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Editorial

Achievements in the Agri-Food Supply Chain Leading to
Sustainable Foods IV

Dimitris Skalkos

Laboratory of Food Chemistry, Department of Chemistry, University of Ioannina, 45110 Ioannina, Greece;
dskalkos@uoi.gr; Tel.: +30-2651008345

In the previous three Special Issues, we researched the unprecedented rate and unfore-
seen consequences of global change over the last five years. The uncertainty caused by these
rapid changes continues to grow today at an even faster rate. Food is the single strongest
factor in optimizing human health and environmental sustainability worldwide [1]. As
consumers play a key role in the transition to a more sustainable Agri Food Supply Chain
(AFSC) system, it is essential to understand how consumers interpret “sustainability” in
relation to the food supply chain. These insights are vital to improve quantitative consumer
research on sustainability issues, while taking into account the consumer’s point of view.
Furthermore, these insights can be used to guide policymakers in suggesting informed
guidelines and recommendations that align with consumers” understanding of food sus-
tainability. Consumers have difficulty defining the concept “sustainability” and estimating
the environmental impact of their food choices [2,3] and believe that sustainability does
not (yet) influence their food choices. Currently, young consumers consider price, taste and
individual health to be more influential than sustainability [4,5].

Sustainable agribusiness is needed to address food security challenges in the situation
of increasingly limited production capacity. The role of consumer-based innovation and
digitalization in supporting sustainable agribusiness and analyzing future directions is
vital. Developments in consumer behavior that are beginning to focus on sustainable
consumption must be supported by sustainable production in the context of a sustainable
food system [6]. The key to maintaining consumer changes in relation to sustainable
food production is the development of consumer-based innovation. Consumer nutrition
environments are defined as places in which consumers interact with the food they eat; these
food choices can impact human and planetary health. The development of comprehensive,
reliable, and valid consumer nutrition environment measures that assess nutrient-dense
food availability and food sustainability is important for research, planning, evaluation
and advocacy, with the aim of improving consumer food environments for human and
planetary health [7].

The food industry has significantly expanded and become globalized due to the
growth of the economies of many countries and an increasing world population. The
industry is consequently facing major sustainability challenges [8]. This industry, which
feeds a world population of approximately 7.8 billion, will need to supply food to 9.7 billion
individuals by 2050 [9]. Sustainability in food production means “that food is produced
and consumed in a way that supports the well-being of generations” [10]. The definition
of sustainable development has been given as “meeting the needs of the present without
compromising the ability of future generations to meet their needs” [11]. The global food
industry is at a turning point in its history. A growing body of academic research is focusing
on sustainability at the intersection of social, environmental, and economic factors [12].

Sustainability 2026, 18, 2030
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Discussions of sustainable practices in the food industry have become increasingly common
in recent years [13]. Excluding the discussion of other sectors, the concept of sustainability
in the food industry is highly controversial. According to [14], “sustainable food” is a
very broad and vague concept for both consumers and policymakers. Future research
should be multi-disciplinary and involve adjacent fields, including agriculture, agroecology,
and climate science. There is also a need for research in the field of economic and social
sustainability in the food industry. Studying research topics found in thematic map analysis,
such as the effect of a sustainable diet on the food chain and the relationships between the
agri-food system, sustainable agriculture, sustainable food systems, and sustainability of
the food chain, is recommended for future research.

In this fourth Special Issue, three selected subjects on the achievements in the Agri-
Food Supply Chain (AFSC) leading to sustainable foods are presented in 10 published
papers. These include state-of-the-art approaches for sustainable AFSC (three papers),
consumers’ and stakeholders’ perceptions of foods (four papers), and the use of innovative
natural ingredients in the process of food production (three papers).

The three papers covering topics of sustainability in AFSC are as follows:

THE KEY ROLE OF COOPERATIVES IN SUSTAINABLE AGRICULTURE AND
AGRIFOOD SECURITY: EVIDENCE FROM GREECE

Kalogiannidis et al. investigated the role of agricultural cooperatives (Acs) in pro-
moting sustainable agriculture and agrifood security, employing a cross-sectional survey
technique with data collected from 400 participants, with a particular emphasis on Greece.
The model developed demonstrates how agricultural expansion may be achieved by col-
lective bargaining, information sharing, resource sharing, and technological integration,
improving agrifood security and sustainability.

IMPLEMENTING IRELAND'’s FOOD VISION 2030 WITHIN THE FRESH PRODUCE
SECTOR: AN INVESTIGATION OF THE BARRIERS AND ENABLERS USING SYSTEMS
THINKING PRINCIPLES

Kenny et al. investigated the effectiveness of the Ireland’s food vision (FV) 2030
through thinking principles regarding the delivery of AFSC fresh produce. The results
demonstrate that successful, long-term change will depend on the involvement and incen-
tives of stakeholders within the supply chain approach to deliver long-term sustainability
within the fresh produce sector, bringing benefits through transdisciplinary collaboration
and fostering multiple stakeholder perspectives.

ENHANCING THE SUSTAINABILITY OF FOOD SUPPLY CHAINS: INSIGHTS
FROM INSPECTORS AND OFFICIAL CONTROLS IN GREECE

Roukos et al. studied the perceptions, attitudes, and experiences of frontline inspectors
in Greece to assess current challenges and opportunities for strengthening official food
fraud controls. Overall, the findings highlight detection gaps, uneven resources across
authorities, and the need for improved coordination and capacity building to support more
efficient, transparent, and sustainability-oriented food fraud control in Greece.

The four papers covering the topics of consumers” and stakeholders’ perceptions of
foods are as follows:

YOUNG CONSUMERS” PRICE PERCEPTIONS IN PURCHASING FOODS: EVI-
DENCE FROM GREECE

Kalyva et al. investigated the price perceptions of young consumers (Gen Z) in
purchasing foods in Greece to discover the determinants that ensure sustainable, future
food consumption. The findings indicate that Gen Z pay more attention to the values
of negative and positive parameters concerning price perceptions when purchasing food
rather than quality, coupons and sales, low prices, and maverism, or even the prestige of
the food’s brand name.

https://doi.org/10.3390/su18042030
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AUSTRALIAN CONSUMERS’ DRIVERS AND BARRIERS TO PURCHASING LOCAL
FOOD FROM ALTERNATIVE AGRI-FOOD NETWORKS

Lykins et al. aimed to identify Australian consumers’ drivers and barriers in producing
food growth locally from alternative grocery retailers. The results indicate that it is all too
hard to account for a significant amount of unique variances. The findings from this study
point to ways to encourage engagement with sustainable food systems, as well as critical
barriers to overcoming disengagement.

THE NECESSARY TRANSITION TOWARDS HEALTHIER DIETS: AN ASSESSMENT
OF REPLACING MEAT AND REFINED WHEAT FROUR WITH A MIXTURE OF DIFFER-
ENT PLANT-BASED FOODS

Luna and Montes reviewed the idea of replacing meat and refined wheat flour with
a mixture of different plant-based foods. The findings indicate that a rising share of
consumers now pay close attention to the health and sustainability of their diets. As
a result, reducing meat intake is becoming popular in certain groups, and plant-based
products are proliferating the market. While many consumers are motivated primarily
by the personal health benefits of reducing or eliminating meat, these dietary shifts also
deliver environmental benefits.

EXPLORING HONEY CONSUMPTION AND SUSTAINABLE PRACTICES IN A
SEGMENT OF ALGERIAN HOUSEHOLDS

Nakib et al. investigated honey consumption patterns among a specific segment
of Algerian households, mainly young, educated, and digitally active individuals. The
results indicate that consumer preferences are shaped by sensory attributes such as taste,
type, and appearance while purchasing. Decisions are strongly influenced by trust-
based relationships, with most respondents favoring direct acquisition from beekeepers or
known individuals.

The three papers covering the use of innovative natural ingredients in the food pro-
duction process are as follows:

EFFECT OF SILK FIBROIN AS A SUSTAINABLE SOLVENT ON THE EXTRACTION
OF BIXIN FROM ANNATTO SEEDS (BIXA ORELLANA L.)

Borges et al. evaluated silk fibroin solution (SFS) for bixin extraction from annatto
seeds, optimizing conditions using a Box-Behnken Design (BBD). The results demonstrate
that SFS is an effective, sustainable alternative to traditional solvents, offering high extrac-
tion efficiency and minimal toxicity. This method aligns with green chemistry principles,
providing a promising solution for bixin production.

IMPACT ON GRAPE JUICE QUALITY AND PHENOLIC COMPOSITION OF
GREEK AUTOCHTHONOUS GRAPEVINE VARIETY MOUHTARO UNDER ABSCISIC
ACID BIOSTIMULATION

Miliordos et al. examined the impact of the plant hormone abscisic acid on the pheno-
lic compound accumulation in the autochthonous, red-colored Greek grapevine variety
Mouhtaro. The results indicate that although no significant differences were observed in
amino acids or anthocyanin and stilbene accumulation upon abscisic acid (ABA) treatment,
the application of ABA at a higher dose resulted in increased concentrations of phenolic
acids, flavan-3-ols, and flavonols, proving that the method for improving the grape quality
characteristics of Mouhtaro was effective.

EXTRACTION METHODS, ENCAPSULATION TECHNIQUES, AND HEALTH BEN-
EFITS OF ASTAXANTHIN

Panagiotakopoulos aand Nasopoulou reviewed the extraction methods, encapsulation
techniques, and health benefits of astaxanthin. Their research sought to emphasize the
significance of astaxanthin as a functional bioactive component with substantial poten-

https://doi.org/10.3390/su18042030
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tial in nutraceutical and pharmaceutical applications by describing the extraction and
encapsulation techniques and their health-promoting attributes.
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Abstract: This research investigated the role of agricultural cooperatives (ACs) in promoting sus-
tainable agriculture and agrifood security, with a particular emphasis on Greece. A cross-sectional
survey technique was employed, and data were collected from 400 farmers and professionals either
employed by or associated with Greek agricultural cooperatives by administering an online question-
naire. A response rate of 96.5% was achieved. The study findings show that cooperative techniques
bring about a positive shift in agrifood security and sustainable agriculture. Particularly, participants
concurred that resource sharing among cooperative members increases farm productiveness and
sustainability by 94.2% while improving access to credit and financial support by 91.5%. Moreover,
84.3% agreed that access to up-to-date information enhances the practice of sustainable agriculture,
and 95.1% agreed that collective bargaining through cooperatives increases the prices of agricultural
commodities. Regarding the application of advanced technologies in cooperative practices, 96.7% of
the participants acknowledged that it improved farm efficiency. The cooperative model demonstrates
how agricultural expansion may be achieved by collective bargaining, information sharing, resource
sharing, and technological integration, while also considerably improving agrifood security and
sustainability. These findings highlight the crucial importance of cooperatives in increasing the level
of agricultural production, ensuring sustainability, and improving agrifood security in Greece.

Keywords: agriculture cooperatives; sustainable agriculture; resource sharing; information sharing;
agrifood security

1. Introduction

Agricultural cooperatives (ACs) are crucial in helping vulnerable populations, includ-
ing women and youth as well as small-scale farmers [1-3]. Through business models that
are robust to shocks from the environment and the economy, they enable their members on
an economic and social level and provide long-term rural employment [4-6]. Membership-
based rural producer groups, including unions, cooperatives, and peasant associations,
may assist with reducing rural poverty. Greece’s government has acknowledged this fact
and has made it a top priority to support cooperatives in rural and agricultural develop-
ment as a means of fostering growth that benefits farmers [7-9]. Agricultural cooperatives
have been the cornerstones of agricultural development and agrifood security, contributing
significantly to the reduction in poverty, enhancement of food security, and creation of job
opportunities [10,11]. Different kinds of cooperatives are formed and involved in various
activities as a result of the government’s initiatives; these include, but are not limited to,
multipurpose primary agricultural co-ops, housing cooperatives, cooperatives for saving
and credit, cooperatives for the arts, and cooperatives for livestock marketing and dairy,
minerals, fisheries, sugar cane, and vegetable production [12,13].

Sustainability 2024, 16, 7202. https:/ /doi.org/10.3390/su16167202 6 https://www.mdpi.com/journal/sustainability
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Agricultural cooperatives are widely distributed across Europe and are ingrained in
the agricultural landscape in nations like France, Italy, and Spain [13-15]. These cooper-
atives have expanded to cover a variety of tasks, including distribution, processing, and
marketing, in addition to manufacturing. Through initiatives like the Common Agricultural
Policy (CAP), the European Union acknowledges the value of cooperatives in accomplish-
ing goals related to agricultural and rural development [16]. Greece’s agricultural legacy
has always been based on the use of agricultural cooperatives. High-quality products,
fair trading, and sustainable agricultural methods have always been Greek cooperatives’
major goals. Greek agricultural cooperatives have existed for many years but now face
such contemporary problems as restricted credit facilities, competition from large-scale
farmers, and compliance with regulatory requirements and the choice of new technologies
to remain relevant [4,17]. To understand how Greek agricultural cooperatives will be
able to overcome obstacles and carry on promoting sustainable agriculture and agrifood
security, a broader European and global perspective is necessary [16]. In light of the current
situation of agriculture, research on the role that cooperatives play in sustainable agri-
culture and food security is very pertinent [18-20]. This research attempts to provide a
thorough picture of the potential and difficulties encountered by Greek cooperatives by
examining the historical, global, European, and Greek viewpoints. This research employed
a cross-sectional survey method based on an online self-completion questionnaire con-
cerning Greek agricultural cooperatives. As such, the difference in methodology offers a
quantitative evaluation of the extent of the contribution of cooperatives in Greece, which
enriches the understanding of prior studies.

This study focused on examining the role of cooperatives in promoting sustainable
agriculture and agrifood security, using Greece as a case study. The study was also guided
by the following specific objectives:

1.  To examine the effect of resource sharing in cooperatives on sustainable agriculture
and agrifood security;

2. To establish the effect of agriculture information exchange in cooperatives on the
sustainability of agriculture and agrifood security;

3. To examine the aspect of collective bargaining and market access in cooperatives and
its influence on the sustainability of agriculture and agrifood security.

This study adds to a better understanding of how agricultural cooperatives could
support sustainable farming practices, and it offers a comprehensive analysis of the many
ways that cooperatives may impact agrifood security and sustainability, with a focus on
information sharing, collective bargaining, resource sharing, and the integration of modern
technologies. This study’s findings have important implications for those in charge of
making decisions, particularly regarding policies concerning the development of rural and
agricultural areas.

2. Literature Review
2.1. Theoretical Review

The current study is informed by the New Institutional Economics (NIE) framework,
specifically transaction cost economics (TCE) and collective action theory as they pertain
to ACs. Transaction costs were first introduced by Coase [21] in his seminal paper on the
nature of the firm, where he argued that there are always new ways of organizing trans-
actions. He believes that transaction costs represent the core of all market imperfections.
It seems that market failures are often due to the inefficient use of resources, which may
be solved or at least reduced by applying cooperatives or other institutions for resource
allocation [21]. This argument has laid the groundwork for the formation of the cooperative
as an essential mechanism to address the problem of market failure [22]. As the theory’s
ground rules, it is assumed that transactions involve elements of risk in their outcomes, and
that agents are self-serving with limited rationality [23,24]. Institutions are cost-minimizing
structures, which may be modified and dynamic due to the sources and types of transaction
costs (measurable and hidden) linked to the transfer of assets or the exchange of goods and
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services (from Williamson [23]). Firms can correct market inefficiencies and shortcomings
through integration, which makes for efficient resource use in the long run. Companies
integrate (cooperate) transactions to minimize the use of market intervention, minimize
transaction costs, and correct market inefficiencies. Cooperatives are thus justified by
economic theories based on their capacity and possibilities to either correct for or mitigate
market failure. Similarly, people act collectively to solve social problems when they shift
their focus from their self-interests to group interests, as the collective action theory by
Olson [25] posits. In the context of cooperation, rewards and penalties which are incurred
by each member of the group are assumed to affect the behavior of that member. Whereas
the formation of a cooperative often demands common goals and transacting costs, this
theory postulates that these components are not sufficient to accurately determine the effec-
tiveness of collective action since individuals make self-interested cost-benefit calculations
when participating in a group [26]. Therefore, based on the theory, the level of the success
of an organization (such as a cooperative) depends on its ability to meet the concerns of the
members and contain the issue of freeridership, which often arises when the number of
members increases [27-30].

2.2. Resource Sharing in Cooperatives

Human interactions are frequently utilized for the dissemination of information con-
cerning novel agricultural practices and technologies; in this context, the qualities of the
informants and the structures of the networks are both critical [18]. This is of specific
importance for small-scale and minority-owned rural farms, as they require access to in-
novative production and technological resources on the input side, in addition to market
outlets, to remain competitive in comparison to larger farms. Informal networks (e.g.,
peer relationships) and interpersonal connections comprise the informal social networks
(e.g., cooperative extension programs established by governments or institutions) to which
farmers have access [3,31].

Social network theory is concerned with the interplay among nodes, which com-
prises organizations, businesses, and individuals [12]. Links are used to represent these
exchanges [32]. On the basis of “social learning”, analyses of social capital development
and cultural evolution are included in the literature on information diffusion and inno-
vation [32,33]. Diffusion of innovation often occurs as an unintended consequence of
technology adoption; environments with robust social networks can enhance the efficacy of
this process [17]. Moreover, cultural evolution occurs through social network-based interac-
tions, in which community members adopt and replicate ideas or suggestions proposed by
individuals considered to be authorities [4,34]. The trust that social capital embodies may
be the most advantageous when utilized to address local concerns regarding the provision
of public goods. Trust-based relationships are of the utmost importance for collaborative
endeavors involving diverse groups, including farmer organizations representing minority
and disadvantaged communities. The enhancement of their capacities with regard to
regional agrifood systems and novel entrepreneurial prospects can be facilitated through
collaborations between communities and farmers, as well as through interactions between
institutions and individuals. It can also mitigate challenges such as food insecurity in the
context of urban agriculture [35,36].

Thornton et al. [36] noted that, at this time, social network analysis (SNA) is widely
utilized in numerous fields to comprehend the interrelationships between individuals and
organizations, including those that are integrated into the supply chain. The nodes or
foci, as well as the edges or links that delineate their connections, are descriptors for these
interrelationships [34,37-39]. Although there exists a multitude of network metrics that
can be calculated, the density and inter-node or intra-network distance are among the most
commonly used. By employing these metrics, it is possible to assess networks against both
the progression of time and against one another. SNA is utilized in the following domains:
regional food system analysis; biodiversity; and forestry [6,40].
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Diverse perspectives on knowledge and resource sharing among cooperative produc-
ers can be found in the existing literature. A subject that is frequently discussed concerns
social processes and relationships that influence whether the exchange of knowledge
among farmers is facilitated or hindered. Further building on this notion, the determinants
that motivate farmers to impart agroforestry expertise obtained from extension services to
their peers were examined in a study conducted by Pimbert [41]. Furthermore, the study
provides evidence that informal social networks fail to facilitate the dissemination and
interchange of information among agricultural practitioners. On the contrary, in terms of
facilitating the exchange of seeds among producers, they exhibit superiority and greater
efficiency [26].

Knowledge exchange is influenced by cooperative and competitive behaviors via the
mechanisms identified by Candemir et al. [5]. Sabio et al. [42] found that cooperation
between businesses positively impacts the knowledge transfer between suppliers and
consumers. Furthermore, the researchers observed that as the degree of cooperation
between organizations grew, so did the knowledge transfer between the two parties. Hence,
an organization that cultivates a collaborative environment is presumed to attain a higher
level of cooperation, thereby facilitating the dissemination of knowledge [43-46]. On the
basis of the theoretical support and the supposition that knowledge sharing is influenced
by cooperative behavior, it is hypothesized that knowledge sharing is positively influenced
by cooperative behavior.

2.3. Agricultural Information Exchange in Cooperatives

Information is considered an essential commodity and a critical resource for develop-
ment. It is an indispensable requirement that bestows success in endeavors of daily living,
including agricultural pursuits. According to Kazungu and Kumburu [47], information is
what every individual requires to make decisions. The exchange of information among
stakeholders in the farming industry increases output and fosters agricultural progress.
Identifying the information requirements is the initial step in gratifying these needs, ac-
cording to Candemir et al. [5], and information-seeking processes consist of several stages
preceding the identification of information sources and the acquisition of the required
information. In addition, Oba and Ozsoy [12] state that information accessibility is critical
to every facet of agricultural development. Consequently, they require pertinent informa-
tion to effectively carry out these activities [14,38,48]. Numerous variables influence the
choice of information source, such as educational attainment, income level, farm size, age,
and geographic location. According to Kumar and Wankhede [38], rice farmers obtained
their information from various sources, including personal experience, workshops and
seminars, training, acquaintances and neighbors, the Ministry of Agriculture, agricultural
magazines, extension officers, local government officials, non-governmental organizations,
libraries specializing in agriculture, and posters [33,34]. In addition, the research conducted
by Bognar and Gerald Schwarz [49] revealed that extension agents, friends, radio, and
libraries were the primary information sources utilized by farmers to obtain agricultural
data. In a similar vein, Mili and Arovuori [32] found that Turkish farmers relied heavily on
information obtained from family members, neighboring farmers, extension services, input
providers, and mass media. Hence, considering the individual preferences of farmers re-
garding specific information channels or sources, it is critical to conduct extensive research
prior to selecting one that fulfils their information requirements [26].

A number of obstacles that hinder producers” access to agricultural information have
been identified. For example, Pudak [50] identified several obstacles that hinder farm-
ers’ access to agricultural information. These barriers included obsolete information, a
language barrier, a lack of awareness regarding the availability of various information
sources, insufficient funds to purchase information, and a substandard format of the infor-
mation carrier. Additionally, the research conducted by Gebremichael [6] identified several
challenges that farmers face when attempting to obtain agricultural information. These
encompass financial challenges, personnel or facility deficiencies, and information that is
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either insufficient or irrelevant. Furthermore, Aramendi et al. [33] identified two obstacles
that farmers in Uganda face when attempting to obtain agricultural information: language
barriers and a dearth of cooperation from other farmers regarding the sharing of agricul-
tural information. According to Pimbert [41], several factors impede the dissemination
of agricultural information to farmers. These factors comprise the scarcity of radios and
televisions, the low literacy rate among farmers, and the insufficient number of personnel
who have received training in agricultural information. A study was undertaken by Luo
et al. [51] to examine the information requirements and search behaviors of farmers. The
results obtained from this research indicated that the primary obstacles encountered by
farmers in their pursuit of information were inadequate accessibility, unreliable informa-
tion, a lack of cognizance regarding the sources of information available to them, and the
delayed provision of information [51,52].

2.4. Collective Bargaining and Market Access in Agricultural Cooperatives

Collective bargaining possesses the capacity to augment economic influence within
the agricultural industry [42]. An example of a negotiation that could occur is with a
purchaser of agricultural products. A consensus may be reached between farmers and a
particular company regarding the sale of maize to that company at a price set by the farmers.
Farmers could also reach a consensus to not sell any produce to a company that is making
investments in technologies that will benefit foreign competitors. Long-term success may
result in increased prices. With influential input suppliers, collective bargaining could be
utilized not necessarily to reduce the quantity of an expensive input but to negotiate a lower
price. Engaging in negotiations with seed companies regarding “technology fees” offers
an evident prospect. Additionally, farmers might negotiate with suppliers to alter their
conduct. One potential consequence of a strong farmer group boycotting a company whose
products are priced lower in another country than in the United States is that company’s
seed prices remain inadequate [51].

Inquiries pertaining to working conditions and benefits present supplementary prospects.
A consensus could be reached by the members of a bargaining unit stipulating that no
farmer would cultivate an excess of a particular number of acres [45,53]. An alternative
approach would be for proprietors to contribute to the cost of health insurance for farmers
and their families through collective bargaining. Farmers could negotiate collectively with
suppliers to produce safer chemicals or with equipment manufacturers to produce safer
machinery [41]. A powerful agricultural organization might be able to negotiate with the
government for legislation that more closely matches their objectives. A bargaining unit
might advocate for advantageous trade agreements as opposed to governmental payments.
Ensuring the enforcement of robust legislation pertaining to corporate agribusiness would
also be a legislative priority [18].

