impact of the process is not significant.

While the environmental footprint of the innovative processing method is higher, the
extended shelf life of the berries provides several economic and logistical benefits. The
improved shelf life reduces losses during transportation and storage, enhancing supply
chain efficiency. Furthermore, the ability to sell the berries at a higher price due to their
extended shelf life increases profit margins and allows for distribution to high-demand
markets and expanded geographical areas, thus improving commercial prospects.

Despite the increased environmental impact, the economic benefits derived from en-
hanced product preservation and reduced waste may mitigate some of the environmental
costs. To further minimize the ecological footprint, it is essential to promote more envi-
ronmentally friendly production practices while maintaining the commercial advantages
offered by the extended shelf life of innovative berries.

4. Conclusions

In conclusion, the Life Cycle Assessment (LCA) of the innovative berry production
system reveals that, while osmotic dehydration significantly contributes to the environmen-
tal footprint, the overall environmental impact can be mitigated through various strategies.
The primary environmental burden stems from the use of apple juice as the osmotic agent,
with its cultivation and processing contributing to high environmental costs. However,
opportunities for reducing these impacts exist, such as optimizing the use of solvents,
implementing reverse osmosis for solution recycling, and conducting the process at lower
temperatures to save energy. On the other hand, edible coating and packaging demonstrate
relatively low environmental footprints, with edible coating in particular proving to be a
highly sustainable preservation method due to its low energy demand and minimal waste
generation. To reduce the overall environmental burden, it is essential to refine the osmotic
dehydration process and further explore sustainable packaging solutions.

Despite the higher environmental footprint compared to fresh berries, the innovative
processing methods offer substantial economic and logistical benefits. The extended
shelf life achieved through osmotic dehydration and edible coating reduces losses during
transportation and storage, enhancing the supply chain efficiency and allowing berries to
be sold at higher prices. This not only increases profit margins but also enables distribution
to more markets, expanding commercial opportunities. Therefore, while the environmental
challenges associated with these processing techniques should not be overlooked, the
economic advantages, along with strategies to minimize ecological impacts, offer a pathway
toward more sustainable and profitable berry production. Emphasizing environmentally
friendly production practices and optimizing the entire production process will be key to
ensuring the sustainability of this innovative berry preservation approach.
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Abstract: The aim of this research was to study the effect of osmotic dehydration (OD) and/or
pulsed electric field (PEF) on the quality of MAP-packed potatoes, both as raw materials and
after deep frying. Fresh-cut potato strips (from Naxos island) were osmotically dehydrated
using a solution of 20% glycerol, 5% sodium chloride, and 1% ascorbic acid (wt) at a 5:1 liquid-
to-food ratio at 35 °C for 120 min. OD-treated and untreated samples were packaged at
MAP (0.2% O + 12% CO,) and stored at 4, 8, and 12 °C. Color (Browning Index, BI), texture
(hardness, Fyx), sensory characteristics (including total sensory quality), and microbial stabil-
ity (total aerobic and anaerobic counts, Pseudomonas, Entrobacteriaceae, and yeasts/molds)
were monitored during storage. After package opening, samples were deep-fried at 180 °C
for up to 8 min, and the oil content of fried samples was quantified. Sensory evaluation of
raw and fried samples was conducted. Untreated fresh-cut potatoes were characterized by
detrimental color degradation starting from the third day of storage at 4 °C and presented
microbial growth (total viable counts: 6 log (CFU)/g) on the sixth day, whereas pre-treated
potato samples retained their color and microbiological stability after 15 and 18 days of cold
storage, respectively. OD pre-treatment reduced the oil uptake during frying (up to 30%).

Keywords: Solanum tuberosum; osmotic dehydration; pulsed electric fields; browning; texture;
quality; deep drying; storage

1. Introduction

Potatoes are highly popular due to their rich content of nutrients, minerals, and
dietary fibers and their versatility in various food applications, such as potato fries [1-3].
However, during the fresh-cutting process, the mechanical damage to the tissue makes
them susceptible to enzymatic browning and reduces their shelf life [4—6]. The browning
of fresh-cut fruits and vegetables occurs when phenolic compounds undergo enzymatic
oxidation, catalyzed by polyphenol oxidase, leading to the formation of quinones, which
then condense into colored pigments [4,5]. Blanching (at 55-75 °C for a minimum of 10 min)
is commonly used in the production of par-fried potatoes to deactivate polyphenol oxidase.
However, blanching requires significant amounts of water and is not energy efficient [7].
Additionally, during blanching, a colorless complex may form between potato iron and
chlorogenic acid. Upon oxidation, this complex can create ferri-chlorogenic acid, resulting
in an undesirable dark color. To mitigate this, anti-browning agents, such as sulfites, are
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often added to the blanching solution [8]. Previous studies have also highlighted the
positive effect of osmotic dehydration (as a single treatment or in combination with other
technologies) in preserving the color (browning) of fresh-cut fruits and vegetables [9-16].

Osmotic dehydration (OD) is a process where food is immersed in a hypertonic
solution—containing carbohydrates, salts, and other specific ingredients such as antioxi-
dants and antimicrobials—at mild temperatures. The key parameters of this process include
temperature, time, food-to-osmotic solution ratio, and the osmotic solution formulation [9,10].
For each food product, the optimal processing conditions must be chosen to ensure efficient
dehydration within a reasonable timeframe while preserving food quality. The influence of
different parameters, particularly temperature, time duration, and the composition of the
osmotic solution, on mass transfer during OD has been widely studied [10,12]. Osmotic dehy-
dration has been extensively explored as a pre-treatment method, particularly before drying
or freezing foods with a high water content. Studies have shown that OD pre-treatment can
increase the quality and stability of fresh-cut fruits and vegetables [9,10,13-17]. Additionally,
the impact of OD on frying kinetics and the quality of potato fries (French type) has been
explored by Krokida et al. [18], Gupta et al. [19], and Kwaw et al. [20]. The studies found that
pre-frying dehydration reduced oil absorption in potato fries while significantly enhancing
their color and structural properties. Osmotic dehydration also helped prevent discoloration
that occurred during subsequent frying.

Recently, there has been increasing interest in innovative technologies that offer signifi-
cant potential for reducing energy consumption and shortening processing times [16,21,22].
Among these, pulsed electric field (PEF) has emerged as a promising process for various
food applications owing to its low power requirements [16,21,22]. PEF is recognized as an
effective pre-treatment for enhancing mass transfer processes, such as dehydration (air dry-
ing, freeze drying, and osmotic dehydration) and extraction [23-27]. The process involves
the use of high-voltage pulses on semi-liquid or liquid foods placed between two electrodes.
This electric field induces electroporation, which creates pores in the cell membranes and
walls. As a result, cell permeability increases, allowing intracellular water to move into the
extracellular matrix [23,28]. This movement of water accelerates dehydration but also leads
to a loss of turgor pressure, causing tissue softening [23,24,29,30]. PEF technology is now
used in the potato industry to reduce cutting forces [30,31]. Research has also explored
the potential of PEF pre-treatment on potato tubers for French fries production [30-37].
PEF treatment has been shown to enhance the permeability of potato cell membranes,
reduce oil and acrylamide content in fried potatoes, and improve their texture [30,36,37].
However, studies on the combined use of PEF (as a pre-treatment for osmotic dehydration)
and osmotic dehydration before frying are still relatively limited.

The objective of this study is twofold: (1) to assess and model the impact of pulsed
electric field (PEF) pre-treatment conditions on the osmotic dehydration (OD) parame-
ters (including mass transfer) and product quality characteristics (water activity, texture,
and color) of fresh-cut potatoes and (2) to evaluate the quality and shelf-life stability
(with regard to microbial growth) of potatoes treated with OD and PEF + OD and pack-
aged under modified atmosphere during cold storage. The quality of OD-treated and
PEF + OD-treated potatoes during/after frying was also determined (oil uptake during
frying, texture/color, and sensory properties of the fried product). For this study, potatoes
with protected geographical indication certifications from Naxos Island (Greece) were used.
Preserving the unique qualities of “Naxos” potatoes at their freshest while extending their
shelf life is essential from a quality standpoint. This will ensure that they can be successfully
distributed to both domestic and foreign markets.
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2. Materials and Methods
2.1. Materials

Potatoes (of the Spunta variety) were purchased from a local potato producer
(SKLIRAKIS, J.,-JACOB GIAKOUMIS O.E., Naxos, Greece) at the maturity stage (based on crop
physiology and the presence of a thick, firm skin) and stored at room temperature in the dark
for 7 days (maximum). The potatoes with similar color, size, and maturity and no obvious
disease, insect, and mechanical damage were peeled (1-2 mm) and cut along the longitudinal
direction (in the middle of the potato) to obtain potato strips of weight 5 g and length 5 cm. The
water content of the raw material was 0.874 £ 0.024 g water/g sample weight.

2.2. Pulsed Electric Field (PEF) Treatment of Potatoes

Potato strips were treated in water (tap, with an electrical conductivity of 800 uS/cm)
at an electric field strength of 0.5 kV/cm for 200 pulses, resulting in a specific energy input
equal to 0.02 kJ/kg [38]. The treatment was performed in a stainless-steel parallel plate
batch electrode chamber with an electrode spacing of 8 cm and a total volume of 300 mL.
Bipolar pulses of near-rectangular shape were delivered to the treatment chamber using an
Elcrack-5 kW unit (DIL, Quackenbriick, Germany). In brief, approximately 80 g of potato
strips were transferred to the treatment chamber for each PEF treatment and covered with
tap water. The pulse width was set to 15 ps, the amplitude of electric pulses was 4 kV, and
the pulse frequency was maintained at 20 Hz. The initial temperature of potato strips was
approximately 25 °C, and the post-treatment temperature remained practically unchanged.
Sample temperature was measured by a digital thermometer (General Tools & Instruments,
Secaucus, NJ, USA) before and after each PEF treatment. After each treatment, selected
quality parameters (texture/color) of the potatoes were evaluated.

2.3. Osmotic Dehydration (OD) of Untreated and PEF-Pre-Treated Potatoes

Potato strips (untreated and PEF-pre-treated) were first weighed and placed in cylin-
drical glass containers, which were then filled with preheated osmotic medium of 20%
glycerol, 5% sodium chloride, and 1% ascorbic acid at 35 °C to achieve a food-to-liquid
sample ratio of 1:5. The containers were immersed in a thermostatic water bath with
continuous agitation at 240 rpm (Grant GL5400 Linear Shaking Water Bath, Royston, UK).
Samples were taken at 0, 30, 60, 120, and 180 min, rinsed with water to remove excess
solution, and gently blotted with absorbent paper [32]. Water loss (WL), solid gain (SG),
water activity (ay), and the quality properties of texture (firmness) and color (browning)
change were determined throughout the OD process.

Osmotic dehydration of potatoes for the shelf-life study was performed in pilot-scale
equipment consisting of a cylindrical (328 x 60 cm) stainless steel 100 L tank fitted with
spigots, which allowed draining of the solution. Stirring was also mildly applied (set at
a rotational speed of 120 rpm) through an electrical motor paddle-type stirrer, carefully
submerged into the solution. A heating option was also provided, where required, with
a complementary stainless steel helical tube, which could be heated via a continuous
circulation of water from a 3 kW water bath. In our work, gentle heating was employed
(temperature set at 35 °C, monitored with a thermocouple throughout the whole process)
to ensure homogeneous dissolution of the osmotic medium constituents. The solution
required for osmotic dehydration was prepared in situ within the stainless-steel tank by
dosing the ingredients using a high-capacity electronic balance. Potatoes were manually
loaded and unloaded in the tank (batch process). After OD treatment, the potatoes were
rinsed with centrifugal household vegetable equipment and placed for 30 min on a per-
forated rack to drain off excess osmotic solution. The scaling-up of the OD process up to
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the 100 kg scale was deemed successful, and the measured parameters agreed with their
counterparts obtained after experiments in the lab scale.

2.4. Quality Monitoring of Untreated and PEF-Pre-Treated OD Potatoes During Cold Storage

OD potato strips, untreated and PEF-treated, were packaged in PA (polyamide)/PE
(polyethylene) bags (250 x 175 x 0.04 mm; ten potato strips from each repetition) in mod-
ified atmosphere (12.2% CO,-0.188% O,) (Boss NT42N, Bad Homburg, Germany) and
stored in controlled temperature cabinets at 4, 8, and 12 °C (£0.2 °C) (Sanyo MIR 153,
Sanyo Electric, Osaka, Japan). The temperature in the cabinets was continuously monitored
using temperature data loggers (COX TRACER, Belmont, NC, USA). At predetermined
sampling storage times, three bags per processing with one bag per repetition were se-
lected for the shelf-life study. Quality (texture/color) and microbial stability of samples
were measured. Gas headspace of packages was analyzed (CheckMate 9900 O,/CO,,
PBI Dansensor, Ringsted, Denmark).

OD potato strips, untreated and PEF-treated, were fried in sunflower oil at 180 °C
(£1°C) for 0, 2, 4, 6, 8, and 10 min (Tefal Visialis Deep Fryer, Groupe SEB, Paris, France).
The fryer was filled with 2 L of oil in a potato strips-to-oil ratio of 1:50 w/v. Fried potato
strips were drained for a few seconds on paper.

2.5. Analytical Protocols and Mathematical Modeling
2.5.1. Physicochemical Parameters

Water activity (a,) was determined by a water activity meter (Aqua lab 4TEV,
Decagon Devices, Pullman, WA, USA). The water (moisture) content was measured by
drying at 105 °C for 18 h (WTB BINDER 7200, Type C53, Tuttlingen, Germany) [39]. pH was
measured using a pH meter (338, Amel Instruments, Milano, Italy). Ten grams of homoge-
nized potato sample was diluted in 90 mL of sterilized Ringer solution [40].

Mass Transfer During Osmotic Dehydration

Water loss (WL) and solid gain (SG) values were calculated using Equations (1) and (2) [41],

respectively.
WL mo — mo-DWep — (mwet - mdry) 1
o m()-DWwb ( )
Mgy, — DWyp-m
SG — dry wb 110 )

DWwb-mO

where m represents the initial wet weight of the sample prior to immersion in the osmotic
solution, DW,,, is the dry weight of the untreated sample (g of water/g of sample wet
base), muyet is the wet weight of the treated sample (g), and g, is the dry weight of the
OD-pre-treated sample (g).

According to our kinetic approach, the penetration model was used to describe water
loss and solid gain, where the ratio of WL/SG is proportional to the square root of the
contact time, according to Equation (3) [41].

WL or SG = kx-vtop 3

g water g solid

where WLis in & 5z or SGis in &1 at time top; kx is the water loss constant (k) in g water,

g DW-s2
g solids

or the solid gain constant (ksg) in -°~——; and f is the osmotic dehydration time in min.
g DW-s2
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2.5.2. Potato Product Composition

The glycerol content of the potato strip product was measured according to the assay
proposed by Kuhn et al. [42] with minor modifications. The final measurement was
executed in a microplate reader at 410 nm over a period of 25 min. The final glycerol
content was calculated based on a glycerol standard curve and expressed as mg glycerol/g
potato. The salt content of the potato strip product was measured titrimetrically by the
Mohr method [39]. Vitamin C (mg L (ascorbic acid)/100 g potato) of the potato strip
product was determined by a high-performance liquid chromatography method [43]. For
all measurements, two replicates were used.

2.5.3. Potato Product Firmness

Potato strips were compressed to a deformation of 20% by a knife attached to a texture
analyzer (TA-XT2i, Stable Micro Systems, Godalming, UK) (test speed of 1.00 mm/s; distance
of 4.00 mm). The knife was used to cut the potatoes along the longitudinal direction in the
middle of each potato sample. The firmness was recorded as the maximum compression force
(Fiax, N) [11]. A minimum of five replicates were performed for each measurement.

2.5.4. Potato Product Color

An Xrite-il portable digital colorimeter (Gretag-Macbeth, Grand Rapids, MI, USA)
was used to assess the objective color on the potato surface, expressed in the CIE-Lab color
scale. At least five replicates were taken by measuring the color at three different evenly
distributed locations on the surface of each potato. The degree of browning was quantified
using the Browning Index (BI) calculated using Equation (4) [44]. In the present study,
Bl is used (as the most representative parameter) to indicate color changes in the processed
potato strips during OD processing as well as during cold storage [1-3,45].

(a+ 175 x L)
100( (5645 x L +a — 03012 x b) 0'31)

0.17

Bl =

@)
where L, a, and b represent the measured CIE-Lab color parameters.

2.5.5. Oil Content

Five grams of smashed potato strips were weighed and placed in a 250 mL beaker
together with hexane at a 1:10 sample-solvent ratio. The mixture was allowed to stir
with a magnetic stirrer for about 40 min, and the liquid solvent—oil phase was then
placed in pre-weighed 100 mL round-bottom flasks by filtration. The vacuum evaporator
(Heidolph G1, Germany) was then used to evaporate the hexane at a temperature of 40 °C,
with gentle rotation of the flask. Finally, the spherical bottles were re-weighed, and the
gross bottle-oil weight was measured, with the fat content calculated through the weight
and the initial amount.

For the prediction of the oil uptake during the frying process, a first-order kinetic
model proposed in the literature was used [32] (Equation (5)).

Y=Y, [1 — exp(—kOIL X tfr)} 5)

where Y is the oil content (kg/kg db), Y, is the equilibrium value of Y (kg/kg db), kojr is
the rate constant (min—!), and tfe is the frying time.
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2.5.6. Sensory Analysis

The sensory evaluation was performed by eight to ten trained adult assessors [46]. Par-
ticipation in the assessments was voluntary, and an informed written consent was obtained
by all participants prior to the sensory evaluation study, which could be withdrawn at any
point of the evaluation. The organizer of the sensory test provided a detailed description of
the test to all participants to inform them about the food samples that would be assessed.
A questionnaire was also distributed where they were obliged to report any indispositions
or allergies, and if such was the case, the particular volunteer was excluded from the tests.

Sensory attributes of fried potato strips (including the appearance and odor of the raw
samples) were assessed, with scores recorded on appropriate forms to reflect the organoleptic
changes indicating quality deterioration (provided as a Supplementary Materials). The fried
potato strips were described in terms of appearance (0il detection and color browning), odor,
texture (crispiness, firmness, and gumminess), taste (overall, sweet taste, salty taste, and other),
flavor, aftertaste, and total sensory quality. Each sensory parameter, as well as the total sensory
quality, was scored separately on a 1-9 scale (where 9 represented high quality and 1 represented
poor quality). A sensory score of 5 was considered the threshold for minimum acceptability.

2.5.7. Microbial Growth

The growth of key microorganisms associated with the spoilage of fresh-cut potatoes was
monitored throughout storage. For microbiological analysis, a 10 g sample was transferred
to a sterile stomacher bag containing 90 mL of sterilized Ringer solution (Merck, Darmstadt,
Germany) and homogenized for 60 s using a Stomacher (Bag Mixer, Interscience, Saint Nom la
Bretéche, France). Mold and yeast counts were performed using Rose Bengal Chloramphenicol
(RBC, Merck, Darmstadt, Germany) after incubation at 25 °C for 120 h. Total aerobic mesophiles
were counted using the standard plate count method with plate count agar (PCA, Merck,
Darmstadt, Germany) incubated at 25 °C for 72 h. Total anaerobic bacteria were enumerated
on sulfite-polymyxinsulfadiazin-A (SPS) agar, with plates incubated at 35 £ 0.5 °C for 24-36
h in anaerobic jars with an atmosphere generation system (Oxoid, Basingstoke, Hampshire,
UK). Pseudomonas spp. was measured on cetrimide agar (CFC, Merck, Darmstadt, Germany)
after incubation at 25 °C for 48 h. The pour plate method was used for Enterobacteriaceae
enumeration using violet red bile glucose agar (VRBG, Merck, Darmstadt, Germany) after
incubation at 37 °C for 2448 h. Two replicates from at least three appropriate dilutions were
enumerated. Microbial counts were expressed as log CFU per gram of tissue. Microbial
growth was modeled using the Baranyi growth model. The DMFit program (available at
www.combase.cc accessed on 24 July 2024) was used for curve fitting and calculation of the
kinetic parameters, lag phase (A in d), and microbial growth rate (ke in d ).

2.6. Statistical Analysis

Analyses were conducted on at least three duplicate samples, and treatments were
conducted at least twice. The mean value &+ SD is used to report the results. The significance
level for analyses of variance (ANOVA) was set at p < 0.05 using Statista 7.0 (StatSoft, Inc.,
Tulsa, OK, USA). As a post hoc analysis, Duncan’s multiple range test was used to separate
means with significant differences.

3. Results and Discussion

3.1. PEF and OD
3.1.1. Effect of PEF and OD on Mass Transfer and Water Activity of Potatoes

For both untreated and PEF-pre-treated potato strips, water loss increased and water
activity rapidly decreased at the start of the OD process, reaching stable values after
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120 min, as shown in Figure 1a,c. PEF pre-treatment significantly affected water loss up
to 180 min of OD (p < 0.05). The increase in water loss after PEF processing was also
noted by the increase in the water loss constant (kyy) (Equation (3); Table 1). The effect
of PEF on solid gain values (under the applied processing conditions) was not significant
(p>0.05)(ks) (Figure 1b; Table 1). Dimopoulos et al. (2024) reported that PEF pre-treatment
of osmotically dehydrated spinach (glycerol concentration in the osmotic solution: 60%) led
to a significant WL as well as SG increase [41]. Dermesonlouoglou et al. (2019) reported that
the increase in glycerol concentration (from 40 to 60%) in the osmotic solution significantly
affected both the water and the solids diffusion of OD peach fruit [47]. In this study, the
glycerol concentration was kept low (at 20%), aiming at a minimum alteration of potato
sensory attributes.
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Figure 1. Mass transfer: (a) water loss (WL, g water/g d.m.), (b) solid gain (5G, g s./g d.m.),
and (c) water activity (a,) during osmotic dehydration (OD) of OD-treated and PEF + OD-treated
potato strips. (values: mean =+ standard error).
Table 1. Water loss (WL) and solid gain (SG) constants for osmotic dehydration and/or pulsed electric
fields (OD and PEF + OD) (Equation (3)).
2 . . i 2
Water Loss Constant kg (gwaterl> R Solid Gain Constant kgg (gmhdsl R
g DW:s2 g DW-s2
OD-treated 0.1913 £ 0.0095 2 0.9885 0.0893 £ 0.0088 # 0.9948
PEF + OD-treated 0.2320 + 0.0151 P 0.9708 0.0798 £ 0.0068 ? 0.9927

Different superscript letters indicate significant differences between means k. and ksg & standard deviation as
calculated by Duncan’s multiple range test for a significance level of p = 0.05.

Pre-treatment of OD potatoes with PEF induced slight changes in the product water
activity (aw,pEr/OD sample: 0-9375; @w,0D sampie: 0-9406) (p > 0.05). Significantly different
ay values for OD-treated and PEF + OD-treated potato strips were observed for osmotic
dehydration times up to 60 min (p < 0.05). According to Katsouli et al. (2024) [38], although
the mass transfer and water activity values are significantly lower at more intense process
conditions (PEF application as a pre-osmotic dehydration step), the temporal evolution
(rate of a;, decrease) is not affected by PEF treatments. This observation suggests that
electroporation leads to an immediate release of free water right after the treatment. A
rapid immersion in the osmotic solution is adequate to eliminate this released free water
and reduce water activity.

3.1.2. PEF and OD Effect on Color and Texture of Potato Strips

PEF pre-treatment influenced the quality of the product, specifically in terms of color
degradation and texture firmness during osmotic dehydration (OD). The degradation of color
in treated potatoes as a function of the duration of osmotic dehydration was quantified by the
Browning Index (BI) (Figure 2a). The BI values for samples subjected to PEF pre-treatment were
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found to be higher compared to those of the OD-treated samples. Furthermore, the application
of OD to PEF-treated samples resulted in a decrease in BI values. Throughout the OD process,
Bl values for both standard OD-treated and PEF + OD-treated samples exhibited a decline. It
was observed that after 120 min of OD, the BI values approached 14.0. For OD times > 120
min and Bl values < 14, the potato strips were characterized as «white-colorless». Katsouli
et al. (2024) [38] similarly noted that the BI values of potato strips subjected to PEF treatment
prior to osmotic dehydration (OD) were lower than those of untreated samples. The firmness
of potatoes post-PEF treatment is a significant aspect, as it affects the sensory attributes of the
final product. Figure 2b illustrates the variation in firmness of the samples in relation to the
duration of osmotic dehydration. A softening effect was observed in the potatoes following both
PEF and OD treatments, with firmness decreasing from approximately 8.15 N in the fresh-cut
samples to 6.43 N and 5.74 N after PEF and PEF + OD treatments, respectively. This finding
is consistent with the observations made by Katsouli et al. (2024) [38] regarding potato strips
treated with PEF and OD. Conversely, during the osmotic dehydration process, an increase in
firmness values was recorded. Specifically, a 120 min duration of OD resulted in firmness values
that approached those of fresh-cut potatoes, i.e., approximately 9.00 N. The OD-treated and PEF
+ OD-treated potato product characteristics for OD time of 120 min (selected as the appropriate
OD treatment time) are shown in Table 2. The PEF + OD-treated potato strips were characterized
by significantly lower water activity and pH values compared to the values of the untreated
potato strips. PEF + OD-treated potato strips presented different color and texture parameters.
The OD-treated potato strips were positively evaluated during the sensory evaluation testing.
Regarding the composition of the OD-modified and PEF + OD-modified potato tissue, glycerol,
salt, and ascorbic acid (vitamin C) content were calculated by analytical methods.
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Figure 2. (a) Browning index (BI) and (b) firmness (Fyax, N) values of raw (untreated), OD-treated,
PEF-treated, and PEF + OD-treated potato strips during osmotic dehydration (0, 30, 60, 120, and 180 min)
(values: mean =+ standard error).

Table 2. Potato product characteristics (untreated, OD-treated, and PEF + OD-treated).

S 1 Water a H Vitamin C Glycerol Salt Color (F];:r);:zZZs Ssecnos:;ry
ample Content w P (g asc.acid/g) (g/g) (g NaCl/g) (L, a, b, BI) ’
Finax, N) (1-9)
Untreated 0.8572 0.9927 6.036 0.0013 _ 0.004 53.77; —0.57; 20.48 5.76 7.9
OD-treated 0.7014 0.9462 4.798 0.011 0.372 0.054 54.22; —0.98; 8.10 8.41 7.1
PEF + OD-treated 0.6821 0.9457 4.468 0.010 0.356 0.049 52.99; —1.17;7.88 9.55 5.7

3.2. Quality of OD-Treated and PEF + OD-Treated Potatoes After Frying
3.2.1. Oil Uptake During Frying of OD-Treated and PEF + OD-Treated Potato Strips

The oil content of potatoes during frying up to 10 min is presented in Figure 3. OD, as
well as the combined PEF and OD application, significantly decreased the oil uptake during
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frying (p < 0.05). For all sample categories, the data for oil uptake showed an exponential
increase in oil uptake with the increase in frying time. In Table 3, the oil content constants
for different pre-treatments (OD, PEF, PEF + OD) are reported as calculated by Equation (5)
after appropriate data fitting.
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Figure 3. Oil content (kg/kg d.m.) during frying (values: mean + standard error).

Table 3. Oil uptake constant (koy; ) values for untreated, OD-treated, PEF-treated, and PEF + OD-treated
potato strips as calculated by Equation (5) after fitting to the experimental data.

Oil Uptake Constant koyp.

2
(minfl) R
Untreated 0.199 @ 0.9483
PEF-treated 0.198 2 0.9875
OD-treated 0.162P 0.9302
PEF + OD-treated 0.142° 0.8961

Different superscript letters indicate significant differences between means koj; + standard deviation as calculated
by Duncan’s multiple range test for a significance level of p = 0.05.

Pre-drying procedures lower the crust’s permeability, moisture content, and oil absorp-
tion of fried products. When potatoes are dried, a skin layer forms on their surface, which
lowers porosity and lessens the amount of vapor that passes through the surface. There is
less vacant space for oil to remain after frying when porosity decreases. Because the dry
matter level of potatoes contributes to the undesirable mealy texture of fries, manufacturers
try to increase the dry matter of potatoes by pre-drying them before frying. Chips made
from tubers with a high dry matter content absorb less oil when fried. Oladejo et al. (2017)
investigated the impact of osmotic dehydration on the quality attributes of French fries [48].
They found that samples that were pre-treated in osmotic solutions had much less oil
and moisture compared to the untreated samples [48]. They reported that the increased
moisture movement inside the food product’s structure during frying, which results in
high vapor pressure within the food structure and reduces oil absorption, could be the
cause of the reduced oil content of the osmotically pre-treated samples. Furthermore, a
crust formed on the surface of the fried samples treated with OD, which may have stopped
the oil from being absorbed during the cooling process. This outcome matches the findings
of Krokida et al. (2001) [32], Karizaki et al. (2013) [33], Dehghannya et al. (2015) [49], and
Barani et al. (2020) [50]. Krokida et al. (2001) reported that the oil content reduced as drying
time increased [32].

The positive effects of electroporation were also highlighted by Liu et al. (2017, 2018) [51,52],
who observed a reduction in oil absorption during the frying of potato discs. Their research
found that PEF treatment was more effective than a blanching-induced gel layer in reducing
oil uptake in French fries. Specifically, PEF-treated chips showed a 38.7% reduction in oil
uptake, while blanching only resulted in a 3.8% decrease [51]. PEF treatment reduces oil
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absorption by promoting water diffusion from the potato core to the surface, which forms
a thicker water vapor layer that minimizes both dehydration and oil absorption during
frying. Additionally, the smoother surface of PEF-treated potatoes enhances oil drainage
after frying. Regardless of the processing conditions, PEF treatments increase the moisture
content and softens the potato cubes without altering their fresh appearance. More recently,
it has been shown that combining PEF treatment with convective air drying significantly
shortens frying times and reduces oil absorption in fried potatoes [52]. Furthermore, the
efficiency of potato dehydration was notably improved when PEF treatment was combined
with vacuum drying at sub-atmospheric pressure [53].

3.2.2. Quality of OD-Treated and PEF + OD-Treated Fried Potato Strips

The organoleptic quality of fried potato strips (frying time 10 min) can be described in
terms of appearance (0il detection and color browning), odor, texture (crispiness, firmness,
and gumminess), taste (overall, sweet taste, salty taste, and other), flavor, aftertaste, and
total sensory quality. In Figure 4, average scores (scale 1-9) for the characteristics (axis
1-13) of untreated, OD-treated, and PEF + OD-treated potato strips are demonstrated.

Oil detection
9
Total se.nsory 8 Color: Browning
quality
7
6
Aftertaste Odor
Flavor Crispness
Taste: Other Hardness
——Untreated
Salty taste Gumminess -—--0D
Sweet taste Taste 77 PEF+0D
Figure 4. Average scores (scale 1-9) for sensory characteristics of untreated ( ), OD-treated (= = =)
and PEF + OD-treated (+=++++++ ) fried potato strips (180 °C, 10 min): oil detection, color browning, odor,

crispiness, firmness, gumminess, taste overall, sweet taste, salty taste, other taste, flavor, aftertaste, and
total sensory quality.

Fresh-cut potatoes and /or minimally processed potatoes are convenient but highly
perishable products. Unlike most fresh-cut vegetables, which are ready to eat, fresh-
cut potatoes must be cooked before consumption. Therefore, in addition to the safety
(chemical and microbiological), quality, and sensory characteristics of raw fresh-cut pota-
toes, the same requirements should be applied for cooked potatoes [54]. In the present
study, the sensory evaluation was conducted on raw potatoes as well as fried potatoes.
Sensory scores for the individual sensory/quality parameters as well as the overall sensory
quality of these samples were presented and mathematically modeled. Score for overall
sensory quality encompasses the panelists” general opinion about the examined samples
and is a good indicator of the evolution of a product’s quality.

From the sensory scores, the OD-treated fried potato strips received a high score for
the total sensory quality (7.1/9.0 compared to 7.7/9 for the untreated fried potato sample).
PEF pre-treatment negatively affected the sensory quality of the OD-treated fried samples.
PEF + OD-treated fried potato strips received the lowest score for total sensory quality
(6.0/9.0), mainly due to their increased firmness. PEF-pre-treated potato strips presented
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the value of 10 N for firmness compared to 8 N of the OD-treated sample and 5.5 N of
the untreated sample. The water content of untreated, OD-treated, and PEF + OD-treated
samples was calculated as 0.413, 0.249, and 0.298 g/g, respectively. All treated samples had
a sticky texture due to glycerol content compared to the untreated sample.

French fries have two distinct textures: a “crispy” crust, similar in physical character-
istics to potato chips (or crisps) [55], and a “firm-mealy” core, which shares some of the
textural properties of boiled potatoes. The key structural parameters that influence the
crispness of French fries include moisture content, oil absorption, and the starch content and
distribution within the potato tissues. Other important parameters affecting crispness are
related to the manufacturing process, such as pre-drying and par-frying conditions [56,57].

PEF-treated samples received lower scores for aroma, taste, and oil content. Both OD-
treated and PEF + OD-treated samples were accepted in terms of appearance and presented
improved sensory characteristics. Previous studies of Abedpour and Dehghannya (2016) [58]
and da Costa Ribeiro et al. (2016) [59] on osmotic dehydration pre-treatment of potato
preceding frying revealed that OD pre-treatment improved sensory characteristics of the
fried potato.

The OD-treated and PEF + OD-treated samples exhibited a dark yellow color, in
contrast to the light yellow color of the untreated sample (Scheme 1). Among these, the
OD-treated samples were considered the most visually appealing. The golden yellow hue
of the fried crust is an important factor in consumer preference, often influencing their
choice even before tasting. This color results from the Maillard reaction, which leads to the
caramelization of sugars when fried at high temperatures [37,59]. The intensity of the color
is influenced by the presence of reducing sugars, amino acids, and proteins on the surface,
as well as the frying temperature, edible coating, and pre-treatment method [19,28,60].
Zhang et al. (2018) reported that combining PEF treatment with blanching significantly
enhanced the brightness of French fries, giving them a golden yellow appearance [61]. The
discoloration observed during frying was primarily caused by the Maillard reaction, with
the depth of color depending on the levels of reducing sugars, amino acids, or proteins on
the surface of the potato strips, as well as frying temperature and duration [60]. Blanching
likely resulted in the loss of reducing sugars and amino acids due to electrolyte leakage
from the potato strips. As a result, the PEF-blanching combined pre-treatment slowed the
Maillard reaction and significantly reduced browning during frying [61,62].

@ ®) ' ©

Scheme 1. Photos of (a) untreated, (b) OD-treated, and (c) PEF + OD-treated potato strips after deep
frying at 180 °C for 10 min (day 0 of the storage).

3.3. Shelf-Life Study of OD and PEF + OD Raw Potatoes
3.3.1. Texture and Color Change During Storage

The texture (firmness) and color (browning) of OD raw potato strips were retained
during 18 days of storage. In Figure 5, the firmness change of OD-treated, PEF + OD-treated,
and untreated potato strips during storage are presented. PEF-treated samples presented
the highest firmness values compared to the untreated and OD-treated samples. During
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the 18 days of storage, the firmness of OD-treated and PEF + OD-treated samples increased,
whereas the firmness of untreated samples remained stable during their shorter 5 days of
storage. The firmness of OD-treated samples presented a 10%, 22%, and 31% increase at the
end of their storage at 4, 8, and 12 °C, respectively. The firmness values of PEF + OD-treated
samples significantly decreased at a storage temperature of 12 °C (12%). Firmness in potato
tubers is influenced by three primary changes that occur due to chemical, physical, and
structural transformations during the manufacturing process [63]. First, starch undergoes
gelatinization; second, cell walls weaken, resulting in increased permeability; and third, the
adhesion between adjacent cells diminishes [64]. The extent of these changes is determined
by thermal conditions, including processing temperature and treatment duration.
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Figure 5. Evolution of texture (firmness, N) of (a) OD-treated, (b) PEF + OD-treated, and
(c) untreated potato strips during their storage at 4, 8, and 12 °C.

Browning index values were significantly lower for OD-treated (66%) and
PEF + OD-treated (71%) potato strips (at day 1 and throughout storage) compared to
untreated ones, showing that OD pre-treatment protected potato color, which is a ma-
jor problem of fresh-cut potatoes (p < 0.05). In Figure 6, the BI changes of OD-treated,
PEF + OD-treated, and untreated potato strips during storage are presented. The BI values
of untreated samples were 20.48 (day 1) and 23.89 (day 5 at 12 °C) compared to Bl values
of OD-treated and PEF + OD-treated samples, which were 6.81 and 5.76 (day 1) and 10.66
and 8.45 (day 5 at 12 °C), respectively. BI values of all samples slightly increased during
storage. The same trend was observed by Katsouli et al. [38] for PEF + OD-treated and
high-pressure (HP) + OD-treated potato strips, which presented lower Bl values (and lighter
color) compared to untreated potato strips. More specifically, HP and PEF reduced the BI by
12.5% and 27.9%, respectively, compared to the samples that had only been osmo-dehydrated.
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Figure 6. Evolution of color (Browning Index, BI) of (a) OD-treated, (b) PEF + OD-treated,
and (c) untreated potato strips during their storage at 4, 8, and 12 °C.

The potato variety Spunta, commonly cultivated for the fresh market in southern
Europe, the Middle East, and North Africa, is among the most susceptible to browning [65].
Therefore, for such delicate tissue, the milder color (PEF and OD) could be considered
commercially significant. However, despite the stability of the BI value of the untreated
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sample during the 5 days of storage, untreated samples were rejected at day 3 by the
sensory panelists. This could be due to the discolorations on the surface of the potato
strips. Although color measurements were taken at three representative points of the potato
tissue, the BI failed to accurately reflect the color differences. Therefore, visual inspection
proves to be a more reliable method for monitoring processing. In a study on enzymatic
browning in potatoes, Cantos et al. (2002) assessed color development using both the BI
and organoleptic evaluation given the unique characteristics of the tissue and observed
discrepancies between the two methods [65].

3.3.2. Evolution of Microbial Load During Storage

In the present study, the primary focus was on the quality changes incurred by spoilage,
microbial growth, and/or enzymatic activity. The evolution of the total aerobic bacteria,
Enterobacteriaceae, and anaerobic microorganisms (no significant growth of other microor-
ganisms was observed) of untreated, OD-treated, and PEF + OD-treated potato strips is
shown in Figure 7. OD pre-treatment significantly increased the microbial stability of potato
strips. The microbial counts of OD-treated and PEF + OD-treated potatoes presented an
extended lag period before reaching about 10*~10° CFU/g at 18 days of storage, as also
reported by Dimopoulos et al. (2024) [41]. The microbial counts of untreated potatoes
reached 10° (4 °C)-10% (12 °C) CFU/g (total anaerobic) after 5 days of storage. The ini-
tial total viable load (TVC) of untreated potato strips was 4 log(CFU)/g. The total viable
counts for pre-treated with OD and PEF + OD were <6 log(CFU)/g for 18 days of chill
storage. Enterobacteriaceae were at levels below the limit of detection (<10 CFU/g). In
the case of the untreated sample, Enterobacteriaceae growth was observed after 5 days of
storage. The kinetic parameters of the microbial growth model, microbial growth rate (k), and
lag phase (A) are presented in Table 4. The effect of OD treatment regarding microbial growth
inhibition can be attributed to the difficulty of microorganism penetration into cellular spaces,
which are filled with the concentrated osmotic solution [66]. Glycerol, chosen as the primary
agent for reducing water activity in the osmotic medium, also demonstrates benefits as a
microbial protectant. The combination of water activity levels, pH values, and packaging
conditions in the developed osmo-dehydrated potatoes ensures their microbial stability.

Table 4. Baranyi model parameters for microbial growth (total viable counts (TVC), Enterobacteri-
aceae, and total anaerobic count) for untreated potato strips. The dependence of the rate constant iy,
on storage temperature was modeled with the Arrhenius equation.

Tempsetr()al;;:lgl‘z e pn(@ ) logNo (57 logN, (5™ ) RY Eun () pwrefd™) R
Total Viable Count (TVC)
4 0.483 + 0.14 3.977 + 0.318 0.801 + 1.159 0.839
8 0.718 = 0.053 3.998 = 0.083 0.293 =+ 0.219 0.995 118.96 0.839 0.9317
12 2.062 + 0.326 4,085 + 0.142 1.267 + 0.201 0.990
Enterobacteriaceae
4 0.734 + 0.206 3.508 + 0.157 2.611 + 0.559 0.876
8 0.834 = 0.105 3.670 = 0.156 0.668 = 0.362 0.984 3361 0.335 0.9513
12 1.106 + 0.058 3.643 £ 0.111 _ 0.994
Total Anaerobic Count
4 0.523 = 0.153 3.758 = 0.309 _ 0.858
8 0.975 + 0.243 3.972 + 0.319 0.703 + 0.640 0.944 104.88 0.518 0.9995
12 1.876 + 0.145 4,084 +0.122 0.982 + 0.147 0.996
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Figure 7. Microbial growth: total viable counts (TVC) of (a) OD-treated, (b) PEF + OD-treated,
and (c) untreated samples; total anaerobic count of (d) OD-treated, (e) PEF + OD-treated, and (f) un-
treated samples; and (g) Enterobacteriaceae of untreated potato strips. (a,d,g) Experimental values
and (a—c) experimental values and data fit to the Baranyi model. Error bars represent the standard
deviation of three replicates.

3.3.3. Evolution of Sensory Quality Loss During Storage

The quality of fresh-cut potatoes (slices, strips, or cubes) is defined by their bright
appearance, firm texture, slightly moist surface, and flesh color characteristic of the variety,
free from signs of darkening or dehydration. To preserve these qualities, a combination of
anti-browning agents, such as sodium bisulfite or organic acids, is commonly used alongside
modified atmosphere packaging or vacuum packaging to maintain very low oxygen levels.
Key parameters influencing quality include the potato cultivar, harvesting and handling
practices, tuber maturity, and the peeling method employed. In the present study, the
modified atmosphere of 12.2% CO,—87.6% N, (0.188% O,) used for the package kept the
microbial counts at low levels for 5 and 18 days of storage at 4 °C (untreated, OD-treated, and
PEF + OD-treated samples, respectively). During storage, the O, and CO, concentration
levels decreased for all temperatures studied. For example, the O, and CO, concentrations of
untreated potatoes stored at 4 °C reduced from 0.188 and 12.2 to 0.139 and 9.0, respectively.
The same was observed for OD-treated and PEF + OD-treated samples, to a lesser extent. The
respective values for OD-treated and PEF + OD-treated samples were 0.122 and 10.9 (OD)
and 0.121 and 11.4 (PEF + OD). Ma et al. (2010) demonstrated that potato slices could be
preserved for 8 days at 5 °C under a controlled atmosphere of 12% CO, and 3% O,, combined
with a dip in 0.025% sodium bisulfite [67]. Similarly, a shelf life exceeding 7 days at 5 °C
was achieved when bisulfite was replaced with citric and ascorbic acids and packed under
a modified atmosphere of 20% CO, and 80% N [68]. Angos et al. (2008) reported that a
super-atmospheric oxygen composition of 80% O, and 10-20% CO, effectively controlled
browning and suppressed the respiration rate compared to a controlled atmosphere with
2.5% 02 and 10% CO2 over 14 days of storage at 4 °C [69]. Additionally, an active modified
atmosphere with initial O, levels of 0.5-1.0% using a 35 pm thick polypropylene (PP) film
preserved the appearance of fresh-cut potatoes for 10 days at 4 °C, though slight off-odors
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developed [70]. Modified atmosphere packaging (MAP) with low oxygen levels (1-3%) at
0-5 °C can reduce cut surface browning but is insufficient to completely prevent it [71]. A
shelf life of up to 3 weeks at 2 °C can be achieved by applying an active MAP with an initial
nitrogen flush, resulting in a gas composition of 2-5% O, and 3-5% CO, during storage [72].
These gas levels do not impact microbial populations compared to storage in air [73]. Beltran
et al. (2005) concluded that vacuum packaging was the most effective method for preserving
the sensory quality of fresh-cut potatoes for up to 14 days at 4 °C. Under MAP conditions,
browning was inhibited only with sodium sulfite, but this treatment led to the development
of off-odors after 14 days at 4 °C [74].

In the present study, the OD-treated potato samples were rejected on day 15 due to off-odor
development. The untreated fried potato samples were rejected on day 3 due to discoloration
(based on sensory deterioration as well as microbial growth). As reported, (sole) MAP packaging
could not maintain the color of fresh-cut potatoes [74]. The OD-treated and PEF + OD-treated
fried potato strips were sensorially evaluated up to day 15 for the three temperatures studied.
The average sensory scores for OD-treated potato fries were 6.5, 6.3, and 6.0 for the storage
temperatures of 4, 8, and 12 °C, respectively, showing that the effect of temperature was not
statistically significant. The same was observed for PEF + OD-treated samples. PEF + OD-
treated samples received 6.5 (4 °C), 6.4 (8 °C), and 6.3 (12 °C) on storage day 15. The shelf life of
OD-treated as well as PEF + OD-treated fried potato strips was limited to 15 days at 4-12 °C by
the sensory rejection of (raw, after package opening) potato strips. Both OD-treated and PEF +
OD-treated potato samples were microbially stable, as shown in Section 3.3.2.

4. Conclusions

The scope of this study was to explore the application of PEF and OD for effective
treatment of potatoes with the aim of retaining or improving the quality and shelf life of
modified-atmosphere-packaged raw potato strips as well as reducing oil uptake during
subsequent frying. OD (35 °C, 120 min) with/without PEF (0.5 kV/cm, 200 pulses) pre-
treatment was found to promote the retention of the overall quality (texture and color) and
increase the shelf-life stability of the fresh-cut potato strips. Additionally, the OD-treated
and PEF + OD-treated samples resulted in high-quality potato strips with reduced browning
during chilled storage. Raw OD-pre-treated potatoes were microbiologically stable for 18 days
at 4 °C; however, their shelf life was estimated at 15 days based on sensory acceptance. The
untreated potato strips were rejected at 3 days (based on sensory deterioration as well as
microbial growth). OD pre-treatment reduced the oil uptake during frying (up to 30%) and
resulted in potato fries judged positively by sensory panelists. OD in combination with MAP
can extend the shelf life and improve the commercial value of fresh-cut potatoes (especially
concerning the “Naxos” variety, which has a special added value), while OD pre-treatment
can be utilized as an alternative method of producing low-fat potato fries.

A point to consider regarding PEF and OD feasibility in the food industry is related to
existing technical and economic challenges and scalability but also to the need for optimization
of these emerging technologies. Taking also into account each technology’s limitations, their
successful combined use may assist in delivering safer and environmentally friendly fresh-cut
potato products with prolonged shelf life. More specifically, OD, while retaining sensory
qualities, cannot provide the required microbial stability and consumes large volumes of
osmotic solution, increasing operational costs and rendering scalability difficult. On the other
hand, PEF, although energy efficient, is not yet fully explored regarding the optimization
of processing parameters, and validation of results on a larger scale remains a point of
investigation. Nonetheless, PEF has been extensively explored and recently implemented
in various fresh-cut product treatments, which makes it a promising technology for broader
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commercial application in the fresh-cut potato industry. A strong competitive advantage of
PEF is that it has already been used in the potato industry. In this context, future research
should focus on addressing energy efficiency issues for smaller-scale operations and designing
an appropriate optimization study to ensure consistency and scalability, especially in terms
of texture and sensory quality. Future studies should also investigate the effect of these
technologies on different potato cultivars and processing conditions to retain the initial
superior quality of raw material and maximize the shelf life of the end product [16].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/foods14030420/s1, Table S1: Tested sensory characteristics for
raw and fried potatoes.
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Abstract: This research aimed to evaluate the use of edible coating from a combination
of liquid smoke and turmeric extract as a preservative for mackerel at room temperature.
Liquid smoke was obtained from the pyrolysis of oil palm empty fruit bunches (OPEFB)
at a temperature of 380 °C and purified by distillation at 190 °C. Liquid smoke with a
concentration of 3% was combined with turmeric extract at a ratio of 2, 4, 6, and 8 g/L
(CLS 2:1, CLS 4:1, CLS 6:1 and CLS 8:1). TVB-N testing showed that the mixture of liquid
smoke and turmeric at a ratio of CLS 6: 1 and CLS 8: 1 maintains the freshness of fish
for 48 h. Meanwhile, organoleptic testing reports that the best mixture was CLS 8:1. The
number of colonies in the CLS 2:1, CLS 4:1, CLS 6:1, and CLS 8:1 mixtures were 4.92, 4.92,
4.16,and 4 x 10° colonies/g after 44 h of soaking. The MPN test result at 48 h of soaking
is 1.1 x 10> MPN/g. Generally, mackerel preserved with a mixture of turmeric extract
and liquid smoke with a ratio of 8:1 can be consumed up to a shelf life of 48 h at room
temperature storage.

Keywords: OPEFB; liquid smoke; turmeric; TVB-N; TPC; MPN; organoleptics

1. Introduction

Fish is reported to contain high protein, vitamins, omega-3 polyunsaturated fatty
acids, docosahexaenoic acid, eicosapentaenoic acid, and high nutritional value beneficial
for body health [1,2]. This food ingredient is easily damaged since the meat is an ideal
substrate for the life and growth of spoilage microorganisms, especially bacteria [3,4]. The
water content in fish is high, around 65-80% [5], allowing possible biochemical reactions
by enzymes in the body of fresh fish. The presence of biochemical reactions and oxidation
causes tissue to decompose and produces chemical changes such as the texture of the meat
becoming soft and the appearance of basic compounds in the protein causing a rancid odor.
The presence of these volatile chemical compounds from the decomposition of fish meat
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provides a strong indication of a decline in quality. Therefore, these compounds are often
used as an index and fish can last about 8 h after being caught [6,7].

To overcome the problem of quality decline in fish, various preservation methods have
been developed, including those with natural ingredients [8]. An effective preservation
method to extend the shelf life of fish is needed. People often use hazardous additives
as a fish preservative, and this can have a negative impact on consumer health. The use
of formalin has become a controversial issue and is prohibited in many countries due to
the potential health risks. Several countries have implemented a ban on the use of the
product to preserve fish. This compound is classified as a carcinogen and causes toxic
effects in humans, such as irritation of the digestive tract, nausea, vomiting, and other
digestive disorders. Therefore, the availability of safe and inexpensive natural preservatives
is needed.

Natural preservatives used include red algae [9], peppermint essential oil [10], rose-
mary essential oil [11], clove essential oil [12], cinnamon oil [13], ‘Gabsi’ pomegranate
peel extracts [14], terminalia ferdinandiana [15], thyme oil [16], curcumin [17], and liquid
smoke [18]. Liquid smoke has bioactive compounds such as phenol, carbonyl, and organic
acids functioning as antibacterials to maintain the quality of fish [19-21]. Liquid smoke can
be produced from various biomass wastes such as coconut shells [22], terminalia cattapa
wood [23], rice husks [24], and oil palm empty fruit bunches (OPEFB) [25]. However, the
use as a preservative is still less popular because liquid smoke produces a fairly pungent
odor. To reduce the odor, the concentration needs to be reduced and additional compounds
from other natural ingredients such as turmeric extract are needed hence the antimicrobial
properties are maintained.

Turmeric rhizome (Curcuma domestical val) is a biomaterial containing ingredients
that can function as antioxidants and has received attention in food packaging [26,27].
This biomaterial is also widely used in herbal medicine and functional food, acting as
anti-carcinogenic activities, antiangiogenesis, and antidiabetic [28-31]. Different bioactives
are due to the presence of curcumin compounds [32]. Turmeric rhizomes can maintain fish
quality due to curcumin compounds and essential oils. According to Pasaraeng et al. [33],
the higher the concentration of curcumin, the lower the Total Volatile Base Nitrogen (TVB-
N) value of fish. This shows that the inhibitory power of curcumin on bacterial growth is
better. The combination of liquid smoke with turmeric, which contains active compounds
such as curcumin, is expected to provide a synergistic effect in inhibiting the growth of
microorganisms and slowing down the oxidation process in fish meat. This method is
effective in extending shelf life as a sustainable solution for the fish processing industry.
Therefore, this research aimed to evaluate natural preservatives from a combination of
liquid smoke from OPEFB and curcumin extract to preserve mackerel. The ability of the
natural preservatives was analyzed through Total Volatile Base (TVB) Testing, total plate
count (TPC), most probable number (MPN), and organoleptic tests.

2. Materials and Methods
2.1. Materials

The materials used include OPEFB, turmeric extract, mackerel, distilled water (H,O),
Sodium Hydroxide (NaOH; Merck, Darmstadt, Germany), Potassium Carbonate (K;CO3,
Merck, Darmstadt, Germany), Trichloroacetate (TCA; Merck, Darmstadt, Germany),
Ethanol (Merck, Darmstadt, Germany), Hydrochloric Acid (HCl; Merck, Darmstadt, Ger-
many), Phenolptelain Indicator (PP; Merck, Darmstadt, Germany), Peptonwasser Buffering
(BPW; Merck, Darmstadt, Germany), and Sodium Chloride (NaCl; Merck, Darmstadt,
Germany).
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2.2. Sample Preparation

OPEFB was obtained from a palm oil mill in Cot Girek village, North Aceh district,
Aceh, Indonesia, and cut into 5-8 cm pieces and dried by being exposed to the sun for
about three days until they were completely dry. Additionally, the 5% water content in the
sample was tested. The turmeric was cleaned and dried to reduce the water content before
grounding into powder.

2.3. Making Preservatives from a Combination of Liquid Smoke with Turmeric

A total of 3 kg of OPEFB was put into the reactor and pyrolyzed at a temperature
of 380 °C. The resulting steam flowed to the condenser through a pipe connected to the
reactor lid and produced condensate in the form of grade 3 liquid smoke and tar. The
complete process of making liquid smoke was consistent with previous research [24], as
reported in Figure 1.

Pyrolysis reactor
(Stainless steel)

& Tar trap Conden.sation
unit

Liguid smoke

Temperature tank

indicator

Figure 1. Schematic of the pyrolysis process.

The liquid smoke is purified using distillation at a temperature of 190 °C and diluted
to 3% with distilled water. Furthermore, 3% (v/v) liquid smoke is added with turmeric
powder at 2, 4, 6, and 8 g/L to obtain 4 combinations of CLS 2:1, CLS 4:1, CLS 6:1, and CLS
8:1, respectively.

2.4. Testing of a Mixture of Liquid Smoke with Curcumin on Mackerel Fish
(Scomberomorus Commerson)

The test was conducted by dipping the mackerel into a mixture of liquid smoke
with curcumin and analyzed every 4 h for 48 h. The mackerel (Scomberomorus commerson)
samples were transferred to a sealed container and stored at room temperature during
the preservation process. Mackerel that had not received any treatment were used as the
control sample. The tests conducted were TVB-N followed the procedures outlined in SNI
2354.8:2009 [34]. The TVB-N value is calculated using the following formula:

Vs — Vb x NHCI x 14.007 x 100

TVBN = Sample weight
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where TVB-N: Total Volatile Base (mgN /100 g), Vs: Sample volume (mL), Vb: Volume of
solution without sample (mL).

The TPC test was conducted in accordance with SNI 02-2725-1992 [35]. Nutrient Agar
(NA) media in Petri dishes was used for the total plate count (TPC) test. The diluted
mackerel sample was carefully transferred onto the surface of the NA media in the Petri
dishes under aseptic conditions. After that, the plates were covered with plastic wrap and
incubated at 37 °C for 24 to 48 h. A colony counter was used to count the bacterial colonies
following incubation in order to calculate the total plate count.

The MPN test was carried out in following SNI 2897:2008 guidance [36]. The test
consists of two phases: presumptive testing and confirmation testing, which confirms the
results from the presumptive phase. A positive result is indicated by the production of gas
or bubbles in the Durham tube.

The organoleptic tests such as Kamaruzzaman et al. [37]. Previous research calculated
the average organoleptic value using the following equation [7].

Cy o X
AverageValue : x = ==

)

Description: x = average score, xi = organoleptic value of panelist i, n = number of
panelists. Organoleptic testing involves using 37 panelist senses to test food, such as the
hands to feel texture, the eyes to see color, and the nose to detect aroma. Seven of them were
standard panelists, which are people who have knowledge and expertise in determining
the grade of fish that is still fit for consumption, as well as good aptitude and sensitivity
to product quality. The remaining thirty panelists were non-standard panelists, meaning
they lacked the necessary training to perform organoleptic evaluations. The panelists were
trained, educated, and given information on how to do the organoleptic evaluations prior
to the test. To ascertain the degree of preference for mackerel fish preserved with different
liquid smoke combinations and the duration of preservation, an organoleptic test was
performed. Different ratios of liquid smoke mixture (CL 2:1, CL 4:1, CL 6:1, and 8:1) were
used to soak the mackerel.

2.5. Statistical Analysis

All the experiments were performed with three replications. The data of the anal-
yses were pooled, averaged, and standard deviation were calculated using MS-Excel
software 2010.

3. Results
3.1. Total Volatile Base Nitrogen (TVB-N) Test

TVB-N value is an important parameter used to determine the quality of food ingredi-
ents. In this context, a food ingredient will be considered unfit to eat with a TVB-N value
that exceeds the acceptance limit. Pearson [38] stated that the acceptance limit for TVB-N
value was 20-30 mg N /100 g, as reported in Figure 2.
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Figure 2. TVB-N value in mackerel fish samples coated with different concentrations of liquid smoke

and turmeric.

The TVB-N values of mackerel fish shown in Figure 2 on the first day in each mix-
ture were 11.725, 12.194, 11.725, and 10.318 mgN /100 g. These values show that at the
beginning of storage, the fish was categorized as fresh with a TVB-N value range of
10-20 mgN /100 g [39]. The addition of liquid smoke from OPEFB with a combination of
turmeric can reduce TVB-N value in mackerel fish compared to control samples. The
TVB-N value after soaking for 8 h was 28.901 mgN /100 g without preservative treatment
from a mixture of liquid smoke with turmeric. This value is close to the maximum TVB-N
value which is not good for consumption. Meanwhile, the TVB-N value obtained was
37.501 mgN /100 g at 12 h. Fish soaked using liquid smoke and CLS in 2:1 and 8:1 mixtures
of turmeric and liquid smoke lasted for 40 and 48 h, respectively.

The TVB-N value continues to increase during storage time, indicating a decline in
the quality of mackerel. The soft texture and high protein content of fish causes protein
degradation, peptide compounds, and amino acid content to produce volatile base com-
pounds [40]. Bekhit et al. [41] stated that the degradation of enzymes produced volatile
base compounds. The TVB-N value is influenced by the amount of non-protein nitrogen
in the fish [42]. The highest value of mackerel in the CLS 2:1 sample was obtained with
a TVB-N value of 39.86 mgN /100 g at a storage time of 48 h, and the value exceeded the
limit for consumption. Fadhli et al. [39] stated that fish were included in the fresh category
with a maximum TVB-N value of 30 mgN /100 g. According to Izza et al. [43], the TVB-N
value of tofu preserved using liquid smoke derived from teak and pine wood indicates a
shelf life of 4 days, maintaining 24.51 mgN /100 g. However, the TVB- value exceeds the
safe consumption limit (>35 mgN /100 g) on day 5. The presence of curcumin compounds
in turmeric can inhibit the growth of bacteria damaging fish meat [44]. Therefore, the
preservative from CLS preserves mackerel for 48 h of storage.

3.2. Organoleptic Test
3.2.1. Taste

Sensory evaluation of preserved mackerel, treated with a combination of liquid smoke
and curcumin, was conducted through taste testing by a panel of assessors. Before testing,
the mackerel was steamed for 10 min, as reported in Figure 3.
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Figure 3. Taste testing of preserved mackerel in various CLS.

Figure 3 shows that the addition of liquid smoke with a high concentration in preser-
vation can slow down the aroma and taste of mackerel and last up to 30 h. In terms of
taste, fish with CLS variations of 20 h of immersion are still delicious. However, the best is
CLS 8:1 mixture as reported by the different variations. This mixture has a delicious taste
compared to others at a soaking time of 48 h because the concentration of curcumin inhibits
bacterial activity. Therefore, the taste is delicious and the addition of liquid smoke to the
soaking water causes the fish to be dominated by a slightly smoky taste. The taste changes
faster in less than 12 h when compared to mackerel. For CLS 8:1 at 20 h, the percentage of
panelist assessment was 100% by giving a score of 5. At 48 h, the panelists gave more scores
of 4, resulting in a percentage of 68%, while others reported 3. The results are appropriate
to Elshehawy and Farag [45], where smoked chicken with 1% and 2% received higher
acceptance and value for taste, texture, color, and aroma. Faisal et al. [7] showed that 2-3%
liquid smoke had a taste acceptable to the panelists for 48 h of preservation time.

3.2.2. Aroma

Aroma testing was conducted using the nose of each panelist. Meanwhile, the fish was
steamed for 10 min before testing. In terms of aroma in mackerel (Figure 4) with CLS 2:1
and CLS 4:1 mixtures, the fish still had a good aroma at 20 h of soaking time. In contrast to
the CLS 8:1 and CLS 6:1 mixtures of 32 h, the aroma of the fish still tasted good. After 10 h
without treatment with the CLS preservative mixture, the aroma of the mackerel developed
signs of spoilage. The smoky aroma produced was absorbed into the fish layer. The aroma
became pungent due to the gradual reduction in acetic acid content. An unpleasant aroma
could also be used as an indication of product damage caused by an oxidation reaction.
Additionally, the occurrence of fat oxidation leads to an undesirable odor in fish [46]. In
comparison to other variations, CLS 8:1 mixture showed an improved profile due to the
ability to increase the amount of turmeric and increase the odor associated with liquid
smoke. This is caused by the substances contained in turmeric, namely curcumin content
which gives a distinctive aroma to the preservative mixture [47]. The preference value for
preserved mackerel in the CLS 8:1 variation with a soaking time of 32 h was 65% at a score
of 5, while others were 3 and 4. Similar results with the use of 3% liquid smoke from durian
skin can still be accepted at 48 h [7].
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Figure 4. Aroma testing on preserved mackerel in various CLS.

3.2.3. Texture

Based on Figure 5, the best texture of mackerel is in fish with the addition of liquid
smoke in CLS 8:1 and CLS 6:1 mixture variations. In the CLS 2:1 and CLS 4:1 variations, the
texture of the fish begins to change to soft at 32 h. Generally, the texture of the fish soaked
in water without preservatives begins to change at 10 h because of increased bacterial
growth. Fish experience a decline in quality when the texture of the meat becomes soft due
to the enzymatic process in muscle tissue, such as cathepsin and collagenase. The cathepsin
enzyme causes the texture to become soft due to protein degradation, while the collagenase
breaks down polypeptide bonds [48]. For the presentation of preference at CLS 8:1 with a
time of 32 h, 73% of panelists gave a score of 4 while others scored 3 and 5. At 48 h, the
score given by all panelists was 3. According to Syarif et al. [49], pyrolysis of ironwood
at a temperature of 400 °C produced liquid smoke used to preserve mackerel. This was
achieved by using 5% liquid smoke to maintain a shelf life of 3 days with a texture value
lower than fresh fish.
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Figure 5. Texture testing on preserved mackerel in various CLS.

125



Foods 2025, 14, 139

3.2.4. Color

The color evaluation of the mackerel in the organoleptic test was based on the color of
its flesh. Figure 6 describes the color score values utilized in the organoleptic test.
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2 CLS 8:1
4 8 12 16 20 24 28 32 36 40 44 48
The color of mackerel at the hour
Description: 1= yellow brown; 2=slightly brown yellow; 3= cream; 4= pale white; 5=
white.

Figure 6. Color testing on preserved mackerel in various CLS.

The mackerel soaked with various mixtures of liquid smoke and turmeric gave dif-
ferent color change effects to the soaking time (Figure 6). According to Joesidawati [50],
carbonyl compounds (aldehydes and ketones) have a major influence because the product
changes due to the interaction between carbonyl and amino groups, and the color of the
fish remains white. The rate at which the turmeric is absorbed into the fish tissue or the way
the turmeric extract reacts with the other chemicals in the liquid smoke mixture. Turmeric’s
structure is changed throughout the extraction and purification processes, making it inca-
pable of being absorbed [51]. In the variation in CLS mixture 8:1, the color is yellowish
due to the influence of high turmeric. Meanwhile, the color of the fish soaked without
CLS mixture began to change to brownish at 12 h of soaking. A type of food product with
high nutritional value, taste, and texture but without good color can reduce the demand of
consumers. The preference value for mackerel at CLS 8:1 was 65%, giving a score of 3. The
use of liquid smoke from durian skin with a concentration of 0.5-3% maintains the value
during storage and the color begins to change after 42 h due to the high content of phenol
and acetic acid [7]. The intensity of the change in the sample is due to the Maillard reaction
occurring between the carbonyl and amino acid group or protein [52].

3.3. Total Plate Count (TPC) Test

The bacterial content in a product is among the microbiological parameters in deter-
mining the suitability of a product for consumption [53]. In this context, the microbial
contamination of fishery products occurs during handling, distribution, as well as storage,
and processing. Analysis of the number of bacteria determines the growth rate during
storage and the results of the TPC analysis of mackerel are presented in Table 1.
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Table 1. Analysis data of total plate count test of mackerel with various CLS.

Storage Time Number of Colonies in CLS Variation (x10° Colonies/g)

(Hours) CLS 2:1 CLS 4:1 CLS 6:1 CLS 8:1
4 1.2 0.68 0.48 0.16
8 1.8 1.44 1.2 0.48
12 252 2.28 1.72 1.24
16 2.88 2.8 2.68 256
20 2.08 1.88 1.76 1.56
24 1.88 1.36 1.24 1.08
28 1.6 12 1.08 0.92
32 2.28 1.84 1.48 14
36 3.36 3.4 3.12 3.08
40 4.08 3.8 3.56 3.44
44 4.92 4.92 416 4
48 5.64 5.44 5.08 4.96

Note: CLS = Turmeric: liquid smoke combination (g/L).

The number of microbes increased from the initial state in the CLS 2:1 mixture, which
was 1.2 x 10° colonies/g to 1.88 x 10° colonies/g. In this context, the microbes at 24 h
immersion are in the safe consumption zone of 1 x 10° colonies/g based on SNI 02-2725-
1992 [35]. At 20 h to 28 h immersion time, the number of microbial colonies decreased
to 2.08 x 10° colonies/g, 1.88 x 10° colonies/g and 1.6 x 10° colonies/g. This is due to
high bacteriostatic properties, affecting the reproducibility of bacteria [54]. According to
Sasongko et al. [55] the average bacterial colony/g of smoked rabbit meat using immersion
with 0% contained 27.4 x 10° colonies/g of bacteria. Meanwhile, the treatment of rabbit
meat soaked using 1% liquid smoke contained 18.4 x 10° colonies/g of bacteria. This
shows the activity of coconut shells in inhibiting and killing bacteria in smoked rabbit
meat. Based on other research, the TPC value of fish soaked with liquid smoke with a
concentration of 2.5% experienced the greatest microbial growth on the 4th day of storage of
3.1 x 10° colonies/g. During storage until the 20th day, the TPC value of fish boiled using
2.5% liquid smoke experienced a decrease of 3.1 x 10° colonies/g [56]. According to Xin
et al. [57], soaking green mussels can reduce the TPC value from 3.65 to 3.03 log CFU/g. At
the time of soaking 36 h, the number of microbes continues to increase with the combination
of mixtures. The media supporting adaptation and environmental conditions suitable for
microbial growth are important factors influencing the increase in microbes. However,
the use of liquid smoke with a combination of turmeric on mackerel can inhibit bacterial
growth due to the content of phenol, carbonyl, and acid as well as the derivatives [58].

3.4. Most Probable Number of Escherichia coli

MPN test on mackerel preservation against Escherichia coli bacteria can be seen in
Table 2. Bacterial growth increased after 12 h of preservation, where the value was more
than 0.3 MPN/g. The number of E. coli in mackerel with the treatment ranged from
3.0 MPN/g to 3.6 MPN/g at 4 h of observation and decreased to 0.3 MPN /g at 8 h. The
presence of acid, phenol, and phenolic compounds in liquid smoke interferes with the
growth of E. coli. Liquid smoke is a strong bactericide that can stop the growth of E. coli
and other pathogens [59]. Previous research showed that smoked fish products given
liquid smoke from sawdust could inhibit the growth of coliform or E. coli [60]. In addition,
turmeric has antioxidant properties, which maintain fat stability and extend the shelf life
of products [61]. The use of the extract can give a natural yellow color to mackerel which
adds to the visual appeal. In the CLS2:1 treatment at a storage time of 32 h, the MPN value
exceeded the maximum limit of microbial contamination at 1 x 10° MPN/ g [36]. Based
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on the observations, mackerel given liquid smoke with a higher concentration of turmeric
showed better resistance to microbial contamination compared to those coated with a lower
concentration of the extract. Each edible coating CLS 4:1, CLS6:1, and CLS8:1 can extend
shelf life by 36, 40, and 48 h, respectively.

Table 2. Most probable number of E. coli data of mackerel in various CLS.

Storage Time MPN/g

(Hours) CLS 2:1 CLS 4:1 CLS 6:1 CLS 8:1
4 3.6 x 10! 3 x 10! 3 x 10! 3 x 10!
8 <0.3 x 10! <0.3 x 10! <0.3 x 10! <0.3 x 10!
12 0.3 x 10! 0.3 x 10! <0.3 x 10* <0.3 x 10*
16 29 x 10! 1.5 x 101 1.5 x 101 0.7 x 10!
20 2.1 x 102 2.7 x 10! 2.3 x 10! 1.4 x 101
24 2.9 x 102 2.8 x 10! 2.3 x 10! 1.2 x 102
28 4.6 x 102 1.6 x 102 1.2 x 102 1.5 x 102
32 >1.1 x 10° 2.9 x 102 1.5 x 102 2.4 x 102
36 >1.1 x 10% 1.1 x 10° 2.4 x 102 29 x 102
40 >1.1 x 108 >1.1 x 10° 2.9 x 102 4.6 x 102
44 >1.1 x 10° >1.1 x 108 >1.1 x 108 1.1 x 103
48 >1.1 x 10° >1.1 x 10° >1.1 x 10° 1.1 x 10°

Note: CLS = Turmeric: liquid smoke combination (g/L).

4. Conclusions

In conclusion, the ratio of liquid smoke and turmeric concentrations affected the
preservation ability of edible coating. Meanwhile, TVB, TPC, and MPN values decreased
with the increasing ratio. At 48 h of storage time and CLS 8:1, the TVB, TPC, and MPN
values were 25.795 mgN /100 g, 4.96 x 10° colonies/g, and 1.1 x 10® MPN/g, respectively.
This showed that the condition of the fish was still suitable for consumption within the
permitted limit. For CLS 2:1, the TVB value increased to 39.865 mgN /100 g since the
condition of the fish was no longer suitable for consumption. The results of the organoleptic
test for taste on the CLS 8:1 edible coating showed that the fish lasted up to 48 h with
a value of 3.8. For texture and aroma, the mixture of CLS 8:1 was quite good since the
mackerel was in good condition. Therefore, a mixture of edible coating liquid smoke from
OPEFB and turmeric could be an effective natural preservative to extend the shelf life of
mackerel with suitable packing techniques like vacuum sealing or modified atmosphere
packaging. Future research could be explored further in future studies.
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Abstract: The aim of the study was to assess the bacterial flora of broiler chicken breast meat using
the MALDI method, as well as its sensory evaluation while stored refrigerated at a stable temperature
(0.5°C+/—0.5 °C). Bacterial identification based on peptidic spectra obtained by matrix-assisted laser
desorption ionisation time-of-flight (MALDI-TOF MS) mass spectrometry is a rapid, inexpensive, and
accurate method for identifying isolates that belong to certain bacterial phyla. The microbiological
and sensory quality was assessed on the 1st and 3rd, 5th, 7th, 8th, 9th, 10th, 11th, and 12th day
of refrigerated storage. The study identified psychrophilic bacteria to be the dominant microflora
during the entire period of refrigerated storage. The species profile of the bacteria, however, varied
in the subsequent days of storage. From the 8th day of storage, the profile was dominated by bacteria
of the genus Pseudomonas. The proportionate content of Pseudomonas bacteria ranged from 89% on
day 8 to 95% on day 11th of storage. The majority of the unfavourable microflora (Aeromonas species,
Alcaligenes spp., Klebsiella spp., and Yersinia spp.) were observed on the 11th day of storage, which
indicates that meat spoilage processes had commenced. The quality of breast meat from broiler
chickens stored at 0.5 °C+/ —0.5 °C was sensorially acceptable up to the 8th day of storage.
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1. Introduction

Broiler chicken breast meat is characterised by a high protein content (20-24%) and
a significant water content (70-76%), thus making it a perishable product that quickly
loses freshness during storage [1,2]. Refrigeration is a common method of preserving
poultry meat [3]. The basic condition for obtaining satisfactory effects of cold storage on
broiler chicken meat is to maintain a high hygienic standard during the entire pre- and
post-slaughter process, high microbiological quality of carcasses, and compliance with the
principle of the so-called continuity of the cold chain at the time of slaughter [4,5]. The most
frequently detected microorganisms in poultry carcasses belong to the genera Acinetobacter,
Pseudomonas, and the Enterobactericeae family, while Aeromonas spp., Micrococcaceae and
Lactobacillaceae are less common [4,6,7].

The loss of freshness of broiler chicken meat stored in refrigerated conditions depends
mainly on the initial microbiological load and its storage temperature [8-12]. A decisive
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factor limiting the storage of meat in refrigerated conditions is the minimum temperature
of growth for microorganisms, non-specific and pathogenic inclusive [12]. When assessing
the microbiological quality of refrigerated poultry meat, the total number of microor-
ganisms and the number of bacteria of the genus Pseudomonas are most often taken into
account [12-15]. Pseudomonas spp. bacteria are considered to be specific microorganisms
that, through the degradation of meat proteins and the production of metabolites, cause
physical and chemical changes in chicken meat, which, in turn, causes adverse sensory
changes, including unpleasant smell, unacceptable colour changes, and the appearance of
mucus [16-19]. Refrigerated storage of fresh meat requires a quick and effective reduction
of the product temperature below 4 °C and maintaining a temperature not exceeding
4 °C throughout the entire period of storage and transport [20]. On the other hand, it is
important to maintain the temperature at a constant level throughout the storage period, as
temperature stability is also important for maintaining its microbiological quality and sen-
sory characteristics [8,9,21,22]. The preservation of food products” quality during storage is
a crucial step for reducing food waste and enhancing sustainability [11].