A review of the relevant literature has uncovered a number of obstacles and limitations
that hinder the implementation of sustainable supply chain management, especially for
SMEs. The inability of small farmers to attain economies of scale due to their high costs and
the unequal bargaining power in the food chain have heightened obstacles to market entry
and resulted in diminishing profit shares. As a result, small-scale producers face financial
constraints that prevent them from allocating resources towards the enhancement of their
operations, such as the production of competitive goods [54]. The critical role is that of
“asymmetric information” control and flow, which prevents SMEs and large enterprises
from having equal opportunities [18]. This inevitably results in high production costs, weak
bargaining power, and so forth, ensnaring agrofood SMEs in a “vicious” cycle (Figure 1).
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Figure 1. The “vicious” cycle of small farmers in agricultural cooperatives.

According to Pimbert [41], organization in cooperatives functions as a viable substi-
tute for corporate mergers involving smaller farmers and larger farming conglomerates,
which would not be prohibited under the majority of merger regimes. Pimbert [41] also
distinguishes agricultural product supply by highlighting the inelasticity of demand, the
unpredictability and unmanageability of supply, and seasonal variation. Nevertheless,
farm consolidation has made only limited strides; substantial numbers of small family
farms continue to operate, and numerous large farms that have consolidated a substantial
amount of land remain family-owned [55,56]. Family farming has flourished in advanced
economies despite the progressive expansion of agri-industrialization over the past century
and government policies encouraging agribusiness enterprise [57-59].

2.5. Technological Integration into Cooperative Practices

Evaluating agricultural system technologies in terms of sustainability is a relatively
new field of study [8,60]. Prior to recent times, the evaluation of agricultural technology
impacts was based on a limited number of criteria that were generally unambiguous and
quantifiable, including production, productivity, farm incomes, employment, and trade. It
is more difficult to evaluate sustainability when environmental, social, and ethical factors
are considered [18]. The interrelationships among different components of sustainability,
the criteria for measuring and interpreting results, and the procedures for determining the
efficacy of sustainable technologies, the most effective channels for their dissemination and
adoption under varying conditions, and the associated costs and benefits, are frequently
not crystal clear [2,18,61].

Technologies can facilitate the harmonization of profitable and sustainable food pro-
duction requirements [42]. The primary objectives are to determine which technologies
are the most effective under particular conditions and to establish and implement an ap-
propriate incentive structure that promotes the attainment of sustainability goals while
simultaneously improving worldwide welfare. This endeavor aligns with the policy prin-
ciples that have been unanimously agreed upon by OECD ministers [26]. On occasion,
environmental and food production objectives can be harmonized by implementing the
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proper technologies. Occasionally, achieving these objectives can be accomplished by
merely modifying the scale, variety, and placement of agricultural output [10,62]. However,
in order to achieve this balance, it is also necessary to establish and enforce the rights and
obligations of farmers with regard to the implementation of technologies and practices. This
requires consideration of the current property rights distribution and the circumstances
under which they are entitled to compensation or are obligated to pay (polluter pays).
Significant implications follow from the attribution of property rights with regard to the
distribution of wealth, income, and equity [42].

Meemken and Qaim [63] noted that technological advancements have served as the
foundation for agricultural development and productivity growth. Research influences
the productivity of agricultural systems through the development of novel technologies
that, if suitable for the conditions of the producers, will be swiftly embraced [64]. In the
past, the onus has been on researchers and extension agents to identify and incorporate
environmental and economic factors into the agricultural innovation development and
introduction process. Generally, this is described as a top-down procedure, in which
extension workers advocate for the use of the innovation that researchers develop, and
farmers adopt or reject it according to the characteristics that are most significant to them [8].

Maican and Stepieri [65] noted that production increases among those who adopt en-
hanced technologies, resulting in continuous socioeconomic progress. Higher earnings and
reduced poverty have been linked to the adoption of improved agricultural technologies,
improved nutritional status and decreased prices of staple foods, increased employment
opportunities and earnings for landless laborers, and lower prices of staple foods [64]. The
success of the Green Revolution in Asian countries is widely attributed to the adoption of
advanced technologies. Conversely, those who have not adopted the status quo struggle
to sustain a subsistence level of living due to socioeconomic stagnation, which ultimately
results in deprivation. A new agricultural technology that improves the sustainability of
food and fiber production is thus essential for economic growth and sustainable agrifood
security [4,33,66]. Over time, an individual’s evaluation of a technology may transition
from being solely subjective to objective, as access to information diminishes the uncer-
tainty surrounding its performance. Nevertheless, the availability of information regarding
a technology does not guarantee that every cultivator will employ it [37,67]. Technology
non-adoption may also ensue from information accessibility concerns. For example, in
situations where the general public has limited knowledge about a particular technology,
additional information tends to generate unfavorable attitudes towards its adoption. This
is likely due to the fact that more information reveals an even greater information gap,
which, in turn, raises the associated risk. Consequently, it is critical to guarantee that the
information is accurate, consistent, and reliable. Farmers must be informed about the
existence, benefits, and applications of technology in order to embrace it.

2.6. Research Hypotheses

Hypothesis 1 (H1). Resource sharing in cooperatives positively affects sustainable agricultural
practices and enhances agrifood security.

Hypothesis 2 (H2). Effective information exchange within cooperatives leads to improved
sustainability in agriculture and better agrifood security.

Hypothesis 3 (H3). Collective bargaining and enhanced market access through cooperatives
significantly contribute to the sustainability of agriculture and agrifood security.

Hypothesis 4 (H4). The integration of modern technologies in cooperative practices positively
influences sustainable agricultural development and agrifood security.
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3. Materials and Methods
3.1. Research Design

In this study, the researcher adopted a cross-sectional survey design to assess the
involvement of cooperatives in enhancing sustainable agriculture and agrifood security.
An online questionnaire was developed, and email was used for distributing the study; it
contained both multiple-choice questions and Likert-scale questions. The researchers em-
ployed this approach to integrate the various trends as identified in the data coherently. The
survey was conducted among a random pool of experts in the agriculture sector in Greece.

3.2. Sample

The approximate number of 200,000 members and professionals in Greek agricultural
cooperatives that formed the target population was estimated based on the records in
national and regional cooperative associations in Greece. These sources availed rich data
on the overall human traffic in the agricultural cooperatives nationwide. Considering this
population, the sample comprising 400 respondents was selected, focusing on the farmers
and employees of a cooperative. The sample size for the study was determined using
the Yamane (1973) formula [68,69] to make sure that it was adequate to represent all the
students in the study, as presented in Equation (1):

N

ne 1 + Ne? @

where n is the sample size sought; N is the population; e is the level of significance; 1 is
a constant.
Using a 5% (0.05) level of significance,

2
Sample size : n = 00, 000 5 < n=399.57 =400
1+ 200,000 (0.0025)

Simple random sampling was utilized to obtain the appropriate sample of this study.

3.3. Data Collection

The researcher used an online questionnaire to collect data from the selected sample.
Using a five-point Likert scale, the questions were created with the study’s aims in mind. In
the previous agreement, the survey questionnaire was sent to the Greek farmer-members
or professionals in agricultural cooperatives. The distribution was within the researchers’
purview. Respondents received survey questions by email at the same time. After the
survey was sent out, participants had one week (by email) to complete it. After the
participation deadline, the researcher combined a raw data file from participants for
data analysis. The numerous variables of this research were measured using a Likert
scale consisting of agree and disagree ratings. Although a 100% response rate was not
realized, an acceptable response rate of about 96.5% was realized, which gave a sound
basis for analysis.

3.4. Data Analysis

The data collected using a questionnaire were coded and transferred to SPSS version 22
for analysis. SPSS (Statistical Package for the Social Sciences) is a comprehensive statistical
software package used for data management, advanced analytics, and multivariate analysis,
among others [70]. In this study, the data collected were analyzed and presented using
descriptive statistics that provided frequencies and percentages through the use of SPSS.
The data were interpreted and presented using descriptive statistics that yielded frequencies
and percentages. The ANOVA (Analysis of Variance) method was used along with the
R? (coefficient of determination) statistic and the regression coefficients (beta values) to
determine the statistical significance of the regression coefficients in the model. Regression
analysis was used to ascertain the general predictive power of the various independent
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variables on the dependent variable under investigation. In this case, a multiple regression
model was essential for determining the different predictive values (Equation (2)) [71,72]:

Y = Bo+ B1 X1+ BaXo+ B3Xs+ PyXy+ ¢ )

where Y is the sustainable agriculture and agrifood security; 3¢ is a constant (coefficient
of intercept); X is the resource sharing in cooperatives; Xj is the agriculture information
exchange in cooperatives; X3 is the collective bargaining and market access in cooperatives;
Xy is the integration of modern technologies into cooperative practices; ¢ is the error
term in the multiple regression model; f3;. . .74 represent the four independent variables’
regression coefficients.

The null hypothesis (HO) for each predictor states that there is no significant relation-
ship between the predictor and sustainable agriculture and agrifood security. The null
hypothesis was either rejected or failed to be rejected based on the decision rule, which
stipulates that if p < 0.05, then HO should be rejected; otherwise, HO is not rejected. The
study’s hypotheses were tested at the 5% level of significance (0.05).

4. Results

This section interprets the various conclusions acquired after analyzing data gathered
from the chosen research participants.

4.1. Demographic Characteristics

The majority of research participants (70.7%) were male, and the remaining portion
(29.3%) were female. Most participants (59.7%) were between the ages of 31 and 40, with
just 5.5% beyond the age of 50, and only 4.3 below 30 years. A slightly larger portion of
participants (49.2%) had spent 5-10 years in the agriculture sector, and only 7% had less
than 5 years of experience in agriculture.

4.2. Descriptive Results

The study established the effect of resource sharing in cooperatives on sustainable
agriculture and agrifood security, and the results are presented in Table 1.

Table 1. Opinions on the effect of resource sharing in cooperatives on sustainable agriculture and
agrifood security.

Statement Agree Disagree
Resource sharing among cooperative members enhances farm productivity and sustainability =~ 94.2% 5.8%
Cooperative members are willing to share resources (e.g., equipment, seeds) with each other 71.4% 28.6%
Resource sharing within cooperatives leads to a reduction in production costs 56.4% 43.6%
Cooperative resource sharing contributes to better access to credit and financial support 91.5% 8.5%
Resource sharing in cooperatives positively impacts agrifood security in the region 56.2% 43.8%
Sustainable farming practices are more achievable through cooperative resource sharing 79.9% 20.1%

Source: authors’ elaboration.

According to the findings in Table 1, the majority of survey participants (94.2%) agreed
that resource sharing among cooperative members enhances farm productivity and sus-
tainability. Among cooperative members, a significant portion (71.4%) were amenable to
sharing resources, such as seeds and equipment. This need to participate is essential to
cooperative success because it fosters a sense of community and shared accountability. It
is crucial to remember, nevertheless, that around 28.6% of respondents disagreed with
this statement, suggesting that there can be challenges or barriers to resource sharing in
certain cooperatives. The majority of participants (56.4%) agreed that production costs are
reduced when resources are pooled among cooperatives. Based on this finding, cooperative
resource sharing might have a favorable economic impact by optimizing resource usage.
Those 43.6% of respondents who disagreed may provide examples where resource sharing
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does not always result in cost reductions, perhaps due to inefficiencies or mismatches in
resources. More than half (91.5%) believed that cooperative resource sharing has led to
greater access to credit and financial aid. A total of 56.2% of respondents thought that re-
source sharing in cooperatives increases local agrifood security, while 43.8% of respondents
disagreed. This discrepancy suggests that a variety of factors, including the particular con-
ditions and traditions of each cooperative, can influence the relationship between agrifood
security and cooperative resource sharing. Notably, a significant proportion of participants
(79.9%) believed that collaborative resource sharing increases the accessibility of sustain-
able farming practices. This aligns with the broader notion that cooperatively exchanging
resources and information facilitates the implementation of sustainable practices.

This study established the effect of agriculture information exchange in cooperatives
on the sustainability of agriculture and agrifood security, and the results are presented
in Table 2.

Table 2. Results on agriculture information exchange in cooperatives.

Statement Agree  Disagree
Information exchange within cooperatives is an essential source of knowledge for sustainable farming ~ 100% 0.0%
Cooperative members actively engage in sharing agricultural information and experiences 51.2% 48.8%
Access to up-to-date agricultural information improves the adoption of sustainable practices 84.3% 15.7%
Cooperative information exchange contributes to better pest and disease management. 70.3% 29.7%
The exchange of market-related information helps cooperative members make informed decisions 64.3% 35.7%
Information exchange leads to increased awareness of agrifood security issues among cooperative members  63.5% 36.5%
Cooperative information sharing enhances the resilience of agriculture in the region 79.3% 20.7%

Source: authors’ elaboration.

As highlighted in Table 2, information exchange within cooperatives is considered an
important source of knowledge in sustainable farming, since all the respondents agreed
(100%) with the statement. On the aspect of cooperative members participating in the
sharing of agricultural information and experience, 51.2% of them supported the statement
while 48.8% of them opposed it. This means that although the exchange of information is
acknowledged, its spate seems to vary within the cooperatives, maybe due to the level of
communication technology or cultural differences within them. Most of the respondents
(84.3%) strongly believed that up-to-date information increases the rate of the practice of
sustainable farming skills and thus the need for the constant updating of information. But
perhaps the 15.7% who disagreed operate in cooperatives where information is either stale
or not sufficiently relevant to the members, suggesting that there is a lack in this area that
has to be filled to ensure that all members gain equally. Information exchange also has
its significance, where 70.3% of the respondents were of the view that cooperation leads
to better pest and disease management. However, the 29.7% that disagreed may imply
that, in some cooperatives, the information that is being provided is not well implemented
because the quality of the information or the way it is disseminated is wanting. Also, 64.3%
of respondents strongly agreed and 35.7% disagreed with the assertion that the “sharing of
market-related information enables members to make informed decisions”. This implies
that there could be issues with regard to the access to and/or the effective use of market
information. Finally, this study finds that most of the participants (79.3%) support the
view that cooperative information sharing increases the stability of agriculture across their
region, in support of cooperatives’ overall role in agricultural sustainability in the region.
But these discrepancies indicate that while information exchange is important, it is not
uniformly beneficial and needs fine-tuning to enhance the cooperatives” experience.

This study assessed the aspect of collective bargaining and market access in coopera-
tives and its influence on the sustainability of agriculture and agrifood security, and the
results are presented in Table 3.
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Table 3. Opinions on collective bargaining and market access in cooperatives and their influence on
the sustainability of agriculture and agrifood security.

Statement Agree  Disagree
Cooperative collective bargaining raises agricultural commodity prices 95.1% 4.9%
Cooperative members’ access to a variety of marketplaces had increased as a result of their combined efforts ~ 71.5% 28.5%
Collective bargaining helps in negotiating favorable terms with suppliers and buyers 59.7% 40.3%
Increased market access through cooperatives positively impacts farm income 69.7% 30.3%
Market access through cooperatives contributes to agrifood security by ensuring a steady demand for produce ~ 91.7% 8.3%
Cooperative bargaining and market access are essential for the sustainability of agriculture 35.6% 64.4%

Source: authors’ elaboration.

The results in Table 3 show that the vast majority of the research participants (95.1%)
agreed that cooperative collective bargaining raises agricultural commodity prices. This
broad agreement implies that members understand the important role that cooperatives
play in securing fair pricing for their farm products. This is encouraging for the cooperatives’
capacity to use price negotiations to improve the financial security of its members. Second,
71.5% of participants agreed that cooperative members’ access to a variety of marketplaces
had increased as a result of their combined efforts. Collective bargaining is helpful in
negotiating advantageous terms with suppliers and purchasers, according to 59.7% of
participants. Even while this percentage is less than those for the first two claims, it still
shows a significant degree of agreement. It implies that members think cooperatives help to
enhance the conditions under which agricultural goods are sold and inputs are purchased,
which helps to increase farmers’ total profitability. Furthermore, 69.7% of participants
agreed that cooperatives” expanded market access had a favorable effect on agricultural
revenue. The fact that 91.7% of participants thought that market access via cooperatives
ensures a consistent demand for products, which helps with agrifood security, is one of the
most noteworthy results. Furthermore, 64.4% of participants disagreed with the notion that
cooperative bargaining and market access are necessary for agriculture to be sustainable,
whereas just 35.6% of participants agreed.

The study examined the effect of integrating modern technologies into cooperative
practices, and the results are presented in Table 4.

Table 4. Opinions on integrating modern technologies into cooperative practices and its influence on
sustainable agricultural development and agrifood security.

Statement Agree  Disagree
The integration of modern technologies in cooperative practices enhances farm efficiency 96.7% 3.3%
Cooperatives that invest in technology experience improved crop yields. 74.5% 25.5%
Modern technologies reduce the environmental impact of farming within cooperatives 40.5% 59.5%
Technology adoption leads to cost savings for cooperative members. 51.7% 48.3%
Technology-integrated cooperatives have better access to online markets. 83.5% 16.5%
The use of technology in cooperatives is essential for ensuring agrifood security. 35.6% 64.4%

Source: authors’ elaboration.

Table 4 shows that the majority of research participants (96.7%) agreed that incorporat-
ing contemporary technology into cooperative operations improves agricultural efficiency.
The high degree of agreement indicates that members are aware of how technology might
improve agricultural practices inside cooperatives. Significantly, 74.5% of respondents
said that investing in technology increases agricultural production for cooperatives. This
suggests that a sizable proportion of participants thought that increased agricultural output
may result from the use of technology. A significant 59.5% of respondents disagreed with
the 40.5% who felt that farming in cooperatives had less of an environmental effect due
to contemporary technology. This disagreement emphasizes the need for further research
on the particular environmental advantages and difficulties of technology adoption in
cooperatives. A total of 51.7% of respondents, or somewhat more, believed that using
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technology in cooperatives saves members money. Remarkably, 83.5% of participants
agreed that cooperatives with technological integration have superior access to online
marketplaces. This high degree of agreement is indicative of the perception that technol-
ogy makes it easier to access markets, which may be essential for cooperatives looking
to expand their consumer bases. Merely 35.6% of participants concurred that using tech-
nology in cooperatives is crucial to guaranteeing agrifood security. This finding suggests
that a sizeable percentage of participants may be skeptical regarding the clear connection
between technology and agrifood security, which may point to the need for more research
and awareness in this area.

This study also identified the different outcomes resulting from sustainable agriculture
and agrifood security.

Figure 2 shows that a majority of respondents (48.4%) said that higher food production is
the most important result of sustainable agriculture and agrifood security. This implies that
a considerable rise in food production has resulted from the policies and procedures imple-
mented in Greece, perhaps including enhanced farming methods, better resource management,
and cooperative farming arrangements. A total of 24.2% of respondents then mentioned in-
creased food availability and affordability as a major result of agrifood security and sustainable
agriculture. This suggests that cooperative initiatives in conjunction with sustainable agricul-
ture methods have increased food accessibility for the general public, perhaps via lower costs or
improved routes of distribution. Moreover, according to 14.7% of participants, climate change
resistance has been significantly improved by sustainable agriculture. In light of global climate
change, this includes the capacity to tolerate and adjust to climatic changes and environmental
problems. Additionally, 6.7% of respondents pointed to a decrease in the use of chemicals in
agriculture. The enhancement of crop diversity, as noted by 4.3% of respondents, is another
positive outcome. Diverse crops contribute to a more resilient and sustainable agricultural
system, reducing the dependency on single-crop varieties and enhancing biodiversity. A small
percentage (1.7%) noted other benefits, such as reduced food waste, the preservation of crop
varieties, and the provision of safe and healthy food.
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Figure 2. Outcomes of sustainable agriculture and agrifood security.
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4.3. Results of Regression Analysis

Regression analysis helped to ascertain the extent to which sustainable agriculture
and agrifood security is predicted by the different aspects of agriculture cooperatives,
and the results are presented in Table 5. The positive multiple correlation coefficient
(R) of 0.814 indicated that the four independent factors were favorably associated with
sustainable agriculture and agrifood security. Furthermore, the R-Square value reveals
that the four independent factors result in a 69.1% change in the general sustainability of
agriculture and agrifood security.

Table 5. Summary of regression analysis model.

Model R R-Square Adjusted R-Square Std. Error of the Estimate

0.814? 0.691 0.679 0.1372
@ Predictors: (constant): resource sharing in cooperatives, agriculture information exchange in coopera-
tives, collective bargaining and market access in cooperatives, the integration of modern technologies into
cooperative practices.

A one-way ANOVA was conducted to determine whether the linear regression model
matched the data well, or whether the four independent variables of this study were
excellent predictors of the dependent variable. Since F (4386) = 52.413, p < 0.05, the model
was deemed a satisfactory match for the data (Table 6).

Table 6. Analysis of Variance (ANOVA) for predicting sustainable agriculture and agrifood security.

Model Sum of Squares Df. Mean Square F Sig.
Regression 36.040 4 18.361 52.413 0.016
Residual 30.108 382 0.027
Total 66.148 386

Dependent variable: sustainable agriculture and agrifood security. Predictors (constant): resource sharing in
cooperatives, agriculture information exchange in cooperatives, collective bargaining and market access in
cooperatives, the integration of modern technologies into cooperative practices.

The model’s unstandardized coefficients were investigated to determine the role of
cooperatives on sustainable agriculture and agrifood security.

The standardized coefficient shows in Table 7 the proportionate contribution of each
independent variable to the dependent variable in terms of the standard deviation of
the model. However, it is not an exact measure of the extent to which each individual
predictor accounts for the dependent-variable variability. However, the R? of 0.691 is more
appropriate to assess the proportion of the total variance in sustainable agriculture and
agrifood security explained by the whole model. For instance, the estimated coefficient
for resource sharing in cooperatives is 0.281, meaning that for every increase in resource
sharing by one unit, there would be a corresponding increase of 0.281 units in sustainable
agriculture and agrifood security. This predictor is statistically significant with a T value
of 3.736 (p < 0.01). The standardized coefficient (beta = 0.397) reveals the resource sharing
importance comparatively to the other predictors, but it provides no information on how
much variability in sustainable agriculture and agrifood security results from resource
sharing only. Likewise, the coefficient for agriculture information exchange in cooperatives
is 0.186, which indicates that for each unit change in information exchange, there would be
a change of 0.186 units in sustainable agriculture and agrifood security. This predictor is
also a statistically significant t = 9.195, p < 0.01, while the beta of 0.213 indicates the relative
influence and not the proportion of variance accounted for. The coefficient for collective
bargaining and market access in cooperatives is 0.192, which means that the model predicts
a 0.192 unit increase in sustainable agriculture and agrifood security. This predictor is
statistically significant with T = 11.411, p < 0.01, but the beta of 0.142 shows the relative size
of the predictor in the context of the model. Finally, the integration of modern technologies
into cooperative practices has an estimate of 0.342, which implies a positive and substantial
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influence on the promotion of sustainable agriculture and the security of agrifoods. This
predictor has a very high level of statistical significance, with T = 13.511, p < 0.01. The
relative impact is again measured by the standardized coefficient (beta = 0.282) and not the
coefficient of determination.

Table 7. Regression coefficients and significance levels for predicting sustainable agriculture and
agrifood security.

Unstandardized Coefficients = Standardized Coefficients t Sig.
Model B Std. Error Beta
(Constant) 0.318 0.136 2.438 0.016
Resource sharing in cooperatives 0.281 0.057 0.397 3.736 0.003
Agriculture information exchange in cooperatives 0.186 0.067 0.213 9.195 0.021
Collective bargaining and market access in cooperatives 0.192 0.049 0.142 11411 0.002
Integration of modern technologies into cooperative practices 0.342 0.049 0.282 13.511  0.000

Dependent variable: sustainable agriculture and agrifood security.

The first hypothesis (H1) suggests that resource sharing in cooperatives positively
affects sustainable agricultural practices and enhances agrifood security. This is supported
by the regression coefficient (B = 0.281, p = 0.003), which indicates a significant positive
effect. Resource sharing likely leads to the more efficient use of inputs, reduced costs, and
the ability to implement more sustainable farming practices due to pooled resources. The
second hypothesis (H2) posits that effective information exchange within cooperatives
leads to improved sustainability in agriculture and better agrifood security. The coefficient
(B =0.186, p = 0.021) confirms this positive relationship. Information exchange can include
sharing best practices, innovative farming techniques, and market information, all of
which contribute to more sustainable and productive agricultural practices. Hypothesis
three states that collective bargaining and enhanced market access through cooperatives
significantly contribute to the sustainability of agriculture and agrifood security. The model
shows a strong positive effect (B = 0.192, p = 0.002), suggesting that cooperatives’ ability
to negotiate better terms with suppliers and buyers and access larger markets is crucial
for sustainable agriculture and ensuring agrifood security. Hypothesis four posits that
the integration of modern technologies into cooperative practices positively influences
sustainable agricultural development and agrifood security. The highest coefficient in the
model (B = 0.342, p = 0.000) strongly supports this hypothesis. Modern technologies can
include advanced irrigation methods, sustainable energy sources, and precision farming
techniques, all of which significantly boost agricultural sustainability and agrifood security.

5. Discussion

This study aimed at evaluating the contribution of cooperatives towards sustainable
agriculture and agrifood security in Greece. There are several branches of specialized
knowledge that farmers’ production activities within a cooperative project require; the
cooperative is the institution that defines and integrates all the specialized knowledge. In
this case, each of these specialized groupings is a practice; thus, the producers in addition to
the co-op divisions are also a practice [53]. The boundaries of the agricultural cooperative
include related fields of knowledge, which are relevant to a specific practice in agriculture.
From this point of view, the agricultural cooperative can be viewed as a community
of communities (of practices), a sense-making organization that facilitates the exchange
between different communities by providing the rules of engagement. The principles and
values of the cooperative are used by agricultural cooperatives as a basis on which the
community is built. Another suggestion is that an identity is required for the formation of
an innovative production system [33].

Acquisition of knowledge and information is crucial in the advancement of the agri-
culture industry [51,52]. To be able to plan what they are to do, which technology to use
and, lastly, when and where to market their crops and livestock, farmers require vital
information. Therefore, it can be concluded that there is a positive correlation between
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agriculture progress and knowledge. To obtain agricultural security and self-sufficiency
and to attain their full production capacity, farmers require quality information [7]. This is
one of the important roles that cooperatives have in the disbursement of loans for agricul-
ture. To improve agricultural production and advance social and economic development,
the aforesaid cooperatives have been assigned the responsibilities of procuring materials
for industries, extending technical advice, supplying agricultural inputs, organizing the
procurement, marketing, and processing of agricultural produce, and providing credit
facilities to agricultural workers, craftsmen, and producers. For the purpose of giving long-
term loans to farmers in an effort to finance capital improvements and land development,
cooperative land development organizations have been established. However, there is
also a certain degree of conflict towards the disclosure of information between people and
institutions, since information is regarded as a valuable asset. Since collaboration is crucial
for information exchange, cooperative conduct may be helpful in this context [34]. Pim-
bert [41] states that knowledge can only be acquired through collaboration. In a study by
Kalfas et al. [45], cooperation and knowledge sharing in a credit union were examined and
showed that cooperation does depend on cooperation in a competitive organizational envi-
ronment, and that cooperation is a necessity to bring about knowledge sharing. Economic
sustainability is vital for any community to achieve long-term growth and development.
This is achieved through the provision of employment opportunities, access to credit fa-
cilities, and market opportunities for small-scale producers by cooperatives. By availing
affordable products and services, increasing members’ incomes, and decreasing poverty,
cooperatives assist in combating poverty [10,37,73]. As for the issue of agrifood security,
it can be stated that sustainability is one of the most critical components of sustainable
development. Cooperatives embrace such programs as a way of promoting sustainability
in agriculture among its members. They advocate for the adoption of clean energy sources,
the minimal generation of waste, and organic farming practices. Moreover, cooperatives
ensure ethical production and consumption, since they ensure that their products are made
sustainably for the environment [41,74-77].

This study provided findings showing that resource sharing among cooperative
members improve farm output and sustainability considerably. This goes in tandem
with the findings of earlier research that resource pooling in cooperatives was attributed
to optimum resource utilization and low costs of production [24,45]. The tendency of
the participants to overemphasize the positive effects of resource sharing is in line with
Gebremichael [6], who also noted such effects on the cooperatives in Ethiopia. However, it
is noteworthy that a relative number of respondents did not share this opinion, which may
point to the existence of certain barriers or inefficiencies in some of the cooperatives, as
described by Candemir et al. [5]. This may be arising from a lack of trust, poor management,
or the unfair distribution of gains within the cooperatives. Subsequent studies should
explore these barriers in depth and suggest strategies to combat them in order to enable
every member to gain the maximum possible advantage from the sharing of resources.

This study established that communication in cooperatives plays a vital role in ef-
fective agricultural practice and food security in the sector. This confirms the literature
by Kumar and Verma [38] and Bognar and Gerald Schwarz [49] that stipulates that the
timely acquisition of appropriate information is central to success in agriculture. This study
also supports Mili and Arovuori’s work [32], which states that proper information sharing
improves pest and disease control and market decisions. The overwhelming emphasis
on the significance of the information exchange makes it imperative for cooperatives to
establish sound communication channels. These platforms can help in spreading the word
on best practices, new technologies in farming, and market information in a bid to en-
hance the production and sustainability of agriculture. Collective bargaining and market
access through cooperatives were revealed to affect farm income and agrifood security.
The positive impact of collective bargaining in achieving better prices and other terms
is also consistent with the findings of Pimbert [41], who also reported the same in other
studies. The high percentage of participants who appreciated the role of market access
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through cooperatives is in line with the study conducted by Dhillon and Moncur [29] on the
participation of cooperatives in extending market opportunities for smallholder farmers.
However, some participants disagreed about the effectiveness of collective bargaining and
market access for the sustainability of agriculture, and one participant mentioned that
the effectiveness of these strategies requires further research to understand under which
conditions they are most helpful. Subsequent studies should establish variables that affect
the effectiveness of collective bargaining in various sectors of agriculture and come up with
ways of increasing its effectiveness.

Cooperative practices were noted to have received a boost through the integration
of modern technologies into agricultural practices. This finding agrees with the conclu-
sions of Branca et al. [18] and Kashiwagi and Kamiyama [78] that point at technological
development in agriculture as a determinant of overall productivity. The subjects of the
study recognized that technology helped them to increase their yields and access online
markets for their products, which accords with the literature on the positive effects of
technology on agriculture [64,65]. Nonetheless, participants were divided on the effects
that modern technologies had on the environment. Some of the participants were aware of
the positive impact of technology on the negative impacts on the environment, while others
had negative perceptions of technology. This indicates that there is a need to continue con-
ducting studies to identify the effects of technology on the environment and to encourage
the use of technologies that are helpful to the economy and have a positive impact on the
environment as well.

The multiple correlation coefficient is 0.814 and is positive, which confirms these
findings and shows a close relationship between the independent variables and sustainable
agriculture and agrifood security. The R-Square value is equal to 0.691, which indicates that
the model has high explanatory characteristics. These outcomes highlight the importance
of resource sharing, information exchange, collaboration in purchasing, and technology
application in improving agrifood security and the sustainability of agriculture. More so,
the regression analysis showed that resource sharing within the cooperatives is positively
related to sustainable agriculture and agrifood security (B = 0.281, p < 0.01). This aligns
with the conclusion made by Ahmed and Mesfin [30] that states that cooperatives help to
improve members’ welfare by providing resources and minimizing transaction costs. Like-
wise, the flow of agricultural information within cooperatives also enhances sustainability
and agrifood security (B = 0.186, p < 0.01), and other researchers have also opined that
information is crucial for agriculture [46]. To sum up, the current research not only supports
the findings of previous studies but also enriches the body of knowledge by presenting
concrete findings regarding the Greek context. Thus, the results point to the significance
of cooperation arrangements in enhancing long-term agriculture practices and agrifood
availability. It will be useful for future works to continue to investigate the issues pointed
out in Section 2.2. Resource Sharing in Cooperatives, and to determine the actual impacts
of the technology implementation on the cooperative environment. Finally, these findings
should inform policymakers in designing policies for financing agricultural cooperatives
so that they are capable of contributing to sustainable development and food security.

6. Conclusions

This study assessed how Greek cooperatives promote agrifood security and sustain-
able agriculture. In this light, this study provides evidence that cooperatives positively
impact agricultural production, resilience, and food security by promoting pooled access to
resources, information, markets, and technology. Cooperative membership also implies the
sharing of resources in a way that boosts farm productivity and sustainability, and it implies
access to credit and other forms of support. This kind of approach not only increases the
yields of agricultural produce but also promotes sustainable methods of farming. Accessi-
ble and timely information in cooperatives enhances the adoption of sustainable practices
and the management of pests and diseases and increases the awareness of agrifood security.
Open communication increases the flow of information on best practices and effective solu-
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tions within cooperatives, thereby improving the sustainability of agricultural practices.
Cooperatives through bargaining and better market access greatly affect farm income, the
prices of commodities, and agrifood security through guaranteed markets for the produce.
In general, cooperatives’ bargaining power with suppliers and buyers improves market
conditions and provides farmers with better capital security. The incorporation of advanced
technologies in cooperative practices enhances the productivity and output of agriculture.
Hence, the advancement in technology, if embraced by cooperatives, will lead to increased
productivity and improved market access, which, in turn, will promote agriculture and
food security. The research objectives were well responded to. The practice of cooperation
in resource sharing, information exchange, bargaining power, and technology transfer has
revealed the effectiveness of sustainable agriculture and agrifood security, including the
role of cooperatives in agricultural advancement and food security improvement.

6.1. Implications and Recommendations

Theoretical Implications: This study contributes to the New Institutional Economics
(NIE) paradigm, including transaction cost economics (TCE) and collective action theory.
It reaffirms the fact that cooperatives are capable of averting market failures, minimizing
transactions costs, and facilitating collective action, thus providing an empirical back-
ing to the theoretical view that defines cooperatives as institutions that correct market
imperfections and improve resource mobilization.

Practical Implications: Subsidies, tax incentives, and other support measures should
be provided to the formation and functioning of agricultural cooperatives by policymakers.
Efficient and more reliable information dissemination mechanisms in cooperatives can
improve market intelligence and the uptake of best practices. Increasing the use of contem-
porary technologies in cooperative activities increases the efficiency and sustainability of
agricultural purposes.

Political Implications: At the political level, this study implies that governments
should appreciate and encourage the involvement of cooperatives in the attainment of
national and regional policies in agriculture. Optimizing policies, funding, and legislations
for cooperatives will improve the ability of these institutions to boost sustainable agriculture
and food security. Cooperatives can be used as an instrument by political leaders to fight
rural poverty, enhance food security, and stimulate community development.

Managerial Implications: From a managerial point of view, the leaders within the co-
operative should ensure that everyone within the organization is a sharer. Communication
should be enhanced in order to ensure the provision of information and information on
best practices. Cooperative managers should consider incorporating modern technologies
to enhance the productivity and sustainability of the cooperatives. Education and training
help cooperative members to become knowledgeable and skilled in order to exploit new
technologies and practices.

6.2. Areas for Further Research

Further research is required to examine the challenges and obstacles cooperatives
face when attempting to share resources, and to propose workable solutions to these
problems, as the results indicate that, despite the research emphasizing the benefits of
resource sharing, there is still some resistance to it.
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Abstract: The Irish Food Vision 2030 (IFV 2030) seeks to restructure Ireland’s agricultural food
system to deliver long-term social, economic, and environmental sustainability in keeping with its
commitment to the European Green Deal and the 2030 Sustainable Development Goals. This study in-
vestigates the effectiveness of the IFV 2030 in delivering on this commitment across the fresh produce
supply chain in Ireland using a combination of data collected from stakeholders through a survey and
systems thinking principles. A review of the literature and Foucault’s genealogical methods guided
the development of the survey. Systems thinking principles were used to review the IFV 2030 and
assess its capacity to deliver large-scale change for a sustainable Irish food system. Barriers to change
were identified, including historical patterns of behaviour between EU and Irish policymakers that
have repeatedly hindered progress towards large-scale change events. The results demonstrate that
successful, long-term change will depend on the involvement and incentives of stakeholders within
the supply chain. Continuous stakeholder engagement is required through a bottom-up organisa-
tional and supply chain approach to deliver long-term sustainability within the fresh produce sector.
Using a systems thinking lens brings benefits through transdisciplinary collaboration and fosters the
multiple stakeholder perspectives needed to deliver new ideas and solutions.

Keywords: systems thinking; food systems; food security; trade-offs; climate change; ripple effects;
large scale change

1. Introduction

The food supply chain is not only significant to global food security, but it is also
important to the anthropological functioning of human existence [1-3]. Hence, the way
food is produced needs to be planned for posterity. Critical actors and organisations
within the food system supply chains contribute to the “well-being of society” by ensuring
societal stability through food security, employment, trade, and social development [4].
Meeting food demands for a growing global population while achieving sustainability
goals presents a complex and significant challenge for food producers globally [4,5].

The Food and Agriculture Organization (FAO) estimates that 38% of global land is
under agricultural management [6]. Current agricultural practices are having significant
impacts on biodiversity, global water security, and degradation of land and ecosystem
services [7-9]. Pravalie [8] demonstrated 17 land degradation pathways occurring globally
and that current agricultural practices are economically unsustainable as a result. As such,
the current food system poses a threat to long-term food, trade, and environmental security,
with potentially irreversible consequences [4,5,10-14]. Pravalie [8] predicts an increase of
60-70% in current annual food production will be needed to feed an estimated 9 billion
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people by 2050. The enormity of this challenge will be compounded by estimates that
annual yield will fall by 50% in certain parts of the world in the next 20 years [9,15].

Europe, along with other nations, are actively taking steps to encourage food produc-
ers to adopt more sustainable practices [4,5]. Europe has introduced a roadmap through
the European Green Deal (EGD) Farm to Fork (F2F) strategy that is specifically aimed at
restructuring the food system [5]. The F2F strategy centres on the Sustainable Develop-
ment Goals (SDGs) and requires all member states to demonstrate economic, social, and
environmental sustainability through responsible food supply chains.

In 2021, Ireland introduced the Irish Food Vision 2030 (IFV 2030) to implement the
goals of the EGD-F2F strategy [16-18]. This requires Agri-organisations to restructure their
current business strategies to achieve sustainability goals for long-term viability across the
entire supply chain.

However, a report for the European Union by Science Advice for Policy by European
Academies (SAPEAs) concluded that the implementation strategy is failing to deliver the
goals of the F2F [19]. SAPEAs determined that the EGD proposals for implementation
across all member states are full of complex information and conflicting messages. SAPEA
suggested that green targets are missed due to the limited workable policy of current
implementation strategies [19].

As an EU member state, Ireland is obligated to implement the directions of the
EGD F2E In Ireland, national large-scale change (LSC) is coordinated and driven by
the Department of Agriculture, Food and Marine (DAFM). The DAFM affirms, through
the IFV 2030, the importance of achieving all the 17 SDGs for a secure and sustainable
food system. Historically, Ireland has struggled to reach its green targets [20-22]. This is
further supported by a recent review conducted by the Environmental Protection Agency
(EPA) and Climate Change Advisory Council (CCAC) that demonstrated that Ireland is
not on track to reach its National Climate Action Plan targets set by the EGD F2F and IFV
2030 [20,22,23]. Moreover, SAPEA analysis of the EGD and a report by Clark [21] showed
that Ireland is ranked 8th among the fourteen EU nations in the “Sustainable Progression
Index”.

The horticultural fresh produce industry in Ireland is the fourth largest sector after
dairy, beef, and pigs [24]. The fresh produce sector in this study refers to the commercial
horticulture fresh produce supply chain from primary production (farm) to the customer
(retailer) for the production of fresh food for public consumption. The current study
considers six sub-sectors related to societal dietary health [25]. The sub-sectors include field
crops, protected crops, soft fruit, top fruit, potatoes, and mushrooms; this study excludes
produce for amenity horticulture.

A report by Teagasc [26] (Irelands semi-state owned agricultural and food develop-
ment authority) described the importance of the fresh produce sector, considering the role
it plays on societal health, since healthy food contributes to mental and physical well-being,
while unhealthy diets low in consumption of fruit and vegetables are one of the major risks
related to non-communicable disease [21]. Clark [21] also demonstrated how Ireland’s food
production ranks poorly against the UN’s SDGs. Sustainable transformation within the
fresh produce supply chain was selected as the focus of this paper owing to the critical role
fresh produce plays in societal well-being.

1.1. Theoretical Framework

Research by Redman [27] demonstrated that for a system to incorporate sustainable
change, it needs to include the resilience capacity to maintain its function in spite of
unforeseen shocks or pressures. It is imperative that sustainable transformation is both
robust and flexible to avoid failure or regression [13,27-29].

The literature unanimously identifies resource depletion, biodiversity loss, land use
issues and GHG (Greenhouse Gas) emissions as major global concerns that can only be
addressed by Large Scale Change (LSC) [5,13,30-32]. Hornsey et al. [33] characterised this
as a “wicked system” or “wicked problem” [34]. Arnold [16] and Thomas [18] corroborate
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this, depicting land, biodiversity and GHG emissions as significant issues or “wicked
problems” associated with an unsustainable food system.

Wicked systems associated with food systems not only affect humankind but have a
major consequence on the natural world’s food supply, habitats, and ecosystem functional-
ity [7,35]. The committee and strategists behind the development of IFV 2030 describe the
food system as a multi-dimensional and complex agri-system associated with issues that
could be considered wicked problems [16-18]. Hornsey et al. [33] warned of the complexity
of intervening in a wicked system, where small changes in a system can lead to larger and
unintended changes, or trade-offs, between connected systems, known as a “ripple effect”.

1.1.1. Foucault’s Genealogical

Foucault’s concept is a qualitative research method that delves into human and social
science behaviour and identifies patterns of historical and current political discourse [36].
The methodology outcome uses text and content for a clear understanding of patterns
involved in social and political transformational relationships for LSC events. Foucault’s
genealogy, as a predicate on behavioural change, can be useful in establishing important
baseline information on the knowledge and skills already functioning within the IFV 2030.
Foucault’s genealogical method analyses historical policy behaviours and interactions,
allowing critique of the present based on three criteria:

1.  Formation—based on a set of rules that forms objects, concepts, and theoretical
options.

2. Transformation—with emphasis on the “point in time” at which changes in policy or
the implementation of new policy were decided.

3.  Correlation—Isolating the discourse in the context of social, political, and economic
relationships to find a repeated path of dependence, also known as Foucault’s order
of discourse [36].
Table 1 uses Foucault’s genealogical method to identify and compare progressions of

the IFV 2030 for LSC against historical LSC events within Irish agriculture. Table 1 was

generated by reviewing the scientific literature to outline patterns of similarity through

Foucauldian critical discourse analysis that inhibit the successful implementation of the
IFV 2030.

Table 1. Analysis of Historical Large Scale Change (LSC) and the Ireland Food Vision (IFV) 2030
using Foucault’s genealogical method.

Large Scale Change: Historical Patterns Vs IFV 2030

Year Ireland’s Inception into the EU Year Implementing The IFV 2030

Ireland casts a vote and strongly agrees to join the EU

(EEC) among the other member states, however, there is The EGD F2F is introduced to all member states; Shows

1972 . ; - . 2019 variable multi-governance issues and poor
variable multi-governance issues and poor understanding .
understanding [19].
of structure [37].
1973 Ireland joins the EU. Use of directives and policy 2019 IFV 2030 use of directives and policy introduction
introduction accompanied by heavy funding [37]. accompanied by heavy funding [17].
Economic, behavioural and cultural change required to Economic, behavioural and cultural change required to
1973 o . 2019 R -
support new directives and policies [37]. support new directives and policies [19]
1973 Agriculture to comply with EU standards, CAP 2020 Agriculture to comply with Europe and CAP and
reformation [37]. standards [38,39].
1977 EU timelines not met and hindered by limited capacity to 2021 EPA shows the Irish GHG emissions increased by 4.7 per
review structures and processes [37]. cent in 2021 compared to 2020 [40].
1977 Reactive and adhoc period in relation to policy 2022 Reactive and ad-hoc implementation for transformative
implementation [37]. policy for sustainability [19,39,41].

An attempt at a systematic approach with lack of cohesion
between departments. Ireland seems to be lacking a
systems approach to transition the EGD through the IFV
2030 for a sustainable food system [38,39].

Systematic approach introduced, but with little
1977 collaborative communication and cohesion to achieve a 2022
smoother transition to EU structures and policies [37].

Limited workable policy through implementation 2023 Limited Workable policy through current implementation

1992 strategies/MacSharry CAP reform [37]. strategies [20,22].

1999 Ireland struggles to implement EU directives. 2023 Ireland struggles to implement EU directives.
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Table 1 demonstrates how EU policy and directives are received and disseminated
by Ireland through a certain type of political discourse. Foucault’s genealogical method
discerned any outcomes of the IFV 2030 based on historical EU and Irish convergence for
LSC using discourse analysis. As seen in Table 1, academic literature and government
papers indicate that historical Irish behavioural change, through LSC methods (EU Di-
rectives and policy), follows a reactive and wasteful chain of events [37]. Two reports on
separate LSC events demonstrated that historical and current political discourse hinder
implementation strategies.

A review of papers analysing historical interactions between EU policy direction
and Irish enactment into national policy shows similar transitioning trajectories. Jackson
et al. [19] concluded that the EGD-F2F political discourse for implementation strategy is
restricting information on workable policy. Table 1 shows a repeated path of dependence
between historical EU and Irish political channels and the modern political processes for the
implementation of the IFV 2030. The research papers viewing both historical and current
implementation described the same issues for the successful execution of LSC. Repeated
political neglect towards knowledge and understanding of co-creation are causing barriers
and delays in the integration of EU F2F initiatives for a sustainable food system through
the IFV 2030.

Opverall, the literature implies that the current implementation of the F2F and IFV 2030
roadmap (Table 2) for sustainability is being disseminated through regulatory bodies. The
research so far showed the targets of the EGD F2F and IFV 2030 are not delivering on goals
to protect degrading ecosystems and biodiversity, enhance land use practices, and reduce
GHG emissions.

Table 2. A summary of the IFV 2030 main priorities for GHG emissions, Biodiversity, and Land
Use [42].

IFV 2030 GOALS

Goals Activity Mission#Goal

There are seven goals in this mission that aim to deliver a climate-neutral
food system by 2050, with verifiable progress achieved by 2030 (i.e.,

GHG .. . .o e . Mission 1—Goal 1
emissions reductions, carbon sequestration, improvements in air quality,
restoration, and enhancement of biodiversity).
.. . It is envisaged that by 2030, 10% of farmed area will be prioritised for - .
Biodiversity biodiversity, spread across all farms throughout the country [42] Mission 1—Goal 1;2; 3; 4
Land Use The IFV 2030 missions directs primary producers towards care and use of Mission 1—Goal 1; 2; 3; 4

multiple ecosystem services (i.e., supporting biodiversity and land use) [42]

Table 2 shows critical environmental issues (land use, biodiversity loss, and GHG
emissions) that are incorporated into the IFV 2030 for LSC in the fresh produce supply
chain, each important to the IFV 2030 objectives for a sustainable food system and the
stakeholders’ sustainability goals.

1.1.2. The 3 Pillars of Sustainability Framework

Figure 1 shows the three pillars of sustainability for the fresh food sector, which
worked as a concept map for this study, using insights from the literature review and
the IFV 2030 missions (Table 2). Each pillar shows a suite of activities pertaining to the
stakeholder’s transdisciplinary inputs and responsibilities for a sustainable food system
model. Figure 1 uses a multidisciplinary approach, using the empirical evidence gathered
from the literature review as a sustainability framework. The social and economic pillars
represent well-being, growth, and prosperity [43]. The environmental pillar represents the
critical elements of the ecosystem’s well-being [43].
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Figure 1. The three pillars of sustainability for the fresh produce sector.

The principles of Figure 1 are fundamental in achieving a resilient food system, one
with a harmonised system of social, environmental, and economic activity [12]. The red
text box, central to Figure 1, illustrates how sustainability is currently being directed by
the IFV 2030 (Table 2) regulatory bodies within the fresh food supply chain. It identifies
how the implementation of the EGD-F2F and IFV 2030 roadmap is being disseminated for
a sustainable socio-economy, with climate neutrality at the core [5].