The development and improvement of research methods, including the MALDI-TOF
MS (matrix-assisted laser desorption ionisation time-of-flight mass spectrometry) method,
has made it possible not only to quantify the microbiological assessment of stored meat,
but also to assess the profile of the meat microflora [23,24]. The matrix-assisted laser
desorption/ionisation time-of-flight mass spectrometry (MALDI TOF MS) method is based
on the analysis of the protein profile of the organism. The identification of microorganisms
is based primarily on the detection of ribosomal proteins, but also mitochondrial proteins
that can be isolated [23-25]. This method has found its special place in food microbiology, as
a fast and inexpensive method, additionally characterised by high accuracy in identifying
bacteria [25]. An important advantage of the method is also the small amount of material
required for analysis, i.e., one bacterial colony [24]. Assessment of the microflora profile
of broiler chicken breast meat may have both knowledge and application significance for
improving the methods and conditions of its storage [25,26].

The quality of raw broiler chicken meat is determined by its positive sensory evalu-
ation [27] as it is associated with consumer acceptance during purchase and during the
preparation of meat for consumption [28]. Cooling and maintaining a stable refrigeration
temperature throughout the storage period reduces the growth and multiplication of mi-
croorganisms and slows down the intensity of chemical transformations associated with
the deterioration of the sensory quality of meat [29-31].

The aim of the study was to assess the bacterial flora of broiler chicken breast meat us-
ing the MALDI-TOF MS [matrix-assisted laser desorption ionisation time-of-flight] method,
as well as the sensory evaluation of meat during storage under stable cold temperature
(0.5°C+/-0.5°C).

2. Materials and Methods
2.1. Research Material

The raw material for the study was the breast meat of broiler chickens obtained
under production conditions in a local poultry slaughterhouse located in the Podkarpacie
region of Poland. All breast muscles were obtained from 40-day-old ROSS 308 broiler
chickens reared in the same flock, with a stocking density of 33 kg/m? and delivered to the
slaughterhouse in a specialised vehicle adapted for the transportation of broiler chickens.
The slaughtering of the birds, including the butchering of the carcass and shearing of
the pectoral muscles, was carried out in controlled production conditions. After chilling,
180 pieces of weight-balanced (250 =+ 50 g) individual pectoral muscles not hampered with
any defects were randomly collected. While maintaining sterility, they were randomly
assigned to 9 study groups of 20 pieces each. Chicken breast fillets were placed in E2-type
meat storage crates lined with foil bags. The foil bags and crates were approved for contact
with food. The meat was stored in production conditions in a refrigerated warehouse at a
stable temperature of 0.5 °C+/—0.5 °C. Temperature stability in the refrigerated warehouse
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was maintained using a cooling system operating in a continuous mode with temperature
monitoring. Temperature monitoring in the refrigerated warehouse was carried out using
specialised temperature sensors (SIMEX RS-485, SIMEX, Gdarisk, Poland) connected and
configured with the SimCorder automatic temperature measurement software (SimCorder
version 4, SIMEX, Gdansk, Poland), with an accuracy of 0.1 °C and recording every 15 min.
Microbiological and sensory quality was assessed on the 1st (24 h after slaughter) and 3rd,
5th, 7th, 8th, 9th, 10th, 11th, and 12th days of refrigerated storage. To achieve this objective,
one randomly selected container containing 20 pieces of pectoral meat was transported at a
temperature of 0.5 °C+/—0.5 °C to the Laboratory for the Evaluation of Poultry Products,
University of Rzeszéw on each day of the assessment. In the laboratory, while one research
team immediately undertook the meat’s microbiological assessment, the other performed
the sensory evaluation of the meat.

2.2. Microbiological Analysis

The preparation of the breast muscle samples for storage is described in detail in
Section 2.1. Research Material. For microbiological evaluation, all breast muscles were
stored in E2-type meat storage containers lined with food-grade film. On each day of the
study, 10 breast muscles were allocated for microbiological analysis, from which 10 repli-
cates were randomly taken. Using sterile scalpels and forceps, 5 g of chicken meat was
removed. It was then quickly transferred into a sterile Stomacher bag with 45 mL of 0.1%
buffered peptone water (BPW, pH 7.0, Basingstoke, UK) and homogenised for 60 s in the
Stomacher at room temperature. For each sample, appropriate serial decimal dilutions in
0.1% BPW solution were performed. The surface of the dry medium was covered with
0.1 mL of serial dilutions of the prepared samples. After two days of incubation at 30 °C,
total viable counts (TVC) were counted on Tryptone Soya Agar (TSA, Oxoid, Basingstoke,
UK), and after 24-48 h of incubation at 37 °C, total viable counts (TVC) were counted on
Endo Agar (EA, Oxoid, Basingstoke, UK) the number of Enterobacteriaceae was counted,
and after 48-72 h of incubation at 25 °C the number of Pseudomonas genera was counted on
Pseudomonas agar supplemented with CFC/CN (PA, Oxoid, Basingstoke, UK).

After incubation, the bacterial biomass from the microbial medium was transferred
to 300 pL of distilled water. Then, 900 uL of ethanol was added and mixed using Votrex
(Vortex Classic, Velp Scientifica, Usmate, Italy). The mixture was centrifuged (MPW-
150R, MPW MED. INSTRUMENTS, Warsaw, Poland) at 14,000 rpm (RCF = 22,570x g) for
two minutes. The pellet was centrifuged once more after the supernatant was discarded.
After pipetting off all remaining ethanol, the precipitate was allowed to dry at ambient
temperature. The pellet was then combined with 30 pL of 70% formic acid using a paddle.
Then, 30 pL of acetonitrile was added and mixed thoroughly. After centrifuging the
solution for two minutes at maximum speed, 1.5 puL of supernatant was applied to a
polished MALDI target plate (Bruker Daltonics, Bremen, Germany). Immediately after
drying, 1.5 puL of matrix solution was added to each spot and allowed to air dry. Samples on
a polished MALDI target plate were dried at room temperature (19 °C-21 °C), which took
about 15-20 min. The metal plate with the overlaid samples was placed in the measuring
chamber of the apparatus; the air was then removed to create a vacuum and the plate was
exposed to a laser beam. The spectra were generated by MALDI-TOF and analysed with a
Microflex LT (Bruker Daltonics, Germany) instrument using Flex Control 3.4 software and
Biotyper Realtime Classification v3.1. An average of 40 laser shots taken in automatic mode
using the lowest laser power required to ionise the samples was used to produce each
spectrum. A real-time program, Classification v3.1 (Bruker Daltonics, Bremen, Germany)
was used to evaluate the spectra and compare the measurement results to the database.
The manufacturer specified that successful identification must be within a confidence score
of >2.0 for the species level and >1.7 for the genus level [26].
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2.3. Sensory Evaluation

The sensory attributes of raw breast muscles stored refrigerated were evaluated by
a trained 10-person panel with proven sensory sensitivity (defined on the basis of the
PN-EN ISO 8586 standard [32]. Sensory panellists were previously recruited from among
researchers working at the Institute of Food Technology and Nutrition of the University of
Rzeszow. The panel had previous experience in sensory evaluation of poultry meat and
cold-stored products. Prior to the main study, the sensory panellists were calibrated in a
pre-test. During the pre-test, the panellists were introduced to the identification of sensory
attributes required to describe the aroma, colour, and texture of the overall acceptability
of broiler chicken breast meat during storage. Prior to the evaluation, the panelists were
briefed with the evaluation questionnaire. For purposes of evaluation, 10 cube-shaped
samples measuring 2 cm x 2 cm x 2 cm were cut from each pectoral meat piece, which
were subsequently coded. Following this initial preparation, the samples were presented
to evaluators in white containers with a transparent lids, which were placed on white
trays [27]. The procedure was the same for each sample. Each panellist received 10 samples
from each study group on the day of the evaluation, which were given at random. Each of
the panelists received 10 samples from each study group on the day of the evaluation. The
test was carried out in a duly prepared room with appropriate lighting, room temperature,
free from foreign smells, as well as any distracting factors, in accordance with the PN-EN
ISO 8589 standard [33]. The attributes of the assessment were: smell, external colour,
consistency, and general appearance. Sensory assessment was performed using a 5-point
hedonic scale according to the specifications in Table 1.

Table 1. Specification of sensory characteristics adopted for raw meat from broiler chicken breasts
stored refrigerated.

Sensory Descriptors

Hedonic
Score [CU]
Scale Smell External Colour Consistency General Appearance
. . balanced elastic meat tissue, faultless, moist
5 very conclusive, typical tvpical + face. tvpical
Desirability ypica compac surface, typica
RANGE .
_ conclusive, desired, less rather elastic, desirable, slightly
(6.51-50) 4 ical balanced, typical when pressed, the dried surface
typ P deformation evens out
Adjusted desirability non-perceptible. slight I;gﬁ?br;}ae;gsg’ permanent deformation rather desirable,
RANGE 3 P chlaa oo +SHE localised ! on meat tissue dried surface or
(2.51-3.5) & when pressed slightly moist
changes
. . undesirable slimy,
5 changed, light intensive, unif;fbsg’ (licigalsmed meat tissue relaxed, slightly sticky
Undesirable unacceptable yge llc;w ps/ flattens out after pressing surface, locally
RANGE changed colour
1-25 i i
( ) 1 changed, very undesirable, meat tissue relaxed after very undes%rable,
yellow or green . surface sticky
rotten pressure, easily falls apart

in places

with mucus

2.4. Statistical Analysis

The results of the study are presented as means and standard deviations. The effect
of the storage duration on the microbiological parameters of the broiler chicken meat
was assessed using unidirectional analysis of variance (using post hoc and Tukey’s HSD
assays), while that of sensory characteristics was achieved using nonparametric Kruskal-
Wallis assays. The differences were considered significant at p < 0.05. The calculation was
performed using the Statistica 13.3 software package [34].

3. Results and Discussion

Cold conditions are common throughout the broiler chicken processing and distribu-
tion chain. While chill line controls used during butchering increase microbiota selection
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pressure, chilling remains one of the best ways to reduce microbial contamination of chicken
carcasses during processing [4,5,35]. Besides cooling the carcass, another important factor
in the process of obtaining meat from broiler chickens, which affects its final quality, is
cooling the meat to a temperature not exceeding 4 °C [8,36]. Storage temperature has a
significant impact on the growth rate of microorganisms, especially when it fluctuates [9].
The total number of microorganisms ranged from 2.34 on the first day to 6.79 log CFU/g in
twelve days (Table 2). The TVC indicate several types of bacterial growth during storage,
which varied between samples. This corroborates previous studies which showed that the
range of total viable bacterial counts from chicken sampled after two-thirds of its storage
time at 4 °C was 3 to 8 log CFU/g [37]. There was a significant association between storage
temperatures and total viable counts.

Table 2. Results of the assessment of microbiological parameters of raw broiler chicken breast meat
in refrigerated storage [Log CFU/g + SD].

Time of Number of Bacteria from:
Refrigerated Total Count of Microorganisms
Storage [d] Family Enterobacteriaceae Pseudomonas Genera
1 2342 4+0.19 <1.00* 1.76 2 £0.29
3 2572 40.45 2.022 4+ 0.02 1.852 £0.27
5 3.03° +0.27 2102 4 0.54 294° +0.13
7 4.24 < £ 0.36 3.86° +0.61 3.67 ¢ +£0.19
8 47544015 4205 +0.13 4709 +0.59
9 5.069 +0.22 4455 £ 0.04 5.009 +0.21
10 6.01¢+0.21 490°¢+ 048 5254 4+ 0.20
1 6.40 © 4 0.39 5.53 4 + 0.40 5.75¢ +0.15
12 6.79 f +0.31 5.56 9 4+ 0.48 6.62f +0.44
p Value <0.0001 <0.0001 <0.0001
*—below the detection threshold [1 log CFU/g etc.]; #® ¢ .. .—values in columns marked with different letters
differ at p < 0.05.

The number of Enterobacteriaceae genera ranged from <1.00 on the first day to 5.56 on
the last day of the study (Table 2). In an investigation conducted by Balamatsia et al. [38],
the Pseudomonas count in air-packed chicken samples reached approximately 7.0 log cfu/g
after approximately 8 days of storage. E. coli is the most commonly used indicator of
faecal contamination of food [39]. Its counts usually correlate more closely with those
of Enterobacteriaceae, which are commonly associated with elevated counts on poultry
carcasses due to mishandling, improper or unsanitary processing, and/or storage con-
ditions [40]. Faecal contamination of beef and chicken meat with Enterobacteriaceae,
including Salmonella spp., E. coli, Proteus spp. and Klebsiella spp., is a significant food
hygiene problem [41,42]. Effective monitoring of the presence and accurate identification
of zoonotic bacterial pathogens in food is critical to minimising the incidence of foodborne
illness and reducing microbial contamination of food.

The current study revealed that Pseudomonas counts ranged from 1.76 on the first
day to 6.62 log CFU/g (Table 2). In the study conducted, the deterioration in sensory
characteristics, mainly meat odour during storage, was strongly correlated with an increase
in the number of Pseudomonas ssp. bacteria, which were the predominant bacteria present
in the meat evaluated (Table S1). The metabolic activity of Pseudomonas spp. bacteria during
aerobic refrigerated storage results in the formation of metabolites, sensorially perceptible
as unpleasant odour [2,21]. According to Franke et al. [43], Pseudomonas spp. are commonly
responsible for the spoilage of chicken meat stored under aerobic packaging conditions.
At the end of the meat’s shelf life, Pseudomonas were not only found as dominating, but
contributed to meat spoils through proteolytic, lipolytic, saccharyllytic, and biosurfactant
processes [14]. The action of these microorganisms consists in the enzymatic acceleration of
protein proteolysis as well as the oxidative and hydrolytic processes of tissue fats [16,44]. It
is worthy of note that 7-8 log CFU /g for Pseudomonas spp. is a factor that determines the
putrefaction of fresh meat according to Nychas et al. [45]. In an investigation conducted
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by Balamatsia et al. [38], Pseudomonas counts in air-packed chicken samples reached ap-
proximately 7.0 log CFU /g after approximately 8 days of storage. Another study found
that at 2 °C, total Enterobacteriaceae and Pseudomonas spp. counts in meat increased over
time and reached 4.64 log CFU/g, 4.16 log CFU /g, and 4.48 log CFU /g, respectively, on
the eighth day of cold storage. The rate of bacterial growth in meat stored at 6 °C, in each
of the evaluated periods, was higher than in meat stored at 2 °C [26].

In total, 48 isolates were identified from meat samples on the first day (Figure 1). On the
first day, samples of 10 families, 10 genera, and 28 species were isolated. The most isolated
species in day one were Pseudomonas fluorescens [8%], followed by Microbacterium liquefaciens
and Micrococcus luteus [6%]. The species Pseudomonas fragi, Pseudomonas lundensis, and
Pseudomonas fluorescens are the most common pseudomonads found in poultry meat [46,47].
The primary genera of Enterobacteriaceae isolated are Serratia (Serratia fonticola, Serratia
grimesii, Serratia liquefaciens, Serratia proteamaculans, and Serratia quinivorans), Hafnia (Hafnia
alvei, Hafnia paralvei), Rahnella, Yersinia, and Buttiauxella [48]. Several novel species of
Enterococcus or Lactobacillus, including Enterococcus viikkiensis, Enterococcus saigonensis, and
Lactobacillus oligofermentans, have also been identified in poultry meat products [49-51].
Brochothrix thermosphacta has also been frequently observed in poultry meat. Some of the
numerous reports that can be found in the literature concentrated more explicitly on rotting

bacteria, while others were more pathogen-oriented.
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Figure 1. Krona chart: Isolated species from day 1.
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On day 3, the number of isolates with identification at good level was 55 (Figure 2). On
the third day of refrigerated storage, 10 families, 12 genera, and 24 species were identified
in chicken meat. The most isolated species on day two were Hafnia alvei, Pseudomonas fragi,
and Micrococcus luteus with 7%. P. fragi in cleaned non-contaminated samples and unknown
bacteria in unwashed non-contaminated samples accounted for the majority of the factors.

It has been demonstrated that P. fragi, a psychrotrophic bacterium, plays a major role in

meat spoilage [52]. It is frequently discovered on fresh and aerobically damaged meat,
even during storage at low temperatures [53,54]
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Figure 2. Krona chart: Isolated species from day 3.

A total of 63 isolates were identified on day 5 (Figure 3). Isolates from meat samples

included 11 families, 15 genera, and 33 species with the most commonly isolated being
P. fragi (16%), followed by P. gessardi (13%), and P. lundensis (11%). Since the psychrotrophic

microorganism Pseudomonas causes surface change, it is a very important indicator of food
spoiling in items that are stored at low temperatures [55].
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Figure 3. Krona chart: Isolated species from day 5.

The same tendency as in day 5 was found on day 7, where the most isolated species
were P. fragi (16%), followed by P. gessardi (13%), and P. lundensis (11%). A total of 11 fam-
ilies, 15 genera, and 30 species were identified on the seventh day (Figure 4). The study
identified 62 isolates with successful scores. In comparison to what was initially present, the
microbiota diversity is reported to decline after storage while the bacterial load rises. [56,57].
The proliferation and metabolic activity of rotting bacteria lead to microbial deterioration.
While the majority of research has concluded that the predominating bacteria in dam-
aged food are the ones that cause spoiling, other studies have defined spoilage using the
microbiological acceptability criterion (TVC of 7 log CFU/g) [57,58].
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Figure 4. Krona chart: Isolated species from day 7.

Making use of the mass spectrometry with high score 52 isolates, 4 families, 6 genera,
and 14 species were identified on day 8 (Figure 5). The most isolated species from chicken
meat on day 8 was P. fragi with 56%, followed by P. lundensis with 13%. By using MALDI-
TOF MS, spoilage microbes were identified. The primary organisms discovered after eight
days at 4 °C and 10 °C were Brochothrix thermosphacta, Carnobacterium spp., and Pseudomonas
spp. The primary spoilage microbiota was represented by the species Hafnia alvei at 10 °C

and the genera Carnobacterium spp., Serratia spp., and Yersinia spp. at 4 °C [57].
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From the meat samples on day 9, 55 isolates were identified (Figure 6). Overall,
4 families, 5 genera, and 13 species of bacteria were isolated. The most identified species on
day 9 were P. fragi with 44%, P. lundensis with 14% and P. fluorescens with 11%. Pseudomonas
spp. and other psychrophilic and psychrotrophic bacteria grow more readily when stored at
low temperatures. Certain organisms are able to endure the entire process. An example of
such species is Shewanella putrefaciens, which is commonly detected on carcasses during the
slaughtering process and persists even after being stored in aerated places for 14 days [7].

On the seventh day, 44 isolates were found in meat samples (Figure 7). In a single day,
12 species, 4 genera, and 3 families were isolated from the samples. P. fragi (36%) was the
most isolated species on the seventh day, followed by P. gessardii and P. ludensis (18%). It is
commonly believed that spoiling is exclusively caused by a small number of representative

species, also referred to as the autochthonous microbiota, which arise from the original
microbial association [13].

141



Foods 2024, 13, 4063

udomonas lundensis

S
qrolen
s 1ae
mond

Microorganisms

domonas brenneri
pseudomon®®

eonjeq e|aue

Figure 6. Krona chart: Isolated species from day 9.

Using meat samples, 42 isolates were found in all on the eleventh day. Three families,
three genera, and twelfth species were separated from the samples on the eleventh day
(Figure 8). P. fragi (48%) and P. taetrolens (12%) were the next most isolated species in the
eleventh day, with P. gessardii and P. lundensis coming in at 10%. Pseudomonas spp. is one of
the most common genera at aerobic storage, according to a number of studies. P. fragi, the

dominant species in this group, is also found in meat that has been packaged in a modified
atmosphere [13,59].
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On day twelve, forty-five isolates were found in the meat samples. Ten species,
five genera, and five families of bacteria were identified (Figure 9). On the ninth day,
P. fragi (40%), P. lundensis (33%), and P. brenneri (9%) were the most frequently recognised
species. All the isolated species from all days are shown Table 3. The MALDI-TOF MS
Biotyper was used to identify the meat and confirmed that culture tests revealed changes in

the bacterial microflora’s composition throughout the preservation period. Psychrophilic
bacteria were the predominant microflora, irrespective of the temperature used, as they
are characterised by their ability to flourish in chilled circumstances. Nevertheless, it
was noted that the profile of the detected bacteria altered after storage at 6 °C, with the
majority of unfavourable microflora emerging, suggestive of ongoing spoiling processes.
Aeromonas spp., Alcaligenes spp., Klebsiella spp., and Yersinia spp. are a few possible examples
of these bacteria [60,61].
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The sensory characteristics of poultry products are crucial for determining their quality

and have a major impact on consumer choices [27]. The metabolic activity of microbes
results in the formation of metabolites that cause physical and chemical changes in poul-
try meat, perceived sensorially as unpleasant smell, discoloration, and mucus [17,18].
The effect of refrigerated storage conditions on the sensory characteristics of poultry
meat was presented in the studies by Augustyriska-Prejsnar et al. [26], Yimenu et al. [62],
Sujiwo et al. [21], Kondratowicz et al. [44], and Garavito et al. [63]. The research findings
showed that all the tested sensory characteristics of meat deteriorated with the time of
refrigerated storage (Table 4). It was indicated that meat stored at 0.5 °C+/—0.5 °C was of
acceptable quality until the 8th day of storage (Table 4). Significant changes in smell took
place on the 10th day of meat storage. Similarly, in Katiyo et al. [2], the smell of chicken
meat deteriorated faster than the colour and general appearance and was correlated with
an increase in the number of microorganisms. Also, in a study by Sujiwo et al. [21] on
12 days refrigerated storage (temp. 4 °C) of broiler chicken breasts packed on polystyrene
trays wrapped in low-density polyethylene, odour and colour changed faster than texture
and overall acceptability. The unpleasant odour is related to the oxidation of lipids in the
meat. In addition, protein degradation products released by microorganisms also lead to
an unpleasant odour, so meat spoilage can be determined by an unusual odour [21,64].
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Our own study showed that on the 11th day of storage, the meat odour was found to
be unacceptable (altered, putrid), the colour undesirable, altered in places, with external
infiltration, the texture unacceptable, with muscle tissue loosening and flattening after
pressure, and an overall undesirable appearance. Changes in the deterioration in sensory
characteristics were observed more rapidly compared to the results of quantitative microbi-
ological assessment. Different results during the cold storage of turkey meat for slaughter
were shown by Kondratowicz et al. [44]. The evaluation of sensory smell and colour of
raw broiler chicken meat is, at the consumer level, of great significance since it is the most
visible quality trait and, therefore, linked to consumer acceptance [27,28]. As reported by
Katiyo et al. [2] for the consumer, odour is a more reliable indicator of spoilage of raw
broiler chicken meat at retail and home than changes in appearance. The detection of an
uncharacteristically pungent, fishy ammonia smell can be a warning signal to the consumer.
Franke et al. [43] also reported that an unpleasant odour is a signal of microbiological

spoilage in chicken meat. Colour may be a more distinguishing factor for red meat, such as
beef, due to its relatively high myoglobin content [65].
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Figure 9. Krona chart: Isolated species from day 12.
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Table 4. Results of the evaluation of sensory characteristics of raw broiler chicken meat in refrigerated
storage (points).

D.ay of Studied Traits
Refrigerated
Storage [d] Smell Colour Consistency General Appearance

1 4962 +0.20 4982 +0.14 5.00 2 + 0.00 5.00@ + 0.00
3 4683 + 0.49 4943 4024 4962 +0.20 49523 +0.22
5 446 +0.60 4.843b + 039 4,653 + 052 4.803b +0.45
7 401b +0.22 410 +0.36 40723 +0.33 4.09 ¢ +0.40
8 3.82bc 4+ 044 3.92bc 4 044 412b¢ + 041 3.82¢ 4 0.54
9 3.15¢ 4+ 0.48 3.48€ 4+ 0.50 3.50 € + 0.50 3.35¢ 4 0.48
10 2484 +0.17 3.14¢d +0.35 3.104 £+ 0.30 312 +0.33
11 2.369¢ +0.22 2.404de +0.14 2.46de +0.20 2.38de +0.14
12 1.80 € 4+ 0.42 235¢ +0.48 2.42¢ +0.50 2.20°¢ + 0.49

p Value 0.0001 0.0130 0.0217 0.0002

abc _Values in columns marked with different letters differ at p < 0.05.

4. Conclusions

To sum up, the study has indicated that by using the MALDI-TOF MS method, it
is possible to assess the bacterial profile of poultry meat stored in conditions of stable,
low refrigeration temperature maintained at 0.5 °C+/—0.5 °C. A detailed analysis of the
dynamics of the development of individual bacterial species performed in this paper using
the MALDI-TOF MS method is capable of contributing to expanding knowledge on the
participation of individual bacterial species in the spoilage process of poultry meat stored
in refrigerated conditions at a narrow, but stable level temperature range. The research
and its findings should be treated as preliminary, paving the way to further research into
optimising the chilling of poultry meat to extend its shelf life. However, further extensive
research is necessary before relevant conclusions can be drawn regarding its application in
the meat industry.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/foods13244063/s1, Table S1. Correlation matrix on sen-
sory analysis parameters and microbiological analysis results in broiler chicken breast meat during
refrigerated storage.
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Abstract: Bitter orange is a citrus fruit rich in bioactive compounds, but its waste is currently
underutilized. One potential solution is to encapsulate these bioactive compounds. This research
aims to synthesize gelatin nanoparticles loaded with an ethanolic extract of bitter orange peel and
to evaluate their in vitro antioxidant and antibacterial activities. Coaxial electrospray was used to
encapsulate the ethanolic extract of bitter orange with bovine gelatin as wall material, considering a
voltage of 15 kV, a wall solution flow rate of 0.1 mL/h, and a core solution flow rate of 0.08 mL/h.
Characterization of the nanoparticles was performed using scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FT-IR). Antioxidant activity was evaluated by the
total phenolic content, flavonoids, and antioxidant capacity by the DPPH®, ABTS®*, and FRAP
assays. Antibacterial activity was assessed by the well diffusion technique on Mueller-Hinton agar
against Listeria monocytogenes and Escherichia coli O157:H7 bacteria. SEM images confirmed that the
nanoparticles were spherical in shape, while FT-IR analysis indicated that the incorporation of the
extract did not alter the amide bonds of the gelatin protein. The nanoparticles containing the extract
exhibited higher antioxidant activity and heightened inhibition against E. coli O157:H?7, indicating
their potential food applications.

Keywords: Citrus aurantium; nanotechnology; coaxial electrospray; bioactive compounds; foodborne
pathogens

1. Introduction

The bitter orange (Citrus aurantium) is a fruit that grows on a tree belonging to the
Rutaceae family. Native to East Africa, Arabia, and Syria, it is actively cultivated in regions
such as Spain, Italy, and North America [1]. In Sonora, Mexico, Citrus aurantium is primarily
used as an ornamental tree, and its fruits are typically discarded [2]. Bitter orange is a
globose fruit with a slightly textured surface and an intense orange color when ripe
(Figure 1). Due to its rich content of diverse bioactive compounds such as phenolics,
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flavonoids, essential oils, and vitamins, bitter orange is commonly employed for medicinal
purposes (antibacterial, anti-inflammatory, anticancer, antioxidant, and cardiovascular
properties) and in the food industry (juices and essential oils) [3]. Bitter orange biowaste
currently produces atmospheric and aquatic pollution contamination since it accumulates
in the soil when it is not consumed or it is not fully used [4]. The predominant residue
of the bitter orange is its peel, comprising approximately 40% of its fresh weight. In the
peel, the documented phenolic compounds primarily consist of phenolic acids (74%) and
flavonoids (23%). Among these, the most prevalent phenolic compounds identified are
p-coumaric acid and ferulic acid [5].

Figure 1. Tree (a) and fruit (bitter orange) (b) of the Citrus aurantium species.

The previously mentioned compounds can help prevent food spoilage and cross-
contamination, which pose significant health risks to consumers and can lead to temporary
digestive issues such as gastroenteritis, diarrhea, fever, or even infections in other systems.
Bacteria such as Escherichia coli and Listeria monocytogenes are often found in raw or poorly
processed foods, including meat, dairy products, seafood, and fruits, making them two
of the primary etiological agents of foodborne diseases [6]. There is currently a growing
interest in obtaining bioactive compounds from biowaste due to their antioxidant and
antimicrobial properties. These compounds also modulate the intestinal microbiota and
promote the immune system [2]. Biowaste is rich in phenolic molecules, which contain
aromatic rings with hydroxyl groups. These molecules are known to inhibit microorganisms
by interacting with their cytoplasmic membranes, cell walls, and nucleic acids, thereby
disrupting cellular functions, slowing growth, and causing cell death [7,8].

Nanoencapsulation is a process in which an active ingredient, an active molecule
of a food (antioxidants, essential fatty acids, vitamins), or living cells (probiotics) are
trapped within a wall material (polymers of carbohydrates, proteins, and lipids). Encap-
sulation serves not only to enhance the stability, bioavailability, and controlled release
characteristics of biomolecules but also aids in concealing undesirable odor and taste [9].
Different nanoencapsulation techniques exist, notable among them are nanoprecipitation,
emulsion—diffusion, double-emulsification, emulsion—coacervation, polymer coating, and
electrospray techniques. However, electrospray is relatively simple, low cost, requires a
low amount of solvents and the particles are obtained in a single step [10]. The principle of
electrospray lies in the ability of an electric field to deform the droplet interface to produce
nanometer-range droplets. The Rayleigh method serves to determine the rupture of the
drop. This limit occurs when the surface tension of the drop is elevated by the electrostatic
force [11]. The electrospray control variables, such as solution flow rate, electric potential,
collector distance, environmental humidity, and polymer solution viscosity, conductivity,
surface tension, and concentration, must be considered [12]. On the other hand, coaxial
electrospray modifies the uniaxial electrospray process by using a coaxial capillary nee-
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dle and syringes for two solutions [13]. It is an electrohydrodynamic process in which
multilayer nanoparticles are formed by introducing coaxial electrified jets. Coaxial electro-
spray offers several potential benefits, including high efficiency, a simple and cost-effective
process, the ability to preserve biological activity, and the production of particles with a
uniform size distribution [12]. Therefore, the objective of this research is to produce by
coaxial electrospray gelatin nanoparticles containing an ethanolic extract of bitter orange
peel (Citrus aurantium) and to analyze their morphological, structural, antioxidant, and
antibacterial properties as potential food applications.

2. Materials and Methods
2.1. Plant Material

Bitter orange fruits were harvested in the first quarter of 2022 at the University of
Sonora, Hermosillo, Sonora, Mexico. A total of 900 g of fruit was washed with a neutral
detergent, rinsed with potable water, and the peel was removed. The orange peel was cut
into 3 cm by 3 cm squares and dried for 24 h at 60 °C in a convection oven (Blue M, New
Columbia, PA, USA) until it reached a moisture content of 17%. Following drying, the
material underwent grinding and sieving (size 60 sieve).

2.2. Chemical and Reagents

Absolute ethanol (>99.5%) and hydrochloric acid (HCl, 37.5%) were from Meyer
Reagents (Ciudad de México, MEX); gallic acid, 2 N Folin solution, quercetin, 2,2-diphenyl-
1-picrylhydrazyl (DPPH®) radical, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), tripyridyl-s-triazin (TPTZ), 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS**) radical, glacial acetic acid, and bovine gelatin type B were obtained from Sigma-
Aldrich (St. Louis, MO, USA); potassium persulfate (K,5,0g, >99.0%) was from Jalmek
(San Nicolas de los Garza, NL, MEX); anhydrous sodium carbonate (NayCO3, >99.5%), an-
hydrous sodium acetate (CoH3NaO;, >99.0%), and iron trichloride (FeCl3) were procured
from CTR SCIENTIFIC (Monterrey, NL, MEX); Tryptic Soy Broth and Oxford Agar were
purchased from MCD LAB (Tlaneplanta de Baz, EM, MEX); MacConkey Sorbitol Agar and
Mueller-Hinton Agar were from Difco (Sparks, MD, USA); Ultrapure water was obtained
using a purification system (Merck, Darmstadt, HE, GER).

2.3. Preparation of the Extract of Bitter Orange Peel

The initial solutions were prepared with 1.5 g of orange peel and 10 mL of absolute
ethanol. These solutions were then homogenized, subjected to sonication for 20 min,
and subsequently centrifuged at 1500 rpm for 15 min (Compact II Centrifuge, BD, East
Rutherford, NJ, USA). The supernatants were collected, and the residues underwent a
second extraction [14]. Thus, the supernatants were combined and concentrated with the
rotary evaporator R-100 V (Flawil, SG, CH) at 200 rpm, 40 °C, and 90 kP. The concentrated
samples were suspended in ethanol until a known concentration was obtained. This process
was conducted in two batches.

2.4. Preliminary Test for Nanoencapsulation

Uniaxial electrospray was used to test the production of gelatin nanoparticles [15,16].
For the feed solution, a concentration of 10% w/v gelatin was considered. This solution
was prepared with 20% aqueous acetic acid, then sealed with parafilm, and stirred under
ambient conditions until complete dissolution was achieved, approximately 1 h. In the
electrospray process, a flow rate in the pump (KD Scientific, Holliston, MA, USA) of
0.1 mL/h was maintained for the polymer solution. The voltage applied using a CZE
1000R high-voltage power supply (Spellman, Hauppauge, NY, USA) was 15 kV, and the
distance to the collector varied from 5, 10, and 15 cm. The distance to produce the gelatin
nanoparticles was selected based on the lowest mean diameter (MD) and polydispersity
index (PI). MD was measured using Image] 1.53 k (Wayne Rasband, Bethesda, MD, USA),
while PI was calculated according to Estrella-Osuna et al. [17] and a frequency analysis.
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Pl =0/X, @
where o corresponds to standard deviation X refers to the mean diameter of nanoparticles.

2.5. Preparation of Gelatin Nanoparticles Containing an Extract of Bitter Orange Peel

The coaxial electrospray process was conducted considering the optimal distance for
gelatin nanoparticle production, a voltage of 15 kV, a flow rate of 0.1 mL/h for the polymer
solution (outer layer material), and a flow rate of 0.08 mL/h for the extract of bitter orange
peel, which was the inner material.

2.6. Morphological and Structural Characterization of Nanoparticles

The morphological characterization of the nanoparticles was conducted by scanning
electron microscopy (SEM) using a JEOL 5410 LV equipment (Arkishima, Tokyo, Japan).
An acceleration voltage of up to 15 kV and samples were positioned onto double-sided
conductive carbon tape affixed to the aluminum pin stub of the SEM [18].

The infrared spectrum was obtained using an FT-IR spectrophotometer (Frontier,
Perkin Elmer, Waltham, MA, USA). The spectra were recorded using the attenuated total
reflectance (ATR) technique in transmittance mode. A spectrum scan from 4000 to 400
cm ! was considered [19]. The determinations were performed three times.

2.7. Preparation of Nanoparticle Suspension

The empty nanoparticles and those that included the ethanolic extract of bitter orange
peel were suspended in absolute ethanol for approximately 12 h. Subsequently, these
solutions were centrifuged at 1500 rpm for 15 min (COMPACT II CENTRIFUGE, BD, NJ,
USA). The supernatants at a concentration of 2000 ug/mL were used to determine the
antioxidant and antibacterial activity.

2.8. Determination of Total Phenolic and Flavonoids Contents

The total phenolic content was determined in accordance with Garzon-Garcia et al. [20].
A total of 10 pL of samples (extract of bitter orange peel, solutions of empty gelatin
nanoparticles, and nanoparticles containing the extract) and 25 puL of 1 N Folin solution
were added to the microplate and refrigerated for 5 min. After refrigeration, 25 uL of 20%
NayCOj3 and 140 pL of distilled water were added to the wells. The microplate was put
to rest for 30 min, and the absorbance was measured at 760 nm (Multiskan GO, Thermo
Fisher Scientific, Waltham, MA, USA). A calibration curve was plotted with the gallic acid
standard, considering concentrations from 0.06 to 1 mg/mL (R? = 0.998). The results were
reported as mg of gallic acid equivalents per gram of sample (mg GAE/g DS).

The determination of flavonoid content was performed according to Del-Toro-Sanchez
et al. [21]. A total of 80 uL of each sample and 80 pL of an ethanolic solution of AICI;
(20 g/L) were added to wells of the microplate, shaken for 30 s, and left in the dark at
room temperature for 1 h. Subsequently, it was shaken again for 30 s, and the absorbance
was measured at 415 nm. A calibration curve was plotted with the quercetin standard
at concentrations from 0 to 0.3 mg/mL (R? = 0.998). The results were reported as mg of
quercetin equivalents per gram of sample (mg EQ/g DS).