1.1.3. Organisational Harmonisation

According to Ademi et al. [44] and Fortis et al. [45], standards and frameworks are
explorations for learning among organisations that guide the activities and performance
of their objectives. In terms of the commercial horticultural fresh produce supply chain
stakeholders and respective organisations, Ademi et al. [44] demonstrated that knowledge
transfer overcomes the barriers to implementing sustainable measures through LSC. Ademi
et al. [44] described this as “knowing about one’s own as well as others” expertise enables
team members to retrieve needed knowledge efficiently and effectively from the ‘experts’
within the group”. The complexity and difficulty are in the altering of the core functioning
of the stakeholder organisations with the impregnation of sustainability into organisational
embedded structures [44,45]. According to Siddh et al. [32] and Ademi et al. [44], the nexus
approach is key to achieving sustainable change, warranting accountability and ensuring
sustainability initiatives are equal across multiple organisations, as outlined in Figure 1.

1.2. Aims and Objectives

The overall aim of this study was to employ a sustainability assessment by investi-
gating the potential of the EGD F2F and IFV 2030 as a roadmap for the transition to a sus-
tainable fresh produce supply chain in Ireland. Sustainable performance is determined by
the behavioural and collaborative engagement of all the supply chain stakeholders [32,46].
The fresh produce sector is no exception to that, and as demonstrated by Siddh et al. [32],
to be viably sustainable within the fresh produce sector, multiple organisations must be
involved in several partnerships that interact together. This includes the entire supply
chain from factor markets, primary production (Farm), storage, distribution, consumption,
and waste [12].
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This study aims to explore the views of key stakeholders across the fresh produce
supply chain towards the implementation of Ireland’s Food Vision 2030. Moreover, this
paper looks bilaterally at the Irish fresh produce sector among the commercial supply
chains through the analysis of historical and current pathways for LSC. Through a design
framework, this study aims to provide actionable recommendations regarding missed
environmental and climate targets for a sustainable Irish food system. Systems dynamics
was used to define a successful strategy for the implementation of the F2F and IFV 2030.

2. Methodology
2.1. Data Collection

A mixed methods approach was used to collect data from key stakeholders/actors
within the fresh produce supply chain. The term stakeholders in this study refers to or-
ganisations within the fresh produce supply chain. Insights were sought on stakeholders’
current interconnectedness, knowledge and understanding of sustainability, and engage-
ment in policy implementation for sustainable change within the supply chain. All data
related to LSC focused on the EGD F2F and IFV 2030. The data was collected by means of
an online survey and analysed using systems thinking methods.

This study reviewed academic literature and government white papers to guide the
systems thinking methodology for a design framework. Foucault’s genealogical approach,
based on the literature, focused on historical and current EU Directives for policy change
knowledge sharing and behaviours and interactions associated with political challenges.
This included key policy documents and data relating to the EGD-F2F strategy, Common
Agricultural Policy (CAP) and Ireland’s Climate Action Plans for 2030. The focus is on
current practices within the fresh produce supply chains, particularly those relating to
environmental sustainability.

Emphasis was placed on current stakeholder engagement, knowledge, and under-
standing from a bottom-up-top-down structure of policy and LSC strategies as directed by
the IFV 2030. The three pillars of sustainability [47] using transdisciplinary collaboration
and the UN Sustainable Development Goals (SDGs) were reviewed as part of this study as
a model for long-term sustainability for posterity. The iceberg model framework structure
was used to present the findings

2.2. Iceberg Model Framework Structure

The framework was based on the principles of systems thinking (the layout structure
of the entire article follows the iceberg model (Table 3 demonstrates the mixed methods
using a design framework used for this paper).

Table 3. The Iceberg Model Mixed Methods and Design Framework.

Systems Tools Diagnostics Description/Use
React Literature Reviewed Event Observable Behav1ogr: analyse the literture and
white papers.
Foucault’s Foucault’s historical analysis
Anticipate Methodology /System Patterns Methodology/System Archetypes documenting
patterns of Behaviour based on the
Archetypes . .
literature reviewed
Design Survey Structures Identify underlying systemic structures through
a survey
Svstems Dvnamics and Potential to transform the system using system
Transform y Y Mental Model dynamics and concept maps: potential for LSC

Concept Maps

through the 3 pillars of sustainability
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2.3. Survey

The aim of the survey was to enhance understanding of the current state of play across
the sector in relation to the IFV 2030, particularly the level of awareness and knowledge of
the policy, existing collaboration and interconnectedness across the supply chain, and the
willingness amongst individual stakeholders to engage with and deliver on the IFV 2030
policy objective.

Based on the literature reviewed for this study, the survey was created based on an
investigative model for knowledge transfer, policy understanding and willingness for
change.

The survey was developed in Qualtrics XM (first release 2005, copyright year 2021,
US, available online at https:/ /www.qualtrics.com) and approved by the research ethics
committee of Atlantic Technological University, Sligo (FSS202310 and 21 March 2023). The
survey was piloted before going live with target participants from 6 May to 10 June 2023.
The question grid of the survey can be seen in the Supplementary Materials.

2.3.1. Participants Selection

The participants selection for this study was based on detailing the current functioning
and organisational learning of the fresh produce supply chain and were selected based on
3 main stakeholder organisations: government (policy writing and regulation), primary
producer (farming), and retailer (buyer). This was to elicit 3 main facets important to
systems thinking and true long-term LSC events.

Four main points were examined when considering stakeholder insights into LSC for
the Fresh Produce Sector through the IFV2030:

(1) Participant’s current knowledge of the IFV2030 implementation and interconnected-
ness using a bottom-up, top-down knowledge base (i.e., level of collaboration between
key stakeholders of the fresh produce supply chain).

(2) Participants’ current involvement is both internally within their sector (i.e., level of
collaboration between actors within sector organisations) and holistically within the
supply chain management for sustainable change.

(3) Participants Knowledge and understanding for the implementation of the IFV2030

(4) Level of buy-in and willingness to be involved in the implementation of the IFV2030

2.3.2. Participant Recruitment

The participants for the survey were recruited via gatekeepers via different media
(i.e., email and social media apps). Participant information was provided to inform them
about the anonymity of the participant’s participation and the rules for information use.

Participants representing a bottom-up-top-down structure and providing data re-
lating to the three key stakeholders for the fresh produce supply chain captured 25%
responses from a senior management level, 44% of responses representing junior to
middle management roles, and 31% identifying as either general operatives or an un-
defined /undisclosed ranking.

2.4. Systems Thinking Methodology

This study used system thinking methodologies to understand the complexity of the
food system and associated supply chains. The addition of systems dynamics was guided
by insights from the literature reviewed, which informed a design framework for actionable
recommendations. System archetypes were used to identify common patterns of behaviour
that characterise the barriers to the successful implementation of the IFV 2030. Through
understanding the system archetypes, effective levers for mitigating such barriers can be
identified [13].

2.5. Data Analysis

Data analysis via the online survey focused on three key stakeholders (Government,
Primary Producer and Retailer) in the fresh produce supply chain. A total of 46 participants
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represented the respective stakeholder groups, distributed as follows: Government (26%),
Primary Producers (48%), and Retailers (26%). Most respondents were recruited from
major retailers, with the exception of one respondent who worked as a distributor for the
retailer and a second who was involved in a Co-op store. IBM SPSS was used to generate
uni-variate statistics (percentages, means, standard deviation, and range). Excel was used
to generate tables and graphs.

Table 4 summarises how systems thinking tools were used in this study to explore
complex problems and diagnose root cause issues and anomalies pertaining to LSC
events [14,29].

Table 4. Systems thinking tools were used for this study.

System Thinking Tools for Analysis and Design

Tools Description Source

A framework to interrogate relationships within the system, seeking

lceberg Method patterns and root cause identification.

(13]

Use of diagrams to display system elements and identify system

tem Dynami .
System Dy s flows and cascading events

(14]

Systems archetypes are used to identify and analyse patterns of
System Archetypes behaviour in a system and produce solutions to [13]
reoccurring problems.

A tool to illustrate and use critical thinking to identify and map

Concept maps .
system components and connections

(48]

A pattern identification tool based on historical behavioural that can

Foucault’s Genealogical Method help predict a future outcome.

(36]

3. Results and Discussion
3.1. Survey Results

The survey provided critical insights into the involvement of stakeholders in critical
policy change for sustainability across the fresh produce supply chain. Participant selec-
tion focused on providing insights from bottom-up/top-down perspectives relating to
decision-making within respective organisations and across the supply chain. The data
collected from the survey responses was aggregated according to the three stakeholder
groups. Participants provided data relating to their position of responsibility within their
organisations, with 25% of respondents holding senior management positions, 44% repre-
senting junior to middle management roles and 31% identifying as either general operatives
or an undefined /undisclosed ranking. All respondents within their sectors showed an
average of over 9 years of service for their respective organisations. This experience implies
an important level of disciplinary knowledge when assessing the participant’s responses
in the context of their organisations. Furthermore, Goyal [49] showed that experienced
employees are more inclined to achieve the SDGs, and studies also suggest that longer-
serving employees are better equipped with the skillsets needed to envision and facilitate
sustainable change [44,45,50,51].

Figure 2 provides insights into the level of awareness respondents have in relation to
climate change and its impact on the food sector. All respondents have some awareness of
climate change, and the majority of respondents across all stakeholder groups recognised
climate change as a threat to the food sector (government, 84%; food producers, 82%; and
retailers, 75%). Awareness levels are important to establish as a foundation for engagement
and sustainable transition.
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Figure 2. Respondents’ opinion regarding the impact of climate change on the food sector.

Whole System Interaction for LSC

To analyse the level of collaboration and connectedness within the fresh produce
supply chain, each respondent was asked a series of questions to identify their level
of involvement, buy-in and willingness to participate in policy implementation. The
survey investigated the respondent’s perception of the policy development process from
the bottom-up (i.e., ideas in relation to company goals involving all levels of employees
within an organisation) supported by top-down management (i.e., Leadership) within their
respective organisations in the fresh produce supply chain.

The majority of government respondents (policy writers) perceive the process of policy
development to be consultative (67%), but less than 10% consider it to be collaborative. Re-
spondents from the retail sector believe the process of policy writing is mostly consultative
(42%), with some believing it to be collaborative (17%). This contrasts with responses from
Primary Producers, where just 18% believe the process to be consultative and 0% view it as
collaborative.

Respondents who believed there was no engagement also differed across each stake-
holder group. Just 8% of government employees surveyed believe there is no engagement
in policy development, whereas this stands at 17% and 27% amongst retail and primary
producer stakeholders, respectively.

This data indicates that stakeholder actors differ in their perception of how policy is
developed and implemented with respect to stakeholder engagement and collaboration.

Skippari et al. [52] demonstrated how perceptual barriers can be as damaging as
actual barriers in preventing collaborative innovation and achieving intended outcomes.
As demonstrated in the survey, a key group of actors within their respective sectors
perceive the process to be non-collaborative. Skippari et al. [52] demonstrated that non-
collaborative processes block exposure to new ideas and comprehensive information
sharing and engagement among all stakeholders. The lack of exposure to transdisciplinary
ideas delays shared knowledge to avoid unintended consequences or opportunities to
implement LSC.

Research for this paper highlighted the criticality of knowledge sharing through top-
down-bottom-up engagement between all actors to achieve LSC for sustainability [13,27-29].
Hornsey et al. [33] described the complexity of intervening in a wicked system and the
danger of creating a ripple effect without bottom-up knowledge.

Figure 3 illustrates the respondents’ involvement in policy writing within their or-
ganisation from a top-down-bottom-up structure. Respondents who feel they are always
involved are marginally highest within primary producers (23%), compared to respondents
from government (17%) and retailers (17%). The majority of respondents across all stake-
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holder groups feel they are either ‘somewhat” or ‘mostly involved” in policy development
within their organisation (government 75%; primary producers 49%; retailers 66%). The
percentage of respondents with no involvement in policy for their organisation includes
government at 8%, primary producer at 27%, and retailer at 17%.

. 70%
= 60% 58%
g 50%
S 50%
E.,L 41%
g 40%
o y 258 27%
% 30% _ 23%. )
R 17% 17% 17%
= 9% 8% 8%
o
(]

0% =

Always involved Somewhat mostly involved Mot involved
involved
H Government Primary Producer Retailer

Figure 3. Respondents’ involvement and knowledge of policy from a bottom-up—top-down perspec-
tive within their organisation.

Insights were sought through the survey on how internal policy related to sustainable
change is implemented within organisations for the fresh produce sector. Respondents
from the government show the highest knowledge of internal policy measures (77%),
while responses from retailers and primary producers demonstrated lower levels of policy
knowledge at 66% and 50%, respectively.

Table 5 shows participants” confidence in the policy written for the IFV 2030. It is
noted that almost half of the respondents from the Retailer cohort have never heard of the
IFV 2030 (47%). Respondents who show full confidence that the IFV 2030 will achieve all
goals is low across all stakeholder groups (government (8%), primary producers (9%) and
retailers (8%).

Table 5. Respondents’ confidence and knowledge in LSC plans by policymakers.

IFV 2030 Will Not IFV 2030 Will IFV 2030 Will

Sector Prefer Not to Say Achieve Any of Achieve Its Most Achieve All of N:l:,e ei';{,e ;8‘; OOf
Its Goals Important Goals Its Goals
Government 8.0% 33% 51% 8.0% 0%
Food Production 5.0% 31.% 41.% 9.0% 14.%
Retailer 0% 8.0% 37% 8.0% 47%

Results from Table 5 indicate a disconnect among the stakeholders regarding knowl-
edge of the IFV 2030, potentially implying an unequal exposure to what the IFV 2030 is
trying to achieve. This potentially implies a siloed implementation strategy when auc-
tioning policy and sustainable vision of the IFV 2030 among the key stakeholders for LSC.
Without holistic knowledge among all members of the supply chain regarding the IFV 2030s
existence or intended vision for a sustainable food system, there is limited accountability
and “buy-in” from all of the supply chain stakeholders.

Figure 4 shows declining levels of knowledge and involvement in the development
of the IFV 2030 roadmap from government to primary producers to retailers. In terms of
knowledge, the government (policy writers and implementation strategists) shows the
highest understanding (71%), followed by the primary producer (46%) and retailers (38%).
A similar pattern of knowledge decline can be seen when respondents were asked if they
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felt they were involved in the development of the IFV 2030 across government (28%),
primary producer (25%), and retailer (23%) from a top-down-bottom-up perspective.

80% 71% ey
§ 60%
49%

a 38%
o 40%
] 28%
= 30% 25% 304
[+
G 20%
2 10%

0%

Have some Knowledge Have Good Feel involved
Understanding
H Government Primary Producer Retailer

Figure 4. Respondents’ knowledge and involvement in policy development.

47% of respondents from the government, 41% from primary producers and 52%
from retailers perceived that the appropriate actors are included in the development of
policy for LSC. This suggests that between 48% and 59% of respondents are either unsure
or feel that the correct actors are not involved. This illustrates uncertainty and a lack of
consensus across stakeholder groups in relation to which actors should be involved in
policy development for sustainable change. This may suggest a gap in how actors and
stakeholders understand the missions outlined in Table 2, suggesting a lack of recognition
by policymakers for a bottom-up and collaborative culture for LSC. Without a bottom-up
culture approach, a lack of “buy-in” creates barriers delaying sustainable change and the
associated policy implementation.

Figure 5 shows that all respondents are willing to be involved in policy collaboration
for their sector, with 0% showing no interest in policymaking. It is important to establish
willingness in the context of a bottom-up-top-down collaboration among key stakeholders
for co-creation within the fresh produce supply chain [53].
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Figure 5. Respondents’ willingness to be involved in policy strategies.

3.2. Design Framework Methods

The results from the survey and Foucault’s genealogical methodology found similar
patterns between historical and current policy strategies for the implementation of LSC.

36



Sustainability 2024, 16, 7237

Foucault’s methodology (Table 1) demonstrated that the IFV 2030 implementation process
follows similar political channels and processes when compared to historical Irish processes
for LSC initiated by the EU. Brouwer et al. [39] demonstrated that the IFV 2030 procedures
follow reactive and wasteful events, a similar description to Laffan’s [37] analysis of
historical Irish LSC events. Using Foucault’s principles, given that historical LSC events
have not successfully met targets, it can be surmised that the IFV 2030 will continue to
follow the same course, and Ireland’s sustainability targets will not be achieved.

Insights from systems thinking theory (Table 4), Foucault’s methodology and Hornsey
et al. [33] indicate that when faced with missed targets, the political arena is pressured to
intervene. This type of intervention can be deemed as a retrospective reaction brought on
by public pressure, forcing politicians to make quick decisions to solve complex problems
(such as climate change, land, and biodiversity degradation) [33]. Hornsey et al. [33] demon-
strated how such decisions, made without incorporating the necessary knowledge through
collaborative channels, can create ripple effects that lead to unintended consequences.

3.2.1. System Archetypes

System archetypes were used to characterise barriers to the successful implementation
of the IFV 2030 within the fresh produce supply chain. Archetypes were identified using
insights from literature, Foucault’s genealogical methodology, system thinking tools, and
the stakeholder survey. Systems dynamics was used to visualise constraints in relation
to the system as a whole. A dynamic map of archetypes was developed with a focus
primarily on the ability of organisations to implement the IFV 2030 and secondly on the
likely success of the IFV 2030 in relation to targets for sustainability (specifically greenhouse
gas emissions, land use and biodiversity).

Fixes That Fail

Foucault’s methodology (Table 1) identifies patterns in Ireland’s current LSC events for
sustainability. It was found that current structures for policy writing, implementation and
evaluation are not a cohesive pathway. Instead, this falls under an acquisition archetype of
“Fixes that fail” or “Sacrificing Quality” [13].

As demonstrated in Figure 6, “fixes that fail” [13] show a negative outcome despite
the IFV 2030 increase in efforts to create a sustainable food system. The latest reports are
showing that the current trajectory of GHG and biodiversity restoration is significantly
off target (Table 1) [20,22]. Figure 6 shows how scheduled pressure and lack of cohesion
are hindering the success of the IFV 2030 in implementing the LSC needed to offset the
environmental issues.

*
REWORHK THE FI¢ [(IMPLEMENT
PROBLEM n LSC ON TIME)
. U
*
MISSED SCHEDULE FOR
TMPLEMENTATION OF R AVAILABLE
TVF2030 RESOURCES TD
TMPLEMENT
-
_-/
IRKTHTEHRBED
CONSCOUERCES

Figure 6. Illustration of the archetype “fixes that fail”. With associated arrow (+) = increasing effect
on variable; (—) = decreasing effect on variable.
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Foucault’s analysis (Table 1) demonstrated many repeated patterns of political dis-
course between historical policy implementation and the current implementation of the IFV
2030 in Ireland. As seen in Figure 6, these are associated with unintended consequences
such as policy implementation through non-collaborative channels [37] (Table 1). The most
significant consequence is system delays due to a lack of supporting knowledge from the
bottom-up actors [13,46]. System constraints appear in the policy arena due to delays in
learning across the system, which leads to missed targets for EGD-F2F and IFV 2030 [19,22].

Delays add political pressure to fix the problem to ensure targets are realigned to
meet the 2030 deadline. Figure 6 demonstrates this as a retrospective reaction that leads
policymakers to “rework the problem” (e.g., introduce a new policy, reform policy, extra
funding), creating more fixes through policy to achieve the original goal [50]. Currently,
the implementation of IFV 2030 is showing a reinforcing loop scenario, with imminent
delays that require more resources to achieve the intended goals. This, in turn, increases
the chance of unintended consequences.

A mitigating factor in balancing the system is to use collaborative stakeholder en-
gagement for proactive problem-solving to ensure policy is co-created for a smooth LSC
event. The survey results highlighted many knowledge gaps between stakeholders for the
implementation of the IFV 2030s for LSC.

The survey further deep-dived beyond collaboration among the supply chain stake-
holders and sought an understanding of collaboration within each of the stakeholder’s
respective organisations, depicted in Figure 3. The type of discourse looked at in Figure 3
involved the creation and implementation of policy for sustainable change from a top-
down and bottom-up perspective (i.e., senior leadership to lower levels of the employment
structure) internally within each stakeholder’s organisation. Figure 3 demonstrates that the
direction for sustainable restructuring within an organisation is directed from the top-down
to the lower-level employment tiers. This implies the current process of managing policy
change in the fresh produce supply chain is not collaborative both among the stakeholders
of the fresh produce supply chain and within the culture of each of the stakeholder’s
organisations.

This study suggests that for a long-term and truly sustainable food system, the chain
of information from the stakeholder level (government, primary producer, retailer) requires
“bottom-up” transdisciplinary knowledge [13,46]. Stakeholder knowledge needs to be
co-created within a system that is sufficiently agile and reflexive in order to be capable of
responding to unforeseen consequences [21]. Figure 5 demonstrated that all stakeholder
groups showed interest in co-creation for policy change and implementation for LSC to
mitigate rising GHG land and biodiversity loss.

Limits to Success

Figure 7 demonstrates a “Limits to Success” [13] archetype scenario with a reinforcing
loop (R) linking to a balancing loop (B). The constraint identified for the implementation
of the IFV 2030 is the lack of cohesion among the supply chain stakeholders. Table 5
demonstrated significant gaps in information flow pertaining to the implementation of
the IFV 2030. The results from the survey (Figure 4) also showed variation in awareness
or knowledge of the IFV 2030s across the stakeholder groups. Respondents representing
government organisations showed the most awareness and knowledge of the IFV 2030
(71%), while respondents in the retailer cohort demonstrated the least knowledge of the
IFV 2030, with almost half of the respondents (47%) unaware of the IFV 2030 (Table 5).
This limits success by creating a major delay due to an absence of equally shared infor-
mation in relation to policy. As an example of this, a primary producer’s cost of work is
proportionately determined by standards of quality, both for conformance with policy and
retailer demands. This is problematic since the survey results show that the retailer lacks
knowledge of the IFV 2030 (e.g., 47% have never heard of the IFV 2030). This puts the
primary producer in an isolated position among the stakeholders, as it must respond to the
requirements of the IFV 2030 within its own organisation and effort, which is unrecognised
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and, therefore, undervalued by the retailer. A collaborative approach to IFV 2030 across the
entire supply chain would help to mitigate this constraint.
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Figure 7. “Limits to success” archetype. With associated arrow (+) = increasing effect on variable; (—)
= decreasing effect on variable.

In parallel with Figure 7, Foucault’s analysis of the political arena (Table 1) found
patterns between historically unsuccessful LSC events and the current implementation of
the IFV 2030. Historically, Ireland has struggled to reach its green targets related to GHG,
land and biodiversity [21]. Social Justice Ireland (SJI) reports that Ireland’s climate action
targets for 2030 rank 8th in the 2024 Sustainable Progression Index out of fourteen EU
countries [21-23].

Foucault’s analysis (Table 1), Figures 3 and 7 and Table 5 imply a delay in knowledge
sharing due to lack of collaboration both at an EU level and national level. It was demon-
strated that Ireland’s response to meet EU policy has historically been slow. Ireland and the
EU typically drive LSC through a series of overhauls supported by heavy funding, Euro-
pean Directives, and the reformation or introduction of new policies (e.g., CAP) [16,37,54].

Accidental Adversaries (Escalation)

Figure 8 shows an “Accidental Adversaries” structure [13]. This system archetype
is synonymous with a lack of understanding between two (or more) stakeholders and
illustrates how a lack of knowledge, understanding and buy-in can create accidental
adversaries in the fresh produce supply chain. Figure 8 demonstrates how A (primary
producer) is incurring costs through a new policy for sustainability, while B (retailer) is
responsible for securing quality fresh produce at competitive pricing through a tendering
process. This adds more pressure on the primary producer to maintain product standards
and quality, lower prices and comply with sustainability targets related to the IFV 2030.
Through competitive bidding and added costs to implement the IFV 2030, the primary
producer receives less profit return and fails to invest in implementing innovations needed
to drive change. This scenario can lead the primary producer to get caught into another
archetype trap known as “drifting goals”. The lack of funds for investment can lead to
a lowering of the goal to meet the bidding demand from the retailer. In the long term,
this has an adverse effect on the retailer as lowering the goal may reduce product quality,
supply stability and overall yield availability.
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Figure 8. System archetype “Accidental Adversaries (Escalation)”. With associated arrow (+) = increas-
ing effect on variable; (—) = decreasing effect on variable.

Growth and Underinvestment

Figure 9 is an example of a system archetype where the main themes also align with
“limits to success” and “accidental adversaries” archetypes [13]. “Growth” represents
achievement and performance for a sustainable food system through the IFV 2030; “Under-
investment” is the lack of transparent and effective knowledge transfer from the IFV 2030 to
the key stakeholders within the supply chain. A report by Jackson et al. [19] demonstrated
how existing policy can hinder the success of sustainable implementation. The accidental
adversaries’ archetype showed how unequal policy disseminated between key stakeholders
limits the success of the IFV 2030 and also limits, or hinders, the successful partnership of
stakeholders within the supply chain. This can lead to perceived unfairness [52] and lack
of buy-in from all the actors, creating an “accidental adversaries (escalation)” archetype.
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Performance

Performance
Standards
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need to
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Investment
Capacity

Figure 9. Archetype “Growth and underinvestment”. With associated arrow (+) = increasing effect

on variable; (—) = decreasing effect on variable.

3.3. Design Framework through Dynamic Systems

Systems archetypes identified in this study informed the creation of a design frame-
work using the dynamics of a system (causal loop) diagram. Systems dynamics is a
useful tool for interpreting the behaviour of a system. The causal loop diagrams below
depict the current and future state of the Irish fresh produce food system in relation to the
implementation of sustainability policy.
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3.3.1. Conventional Agriculture Supply Chain

The literature researched for this study clearly outlined a current food system that is
contributing to major global climate-related issues [31,32]. All parts of the food supply chain
are contributors to land degradation issues (including biodiversity loss) and the release of
anthropogenic GHG emissions (CO,eq) into the atmosphere [8,9,35]. Studies by Pravalie [8]
and Brouwer et al. [39] demonstrated how unsustainable land use is causing major annual
economic losses through global crop losses owing to extreme weather events [9]. This
signifies that all three pillars of sustainability are threatened by the global food system.

Figure 10 shows an example of a “Wicked System” involving a series of drivers
creating positive and negative feedback loops within the system. The input dangle in
this causal loop diagram is the current conventional supply chain. The main goal of the
conventional fresh produce supply chain is to create economic growth and to supply food
security for the short term. However, conventional agriculture is dependent on land use
and contributes to a reduction in biodiversity. This has two causal effects: a reduced ability
of the natural environment to absorb and sequester GHGs and a reduced capacity of living
systems to support life and maintain resilience.
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Figure 10. Current conventional food system pertaining to unsustainable economic, social, and envi-
ronmental performance. With associated arrow (+) = increasing effect on variable; (—) = decreasing
effect on variable.

Figure 10 illustrates an input dangle, titled “conventional fresh produce supply chain”,
where the elements of the supply chain are related to factor markets (Agri inputs) and
primary production (farm) of fresh produce and including all inputs of downstream
organisations to the retailer and post-consumption. The causal loop diagram demonstrates
the consequences associated with the activities of the fresh produce supply chain on three
major environmental variables (biodiversity, land use, and GHG emissions). As system
resilience diminishes, the food system becomes less secure, driving the need for further land
use change to produce food. As land becomes scarcer and environmental stability decreases,
the production of healthy fresh produce decreases, which has negative consequences for
human health and the cost of living [55,56]. This puts pressure on the economic pillar to
increase its growth in this sector by creating more fresh produce using more land.
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3.3.2. F2F and IFV 2030 LSC for Sustainability

Jackson et al. [19] discussed how EU policy initiatives are “key in transitioning to a
sustainable food system”. However, it was concluded that implementation was difficult
due to several factors. Jackson et al. [19] described how political channels of communication
are hindering implementation progress for a LSC event for a sustainable European food
system. The report concluded that the F2F capability for LSC change was limited in
detailing workable policy and will fail to reach 2030 targets.

As part of the EU's standards, Ireland is obliged to serve the F2F agenda through
the 2030 IFV. Brouwer et al. [39] and Foucault’s methodology both concluded that Irish
political channels addressing climate and environmental issues are also hindering progress
for LSC and are not meeting international targets. This type of communication implies
that implementation of the F2F and IFV 2030 is hindered by the lack of transdisciplinary
collaboration.

Figure 11 shows how a ripple effect creates a reinforcing loop by putting increasing
pressure on the organisational economic and social pillars (e.g., supply chain instability).
As food security declines and supply chains become more fragile, access to fresh food will
be affected. Fresh food is critical to human health and well-being, and if it decreases, it will
increase pressure on the health system. Added pressure on the health system will drive
up the cost of living and require more funding from the economic pillar. In response, the
economic pillar will be pressured to grow further to sustain the extra costs from the social
pillar, thus requiring more of the environmental pillar, and a systems trap ensues.
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Figure 11. The food system causal loop diagram (Part 3) using current IFV 2030 implementation
strategies (Part 1 and Part 2). With associated arrow (+) = increasing effect on variable; (—) = decreasing
effect on variable.

Figure 11 shows the outcome of the implementation of the IFV 2030 strategy. The
theoretical framework (systems thinking, Foucault’s analysis of political discourse, and the
survey) identified a lack of collaboration among key stakeholders as a major barrier to the
implementation of a sustainable fresh produce food sector. Figure 11 demonstrates how
the input dangle (Figure 11 (Part 1)) representing the IFV 2030 roadmap, leads to a “limits
to success” archetype associated with the three pillars of the fresh food system (Figure 11
(Part 2)), with another archetype “Fixes that Fail” creating a ripple effect of social, economic,
and environmental related issues. Figure 11 (Part 2) represents a dynamic system map of
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Figure 11 (Part 2) in action for the implementation of the IFV 2030 roadmap. Figure 11
(Part 2) feeds into Figure 11 (Part 3), a causal loop diagram of the impact of the fresh
produce industry and supply chains on societal social performance, economic performance,
and effects on the environment through negative effects associated with three variables
(depicted in red text) land use, biodiversity and GHG emissions. The marine and terrestrial
variables of the causal loop diagram represent the ecosystems of land and water from the
point of view of natural capital and the consequence of unsustainable action currently
practised in the fresh produce supply chain to ensure its continued capacity to support it.
According to Figure 11, using the current structure to implement the IFV 2030 roadmap
to implement the LSC of the conventional fresh produce supply chain demonstrates a
ripple effect. The ripple effect is evidence of a disconnect between critical stakeholders
within the fresh produce supply chain and the unequal dissemination of policy across
stakeholders in the sector. The cause of the ripple effect draws from archetypal behaviours
brought on by the implementation of the IFV 2030 through repeated historical procedures,
as demonstrated by Foucault’s analysis (Table 1). If the wicked system continues to create
ripple effects, it will contribute to additional pressure on the natural living system. Figure 11
demonstrates the criticality of collaboration between the variables and the level of structure
to connect them. The level of collaboration is attributed to the implemented structure and
mitigates through signalling unintended consequences unforeseen by the IFV 2030 of how
a target variable changes.

3.3.3. A Sustainable Food System Map

Figure 12 outlines the main elements of a sustainable food system for the fresh produce
supply chain centred on interdisciplinary co-creation through stakeholder engagement.
The three pillars model described in Figure 12 demonstrates a resilient and robust food
system accomplished through the collaborative implementation of the IFV 2030. The red
text box at the core of the three pillars illustrates how transdisciplinary collaboration and
co-creation intersect all pillars of a sustainable food system. Implementing the IFV 2030
through the concepts of Figure 12 implies a sustained anthropological system in balance
with the environmental pillar [43].
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Figure 12. Elements of a sustainable food system using the three pillars of sustainability with a
top-down and bottom-up structure between relevant actors and supply chain stakeholders.

In the current food system, the three pillars of sustainability are imbalanced. Viewing
each pillar through a system thinking lens of cause-and-effect highlights trade-offs active
in each pillar. Three critical components are needed for the transition to a sustainable food
system [32,46]:

L. Fresh produce economic value
II.  Social importance
III. Environmental impact
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The IFV 2030 views the commercial horticultural fresh produce sector as important for
maintaining a healthy societal balance of economic, social, and environmental performance
through actions and practices according to principles of the three pillars of sustainability
(Figure 12). Using systems maps to view the three pillars of economic, social, and environ-
mental sustainability demonstrates the relationships and interconnectedness of elements
within the fresh produce supply chain. The anthropological pillars associated with socio
and economic activities demonstrate the systems archetype “Limits to Growth” (Figure 7).
Reinforcing feedback loops of economic growth and social need are linked to a balancing
loop of environmental activity and performance. This reinforcing growth creates more
success and increases performance, driving more growth. The balancing loop within the
environmental pillar (e.g., limited resources) constrains the performance of the social and
economic pillar (e.g., recession). The economic and social boom activity slows down in
response to the limiting constraints.

Breaking the limiting factor regarding sustainability for the sector requires engagement
and buy-in between all stakeholders in the sector [13,53]. The results from the survey
demonstrated a perceived lack of co-creation, with less than 17% of respondents believing
the process to be collaborative. This suggests that the process of policy development is
missing key interdisciplinary contributions which could facilitate the transition required
for IFV 2030. Thomas [18] demonstrated the complexity of introducing the missions of the
IFV 2030, and Clark [21] postulates that the incorporation of interdisciplinary skills across
the supply chain can inform policymakers on potential causes and consequences of barriers
to implementation, ripple effects and unforeseen issues.

Figure 13 illustrates the three pillars of sustainability as a dynamic map, using the red
box describing co-creation as an enabler for the IFV 2030 within the fresh produce sector.
This figure demonstrates the importance of a combined effort across stakeholders invested
in the product life cycle to create and apply appropriate interventions [53,57].
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Figure 13. A concept map with the collaborative supply chain model at its centre.

3.4. The Design Framework Outcome

Figure 13 demonstrates the importance of adopting new political channels for writing
and implementing sustainability policy to meet sustainability goals. Figure 12 depicts
how the three pillars of sustainability conceptualise the transdisciplinary inputs of all
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stakeholders and respective actors within the fresh food supply chain. Ultimately, using
a collaborative approach, implemented equally and with accountability across all stake-
holders, will better support the delivery of LSC to achieve Ireland’s national sustainability
targets as intended by the IFV 2030 missions (Table 2).

Figure 13 demonstrates the concept of using a collaborative supply chain model based
on the three pillars of sustainability to support the successful implementation of the IFV
2030. The red text box central to Figure 13 (Part 1) depicts the implementation of LSC for
a sustainable supply chain using collaboration for co-creation and through organisation
accountability for interconnected development to meet the intended environmental targets
as outlined by the IFV 2030. Figure 13 (Part 2) depicts, through a dynamic map, the
implementation of the IFV 2030 roadmap in practice. Figure 13 (Part 3) demonstrates the
intended impact of meeting environmental targets. Using a collaborative and integrated
implementation of LSC significantly reduces the amount of corrective action needed and
mitigates any delay in progress towards sustainable fresh produce. Figure 13 (Part 3)
implies positive consequences for the development of the commercial horticultural fresh
produce industry as set out by the IFV 2030 [25]. All system components of Figure 13 (Part 3)
benefit from sustainability targets implemented through collaborative channels as directed
by the IFV 2030. As outlined by KPMG [25] and Story et al. [56], fresh produce consumption
has increased benefits for the health system. Figure 13 (Part 3) demonstrates the importance
of the horticultural fresh produce sector to maintain a healthy life of economic, social and
environmental performance and actions the practices need to be incorporated into the fresh
produce supply chains to ensure food is produced according to principles of the three
pillars of sustainability.

4. Limitations

One of the main limitations of this study was the small number of participants. How-
ever, the findings of this position paper, supported by systems thinking frameworks, have
given insights and actionable recommendations for LSC for the fresh produce supply chain,
as described in the next section.

5. Conclusions and Recommendations

The aim of this study was to identify the potential of the IFV 2030, as directed by
the EGD-F2F, as a roadmap for sustainable change for the Irish fresh produce sector, a
sector that plays a significant role in the well-being of society. The literature reviewed for
the theoretical framework identified major knowledge gaps and demonstrated a need for
knowledge and expertise across multiple disciplines and organisations for a true long-term
sustainability plan. This study identified non-collaborative and hierarchical direction as
a knowledge gap associated with delaying sustainability progress in addressing climate-
related issues such as rising GHG emissions, biodiversity loss and land degradation. The
use of Foucault’s genealogical methods highlighted a critical discourse where Ireland and
EU communications are locked in repeating patterns of historical interactions. It was found
that Ireland’s inception into the EU was characterised by similar ad-hoc and wasteful
interactions for large-scale change events, which is influencing current political discourse.

It was established that policy implementations are circulated through non-collaborative
channels, which are missing the interdisciplinary connectedness of competent actors within
the fresh produce supply chain. The data collected from stakeholders across the fresh pro-
duce sector, together with systems thinking methodologies, were used to diagnose barriers
and unintended consequences for the implementation of the IFV 2030. This study found
key issues with the implementation of the F2F and IFV 2030 commitments, identifying
barriers and potential ripple effects.

Through the identification of system archetypes and illustrations using systems dy-
namics, the study showed that the EGD-F2F and IFV 2030 are not on target to reach their
main objectives. The survey demonstrated that current stakeholder engagement, knowl-
edge and understanding for a sustainable supply chain is fragmented. It is evident that the
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EGD F2F and IFV 2030 implementation strategy does not follow an interdisciplinary imple-
mentation model, as described in the three pillars of the sustainability model. The current
implementation strategy is still hierarchical among the stakeholders in the fresh produce
supply chain. For critical large-scale change, the chain of information needs to be altered
to allow critical feedback from all stakeholders and highlight unintended consequences
through collaborative channels for policy evaluation.

This study highlighted the need for further research with a larger sample size of actors
and stakeholders in the fresh produce chain to solve complex problems. Through knowl-
edge sharing of everyday practices and through organisational learning and stakeholders’
shared accountability of policy and sustainability standards, it is possible to remove un-
foreseen barriers pertaining to achieving critical environmental targets. It is critical that
primary producers, retailers, and policymakers emphasise the value of the product, both
in terms of the work performed in producing it in a sustainable manner and the value
fresh produce has to society and the consumer. Restructuring to sustainable practice means
reshaping and rethinking the value of how fresh produce is produced and marketed.

This study diagnosed real-world problems and provided potential solutions for the
successful implementation of large-scale reform for environmental, economic, and so-
cial sustainability. Systems thinking highlighted how transdisciplinary collaboration and
continuous stakeholder engagement can be performed to ensure Ireland’s environmental
targets are met. Drawing upon multiple stakeholder perspectives facilitates the success-
ful delivery of new policies, innovative ideas, and solutions through cross-disciplinary
participation, co-creation, and support.
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Abstract

Food fraud represents a growing global challenge with significant implications for public
health, market integrity, sustainability, and consumer trust. Beyond economic losses, fraud-
ulent practices undermine the environmental and social sustainability of food systems by
distorting markets, misusing natural resources, and weakening incentives for authentic
and responsible production. Despite the establishment of harmonized frameworks of
the European Union for official controls, the increasing complexity of food supply chains
has exposed persistent gaps in fraud detection, particularly for high-value products such
as those with PDO (Protected Designation of Origin) and PGI (Protected Geographical
Indication) Certification. This study investigates the perceptions, attitudes, and experi-
ences of frontline inspectors in Greece to assess current challenges and opportunities for
strengthening official food fraud controls. Data were collected through a structured ques-
tionnaire, validated by experts and administered nationwide, involving 122 participants
representing all major national food inspection authorities. Statistical analysis revealed
significant institutional differences in perceptions of fraud prevalence, with mislabeling of
origin, misleading organic claims, ingredient substitution, and documentation irregularities
identified as the most common fraudulent practices. Olive oil, honey, meat, and dairy
emerged as the most vulnerable product categories. Inspectors reported relying primarily
on consumer complaints and institutional databases as key tools for identifying fraud
risks. Food fraud was perceived to contribute strongly to losses in consumer trust in food
safety and product authenticity, as well as to the erosion of sustainable production models
that depend on transparency, fair competition, and responsible resource use. Overall, the
findings highlight detection gaps, uneven resources across authorities, and the need for
improved coordination and capacity-building to support more efficient, transparent, and
sustainability-oriented food fraud control in Greece.

Keywords: food fraud; inspectors’” perceptions; Greece; PDO; PGI

1. Introduction

Food fraud has emerged as one of the major global issues with profound impact on
public health, market integrity, and consumer trust in the food system [1]. Recent studies
on the economic impact of food fraud within the global food supply chain estimate annual
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costs ranging from $10 billion to $49 billion [2] and potentially between $10 billion and
$65 billion [3]. These figures correspond to approximately 5-7% of global food trade [4].

Food fraud incidents, such as food adulteration and mislabeling, undermine the
authenticity and safety of agri-food products throughout the supply chain [5]. These
incidents have highlighted the significant gaps in traditional food control mechanisms,
prompting CAs worldwide to enhance preventive strategies and surveillance systems [6,7].

Beyond regulatory and enforcement concerns, food fraud is increasingly recognized as
a systemic threat to the sustainability of food supply chains as it disrupts fair market prac-
tices, weakens consumer confidence, and may enable environmentally harmful production
practices [8].

In this context, food fraud is increasingly conceptualized not only as a compliance
or enforcement issue, but also as a governance challenge with direct implications for the
economic, social, and environmental dimensions of sustainability [9,10]. The increasing
complexity and globalization of food supply chains have rendered conventional inspection
methods insufficient for the timely and effective detection of fraudulent practices [11,12].

In response to these challenges, digital technologies, particularly artificial intelligence
(Al), are increasingly employed to enhance food fraud detection and prevention. Beyond
established applications of Al in food fraud detection, such as machine learning or big
data analytics, Al can be utilized through a range of complementary approaches includ-
ing predictive analytics, anomaly detection, the use of blockchain technology to ensure
transparent records of product origin and movement, and automated analysis of large
amounts of datasets derived from laboratory tests, commercial transactions, and customer
complaints [1,13]. Moreover, Al-enabled controls contribute to sustainable food safety
and authenticity by enhancing the transparency and efficiency of inspections, reducing
information asymmetries and by strengthening the capacity of the food supply chains to
recover from fraud-related disruptions [9,14,15].

In practice, the integration of Al into public control infrastructures remains limited,
particularly within national authorities across the European Union. In Greece, the food
control system operates through a multi-tiered governance structure involving central CAs,
regional food safety units, and official laboratories. While the legislative and institutional
framework is formally aligned with EU mandates, persistent resource availability, inspector
training, and intergraded data platforms crucially affect the system’s capacity to detect
and respond to food fraud consistently [16-18]. These systemic limitations not only reduce
the effectiveness of fraud prevention but also weaken the sustainability performance of
the food supply chain by undermining governance coherence, limiting traceability, and
eroding institutional trust [10,15].

These characteristics render the Greek case particularly suitable for examining how
institutional design and inspectors’ perceptions interact within sustainability-oriented food
fraud control systems.

Despite the extended literature on food fraud and digitalization, limited attention
has been paid to inspectors’ perceptions as a critical governance layer capable of bridging
the gap between regulatory framework, operational control practices, and sustainability
outcomes. Understanding inspectors’ perceptions will assist in identifying institutional
weaknesses and provide a basis for developing a more cohesive and sustainable con-
trol strategy.

Accordingly, this study addresses the following research questions:

RQ1: How do official food inspectors perceive the prevalence and dominant forms of
food fraud within the Greek food supply chain?

RQ2: Which product categories and fraud typologies are perceived as most vulnerable?
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RQ3: Which existing control tools are perceived as most effective for the detection of
food fraud?

RQ4: How do inspectors perceive the potential role and institutional readiness for
Al-enabled tools in supporting sustainable food supply chain governance?

The study adopts an exploratory, perception-based approach and does not seek to
estimate objective fraud prevalence or establish causal relationships. Instead, it aims
to provide governance-relevant empirical insights that can inform more coherent and
sustainable food fraud control strategies.

2. Literature Review
2.1. Food Fraud as a Governance and Sustainability Challenge

The literature on food fraud has gradually moved from a narrow focus on food safety
incidents, economic deception, and consumer protection to a much broader sustainability-
oriented perspective [19,20]. Recent research on food fraud has focused on issues related to
the governance of food supply chains, emphasizing their implications for environmental
sustainability, social equity, market integrity, and consumer trust [1,8,21]. Thus, food fraud
is increasingly viewed as the outcome of interactions between the structural characteris-
tics of supply chains and regulatory systems, thereby affecting long-term sustainability
outcomes rather than opposed to being viewed as discrete acts of non-compliance [17,22].

A comprehensive strategy to combat food fraud is essential not only to detect fraudu-
lent activities by identifying and prosecuting fraudsters, but also to focus on preventive
measures. The theory of situational crime prevention seeks to minimize opportunities
and increase risks to deter potential offenders [12]. Traditionally, food policy has focused
primarily on protecting public health. However, there is now a growing concern that the
current risk analysis framework for food safety should be revised to provide evidence
and guidance for the development of policies that effectively minimize incidents of food
fraud [23]. Within this evolving policy landscape, the ability of food control systems to
safeguard authenticity, promote transparency, and ensure accountability across all nodes of
the supply chain is now closely linked to economic, social, and environmental sustainability
objectives [14,20].

Studies have shown that products with Protected Designation of Origin (PDO) and
Protected Geographical Indication (PGI) are particularly vulnerable to fraud due to their
premium market value and their intrinsic association with specific regional characteris-
tics [16,20,24], and fraud incidents significantly reduce consumer trust in these premium
and certified products [22,25-27]. The integrity of these products is also central to rural
economic sustainability, cultural heritage preservation, and environmentally differentiated
production systems, making their protection a sustainability priority [20]. This erosion of
trust destabilizes markets for sustainable products, weakens incentives for compliance, and
threatens rural development models that rely on quality differentiation and territorial iden-
tity [28,29]. Consequently, food fraud is increasingly viewed as a structural sustainability
risk, rather than a series of isolated illegal acts [1,30,31].

Taken together, food fraud is increasingly considered a structural threat to the sustain-
ability of food supply chains, extending beyond immediate safety or economic concerns.
By undermining consumer trust, distorting fair competition, and weakening incentives for
certified and transparent production systems, food fraud challenges the environmental, so-
cial, and governance dimensions of sustainability [32-35]. However, while existing studies
clearly establish these systemic effects, they primarily address food fraud at the level of
markets, products, or consumers, offering limited insight into how sustainability risks are
perceived and managed within official food control systems. This highlights the need for
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empirical research that links sustainability-oriented food fraud risks with the perspectives,
capacities, and practices of regulatory authorities.

2.2. Official Food Controls and Inspectors” Role in Fraud Detection

Official food control systems are essential government mechanisms through which
regulatory requirements related to food safety, integrity, and sustainability are translated
into practice [33-35]. Official food controls function not only as compliance checks, but
also as multi-level regulatory systems that rely on legal frameworks, information-sharing
infrastructures, and inter-institutional cooperation [36,37]. Within this governance perspec-
tive, the effectiveness of food fraud prevention depends not only on formal regulations and
technological tools, but also on the way control systems are designed, coordinated, and
implemented across complex agri-food supply chains [37,38].

Regulation (EU) 2017 /625 on Official Controls and Regulation (EU) 2019/1715 (IM-
SOC), together with their information systems and cooperation networks, such as the EU
Food Fraud Network, provide the legal backbone for enforcing EU agri-food law, including
the prevention and detection of food fraud [34,35]. This regulatory framework requires au-
thorities to detect intentional deception for economic gain, extends official controls across
the entire food chain, and strengthens cooperation among EU Member States through
systems such as the EU Food Fraud Network (FEN), enabling information exchange and
coordinated action against fraudulent practices [9,34,39].

The system of official controls is crucial for the sustainability of food systems, as it
ensures compliance, transparency, and consumer protection across all stages of the supply
chain [34]. In the context of Regulation (EU) No 2017/625, official controls enhance the
ability of CAs to monitor the compliance of food businesses, collect reliable data, and sup-
port fair market practices [34,39]. The effective implementation of the Regulation provides
a framework for a multi-level governance system that strengthens consumer confidence,
combats fraudulent activities, and contributes to the development of a transparent food
supply chain. Thus, official controls serve not only as a means of enforcement, but also
as a cornerstone of sustainable agri-food chain governance, particularly in light of the
significant sustainability challenges currently observed at the global level [33-35,39,40].

The effectiveness of official controls therefore depends not only on regulatory design,
but also on institutional capacity, coordination mechanisms, and the operational practices
of frontline inspectors. A critical challenge within the EU is the absence of a unified legal
definition of food fraud, which creates inconsistencies in enforcement across member
states [32]. The EU Food Fraud Network relies on operational criteria to distinguish fraud
cases rather than a statutory definition, empowering but not obliging Member States to
collaborate. The Rapid Alert System for Food and Feed (RASFF) serves as a key mechanism
for reporting and analyzing food fraud incidents across the EU. However, its effectiveness
is limited by its primary design focus on food safety rather than fraud detection [34].