2.9. Antioxidant Capacity Essays

For the measurement of antioxidant capacity by scavenging 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH?®), 1.5 mg of DPPH® radical was dissolved in 50 mL of methanol. The ab-
sorbance of the solution was adjusted to 0.7 £ 0.01 at a wavelength of 515 nm. A total
of 200 pL of the solution and 20 puL of extract and sample solutions were added to the
microplate wells, left to rest in the dark for 30 min, and the absorbance was measured at
a wavelength of 515 nm [22]. A calibration curve was plotted with the Trolox standard,
considering concentrations between 0 and 0.08 mg/mL (R% = 0.993). The results were
expressed as pM Trolox equivalents per gram of sample (uM TE/g DS).
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For the determination of antioxidant capacity by 2,2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS®") assay, 19.3 mg of ABTS were dissolved in 5 mL of distilled water.
Separately, 0.0378 g of potassium persulfate and 1 mL of water were mixed. Subsequently,
88 uL of the potassium persulfate solution was added to the ABTS solution and left to rest
in the dark for 12 h under refrigeration. A total of 1 mL of this last solution was added
to 88 mL of ethanol, and the absorbance was adjusted to 0.7 &= 0.01 at a wavelength of
734 nm. For measurements, 270 uL of the adjusted solution and 20 pL of each sample were
added to the microplate wells. The absorbance was measured at 734 nm in a microplate
reader after 30 min of rest [23]. A calibration curve was plotted with the Trolox standard at
concentrations from 0 to 0.1 mg/mL (R? = 0.992). The results were expressed in pTrolox
equivalents per gram of sample (uM TE/g DS).

To measure the ferric-reducing antioxidant power, three stock solutions were prepared:
a sodium acetate buffer solution (300 mM/L at a pH of 3.6), a 20 mM FeCl; x 6H,0,
solution, and a 10 mM TPTZ in 40 mM HCI solution. The working solution was obtained
by adding the three stock solutions in a 10:1:1 ratio (buffer/FeCl; x 6H,O/TPTZ-HCI).
For measurements, 20 uL of samples (extract of bitter orange peel, solutions of empty
gelatin nanoparticles, and nanoparticles containing the extract) and 280 pL of the working
solution were added to the microplate wells and the absorbance was measured at 638 nm
after 30 min of rest. A calibration curve was plotted with the Trolox standard, considering
concentrations between 0 and 1 mg/mL (R? = 0.995). The results were expressed as M
Trolox equivalents per gram of sample [22].

2.10. Antimicrobial Activity

Escherichia coli O157:H7 (ATCC 43890) and Listeria monocytogenes (ATCC 7664) strains
were used in this study. An aliquot of each strain was added to 3 mL of tryptic soy broth
and left to incubate at 37 °C for 18 h. To obtain pure cultures, a loop of E. coli O157:H7 was
streaked on Sorbitol MacConkey Agar and L. monocytogenes on Oxford Agar. The plates
were left incubated at 37 °C for 24 h. For each bacterium, a colony from the plates was
inoculated in 9 mL of trypticase soy broth [24]. The population of the suspension was
adjusted to 1.5 x 10® cells/mL using the McFarland standard. Serial decimal dilutions
were performed to obtain inoculums with a population of 10* CFU/mL. For the agar well
diffusion method, 100 pL of each inoculum were streaked on plates with Mueller—Hinton
Agar. Subsequently, three 6 mm wells were made per plate, into which 50 uL of each
sample was added [25]. The plates were incubated for 18 h at 37 °C. The wells with 50 uL
of ethanol were considered as negative control. After incubation, the inhibition zones were
measured with a vernier caliper.

2.11. Statistical Analysis

The results of the antioxidant and antibacterial activity determinations were performed
in triplicate and were presented as mean =+ standard deviation. A one-way analysis of
variance (ANOVA) and a Tukey test were carried out to determine whether there was a
significant difference in the antioxidant and antibacterial activity of the extract of bitter
orange peel, the empty gelatin nanoparticles, and the nanoparticles containing the extract
(p < 0.05) [26]. The statistical analyses were performed using Minitab 17 (State College,
PA, USA).

3. Results and Discussion
3.1. Preparation of Bitter Orange Peel Extract

After the ultrasound-assisted extraction process and the concentration of the extract
by evaporation under reduced pressure, an average yield of 1.076% of ethanolic extract of
bitter orange peel was estimated considering the two batches. A concentration of 70 mg/mL
was chosen for electrospray nanoencapsulation and subsequent analyses.
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3.2. Obtaining of Nanoparticles

The determination of the best conditions of nanoencapsulation was based on the values
of mean diameter (MD) and polydispersity index (PI) for the empty particles produced
by uniaxial electrospray. This involved preparing a feed solution consisting of 10% w/v
gelatin in 20% acetic acid, positioned at distances of 5, 10, and 15 cm from the collector.
SEM micrographs indicate that the distance between the collecting plate and the needle
significantly impacted the uniformity of the particles (Figure 2). Consequently, this led to
the generation of more scattered particles with varying sizes, contributing to an increase
in the PI. Considering the above, the most favorable condition for producing gelatin
nanoparticles was achieved when the collector was positioned at 5 cm. On the contrary,
Torkamani et al. [16] investigated different combinations of voltage (15, 20, and 25 kV) and
flow rate (0.25, 0.5, and 0.75 mL/h) while maintaining a polymer concentration of 5% w/w.
The authors found that the optimal conditions for producing spherical gelatin beads with
an average diameter of 297 + 70 nm were 20 kV, a flow rate of 0.5 mL/h, and 10 cm of
collector distance. Therefore, the formation of spherical gelatin beads in the present study
and the reported studies could be differentiated based on the experimental conditions.
Torkamani et al. [16] utilized a higher voltage, a higher flow rate, a larger collector distance,
and a lower polymer concentration than in our study.
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Figure 2. Preliminary tests for the preparation of gelatin nanoparticles using electrospray: SEM
micrographs (5000 x magnification) and histograms at collector distances of 5, 10, and 15 cm.
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3.3. Preparation of Gelatin Nanoparticles Containing an Extract of Bitter Orange Peel

The ethanolic extract of bitter orange peel was encapsulated with bovine type B
gelatin by coaxial electrospray, considering the previously established conditions (Figure 3).
These materials were chosen because proteins, such as gelatin, are biocompatible and
readily available as raw materials. It should be noted that there is currently no available
data in the literature regarding the nanoencapsulation of an ethanolic extract of bitter
orange peel using protein as an encapsulating agent. However, some authors synthesized
buriti oil nanoparticles using water-in-oil emulsification with porcine gelatin alone and in
combination with alginate. The particles formed with only gelatin were spherical, had a
smooth surface, showed a homogeneous size distribution, exhibited low agglomeration,
and were less than 100 nm in size [27].

a F b

i= -

—1

Figure 3. Coaxial electrospray process (a) and powder of gelatin nanoparticles containing bitter
orange peel extract (b).

The coaxial electrospray method employed a flow rate of 0.1 mL/h for the gelatin
solution and 0.08 mL/h for the extract. The collection distance was set at 5 cm, operating
under 15 kV, and the collection process lasted approximately 1 h. The resultant gelatin
nanoparticles, incorporating bitter orange peel extract, exhibited a spherical shape and a
uniform size, as depicted in Figure 4. This was confirmed by assessing the polydispersity
index (PI) and mean diameter (MD), whose values were 0.435 and 0.675 pm, respectively.
In a separate study, Figueroa et al. [26] utilized a 10% w/v gelatin solution to encapsulate
betalains extracted from pitaya at concentrations of 1%, 3%, and 5% w/v. Interestingly, the
mean diameter and polydispersity index of the nanoparticles did not vary significantly
across these different betalains concentrations. Specifically, the mean diameter values were
reported as 846, 832, and 839 nm, while the polydispersity index values were 0.12, 0.13,
and 0.13, respectively. Discrepancies in PI values between studies can be attributed to
differences in environmental conditions. In the present study, nanoparticle production
occurred under humidity conditions ranging from 48% to 55% throughout the day, as
efforts were made to identify optimal conditions for nanoparticle preparation. Furthermore,
it was discovered that higher humidity levels corresponded to larger nanoparticle sizes [28].

Figure 5 shows the infrared spectrum of the gelatin, gelatin nanoparticles containing
bitter orange peel extract, and ethanolic extract of bitter orange peel. A total of 14 differ-
ent bonds were identified, four of them characteristic of gelatin and typical of proteins:
3258 cm ! (Amide A); 1625 cm~! (Amide I), characteristic of the carbonyl bond (C=0);
1431 cm ™! (Amide II) associated with N-H bending; and 1224 cm ™! (Amide III), correlated
with the vibrations of C-N and N-H bonds [29]. Four bonds were also observed for the
gelatin nanoparticles containing orange peel extract: 3260 cm~! (Amide A); 1625 cm ™!
(Amide I), attributed to the carbonyl bond (C=0); 1427 cm~! (Amide II), resulting from
N-H bending; and 1231 cm~! (Amide III), corresponding to the vibrations of C-N and
N-H bonds. Additionally, other bonds were detected at specific frequencies: 3326 cm™~!,
representing O-H bond stretching and associated with phenols and carboxylic acids found
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in pectin and lignin; 2966 cm ™!, indicating C-H bond stretching originated from methyl
and methoxy groups; 1663 cm~!, indicating C=C bond stretching possibly due to the
presence of benzenes or aromatic rings in carotenoids; 1380 cm ™!, reflecting CH; bending
attributed to compounds such as hesperidin and carotenoids; 1041 cm~!, corresponding to
the C-O group of alcohols and carboxylic acids found in bioactive compounds (ascorbic
acid and naringin). Finally, a bond at 880 cm ™!, corresponding to the C-H bond of aromatic
compounds such as beta-carotene and phenols [30]. Encapsulating the bitter orange peel
extract in the gelatin core did not significantly affect any of the characteristic amide bonds.
This indicates that the inclusion of the extract did not alter the chemical structure of the
gelatin and was a physical process [31].

40 pm 1500x 20kV SEI 10 pm 3500x 20kV SEI

Figure 4. SEM micrograph of gelatin nanoparticles containing bitter orange peel extract. Magnifica-
tion (a) 1500 x and (b) 3500 x.
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Figure 5. FT-IR spectra of gelatin, gelatin nanoparticles containing bitter orange peel extract, and
ethanolic extract of bitter orange.
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3.4. Antioxidant Activity

As per Table 1, an assessment of total phenols, flavonoids, and antioxidant capacity
was conducted for the ethanolic extract of bitter orange peel, gelatin nanoparticles, and
gelatin nanoparticles containing ethanolic extract of bitter orange peel. The nanoparticles
containing the extract showed the highest total phenol content (30.7 £ 3.02 mg EAG/g
DS) compared to the extract (7.3 & 0.59 mg EAG/g DS). This may occur because the
technique used is sensitive to various compounds and bonds that can interact in the
reactive system through electron transfer [32]. Conversely, the value obtained for the
extract is closely similar to those found in the literature. Divya et al. [33] reported variations
in the extraction of total phenols from lyophilized Citrus aurantium peel using different
solvents: acetone (10.0 = 0.70 ETA mg/g), hexane (5.0 £ 0.50 mg ETA/g), methanol
(22.5 + 0.80 mg ETA/g), ethyl acetate (5.0 == 0.21 mg ETA/g), and water (45.0 £ 0.80 mg
ETA/g). Therefore, the biological activity of the extract could depend on the extraction
method and the solvent used.

Table 1. Total phenolic and flavonoid content and antioxidant capacity of the ethanolic extract of
bitter orange peel, the empty gelatin nanoparticles, and the nanoparticles containing the extract.

Ethanolic Extract of Bitter Nanoparticles Containing the

Determination Orange Peel Empty Gelatin Nanoparticles Extract of Bitter Orange Peel
Total phenols [mg EAG/g DS] 7.337 + 0.586 ° - 30.656 + 3.015°
Flavonoids [mg EQ/g DS] 4179 £0.012° 0.295 + 0.042 P 0.321 + 0.085 P
DPPH® [uM ET/g DS] 1.246 £ 0.003 1.885 4 0.183 P 3.589 +0.534 2
ABTS** [uM ET/g DS] 17.171 + 0.534 b 13.238 +1.820° 65.671 +5.359 2
FRAP [uM ET/ g DS] 180.607 + 2.382 2 62.916 +1.226 ¢ 112.431 +2.941 P

Note: Distinct lowercase letters in the same row indicate a statistical difference (p < 0.05).

The extract showed the highest flavonoid content (4.179 £ 0.012 mg EQ/g DS), pre-
sumably because when the flavonoids interact with gelatin, there may be alterations in
the arrangement of hydroxyl groups. The substitution of hydroxyl groups by glycosy-
lation could decrease the antioxidant activity [34]. On the other hand, it was noted that
the addition of the ethanolic extract of bitter orange peel to the gelatin nanoparticles in-
creased its activity of neutralizing radicals by DPPH® and ABTS®" essays (3.589 + 0.534
and 65.671 £ 5.359 uM ET/g DS, respectively). There are few reports about the impact of
the gelatin coating on antioxidant activity. However, bioactive compounds are protected by
this gelatin protein layer. Moreover, the presence of a high concentration of antioxidant
compounds acts through mechanisms involving hydrogen atom transfer to neutralize free
radicals. For FRAP, the highest value was observed for the extract (180.607 + 2.382 uM
ET/g DS). This occurred because the antioxidant compounds responsible for neutralizing
free radicals through electron transfer were less available in the gelatin nanoparticles,
making it difficult for them to traverse the protein barrier and reduce the iron complex.
Based on the findings, it can be deduced that, overall, gelatin nanoparticles serve as ef-
fective encapsulants, offering protection to the bioactive compounds found in the bitter
orange peel.

3.5. Antimicrobial Activity

According to Table 2, greater inhibition of the Gram-negative bacteria (E. coli) was obtained
with the gelatin nanoparticles containing the extract of bitter orange peel (1.967 £ 0.058 cm),
possibly due to the phenolic compounds it presented. Electrostatic attractions, hydrophobic
interactions, Van der Waals forces, and receptor-ligand interactions facilitate the adhesion
between nanomaterials and microbial cells, resulting in the breakdown of the microor-
ganism’s cell wall. Similarly, the destruction of the cell membrane is encouraged by the
production of free radicals and reactive oxygen species (ROS), which compromise the
antioxidant defense system and cause mechanical damage to the cell membrane. Fol-
lowing this, nanomaterials interact with key cellular organelles such as DNA, enzymes,
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ribosomes, and lysosomes. This interaction leads to various issues, including protein
deactivation, oxidative stress, altered membrane permeability, heterogeneous changes,
electrolyte imbalance, and modifications in gene expression [35].

Table 2. Antimicrobial activity (zone of inhibition in centimeters) of the ethanolic extract of bitter
orange peel, the empty gelatin nanoparticles, and the nanoparticles containing the extract.

Ethanolic Extract of Empty Gelatin Nanoparticles Containing the

Microorganism Bitter Orange Peel Nanoparticles Extract of Bitter Orange Peel
E. coli O157:H7 1.533 +0.3212 0.667 =+ 0.058 P 1.967 +0.058 2
L. monocytogenes 1.833 £0.2892 0.020 + 0.00® 0.700 + 0.300 P

Note: Distinct lowercase letters in the same row indicate a statistical difference (p < 0.05).

The extract exhibited superior inhibition against Gram-positive bacteria (L. monocyto-
genes), with a diameter of inhibition measured at 1.833 £ 0.289 cm, owing to its elevated
flavonoid content. Studies indicate that aglycone-type citrus flavonoids possess higher
activity compared to glycosylated counterparts [36]. Additionally, the gelatin’s effect on
the extract involves glycosylation, potentially leading to a reduction in both its antibacte-
rial and antioxidant efficacy by replacing hydroxyl groups. In another research, gelatin
nanoparticles containing buriti oil exhibited superior inhibition against Gram-negative
bacteria Pseudomonas aeruginosa and Klebsiella pneumoniae compared to the Gram-positive
microorganism Staphylococcus aureus [27].

4. Conclusions

Gelatin nanoparticles were prepared using coaxial electrospraying under specific
conditions: a 5 cm distance between the needle and the collector, a pump flow rate of
0.1 mL/h for the polymer solution, and 0.08 mL/h for the ethanolic extract of bitter orange
peel, with a voltage of 15 kV. The characterization of the nanoparticles containing an extract
of bitter orange peel by SEM confirmed that they were monodisperse spheres of uniform
size, while FT-IR analysis indicated that the incorporation of the extract into the gelatin
nanoparticles consisted of a physical process. Additionally, it was found that encapsulation
enhanced the antioxidant capacity by the DPPH® and ABTS®** assays. Both the extract and
the nanoparticles containing extract showed effectiveness in inhibiting the Gram-negative
microorganism E. coli O157:H7. Therefore, encapsulating the extract with gelatin provides
significant benefits due to the protection of bioactive compounds for food applications.
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Abstract: The inclusion of an ingredient made from red grape pomace (RGP) var. Tempranillo was
evaluated for the preservation of a traditional dry-cured sausages (salchichon). The pomace was
valorized through thermal blanching (103 °C for 1 min) and hydrostatic high-pressure treatment
(600 MPa/5 min) before the addition to salchichon. Four formulations of salchichon were evaluated,
including a negative control (NC—without red grape pomace or synthetic additives), positive
control (PC—with ascorbic acid and nitrites), low level (LL—0.5%), and high level (HL—1%) of RGP.
Physicochemical, microbiological, and sensorial effects were analyzed. RGP reduced the final pH
of salchichon and favored the growth of lactic acid bacteria at similar levels as PC. The addition of
ascorbic acid and nitrites resulted in a final product with a redder and less yellow color than the other
formulations. This cured color was not reached with the addition of RGP. However, its inclusion
slightly reduced lipid and protein oxidation in salchichén. PC showed high levels of sulfur and
terpene levels in a volatile profile, although at a sensory level, only differences in spicy taste were
not noticed by panelists. The incorporation of the ingredient could enable the substitution of nitrites
with valorized red grape pomace in sausages, although the desirable color achieved with nitrifying
salts was not fully attained.

Keywords: dry-cured sausages; red grape pomace; phenolic compounds; antioxidant; nitrifying salts

1. Introduction

The “salchichon” is a fermented dry-cured sausage which has a prolonged process of
drying and ripening before consumption. It is generally made from a mixture of chopped
meat (pork and/or beef) and lard, is seasoned with spices such as salt, black pepper,
additives (nitrate, nitrite, and antioxidants), and optionally has starter cultures. This
process originates physico-chemical [1] and microbial changes, including fermentation,
dehydration [2], color changes [3], lipolysis [4], and proteolysis [5]. Oxidation reactions in
meat and meat products during processing and storage under conventional settings are
common. Maturation favors the formation of the typical aroma compounds of dry-cured
meat products, which can be provided by the seasoning added and by the main pathways of
lipid-oxidation reactions [6]. However, an excess of lipid oxidation can lead to the formation
of hydroperoxides, promoting the generation of some negative volatile compounds, such
as some aldehydes, ketones, acids, and alcohols [7]. Additionally, the oxidation process
of proteins and amino acids may decrease their bioavailability, digestibility, solubility,
and proteolytic activity [5,8]. Oxidation reactions can also adversely change the product’s
appearance by oxidizing myoglobin to oxymyoglobin and metmyoglobin and producing
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brown pigments [9]. Sensory and nutritional attributes, as well as consumer satisfaction,
could be negatively altered by these factors.

The addition of nitrate and nitrite salts has a key role in the inhibition of foodborne
pathogens, like the Gram-positive spore-forming anaerobic bacteria Clostridium botulinum
and the most resistant Gram-negative aerobic/facultative anaerobic bacteria (Escherichia coli
and Salmonella), which are inhibited by nitrite salts [10]. On the other hand, nitrifying
salts contribute to the development of the typical flavor and red color, also retarding lipid
oxidation in cured meat products [11-13]. Despite the significant technological and safety
goals of nitrites, they can react with secondary amines in the gastrointestinal tract to form
carcinogenic N-nitrosamines, which are linked to the incidence of some types of cancer [14].

Consequently, given the potential health risks related to the residual nitrite in meat
products, consumers are demanding nitrite-free products that maintain sensory and micro-
biological quality [13] or technological strategies that involve the applications of natural
antioxidants directly to meat and meat products [15]. Researchers and meat industries search
for clean labels on the possibility of reducing [16] and substituting [17,18] sodium nitrite. A
substantial source of bioactive and natural additives, or their extracts, can be obtained from
agro-industrial by-products, thereby creating a circular and sustainable economy.

This interest of consumers in sustainable industrial practice, along with the benefits of
reducing industrial waste discharge, increases the economy of reuse systems or valorization
strategies. Grape pomace is the main by-product of winemaking, accounting for 62% of
organic waste, and mainly consists of skin, pulp, stalk residuals, and seeds. The most
common destinations, in Europe, for solid grape residues are land spreading, distillation,
incineration, serving as a source of tartaric acid, oil recovery, or animal feeding [19].
Nevertheless, this material contains several compounds (fiber, proteins, fat, and phenolic
compounds) with health benefits that may add value to products in the food, cosmetics, or
pharmaceutical industries [20]. In addition, this residue may be used for other purposes,
such as natural dyes, preservatives, and/or antioxidants in meat products [18,21].

Red grape pomace (RGP) is recognized for its rich content of polyphenols, mainly
catechins, epicatechins, gallic acid, and procyanidins, with a multitude of biological prop-
erties, such as antioxidant, antimicrobial, or anticancer activities [22,23]. However, its
bioactive compounds content is variable, and it is influenced by environmental factors and
grape varieties, among others [24]. For better recovery of valuable compounds from grape
pomace, many extraction techniques have been studied, such as Soxhlet extraction, macer-
ation, supercritical fluid extraction, subcritical water extraction, and ultrasound-assisted
extraction [22,25], but today, these are being replaced by the so-called non-conventional
methods. Traditional methods often require lengthy procedures and a variety of specialized
solvents. In contrast, new techniques prioritize sustainability and efficient preservation of
these valuable components. In this sense, HHP (hydrostatic high-pressure) is considered
to be energy-efficient and environmentally friendly in food processing [26,27]. In previ-
ous studies, HHP has been described as a suitable technology for the valorization of the
red /white wine pomace to produce a possible ingredient where antioxidant and antimi-
crobial properties—phenolic compounds—could be maintained after processing [28,29].
HHP allowed for a sustainable valorization of grape pomace since no solvents are required,
and the whole by-product is reused, thus generating no residues. However, HHP does not
always reduce the activity of the polyphenol oxidase, necessitating other hurdles (such as
thermal blanching) to stabilize grape pomace [29-31].

Several studies have examined the impact of grape pomace as an alternative ingre-
dient to reduce the quantity of nitrite in different meat and meat products. Regarding
dry fermented sausages, there are only a few studies that have used grape-seed extract
in dry-cured sausage [12], in Spanish “Chorizo” [9,32], in “Cinta Senese” or Italian dry
fermented sausage [17,33], and with grape-seed flour in Turkish dry fermented sausage or
“Sucuk” [34]. These extracts were found to be effective inhibitors of oxidative reactions, with
TBARS (Thiobarbituric acid-reactive substance) values under 1 mg MDA (malondialde-
hyde) kg ™!, which is considered as the threshold of sensory perception for lipid oxidation,
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thus not producing “off-odours” [9]. Moreover, extracts of grape pomace helped to avoid
the growth of food pathogens (Listeria monocytogenes, Salmonella spp., Staphylococcus aureus,
coliforms, and E. coli). Phenolic compounds exhibit antibacterial properties by depriving
microbes of essential nutrients like iron and disrupting key microbial processes [15]. They
specifically target the microbial cell membrane, causing structural damage and increasing
permeability. This allows the phenolic compounds to penetrate the bacterial cell, leading
to cell lysis, the release of intracellular ATP, and the loss of vital cellular contents. The
antimicrobial and antioxidant properties of phenolic compounds make them viable alter-
natives to nitrates and nitrites in meat products. A study [17] showed that adding dry
grape pomace extract to boiled sausages reduced the nitrite levels while maintaining both
microbiological stability and sensory quality. This suggests that grape pomace can be used
to lower the amount of curing salts with a toxic potential without affecting the taste or
quality of the meat.

Therefore, most of the reported studies deal with the use of polyphenol extracts from
grape pomace, seed, or skin to promote antioxidant and antimicrobial activity in meat
products. Nevertheless, the integral use of RGP provides the advantage of incorporating
dietary fibers together with phenolic compounds. This is particularly beneficial since
dietary fibers were identified as predominant compounds in red grape pomace [23]. To the
best of our knowledge, no previous studies have investigated the impact of incorporating
integral red grape pomace (RGP) stabilized with the HHP technique for preservation
in dry-cured sausages. Therefore, the main objective of this study is to evaluate the
incorporation of valorized RGP from Tempranillo var. into dry-cured sausages to improve
their preservation and replace the use of synthetic additives like nitrifying salts.

2. Materials and Methods
2.1. Manufacture of the Ingredient from Red Grape Pomace (RGP)

In September 2022, a wine manufacturing company located in Santa Marta de los
Barros (Badajoz, Spain) provided red grape pomace (cv Tempranillo). About 5 kg of red
grape pomace were collected (“initial” pomace). The process includes thermal blanch-
ing, grounding, vacuum packaging, and finally, HHP. Before high-pressure processing
(600 MPa/5 min), RGP was thermally blanched (TB) to inactivate the PPO enzyme by an
exhausting unit (Chaconsa, Murcia, Spain) applying steam at 103 °C for 1 min of residence.
These conditions were chosen based on our previous experiments, where scalding was
applied for durations ranging from 1 to 5 min, followed by an evaluation of polyphenol
oxidase enzyme activity and total phenol content. The enzyme activity of the PPO was
decreased completely at 1 min of blanching with a stabilized phenol content [31].

The thermally blanched RGP was vacuum packaged and frozen at —18 °C for 24 h
and then crushed using an Ultra Centrifugal Mill (RETSCH ZM200, Haan, Germany) un-
til achieving a fine powder. This powder of RGP was vacuum packaged into Eurobag
plastic bags with the following characteristics: polyamide/polyethylene 20/100, oxygen
permeability of 50 cm3 m~2 24 h~!, 0% relative humidity, and 120 um of thickness. Immedi-
ately, the packaged ground pomace was processed in semi-industrial equipment (6000/55,
Hiperbaric, S.A., Burgos, Spain), with a container capacity of 55 L at 600 MPa for 5 min
at 16 °C of initial temperature of the water (TB + HHP pomace). The ingredient from
red grape pomace was stored at —80 °C until being added in different proportions into
dry-cured sausages.

To perform the analysis of the initial pomace and the TB pomace samples, they were
finely crushed after being well-frozen in a domestic blender Thermomix TM-6 (Vorwerk,
Vorwerk, Germany) at maximum speed for 1-2 min. In the same way, it was carried out for
the TB + HHP pomace.

2.2. Dry-Cured Sausages Preparation

Meat (12 kg) for the manufacture of the dry-cured sausages was acquired in a local
market. Minced meat (60% minced pork, 40% minced fresh bacon) was mixed with the
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following ingredients: 12 g kg~ fresh minced garlic, 20 g kg ! sodium chloride, 1 g kg~!
of nutmeg, 1 g kg ! white pepper and 1 g kg ! black pepper. Masses of 3 kg were prepared
consecutively for each formulation: negative control (NC), positive control (PC), low-level
pomace (LL), and high-level pomace (HL). First, the NC batch (3 kg) was prepared with the
previous formulation. The PC batch (3 kg) was prepared with the previous mixture and by
adding synthetic additives (0.5 g kg~ ! of acid L-ascorbic (Laffort, Valladolid, Spain) and
0.1 g kg~! of sodium nitrite (Panreac, Barcelona, Spain)). The LL batch was prepared with
the initial recipe and the RGP ingredient (0.5% w/w), and the HL batch was made with the
initial recipe and the RGP ingredient (1% w/w). Levels of pomace were chosen according
to previous studies, taking the highest levels that were not rejected at the sensory level [31].
All the masses were mixed using an automatic vacuum mixer (Talleres Cato, Barcelona,
Spain) for 5 min and stored in refrigeration for 1-2 h, and then, these were stuffed into a
45-50 mm diameter natural dried pork casing.

Once the sausages were formed, they were dried in the industrial dryer of our pilot
plant at temperatures between 12 °C and 14 °C and 85% RH for 21 days. The weight
losses at the end of the maturation process were between 43.3-54.1% (Figure 1). Seven
sausages per batch were prepared, although 5 per batch were analyzed. Therefore, a total of
20 sausages were evaluated. At the end of the maturation, each sausage reached a weight
of around 190 g.

Weight losses (%)

60.0
55.0
S

50.0 §

+ Negative Control
45.0

§ = Positive Control

40.0 a Low level

+ High level
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30.0

0 5 10 15 20 25
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Figure 1. Weight loss (%) of dry-cured sausages during maturation.

2.3. Analysis of the Ingredient from RGP

The phenolic compound content was determined by the Folin—Ciocalteu reagent-based
colorimetric assay. The absorbance was measured at 765 nm using a Thermo-Evolution 201
spectrophotometer (Fisher Scientific SL, Madrid, Spain). A calibration curve using Gallic
acid as the reference standard was generated. The total phenolic content was expressed as
the Gallic acid equivalents per sample (wet base) (mg GAE 100 g~ 1).

Polyphenol oxidase (PPO) activity was measured at 420 nm and 25 °C for 3 min in a
Thermo Scientific Evolution UV Vis spectrophotometer (Fisher Scientific SL, 187 Madrid,
Spain), in a kinetic model. The results were expressed as a percentage of activity with
respect to the control samples.
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The composition of the initial pomace was analyzed in 3 independent vacuum-
packaged bags. For pH and water activity measurements of the pomace, a pHmeter
Crison pH 25 + (Crison, Barcelona, Spain) and a Novasina (Labmaster, Lachen, Switzer-
land) were used. Moisture and protein analyses were conducted according to the AOAC
methodology [35]. The fat content was assessed by the Folch method [36] and fiber ac-
cording to the modified Southgate method [37], all of them in wet base (WB). Fatty acid
methyl esters (FAMESs) from the initial pomace were analyzed using an Agilent 6890 gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA), equipped with a flame
ionization detector (FID) and a fused silica column (60 mm length, 0.25 mm inner diameter,
and 0.25 m film thickness). The injector and detector temperatures were 260 °C and 280 °C,
respectively. The column oven temperature was raised to 220 °C on a ramp temperature,
and helium was used as a carrier gas, with a constant flow of 1.2 mL min~! and make-up
of 25 mL min~!. The injection mode was used with a split ratio of 1:100. Individual FAME
identification was carried out on the basis of Sigma standards (Supelco 37 component
FAME mix standard, Sigma Aldrich, St. Louis, MO, USA) compared with the retention
times obtained. The results are expressed as a percentage of total fatty acid methyl esters.

For microbiological analysis, 10 g of RPG was aseptically weighted in a sterile plastic
bag and homogenized with 90 mL of a sterile solution peptone water (Merck, Darmstadt,
Germany) in a masticator blender (Stomacher 400 Circulator, Seward, West Sussex, UK) at
a 1/10 dilution (w/v). Mesophilic, molds and yeasts and Enterobacteriaceae counts of RGP
were determined. All microbial counts were expressed as the log of colony-forming units
(CFU) per g of sample weight (log CFU g~1).

2.4. Analysis of Dry-Cured Sausage

The analysis of pH, proximate composition, water activity, and FAMEs followed the
procedure previously described.

For the microbiological analysis, 10 g of sausage were taken and homogenized with
90 mL of sterile peptone water. Serial decimal dilutions were prepared in sterile peptone
water, and 1 mL of each sample was spread on suitable culture media. Mesophilic aerobic
counts were analyzed by a standard Plate Count Agar (Merck, 1.07881), and the plates
were incubated at 30 °C for 72 h. Psychrophilic counts were determined on Plate Count
Agar (Merck, 1.07881) after incubation at 7 °C for 10 days. Lactic Acid Bacteria (LAB)
were incubated on Man Rogosa Sharpe Agar (MRSA, Scharlau, Barcelona, Spain) at 37 °C
for 72 h; anaerobic sulfite-reducing Clostridium spp. were incubated on Tryptose Sulfite
Cycloserine Agar (Merck, 1.10235) at 37 °C for 24 h. Staphylococcus aureus was determined
on Baird Parker Agar (Merck, 1.05406) after incubation at 37 °C for 2448 h. The total
coliforms and E. coli and were incubated on Chromocult Agar (Merck, 1.10426) at 37 °C for
24-48 h. The molds and yeasts were incubated at 25 °C for 4-5 days. Finally, Salmonella
and L. monocytogenes were determined according to ISO 6579, 1993 and ISO 11290-1, 1996,
respectively. Microbial counts were expressed as the log of colony-forming units (CFU) per
g of sample weight (log CFU g~ !) and the absence of L. monocytogenes or Salmonella spp. in
25 g of sample.

For the instrumental color, the color coordinates lightness (L*), redness (a* red—green
axis), and yellowness (b* yellow-blue axis) in the CIE Lab color space were analyzed. In
addition, the Hue angle was calculated (h° = tan~! (b*/a*)), as well as the saturation index
or Chroma (C*) (C = (a*? + b*2)7%). One slice of one-centimeter thickness of the sample
was prepared. Two readings were recorded (one on each side of the slice), and a value was
determined as the mean of the readings.

For oxidative stability, lipid oxidation was assessed by thiobarbituric acid reactive
substances (TBA-RS) according to Serensen and Jergensen (1996) [38]. TBARS values
were calculated from the standard (1,1,3,3-Tetraethoxypropane, TEP) curve, and the results
were expressed as mg of malondialdehyde per kg of sample (mg MDA kg~ !). Protein
oxidation was obtained by measuring the carbonyl groups formed during incubation with
2,4-Dinitrophenylhydrazine (DNPH) in 2 N HCI following the method described by Oliver,
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Ahn, Moerman, Goldstein, and Stadtman (1987) [39]. Protein oxidation was expressed as
nmol carbonyls mg protein 1.

For sensory evaluation, a trained sensory panel was formed by eight judges with
specific training in the sensory analysis of dry-cured products. Two slices from each
dry-cured sausage were presented to each panelist. At each session, one dry-cured
sausage from each batch was analyzed, so a total of five sessions were required. The
following descriptors were examined: lean color (uncured—cured) and fat color (white—
yellow), intensity “salchichon” odor, unpleasant odor, hardness, juiciness, unpleasant
texture, salty, spicy, aromatic intensity, and unpleasant taste/flavor. The intensity of
each parameter was calculated from 0 = low intensity to 10 points = high intensity.
Panelists assessed the different parameters by a quantitative—descriptive analysis with
a structured scale (0-10). Data were collected using the FIZZ software, 2.45 A version
(sensory analysis and computer test management) (Biosystemes, Couternon, France).
All sessions were conducted at room temperature in a sensory room equipped with
white, fluorescent lighting. About 100 mL of water at room temperature were provided
to the panelists between samples.

For the volatile compounds, two grams of ground sausages were placed into a 20 mL
vial (screw-capped with a Teflon-silicone septum). A 1 cm 50/30 um DVB/CAR/PDMS
SPME fiber (Supelco, Bellefonte, PA, USA) was utilized for the analysis of volatile com-
pounds in the headspace of the previously prepared vial. The fiber was exposed to
the headspace at 37 °C for 30 min.

For the separation of volatile compounds, a Varian CP-3800 gas chromatograph with a
CombiPAL autosampler (CTC Analytics, Zwingen, Switzerland) and with an HP-5 capillary
column (30 m x 0.32 mm x 0.25 um; Agilent Technology, Santa Clara, CA, USA) was used.
The injection port was at 270 °C, and the oven temperature was held at 35 °C for 10 min,
increased to 250 °C (7 °C min~!), and held for 5 min, with a total running time of 45 min.
The temperature of the transfer line, trap, and manifold were 280 °C, 200 °C, and 60 °C,
respectively. Identification was carried out in a Varian Saturn 2200 MS mass spectrometer
(Varian Inc., Palo Alto, CA, USA), and mass spectra were obtained by electronic impact at
70 eV, with one scan s~! over the 40-300 11/z range.

The volatiles were identified by comparing their mass spectra and linear retention
indexes (LRI) with commercial standards (Sigma-Aldrich, St. Louis, MO, USA) or by
mass spectra identification using the NIST library (Agilent MSD Chemstation E.02.01.1177
software). The concentration of compounds was estimated by using the internal standard
(4-methyl-1-pentanol), which was added to each sample (final concentration: 1.22 mg kg~!)
and expressed as ug kg !.

2.5. Statistical Analysis

The analyses of the RGP were performed in triplicate (three bags per batch), and the
mean values and their standard deviations (SD) were calculated. In the assay of dry-cured
sausages, five samples per batch were evaluated. In order to evaluate the changes during
processing in grape pomace (Table 1), a Student’s t-test was applied between initial pomace
vs. TB pomace (p-value initial-TB); another Student’s t-test was applied between TB vs.
HHP pomace (p-value TB-HHP). Finally, an ANOVA was applied to evaluate differences
among the three groups (p-value treatments; and then a Tukey’s HSD test was applied
when differences were significant). One-way ANOVA was employed to find differences
among treatments using the SPSS 21.0 statistical program (SPSS Inc., Chicago, IL, USA). If
the ANOVA detected significant differences between mean values, these were compared
using Tukey’s test (p < 0.05). Principal component analysis (PCA) was carried out with
instrumental color and oxidative parameters to evaluate the relationships among the
samples of the four groups.
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Table 1. Changes in the total phenolic compounds content (PPC, mg 100 g_l) and polyphenoloxidase
(PPO, % percentage respect to the initial) enzyme during the process of manufacture of the ingredient
of red grape pomace.