Therefore, official food controls constitute a central governance mechanism for miti-
gating food fraud risks and supporting the sustainability of food supply chain [37,40]. Risk-
based inspections, laboratory analyses, traceability requirements, and information-sharing
systems are designed to reduce information asymmetries and enhance accountability across
the food supply chain actors [31,32,36,39-42].

Nevertheless, empirical studies highlight significant variations in the effectiveness
of official controls across authorities, often linked to differences in institutional capacity,
inspector training, resource availability, and coordination mechanisms [9,34-36,38]. Frag-
mented governance structures and uneven enforcement practices tend to create regulatory
blind spots that increase vulnerability to fraud, particularly in complex, multi-tiered food
supply chains [13,40,43].
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Current research into governance-oriented practices emphasizes the role of inspectors’
perceptions and their use of professional judgment in determining how enforcement
outcomes are achieved. Inspectors act as “street-level bureaucrats” who assess risks and
prioritize violations based upon their own interpretations of regulations and therefore play
a significant role in shaping the practical effectiveness of official control systems [44—46].

Taken together, the literature positions official food controls as a central component
of food fraud governance, highlighting their role in mitigating information asymmetries,
coordinating enforcement actions, and supporting the sustainability of food supply chains.
At the same time, empirical evidence reveals substantial variation in control effectiveness
across authorities, shaped by institutional capacity, resource availability, coordination
mechanisms, and inspector training [1,10,34,40].

Importantly, the above-mentioned governance-oriented research underscores that
inspectors’ perceptions and professional judgment play a decisive role in translating regu-
latory frameworks into enforcement outcomes. Despite this recognition, inspectors’ per-
spectives remain comparatively underexplored in food fraud research, which has largely
focused on legal instruments, technological solutions, or firm-level behavior. This research
gap highlights the need for empirical investigation into how frontline enforcement actors
perceive and enact official controls within sustainability-oriented governance systems.

2.3. Digitalization and Artificial Intelligence in Food Fraud Prevention

The literature on food fraud prevention increasingly highlights digitalization and
artificial intelligence as key enablers of risk-based, data-driven governance in food supply
chains. Rather than being viewed as stand-alone technical solutions, digital tools and
Al-based applications are discussed within broader debates on transparency, traceability,
and institutional capacity to manage fraud risks [35,36,47]. Accordingly, the potential
contribution of digitalization to food fraud prevention depends not only on technological
performance, but also on governance arrangements, organizational readiness, and the
effective integration of digital tools into existing official control systems [10,19,27,39,48].

Digitalization has been widely promoted as a means to enhance transparency, trace-
ability, and resilience in food supply chains. Technologies such as blockchain, integrated
databases, and advanced data analytics have demonstrated significant potential to support
food fraud detection, early warning systems, and targeted inspections [14,29,39,48].

Al-based applications, including machine learning techniques and anomaly detection
methods, have shown promising results in experimental and pilot-level studies, particularly
when combined with large-scale datasets derived from trade flows, laboratory results, and
alert systems [49-51]. However, the majority of empirical evidence remains concentrated
on technical feasibility rather than on institutional adoption within public authorities.

Previous studies indicate that technological solutions alone are insufficient to address
food fraud risks without accompanying institutional reforms, capacity building, and ethical
governance frameworks [41,50,52,53]. In official controls conducted by public authorities,
the effectiveness of Al depends on inspector training, data quality, system interoperability,
and trust in algorithmic decision-support systems [51,54-56]. Consequently, understand-
ing the inspectors’ perceptions of Al is critical for assessing its realistic contribution to
sustainable food supply chain governance.

Overall, the reviewed literature indicates that digitalization and artificial intelligence
are increasingly discussed as potential tools for supporting food fraud prevention through
enhanced data integration, early warning systems, and more targeted inspection ap-
proaches. At the same time, existing studies emphasize important limitations on routine
institutional adoption within public authorities. In the context of official food controls,
research highlights that the use and perceived usefulness of Al-based tools depend on
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factors such as inspector training, data quality, system interoperability, and trust in algo-
rithmic decision-support systems. Despite growing attention to these governance-related
conditions, empirical insights into inspectors’ perceptions of digitalization and Al remain
limited, underscoring the need for further empirical investigation in this area.

2.4. Positioning and Contribution of the Present Study

Based on the above-mentioned literature, the present study is positioned as an ex-
ploratory, governance-oriented investigation focusing on inspectors’ perceptions within
official food control systems. The study adopts an institutional governance perspective that
emphasizes institutional capacity, coordination mechanisms, and information asymmetries
as key determinants of sustainability outcomes, rather than advancing a specific causal
model or testing hypotheses derived from a single theoretical framework.

By empirically capturing inspectors’ views on food fraud and its current detection
tools, this research contributes novel insights to national and international debates on
food fraud control. It complements existing firm- and technology-focused studies by
highlighting the human and institutional dimensions that condition the effectiveness of
regulatory interventions in complex food supply chains.

3. Materials and Methods
3.1. Research Design

The present study adopts a cross-sectional survey design to explore food inspectors’
perceptions regarding food fraud, current detection methods, and digital tools for food
fraud detection within the Greek official food control system. Data were collected through
a structured questionnaire that was distributed to food inspectors employed by the CAs
throughout the country.

The study is explicitly positioned as exploratory and descriptive, rather than confir-
matory or explanatory. Its primary objective is not to test cause-and-effect relationships
or to measure the objective incidence of food fraud, but to identify patterns in percep-
tion, institutional variations, and governance-relevant insights derived from frontline
inspectors. Such an approach is considered appropriate in contexts where empirical evi-
dence remains limited and where professional judgment plays a central role in regulatory
effectiveness [57,58].

Given the limited availability of public datasets on food fraud detection practices
within public authorities, and the absence of harmonized indicators across institutions,
an exploratory survey approach was considered the most appropriate means to address
the research objectives and research questions of the study. This methodological choice
aligns with previous studies examining inspectors’ perceptions, governance efficiency, and
control system performance in relation to food safety and food fraud issues, which have
likewise employed survey-based methodology [40,59-62].

3.2. Sampling Strategy

The target population consisted of official food inspectors employed by the CAs
responsible for official food controls in Greece, in accordance with Regulation (EU) No
2017/625. These authorities include: (i) the Ministry of Rural Development and Food
(MRDF), (ii) the Regional Agricultural Directorates (DAOK), (iii) the Hellenic Food Author-
ity (EFET), and (iv) ELGO-DIMITRA, the designated authority for PDO/PGI controls.

A non-probability purposive sampling strategy, complemented by institutional snow-
ball dissemination, was employed. This approach was selected due to the absence of a
publicly accessible sampling frame of inspectors and the institutional sensitivity of the
target population. Similar sampling strategies are commonly applied in expert-based
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research, where access constraints and professional specialization limit the feasibility of
random sampling [63,64].

Participation criteria included: (a) active involvement in official food controls, (b) em-
ployment within a CA during the survey period, and (c) professional experience related to
inspection, auditing, or managerial oversight of food controls. No exclusion criteria were
applied, beyond non-involvement in official control activities.

3.3. Questionnaire Development

The questionnaire was based on more than 15 years of expertise in the implementation
of EU and national legislation on official food controls. It was developed based on a
comprehensive review of the relevant literature [49,54,59,65,66].

Structured into four sections, the questionnaire covered: (1) socio-demographic char-
acteristics and occupational roles of respondents; (2) current food fraud detection practices
and the effectiveness of official control systems; (3) a general evaluation of Al-based tools
to strengthen official food controls; and (4) perceptions and attitudes towards the adoption
of Al technologies in official food control activities.

The selection of food fraud categories and vulnerable product groups was theory-
driven, drawing on established food fraud taxonomies and EU fraud reports [66,67]. The list
of food fraud incidents included in the questionnaire was predefined by the authors based
on an extensive review of the literature on food fraud typologies. The selected categories
are representative of common fraudulent practices within official food control systems,
including mislabeling, substitution, fraudulent claims, documentation irregularities, and
other economically motivated practices, as identified in previous studies. The majority
of attitudinal questions were measured using Likert-type scales, while selected items
employed ranking formats to capture the perceived relative importance of each category.

Attitudinal and perceptual items were measured using a five-point Likert scale, rang-
ing from 1 (strongly disagree/never) to 5 (strongly agree/always), consistent with estab-
lished methodological practices. The choice of a five-point scale was guided by empirical
evidence indicating that scales with five response categories provide an optimal balance
between cognitive load, response reliability, and measurement validity in professional and
expert surveys [68-70].

The initial version of the questionnaire was reviewed by 10 experts specializing in
official food control from the Competent Food Control Authorities. Experts were selected
through purposive sampling, and subsequently, other experts were recruited using snow-
ball sampling techniques [58,63,71]. For the purposes of this study, experts were defined
as professionals actively managing official controls at national, regional, or local levels,
according to Regulation (EU) No 2017/625.

Experts were invited to provide feedback on the content, structure, and clarity of the
questionnaire. They were also asked to provide suggestions for revisions and additions
where appropriate. Based on their input, the questionnaire was revised and subsequently
pilot-tested with the same group of experts, who voluntarily completed the survey using
the SurveyMonkey® platform, an online tool designed for administering and collecting
self-reported survey data.

3.4. Data Collection

Data were collected using the computer-assisted web interviewing (CAWI) method
via the SurveyMonkey® platform. The CAWI approach was selected due to its suitability
for the geographically dispersed nature of the target population, its efficiency, and its
demonstrated suitability for use in food governance and sustainability research [72-75].
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The final version of the questionnaire was hosted on the SurveyMonkey® platform,
and the survey link was emailed to Competent Food Control Authorities nationwide.
These authorities were instructed to further disseminate the survey to their respective food
control auditors.

Data were collected from November 2024 to January 2025. Although online data
collection may introduce sampling bias, this approach aligns with contemporary practices
reported in the literature, where convenience sampling is frequently employed [61,74].

Participation was entirely voluntary. Prior to completing the survey, participants
were informed about the study’s objectives and assured that their responses would remain
anonymous and confidential, to be used exclusively for research purposes.

3.5. Sample Characteristics

Among the 122 participants, women accounted for 61.5% of the responses, while men
accounted for 38.5%. The higher representation of women respondents could be attributable
to either the gender distribution of the types of CAs who participated in the study, or a
greater willingness of women to participate in food-related surveys [42] (Table 1).

Table 1. Sociodemographic characterization of the sample.

Variable Groups N (%)
Gend Male 47 38.52%
ender Female 75 61.48%
31-40 5 4.10%
Ace 41-50 39 31.97%
& 51-60 73 59.84%
>60 3 2.46%
MRDF (Ministry of Rural Development and Food) 42 34.43%
Competent DAOK (Regional Agricultural Directorates) 45 36.89%
Authority EFET (Hellenic Food Authority) 23 18.85%
ELGO-DIMITRA (PDO/PGI inspection authority) 12 9.84%
Level of University /Integrated master 28 22.95%
e Master 65 53.28%
education PhD 29 23.77%
Employee/Inspector 89 72.95%
Occupational role Head of Department 25 20.49%
Head of Directorate 8 6.56%
Years of <5 23 18.85%
professional 5-10 28 22.95%
experience >10 71 58.20%

The distribution of respondents’ allocation across Competent Authorities (MRDF—
Ministry of Rural Development and Food; DAOK—Regional Agricultural Directorates;
EFET—Hellenic Food Authority; ELGO-DIMITRA—PDO/PGI inspection authority) was
aligned with the organizational structure of the official food control system in Greece,
thereby supporting the representativeness of the sample.

In terms of educational level, 53.3% of participants held a master’s degree and 23.8%
held a doctorate, thus high educational attainment was also present in the sample. This
is particularly relevant to the context of official food controls, where specialized scientific
knowledge is critical.

Regarding occupational status, 73.0% of respondents were employed as inspectors,
while 27.0% occupied managerial roles at the department or directorate level. This distribu-
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tion of respondents between non-managerial and managerial positions potentially reflects
the administrative hierarchy of the CAs.

The distribution of professional experience indicates that 58.2% of participants re-
ported more than 10 years of experience, 23.0% reported between 5 and 10 years, and 18.8%
reported less than 5 years. This profile provides evidence of a sample predominantly com-
posed of inspectors with moderate to extensive professional experience, thereby enhancing
the validity and reliability of the data collected for this study.

3.6. Calculations and Data Analysis

The first section of the questionnaire collected socio-demographic information. Re-
spondents” attitudes towards various statements regarding food fraud were assessed using
a five-point Likert scale, where 1 indicated “strongly disagree” and 5 indicated “strongly
agree” [68,69]. Statistical analyses were performed using IBM SPSS Statistics for Windows
(version 23.0; IBM Corp., Armonk, NY, USA). Likert scale responses were treated as ordinal
data. The internal consistency of the questionnaire was evaluated using Cronbach’s alpha,
which demonstrated good reliability, with coefficients ranging from 0.70 to 0.86.

Facts identified as food fraud by the respondents (Figure 1) were ranked according to
the percentage of participants who selected each category as a case of fraud. A weighted
ranking score was used to calculate the score of the most vulnerable product to food fraud
(Figure 2) by assigning 10 points to the product ranked first, 9 points to the second, and
progressively decreasing by one point per rank, with one point assigned to the lowest rank.

Types of incidents classified as food fraud

Misleading labeling about the country of origin 74.6%

Incorrect labeling

Sale of inferior quality products / product that does not meet the required
quality requirements
Substitution - replacing an ingredient, or part of the product, of high value
with another ingredient, or part of the product of lower value

Sale of non-organic food as organic
Absence of accompanying documents
Exceeding the maximum residue limits of pesticides / veterinary drugs

Counterfeiting of a well-k product trad k or

Fraudulent health claims
Tampering

Misdeclaration

Omission of substances/liquids

Sale of stolen products

0% 20% 40% 60% 80%

Percentage of respondents

Figure 1. Facts identified as food fraud by the respondents (the ranking is based on the percentage of
respondents who selected each category as a case of fraud).

The ranking of the main risk factors for food fraud detection by CAs, the perceived
impacts of food fraud, and the effectiveness of existing control tools against food fraud
(Figures 3-5) was based on the respondents’ Likert-scale answers. For each item, mean
values and standard deviations were calculated.
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Qils / Olive oils
Honey
Meat / meat products

Milk / dairy products

Fruits / vegetables

Wine

Product category
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Beans

Eggs / egg products
Poultry / poultry products

Fish / seafood
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Figure 2. Ranking of the most vulnerable product to food fraud.

Information from complaints/reports

Data from databases (e.g., iRASFF)

Country/place of origin of the product

Trading data (import/export quantities, etc.)

PDO/PGI certification mark

Product price/commercial value

Risk factors for food fraud detection

il

Information from the internet, mass media, and social
media

[=)
—
'S
a1

2 8

Likert scale value

Figure 3. Ranking the main risk factors for food fraud detection from Competent Authorities (mean
values + standard deviation).

Non-parametric tests were employed to explore statistically significant differences
between qualitative variables. The Chi-square test of independence was applied to examine
associations between categorical variables. Where statistically significant relationships were
identified, Cramér’s V coefficient was calculated to assess the strength of association, with
the following interpretations: V ~ 0.1 (weak association), V ~ 0.3 (moderate association),
and V > 0.5 (strong association). Sociodemographic variables were considered potential
predictors influencing responses to survey items. All statistical tests were conducted using
a significance threshold of p < 0.05.
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Loss of trust in food safety

Loss of trust in food of a specific origin/source

Raising health risks for consumers

Impact of Food Fraud

Loss of trust in PDO/PGI and organic certified foods

Loss of trust in official food controls

0.00 1.00 2.00 3.00 4.00 5.00

Likert Scale Value

Figure 4. Ranking the impact of food fraud according to the participants’ perception (mean value +
standard deviation).

Analytical laboratory methods

Inspections — on-the-spot checks

Analytical methods other than laboratory (accounting data,

Checking and comparing of incoming and outgoing good
inventories, document checks, risk matrix, etc)

Existing control tools against food fraud

Use of databases and early warning systems _—<

Intelligence from mass media, social media, etc.

o
-
N
@
'S
(o))
=N

Likert scale value

Figure 5. Ranking the effectiveness of existing control tools against food fraud according to the
participants’ perception (mean value + standard deviation).

4. Results
4.1. Perceived Degree of Food Fraud

The analysis revealed (see Table Al in the Appendix A) a statistically significant asso-
ciation between the respondents’ perceptions of food fraud degree and their CA affiliation
(x> = 23.426, p = 0.024), while individual characteristics such as gender, age, and educa-
tional level did not have a statistically significant impact. These results indicate differences
in perceived food fraud across institutional contexts rather than objective differences in
fraud prevalence.

Respondents from the MRDF predominantly perceived food fraud as a moderate issue,
with 57.1% of participants ranking it accordingly, while 21.6% reported higher perceived
levels of food fraud (Table 2). In the case of DAOK, 40.0% of participants perceived
“some” fraud and 42.9% reported higher perceived levels. Among the EFET participants,
concerns were more pronounced, with 40.9% rating food fraud as “high” and 18.2% as
“very high”. In contrast, participants from ELGO-DIMITRA mostly considered the problem
to be moderate (50.0%), while only 8.3% perceived it as “very high”.
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Table 2. Participants” perception on the extent of food fraud as a significant issue in their area of
responsibility per Competent Authority (scale from 1 = not at all to 5 = very high).

Answers According to Scale
Question: To What Extent Do You Consider Food Points (%)

Fraud to Be a Significant Issue in Your Area?

1 2 3 4 5

MRDF 48 167 571 143 71
DAOK 0.0 489 311 156 44

EFET 0.0 261 261 261 217
ELGO-DIMITRA 0.0 250 50.0 167 83
Overall Competent Authorities 1.6 311 410 172 9.0

The moderate association (Cramér’s V = 0.438) suggests that the institutional frame-
work exerts a meaningful influence on the inspectors’ perception of food fraud within their
authority operational areas. These findings should be considered as reflecting differences
in perceived risk and exposure to food fraud, rather than as evidence of differential reg-
ulatory performance across CAs, which appear to differ in their perceived engagement
with food fraud issues, potentially reflecting variations in mandates, operational focus, and
inspection experience.

These findings are consistent with previous research suggesting that auditors” per-
ceptions of food fraud within their work environment are pivotal to the capacity of CAs
to combat fraud. Knowledge, training, and field experience influence auditors’ ability to
recognize and detect fraud and to implement effective controls [15,16,76].

Generally, more experienced auditors tend to adopt a more comprehensive approach
to identify fraudulent practices, thereby enhancing audit effectiveness [76]. Enforcement
style is also conditioned by auditors’ sense of responsibility and accountability, which can
influence their willingness to act against food fraud [43,77]. When inspectors perceive
a higher risk of personal liability, they may adopt a more cautious enforcement, potentially
allowing some level of fraud to persist.

In addition, clear and standardized definitions and terminology for food fraud are
essential, as ambiguity can impede inspectors’ ability to accurately identify and report
fraudulent practices [66].

From a sustainability and governance perspective, the observed institutional vari-
ability reflects perceived differences in enforcement contexts rather than verified systemic
failures. Variations in perceived fraud risk may undermine the cohesion and predictability
required for effective and transparent control systems. Such perceptions can influence
resource prioritization and the identification of emerging risks, highlighting the importance
of coordination and a shared understanding across CAs within the broader framework of
EU food system governance, including the Farm-to-Fork Strategy.

4.2. Types of Incidents Classified as Fraud

Among incidents classified as food fraud according to the respondents’ perceptions
(Figure 1), mislabeling of country of origin accounted for the largest share (71.1%), indicat-
ing the prominence of origin-related claims in inspectors’ fraud risk assessments, rather
than verified incident frequency.

Fraudulent practices are generally concentrated at points in a supply chain where there
is an intersection of information asymmetry, traceability issues, and high value product
claims [39].

For PDO and PGI products, the stakes are even higher, as these products command
price premiums due to certified quality and geographic links [76]. Inspectors’ classifica-
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tion of misleading origin-related claims reflects concerns that such practices may erode
consumer trust, particularly in certified schemes [78].

The second most frequently cited issue was mislabeling, specifically marketing non-
organic food as organic (64.7%). Misleading labeling is widely reported as the most
prevalent type of food fraud [24], and many cases involve false organic claims [78]. In this
study, the high frequency of this response reflects the inspectors” perceived exposure to
such practices during official controls.

Ranked third among the respondents’ choices was the sale of inferior-quality products
or products that do not meet current standards (62.3%), as perceived by inspectors, reflect-
ing concerns about passing off low-quality goods as premium. Strong economic incentives
make this practice attractive, particularly for high-value categories such as PDO/PGI
products [1], which may shape inspectors” heightened awareness of this fraud type.

The absence of accompanying product documentation was cited by 51.6% of re-
spondents, suggesting, from inspectors’ perspectives, possible intentional concealment of
traceability information for financial gain [77]. Missing or falsified accompanying docu-
mentation substantially hinders the efforts of the CAs to combat fraud [79]. Notably, the
EU network’s 2020 report attributes 25% of cases to this category, encompassing forged
documents and traceability failures [80-82].

Exceeding the maximum permitted residue limits for pesticides or veterinary drugs
was identified as fraud by 45.1% of participants. Such violations are often indicative of
fraudulent practices [1,81] and simultaneously raise serious public-health concerns [83].

Substitution, defined as the mixing or replacing of a high-value or high-quality ingre-
dient with a lower-value or lower-quality alternative, was selected by 59.0% of respondents,
consistent with the inspectors’ perceptions of practice that directly degrade the product
quality [83,84]. Such fraud is frequently reported for olive oil, honey, dairy, and meat [85].

Counterfeiting of well-known trademarks or packaging was identified less often
(44.3%). The omission of substances or liquids—despite its prevalence in international mar-
kets [86]—was cited by only 28.7% of respondents, suggesting lower perceived exposure to
this practice within the surveyed control contexts.

Other incidents, such as fraudulent health claims and the sale of stolen products,
were selected by 37.7% and 21.3% of respondents, respectively. Although reported less
frequently, these practices are perceived by inspectors as interconnected with misleading
labeling and documentation issues, which can erode consumer confidence [6,30,87].

4.3. Vulnerable Products to Fraud

Figure 2 summarizes inspectors’ perceptions of the food categories most vulnerable
to fraud. According to the participants, olive oil and olives were the most vulnerable of
the ten listed product categories. This may likely reflect both intrinsic vulnerabilities, such
as the misuse of geographical indications, inferior physico-chemical characteristics, and
unauthorized pesticide use, and the respondent pool, which was largely composed of staff
from CAs responsible for this sector.

The relatively high mean value (7.35 & 2.66) confirms that olive oil remains a major
food category for food fraud detection efforts. Honey ranked second (7.14 £ 2.49), followed
by meat and meat products (6.79 £ 2.39) and milk and dairy products (6.66 £ 2.58),
indicating that products of animal origin are consistently perceived as high-risk. Fruits and
vegetables (6.10 £ 2.80) were also considered moderately vulnerable. Legumes, poultry,
fish/seafood, and eggs were reported as less frequently affected, with mean values below
4.8, which may indicate lower perceived exposure to fraud or fewer detected cases, rather
than an absence of risk.
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These results align with previous studies that highlight olive oil as a globally adul-
terated product due to its high value and authentication challenges [25]. Similarly, meat
and dairy are considered as high-risk sectors due to frequent mislabeling, substance sub-
stitution, and illegal production practices [67,88]. Fraud in the dairy sector is particularly
concerning, as it may undermine consumer confidence and pose significant health risks,
including allergen exposure and reduced traceability [2,79]. Moreover, the relatively higher
variability (standard deviations above 2.5) indicates that perceptions of vulnerability may
vary across product categories depending on the inspectors’ experience of fraud cases.

A recent review highlights that vulnerability to fraud can be influenced by structural
aspects of the food supply chain [13]. The authors note that products that are embedded
in large and complex supplier networks with multiple tiers, especially where there are no
standardized traceability systems, are at greater risk of being opaque, mislabeled, or subject
to economically motivated adulteration. Fruits and vegetables are commonly reported as
vulnerable to fraudulent claims regarding organic status, country of origin, and pesticide
residue levels [89,90]. Honey is also a frequent target of adulteration, often through the
addition of undeclared substances that degrade quality and may expose consumers to
health risks by misleading them into believing they are purchasing pure honey [91].

4.4. Risk Factors for Food Fraud Detection

To evaluate the frequency with which particular criteria are reportedly used by CAs
for food fraud detection, participants rated the use of five criteria on a Likert scale (Table 3).
“Information from complaints/reports” had the highest frequency score (Table 3 and
Figure 3). This finding indicates that complaints are perceived by inspectors as a key trigger
for fraud investigations, rather than constituting direct evidence of fraud occurrence.
Complaints, particularly those submitted by individuals with market knowledge, provide
relevant, case-specific information, reducing reliance on secondary sources, and accelerating
the potential for the identification and investigation of fraudulent activities [21]. “Data
from databases (e.g., iRASFF)” ranked second (Table 3). This ranking reflects inspectors’
perceptions of the growing importance of inter-authority information exchange and digital
infrastructure, rather than a direct assessment of system effectiveness. Platforms such as
iRASFF provide valuable data and enable CAs to analyze trends, assess vulnerabilities,
and plan targeted interventions [15].

Table 3. Participants’ perception on use of risk factors for food fraud detection from Competent
Authorities (scale from 1 = never to 5 = always).

Answers According to Scale
Question: Which of the Following Risk Factors Are Points (%)

Used to Food Fraud Detection from Your Authority:

1 2 3 4 5

Trading data (import/export quantities, etc.) 57 148 254 418 123
Country/place of origin of the product 49 123 213 377 238
PDO/PGI certification mark 49 156 279 393 123
Product price/commercial value 131 18.0 377 221 9.0

Information from the internet, mass media, and
social media

Information from complaints/reports 08 9.0 164 361 377

Data from databases (e.g., iRASFF) 6.6 33 18.0 443 279

139 172 410 246 33

Furthermore, the ranking results (Figure 3) confirm that the two highest rated criteria—
information from complaints/reports and data from databases—are perceived by respon-
dents as the sources currently supporting proactive fraud detection. Their higher mean
values indicate that CAs are perceived to rely on both reactive inputs and institutional data
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flows, such as RASFF notifications, when prioritizing fraud related inspections. Ranking
third and fourth were the criteria “country/place of origin of the product” and “coun-
try/place of production or source”, respectively. The prominence of these criteria reflects
inspectors’ perceptions of origin-related information as relevant indicators of food fraud
risk. Prior studies similarly reported that many EU fraud incidents are associated with
specific countries or regions, often linked to differences in regulatory oversight and enforce-
ment capacity [92,93].

Country of origin has repeatedly been identified in the literature as salient for flagging
potential food fraud [94,95]. Numerous cases reported in the EU Rapid Alert System for
Food and Feed (RASFF) have been linked to specific countries [84], a pattern that inspectors
may draw upon when assessing perceived fraud risks, including cases involving products
originating from certain Asian countries [96].

The “presence of a PDO/PGI certification mark” ranked fifth, despite the fact that
geographical indication labeling is widely discussed as a criterion for assessing fraud
risk, and supporting product authenticity and consumer confidence [97]. In this study,
the lower ranking suggests that PDO/PGI status is perceived as a secondary indicator,
relative to more immediate information sources, such as complaints or database alerts.
The criteria “information from the Internet, mass media, and social media” and “product
price/commercial value” were reported as the least frequently used for fraud detection.
This lower ranking (mean values of 2.86 and 2.96, respectively) suggests that more tradi-
tional and verifiable sources of information are preferred from CAs.

The low ranking of media-derived information likely reflects the complexity of fraud
schemes, which typically requires a more comprehensive approach. In contrast, the limited
use of price as a criterion appears at odds with studies showing that price strongly shapes
consumer purchasing behavior, with higher prices often associated with signals of quality
or authenticity and supporting consumers” willingness to pay [98].

4.5. The Impact of Food Fraud

Food fraud poses significant public-health risks, especially for vulnerable populations,
such as children and older adults. Examples include milk being adulterated with sodium
hydroxide [99] or the melamine adulteration incident in China [7], both of which led to
significant food-safety issues. Global estimates indicate that approximately 10% of the food
supply may be adulterated [100], reflecting a significant level of food fraud risk.

Incidents of fraud—including mislabeling and the use of harmful additives—erode
consumer trust in food control systems. Empirical evidence shows that perceived fraud may
reduce consumer confidence in regulatory institutions and fosters a broader environment
of distrust [93,101]. This erosion of consumer trust is particularly salient for PDO and PGI
products, as these high-value products are perceived as vulnerable to fraud due to supply
chain complexity [63].

According to inspectors’ perceptions (Table 4, Figure 4), the main consequence of
food fraud was the loss of trust in food safety, which ranked first among all evaluated
impacts (4.13 £ 0.75). This was followed by loss of trust in food of specific origin or source
(3.99 £ 0.77) and raising health risks for consumers (3.90 =+ 0.79). The relatively high mean
values across these issues indicate that respondents primarily associate food fraud with
reduced confidence in food safety, rather than solely with direct health risks. Moreover, the
loss of trust in official food controls received the lowest rank (3.80 & 0.90), suggesting that
inspectors perceive consumer concerns to be more strongly linked to the reliability and
integrity of food products themselves, rather than to control authorities per se.
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Table 4. Participants’ perception on the effectiveness of official food control to combat food fraud
(scale from 1 = strongly disagree to 5 = strongly agree).

Answers According to Scale
Question: To What Extent Do You Believe That Food Points (%)

Fraud Contributes to:

1 2 3 4 5

Raising health risks for consumers 00 38 245 519 1938

Loss of trust in food safety 0.0 38 151 500 311

Loss of trust in official food controls 47 09 236 519 189

Loss of trust in PDO/PGI and organic certified foods 0.9 6.6 226 481 21.7
Loss of trust in food of a specific origin/source 00 38 208 519 233

Limited consumer awareness of EU quality schemes can increase skepticism toward
certified products, while counterfeit products further undermine perceived authenticity
and safety [31]. These issues not only weaken consumer confidence but also threaten the
economic viability of producers that rely on certification for market differentiation [102].

Fraudulent practices also reinforce the perception that CAs are incapable of preventing
or reacting to incidents [103]. The increased complexity of food supply chains, coupled with
perceived inconsistent enforcement and regulatory inertia, have expanded opportunities for
fraud to occur [3]. As a result, consumers are increasingly convinced that official controls
are insufficient, and this perception is heavily influenced by the perceived ineffectiveness
of enforcement mechanisms [18].

In relation to this, Niu et al. [104] identified that current regulations on food safety
often do not adequately address fraud, leading people to perceive greater exposure, even
when strict food safety regulations are in place. This aligns with the survey findings,
which indicate that the perceived inefficiency of official controls remains a critical factor in
shaping public distrust, although the respondents” dominant concerns related to food-safety
integrity rather than regulatory failure alone.

Furthermore, the associations presented in Table Al (Appendix A) reveal significant
relationships between respondents’ characteristics and their perceptions of food fraud
impacts. Specifically, respondents affiliated with CAs exhibited stronger concern regarding
the development of health risks (x* = 29.408, p = 0.001, V = 0.491) and the loss of trust in
food safety (x> = 24.903, p = 0.003, V = 0.452), suggesting heightened perceived sensitivity
among those directly engaged in enforcement activities. Educational level also influenced
perceptions, with higher-educated respondents showing greater awareness of the loss of
trust in PDO/PGI and organic certified foods (x? = 22.905, p = 0.003, V = 0.433). Gender
differences were evident for several factors, particularly health risk perception (x> = 9.820,
p =0.020, V = 0.284) and trust in official controls (x> = 12.414, p = 0.015, V = 0.319). These
findings suggest that professional experience, educational background, and demographic
factors shape the perceived consequences of food fraud, reinforcing the importance of
targeted communication and training within food control authorities.

4.6. Perceived Overall Effectiveness of Competent Authorities Tools Against Food Fraud

Control authorities face substantial challenges in achieving effectiveness. Only 29.5%
of respondents rated the current control procedures as “very” or “very highly” effective
in combating food fraud (Table 5), indicating relatively limited perceived effectiveness
among inspectors, rather than objective assessments of control performance. Perceived
effectiveness also varies across authorities (Table 5). In DAOK, 37.7% of respondents judged
the procedures to be only “low” or “not at all” effective, compared with 11.9% at MRDF
and 4.3% at EFET.
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Table 5. Participants’ perception on overall effectiveness of Competent Authorities” tools and
methodologies against Food Fraud (scale from 1 = not at all to 5 = very high).

Question: How Effective Do You Consider the Existing Procedures Implemented ~ Answers According to Scale

by Your Authority to Be in Addressing Food Fraud Within Its Area Points (%)
of Competence? 1 2 3 4 5
MRDF (Ministry of Rural Development and Food) 24 95 429 381 7.1
DAOK (Regional Agricultural Directorates) 44 333 467 156 0.0
EFET (Hellenic Food Authority) 00 43 696 261 0.0
ELGO-DIMITRA (PDO/PGI inspection authority) 00 00 667 83 250
Overall Competent Authorities 25 164 516 246 49

Auditor competence and experience are important factors associated with effective
fraud detection. More competent and experienced auditors implement fraud-oriented audit
procedures more successfully [105]. Consistent with this, auditor competence is a strong
driver of audit quality, which in turn facilitates the detection of fraudulent activities [106].
Taken together, these findings provide a relevant framework for understanding inspectors’
perceptions and underscore that strengthening auditors’ skills is critical for the successful
implementation of procedures established by the CAs.

According to the associations presented in Table 5, the perceived overall effectiveness
of food control shows a statistically significant relationship with respondents” CA affiliation
()(2 =38.353, p = 0.000, V = 0.561), suggesting that institutional factors influence percep-
tions of effectiveness. Notably, participants from DAOK expressed significantly lower
confidence in the adequacy of existing procedures. These differences reflect the uneven
distribution of resources and specialized training across authorities, which may lead to
inconsistencies in the capacity to combat fraud, rather than to confirmed differences in
actual control outcomes.

Beyond technical competence, the ethical environment in which auditors operate is
a key determinant of effectiveness. Ethical leadership strengthens auditors’ intentions to
report detected fraud, indicating that a supportive ethical framework is necessary for the
successful implementation of detection procedures [107]. Consistent with this view, Ode
et al. [108] found that auditors’ ethical principles and professionalism indirectly enhanced
their ability to detect fraud. Based on the inspectors’ perceptions of effectiveness, cultivating
an ethics-oriented culture within inspection teams may therefore improve the effectiveness
of existing procedures.

Resources and training are likewise pivotal to the performance of official control
systems against fraud. Uneven resourcing and training across CAs can produce inconsistent
implementation of food-safety regulations, undermine the consistency and effectiveness of
controls, and create opportunities for fraud [109]. From the perspective of respondents, such
disparities may influence how the effectiveness of control tools is perceived, potentially
shaping confidence in existing procedures.

Some control authorities may underestimate the prevalence of food fraud, when
existing controls are perceived as sufficient [110]. Such perceptions can foster complacency
and ultimately weaken efforts to combat fraud. The resources and training available to
auditors are likewise critical to the effectiveness of control systems. Variation in resourcing
and training across CAs can lead to inconsistent implementation of food-safety regulations,
undermining the consistency and effectiveness of controls and creating opportunities for
fraud [109].
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4.7. Perceived Effectiveness of Existing Control Tools Against Food Fraud

Participants’ responses showed differences in the perceived effectiveness of existing
control tools against food fraud among CAs (Table 6 and Figure 5). Analytical laboratory
methods received the highest rating, indicating that inspectors perceive these tools as
particularly effective, consistent with evidence that techniques such as mass spectrometry
and hyperspectral imaging spectroscopy offer high sensitivity and specificity across com-
modities. These methods are the most reliable for confirming suspicions raised through
other monitoring methods [41].

Table 6. Participants’ perception on effectiveness of the existing food control tools against food fraud
(scale from 1 = strongly disagree to 5 = strongly agree).

Question: How Effective Do You Consider the Following Existing Food =~ Answers According to Scale Points (%)

Control Tools Against Food Fraud to Be: 1 2 3 4 5
Analytical laboratory methods 0.0 0.0 11.5 361 52.5
Use of databases and early warning systems 1.6 6.6 28.7 369 26.2
Non laboratory analytical methods (accounting data, Checking and
comparing of incoming and outgoing good inventories, document checks, 4.1 131 344 336 148
risk matrix, etc)
Inspections—on-the-spot checks 0.8 1.6 180 475 320
Intelligence from mass media, social media, etc. 8.2 18.0 44.3 22.1 74

Databases and early warning systems (e.g., RASFF) also rated highly, reflecting re-
spondents” perceptions of their usefulness, supported by studies suggesting that such
systems enable horizon scanning, predictive analytics, and prioritization for targeted
checking [90,111]. Their impact is enhanced when accompanied by confirmatory labora-
tory analysis.

Analytical methods other than laboratory-based techniques were rated moderately
high, suggesting that inspectors perceive them as functional, scalable, and cost-effective
tools for identifying anomalies prior to laboratory confirmation. The literature indicates
their effectiveness in vulnerability-based programs, especially when enhanced with digital
traceability tools [17,112].

Inspections scored slightly lower, indicating that respondents perceived untargeted
checks as having limited capacity for fraud detection. In contrast, risk-based inspections,
on the other hand, can enhance fraud detection by relying on vulnerability assessments and
historical data [113]. In the present study, these distinctions reflect perceived differences in
inspection approaches rather than measured detection outcomes.

Media and social media intelligence received the lowest ratings, suggesting lower
perceived reliability among inspectors, consistent with studies finding that their value as
supplementary tools require a follow-up verification [114].

Overall, the results support a layered, intelligence-informed method approach in
which high-specificity laboratory tests are deployed based on information provided by
early warning systems, administrative verification, and on-the-spot checks, with media
monitoring serving a complementary role [17].

Statistical associations revealed that perceived effectiveness varies significantly across
professional and sociodemographic groups. Specifically, respondents affiliated with CAs
reported a significantly higher perception of the effectiveness of non-laboratory analytical
methods (x> = 25.317, p = 0.013, V = 0.456) and on-the-spot inspections (x*> = 28.561,
p =0.005, V = 0.484) compared to other respondent groups. These associations suggest that
practical enforcement experience and direct involvement in control operations may shape
the perceived usefulness of specific control tools.
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Moreover, occupational role was significantly associated with the perceived usefulness
of databases and early warning systems (x> = 10.245, p = 0.036, V = 0.290), suggesting
that data-driven tools are more highly valued by respondents with analytical or policy-
related responsibilities. A moderate gender-related difference was also observed in the
evaluation of information derived from media and social networks (x? = 9.449, p = 0.049,
V =0.278), indicating varying levels of trust in informal intelligence sources. Overall, these
associations underscore that professional background influences how different control tools
are perceived in terms of their effectiveness against food fraud.

5. Further Discussion: Sustainability of Food Supply Chain Implications

The findings of this study suggest that food fraud is perceived by inspectors not
merely as a regulatory challenge, but as a structural risk to the sustainability of the Greek
food supply chain. Inspectors highlighted widespread mislabeling, ingredient substitution,
and fraudulent organic claims, particularly in high-value sectors such as olive oil, honey,
meat, and dairy. From the perspective of respondents, these practices undermine environ-
mental sustainability by weakening incentives for producers to adhere to resource-efficient,
authentic, and certified production models.

As suggested in the literature, fraudulent substitution distorts the competitive land-
scape, enabling unsustainable producers to externalize environmental and social costs
while undermining those who comply with certification and traceability norms [8,18].
The inspectors’ strong perception that fraud erodes trust in PDO/PGI and organic prod-
ucts further illustrates how fraud disrupts sustainability-oriented value chains built on
quality differentiation and regional identity, and may be perceived as vulnerable to fraud-
related disruptions.

It should be noted that these findings reflect inspectors’ perceptions rather than
objective measurements of fraud incidence or sustainability performance. Nevertheless,
inspectors’ assessments provide governance-relevant insights into where sustainability
risks are perceived to be most acute within official control systems.

Within this context, the typology of food fraud incidents reported in this study (see
Figure 1) shows that food fraud encountered by official control authorities is predominantly
associated with labeling and documentation practices, indicating that fraud is largely
driven by information manipulation, rather than by technologically complex adulteration.
This pattern reflects underlying governance weaknesses related to information asymmetry,
fragmented documentation, and limited traceability, particularly in high-value and certified
food markets. Accordingly, the findings suggest that critical vulnerabilities in food fraud
control are rooted more in administrative and informational gaps than in analytical capacity
alone. By reflecting inspectors” experiential knowledge as street-level regulators, the results
point to institutional coordination and data integration as priority areas for strengthening
sustainability-oriented enforcement.

The results of the ranking of the most vulnerable products to food fraud (Figure 2)
further indicate that inspectors perceive fraud vulnerability to be focused on specific high-
value product categories, notably olive oil, honey, meat, and dairy products. These sectors
combine price premiums and certification complexity, increasing exposure to mislabeling
and fraudulent claims, and indicating that fraud risks are structurally embedded in specific
segments of the supply chain. At the same time, significant institutional disparities in
perceived fraud prevalence and control effectiveness point to a fragmented governance
landscape. According to inspectors, reliance on reactive mechanisms and the absence of
integrated digital infrastructure limit coordination, transparency, and traceability, thereby
constraining the capacity of food supply chains to address the sustainability impacts
of fraud.
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Moreover, the study’s evidence of significant institutional disparities—both in inspec-
tors” perceptions of fraud prevalence and in the effectiveness of existing controls—points
to a fragmented governance landscape as experienced by respondents. Such fragmentation
reduces the ability to coordinate responses, share intelligence, and ensure uniform enforce-
ment, conditions known to heighten system vulnerability to sustainability shocks [22].
According to inspectors, fraud detection in Greece still relies heavily on reactive mecha-
nisms such as consumer complaints and manual documentation checks, rather than on
predictive analytics or integrated early warning systems. This perceived governance gap
prevents supply chains from meeting core sustainability principles such as transparency;,
traceability, and equitable risk distribution—elements accentuated in frameworks like the
EU Farm-to-Fork Strategy. The lack of centralized digital infrastructure, as highlighted by
inspectors, directly constrains the capacity to mitigate the economic, social, and environ-
mental consequences of fraud.

From a sustainability governance perspective, such perceived fragmentation rep-
resents a structural weakness rather than a series of isolated operational shortcomings.
Consistent enforcement, shared risk intelligence, and institutional coordination are widely
recognized as prerequisites for resilient and sustainable food supply chains.

The survey findings also highlight that trust—both in food safety and in certified food
categories—is perceived as the sustainability dimension most affected by food fraud. Loss
of trust undermines consumer willingness to purchase premium, sustainable products,
thereby destabilizing markets for organic and PDO/PGI goods. Similar dynamics have
been documented in international markets, where perceived fraud significantly reduces
consumer engagement with sustainable labels and disrupts responsible procurement be-
haviors [115,116]. The loss of confidence for producers threatens long-term investment
in sustainable production systems, as incentives to maintain higher quality standards
diminish when consumers do not trust product claims. Inspectors’ perceptions that fraud
causes greater damage to reputation than to health underscore the systemic nature of food
fraud, suggesting that sustainability is closely linked not only to safety and quality, but
also to the reliability of information flows that enable markets to function effectively.

These findings suggest that reputational and trust-related impacts may represent a
critical pathway through which food fraud is perceived to undermine sustainability, even
in the absence of immediately observable health effects.

The introduction of Al-enabled tools into official controls—a field in which inspectors
expressed interest but reported low levels of preparedness—has been discussed in the
literature as a challenge for strengthening supply chain sustainability. The use of predictive
analytics, digital traceability, and anomaly detection can provide an improvement over
current levels of information asymmetry and allow for the early identification of high-
risk transactions, thereby enhancing the ability to plan risk-based inspections [64,117]. In
addition, the use of Al systems can contribute to greater environmental sustainability by
enhancing transparency within value chains and thereby rewarding authentic producers
and limiting the availability of counterfeit goods produced using unsustainable methods.
However, it is important to recognize that for technological solutions such as Al to be
successful, institutional reforms are required, including capacity development and the
creation of ethical governance structures consistent with the EU’s Artificial Intelligence Act.
Without such accompanying reforms, respondents expressed concern that digitalization
could exacerbate existing inequalities in control capacity and potentially introduce new
trust-related challenges.

Accordingly, the contribution of Al to food supply chain sustainability should be
interpreted as conditional and complementary, supporting—rather than substituting—
human expertise, institutional capacity, and coordinated governance.
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6. Policy Recommendations

Several policy options can be derived from the empirical findings and the sustainability-
related implications identified in the research. The first is for Greece to develop a centralized
digital platform can interoperate inspection data, traceability information, laboratory test
results, and Al-based fraud-risk indicators. Platforms of this nature have been demon-
strated to be successful in other parts of the EU and can assist in the coordination of
efforts between regions, eliminate duplication of work, and provide an early warning
system for detecting fraudulent activity. Such a platform would require clear institutional
ownership, standardized data protocols, and robust safeguards for data protection and
accountability, in order to ensure interoperability across CAs and avoid reinforcing existing
governance fragmentation.

Second, there is a need for tailored training programs to be developed to address
the diverse professional backgrounds of inspectors involved in the inspection of different
product categories. These training programs should include modules on food fraud types,
digital traceability, and the ethical use of Al Such capacity-building programs should
place particular emphasis on regional authorities, such as DAOK, which was identified
by inspectors as having less effective existing procedures. Training initiatives should be
differentiated according to operational role and product specialization and supported by
continuous professional development schemes rather than one-off interventions, in order
to ensure sustained institutional capacity building

Third, the sustainability of the food supply chain can be enhanced through the rein-
forcement of certification integrity via systematic verification of PDO/PGI and organic
claims, combined with sanctions proportional to the environmental and social harms
caused. Such measures may strengthen deterrence, while simultaneously protecting com-
pliant producers who rely on certification schemes as a basis for sustainable value creation
and market differentiation.

Fourth, when designing policies related to fraud prevention, it is important to incorpo-
rate a sustainability-based risk analysis, acknowledging that fraud poses not only risks to
food safety, but also risks to environmental stewardship, fair competition, and consumers’
welfare. Incorporating sustainability criteria into fraud prevention strategies will enable
national fraud control measures to be aligned with the EU’s long-term objectives of achiev-
ing climate neutrality, developing resilient food systems and creating sustainable rural
development. In this context, sustainability-oriented risk analysis should be integrated into
existing risk-based inspection frameworks rather than treated as a parallel policy agenda,
ensuring coherence between food safety enforcement and broader sustainability objectives.

7. Conclusions

This study shows that food fraud remains a persistent and multifaceted challenge
in Greece, affecting the sustainability of agri-food supply chains. This conclusion reflects
inspectors’ perceptions derived from the survey data rather than objective measurements
of food fraud prevalence or intensity.

The most common perceived fraudulent practices identified by inspectors include the
mislabeling of food products, use of lower-cost ingredients or substitutes for higher-cost
ingredients, and false labeling of products as “organic”. A significant variation exists among
the CAs responsible for enforcing regulations related to official control activities, as they
possess different level of resources and operational capacity. These variations are perceived
to create challenges for the consistent implementation of official controls, rather than
providing definitive evidence of differences in regulatory effectiveness across authorities.

With regard to digitalization, inspectors identified artificial intelligence as a potentially
useful tool for supporting food fraud detection and enhancing supply chain transparency,
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particularly through improved traceability and data integration. These views should
be interpreted as expectations and perceived opportunities, rather than as evidence of
implemented Al systems or demonstrated impacts within official food controls. At the
same time, respondents reported limited preparedness to effectively utilize Al-based
tools, highlighting perceived needs related to training, data quality, interoperability, and
institutional support.

Overall, the findings underscore the importance of institutional readiness, capacity
building, and appropriate governance frameworks as conditions for the responsible in-
tegration of digital tools into public control systems. Within the empirical scope of this
study, these considerations should be understood as policy-relevant implications informed
by inspectors’ perceptions, rather than as directly observed outcomes. Future research
combining perception-based data with objective performance indicators and compara-
tive institutional analysis would be valuable for further assessing the role of official food
controls and digitalization in supporting sustainable and transparent food supply chains.