L p-Value p-Value p-Value

Initial (1) TB (2) TB + HHP (3) (1-2) 2-3) (1-2-3)

PPC (mg100g~') 4676 + 33 8820 + 415 3795 =+ 437 <0.001 <0.001 <0.001
PPO (%) 1000 £ 49 00 £ 00 00 £+ 00 <0.001 0.341 <0.001

TB: thermal blanching; HHP hydrostatic high pressure; p-value (1-2) (Student’s t-test between initial purée and
TB purée); p-value (2-3) (Student’s t-test between TB purée and HHP purée); p-value (1-2-3) (Tukey’s HSD test
between initial, TB, and HHP). Different letters in the same row indicate significant differences in the Tukey test
(p < 0.05).

3. Results and Discussion
3.1. Valorization Process and Composition of the Red Grape Pomace

The valorization process consisted of a thermal blanching, crushing, and a hydro-
static high pressure (HHP) treatment. Previous studies were carried out to know the
effect of HHP on RGP and demonstrated that HHP treatment does not reduce PPO ac-
tivity, resulting in a reduction of bioactive compounds in the valorized products during
storage [29,30]. For that reason, the grape pomace was thermally blanched (TB) with the
purpose of inactivating the PPO enzyme before HHP treatment. The one-way analysis of
the variance (Table 1) showed a complete inactivation of PPO after TB (1 min, 103 °C), and
it remained inactivated until the end of the valorization process.

Table 1 shows the total phenolic compound content (PPC) during the valorization
process, indicating that TB significantly increased PPC. This initial rise in the PPC of the
RGP ingredient aligns with previous research, demonstrating that blanching vegetables
increases their phenol content [40]. Some studies have attributed the reported PPC increase
to the reduction and inactivation of polyphenol oxidase, along with the release of bound
phenolic acids resulting from the breakdown of cellular constituents in the plant cell walls
of the leafy vegetable [14]. On the other hand, a significant PPC reduction is observed
on the RGP ingredient (TB + HHP) after HHP treatment, which is an unexpected result.
Previous studies reported that HHP maintained or even increased the extraction of PCC
in grape pomace [41,42]. This increase is induced by HHP through structural changes
in the cell matrices, leading to the extraction of phenolic compounds [41]. In the same
vein, a parallel study in our research group reported slight non-significant reductions
in PCC in “Tempranillo” red grape pomace after treatments at 600 MPa for 5 min [30].
Similarly, the valorization process by HHP of white grape pomace has been recently
published [31], and an important increase in PCC was observed after TB. However, the
levels were well-preserved after HHP. Compared to those previous studies, in our study,
the equipment used to crush the pomace was different, as it allowed the obtaining of a
fine powder. The grapes were scalded and then frozen before crushing, resulting in an
intense reduction of particle size before HHP treatment. This reduction in particle size
was more intense than that obtained with white grape pomace, potentially facilitating the
degradation of phenolic compounds by exposition to the air. At this point, an improvement
in crushing methodology would be required to avoid the loss of phenolic compounds
before HHP treatment.

The proximate composition of the percentage wet base (%WB), pH, and aw of the RGP
ingredients are shown in Table 2.
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Table 2. Physical-chemical composition and microbial counts of the valorized red grape po-
mace (RGP).

Valorized Red Grape Pomace

pH 42 + 0.1

Aw 0.963 + 0.001

Proximate composition (g 100 g~ 1)
Moisture 39.6 + 3.5
Protein 3.4 + 0.1
Fat 5.1 + 0.9
Fiber 50.3 + 15
Fatty acids profile (%)
C12:0 0.0 + 0.1
C14:0 0.0 + 0.1
C16:0 9.8 + 0.2
Cle:1 0.5 + 0.1
C17:1 0.1 + 0.0
C17:1 0.1 + 0.0
C18:0 41 + 0.1
C18:1 18.1 + 0.1
C18:2 66.0 + 0.5
C18:3 1.2 + 0.1
C20:0 0.0 + 0.0
C20:1 0.0 + 0.1
Microbial counts (log CFU g~1)

Mesophilic 1.5 + 1.0
Molds and Yeasts <1 + 0.0
Enterobacteriaceae <1 + 0.0

The low pH and aw could provide long-term stability for the valorized pomace, as
indicated by previous studies, which suggest a shelf life of at least 9 months [30]. This
fact is particularly important for a seasonal by-product like this. Additionally, the low pH
(<4.5) in the RGP ingredient also contributes to the great stability of anthocyanins [43]. The
fiber was the major component in the RPG ingredient (50.3 = 1.5%), even above moisture
(39.6 & 3.5%), followed by lipids (5.1 & 0.9%) and proteins (3.4 &= 0.1%). All described
values are within the range of those reported by Antonic et al. (2020) [23]. These data are
difficult to compare, since the results of the proximate composition are often given on a
dry basis or derived from flour of grape pomace [19]. And sometimes, only skins are used
without seeds or stalk remains [24].

The major fatty acids found in our study were linoleic acid (C18:2 w6, 66.0%), oleic
acid (C18:1 w9, 18.1%), palmitic acid (C16:0, 9.8%), stearic acid (C18:0, 4.1%), and linolenic
acid (C18:3, 1.2%) (Table 2). The amounts of these major fatty acids were in the intervals of
values indicated for grape-seed oil in previous studies. The lipid fraction, derived from the
seeds, is rich in unsaturated fatty acids and powerful antioxidants, such as vitamin E [23].

From the point of view of microbial counts, the application of HHP treatment (600 MPa,
5 min) effectively reduced microbial counts in the RGP ingredient (Table 2). Microbial
counts are within acceptable ranges. Previous research about the effect of HHP treat-
ments on red and white grape pomace found that processing conditions of 600 MPa for
5 min reduced the microbial population and allowed a long shelf-life for the processed
pomace [29].

3.2. Effect of the Incorporation of the Valorized Pomace Ingredient in Dry-Cured Sausages

Table 3 shows the proximate composition and fatty acids profile of dry-cured sausage.
In general, dry-cured sausages showed a lower content of fat and moisture and a higher
protein content than other similar dry-cured products [44]. Fatty acid composition pre-
sented high levels of oleic and polyunsaturated fatty acids, such as linoleic acid (C18:2) and
linolenic acid (C18:3).
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Table 3. Proximate composition (g 100 g_l) and fatty acids profile (%) of dry-cured sausage
(“salchichén”) (negative control batch).

Mean SD

Moisture 28.1 + 15
Protein 40.5 + 1.9
Fat 13.5 + 2.1
C12:0 0.1 + 0.0
C14:0 14 + 0.0
C16:0 23.2 + 0.0
Cl16:1 3.1 + 0.0
C17:0 0.4 + 0.0
C17:1 04 + 0.0
C18:0 10.8 + 0.0
C18:1 45.6 + 0.1
C18:2 13.6 + 0.1
C18:3 0.6 + 0.0
C20:0 0.0 + 0.0
C20:1 0.9 + 0.0

The percentages shown in Table 3 are higher than those reported in other studies on dry
fermented sausages [1,2,4], but our results are like those found by Moretti et al. (2004) [45]
in a typical Sicilian salami under ripening-room conditions. Differences in fatty acid
profile could be attributed to the different meat cuts utilized [7], the way of manufacture
of the “salchichon” [1,2], or the differences in the feeding composition [44]. The fatty
acid composition could affect the stability of dry-cured meat products, since unsaturated
fatty acids are easily oxidized. Sausages with an RGP ingredient could not be considered
fiber-enriched foods because the calculated level of fiber added from RGP is lower than 6 g
per 100 g. This is the limit required by European legislation (CE N°1924/2006). However,
in the present study, the objective would not be to increase the fiber levels but to obtain a
substitute for nitrites through the incorporation of bioactive compounds from the pomace
into the sausage.

The moisture and aw of dry-cured sausages (Table 4) were comparable to that re-
ported in similar products [1-3,9,12,17,33,34]. Aw values of <0.89 contribute to controlling
pathogenic organism growth [46]. NC sausages presented higher pH values than the rest
of the groups, with PC being the batch with the lowest pH value. The pH values were
consistent with those usually reported for dry-cured sausages without a natural antioxidant
and with nitrite salts after fermentation and after about 3-5 weeks of dry ripening [1-3,7,44].
After fermentation, the pH values decrease due to the production of organic acids by lactic
acid bacteria, and during the drying and ripening period, the pH increases again due to the
release of peptides, amino acids, and ammonium from proteolytic reactions [9,12,17,32-34].
Dry-cured salchichon generally has a long shelf-life, which is determined by the low water
activity and an acidic pH. The development of LAB during ripening produces lactic acid,
which is responsible for the low pH of these products, which provides a microbiologically
safe product. The combination of an acid pH, low moisture content, and water activity
avoids the growth of other spoilage or pathogen microorganisms, so an adequate devel-
opment of the fermentation and drying processes are critical points in these traditional
products. In our study, the addition of the RGP ingredient in salchich6n maintained the
pH at similar levels as typical commercial dry-cured meat products, which is important to
reach an adequate fermentation.
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3

Table 4. Physicochemical characteristics and microbiological counts of dry-cured sausages

“salchichon”.
Negative Control Positive Control Low Level High Level p-Value
Moisture 28.1 + 1.5 28.3 + 1.1 269 + 11 277 + 1.0 0.302
Aw 0.829 £+ 0011  0.833 =+ 0.013 0.824 £+ 0.009 0.832 £+ 0.010 0.599
pH 58a + 0.1 55¢ + 00 57b + 00 57b + 0.0 0.000
Microbial counts (log CFU g~ 1)
Mesophilic 8.1 + 0.2 7.0 + 39 8.4 + 01 8.7 + 0.2 0.556
Psychrophilic 8.1 + 0.1 8.2 + 0.2 8.0 + 02 8.1 + 0.2 0.323
Lactic acid bacteria 79b =+ 0.1 8.7a =+ 02 86a = 04 86a =+ 0.2 0.000
Cl. perfringens <1 0.9 + 0.1 <1 <1 0.261
S. aureus <2 2.0 =+ 0.2 <2 1.9 =+ 0.1 0.391
Total coliforms <1 <1 <1 <1 -
E. coli <1 <1 <1 <1 -
Molds and yeasts 47 + 1.1 5.2 + 0.7 4.5 + 02 3.9 + 0.4 0.069

Negative control (NC: sausages manufactured without nitrites/RGP); positive control (PC: sausages manufactured
with nitrites); low level (LL: sausages manufactured with 0.5% (w/w) RGP); high level (sausages manufactured
with 1% (w/w) RGP). Different letters in the same row indicate significant differences in the Tukey test (p < 0.05).

Microbiological counts of the dry-cured sausages are presented in Table 4. The initial
counts (log CFU g—1) in masses before drying were mesophilic counts (7.0 = 0.1), LAB
(4.9 £ 0.1), Clostridium perfringens (0.9 £ 0.1), Staphylococcus aureus (1.9 £ 0.1), total col-
iforms (4.7 & 0.2), Escherichia coli (2.3 &= 0.5), and molds and yeast counts (>4). The raw
mixtures were in microbiological safety conditions, and these counts are considered in
the range reported in comparable studies [2,7,12,32]. In the dry-cured sausages (Table 4),
the counts (log CFU g~!) of mesophilic and psychrophilic presented similar levels in all
formulations of dry-cured sausages. However, the counts of LAB were lower in the NC
group compared to the other groups, which agrees with the higher pH observed in these
dry-cured sausages after maturation. The final pH of a fermented meat product is a conse-
quence of the development of LAB during the maturation process, which is typical of the
microbiota of fermented sausages [45]. Lactic aerobic bacteria produce lactic acid during the
maturation process, with decreases in pH and the inhibition of microbial growth of other
species and pathogenic bacteria, especially Staphylococcus aureus [7] or Enterobacteriaceae [2].
Therefore, high growth of LAB is linked with a low final pH in fermented meat products,
and this low pH helps stabilize the fermented meat product microbiologically by inhibiting
the growth of other pathogens [12].

The counts of C. perfringens, S. aureus, total coliforms, E. coli, and molds and yeasts
were similar in all groups (p < 0.05), and they were not affected by the formulation. The
counts of dry-cured sausages were in the normal range for fermented meat products, and
they were in line with those reported in Sicilian Salami (Moretti et al., 2004), traditional
dry-cured sausages [7,45], the dry-cured sausage “salchichon”, or “chorizo” with grape
pomace or its extracts [9,12,32]. Finally, Salmonella and Listeria were not detected in any
group (absence in 25 g), as S. aureus, E. coli, total coliforms, and C. perfringens were also
absent or inferior to the limit established by regulation (CE) n°2073/2005.

According to a previous in vitro study, the antimicrobial activity of extracts from
grape seeds (Vitis vinifera L.) was estimated against E. coli and Listeria innocua [47], and
this activity could remain unchanged after HHP [30]. This technology was utilized for the
stabilization of the RGP. In fresh burgers, the ingredient from white pomace presented
some antimicrobial effect, since its addition to the burger reduced the counts of molds and
yeasts and total coliform [31]. In the case of dry-cured sausages, the antimicrobial effect
was not evident, since most counts were similar in all groups. However, the inclusion of
RGP favored the acidification of the product and the levels of LAB were comparable to the
found in the PC, which was manufactured with nitrifying salts and ascorbic acid.

Nitrites control the proliferation of bacteria that causes meat spoilage [48], and they
also contribute to the control of other pathogenic microorganisms, such as E. coli O157:H7,
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S. aureus, and Salmonella [49]. The protective effect against pathogens by the addition of
ascorbic acid and nitrites was not perceived in PC sausages. It should be considered that
other types of studies, such as challenge tests, would be required to further investigate this
effect. At the industrial level, ascorbic acid is generally added together with nitrifying salts
to increase the stability of nitrites. Additionally, this acid influences reducing pH, as well
as exhibiting antioxidant and antimicrobial activities [10].

Significant changes in color were detected among dry-cured sausages, and only the
lightness was similar in all groups (Table 5). The PC group presented significantly higher
a* and lower b* than the NC group. In general, the addition of the RGP ingredient to dry-
cured sausages had no significant effect on color variation compared to the NC. However, a
significantly lower chroma was found in the HL compared to the NC group. In addition, the
redness values of dry-cured sausage with RGP (LL, HL) and NC were also similar, since the
levels of pomace added were low enough to avoid color modifications in the meat product.
In this line, previous studies have also reported that the L* values of dry-cured sausage
were not affected by the incorporation of grape-seed extracts [17,32,33]. The redness value
was like that reported by Kurt (2016) [34] in Turkish dry-cured sausage with grape-seed
flour. This similarity might be justified by the color pigments present in grapes.

Table 5. Instrumental color parameters and oxidative parameters (TBA-RS and carbonyls) of dry-
cured sausages “salchichon”.

Negative Control Positive Control Low Level High Level p-Value
Instrumental color
L* 45.0 + 26 445 + 17 444 + 11 424 + 21 0.197
a* 50b + 11 7.7 a + 15 44D + 06 40D + 06 0.000
b* 121a £ 17 9.0b = 17 10.3 ab £ 10 98ab £+ 11 0.019
Chroma 132a £+ 14 12.0 ab + 10 11.2 ab + 11 106b £+ 12 0.017
Hue 67.0a + 62 49.0b + 938 67.0a + 23 680a + 17 0.000
Oxidative parameters
TBA-RS 05a + 02 02b + 00 0.3 ab + 00 04ab £+ 01 0.013
Carbonyls 31la + 1.0 2.3 ab + 04 1.8b + 03 21b + 03 0.016

Negative control (NC: sausages manufactured without nitrites/RGP); positive control (PC: sausages manufactured
with nitrites); low level (LL: sausages manufactured with 0.5% (w/w) RGP); high level (sausages manufactured
with 1% (w/w) RGP). Oxidative parameters: lipid oxidation or TBA-RS (mg MDA l<g_1 ), protein oxidation (nmols
carbonyls mg protein ). Different letters in the same row indicate significant differences in the Tukey test (p < 0.05).

The effect of the nitrite-enhancing a* value in PC was somewhat expected, considering
the role that nitrites play in the formation of the red curing pigment nitrosomyoglobin [13].
Moreover, the PC batch exhibited a significant difference compared to the NC in terms of
the b* value, which was the highest. These variations in instrumental color coordinates
also resulted in changes in hue and chrome values. In line with our results, Higuero
et al. (2020) [11] reported increasing values of CIE a* and reduced values of CIE b* in
dry-cured loin due to the addition of nitrifying salts. Therefore, nitrifying salts are not
only responsible for the higher redness but also for the lower yellowness of the dry-cured
meat products.

The mean values of TBA-RS were low (<0.5 mg MDA kg~!) for all groups, indicating
low lipid oxidation during the drying process (Table 5). The PC batch showed a significantly
lower TBA value compared to the NC batch. Both levels of the RGP ingredient (LL and HL
batches) presented intermediate values, which could indicate a slight tendency to decrease
lipid oxidation. The mechanism by which nitrite inhibits lipid oxidation is clearly defined,
including the formation of nitrosyl-myoglobin (MbNO) and nitric oxide ferrous complexes,
the synthesis of S-nitrosocysteine, and the inhibition of the Fenton reaction due to the
neutralization of the release of Fe?* from myoglobin [13]. Previous studies have reported
an intense antioxidant effect from the addition of grape-seed extracts [9,17] and grape-seed
flour [34]. A possible explanation for these differences regarding the antioxidant effect of
RGP could be that the mentioned studies have added extracts from the grape seed, in which
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the concentration of polyphenols would be higher than in our valorized by-products (skin,
seeds, and stalks). However, in a previous study, the addition of white grape pomace to
burgers at different levels of inclusion (0.5, 1, or 3%) significantly decreased lipid oxidation
compared to a negative control group without pomace, even compared to a positive control
group including sulfites [31].

The addition of the RGP ingredient had a significant impact on protein oxidation, as
measured by the carbonyl content (Table 5). Samples from the LL batch (0.5%) and HL
batch (1%) presented significantly lower carbonyl contents than the samples from the NC
group. However, the addition of nitrites (PC) did not lead to a decrease in protein oxidation
in the dry-cured sausages. The effect of nitrite on protein oxidation is unclear, and there
are contradictory results regarding its impact on protein carbonylation [5]. Depending
on the concentration, sodium nitrite has both anti- and pro-oxidant outcomes on protein
oxidation in meat products [50]. Regarding the observed effect of the RGP ingredient in
our samples, this is consistent with the study by Yu et al. (2013) [51] who incorporated
grape-seed phenolic compounds into Chinese-style sausage. In this study, the inhibition
of protein oxidation was attributed to the prevention of metmyoglobin formation by the
competitive chelation of iron from myoglobin. However, there are also studies that do not
describe this effect and even report an increase in carbonyl groups compared to sausages
including nitrites or phenolic compounds [9,12,17,32,34], despite the influence of phenolic
compounds on protein oxidation due to the chemical structure of the phenolic compounds
and their interactions with the myofibrillar proteins [5]. In our study, the effect of the
addition of the RGP ingredient on decreasing protein oxidation was somewhat unexpected,
since it presented more effectivity than nitrifying salts. A previous study on model systems
reported that protein oxidation is a complex group of reactions, and nitrite can act as both
an antioxidant and a pro-oxidant on proteins [8]. In line with our results, sliced dry-cured
loin manufactured with nitrites presented lower values of carbonyls with respect to that
free of nitrites [11].

Figure 2 displays the results of the sensory analysis of dry-cured sausages from
different batches. There were no statistically significant differences in the attributes assessed
by the panel for the addition of the RPG ingredient, except for the lean and fat color.
Appearance descriptors showed higher scores regarding the intensity of lean color in the
PC group compared to the NC group, while RGP (LL and HL) showed the highest lean
color intensity. In addition, PC presented significant differences in fat color, since the
yellowness of fat was lower than in the other groups. These results are consistent with the
instrumental color differences (Table 5). On the other hand, the spicy taste was lower in PC
than in other groups, although no explanation has been found for these results. Nitrites act
as antioxidants and modulate the aroma and taste formation in dry-cured products [14].
Some panelists noticed an excess of spicy taste in the product, which could be modulated
by the inclusion of nitrites. Therefore, the use of nitrites produced a positive effect at the
sensory level which was not achieved by the addition of pomace.

It is important to highlight that the use of the RPG ingredient did not negatively affect
the texture and aroma characteristics in the sensory analysis of the sausages. The tasters
did not find any unpleasant texture, odor, or flavor/taste in any of the groups, regardless
of the recipe used. This is particularly important in the case of the groups prepared with
RPG ingredients (LL and HL), which provide a significant content of polyphenols (Table 1).
A parallel study with white grape pomace [31], produced by the same methodology, which
was added into burgers, found that high levels of the ingredient reduced the acceptability
of burgers due to problems with the texture, since the pomace was perceived during
chewing. In the current study, pomace was more intensely ground, and the mentioned
texture problems have been solved (p-value for texture >0.05). But, this has led to a
significant reduction of phenolic compounds in the ingredient (Table 1). Furthermore, this
fact may have reduced the bioactivity of the ingredient, since as mentioned, the antioxidant
effect on salchichon was not intense.
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Lean color *

Unpleasant

Fat color *
taste/flavo

Aroma intensity odor

Unpleasant odor

Hardness

Unpleasant texture Juiciness

.«.+0-..« Negative control — = —=Positive control == Low level - High level

Figure 2. Radar chart for sensorial profile of dry-cured sausages. Negative control (sausages manu-
factured without nitrites); positive control (sausages manufactured with nitrites); low level (sausages
manufactured with 0.5% (w/w) red wine pomace); high level (sausages manufactured with 1% (w/w)
red wine pomace). ns. (non-significant differences). * p < 0.05; *** p < 0.001.

Dry-cured sausages from different groups presented significant differences in 15 of
the 49 volatile compounds isolated (Table 6). Volatile compounds were grouped into
sulfur compounds (9 compounds), terpenes (19 compounds), alcohols (8 compounds),
aldehydes (4 compounds), ketones (3 compounds), lineal hydrocarbons (3 compounds),
and aromatic hydrocarbons (3 compounds).

Terpenes and sulfur compounds were the most abundant groups of the volatile com-
pounds isolated. Terpenes represented between 43-51%, while sulfur compounds repre-
sented between 32-36% with respect to the total compounds. The highest percentages were
found in the PC group (51 and 36%), while the NC and the groups with pomace presented
similar levels. On the other hand, the rest of the chemical groups represented minor com-
pounds, such as alcohols (4-10%), ketones (4-5%), aldehydes (2-3%), lineal hydrocarbons
(2-11%), or aromatic hydrocarbons (1%).

Despite the difficulties in establishing the origin of some volatile compounds, they
could be grouped according to their most probable origin. In dry-cured sausages, most
volatile compounds, like terpenes and sulfur, could be derived from the seasoning (in this
case, garlic, pepper, and nutmeg) added during the manufacturing process. The second
group would be the lipid-derived compounds, like some aldehydes, ketones, and alcohols.
In addition, some volatile compounds would be originated from the Maillard reaction,
such as Strecker aldehydes and hydroxyketones. In fermented dry-cured meat products,
microorganisms also participate in the fermentation and in the degradation of amino acids,
like some sulfur compounds. Amino acid degradation can also lead to aromatic aldehydes,
such as benzaldehyde or benzene acetaldehyde [6].
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Table 6. Effect of different formulations on the headspace volatile compounds (g kg ') of dry-cured
sausage (“salchichon”).

LRI Negative Control Positive Control Low Level High Level Value Descriptors #
Sulfur
compounds
Aug’ilrggéhyl 67861 5735ab  + 370.1 8794a  + 3764 2129b  + 1137  5275ab  + 3103  0.030 Garlic
Dimethyldisulfide ~ 72040 1239ab + 716 1634a  + 712 291 ¢ + 167 61.6bc  + 321 0.005 Garlic
Allylsulfide 856.13 10215 + 7826 1318.9 + 556.1 470.8 + 1678 1144.0 + 6452  0.160 Cabbage
Methyl
2-propenyl
disulfide o1137 298 + 17489  42262a  + 20068  11308b £+ 4411 2598.8 + 17065  0.049
ab ab
(methyl allyl
disulfide)
Diallyl disulfide 108433 11,6912  + 5637.8  10,850.7  + 44365 39714 + 15053  8689.8 + 5081.0  0.061 Garlic
Allyl disulfide 110574  865.5 + 5321 1369.1 + 9788 356.0 + 1517 693.6 + 4941 0110
1,3,5-Trithiane 116024  12.1 + 100 17.6 + 51 72 + 35 12.1 + 71 0.165
Allyl trisulfide 131572 98.1 + 518 98.9 + 389 285 + 137 65.2 + 464 0.043 Pungent
sulfur, garlic
Diallyl 156649  63.0 + 347 57.2 + 177 19.4 + 93 4338 + 286 0.057
tetrasulfide
Terpenes
1R-ot-Pinene * 933.06  804.4 + 1665.1 3286 + 1351 825.8 + 2940 495.0 + 7053 0790 Pine,
turpentine
L-B-Pinene * o707 3248 L 17635 436002+ 21003 12301b  + 4152 20 4 oqgasa o049 pine, resi,
ab ab turpentine
balsamic,
B-Myrcene 99466 1775 + 3877 0.0 + 00 3033 + 811 6733 + 4957  0.208 mst, spice
o-Phellandrene 100495 1157.7 + 7476 1425.6 + 8974 337.8 + 1176 709.8 + 4037 0061 dill
«- Terpinene * 1019.19  9485.1 + 49895 10,6567 4+ 55304 32153 + 8227 6977.9 + 4586 0075 lemon
Limonene * 1033.14 6443.7 + 3893.3 6682.2 + 35339 1994.7 + 548.6 4374.3 + 3067.5 0.092 lemon, orange
- Terpinene 1064.63 6268a  + 2699 6851a  + 2263 1922b  + 1112 4924ab  + 2791 0018
Terpinolene 1093.76 2269 + 130.1 226.1 + 2109 113.1 + 462 160.8 + 832 0.479 Pine,
wood, mint
B-Terpineol 118698 1033.6a  + 5294 9683a  + 2722 3159b £ 939 7130ab  + 3660  0.022 must
o-Terpineol 1200.39 945a + 531 83.4 ab + 223 31.0b + 96 63.4 ab + 320 0.040 oil, anise, mint
5-Elemene 135556 176.0 + 1233 155.2 + 690 453 + 148 104.1 + 631 0.072 wood
a-Copaene 139498 240.1 + 163.0 206.4 + 807 548 + 354 150.9 + 889 0.056 wood, spice
L-Caryophyllene ~ 1429.80  46.3 + 364 38.0 + 162 11.9 + 47 278 + 175 0.117 wood, spice
B-Caryophyllene 144358 87.3 + 589 722 + 247 23 + 88 544 + 332 0.064 wood, spice
trans-oc 1456.64 126a + 80 101ab  + 37 33b + 12 8.1ab + 44 0.052 wood, warm,
Bergamotene tea
«-Caryophyllene ~ 1478.68 1112.6 + 8341 955.9 + 4184 300.1 + 1075 688.7 + 4214 0107 earth
3-Bisabolene 1530.86 7.3b + 27 12.7 a + 3.6 Oc 50b + 36 0.000 balsamic
thyme,
5-Cadinene 154832 233 + 220 19.4 + 134 36 + 50 17.6 + 104 0.178 medicine,
wood
Caryophyllene 161359 152 + 119 13.1 + 43 5.0 + 18 12,5 + 73 0.189 herb, sweet,
oxide spice
Alcohols
Ethanol - 897.7a  + 4942  3867ab 4+ 2903 47.7b + 657 3982ab  + 2182  0.005 sweet
3-Methyl-1- hiskey, malt
butanol 71429 843 + 550 114.6 + 377 56.1 + 111 1133 + 755 0253 W Sblfryﬁt at
*
2,3-Butanediol * 76792 3641.1a  + 17912  9886b  + 7026 3438b  + 4175 26:30 + 21219 0.009 fruit, onion
3'4'522'3;213’1'2' 789.78 9838 + 1480 367.4 + 1270 112.9 + 1038 433.0 + 4978 0155
1-Octen-3-ol 98590 59.3a + 311 25ab  + 89 13.8b + 26 31.6ab &£ 277 0.027 He;?éf;;th'
Benzyl alcohol 104049 2995 + 1080 2764 + 783 118.8 + 539 239.0 + 1453 0057  sweet, flower
Phenylethyl 112061 3244a  + 2035  1362ab  + 641 81.8b + 263  2531ab 4+ 1104  0.024 honey, spice,
alcohol * rose, lilac
d-Mannose 120652 80.6a + 476 675ab  + 127 209b + 70 416ab £+ 259 0.018
Aldehydes
3-Methylbutanal *  639.07  229.8 + 1623 393 + 389 62.5 + 387 149.4 + 1500  0.066 Cocoar;laalll:“’“d’
Benzaldehyde*  962.63  184.4 + 1511 84.0 + 545 86.2 + 433 170.3 + 2285 0555 alm‘fl‘ga‘i“mt
Benzeneacetald-
Benzeneacetaldehyde 1048.85  914.7 + 6987 530.6 + 1189 311.8 + 1527 7484 + 3630 0142
ehyde
Nonanal * 1111.01  77.2 + 335 261.1 + 3286 409 + 180 72.8 + 395 0.187 fa;;rc;;“sf
Ketones
- > 68692 8489 + 5688 662.1 + 2103 2583 + 1458 659.1 + 4079 0124
ydroxybutanone
3-Octanone * 102826 1570.6 + 11323 13821 + 6863 3454 + 2055 890.2 + 6045 0074 herfe':’i;‘“erf
I-Phenylethan-1- 73 15 9481 + 1216 2433 + 758 100.8 + 411 167.4 + 899 0.050

one
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Table 6. Cont.

LRI Negative Control Positive Control Low Level High Level

Descriptors ?

Value
Lineal hydrocar-
bons
2-Methylheptane ~ 74357  31.1 + 430 36.3 + 219 107.6 + 637 161.1 + 1856 0.172
3-Ethylhexane 75217 334 + 609 34.4 + 310 136.8 + 901 205.3 + 2424 0.159

2,24,6/6- 99159 11176  + 9544 10858  + 5232 18960 & 11417 25613  + 22591  0.306
Pentamethylheptane
Aromatic hydro-
carbons
O-Methyleugenol 142126 332.3a + 2057 289.2 ab + 822 86.5b + 503 226.3 ab + 1192 0.040 clove, honey
Myristicin 1544.97  250.8 + 1549 214.6 + 620 77.1 + 242 170.0 + 936 0.060 Sp;‘;?;:’;;m'
Elemicin 157672 548a + 349 469ab  + 131 16.0b + 50 369ab £ 198 0.055 spice, flower

* The identification of the compound was carried out by the mass spectrum and LRI identical with a commercial
standard compound. Different letters in the same row indicate significant differences in the Tukey test (p < 0.05).
2 Flavor descriptors from the Cornell University Flavornet (http://www.flavornet.org/flavornet.html (accesed
on 28 September 2024)) and the Good Scents Company (http:/ /www.thegoodscentscompany.com/index.html
(accesed on 28 September 2024)).

The three most abundant compounds isolated in the headspace of dry-cured sausages
were diallyl disulfide (a sulfur compound), followed by two terpenes, namely «- terpinene
and limonene. These three compounds did not present significant differences among formu-
lations. According to their origin, the lack of significant differences agrees with the similar
amounts of garlic, nutmeg, white pepper, and black pepper added to each formulation.

In general, the incorporation of the RGP ingredient did not affect the aroma of
the dry-cured meat products, which agrees with the sensory analysis. The most abun-
dant compounds isolated in the valorized pomace ingredient (Table 7) were 2,2,4,6,6-
pentamethylheptane, ethyl decanoate, ethyl octanoate, phenylethyl alcohol, acetic acid,
and 3-methyl, 1-butanol. Among these compounds, only 2,2,4,6,6-pentamethylheptane,
phenylethyl alcohol, and 3-methyl, 1-butanol were also isolated in dry-cured sausages
(Table 6), and they were not isolated in high quantities in the batches manufactured with
the RGP ingredient.

Sulfur compounds produce a significant impact on the global meat aroma in dry-cured
meat products. These compounds produce vegetable and garlic notes, but some com-
pounds, like dimethyl disulfide, could be also derived from amino acids degradation. And
it has been associated with meaty odor notes [6]. Since garlic is a potent aromatic ingredient,
sulfur compounds derived from allicin, characteristic of garlic aroma [52], likely contribute
significantly to the overall aroma of dry-cured sausages. Three sulfur compounds (methyl
2-propenyl disulfide (methyl allyl disulfide), allyl methyl sulfide, and dimethyldisulfide)
were more abundant in PC sausages with respect to the other groups. Dimethyl disulfide is
a compound that originated from the degradation of methionine and adds savory flavors [6].
Dimethyl disulfide is considered a key odorant in dry-cured ham [53], but it has been also
isolated in garlic [52]. It is difficult to explain why these sulfur compounds are in the highest
quantities in the PC group. In contrast to our results, other authors have reported that the
use of nitrite decreased the abundance of diallyl disulfide, in heat-treated Sucuk, a type of
semi-dry fermented sausage [54]. Probably, the differences in the manufacturing processes
between both products would explain these dissimilarities.

The increase in sulfur compounds in PC sausages could be associated with different
causes. Sulfur compounds (in the case of sulfur compounds originated from garlic) may be
better preserved by the addition of ascorbic acid and nitrifying salts, since they have antiox-
idant properties. In addition, the incorporation of additives also affects microbial counts
and amino acid degradation, which could, in turn, affect sulfur compounds originating
from this pathway. In this line, other authors have also found changes in sulfur compounds
(despite their origin from spices) in dry-cured meat products because of changes in the chlo-
ride salts addition. In this context, methyl 2-propenyl disulfide and diallyl disulfide were
significantly affected by the replacement of chloride salts in pastirma (a traditional Turkish
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dry-cured meat product) [55]. So, despite these sulfur compounds originating from garlic,
their stability could be probably affected by the formulation of the dry-cured products.

A wide variety of terpenes were isolated in dry-cured sausages. Terpenes have
well-defined odors in the literature, so x-pinene has been described to add a pine odor.
Meanwhile, limonene and carene terpene add lemon notes. «- and [-pinene are two
isomers found in nature in essential oils. In 6 of 19 compounds, significant differences were
presented among groups. The highest levels of terpenes were in the PC group, specifically
L-B-pinene, limonene, terpinolene, and (3-bisabolene, all of which originated from spices
added during the manufacturing process. Similarly, NC also presented the highest values
of limonene, 4-terpineol, «-terpineol, and trans-«-Bergamotene. Aquilani et al. (2018) [17]
reported differences in the terpenes content abundances in Cinta Senese dry-fermented
sausages with grape seed and chestnut, in combination with 3-hydroxytyrosol, as a substi-
tute for sodium nitrite. However, these changes did not affect the overall aroma profile,
since changes in individual compounds are not always globally perceived. This would be
in line with our results, since the panelist did not find differences in the sensory analysis
regarding odor and taste intensity in the dry-cured meat products (Figure 2). Only the PC
group was noticed to be less spicy than the other sausages, which could be correlated with
the highest levels of sulfur and terpenes in this group. These compounds may modulate
the perception of spicy taste in the sausages.

Table 7. Volatile compounds (pg kgfl) isolated in the headspace of the valorized ingredient from red
grape pomace.

LRI Ingredient Red Grape Pomace Descriptors ?
Alcohols Ethanol * - 1014.4 + 416.6 sweet
3-Methyl-1-butanol * 715.16 2173.3 + 1185.8 whiskey, malt, burnt
2,3-Butanediol * 810.65 462.5 + 409.3 fruit, onion
1-Hexanol * 873.64 524.3 + 30.5 resin, flower, green
Benzyl Alcohol * 1034.79 328.3 + 64.6 sweet, flower
Phenylethyl alcohol * 1113.88 3043.5 + 100.3 honey, spice, rose, lilac
Aldehydes Hexanal 790.34 316.0 + 7.5 grass, tallow, fat
Benzaldehyde * 958.98 70.7 + 26.2 almond, burnt sugar
Phenyl acetaldehyde 1043.62 48.7 + 42 Hawthorne, honey, sweet
Nonanal * 1103.98 76.8 + 39.2 fat, citrus, green
Esters 3-Methylbutyl acetate * 880.34 122.6 + 16.7 banana
2-Methylbutyl acetate 882.62 13.5 + 23.4 fruit
Ethyl hexanoate * 999.81 552.6 + 47.7 Pineapple
Hexyl acetate * 1015.21 249 + 2.5 Fruit, herb
Ethyl octanoate * 1198.16 3686.7 + 428.6 fruit, fat
2-Phenylethyl acetate 1260.84 234 + 3.3 rose, honey, tobacco
Ethyl decanoate * 1399.01 5706.5 + 629.4 grape
Dibutyl hexanedioate 1772.74 43.9 + 7.6
Hydrocarbons 2-Methyl heptane 743.57 875.2 + 902.3
3-Ethyl hexane 751.71 424.6 + 85.9
3-Ethyl octane 972.65 61.1 + 26.1
2,2,4,6,6-
Pentamethyl heptane 989.05 7740.3 + 2245.9
2,2 ,4,4-Tetramethyl octane 1025.93 595.0 + 178.8
Dodecane, 2,6,10-trimethyl 1049.14 75.3 + 23.1
Others Acetic acid 692.27 2343.8 + 610.4 sour
Methoxy-phenyl-oxime 928.85 1094.5 + 360.5
Eucalyptol 1029.41 15.8 + 27.5

* The identification of the compound was carried out by the mass spectrum and LRI identical with a com-

mercial standard compound.

¢ Flavor descriptors from the Cornell University Flavornet (http://www.

flavornet.org/flavornet.html (accesed on 28 September 2024)) and the Good Scents Company (http://www.
thegoodscentscompany.com/index.html (accesed on 28 September 2024)).
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Three alcohols were most abundantly isolated in NC samples, including ethanol,
2,3-butanediol, and D-mannose, which are compounds related to the effect of microbial fer-
mentation. During the fermentation process, LAB produces lactic acid and small amounts
of other compounds, such as ethanol and 2,3-butanediol. The highest levels of these com-
pounds in NC, which presented the lowest LAB counts and the highest pH, could probably
be attributed to less developed fermentation in this batch compared to the other groups.
These compounds are the initial products of fermentation, which should be transformed
into other flavor compounds. In fact, significant correlations were found between these
parameters. The LAB counts were negatively correlated with pH (r = —0.611, p < 0.01),
ethanol (r = —0.640, p < 0.01), and 2,3- butanediol (r = —0.571, p < 0.01). The proteolytic and
lipolytic activities of both microorganisms are essential to the sensory quality of fermented
sausages. The highest levels of sugar-like d-mannose in NC sausages would also indicate
less fermentation development in this group. The flavor and aroma of fermented meats are
a combination of several elements. Lactic acid bacteria produce lactic acid and other com-
pounds. However, to ensure the sensory quality of fermented sausages, the contribution of
the proteolytic and lipolytic activities of Staphylococcus is fundamental. In a recent paper
with an ingredient from white grape pomace (obtained by the same procedure) and added
to dry-cured sausages at different levels (0.5% and 3%), the compound 2,3-butanediol was
the highest in the 3% pomace sausages. The high level of this compound was related to less
juiciness and a defective texture in the sensory analysis of the dry-cured sausage [53]. In the
current study, these changes were not noticed when the sensory analysis was performed.

On the other hand, the levels of 1-octen-3-ol and phenylethyl alcohol (both lipid-
oxidation-derived compounds) were the highest in NC sausages, which agrees with the high-
est TBA-RS values observed in this group. In this line, significant positive correlations were
found between the TBA-RS values and 1-octen-3-ol (r = +0.453, p < 0.05) and phenylethyl
alcohol (r = +0.683, p < 0.001), which would support the origin of these compounds.

Aldehyde compounds probably originated from amino acids degradation (benzaldehyde
and benzeneacetaldehyde) or the Maillard reaction (3-methyl, butanal) and lipid oxidation
(nonanal). None of these compounds originated significant differences among formulations.

The use of the RPG ingredient did not negatively affect the volatile profile of the
sausages. However, the incorporation of ascorbic acid and nitrifying salts in the PC group
favored the highest contents of some terpenes or sulfur compounds. This fact was not
reflected in the sensory analysis of sausages, where only significant differences in the spicy
taste were reported. The effect of nitrites in flavor formation is not known in depth, but in
the case of dry-cured meat products like ham, a clear effect of nitrites on the modulation
of lipid-derived compound reactions has been described [48]. However, in fermented
products like salchichon, which have a different volatile profile with more importance on
spices and microbial fermentation, this effect is not well understood.

4. Conclusions

The valorization process for red grape pomace allowed the full utilization of the entire
by-product, resulting in an ingredient rich in fiber and phenolic compounds. The ingredient
from red grape pomace favored an adequate fermentation of the dry-cured salchichon,
since it enhanced the development of lactic acid bacteria and the acidification of the product.
Red grape pomace also provided an antioxidant effect, so lipid-oxidation development was
lower in the dry-cured product. This fact has a special relevance, since the sale of the sliced
product has increased as a consequence of new market trends. Due to the high surface
exposure of the product, the development of oxidation reactions is crucial to reach a long
shelf-life. In addition, the ingredient did not negatively affect the sensory perception of the
sausages. However, the addition of red grape pomace did not provide the bright-red cured
color of salchichén caused by nitrifying salts. Future studies should evaluate the possibility
of a partial supply of nitrifying salts instead of a total reduction of these additives, to avoid
reducing the safety and modifying the appearance of dry-cured products. Research on
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the pomace valorization process should prioritize preserving phenolic compounds in the
ingredient, as this would enhance its effectiveness in preserving dry-cured meat products.
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Abstract: Modern lifestyles have increased the focus on food stability and human health due to
evolving industrial goals and scientific advancements. Pathogenic microorganisms significantly
challenge food quality, with Salmonella enterica and other planktonic cells capable of forming biofilms
that make them more resistant to broad-spectrum antibiotics. This research examined the chemical
composition and antibacterial and antibiofilm properties of the essential oil from Eugenia caryophyllus
(ECEO) derived from dried fruits. GC-MS analyses identified eugenol as the dominant component at
82.7%. Additionally, the study aimed to extend the shelf life of sous vide deer meat by applying a plant
essential oil and inoculating it with S. enterica for seven days at 4 °C. The essential oil demonstrated
strong antibacterial activity against S. enterica. The ECEO showed significant antibiofilm activity, as
indicated by the MBIC crystal violet test results. Data from MALDI-TOF MS analysis revealed that
the ECEO altered the protein profiles of bacteria on glass and stainless-steel surfaces. Furthermore,
the ECEO was found to have a beneficial antibacterial effect on S. enterica. In vacuum-packed sous
vide red deer meat samples, the anti-Salmonella activity of the ECEO was slightly higher than that
of the control samples. These findings underscore the potential of the ECEO’s antibacterial and
antibiofilm properties in food preservation and extending the shelf life of meat.

Keywords: clove essential oil; chemical composition; antimicrobial activity; antibiofilm activity;
insecticidal activity; game meat; pathogenic bacteria; chili cook
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1. Introduction

The preservation of food product quality during storage is a crucial step for reducing
food waste and enhancing sustainability [1,2]. Ensuring food safety is equally important, as
it protects consumers from potential health hazards caused by microbial contamination [3].
Enhancing food longevity with modern preservation techniques, including the application
of natural essential oils, helps ensure the retention of nutritional value and safety in food
products [3-5]. This approach not only minimizes waste but also supports sustainable
practices in the food industry, aligning with modern health and environmental goals [6].

During the production and storage of food, certain bacterial contaminants have the
ability to proliferate or endure. Salmonellosis, one of the most common food-borne infec-
tions worldwide, is caused by the presence of Salmonella, posing a significant risk associated
with food products [7]. Salmonella’s adaptability to various temperatures and its robust
heat-stress resistance enable it to evade host defenses and establish infections. Furthermore,
thermal stress responses can activate genes associated with virulence and overall stress
resilience [8].

Foods, whether raw or processed, are susceptible to contamination during manu-
facturing, sale, and distribution processes [9]. Consequently, the food industry requires
preservatives to inhibit the growth of microorganisms responsible for food spoilage [10].
Before the early 1990s, there was a limited amount of research on the impact of essential
oils (EOs) in food, even though EOs were included in a few commonly used food preser-
vatives [11]. Generally, bacteria are more vulnerable to the antibacterial action of EOs
when food pH is lowered, storage temperature is raised, and packing oxygen content is
increased. The antibacterial activity of EOs may be restricted by the physical properties of
food. Moreover, research has shown that a number of EOs are more effective as bactericidal
agents than commonly used preservatives in meat applications [12].

Clove oil has long been utilized in the food industry both as a flavoring agent and
for its antimicrobial properties. Its biological activities include antibacterial, antifungal,
insecticidal, and antioxidant effects [13]. In addition to its use in food, clove oil serves as an
antiseptic for treating oral infections [14]. This essential oil effectively inhibits the growth of
molds, yeasts, and bacteria [15]. It has demonstrated efficacy against Listeria monocytogenes
and Salmonella Enteritidis in both tryptone soy broth and cheese [16]. Essential oils are
known for their strong anti-biofilm properties, especially when used in combination with
antibacterial agents [17]. Plants are a rich source of secondary metabolites like tannins,
terpenoids, alkaloids, and flavonoids, many of which have shown antibacterial properties
in various studies [18].

Synthetic chemical products from various toxicological classes are used to control
insects in stored grains. Although these treatments are highly effective, frequent use can
lead to several issues, including increased production costs, food residue buildup, insect
resistance, harm to human health, and environmental contamination [19]. The plants
can have their parts processed into powders, extracts, or oils for application. As noted
by Mazzonetto and Vendramim [20], these products are cost-effective, readily accessible,
easy to apply without the need for specialized personnel, and are environmentally and
medically safe, posing no adverse effects.

This study examined the heat resistance of five different Salmonella strains in teriyaki-
marinated chicken breasts using a sous vide method. The chicken breasts, packaged and
inoculated, were submerged entirely in a circulating water bath. Temperature settings of
55, 57.5, or 60 °C were achieved within an hour and maintained for specific durations.
Based on linear regression analysis, Salmonella D-values ranged from 47.65 min at 55 °C
to 7.48 min at 60 °C in chicken breast samples. Post-marination, the bacteria exhibited
increased susceptibility to heat lethality, which is critical for ensuring the microbiological
safety of sous vide-processed marinated meats [21]. To enhance the efficacy of sous vide,
EOs were combined with S. enterica in another experiment. Samples were vacuum-sealed,
inoculated with S. enterica, and cooked sous vide at temperatures ranging from 50 to 65 °C
for specified periods. After a 20 min heat treatment at 65 °C, significant reductions in

186



Foods 2024, 13,2512

bacteria and coliforms were observed in the samples. The integration of EOs with sous
vides effectively contributed to the meat’s stabilization and safety [22].

To our knowledge, this is the first study on the use of ECEOs in meat preservation,
specifically in game meat. Clove is a highly prized spice used as a food preservative
and for a variety of therapeutic reasons. The ECEO and its principal active component,
eugenol, indicate antibacterial and antifungal action, aromaticity, and safety as promising
and valuable antiseptics in the food sector. The ECEO can help improve the flavor of
deer meat. In addition, it can improve the palatability of venison by adding sweetness
and tenderness to the meat. However, the effects of the ECEO on venison have never
been investigated in detail. The objective of this research was to examine the chemical
composition, antimicrobial properties, and effectiveness of the Eugenia caryophyllus essential
oil against the biofilm formation of Salmonella enterica in vitro. Additionally, this study
investigated the survival of S. enterica inoculated onto red deer meat processed using the
sous vide cook—chill method and subsequently stored at 4 °C for 7 days, aiming to extend
its shelf life.

2. Materials and Methods
2.1. Essential Oil Characteristics

The essential oil of clove (Eugenia caryophyllus) ECEO used in this research was pro-
cured from Hanus s.r.o. in Nitra. It was extracted by steam distillation of dried flower buds
sourced from Sri Lanka.

2.2. Chemical Analysis of ECEO

The analysis was conducted using a Perkin Elmer Clarus 500 (Waltham, MA, USA)
gas chromatograph equipped with a mass spectrometer and a flame ionization detector.
A Varian Factor Four VF-5 capillary column (Lambda Life s.r.0., Bratislava, Slovakia)was
housed in the GC oven, with helium serving as the carrier gas flowing at a rate of 1 mL/min.
The temperature program for the GC oven began with an initial isothermal phase at 60 °C
for 2 min, followed by a gradual increase to 220 °C at a rate of 6 °C/min, maintaining the
final temperature for 20 min. Mass spectra were obtained in electron impact mode at 70 eV,
scanning from 35 to 450 m/z. Identification of volatile compounds involved comparing
their mass spectra with entries in the Wiley 2.2 and Nist 02 databases and determining
their linear retention indices (LRIs) relative to Cg—Cp5 n-alkanes analyzed under similar
conditions described in the literature. The relative amounts of compounds, expressed
as percentages, were calculated by normalizing peak areas without relying on internal
standards or any corrective measures. Each experimental run was conducted in triplicate
to ensure robustness and consistency of the findings [23,24].

2.3. Antimicrobial Activity
2.3.1. Bacteria Strain Preparation

This experiment focused on using Salmonella enterica to investigate the effects of sous
vide cooking on deer meat and its impact on extending shelf life by reducing microbial
counts and antimicrobial activity. The Salmonella enterica subsp. enterica CCM 4420 strain
used was obtained from a microbial collection, the Czech Collection of Microorganisms
in Brno, Czech Republic. The bacteria were cultured on Mueller Hinton agar (MHA)
from Oxoid in Basingstoke, UK, and were incubated for 24 h at 37 °C. Once the bacterial
culture reached an optical density adjusted to the 0.5 McFarland standard (equivalent to
1.5 x 108 CFU/mL), 100 pL of the inoculum was added to samples of deer thigh flesh. To
ensure even distribution of the pathogen, the deer meat samples were thoroughly mixed
for three minutes at room temperature following inoculation with Salmonella enterica [3,22].

2.3.2. Disk Diffusion Method

To assess the antimicrobial efficacy of the ECEO, we employed the disk diffusion
method. Bacterial cultures were grown in Mueller-Hinton Broth (MHB, Oxoid, Basingstoke,
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UK) at 37 °C for 24 h. Following incubation, the bacterial density was adjusted to 0.5 Mc-
Farland standard (1.5 x 108 CFU/mL) using distilled water. Subsequently, 100 pL of
the bacterial suspension was spread evenly on Mueller—Hinton Agar (MHA, Oxoid, Bas-
ingstoke, UK). Sterile 6 mm disks saturated with 10 pL of the ECEO were placed on the
agar plates. After incubating at 37 °C for 24 h, the zones of inhibition were measured from
three different directions around each disk. Ciprofloxacin (30 pg per disc) was included as
the control antibiotic. Each experiment to evaluate antimicrobial activity was conducted in
triplicate to ensure a thorough and consistent assessment of results [22,25].

2.3.3. Minimal Inhibitory Concentration (MIC)

Bacterial cultures were incubated for 24 h in Mueller-Hinton broth (MHB, Oxoid,
Basingstoke, UK) at 37 °C. The cultures were adjusted to an optical density corresponding
to 0.5 McFarland standard and then added in 150 uL volumes to each well of a 96-well
microplate. The ECEO was also added in 150 pL volumes to achieve final concentrations
ranging from 10 mg/mL to 0.00488 mg/mL. The microplate was then incubated for 24 h at
37 °C. Negative controls consisted of MHB with the ECEO, while positive controls included
MHB with bacterial inoculum. Following incubation, absorbance at 570 nm was measured
using a Glomax spectrophotometer (Promega Inc., Madison, WI, USA). The MICs5y was
defined as the lowest EO concentration inhibiting 50% of bacterial growth, and the MICg
as the concentration inhibiting 90% of growth. To ensure accuracy and reliability, the
experiment was conducted in triplicate [26].

2.4. Research on Biofilm Growth
2.4.1. Crystal Violet Study

Kacaniova et al. [25] conducted a comprehensive study on the Minimal Biofilm In-
hibitory Concentration (MBIC). Bacterial suspensions were cultured in Mueller-Hinton
broth (MHB, Oxoid, Basingstoke, UK) at 37 °C under aerobic conditions throughout the
day. After incubation, an inoculum was prepared to achieve an optical density equivalent
to the 0.5 McFarland standard. A 96-well microtiter plate was set up by adding 100 uL of
the bacteria and 100 uL of the ECEO per well. Starting from the first column, 100 pL of the
ECEO was added, followed by a two-fold dilution using a pipette to achieve concentrations
ranging from 10 mg/mL to 0.00488 mg/mL. Maximal growth control was maintained using
MHB with bacterial inoculum, while MHB with the ECEO served as the negative control.
After a 24 h incubation period at 37 °C, the supernatant was discarded, and the wells were
washed three times with 250 uL of saline solution before drying at room temperature for
30 min. The wells were then stained with 200 pL of 0.1% w/v crystal violet for 15 min,
followed by several washes with distilled water and subsequent drying. The samples were
solubilized with 200 uL of 33% acetic acid, and absorbance at 570 nm was measured using
a Glomax spectrophotometer (Promega Inc., Madison, USA). The MBIC was determined
as the concentration where the absorbance was equal to or less than the negative control.
MBICs5p and MBICyy were defined as the concentrations inhibiting 50% and 90% of biofilm
development, respectively.

2.4.2. MALDI-TOF MS Biotyper for Biofilm Formation Detection

The Bruker Daltonics MALDI-TOF MicroFlex instrument (Bremen, Germany)was
employed to assess protein degradation during biofilm formation. Initially, 100 uL of
S. enterica bacterial inoculum and 20 mL of MHB were combined in 50 mL polypropylene
tubes containing small glass and stainless-steel slides. Experimental tubes were treated
with the ECEO to achieve a final concentration of 0.1%, while control tubes remained
untreated. Over seven days at 37 °C, tubes were agitated at 170x g. Each day, biofilms from
glass and steel surfaces were collected using sterile cotton swabs and transferred to target
plates. Planktonic cells from untreated control samples were also analyzed. After adding
300 pL of culture material, control bacterial cultures were centrifuged for one minute at
12,000 g. Pellets underwent three washes in ultrapure water before being centrifuged
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again and transferred to target plates for analysis. Reconstituted pellets and swabs (1 uL
each) were applied to plates with 10 mg/mL of x-cyano-4-hydroxycinnamic acid matrix.
Plates were dried and subjected to MALDI-TOF analysis in linear positive mode, with
mass-to-charge ratios calibrated between 2000 and 20,000. Eighteen standard global spectra
(MSPs), as described by Kac¢aniova et al. [25,26], were analyzed using automated methods
to calculate Euclidean distances and construct dendrograms.

2.5. Extending the Shelf Life of Deer Sous Vide Meat
2.5.1. Preparation of Samples of Deer Meat

This study focused on examining deer meat samples obtained from the biceps femoris
muscle of a 5-year-old deer originating from Slovak hunting grounds. The analysis of
the thigh meat revealed its composition per 100 g: 71.97 g of water, 0.75 g of fat, 21.85 g
of protein, and 0.035 g of cholesterol. A total of 4 kg of thigh meat was collected and
initially stored in a refrigerator before being transferred to a microbiological laboratory for
further analysis. The meat was then sliced into 5 g portions using a sterile knife, resulting
in 723 individual samples. These samples were allocated across different time points as
follows: three raw deer meat samples on day 0 and 240 samples each on days 1, 7, and 14 for
both control and treated groups. Each 5 g portion of deer meat was divided into control and
treatment groups. For the treatment group, the meat was mixed with a 1% (v/w) solution
of the ECEO dissolved in sunflower oil. Following this, all samples underwent vacuum
packing using a Concept vacuum packer from Chocen, Czech Republic. Control samples
were packed in polyethylene bags, while the treatment groups were vacuum-packed after
mixing with the ECEO solution.

During the preparation process, 100 pL of Salmonella enterica was added to each sample,
along with the ECEO solution. Careful precautions were taken to prevent contamination
during the brief mixing period, which lasted approximately one minute prior to vacuum
sealing. During our trial, we explored various methods for preparing fresh deer meat:

1. Fresh deer meat was stored in polyethylene bags at 4 °C and then cooked at tempera-
tures between 50 °C and 65 °C for 5 to 25 min;

2. Control vacuum: Deer meat, vacuum-sealed in polyethylene bags at 4 °C, underwent
cooking in a water bath at temperatures from 50 °C to 65 °C for 5 to 25 min;

3.  Essential oil treatment: Deer meat treated with a 1% ECEO solution, vacuum-packed,
and kept at 4 °C was cooked in a water bath at temperatures from 50 °C to 65 °C for 5
to 25 min;

4. Salmonella enterica contamination: Deer meat inoculated with Salmonella enterica,
vacuum-packed, stored at 4 °C until exposed, then cooked in a water bath at tempera-
tures from 50 °C to 65 °C for 5 to 25 min;

5. Salmonella enterica and essential oil treatment: Deer meat treated with both Salmonella
enterica and a 1% ECEOQ solution, vacuum-packed, stored at 4 °C, and subsequently
cooked in a water bath at temperatures from 50 °C to 65 °C for 5 to 25 min.

On day zero, raw deer meat samples were processed as controls. These samples were
mixed with either the ECEO or Salmonella enterica and allowed to rest for 24 h before under-
going sous vide cooking using the CASO SV1000 machine from Arnsberg, Germany. The
meat was packed in polyethylene high-barrier bags known for their durability, resistance
to moisture, and capability to withstand temperatures ranging from —30 °C to +100 °C.
These bags are specifically designed without plasticizers like bisphenol A or microplastics,
ensuring food safety during prolonged refrigeration.

2.5.2. Microbial Analyses

Microbiological evaluations were conducted periodically throughout the experiment.
Following a 24 h storage period at 4 °C, the samples underwent heat treatment and were
then assessed at scheduled intervals. Initially, 5 g of red deer meat samples were placed in
sterile stomacher bags and diluted with 45 mL of peptone water to achieve a 1:10 dilution
ratio. The samples were homogenized using a stomacher apparatus for 20 min. After
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homogenization, 0.1 mL aliquots from appropriate dilutions were spread onto standard
plate count agar medium and incubated in a shaking incubator for 30 min. For culturing
coliform bacteria, Violet Red Bile Lactose Agar (VRBL; Oxoid, Basingstoke, UK) was
utilized and incubated at 37 °C for 24 to 48 h. Plate Count Agar (PCA; Oxoid, Basingstoke,
UK) was employed for Total Viable Count (TVC) and incubated at 30 °C for 48 to 72 h.
Viable counts were determined based on visible growth on these media. Salmonella spp.
were detected by culturing on Xylose Lysine Deoxycholate Agar (XLD; Oxoid, Basingstoke,
UK) and incubating for 24 to 48 h.

2.5.3. Identification of Microorganisms Using Mass Spectrometry

Microorganisms derived from deer thigh tissue samples were identified using the
MALDI-TOF MS Biotyper system from Bruker Daltonics in Bremen, Germany, employing
established reference libraries. To prepare the matrix solution, an initial stock was created
comprising 50% acetonitrile, 47.5% water, and 2.5% trifluoroacetic acid. This stock solu-
tion was formulated by combining 500 uL of pure acetonitrile, 475 puL of filtered water,
and 25 pL of 10% trifluoroacetic acid. Subsequently, the “HCCA matrix solution” was
prepared in a 250 pL Eppendorf flask, thoroughly mixed with the organic solvent, and
sourced from Alogence Science in Vrable, Slovakia, based on prior guidance [22]. Eight
distinct colonies from the Petri dishes were then processed accordingly. Biological material
from these colonies was transferred into an Eppendorf flask with 300 pL of distilled water,
mixed thoroughly, and centrifuged at 10,000 x g for two minutes using a ROTOFIX 32A
centrifuge from ITES in Vranov, Slovakia. Following centrifugation, 900 pL of ethanol was
added, and after removal of the supernatant, the pellet was air-dried at room temperature
(20 °C). Finally, 30 pL of 70% formic acid and 30 pL of acetonitrile were added to the pellet.
Scores obtained from the MALDI-TOF analysis were interpreted based on the following
criteria: scores below 1.700 were considered unreliable, scores between 2.300 and 3.000 in-
dicated highly probable species identification, scores between 2.000 and 2.299 suggested
genus identification with potential species identification, and scores between 1.700 and
1.999 indicated likely genus identification.

2.6. Statistic Analysis

Each evaluation was performed three times, and the findings are expressed as mean
values + the standard deviation (SD). Statistical analysis was conducted using a one-way
ANOVA (CoStat version 6.451, CoHort Software, Pacific Grove, CA, USA) followed by Duncan’s
multiple range test (MRT), with significance set at p < 0.05 for sample differentiation.

Graphical representation was generated using JMP Pro 17.0 software (SAS Institute,
Cary, NC, USA).

3. Results
3.1. Chemical Composition of ECEO

The composition of the ECEO was analyzed using GC-MS methodology. A total of
11 compounds were detected, as detailed in Table 1. Eugenol, identified as a predominant
phenolic compound, constituted 82.7% of the composition, with 3-caryophyllene (9.9%), acetyl
eugenol (3.4%), and humulene (1.4%) identified as the other major constituents. Additionally, a
chromatogram is depicted in Figure 1 to illustrate the compound’s elution profiles.

Table 1. Chemical composition (percentages mean values + standard deviation) of the ECEO.

N° Component ! LRI 2 LRI ® Eugenia caryophyllus EO *
1 eugenol 1360 1363 82.7 £2.15
2 x-copaene 1365 1368 0.5 4 0.02
3 isoeugenol 1441 1439 0.1 £0.01
4 {-caryophyllene 1460 1457 9.9 +£0.18
5 humulene 1470 1466 1.3 £0.03
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Table 1. Cont.

N° Component ! LRI 2 LRI ® Eugenia caryophyllus EO *
6 acetyl eugenol 1522 1525 3.4 +0.04
7 d-cadinene 1530 1533 0.6 +0.03
8 trans-calamenene 1540 1536 0.5 4 0.02
9 «-calacorene 1555 1560 0.1 £0.01
10 caryophyllene oxide 1608 1613 0.8 £0.02
11 humulene epoxide II 1618 1620 0.1 £0.00

SUM 100.0

Oxygenated Sesquiterpenes 0.9
Hydrocarbon Sesquiterpenes 129
Others 86.2

1 The components are reported according to their elution order on the apolar column; 2 Linear Retention indices
measured on the apolar column; 3 Linear Retention indices from literature; * Percentage values of Fugenia
caryophyllus components.

20.39 TIC
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2034 Eugenol
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21.75
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Figure 1. GC-MS chromatogram of the ECEO.

3.2. Antimicrobial Activity of ECEO

Table 2 presents the results of the antimicrobial activity evaluation of the ECEO using
the disc diffusion method and minimal inhibitory concentration (MIC). The ECEO exhibited
significant antimicrobial activity against S. enterica, as evidenced by a zone of inhibition
measuring 15.67 mm. In contrast, the antibiotic ciprofloxacin showed superior efficacy with
a zone of inhibition measuring 29.67 mm. The MIC values were determined as MICs at
0.328 £ 0.06 mg/mL and MICgj at 0.384 £ 0.01 mg/mL. Furthermore, the minimal biofilm
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Inlens [au]

Intens fau]

Intens fau]

inhibition concentration, assessed using the crystal violet biofilm assay, was found to be
MBICsp at 0.377 = 0.05 mg/mL and MBICqj at 0.396 & 0.03 mg/mL.

Table 2. Antimicrobial and antibiofilm activity of the Eugenia caryophyllus essential oil (ECEO) against
Salmonella enterica. Data are presented as mean values £ standard deviation (SD) of three tests.

Inhibition Zone (mm) ECEO Ciprofloxacin
Salmonella enterica 15.67 £ 0.58 29.67 + 0.56
Minimal inhibition concentration (mg/mL) MICs MICy
Salmonella enterica 0.328 + 0.06 0.384 4+ 0.01
Minimal biofilm inhibition concentration (mg/mL) MBIC5g MBICy
Salmonella enterica 0.377 £ 0.05 0.396 £+ 0.03

Figure 2A-F depicts the MS spectra of different stages of S. enterica development
treated with the ECEO on glass and stainless-steel surfaces. The spectra of planktonic cells,
used as controls, are also presented. On the third day of treatment (SEPC 3, SEG 3, and
SES 3), differences in protein spectra numbers were observed between the experimental
and control groups, indicating some variation. However, similarities in spectrum evolution
suggested that both groups were synthesizing similar proteins. By the fifth day (SEPC 5,
SEG 5, and SES 5), distinct differences in mass spectrum evolution were noted between
biofilms on both surfaces, suggesting the ECEO’s impact on biofilm stability. Significant
variations were evident by the seventh day, particularly in the spectra of biofilms on
plastic and stainless steel, indicating effective disruption by the ECEO. Nonetheless, some
similarities in spectrum evolution persisted until the experiment’s conclusion. These
findings demonstrate the ECEQ’s ability to disrupt S. enterica biofilm homeostasis, with
notable effects observed from day 3 to day 7 on both surfaces. This suggests that higher
concentrations of the ECEO could potentially suppress biofilm development effectively
over extended periods.
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Figure 2. Representative MALDI-TOF mass spectra of S. enterica: (A) 3rd day; (B) 5th day; (C) 7th
day; (D) 9th day; (E) 12th day; (F) 14th day. SE = S. enterica; G = glass; S = stainless-steel; and
PC = planktonic cells.

The dendrogram depicted in Figure 3 illustrates that on days 3 and 9, as well as during
the early stages of biofilm formation on the experimental glass surface on days 5 and 7, the
control groups exhibited the smallest MSP distances. Comparatively, the MSP distance was
higher for the stainless-steel surface than for the glass surface, indicating that the ECEO
had a more pronounced inhibitory effect on S. enterica biofilms on stainless steel. However,
both glass and stainless-steel surfaces showed the greatest increase in MSP distance on
days 9 and 14 of the experiment. Another aspect investigated was the minimal spectral
peak (MSP) distances between planktonic cells and controls. Throughout the study, the
MSP distances in the experimental group increased. Specifically, on the third day of the
trial with the stainless-steel surface, the MSP distance in the experimental group was the
shortest. By days 9 and 14, particularly on the plastic surface, the MSP distance for the
experimental group had reached its maximum length. Similar trends were observed on
days 5 and 7. Our study’s findings highlight the inhibitory and detrimental effects of the
ECEO on S. enterica biofilm growth on both stainless steel and glass surfaces.
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Figure 3. Dendrogram of S. enterica generated using MSPs of the planktonic cells and the control.
SE = S. enterica; C = glass; S = stainless-steel; and PC = planktonic cells.

3.3. Sous Vide Red Deer Meet Microbiological Analyses

Figure 4 and Table S1 present the total viable count (TVC) of sous vide red deer
meat samples subjected to different temperatures, times, the ECEO, and S. enterica treat-
ments. Raw, uncooked, and unpackaged red deer meat served as control samples. Initial
assessments on day 0 showed a TVC of 2.95 £ 0.06 log CFU/g with no presence of col-
iform bacteria.

On day 1, the TVC ranged from 2.00 log CFU/g (55 °C for 20 min) to 3.21 log CFU/g
(50 °C for 5 min) in the sous vide red deer meat control group. Vacuum-packaged samples
exhibited lower TVC compared to non-vacuum-packaged ones (Table S1). Specifically,
vacuum-packaged samples ranged from 1.58 log CFU/g (55 °C for 20 min) to 3.08 log
CFU/g (50 °C for 5 min), the ECEO-treated samples ranged from 1.20 log CFU/g (55 °C
for 20 min) to 2.89 log CFU/g (50 °C for 5 min), and samples treated with both the ECEO
and S. enterica ranged from 1.51 log CFU/g (60 °C for 5 min) to 3.44 log CFU/g (50 °C for
5 min). These results were recorded on the first day of storage.

By day 7, the TVC in the control group ranged from 1.14 log CFU/g (65 °C for 10 min)
to 3.76 log CFU/g (50 °C for 5 min). Vacuum-packaged sous vide deer meat ranged from
1.75 log CFU/g (55 °C for 20 min) and the ECEO-treated samples ranged from 1.82 log
CFU/g (55 °C for 10 min) to 3.16 log CFU/g (50 °C for 5 min) (Figure 4, Table S1). Samples
treated solely with the ECEO on day 7 ranged from 1.82 log CFU/g (55 °C for 5 min) to
3.16 log CFU/g (50 °C for 5 min). For samples with S. enterica application, the TVC ranged
from 1.26 log CFU/g (60 °C for 20 min) to 3.68 log CFU/g (50 °C for 5 min), and those
treated with both the ECEO and S. enterica ranged from 1.67 log CFU/g.
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Figure 4. Total viable count (log CFU/g) of sous vide deer meat samples after 1 and 7 days of storage,
treated in a water bath at temperatures between 50 and 65 °C for 5 to 20 min. Data are the mean
(bars indicate + SD) of 3 deer meat samples. Control: deer meat samples placed in polyethylene
bags without vacuum. Control vacuum: deer meat samples vacuum-packed in polyethylene bags.
Essential oil: deer meat samples treated with 1% ECEO and vacuum-packed. Salmonella enterica: deer
meat samples inoculated with S. enterica and vacuum-packed. Essential oil + Salmonella enterica: deer
meat samples treated with 1% ECEO and inoculated with S. enterica and vacuum-packed.

The number of coliform bacteria (CB) in samples of sous vide red deer meat is shown in
Figure 5 and Table S2. On day 0, CB counts were zero. In the control group, packaged under
aerobic conditions using polyethylene bags, CB were detected at 2.05 log CFU/g only in the
first treatment of temperature and time. Coliform bacteria were first observed in sous vide
deer meat samples on day seven. In the group where S. enterica was applied, CB ranged
from 1.71 log CFU/g at a temperature treatment of 50 °C for 20 min to 2.69 log CFU/g at
50 °C for 5 min. In the group treated with the ECEO along with S. enterica, CB ranged from
1.52 log CFU/g at 50 °C for 20 min to 2.52 log CFU/g at 50 °C for 5 min. By day 7, CB
counts in the control group ranged from 1.85 log CFU/g for the group treated for 5 min at
55 °C to 3.04 log CFU/g for the group treated for 5 min at 50 °C. In the vacuum-packed
control group, CB counts ranged from 1.33 log CFU/g for the group treated at 55 °C for
5 min to 2.87 log CFU/g for the group treated at 50 °C for 5 min (Figure 5 and Table S2). In
the group where the ECEO was applied, the number of CB was zero. On day 7 in the group
with S. enterica application, CB ranged from 2.41 log CFU/g at 50 °C for 20 min to 3.12 log
CFU/g at 50 °C for 5 min. CB counts ranged from 2.52 log CFU/g at 50 °C for 15 min to
3.25 log CFU/g in the group treated with both the ECEO and S. enterica application.

As depicted in Figure 6 and Table S3, S. enterica counts were only detected in the last
two groups throughout the storage period. On day 1, counts in the group inoculated with
S. enterica ranged from 1.97 log CFU/g (50 °C for 20 min) to 2.94 log CFU/g (50 °C for
5 min). In contrast, the group treated with the ECEO and inoculated with S. enterica showed
counts ranging from 1.66 log CFU/g (50 °C for 20 min) to 2.66 log CFU/g (50 °C for 5 min)
(Table S3). By day 7, counts in the S. enterica group ranged from 2.24 log CFU /g (50 °C for
20 min) to 2.94 log CFU/g (50 °C for 5 min), while in the group treated with the ECEO
and inoculated with S. enterica, counts ranged from 1.78 log CFU/g (50 °C for 15 min) to
2.851og CFU/g (50 °C for 5 min).
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Figure 5. Total coliform bacteria (log CFU/g) of sous vide deer meat samples after 1 and 7 days of
storage, treated in a water bath at temperatures between 50 and 65 °C for 5 to 20 min. Data are the
mean (bars indicate + SD) of 3 deer meat samples. Control: deer meat samples placed in polyethylene
bags without vacuum. Control vacuum: deer meat samples vacuum-packed in polyethylene bags.
Essential oil: deer meat samples treated with 1% ECEO and vacuum-packed. Salmonella enterica: deer
meat samples inoculated with S. enterica and vacuum-packed. Essential oil + Salmonella enterica: deer
meat samples treated with 1% ECEO and inoculated with S. enterica and vacuum-packed.
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Figure 6. Salmonella enterica count (log CFU/g) of sous vide deer meat samples after 1 and 7 days of
storage, treated in a water bath at temperatures between 50 and 65 °C for 5 to 20 min. Data are the mean
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(bars indicate &= SD) of 3 deer meat samples. Control: deer meat samples placed in polyethylene
bags without vacuum. Control vacuum: deer meat samples vacuum-packed in polyethylene bags.
Essential oil: deer meat samples treated with 1% ECEO and vacuum-packed. Salmonella enterica: deer
meat samples inoculated with S. enterica and vacuum-packed. Essential oil + Salmonella enterica: deer
meat samples treated with 1% ECEO and inoculated with S. enterica and vacuum-packed.

Figure 7 displays species, genera, and families isolated from red deer sous vide meat
samples on the first day of storage. A total of 377 isolates were identified using mass
spectrometry with scores up to 2. These isolates belonged to 13 families, 17 genera, and
32 species. The most frequently identified species were from the families Pseudomon-
adaceae and Bacillaceae. The predominant species isolated from the sous vide deer meat
samples on the first day included S. enterica (13%), which was intentionally inoculated
into the meat, followed by Pseudomonas fragi, Pseudomonas gessardii, Pseudomonas graminis,
Pseudomonas libanensis, and Pseudomonas lundensis, each with a frequency of 6%. Hafnia alvei

and Bacillus cereus were also isolated with a frequency of 5% each.
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Figure 7. Krona chart: Isolated species, genera, and families from deer sous vide meat at 1 day.

Figure 8 shows species, genera, and families isolated from red deer sous vide meat
samples after seven days of storage. A total of 388 isolates were identified using MALDI-
TOF MS Biotyper with high scores. These isolates belonged to eleven families, thirteen
genera, and twenty-seven species. The most frequently isolated family was Pseudomon-
adaceae, comprising nine species. The most commonly isolated species was S. enterica (17%)
in the groups inoculated with this bacterium, followed by Pseudomonas fragi, Pseudomonas

lundensis, and Pseudomonas taetrolens, each accounting for 7%.

198



Foods 2024, 13, 2512

Microorganisms

=
=
P
g
g
5]
k<]
3
&
a

sisuaIsIoq SNIEA

Figure 8. Krona chart: Isolated species, genera, and families from deer sous vide meat after 7 days.

4. Discussion

In our work, the ECEO consisted mainly of eugenol (82.7%). Comparing published
data becomes challenging due to variations in EO composition, extraction methods, types
of organisms tested, growth phases, inoculum volumes, culture media, pH levels, and
incubation conditions, all of which can influence experimental outcomes [27-29]. Despite
methodological differences, reported inhibition zones and minimum inhibitory concentra-
tions (MICs) often show similarity across studies. Notably, much of the data focuses on
S. enterica, a commonly used model organism [30]. Our study investigated the antimicro-
bial potential of clove essential oil against S. enterica using both the disc diffusion method
and MIC determination. A different study indicates that the ECEO and its components
are eugenol, 3-caryophyllene, and acetyl eugenol, which exhibit significant antibacterial
activity against a broad spectrum of microorganisms, encompassing Gram-positive and
Gram-negative bacteria including Streptococcus species, Staphylococcus aureus, Salmonella
typhimurium, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Agrobac-
terium spp. Additionally, it effectively inhibits yeasts such as Aspergillus species, Penicillium,
and Candida albicans [31]. Clove essential oil, extracted from the dried flower buds of
the clove tree, is renowned for its antibacterial and antioxidant characteristics, primarily
due to phenolic compounds such as eugenol. It has demonstrated effectiveness against
foodborne pathogens, including Salmonella, Escherichia coli, Staphylococcus, and Listeria [32].
In our study, a 15.67 mm inhibition zone was observed for clove’s antimicrobial activity
against S. enterica. In a different investigation, the zones of inhibition against S. aureus,
E. coli, L. monocytogenes, and S. Typhimurium were measured as 2.83 cm, 2.81 cm, 2.47 cm,
and 2.22 cm, respectively [33]. The existence and dimensions of inhibition zones serve
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as indicators of bacteria sensitivity to the essential oil. Typically, if the inhibition zone
measures less than 0.7 cm, the sample is deemed inactive against the bacteria. Conversely,
an inhibition zone diameter exceeding 1.2 cm indicates effective inhibitory efficacy [34].
Therefore, clove essential oil demonstrated effective inhibition against all tested bacteria in
our study, consistent with its well-documented broad spectrum of inhibitory effects. The
lipophilic properties of clove essential oil are likely responsible for disrupting bacterial cell
membranes, thereby affecting their permeability [35]. Furthermore, our study revealed
that clove essential oil exhibited inhibitory effects at concentrations as low as 0.328 mg/mL
against S. enterica. According to Duarte et al. [36], essential oils with MICs up to 0.5 mg/mL
are classified as having strong antimicrobial activity, while those with MICs between 0.6
and 1.5 mg/mL are considered moderate, and MICs above 1.6 mg/mL indicate weak
activity. The MIC value of 0.328 mg/mL reported in our study aligns with the potent
antibacterial activity noted by Silvestri et al. [37], who reported an MIC of 0.3 mg/mL for
clove essential oil. For Escherichia coli, the MIC of clove essential oil in our study was 0.3047
mg/mL, lower than the range of 0.400-0.600 mg/mL reported by Silvestri et al. [37]. Simi-
larly, the MIC for S. Typhimurium was lower in our study (0.0400 mg/mL) compared to
values reported by Beraldo et al. [38]. MICs for L. monocytogenes were also lower than those
reported by Beraldo et al. [38], where the MIC was 0.800 mg/mL. Discrepancies in MIC
values across different studies may be attributed to variations in sample culture conditions,
concentrations of components, and techniques used for essential oil extraction [39].

Microorganisms can develop heightened resistance to antimicrobial treatments when
they form biofilms and intricate and spatially organized communities [40]. According to
Zhao et al. [41], many pathogenic bacteria, including the S. enterica studied here, can cause
illness through biofilm formation. Consequently, preventing the production and growth of
biofilms poses a significant challenge in managing pathogenic bacteria and has become a
pressing therapeutic concern [42,43]. Our study demonstrated strong antibiofilm activity
using violet crystal assays. Another study using crystal violet staining highlighted the
robust biofilm-forming capabilities of Salmonella Derby. Further investigation is required to
explore the antibiofilm potential of EOs at sub-inhibitory concentrations from an economic
perspective, and the specific mechanisms through which different EOs hinder Salmonella
biofilm development remain unclear [44]. Clove essential oil, rich in eugenol, has been
extensively researched for its ability to inhibit bacterial biofilms, including those formed by
Salmonella Typhimurium, Escherichia coli O157, Listeria monocytogenes, and Staphylococcus
aureus [42,45-47]. Although research has mainly focused on S. Typhimurium and Salmonella
Enteritidis, there is limited exploration into the anti-biofilm effects of EOs on Salmonella
Derby [48,49].

In our study, the ECEO, which has eugenol, 3-caryophyllene, and acetyl eugenol
as the main components, demonstrated effectiveness in disrupting the equilibrium of
biofilms. However, from the beginning to the end of the experiment, there was a consistent
resemblance in the progression of mass spectra between the experimental and control
groups. Nonetheless, the data clearly indicate that the ECEO had a significant impact on
disturbing the homeostasis of S. enterica biofilms. The sustained effectiveness of the ECEO
on both surfaces suggests long-lasting benefits. In another study, the effect of the ECEO
on the biofilms of Bacillus subtilis and Stenotrophomonas maltophilia was investigated using
MALDI-TOF MS Biotyper to detect changes in molecular structures associated with growth
suppression. To enhance clarity, the planktonic cell spectrum was substituted for the control
spectrum, as the planktonic and biofilm spectra in the control group developed similarly.
Each day during the experiment, spectra depicting planktonic growth in the control group
and experimental spectra from various surfaces (wood and glass) were illustrated [25].

In our study, we assessed the microbiological quality of sous vide deer meat samples
throughout a 7-day shelf-life period. Specifically, we assessed total counts and the presence
of coliform bacteria and Salmonella. Our findings indicated that the microbial load decreased
with higher temperatures and longer heat treatment times, with the lowest counts observed
in groups treated with the ECEO. Clove essential oil demonstrated significant antibacterial
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activity against S. enterica, particularly under more intense heat treatments. Badei et al. [50]
previously highlighted its effectiveness in inhibiting microbial growth in cookies, and it
has been shown to combat both Gram-positive and Gram-negative bacteria, including
reducing E. coli levels in ground beef and fermented sausages [51]. Recently, the ECEO has
been employed as a natural food preservative and coloring agent due to its antibacterial
properties and health benefits [52,53]. It has also been suggested as an alternative to
acetic acid, sodium bicarbonate, and chlorine-based disinfectants for washing fresh-cut
vegetables to mitigate microbial risks and extend shelf life [52,54]. Eugenol, constituting
over 80% of the ECEQO, primarily contributes to its antiseptic properties [55,56]. Studies by
Latifah-Munirah et al. [55] and Rajkowska et al. [57] have demonstrated the effectiveness of
eugenol and the ECEO against various pathogenic bacteria, including S. enterica, S. aureus,
E. coli, Proteus mirabilis, Pseudomonas aeruginosa, and Streptococcus mutans. However, detailed
investigations into the molecular antibacterial mechanisms of eugenol and the ECEO are
limited, with current studies mainly focusing on their initial antibacterial activities [43,58].
Comprehensive studies, specifically on the effects of eugenol on foodborne microorganisms,
are currently lacking. Nonetheless, due to its bactericidal, analgesic, antioxidant, and
potential anti-cancer properties, the ECEO holds promise for diverse applications in the
food and health sectors [59-61].

5. Conclusions

Our findings demonstrate the great effectiveness of 1.0% ECEO applied to deer meat
combined with vacuum packaging against Salmonella enterica, coliform bacteria, and total
viable count. Food shelf life is positively impacted, and food safety is improved when
microorganisms in food are rendered inactive. As a natural antibacterial with a mild flavor,
the ECEO can be used to keep vacuum-packaged deer meat fresher longer. Additional
research is required to improve the inhibition of total viable numbers. This study concludes
by highlighting the potential antibacterial and antibiofilm qualities of the ECEO, both
in vitro and in relation to the preservation of meat. These characteristics point to its possible
use in food preservation to prevent food spoiling and guarantee food safety, especially when
paired with other modern packaging technologies and processing methods. Salmonella
enterica contamination can be prevented by using the ECEO, which could prolong the shelf
life of sous vide red deer meat while maintaining quality and safety standards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13162512/s1, Table S1. Total viable count (log CFU/g) of
sous vide red deer meat samples after storage 1, and 7 days treated in a water bath at temperatures
between 50 and 65 °C for 5 to 20 min. Data are the mean (bars indicate + SD) of 3 red deer meat
samples; Table S2. Total coliform bacteria (log CFU/g) of sous vide red deer meat samples after
storage 1, and 7 days treated in a water bath at temperatures between 50 and 65 °C for 5 to 20 min.
Data are the mean (bars indicate £ SD) of 3 red deer meat samples; Table S3. S. enterica count (log
CFU/g) of sous vide red deer meat samples after storage for 1 and 7 days treated in a water bath at
temperatures between 50 and 65 °C for 5 to 20 min. Data are the mean (bars indicate 4= SD) of 3 red
deer meat samples.
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Abstract: Milk pasteurization and sterilization by heat treatment have an exciting history,
which followed steady steps. The main aim of these treatments is to extend the shelf
life of milk by destroying pathogenic and milk spoilage bacteria. With developments in
pasteurization techniques, the assurance of milk safety, and extended shelf life, pasteurized
bovine milk has become a staple food, especially in Western diets. However, some concerns
have recently been raised about the effect of pasteurization on the sensory properties and
nutritional quality of milk, and alternative methods, such as high-pressure processing,
are being investigated. The primary purpose of milk pasteurization and sterilization is
summarized in this review article. The associated changes that affect the compositional,
sensory, and nutritional quality of milk are discussed, with particular emphasis on protein
structure and function. The review is concluded by considering alternative methods, their
advantages and limitations, along with future prospects.

Keywords: pasteurization; sterilization; milk safety; vitamins; minerals; nutritional quality

1. Introduction

After the French revolution, Nicolas Appert made a breakthrough in food preservation
in 1809 by describing the appertization process that combines canning and heating [1].
Louis Pasteur later set a theoretical framework for how heat treatment preserves foods by
destroying spoilage microorganisms. In 1863, Pasteur solved the spoilage problems of wine
and beer by carrying out heating at temperatures and times sufficiently long to inactivate
spoilage microorganisms in a process later named pasteurization [2]. Milk pasteurization
on a commercial scale started in Denmark and Sweden after Strauss and Monrad led a
campaign promoting pasteurization throughout the USA in 1889 [2]. Koplik [3] found
that the consumption of raw milk contributed to pathogen transmission from animals to
humans. In the same year, milk pasteurization became common in Denmark to reduce the
risk of spreading tuberculosis [4]. Sheffield Dairy Farms installed the first pasteurization
equipment in Bloomfield, New Jersey, USA, in 1891. Soxhlet suggested that milk used to
feed infants must be heated for public health reasons [2]. The first law mandating milk
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pasteurization was issued in Chicago in 1909. Thereafter, pasteurization became standard
practice in the commercial milk industry [4]. A narrative history of the conceptualization
and implementation of milk pasteurization is provided in Figure 1.

Several pasteurization techniques have been developed with variable effects on milk
quality and shelf life. Due to its increased shelf life, pasteurized milk has become a staple
food and an integral part of the diet, especially in the West. However, in recent years, there
has been some resurgence in the consumption of raw milk, largely driven by the belief that
unprocessed milk offers better health benefits than heat-treated milk. This perception has
led to an increase in the consumption of raw milk by sensitive groups, including infants, the
elderly, and immunocompromised individuals, as well as those adhering to specific dietary
preferences [5]. This trend has ignited ongoing debates about the safety and nutritional
merits of raw and pasteurized milk for direct consumption. While “natural” food products
are often viewed favorably by the public, scientific evidence does not inherently equate
naturalness with safety, healthiness, or taste. Between 2007 and 2012, various milk-borne
outbreaks were reported in the European Union, with raw milk being implicated in several
cases. In response, institutions such as the European Food Safety Authority (EFSA), the
U.S. Food and Drug Administration (FDA) [6], and the Centers for Disease Control and
Prevention (CDC) have issued evaluations and advisories highlighting the potential risks
associated with raw milk consumption [7].

Simultaneously, interest in the sensory properties and health implications of milk
consumption has increased, with some believing that the nutritional and sensory values
of milk are adversely affected by pasteurization. Thus, alternative methods, such as
high-pressure processing (HPP), power ultrasonics (PU), pulsed electric fields (PEFs) and
microfiltration (MF), are being investigated [8-11]. This review article aims to summarize
the primary purpose of milk pasteurization and discuss the associated changes that may
affect not only the safety but also the compositional, sensory, and nutritional quality of milk.
Specifically, particular emphasis is placed on the effects of milk pasteurization on protein
structure and function. Finally, alternative methods to pasteurization, their advantages, and
their limitations, along with future prospects, are discussed in the conclusion of this article.

* Louis Pasteur described © lards for ization of milk for ¢ HTST and LTLT
pasteurization (1960s) extended shelf-life suggested by pasteurization conditions

*  Prof. N. J. Fjord (Denmark) Endicott were confirmed to be lethal
applied the Pasteur process to *  First pasteurization legislation (142 °F to pathogenic
milk (61.1 ° C) for 30 min) was established microorganisms in milk

* Pasteurization of milk started *  HTST treatment was introduced (161 ° F *  UHT sterilized milk became
commercially in Denmark & (71.7 ° ) for 15 seconds) for available commercially
Sweden destruction of M. tuberculosis and *  High pressure processing

* N.Strauss and J. H. Monrad other pathogens (HPP) suggested as
started milk pasteurization in * Alkaline phosphatase suggested for the alternative to thermal
New York City lidation of the ization process. processing

« Sheffield Farms Dairy installed the * Due to heat resistance of Coxiella * Effect of pasteurization
first pasteurization equipment in USA burnetti, the pasteurization on the sensory and

* Russell and Hastings showed that 60 C temperature of HTST increased to nutritional quality of
for 20 min. destroyed Mycobacterium 145 F (62.8 ° C) for 30 min in USA milk is discussed.
tuberculosis and other pathogens * The thermal death time curve for

*  First law mandating milk M. tuberculosis var. bovis and
pasteurization was issued in Chicago necessary heat treatment were

= US National Milk Standards revised
Committee suggested 62.8 C for 30 *  First plastic milk containers were

for milk p ization introduced

Figure 1. A summary of historical developments in the conceptualization and application of milk
pasteurization [2,6].
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2. Pasteurization and Sterilization Processes and Bacterial Destruction

Dr. Richard Seligman described pasteurization in 1923 as an energy-efficient process
by which microorganisms were destroyed, with minor damage to the physicochemical
properties of milk [12]. According to the FAO/WHO (2004) [13], pasteurization can be
defined as a heat treatment designed to reduce the number of pathogenic microorganisms
found in milk and liquid milk products. The quality of raw milk is determined by its
bacterial count, which depends on both the health of the animal and potential contamination
after milking. Thus, the final quality of the milk is significantly influenced by the somatic
cell count (SCC), which reflects the immune response of the animal, particularly in cases of
mastitis (udder inflammation). Enzymes associated with a high SCC in milk cause protein
and fat degradation and may produce off-flavors during refrigerated storage. Healthy
cows generally have SCC < 50,000 cells/mL of milk. In contrast, SCC in bulk tank milk
may exceed 200,000 cells/mL due to the contribution of samples of high SCC from a few
animals in the herd [14,15].

Milk pasteurization aims to serve two primary purposes, i.e., killing pathogenic
bacteria and reducing the number of live spoilage bacteria, leading to the prolongation
of the shelf life of the milk. After establishing the importance of pasteurization on milk
safety, scientists focused on the details of pasteurization and sterilization processes. The
initial pasteurization conditions, known as flash pasteurization, in which the milk was
heated to up to ~80 °C, continued to be used until the 1960s. Enright [16] showed that
older pasteurization processes were inadequate to inactivate Coxiella burnetti, which causes
Q-fever in humans, and suggested new pasteurization conditions, i.e., heating at 62.8 °C
for 30 min for batch processes and heating at 71.7 °C for 1 s for continuous processes.
Different heat treatments, such as thermal treatment (65 °C for 15 s), low-temperature long-
time pasteurization (LTLT, 65 °C for 30 min), high-temperature short-time pasteurization
(HTST, 72 °Cfor15 s), extended shelf life pasteurization (120-130 °C for 1-4 s), ultra-
high-temperature sterilization (UHT, 136-145 °C for 2-8 s), in-container or vat sterilization
(112 °C for 15 min), and innovative steam injection (ISI) treatments, are currently available
(Table 1). These processes target variable microbial species and result in milk with different
shelf lives [17]. Thermal treatments destroy heat-sensitive spoilage bacteria; pathogenic
bacteria are mainly eliminated by pasteurization, while sterilization kills all bacteria and
spores [2,18,19].

The primary goal of pasteurization conditions is to destroy Mycobacterium tubercu-
losis and C. burnett (i.e., the most temperature-resistant milk pathogens). The effects of
certain temperature—time combinations on different pathogenic species are described in
Figure 2. About 99.9% of pathogens are killed by pasteurization through HTST, and viable
Mycobacterium avium populations are effectively reduced. All vegetative pathogens, such
as human pathogenic Escherichia coli, Listeria spp., Salmonella spp., Campylobacter jejuni,
and Clostridium botulinum, are destroyed by HTST pasteurization. However, heat-resistant
spores of Bacillus cereus or C. botulinum are not destroyed by pasteurization. Instead, the
germination of these spores can be induced while refrigerating pasteurized milk. Vegetative
and most sporulating pathogens, especially C. botulinum and B. cereus, but not the spores of
some extreme heat-resistant nonpathogens, such as Bacillus thermodurans, are destroyed
by higher-temperature treatments (e.g., UHT, sterilization, and ISI). The efficiency of pas-
teurization processes can be determined by measuring the activity of alkaline phosphatase,
which is a natural enzyme in mammalian kinds of milk with higher thermal tolerance than
the most heat-resistant, non-spore-forming pathogens commonly found in milk [20,21].
Positive phosphatase activity indicates that the milk has not been sufficiently pasteurized
or has been contaminated with raw milk or bacteria after processing [22].
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Table 1. Different heat treatments used in the milk and dairy industries [23].

Temperature-Time

Heat Treatments Combination Required Time Pathogens Destroyed
Thermization 57-68 °C 55-30 min Non—spore—for.mmg b athogens z.md
psychrotropic spoilage bacteria
Flash pasteurization 72-80 °C 15-30s Non—spore—for'mmg p athogens z.and
psychrotropic spoilage bacteria
Extended shelf life o Psychrotropic, mesophilic, and
pasteurization (ESLP) 125-140°C =10 non-spore-forming bacteria
HTST 79_74°C 15-20's Coxiella burnetii, the; most hegt—reastant
pathogen in raw milk
Ultra-h¥gh—'temperat.ure (UHT) 130-145 °C 590 Clostridium Bgtulmurr'z and target Coxiella
indirect heating burnetii; bacterial endospore
Ultra-high-temperature (UHT) o Heat-resistant spore formers without
. . 142-150 °C 2-6's . .
direct heating excessive chemical damage
Sterilization 110-120 °C or 125 °C 10-20 min All non—s.pore—formmg ba;terla excgpt
5 min heat-resistant spore-forming bacteria
Innovative steam 160-180 °C 0.1s Heat-resistant spores

injection (ISI)

The spoilage of pasteurized milk is caused by post-pasteurization contamination with
Gram-negative psychrotrophic bacteria, such as Enterobacter, Serratia, Hafnia, Citrobacter,
Pseudomonas, Alcaligenes, and Flavobacterium [24]. The destruction of lactic acid bacteria
by pasteurization increases milk’s shelf life. However, it may also lead to unintended
consequences, such as the increased growth of bacterial spores (e.g., Bacillus spores) and
vegetative bacteria that survive pasteurization in the absence of lactic acid bacteria. Thus,
when implementing the pasteurization of milk, there is a need for septic packaging to
prevent recontamination post-pasteurization. Recyclable glass bottles were initially used
until Ruben Rausing introduced paperboard containers in Sweden [25]. The Tetra Classic
triangular (1951) was created, followed by Tetra Brick (1963), and finally, the Tetrapack pack-
ages currently used [26]. It has been proven in follow-up studies that milk pasteurization
has contributed enormously to the public health and safety of populations worldwide [27].
However, the recent identification of heat-resistant microorganisms of public health signifi-
cance, such as Listeria monocytogenes and Mycobacterium avium subsp. paratuberculosis, may
question the adequacy of pasteurization heat treatment [28].

10000
Coxiella burneti
Brucella abortus °

— 1000 =
(&
& Yersinia enterocolitica ®
Sm—
W Salmonella spp. Bacillus spp.
£ 100 Listeria monocytogenes = °
] Mycobacterium bovis
(=] Mycobacterium avium
%‘0 10 Escherichia coli 8 ° 8 Brucella abortus
- L ]

Staphylococcus aureus

1 [ ]

40 50 60 70 80 90 100
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Figure 2. The relationship between pasteurization temperature and log D-time (the time required to
reduce the number of microorganisms in one log cycle) [29].
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3. Effects of Pasteurization and Sterilization on Milk Safety

Interest and popularity in the consumption of raw unpasteurized milk are increasing
day by day as it is suggested in some reports that healthy microflora and bioactive com-
ponents present in milk are also destroyed by pasteurization. The main reasons used to
advocate the consumption of raw milk are its enhanced nutritional value, health benefits,
overall quality, and better taste [27]. However, these claims have not been substantiated
due to a lack of scientific evidence and the high cost of the required investigations. Instead,
various epidemiological studies have confirmed that the contamination of raw milk by
various pathogens causes the transmission of infectious diseases in humans [9,30,31]. The
prevalence level of different pathogens available in raw milk has been reported in various
research studies; for example, bacteria like L. monocytogenes and C. jejuni are found in un-
pasteurized milk at a prevalence level of about 12-13% [32]. The prevalence of pathogens
in milk is influenced by many factors, including milking facilities, farm hygiene, differ-
ent seasons, farm management practices, the type of utensils used to store milk, and the
number of animals available on the farm [33]. One of the crucial sources of foodborne
pathogens includes dairy farms, and the level of contamination in raw milk depends to
a large extent upon the milking and farming practices used. Pathogens can contaminate
raw milk even if it appears to be of acceptable quality and from healthy animals [34].
The possible mechanisms by which pathogens can contaminate raw milk are systematic
infections, udder infections, feed contamination, and human transmission during milking.

Various foodborne pathogens causing outbreaks are present in raw milk, like Salmonella
spp., Campylobacter, and some verocytotoxin-producing human pathogens like E. coli, Y. entero-
colitis, E. coli O157:H7, and L. monocytogenes [35]. Nearly 2-6% of foodborne bacterial diseases in
many industrialized countries are caused by pathogens in raw unpasteurized milk. Human
pathogens found in raw milk are responsible for causing foodborne illnesses and outbreaks.
When a high number of Staphylococcus aureus is present in raw milk due to contamination, it
produces an enterotoxin, which is harmful to humans. Listeriosis is a condition that occurs
when there is a high infectious load of L. monocytogenes in milk [36]. Common symptoms of
milk-borne infections include abdominal cramps, diarrhea, nausea, vomiting, fever, etc. More
severe symptoms, such as hemolytic uremic syndrome caused by E. coli O157:H7 and Guillain-
Barré syndrome caused by Campylobacter spp., can be seen in people with severe illnesses. These
symptoms may also result in chronic problems such as arthritis or, in some cases, even death.

Raw milk has been identified as a frequent source of various foodborne outbreaks and
illnesses (Table 2). Statistical analysis data for milk-related human outbreaks in the United
States have been reported and reviewed [37]. According to these data, consuming raw
milk products was responsible for 121 outbreaks, which resulted in 1571 confirmed cases,
including two deaths and 202 hospitalizations. A high number of outbreaks (55) were
reported in 21 states where the sale of raw milk was allowed compared to a smaller number
of cases and outbreaks in states where raw milk sale was banned and prohibited [37]. The
outbreaks, illnesses, and health issues reported due to the consumption of raw milk reflect
only a small proportion of the actual numbers [38,39]. For example, between 2001 and 2010,
it was shown in data from Minnesota that 3.7% of patients acquired sporadic infections
due to the consumption of raw unpasteurized milk [40]. In Minnesota, it was estimated
that 20,500 patients (17%) had sporadic infection and enteric pathogen infection due to the
consumption of raw milk. This resulted in a raw-milk-associated outbreak and illnesses.
Children under the age of five were adversely affected, and it was observed that 76% of
them were given raw unpasteurized milk from their farms [40].

S. aureus is the primary pathogen associated with contagious mastitis, which occurs at
24.4-37% in bulk tank milk samples. Contamination by coagulase-negative Staphylococcus
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and Streptococcus spp. was also shown in colostrum and bulk tank milk. The prevalence
rates for S. aureus and S. agalactiae isolation were 31% and 10%, respectively [41]. Sixteen
enterotoxin genes (seg—seq, sea—see), along with the toxic shock syndrome toxin gene
(tsst-1), isolated from S. aureus in milk from mastitis-affected cows, were compared for
their prevalence. A total of 73 out of 78 S. aureus isolates were positive for one or more
enterotoxin genes. Along with the enterotoxin genes sed and tsst-1, some new Staphylococcus
enterotoxin genes (e.g., sem, sen, and sei) were also reported in most S. aureus isolates. The
high epidemiological prevalence of enterotoxin and S. aureus in raw milk is a concern since
this species is a common pathogen isolated from raw milk and is responsible for foodborne
infections and outbreaks [42].

Table 2. Outbreaks related to raw milk and raw milk products from available epidemiological data.

Year

Pathogen State Outbreak Information

Reference

2015

Campylobacter jejuni contamination of raw milk
across several Italian regions was estimated to
cause between 230,776 and 301,785 cases per
year (D-R I model) and up to 5.25 million cases
per year under worst-case assumptions (D-R
II model) depending on storage conditions.

Campylobacter jejuni Italy

[43]

2014

There were no reported outbreaks, but an
Staphylococcus aureus Italy estimated 485 servings per year contained
>20 ng enterotoxin A.

[44]

2013

A total of 93 cases per 100,000 servings
Campylobacter spp. contained Campylobacter spp., 201 cases
L. monocytogenes New Zealand  contained Shiga toxin-producing E. coli (STEC),
Salmonella spp. and 15 cases contained Salmonella spp. for
Listeria monocytogenes.

[45]

2011

Listeria monocytogenes A quantitative risk assessment in New York
E. coli O157:H7, estimated Listeria monocytogenes infections from
New York . . 7
Campylobacter, raw milk consumption to range from 2.7 x 10
Salmonella to 1.0 x 10~* cases per person per year.

[46]

2007-2011

Between 2007 and 2011, an estimated
6.3-7.2 cases of HUS (Hemolytic Uremic
Syndrome) were linked to raw milk
consumption in Italy, caused by E. coli O157:H7.
Italy Additionally, outbreaks of Campylobacter jejuni
were reported in the Veneto and Marche regions
during the 2008-2009 period, and two E. coli
0157:H7 outbreaks occurred in Emilia
Romagna over the same period.

Campylobacter jejuni
E. coli O157:H7

[47]

2009

A total of 25.3% of 51,963 raw milk samples
tested positive for Staphylococcus aureus,
indicating a substantial contamination rate.
Additionally, Staphylococcal Enterotoxin A
(SEA) exposure levels at these high percentiles
could reach 94 ng/serving.

S.aureus
Staphylococcus California
enterotoxin A

(48]

2008

Of 16 cases, 4 cases were CC for Campylobacter;

3/4 drank raw milk; and the rest were
Campylobacter spp. California employees. Two individuals were hospitalized,

including one with a form of

Guillain—-Barré syndrome.

[49]
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Table 2. Cont.

Year

Pathogen State Outbreak Information

Reference

2007

Of 25 cases, 7 cases were CC, 18 probably
occurred over several months; 16/28 persons
who consumed raw milk at a gathering
became ill.

C. jejuni Kansas

[50]

2007

There were 29 cases, with an age range of

5 months-76 years; 16/29 were <7 years, 29
cases were CC, there were identical PFGE
patterns, and two individuals were
hospitalized.

Salmonella

typhimurium Pennsylvania

[51]

2007

There were 68 cases, and 4 cases were CC for

Kansas C. jejuni; two individuals were hospitalized.

C. jejuni

[52]

2006-2007

There were 85 cases, primarily including
Hispanic people.

A total of 85 cases were CC, with identical PFGE
patterns; 36 individuals were hospitalized.

Salmonella

[53]

2006

There were 6 cases, with 5 CC with identical
PFGE patterns. There was one non-CC case,
HUS; three individuals were hospitalized.

E. coli O157:H7 California

[54]

2005

Of 18 cases, 8 cases were CC; 7/8 had identical
PFGE patterns. Five people were hospitalized,
and four had HUS.

E. coli O157:H7 Washington

[53]

2002-2003

There were 62 cases, and 62 were CC, with
identical PFGE patterns and an epidemiologic
link to an implicated dairy outbreak strain
isolated from milk, cream, and butter samples.

Multi-State in

S. typhimurium the USA

[55]

2002

Of 13 cases, 5/6 cases were CC; six individuals
sought medical attention and none
were hospitalized.

C. jejuni Utah

[56]

2001

A total of 26 cases were CC for MDR-SN;
23 individuals were treated with antibiotics,
and 8 were hospitalized.

Salmonella -

[57]

2001

Of 75 cases, 28 cases were CC; the PFGE

1sconsin patterns of 21 tested individuals were identical.

C. jejuni

[58]

CC: culture confirmed; PFGE: pulsed-field gel electrophoresis, HUS: hemolytic uremic syndrome, MDR: multiple
drug resistant.

4. Effect of Pasteurization and Sterilization on Milk Constituents
4.1. Effects on Milk Protein Structure and Functionality

The heat treatment of milk leads to various protein alterations by denaturation, ag-
gregative interactions, Maillard reactions, and a loss of nutritional value [59]. Different
chemical reactions may occur during pasteurization, including denaturation, hydrolysis,
glycation, -elimination reaction, iso-peptide bond formation, and racemization. The
milk protein denaturation range by heat falls between 62 °C and 72 °C [60]. The series
of reactions during the heating of milk involves different amino acids, especially lysine,
tryptophan, asparagine, threonine, phosphoserine, and glutamine, and can affect various
milk characteristics. The amount of lysine is reduced by heat treatment, mainly due to
Maillard reactions with lactose [61]. Amino acids are building blocks and key components
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of milk proteins, contributing to nutrition, bioactivity, and functional properties like emul-
sification and gelling. Heat-sensitive amino acids such as lysine and tryptophan undergo
chemical changes during thermal processing, including Maillard reactions and oxidation.
These reactions reduce amino acid availability, impair protein digestibility, and affect milk’s
flavor, color, and stability [62].

Montilla [63] reported that changes in pH at different temperatures caused the de-
naturation of milk proteins. Partial denaturation of the globular structure of native whey
proteins at temperatures above 60 °C causes the unfolding and exposure of their hy-
drophobic residues and disulfide bonds. Although these reactions may be reversible at
low temperatures, new irreversible hydrophobic interactions may be formed by them at
high temperatures [64]. Unfolded proteins can also aggregate with other proteins through
disulfide linkages and sulphydryl-disulfide interchanges, as shown in Figure 3 [65].

= ﬁs%ﬁ?

=
Heat Treatment
- FTp - \‘%\
- D

Native Whey protein Denatured whey protein and casein micelle
and casein micelle aggregation

J |4' -
"‘-S-S @ )
=7
Formation of gel LY |

network

Casein micelle-whey protein aggregate Gelation

Figure 3. Schematic diagram showing possible interactions in heat-treated milk system. Modified
from [66].

Heating milk above 60 °C may also lead to interactions between the casein micelles
and the denatured whey proteins and cause their conversion from a soluble form to a col-
loidal state [67]. Heated casein micelles increase in size and associate with unfolded whey
proteins, leading to the formation of adhesive hard spheres and an increase in viscosity [68].
The association between caseins and whey proteins is caused by hydrophobic interactions
at temperatures <70 °C and disulfide bonds at higher temperatures [65]. For example,
complexes between (-lactoglobulin and «-casein aggregates are formed in bovine milk
upon heating [65]. Upon heating at low temperatures for an extended time, 3-lactoglobulin
has enough time to unfold and associate with the micelle. Still, it does not unfold appro-
priately at high temperatures and may refold into a new structure and form aggregates
with molecular species other than k-casein. The formation of 3-lactoglobulin/«-casein com-
plexes increases with the increased proportion of 3-lactoglobulin in milk. Upon prolonged
heating at low temperatures, a-lactalbumin forms complexes with (3-lactoglobulin and,
consequently, with k-casein (Table 3) [59,69,70].
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Table 3. Free sulfhydryl (SH) group and disulfide (S-S) bonds in milk whey proteins.

Protein -SH Groups S-S Bonds Reference
: 4 (Cys6-Cys120, Cys28-Cysl11,
LA None Cys61-Cys77, and Cys73-Cys91) (711
E 2 (Cys66-Cys160 and
B-LG 1 (Cys121) Cys106-Cys119) [72]
BSA 1 (Cys34) 17 [65]

Some heat-stable indigenous enzymes, such as plasmin and cathepsin, are activated
by milk heating, leading to proteolysis during storage [73]. Bovine milk {3-casein is hy-
drolyzed by plasmin (EC 3.4.21.7) to produce three C-terminal fragments [y1- (fractions
29-209), v2- (fractions 106-209), and y3- (fractions 108-209)], asl-casein is hydrolyzed to
produce 14 peptides, and to a lesser extent, as2-casein is hydrolyzed to release several
fragments [74-76]. For example, five peptides were identified in heat-treated bovine milk
resulting from the enzyme hydrolysis of o1- and 3-caseins (Table 4). However, plasmin
activity in bovine milk is strongly inhibited by native and denatured {3-lactoglobulin [77].
This might explain the lower prevalence of hydrolytic peptides in bovine milk compared to
camel milk, which lacks 3-lactoglobulin [78]. Plasmin activity is believed to be enhanced
by heat treatment and to contribute significantly to age gelation in UHT-treated milk [75].

Table 4. Peptides generated from bovine o- and -caseins after heat treatment [73].

Precursor Peptide Sequence (Position) Peptide (m/z) Released by
IPNPIGSENSEKTTMPLW (182-199) 2014.0 Heat
«S1-Casein SDIPNPIGSENSEKTTMPLW (180-199) 2216.1 Cathepsin G
Cathepsin B,
RPKHPIKHQGLPQEVLNENLLRFF (1-24) 2910.6 Cathepsin D
B-Casein EMPFPKYPVEPFTESQSL (108-125) 2126.0 Plasmin, Cathepsin D
HKEMPFPKYPVEPFTESQSL (106-125) 2391.2 Plasmin, Cathepsin D

The Maillard reaction (nonenzymatic glycation) is a chemical reaction between the
amino and carbonyl groups. Upon heating, lactose reacts with the e-amino groups of lysine
residues in milk proteins to form the Amadori product (lactulosyl-lysine-R), followed
by the elimination of galactose moiety from lactose through the 4-deoxyosone pathway
and the formation of an amino-reductone structure [79]. A small reduction (1-4%) in
lysine concentration has been observed in pasteurized milk [80]. In the final stages of this
reaction, hydroxymethylfurfural and other pigments are formed, causing browning of the
milk, especially when heated at high temperatures (Figure 4). Tryptophan is destroyed
during pasteurization, and mutagenic derivatives can be formed [81]. Arginine may also be
converted into ornithine and citrulline by severe heat treatment, and deamination occurs
when excess heat is applied to glutamine and asparagine [82]. These reactions cause a loss
of nutritional value in protein because the altered amino acids might become unavailable
for the metabolic process or because they cause the formation of toxic end products.

The heat stabilities of milk proteins expressed in terms of Arrhenius kinetics are
shown in Table 5. Immunoglobulins and bovine serum albumin are the least stable, while
-lactoglobulin has intermediate stability [59,83]. Because x-lactalbumin is more sensitive
to heat than 3-lactoglobulin, it denatures at ~62 °C. However, its unfolding is reversible
and does not form aggregates at temperatures below 80 °C [69]. Bovine whey proteins are
subject to significant alterations at temperatures >130 °C, with (3-lactoglobulin experiencing
more changes than a-lactalbumin [63].
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Figure 4. Maillard reaction between lactose and lysine residues in milk.

Table 5. Arrhenius kinetics describing the heat-induced degradation of milk whey proteins and lysine.

Temperature

-1
Component Range (°C) In ko E, (kJmol—') n Reference
Bovine serum albumin 82-150 13.18 49 1 [84]
. 60-76 90.38 275 1
Immunoglobulin 76-80 5401 170 1 [85]
. 70-85 84.92 269 1
o-Lactalbumin 85-150 16.95 69 1 [86]
70-90 89.43 280 1.5
[-Lactoglobulin 90-150 12.66 48 15 [86,87]
75-85 120.64 374 1.8
Lysine (AA) 130-160 8.77 109 2 [88]

In conclusion, pasteurization induces a range of structural and chemical changes in
milk proteins, including denaturation, aggregation, Maillard reactions, and enzymatic
modifications, which can lead to both positive and negative effects. On the one hand,
the heat-induced denaturation of whey proteins enhances digestibility and can improve
certain functional properties such as viscosity and emulsification. On the other hand,
excessive or prolonged heating may result in the loss of essential amino acids (e.g., lysine
and tryptophan), a reduced nutritional value, and the formation of potentially harmful
by-products. Additionally, heat-activated enzymes like plasmin can contribute to post-
pasteurization proteolysis and shelf life challenges such as age gelation. Thus, while
pasteurization is vital for ensuring microbial safety, its impact on protein quality is a
balance between desirable functional outcomes and potential nutritional drawbacks, which
are highly dependent on the processing conditions applied.

4.2. Effect on Antimicrobial Systems

While pasteurization is intended to destroy the most heat-tolerant pathogens, it might
destroy essential nutrients, enzymes, and microorganisms in milk. Raw milk has been
suggested to contain numerous antimicrobial systems that prevent the growth of pathogens
and contribute to immunity, including lysozyme, xanthine oxidase, and lactoperoxidase.
During storage, the activity of bacteria and other organisms is restricted due to cold or
very low temperatures, along with the pasteurization effect [33]. While evaluating the
antimicrobial activity of raw milk against pasteurized milk, Pitt [89] found that Salmonella
enteritidis and S. aureus increased in both kinds of milk at 37 °C. However, the level of
the pathogen in raw milk decreased after 32 h of growth, suggesting that the inactivation
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of antimicrobial activity in raw milk was caused by pasteurization. The prevalence of
S. aureus and S. enteritidis after 70-72 h of inoculation in pasteurized milk was almost 100
and 1000 times higher than in raw milk, respectively [33]. L. monocytogenes inoculated at
37 °C in raw milk resulted in an initial bacterial population of about 10* CFU/mL after
12 h, after which it lost its ability to grow [90]. No viable cells of L. monocytogenes were
found 56 h after inoculation in raw milk, suggesting that the microorganism had been
“killed” by raw milk. In another study, the impact of unpasteurized milk on the level of
L. monocytogenes at 15 °C was investigated [91]. During the study of the inhibitory role of the
lactoperoxidase mechanism, six different strains of L. monocytogenes, which were isolated
from unpasteurized milk, were used. The level of L. monocytogenes in heat-treated milk was
found to increase by 2-3.8 log cycles after 65 h in static conditions [90]. In another study, the
population of L. monocytogenes in raw milk increased by 0.8-2.3 log cycles under the same
conditions [33]. Interest in components of the milk fat globule membrane (MFGM), such as
lipid antimicrobial and antiviral properties (e.g., sphingomyelin, phosphatidylcholine, and
phosphatidylethanolamine) and the peptide fragments of casein, has been increasing over
time [92,93]. Although nearly all antimicrobial agents are destroyed by UHT treatment,
their presence is no longer necessary since UHT-treated milk is practically sterile [94].

Raw milk contains various enzymes, many of which are unknown for their biological
function or beneficial effects, which are affected by heating (Table 6). There are also
some indigenous enzymes in raw milk, and excessive heat treatment can usually destroy
and denature beneficial enzymes such as alkaline phosphatase and xanthine oxidase.
Alkaline phosphatase (EC 3.1.3.1) indicates an effective pasteurization process due to
its inactivation under pasteurization conditions [95]. Xanthine is a milk enzyme that
activates lactoperoxidase with the help of hydrogen peroxide. It produces various products
that destroy oxidative stress, thus having antimicrobial properties [96]. Enzyme activity
is affected by temperature, thermal conductivity, pH, and the presence of substrates,
inhibitors, and activators [97].

Table 6. The effect of pasteurization on antimicrobial milk proteins and enzymes.

Component Role in Milk Effect of Pasteurization References
Since this enzyme is destroyed by
Alkaline Phosphatase Potent antisinflammatory enzyvme heat, it is used as sensitive 98]
(EC3.1.3.1) y y indicator for adequate
pasteurization of milk
L . . . 59-76% of activity is retained after
Bovine immunoglobulin Immunogenic proteins HTST treatment [99]
Antimicrobial peptides produced
by certain milk bacteria with
Bacteriocins narrow spectrum of antimicrobial No effect [100,101]
activity mainly against
Gram-positive bacteria
Broad-spectrum antibacterial
agent that binds to iron and
Lactoferrin reduces free iron supply for No effect [102]
proliferation of bacteria, fungi,
and protozoa
. 70-90% of enzyme activity is
Lactoperoxidase(LPO, Act%ogetgeiwlth hydrpgen retained after HTST treatment; 103 104
E.C.1.11.1.7) peroxide and thiocyanate ions as activity is gradually lost during [103,104]

antibacterial agents refrigeration of pasteurized milk
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Table 6. Cont.

Component Role in Milk Effect of Pasteurization References
Breaks cell walls primarily >75% of enzyme activity is
Lysozyme affecting Gram-positive bacteria  retained after heating (80 °C, 15 s) [105]
. Milk protease causes alterations ~ Survives pasteurization but may
Plasmin (EC 34.21.7) in protein structure and function  be destroyed at high temperature [106]
Claimed to have antimicrobial
Xanthine oxidase properties by supplying hydrogen No effect [96,107]

peroxidetolactoperoxidase

In summary, while pasteurization enhances milk safety by eliminating pathogens, it
also compromises the natural antimicrobial systems inherent in raw milk. Key enzymes and
bioactive components such as lactoperoxidase, lysozyme, and xanthine oxidase, known
to inhibit pathogen growth, are significantly reduced or inactivated by heat treatment.
This inactivation may diminish the milk’s natural defense mechanisms, making it more
susceptible to microbial proliferation during storage. Therefore, understanding and pre-
serving these antimicrobial properties, where possible, is crucial for balancing the safety
and functional quality of milk.

5. The Effects of Pasteurization and Sterilization on the Physical
Properties and Sensory Quality of Milk

The sensory quality of milk is defined by its appearance, texture in the mouth, odor,
flavor, and taste [108]. During pasteurization, milk undergoes a variety of reactions that
might affect its color, flavor, and organoleptic properties, such as the denaturation of pro-
teins, lipid degradation, and Maillard reactions [109,110]. Raw bovine milk is characterized
by a yellow color mainly due to its all-frans-[3-carotene content and small amounts of lutein,
zeaxanthin, and p-cryptoxanthin that are associated with the fat globules [111]. Thus, the
intensity of the yellow color of milk is determined by the amount of fat and the size of the
fat globules, which are also affected by milk standardization and homogenization processes.
Heat treatments may destroy carotenoids by oxidation.

The milk viscosity was not significantly affected by mild heat treatments. Still, it
increases in severe heat treatments due to changes in protein structures and the formation
of larger particles and aggregates. Pasteurization at 60—-65 °C causes a slight decrease
in viscosity, but pasteurization at 70 °C and higher temperatures may cause significant
increases in viscosity [112]. The denaturation of 3-lactoglobulin exposes its free sulthydryl
groups, causing its dimerization/oligomerization and aggregation with other whey and
casein proteins through sulfhydryl-disulfide interchange reactions [113]. These interactions
may lead to the formation of weak three-dimensional structures with liquid-like behavior,
contributing to increased viscosity [113]. Age gelation occurs during the storage of UHT-
treated milk (~>12 weeks at 20-25 °C) through the formation of a robust extended solid-like
gel [114]. The viscosity of mildly processed milk increases with an increased fat content
and the presence of more and larger fat globules, which increase the resistance of milk to
flow [115,116].

Heat treatment significantly influences the flavor profile of milk by promoting chemical
changes such as protein denaturation, Maillard reactions, and lipid oxidation. These
reactions are especially prominent in ultra-high-temperature (UHT) processing and ultra-
pasteurization, which exceed 90 °C. One of the effects of heat is the unfolding of whey
proteins, such as 3-lactoglobulin, which leads to the release of volatile sulfur compounds
like hydrogen sulfide (H;S), methional, and dimethyl sulfide, which in turn causes a
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cooked flavor in milk [117]. UHT treatment causes ketone and a cooked flavor in milk
due to the presence of methyl ketone and the oxidation of sulfur and lactone compounds,
which originate in the lipid part of milk. This flavor remains in milk for some time and
may disappear within a week depending mainly on the type of UHT process applied.
Flavor compounds, such as sulfur and nitrogen-containing compounds, diacetyl, Strecker
aldehydes, and maltol, are produced during thermal processing when amino acids and
lactose in milk undergo Maillard reactions [118]. Methyl ketone is generated due to the
B-oxidation of free fatty acids, which is induced by the degradation of lipids during
pasteurization [119]. Ultra-pasteurized milk is characterized by its various distinct flavors,
such as cooked, caramelized, and sulfurous flavors, which make it different from HTST
milk. These distinctive flavors are a drawback of ultra-pasteurized milk [120]. Due to
the presence of sulfur-containing compounds (e.g., dimethyl sulfide, hydrogen sulfide,
methional, carbon disulfide, dimethyl trisulfide, and Maillard compounds, i.e., furfural,
benzaldehyde, 2- and 3-methylbutanal, and 2-acetyl-1-pyrroline), ultra-pasteurized milk
is different from HTST milk, which also has distinctive sulfur and cooked flavors. The
amount of various sulfur and Maillard-reacting compounds is also influenced by the fat
concentration in milk, which, in turn, affects the flavor and taste of milk [118].

Zhao [121] demonstrated that HTST milk (63 °C/30 min or 72 °C/15 s) contains higher
levels of low-molecular-weight compounds like 2-butanone and dimethyl ketone, whereas
UHT processing using Direct Steam Injection (DSI) at 150 °C for 0.1 s leads to a notable
rise in high-molecular-weight aldehydes such as hexanal, pentanal, and nonanal. These
aldehydes contribute to grassy, fruity, and floral notes in UHT-treated milk in contrast to the
lighter, less complex flavor of HTST milk. Benzaldehyde, an aromatic compound from the
Maillard reaction, adds sweet almond-like notes, while dimethyl sulfone is primarily linked
to sulfurous off-flavors [122]. Consumer preferences vary widely; Liem [123] reported that
in China, where 60% of the population consumes long-life milk, the cooked and sulfurous
flavors are better accepted, whereas Australian consumers, who primarily consume fresh
HTST milk, prefer milder flavors, highlighting regional differences in flavor tolerance and
product expectations.

Meng [124] further evaluated DSI and DSIJ (Direct Steam Injection Jet) treatments
using the solvent-assisted flavor evaporation (SAFE) and solid-phase microextraction
(SPME) techniques. They identified 59 volatile compounds across both methods, including
nonanal, 2-undecanone, 2-decanone, -decanolactone, 3-hydroxy-2-butanone, and dimethyl
sulfone. SAFE favored the detection of alcohols and aldehydes, while SPME excelled
in extracting esters and sulfur-containing volatiles. DSIJ milk exhibited slightly more
diverse compounds (52) compared to DSI milk (50), suggesting subtle differences in flavor
complexity based on thermal intensity and duration. Ultimately, while UHT-treated milk is
thermally stable and has an extended shelf life, its cooked, caramelized, and sulfur-rich
profile remains a sensory drawback in markets favoring a fresh dairy flavor. The fat content
and storage time further modulate these effects by enhancing the concentration of thermally
derived volatiles over time.

In summary, pasteurization influences the physical properties and sensory quality
of milk through various biochemical and structural changes. While mild heat treatments
have a minimal impact on viscosity, higher temperatures can lead to protein denatura-
tion, increased viscosity, and gel formation over time. Additionally, thermal processing
induces flavor alterations, including the development of cooked, caramelized, and sul-
furous notes, which are more pronounced in ultra-pasteurized milk. Despite these changes,
pasteurization remains essential for ensuring milk safety and quality.
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6. The Effects of Pasteurization and Sterilization on the Nutritional
Quality of Milk
6.1. Effects on Vitamins and Minerals

Milk has a balanced nutritional value and digestible elements necessary for the de-
velopment of babies. About 87% of milk is water, and the remaining 13% constitutes
nutritionally valuable components, including carbohydrates, minerals, proteins, lipids, and
vitamins. Milk is also one of the best sources of essential amino acids, calcium, phospho-
rous, and high-quality proteins that contribute to human nutrition, reproduction, growth,
and the promotion of the development of bones and muscles. The increase in the global
consumption of milk and milk products often underlines the critical question of how differ-
ent pasteurization processes may affect the nutritional constituents of raw milk. Different
pasteurization conditions may influence the physicochemical characteristics of milk and
milk products differently. The pasteurization process decreases the amount of total fat in
raw milk. For example, the total fat in raw milk was found to decrease from 3.58% to 3.07%
after pasteurization and to decrease further after UHT treatment [125]. However, the fat
contents of milk sold on the market are standardized to 3.5% in full-fat milk, 1.5-1.8% in
semi-skimmed milk, and 0.5% in skimmed milk by adding or removing cream (Council
Regulation (EC) 2597/97) [126].

Fat- and water-soluble vitamins are destroyed by excessive heat treatment or pasteur-
ization. A drastic reduction in the levels of some essential vitamins due to pasteurization
has been observed in an evaluation of the effect of pasteurization on different vitamins
(e.g., A, B1, B2, B6, B12, C, and E) in a meta-analysis based on 40 different studies [127]. It
was observed that pasteurization leads to some decline in the levels of vitamins, especially
vitamin B2 and folate. Minor differences between raw and pasteurized milk were observed
in thiamine (vitamin B1) and pyridoxine (vitamin B6) concentrations. However, the con-
centration of vitamin A was found to increase after pasteurization [127]. Minerals are
generally heat-stable during pasteurization [128]. Pasteurization does not seem to affect the
bioavailability of milk calcium and phosphorous [129]. In conclusion, pasteurization can
lead to moderate losses of certain heat-sensitive vitamins, particularly B-group vitamins
and vitamin C. However, essential minerals like calcium and phosphorus remain largely
unaffected, preserving milk’s core nutritional value. Despite minor nutrient reductions,
pasteurized milk continues to serve as a vital source of high-quality proteins, essential
vitamins, and minerals, supporting human growth and development across all age groups.

6.2. Effect on Milk Digestibility and Gut Health

Bovine milk is naturally rich in psychotropic lactic acid bacteria (Lactobacillus, Lacto-
coccus, Leuconostoc, Streptococcus, Enterococcus, and small proportions of Acinetobacter and
Pseudomonas), which cause spoilage in milk. The importance of the gut microbiome can in-
fluence psychological functioning and affect different aspects of mental as well as physical
health. The composition of the gut microbiome mainly depends on the diet of the person.
Enhancing growth and maintaining healthy gut microbiota in the diet is challenging. It was
demonstrated in epidemiological studies that ingesting raw milk enhances the growth and
composition of the gut microbiome [130]. Researchers evaluated the outcome of different
dietary intakes on the gut microbiomes of several people who went through a 12-week
research course on a farm and consumed unpasteurized milk and dairy products produced
from a herd of Jersey cows. Most people who participated in this study did not consume
unpasteurized dairy products before this course. The study concluded that there was a
significant change in the microbiome, with Lactobacilli levels dramatically increasing in the
fecal samples from pre-course to post-course [131]. The consumption of unpasteurized
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milk and dairy products was identified as the main reason for the increase in the levels of
the gut microbiome. This increase is beneficial because Lactobacilli are known to support
gut health by improving digestion, enhancing immune function, and inhibiting the growth
of harmful bacteria.

6.3. Effects on Lactose Intolerance, Allergy, and Immunity

Lactose, the predominant carbohydrate available in mammalian milk, has several
health benefits, including energy production, low glycemic levels, facilitation of the absorp-
tion of magnesium and calcium, and prebiotic properties, especially for children [132]. The
enzyme lactase ([3-galactosidase) is responsible for the digestion of lactose in humans. The
absence of this enzyme results in lactose intolerance manifested as symptoms, including
bloating, diarrhea, flatulence, and severe abdominal pain. More than 65% of the human
population is projected to suffer from lactose intolerance, for which the prevalence increases
with age [133]. There are widespread anecdotal claims that raw milk has a curing effect
on lactose intolerance due to its content of natural lactase, and bacteria that produce this
enzyme, mainly Lactobacillus acidophilus, are destroyed by pasteurization [127]. Still, this
hypothesis was later rejected [134]. However, there is no evidence supporting these claims.
In a recent pilot cross-over intervention study, it was shown that raw milk was not different
from pasteurized milk in affecting the symptoms of lactose malabsorption or intolerance in
adults suffering from lactose malabsorption [135].

The increase in allergies and asthma in Western countries was associated with the
consumption of pasteurized milk [136]. In this case, there is consistent evidence that chil-
dren raised on farms show decreased incidences of allergic hypersensitivities, hay fever,
atopy, and asthma compared to other children. However, the exact reason(s) cannot be
given and may be multifactorial [137-146]. Rosenlund [147] collected data that included
about 15,000 children from five European countries with different lifestyles. It was found
that children living in agricultural areas and with restricted use of vaccines, antibiotics,
and antipyretics showed a negative association between unpasteurized milk consumption
and asthma and allergies (Table 7). In another study including about 1,000 rural children
from five European countries, Loss [148] found a negative relationship between raw milk
consumption and rhinitis, otitis, and respiratory tract infection. In the hygiene hypothesis,
Strachan [149] suggested that farm living and related lifestyles expose children to microbes
and may protect them against some allergies. However, in a study of germ-free female
BALB/cBy] mice, it was shown that the pasteurization of bovine milk improves the aller-
genicity of 3-lactoglobulin by denaturation and suppression of the effect on conformational,
i.e., sequential epitopes [150].

Table 7. Studies evaluating the effect of raw milk consumption on asthma and allergic diseases.

County Where Study

Was Conducted Exposure Results Reference

Adj. OR (and 95% CI) of atopy and
unpasteurized farm milk consumption with

Unpasteurized milk and without simultaneous farm animal [151]

Crete (Greece)

products contact: 0.32 (0.13-0.78) and 0.58
(0.34-0.98), respectively
Consumption of farm milk during first year
Austria, Germany, Milk directly produced or  of life significantly inversely associated [141]
Switzerland purchased on a farm with asthma, hayfever, and atopy

independent of other farm exposures
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Table 7. Cont.

County Where Study
Was Conducted

Exposure

Results

Reference

New Zealand

Finland

Northern Germany

England

Sweden, Austria, the
Netherlands, Germany,
Switzerland

Sweden, the Netherlands,
Austria, Germany,
Switzerland

Finland, France Austria,
Germany, Switzerland

Unpasteurized milk,
yogurt at least weekly
before age of two years

Farm milk in infancy

Raw, unboiled farm milk

Unpasteurized milk

Milk directly produced or
purchased on a farm

Milk directly produced or
purchased on a farm

Skimmed and unskimmed
farm milk, farm-produced
butter, and yogurt
during pregnancy

Adj. OR and (95% CI) for early yogurt
consumption and hay fever 0.30 (0.1-0.7);
any unpasteurized milk and atopic eczema:
0.2 (0.1-0.8); no significant association
between unpasteurized milk consumption
and asthma or atopy

Farm milk consumption not associated with
atopy; no other allergic health

outcomes reported

Raw milk consumption and atopy adj. OR
(and 95% CI): 0.65 (0.36-1.18); in those
visiting animal houses before age of 7 years,
raw milk consumption and atopy:
0.35(0.17-0.74)

Current unpasteurized milk consumption
associated with less eczema adj. Or and
(95% CI) of 0.59 (0.40-0.87) and atopy of
0.42 (0.10-0.53), and higher production of
whole blood stimulated IFN-y; effect
independent of farming status; no effect

on asthma

Association between farm milk and asthma
varied between genotypes of CD14/-1721;
similar patterns for symptoms of hay fever
and pollen sensitization; CD14/-1721 also
modified association between farm milk
and CD14 gene expression

Adj. OR and (95%CI) of farm milk
consumption ever in life and asthma:

0.47 (0.61-0.88), rhinoconjunctivitis: 0.56
(0.43-0.73), sensitization to pollen: 0.67
(0.47-0.96), and food mix: 0.42 (0.19-0.92);
association observed in all subgroups
independent of farm-related exposures
Maternal consumption of farm-produced
butter during pregnancy associated with
increased IFN-y and TNF-« production in
cord blood, and farm-produced yogurt
inversely related to these cytokines

[146]

[152]

[153]

[140]

[154]

[145]

[155]

Adj. OR: prevalence and adjusted odds ratio; CI: confidence interval; IFN-y: interferon gamma; CD14: cluster of

differentiation 14; TNF-«: tumor necrosis factor alpha.

Pasteurization and heat treatment are believed to destroy the beneficial immunoglob-

ulins naturally present in raw milk, although this concentration is too low to have any

physiological significance in human immunity [156]. Mainer [157] concluded that there

was no effect on the IgG level upon LTLT pasteurization and only a 1% reduction upon

HTST pasteurization. In another study, Kulczycki, [158] reported that heat-induced aggre-

gation could be enhanced by pasteurization, increasing the receptor-binding activity of

immunoglobulin IgG. This means that pasteurized milk has better immunological function

than raw milk. A potent immune-regulatory molecule known as transforming growth

factor-f3 (TGF-f3) is found in raw milk, and it has been reported that pasteurization has no
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effect on it [159]. In raw milk, the concentrations of immune-modulatory factors, including
TNEF-o, IL-1$3, IL-10, and IL-6, are too small to induce any physiological significance [160].
However, there is a hypothesis that higher immunity against symptomatic infections
caused by pathogens can be achieved by frequent consumption of raw milk. This happens
because of continuous exposure to the nonvirulent strain of the pathogen, which can de-
velop cross-immunity. However, the only case reported in the literature is specifically with
Campylobacter [161].

Products from the Maillard reaction have both beneficial and harmful effects on health.
Depending on how the food is prepared or processed, toxic and beneficial Maillard reaction
products can be formed. Diverse Maillard reaction products can act as anti-browning,
antioxidant, prooxidant, bactericidal, carcinogenic, and anti-allergic agents. The major-
ity of these characteristics are influenced by different food processing techniques. Due
to pasteurization or high-temperature processing, some foods can lose their nutritional
content, while others become more nutritious. Several measures may be applied in the
food industry to limit or reduce the generation of Maillard reaction products. For example,
acrylamide produced at high temperatures was classified as a possible human carcino-
gen (International Agency for Research on Cancer, 1987) [162]. Asparaginase has been
effectively used in the laboratory to decrease acrylamide. Injecting carbon dioxide during
the extrusion process can also help lower acrylamide levels [163]. Maillard reactions may
form other compounds, such as furosine, lactulose, HMF, etc., that can negatively affect
long-term health. Finally, there is concern that milk exosomes are affected negatively by
pasteurization and that human exposure to these exosomes may induce risks of developing
chronic diseases, including obesity, type 2 diabetes mellitus, osteoporosis, cancers, and
Parkinson’s disease [164,165].

While pasteurization has a minimal effect on lactose intolerance and may slightly alter
allergenicity and immune factors, current evidence does not support claims that raw milk
improves these conditions. Although some bioactive compounds and enzymes are reduced,
pasteurized milk maintains nutritional safety and may even enhance certain immunological
functions. Moreover, the loss of natural components is often outweighed by the reduction
in foodborne illness risk.

6.4. Effect on Fatty Acids and Milk Fat Globule Membrane (MFGM)

Milk fat content in commercial products is typically regulated through standardization,
achieved by adjusting the cream content to produce full-fat, semi-skimmed, or skimmed
milk. However, heat treatments, particularly at high temperatures, can induce both physical
and chemical transformations in the milk lipid fraction. Notably, these changes include
an increase in free fatty acid levels. Moreover, polyunsaturated fatty acids in milk are
susceptible to thermal alterations, including the formation of conjugated isomers under
severe heat treatment. One such compound, conjugated linoleic acid, is recognized for
its potential anti-carcinogenic effects, indicating that some thermal transformations may
have beneficial implications [166]. Nevertheless, the impact of heat on the overall fatty acid
profile appears limited under typical pasteurization conditions. A study by Pestana [125]
found no significant changes in the total fat content or overall fatty acid composition
following pasteurization, suggesting that milk lipids exhibit relative resilience to moderate
heat processing.

At the same time, pasteurization disrupts the structural integrity of the milk fat globule
membrane (MFGM), a bioactive interface rich in phospholipids and glycoproteins. Damage
to the MFGM may reduce lipid protection against oxidation and alter fat digestibility [167].
Additionally, the loss of MFGM-associated components such as sphingomyelin could have
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implications for infant brain development and immune function [168]. These findings
emphasize the need to consider not just fat quantity but also structural and functional
aspects of milk lipids in processing evaluations.

7. Alternative Processing Methods

High-pressure processing (HPP), power ultrasonics (PU), and pulsed electric fields
(PEFs) are non-thermal processing technologies with promising impacts on food process-
ing [169]. HPP is a substitute for conventional thermal treatment methods for foods, and it
has been shown to better preserve the nutrients and bioactive components in milk [170].
The key benefits of high HPP are the retention of sensory properties and the nutritional
value of food by the inactivation of microorganisms. Some commercially available pres-
surized foods include yogurt, fruit jams, juices, avocado pulp, jellies, and sauces [171,172].
Batch or semi-continuous equipment is used to conduct treatments, usually in the range of
100-1000 MPa, for up to 30 min to inactivate the spore of the microorganism [173]. HPP
parameters include the process pressure, pressure hold time, initial product temperature,
time to achieve pressure, treatment temperature, water activity, pH of the product, temper-
ature distribution in the vessel, and decompression time, among others [174]. Under the
influence of HPP, nucleic acids, enzymes, polysaccharides, and proteins may be affected,
but due to their simple structure and small molecular size, vitamins and amino acids
remain unaffected [173].

Hite [175] studied the effect of HPP on milk bacteria and concluded that processing at
680 MPa for 10 min would lead to complete sterilization and delay the microbial spoilage
of milk for seven days. The inactivation of microorganisms by HPP involves several
mechanisms, such as membrane destruction, changes in bacterial enzymes and nucleic
acids, and simultaneous leakage of the contents of organelles and cells [176]. Factors
like the composition and pH of food, state and type of growth, and time and pressure
of application can affect the efficiency of HPP, while the effect of HPP on enzymes in
milk is comparatively much less than that of heat. Several researchers examined the
impact of HPP on endogenous enzymes in milk, such as glutamyltransferase, alkaline
phosphatase, phosphohexose isomerase, and lactoperoxidase [172,177]. The inactivation of
plasmin by HPP requires a pressure of up to 600 MPa and a temperature of more than 20
°C [178,179]. It has been shown that whey protein (mainly (3-lactoglobulin) and caseins
are altered by HPP [178,179]. The denaturation of 3-lactoglobulin occurs at a pressure
of more than 100 MPa at 25 °C, while bovine serum albumin and «-lactalbumin tolerate
pressures around 400 MPa without being denatured [179]. Studies show that HPP at
600 MPa for 3 min can achieve a 5-log reduction in Listeria monocytogenes and E. coli, similar
to thermal pasteurization, but without the associated thermal degradation of bioactive
compounds [180]. Quantitatively, HPP-treated milk retains up to 90% of vitamins B2 and
C, whereas conventional pasteurization retains only around 50-60% [181]. Over the past
20 years, HPP technology has advanced dramatically, but its high installation cost and the
complexity of designing a continuous system to prevent corrosion and cross-contamination
are drawbacks in the industrial application of HPP for milk treatment.

Ultrasound waves, which can pass through milk at a frequency greater than 20 kHz,
in milk processing may offer advantages to the dairy industry, such as improved product
quality and cost-saving properties. However, ultrasound alone is not very efficient in
deactivating microorganisms and enzymes; therefore, it should be combined with sonica-
tion techniques [174,182]. Ultrasound treatments are affected by several factors, including
enzyme concentration, medium composition, treatment level, frequency, and energy den-
sity [183]. The inactivation of enzymes usually increases with increasing ultrasonic power,
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temperature, frequency, pressure, exposure time, and amplitude and decreases as the
volume of the sample increases [184]. It has been reported that enzyme deactivation
decreases with an increase in enzyme concentration and increases with a rise in solid
waste [185]. There was no effect on enzymes in milk when ultrasound was applied without
heat treatment. Studies demonstrated that sonication at 20 kHz achieved a 5-log reduction
in Escherichia coli O157:H7 counts in liquid foods like milk and juices, aligning with FDA
pasteurization standards [183]. Unlike conventional pasteurization methods, which often
reduce heat-sensitive nutrients such as vitamins Bl and C by 20-50%, ultrasound preserves
up to 90% of these compounds [186]. This not only improves nutritional quality but also
enhances sensory properties and energy efficiency, making ultrasound a viable, sustainable
alternative to traditional pasteurization.

Power ultrasonic (PU) milk treatment is an alternative to conventional thermal tech-
niques and has more benefits than pasteurization, e.g., energy usage reduction, the potential
to target particular species, and the absence of preservative requirements [185]. The de-
activation of bacteria and enzymes, milk homogenization, lactose hydrolysis, and the
extraction of enzymes are the main applications of PU in the dairy industry. Expansion
cycles and alternating compression are formed when ultrasonic waves pass through the
liquid, causing the growth of existing bubbles by high-intensity ultrasound in the expansion
cycle, which violently implode when they reach a volume at which more energy is not
absorbed, a process called cavitation [187]. Physical forces created by acoustic cavitation
are the primary mechanism responsible for ultrasonic microbial deactivation.

The main criteria for evaluating any new technology to replace thermal treatment
methods are its ability to provide the consumer with a safe, shelf-stable, cost-effective, and
better-quality product. Using a pulsed electric field (PEF) could be a suitable alternative
to traditional heat or thermal treatments for different liquid and semi-liquid foods as it
can destroy harmful microorganisms and some enzymes while retaining the quality and
freshness of food products. The application of PEF technology to pasteurize food, such
as yogurt, juices, soups, liquid eggs, and milk, has been successfully demonstrated with
negligible effects on the nutritional and sensory quality of food [188]. The inactivation
of microbes and enzymes by PEF depends on different parameters, such as composition,
ionic strength, pH, and conductivity [189]. PEF induces minimal deactivation of enzymes
and bacterial spores, so it needs to be combined with other technologies, such as thermal
treatment and the addition of bacteriocins or antimicrobial agents. It has been observed
that PEF treatment is successful in destroying vegetative microorganisms, but the high
deactivation of spoilage enzymes and microbial spores requires other combined treatments.
The minimal effect on enzymes benefits the dairy industry as milk can be processed to inac-
tivate microorganisms while retaining beneficial enzyme activities [190]. PEF processing of
unpasteurized milk has been reported to have a minimal effect on the tertiary structure
of whey proteins [191]; for example, the folded structure of heat-sensitive lactoferrin was
retained after PEF processing regardless of the processing mode. PEF does not affect
the sensory, physical, or chemical properties of milk [192,193]. Compared to traditional
thermal pasteurization, PEF has demonstrated concrete microbiological and nutritional
advantages. Quantitatively, PEF-treated milk and juice samples have shown microbial
reductions ranging from 0.13 to 6.2 log CFU/mL for total bacteria and up to a 0.48 log
reduction in coliforms depending on the treatment parameters and food matrix [194]. While
traditional pasteurization may cause significant degradation of heat-sensitive nutrients and
flavor compounds, studies confirmed that PEF causes negligible nutrient loss and leads to
better preservation of antioxidant and sensory qualities [195]. PEF treatments provide less
destruction of flavor and nutrients and retain the quality and nutritional value of processed
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foods. Further research is needed to attain a higher inactivation rate and to study more
factors affecting PEF treatment to make it more precise.

Microfiltration (MF) is a non-thermal processing technology increasingly utilized in
the dairy industry as an alternative to traditional heat pasteurization. This membrane-
based technique relies on porous filters, typically with pore sizes ranging from 0.1 to
1.4 microns, to physically separate microorganisms, including bacterial spores, from milk
without significantly altering its biochemical composition [196,197]. The key benefit of MF
lies in its ability to retain milk’s native organoleptic properties, such as its taste, aroma,
and texture, while extending the shelf life, making it highly attractive for premium milk
products [198]. Unlike thermal pasteurization, MF avoids protein denaturation and the
loss of heat-sensitive nutrients, thereby preserving nutritional quality. This approach also
enables selective component separation, for example, removing somatic cells or bacteria
while allowing fat and casein micelles to pass, offering functional advantages in cheese
manufacturing and protein standardization [199]. However, membrane fouling is a per-
sistent limitation. The accumulation of proteins and fats on the membrane surface can
reduce filtration efficiency and require frequent cleaning cycles, thus impacting the opera-
tional cost-effectiveness of the system. Moreover, emerging evidence suggests that certain
spoilage microbes may still survive or proliferate post-filtration, highlighting the need for
complementary treatments like UV or high-pressure processing in some applications [200].
Despite these challenges, MF remains a promising technique, offering flexibility, product
quality enhancement, and potential for integration into hybrid preservation systems for
next-generation dairy products.

8. Economic Impact of Milk Processing Methods

The choice of milk processing technology significantly influences both the economic
viability and sustainability of dairy enterprises. Traditional thermal pasteurization meth-
ods, although well established, are energy-intensive and may result in higher operational
costs due to prolonged heating and cooling cycles, labor, and maintenance requirements.
In contrast, alternative processing methods such as high-pressure processing (HPP), pulsed
electric field (PEF), and ultrasound-assisted pasteurization and microfiltration offer promis-
ing avenues for cost-efficiency and product quality retention.

However, their implementation carries varying economic implications. A study evalu-
ating alternative dairy processing models revealed that small-scale facilities (50-500 cows)
for fluid milk, yogurt, and cheese require capital investments ranging from USD 1.5 million
to USD 7 million depending on product line and automation levels. Operational costs,
including energy, labor, and packaging, represent a significant portion of the total expendi-
ture, with energy savings being a potential advantage of non-thermal technologies [201].

For example, the adoption of PEF in milk processing, while requiring an upfront capi-
tal investment in specialized equipment, can lead to lower processing temperatures and
shorter treatment times, translating into long-term energy savings and reduced product
loss. This aligns with findings that modern processing methods can enhance efficiency
and reduce waste, improving overall profitability [202]. Furthermore, an environmental
and economic analysis estimated that traditional fluid milk processing contributes about
2.4 kg COy, per kg of milk produced and processed, a figure that could be reduced with
energy-efficient alternatives like PEF or HPP [203]. Market-dependent variables such as
raw milk price, product demand, and consumer preferences also influence the economic fea-
sibility of processing methods. Enterprises must also consider maintenance costs, operator
training, and regulatory compliance when adopting novel technologies [204]. In conclusion,
while alternative milk processing technologies can offer operational and product quality
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advantages, careful cost-benefit analyses are essential for industrial application. Decision-
makers in the dairy sector should weigh capital investment, energy efficiency, regulatory
requirements, and market positioning when considering a transition from conventional to
innovative milk processing methods.

9. Future Prospective

The future of milk processing technologies lies in achieving a balance between micro-
bial safety and the preservation of nutritional and sensory quality. While conventional heat
pasteurization and sterilization have played a major role in public health, consumer demand
for minimally processed and nutrient-retentive foods is accelerating the transition toward
non-thermal technologies. Emerging innovations such as high-pressure processing (HPP),
pulsed electric fields (PEFs), ultrasound, and microfiltration (MF)-assisted non-thermal
processing have shown promising results in maintaining milk’s natural bioactives, proteins,
and enzymes while ensuring microbial safety. These methods offer energy-efficient and
sustainable alternatives that minimize the thermal degradation of heat-labile nutrients like
vitamins B1 and B2 and bioactive peptides.

Moreover, recent insights into the gut microbiome have emphasized the need to
preserve milk’s native microflora and immunomodulatory compounds. Functional milk
enriched with probiotics, prebiotics, and immune-supporting molecules like lactoferrin
and transforming growth factor-f3 (TGF-f3) may play a future role in preventing allergies
and promoting gut health. Future research may also explore nanoencapsulation and
milk exosome protection strategies to safeguard these components during processing.
Another promising direction is precision pasteurization, where real-time sensors and Al-
driven modeling optimize thermal input to ensure pathogen death while minimizing
protein denaturation and flavor loss. Coupled with smart packaging and cold-chain
blockchain systems, this could significantly improve the traceability and shelf life prediction
of pasteurized milk products. In the coming years, interdisciplinary efforts will be critical
for designing next-generation milk processing systems. These should fulfill dual objectives,
namely enhanced safety and superior quality, aligning with the principles of personalized
nutrition, sustainability, and consumer health consciousness.

10. Concluding Remarks

It is suggested by current research that milk pasteurization by heat treatment is
adequate to ensure microbial safety but may impact the nutritional or sensory quality
of the milk depending on the treatment temperature and time. The consumption of raw
milk cannot be encouraged due to the safety risks associated with the possible content
of pathogenic microorganisms. More studies that evaluate the differences between raw
and differently pasteurized/sterilized milk samples and their relevance to milk quality are
required. In addition, the development of alternative pasteurization methods that ensure
hygienic collection and assessing the microbial quality of raw milk from individual animals
before its inclusion in collection tanks are required. Studies on the digestibility of different
kinds of heat-treated milk and their relation to gut health, intolerance, and allergy are also
highly warranted.
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