8. Limitations and Suggestions for Future Research Directions

This study has several limitations that should be considered when interpreting the
findings. First, the analysis was based on the inspectors’ perceptions derived from a survey
and does not provide objective measurements of food fraud prevalence or regulatory
effectiveness. Consequently, the results reflect perceived patterns and challenges rather
than empirically verified impacts.

Second, the use of a non-probability sampling strategy limits the generalizability of the
findings beyond the specific national and institutional context examined. In addition, the
exploratory nature of the analysis, which relies primarily on descriptive and non-parametric
statistics, does not allow for the identification of causal relationships.

With regard to digitalization and artificial intelligence, the study examined perceived
potential and preparedness, rather than actual implementation or performance within
official control systems. As a result, conclusions related to digital tools should be inter-
preted cautiously.

Future research could address these limitations by combining perception-based data
with objective indicators, adopting comparative cross-country designs, and employing
mixed-method or longitudinal approaches. Such research would contribute to a more
comprehensive understanding of how official food controls and digitalization support
sustainability-oriented food fraud governance.
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Abbreviations

The following abbreviations are used in this manuscript:

CA Competent Authority

CAs Competent Authorities

MRDF Ministry of Rural Development and Food
EFET Hellenic Food Authority

DAOK Regional Agricultural Directorates

ELGO-DIMITRA  Designated authority for PDO/PGI controls

Appendix A

Table A1. Associations between (food fraud-related perceptions, impacts, and control effectiveness
and respondents’ sociodemographic and professional attributes).

Gender Competent Authority Occupational Role Educational Level
XZ * % *% V EEE XZ * % *% V EEE XZ * % *% V EEE XZ * r *% V EEE
To what extent do you consider food
fraud to be a significant issue in 23.426 0.024 0.438
your area?

Which of the following risk factors are
used to detect food fraud from
your Authority:

Trading data (import/export

o 22429 0.033 0.248
quantities, etc.)

Country/place of origin of the product 24326 0.018 0.258

PDO/PGI certification mark 29.013 0.004 0.282

Product price/commercial value 28.631 0.004 0.280

Information from the internet, mass 14699 0005 0347 24072 0020 0256

media, and social media
Information from complaints/reports 35.742  0.000 0.312
Data from databases (e.g., iRASFF) 35.482 0.000 0.311
Impact of food fraud
Health Risks development 9.820 0.020 0.284 29408 0.001 0.491
for Consumers
Loss of trust in food safety 24903 0.003 0.452
Loss of trust in official food controls 12414 0.015 0.319

Loss of trust in PDO/PGI and organic 26.576  0.009 0.467 22905 0.003 0.433

certified foods
Loss of trust in food of a specific
origin/source

How effective do you consider the
existing procedures implemented by
your Authority to be in addressing food
fraud within its area of competence

38.353  0.000 0.561

How effective do you consider the
following existing food control tools
against food fraud to be?

Analytical laboratory methods
Use of databases and early 10.245 0.036  0.290
warning systems
Non laboratory analytical methods 25.317 0.013 0.456
(accounting data, Checking and
comparing of incoming and outgoing
good inventories, document checks, risk
matrix, etc)
Inspections—on-the-spot checks 28561 0.005 0.484
Intelligence from mass media, social 9.449 0.049 0.278
media, etc.

* Chi-square test, ** Level of significance of 5%: p < 0.05, *** Cramer’s coefficient.
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Abstract: The recent consecutive economic and social crises impose sustainable “from farm to fork”
food chain management to feed the global population. In this study, we investigated the price
perceptions of young consumers (Gen Z) in purchasing foods in Greece to find out the determinants
ensuring sustainable, future food consumption. We used eight overall price perception determinants,
five with negative roles, namely value and price consciousness, coupon and sales proneness, and
price mavenism, and three with positive roles, namely price-quality, price-value, and prestige—
sensitivity for the formation of the study’s questionnaire. A total of 514 students (Gen Z, 85%)
answered the questionnaire, promoted through the Google platform during September and October
2023. The data were analyzed with statistical tools, combining cross and chi-square tests. Between
the negative determinants, the “value consciousness” price perceptions (71.02%) were the most
important parameters in purchasing food, followed by “price consciousness” (55.02%) parameters.
“Coupon proneness”, 48.4%, and “sales proneness”, 49%, were equally lower, while “price mavenism”
parameters were minimally preferred by only 26.4% of the participants. Participants exhibited a
major preference for the “value to price” interconnection (66.7%), such as good value for money,
value exceeding a product’s price, and overvalued low-priced foods, while their preference for the
“quality to price” interconnection was significantly lower (48.8%), such as in terms of getting what
you pay for, more money for better quality, and priced, quality foods. The “prestige—sensitivity” price
perception was outside of their preferences in terms of food purchasing (only 7.1%). Our findings
indicate that young consumers (Gen Z) pay more attention to the values of negative and positive
parameters concerning price perceptions when purchasing food rather than quality, coupons and
sales, low prices, and mavenism, or even the prestige of the foods. This means that value issues such
as the perceived environmental impact (green value), the climate crisis, the social signaling potential,
and others are significant concerns, including their price perceptions for food purchases.

Keywords: food choice motives (FCM); value consciousness; price consciousness; sales and coupon
proneness; price mavenism; value-price; quality-price; Generation Z (Gen Z)

1. Introduction

Daily lifestyle habits have changed in a significant manner due to the global bur-
den of COVID-19, which continues to redefine parts of our daily habits [1]. Changes
vary from country to country and include, among others, time spent with family, phys-
ical activity, office work, sleeping behavior, mental health, eating habits, etc. Changes
have been recorded in the food choice motives (FCM) of consumers, too, as evidenced
in recent literature which was systematically reviewed by our group last year [2]. FCM,
namely health—convenience—sensory appeal—nutritional quality—ethical concerns—
weight control—mood—familiarity—price—shopping frequency behavior, in the new era,
are perceived differently by consumers depending on their age, country, sex, and culture [2].
“Health” refers to the link of food consumption with chronic food-related diseases, “con-
venience foods” refers to those foods prepared and made available for easy and quick
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consumption, “sensory appeal” is the taste, smell, texture, and appearance of foods, and
“nutritional quality” refers to the food combinations that affect overall diet quality and
health [2]. “Ethical concern” refers to the impact of food production and consumption
on the environment or society, “weight control” refers to the diets and exercise programs
controlling body weight, “mood and stress” refers to the mood and emotional eating which
influences the quantity and frequency of meals, and “familiarity” is the cognitive ability to
apply knowledge acquired via experience [2]. Finally, “price” refers to the selection of foods
based on their sale prices, and “shopping frequency behavior” refers to the frequency of
shopping based on, among others, the sustainability and shelf-life of perishable foods [2].

Changes due to the pandemic are still underway; therefore, definite answers defining
the “new” index of consumer satisfaction cannot be given yet for the “from farm to fork”
food consumption process, which is an important aspect of sustainable development,
especially due to new global crises caused by political instability and conflict around the
world [3]. The “farm to fork” agri-food chain’s hidden, external costs of USD 12 trillion
illustrate the need to make the food process more sustainable to overcome the planetary
boundaries responsible for the climate crisis and biodiversity loss [4].

Since the young generation is the “future”, comprising consumers forming the future
index of food satisfaction, we exploited the impact of the COVID-19 pandemic on college
students of Greece regarding FCM for sustainable eating behavior [5]. Most college students
(18 to 32 years old) by far belong to the newest generation, referred to as Generation Z (12—
28 years old), which is very different from earlier generations in terms of their preferences
and characteristics, shaping the global future in a unique way, including in terms of food
consumption [6]. We found that students have already returned to their previous motives
for food selection engendered by the period before COVID-19, as most of the 10 parameters
studied, except for “home-cooked food”, now rank higher in their preferences, and “eating
at restaurants” and “eating fast food” ranked lower in their preferences. The “shopping
frequency” which changed during the pandemic has now returned to the preferences of
the pre-pandemic period. The study showed that the motive that continues to be of the
highest concern for students before and after the pandemic is price, with students looking
for good value, inexpensive foods [5].

Literature Review

The marketing literature, for a long time now, has shown that consumer knowledge,
including price, plays an important role in purchase behavior [7-9]. Price is an important
factor in food choice, especially for low-income consumers [10], who are significantly more
conscious of value and price than higher-income consumers [11]. The most attractive
strategies, according to the consumers’ opinions so far, are discounting healthy food more
often and applying a lower VAT (value-added tax) rate on them. Pricing strategies (e.g.,
price reductions/increases, the “buy one get two” strategy, bonus systems, etc.) are seen as
a promising approach because sales promotions form an important part of the marketing
mix [12,13]. The price gradient more favorable to large unit sizes receives wide criticism
because it can trigger consumers to over-purchase and eventually waste food [14]. However,
recent research indicates that this relationship is not as straightforward as the criticism
implies [15,16]. Two systematic reviews on the effects of price perceptions and consumer
shopping behavior highlight the importance of assessing possible different parameters of
pricing strategies on dietary behaviors, and the limited evidence available addressing these
parameters [17,18]. Investigating if pricing interventions differentially affect subgroups
of the population is important, especially in studying new generations such as Gen Z,
since these interventions may alter their food disparities [17,19]. The consumers’ pricing
perceptions may differ across socio-economic positions or person-related factors such as
Body Mass Index and sex [20,21]. To date, limited research results have been published
on the potential differential effects of pricing attitudes in terms of personal characteristics,
including targeted subgroups, impulsivity, decision-making styles, price sensitivity, and
food choice motives [22]. Even though price sensitivity is related to individuals” decision-
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making processes, evidence shows that individuals who highly value “health”, “natural
content”, and “weight control” tend to purchase foods with high prices compared to
individuals who find these motives of less importance [22].

Currently, studies are targeting trust and consumers’ acceptance of food products
incorporating social and environmental costs into the price of the food, i.e., “True price
food products” [23]. Among the rather novel approach of the economic instrument of
“true price food”, another possible measure is cost accounting [24], and ecological and
sometimes social implications from agricultural production are monetized and internalized
into the price of foods. Consumers show interest in true food pricing, even though there
are concerns that many of them might not be able to afford to pay the true prices. The more
consumers that perceive themselves as gaining value from true food pricing as it pertains
to social status and green value (positive environmental impact), the greater the consumers’
trust in true pricing characteristics and in organizations that implement true pricing, and
therefore the higher the consumers’ intentions to purchase true price foods [25]. True
pricing levels the food’s market prices and true costs of food production [26], encouraging
the food industry to come up with more beneficial externalities in food production and to
provide more transparency about the true price or even charge for it [27].

Recent studies show that the current continuing global economic crises are causing
increased prices for all economic activities [28]. Not only the agricultural products of the
farm-to-fork chain are dramatically affected [29], but also the food prices [30], with inflation
increasing worldwide [31]. Therefore, studying youngsters’ (Gen Z) price perceptions in
purchasing their foods is an urgent research topic for shaping the future of the sustainable
“farm to fork” food chain in such OKturbulent periods.

In this study, we exploited the Greek students’ responses about their perceptions of
food prices when deciding to choose their food. To accomplish this research, according to
the literature on food pricing [32], our work tested the following determinants regarding
purchasing food:

Determinants with a negative role of price on food selection:

Value consciousness;
Price consciousness;
Coupon consciousness;
Sales proneness;

Price mavenism (maven).

OO0O0O0OO0

Determinants with a positive role of price in food selection:
O  Price—quality;
O Value-price;
O  Prestige-sensitivity.

2. Materials and Methods
2.1. Data Collection and Sample Characterization

A questionnaire was prepared to investigate the students’ food price perceptions; it
was composed of nine parts, based on the parts presented for the first time by Lichtenstein
et al. in 1993 [32] (Table S1). The questions were initially formed in English, as presented in
Table S1, and then were translated into Greek for the promotion of the questionnaire to the
Greek students. The social /demographic characteristics of the respondents were obtained
in the first part (gender, age, civil state, employment status, and permanent residency).
Parts 2-8 consisted of four questions each designed to assess the perceptions of students
regarding their consciousness of value, price, coupon proneness, sales proneness, price
mavenism, the price-quality relationship, and the value—price relationship, while part 9
consisted of eight questions regarding the prestige—sensitivity relation.

The initial testing of the questionnaire as well as the method used for its distribu-
tion was conducted as described by Skalkos et al. in the first paper regarding students’
questionnaires [5].
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The survey took place during the period of September to October 2023. The research
was conducted through the online Google Forms distributed to the students of the Univer-
sity of Ioannina, Greece, which has seven schools, fifteen departments covering all subject
matters, and more than 30,000 active students from all over Greece. GDPR approval was
granted by the University’s Bureau of Personal Data Protection and the students were
reached afterward through their academic e-mails. In the survey, 514 students of the Uni-
versity responded, a survey population comprising 1.7% of the 30,000 enrolled students.
The sociodemographic characterization of the perticipants is shonw in Table 1 below.

Table 1. Sociodemographic characterization of the sample.

Variable Groups %
Male 27.9
Gender Female 72.1
18-20 46.7
Aoe 21-25 33.7

8 26-30 8.1
31-35 114
Single 89.5

Civil state Married 7.9
Divorced 2.6

. . Employed student 30

Job situation Student exclusively 70
NORTH GREECE (regions of 275

Macedonia—Thrace) ’
Permanent residency (among the . WEST GREECE (rgglon of 35.4
Greek regions) Epirus—Aitoloakarnania prefecture)

CENTRAL GREECE (including Athens) 242

SOUTH GREECE (region of Peloponnese) 6.1

ISLANDS 6.8

In terms of geographical distribution, participants, students studying in the Epirus
region of Greece but residing permanently in other regions were 35.4% permanent residents
of west Greece, 27.5% of north Greece, 24.2% residents of Central Greece, 6.8% residents of
the Greek islands, and 6.1% of South Greece, a well-balanced national distribution based
on the population of each region. Most of the participants were aged between 18 and
20 and between 21 and 25 years old (46.7% and 33.7%, respectively), and less between
26 and 30 and 31 and 35 years (8.1% and 11.4%, respectively). Therefore, Generation Z
(18-28 years old) comprised more than 85% of the participants. Regarding the employment
status category, students (70%) dominated the respondents, which is also representative for
the Gen Z population.

2.2. Data Analysis

The questionnaire was built up on a five-point Likert scale (1 = not at all important,
2 = less important, 3 = moderately important, 4 = quite important, and 5 = very impor-
tant) [33] to measure the students’ perceptions of price. Statistical treatment of data was
performed using IBM SPSS Statistics for Windows (Version 25.0, IBM Corp., Armonk, NY,
USA). Nonparametric tests were used. Nonparametric testing was performed to test the
distribution of the variables of each group and response based on the hypothesized equal
proportions for each variable. The Chi-Square Independence Test was used to determine
whether there was an association between the variables. Cramer’s V coefficient was used
to analyze the strength of the significant relations found between some of the variables in
the study. This coefficient ranged from 0 to 1 and can be interpreted as follows: V ~ 0.1,
the association is considered weak; V =~ 0.3, the association is moderate; and V ~ 0.5
or over, the association is strong. Sociodemographic characteristics were considered as
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predictor variables that could affect the other responses to the questionnaire. In all of the
tests performed, the level of significance considered was 5% (p < 0.05), as described by
Skalkos et al. [34].

3. Results

The results of the negative role of price perceptions on food purchase answered by
the participants of the study are presented in Table 2. As shown, based on the “quite”
and “very important” answers, the most important negative price determinant for food
purchase was “value consciousness”, for which it was “quite” or “very important” in the
“worth for money” selection criterion (77.7%), followed by “shopping around” for lower
prices (71.9%), the connection between “quality and low price” (69.1%), and “price per Kg”
(65.4%) among the available foods for purchase.

Table 2. Young consumers’ perceptions of the negative role of price on food selection regarding
consciousness of value and price, proneness toward coupons and sales, and price mavenism (Values
represent %).

THE NEGATIVE ROLE OF PRICE IN PURCHASING FOOD

PREFERENCE REGARDING VALUE CONSCIOUSNESS IN PURCHASING FOOD

How important is the criterion for your purchase Not at all Less Moderately Quite important  Very important
of FOOD important important important P yump

The low prices in connection with the 28 73 20.9 372 31.9

food quality

The “shopping around” for lower prices of food 0.8 6.1 213 40.2 31.7

The “worth of money” selection criteria 0.6 4.1 17.6 41.4 36.3

The comparison of the “price per Kg” between 31 9.8 216 76 278

the available foods for purchase

PREFERENCE REGARDING PRICE CONSCIOUSNESS IN PURCHASING FOOD

How important is the criterion for your purchase
of FOOD

Not to go to extra effort to find lower prices. 10.2 16.5 289 285 15.7
To shop at more than one store to take

. 9.1 18.5 26.0 29.5 16.9
advantage of low prices.
The time it takes to find low prices. 6.3 12.4 314 31.8 18.1
The money saved by finding low prices. 1.8 3.9 14.7 34.3 45.3

PREFERENCE REGARDING COUPON PRONENESS ON PURCHASING FOOD

How important is the criterion for your purchase

of FOOD

To redeem coupons in order to feel good. 13.6 14.2 21.1 26.0 25.2
To enjoy clipping coupons out of different 215 219 2.0 292 124
sources.

To feel you are getting a good deal using 13.4 14.8 211 295 213
coupons.

To enjoy using coupons regarding the amount of 13.9 99 19.0 279 293

money saved by doing so.

PREFERENCE REGARDING SALES PRONENESS ON PURCHASING FOOD

How important is the criterion your purchase of

FOOD

The food is on sale. 2.0 5.1 20.1 33.7 39.2
The selection of the food brand because it is

on salo. 2.2 11.2 25.1 36.5 25.1
The selection of a favorite food brand regarding

the sale status. 5.3 15.1 37.6 30.7 114
The negative attitude toward purchasing food 268 262 272 152 47

brands that are on sale.
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Table 2. Cont.

PREFERENCE REGARDING PRICE MAVENISM ON PURCHASING FOOD

How important is the criterion your purchase

of FOOD

Se.archlng fgr information in advance about 13.9 232 287 220
prices for different types of food.

Being Well—mformed constantly as an expert on 19.2 26.1 281 17.0
food prices.

As‘kmg an expert that. you know about food 310 245 257 126
prices before purchasing the food.

Trusting the internet as a reliable source about 200 257 281 18.4

the prices of foods.

12.3

9.7

6.1

7.7

7

The second important determinant was “price consciousness”, for which it was “quite”
or “very important” for the participants that the food they purchase helped them “save
money by finding low prices” (79.6%), followed by “the time that it takes to find lower
prices” (49.9%), “shopping in more stores for lower prices” (46.4%), and “not expend extra
effort to find lower prices” (44.2%).

The third important determinant for the participants was “coupon proneness”, for
which was is “very” and “quite important” that consumers are “enjoying using coupons
regarding the saving of money” (57.2%), followed by “redeeming coupons to feel good”
(51.2%), “the feeling of getting a good deal with the coupons” (50.8%), and “less extend
enjoying clipping coupons of different sources” (34.6%).

The fourth important determinant, almost equal to the third one, was “sales prone-
ness”, for which it was “quite” or “very important” for the participants that “the food be
on sale” (72.9%), followed by “the selection of the food brand be on sale” 61.6%); important
to a lesser extent were the “the selection of food brand regarding the sales status” (42.1%)
and “the negative attitude for food brand on sale” criteria (29.9%).

The fifth negative important determinant, by far the last one in the participants’ price
perceptions, was “price mavenism”, for which it was “quite” and “very important” that
the students “search for information in advance about prices” for different types of food,
34.3%, “ask experts for food prices”, 28.7%, and “be well informed about food prices”,
26.7%, followed by “trust the internet for food prices”, 26.1%. Price mavens, coined by
Feick and Price in 1987 [35], like their market maven counterparts, collect price information
in order to share it with others and obtain social returns from their searching behavior [36].

Table S2 depicts the significant (p < 0.05) associations between participants’ percep-
tions of negative food pricing determinants and sociodemographic variables. Specifically,
regarding the topic of value consciousness, associations were observed between gender,
age, civil state, job situation and residency (connection of low prices and food quality: age
(x? =23.672, p = 0.023), comparison of the “price per Kg” between the available foods: gen-
der (x? = 12.739, p = 0.013), age (x> = 35.417, p = 0.000), job situation (x* = 13.930, p = 0.008)),
the price convenience topic showed significant associations between age, job situation and
residency (no extra effort to find lower prices: job situation (x* = 11.050, p = 0.026), shop to
more than one stores to find lower prices: gender (x> = 11.106, p = 0.025), saving money by
finding lower prices: job situation (x? =13.405, p =0.009), residency (x? = 26.649, p = 0.046)).
The coupon proneness showed statistically significant associations (p < 0.05) between
gender and residency (redeem coupons to feel good: residency (x* = 26.255, p = 0.050),
enjoy clipping coupon from different sources: residency (x* = 27.667, p = 0.035), getting
a good deal: residency (x> = 29.751, p = 0.019) and enjoy using coupons regarding the
amount of money saved by doing so: gender (x*> = 11.214, p = 0.024), residency (x> =
26.308, p = 0.050)), while the sales proneness topic showed associations with most of the
sociodemographic variables (food on sale: gender (x> = 18.123, p = 0.001), age (x> = 26.593,
p = 0.009), selection of a food brand on sale: gender (x> = 15.402, p = 0.004), residency (x* =
27.623, p = 0.035), selection of the favor food brand regarding the sale status: gender (x?
=10.130, p = 0.038), negative attitude toward purchasing a food brand which is on sale:
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civil state (x* = 31.716, p = 0.000)). Finally, the price mavenism topic showed associations
between the sociodemographic variables regarding the trust in the internet as a reliable
source about the prices of foods: gender (x? = 11.729, p = 0.019), age (x> = 27.213, p = 0.007),
and residency (X% = 39.460, p =0.001).

The results of the positive role of price on food selection and purchase answered by
the participants of the study are presented in Table 3. The most important determinant
was the “value—price” interconnection, for which it was “quite” or “very important” for
the participants to receive “good value for money food”, 80.6%, “not an undervalued food
because of its low price”, 72.2%, “value exceeding its price”, 60.3%, and “price base on
foods” exact value, 53.8%.

Table 3. Young consumers’ perceptions of the positive role of price on food selection regarding the
connections of price-quality, value—price, and prestige—sensitivity (Values represent %).

THE POSITIVE ROLE OF PRICE IN PURCHASING FOOD

PREFERENCE REGARDING PRICE-QUALITY WHEN PURCHASING FOOD

How important is the criterion for your purchase Not at all Less Moderately

of FOOD important important important Quite important  Very important

The higher the price of a food, the higher its

. 9.4 21.0 35.4 19.3 14.9
quality.
The common phrase “you get what you pay for” 49 167 287 314 183
is generally true. ' ’ ' ’ ’
The price of food is a good indicator of its 55 15.7 253 285 25.0
quality. ' ’ ' ’ '
You must pay a bit more for the best food. 3.6 11.5 27.1 35.0 229

PREFERENCE REGARDING VALUE-PRICE WHEN PURCHASING FOOD

How important is the criterion for your purchase of FOOD

To be priced based on its exact value. 3.0 13.0 30.2 34.5 19.3
To be a “good value for money” food. 0.6 41 14.7 40.8 39.8
To have a value exceeding its price. 43 8.3 27.2 33.9 26.4
Not to be undervalued because of its low price. 2.9 4.7 20.2 40.6 31.6

PREFERENCE REGARDING THE PRESTIGE-SENSITIVITY WHEN PURCHASING FOOD

How important is the criterion for your purchase of FOOD

To pay attention when you buy the most

. 425 31.8 19.9 3.7 2.1
expensive brand of food.
To feel better buying a high-priced food brand. 38.8 30.2 19.5 8.2 3.3
To feel classy buying the most expensive 58.7 209 115 6.0 29
food brand.
To enjoy the prestige of buying a high-priced 53.4 226 125 8.0 35
food brand.
To have your friends consider you are cheap if
you consistently buy the lower priced version of 64.1 20.5 6.2 5.8 3.3
a food.
To buy the most expensive food brand just 786 144 35 21 14

because your friends will notice it.
To buy the kinds of foods and food brands based
on the judgments others will make about you 78.0 13.8 4.5 2.1 1.6
because of the specific selections.
To select a costly food brand versus a relatively

. . T ) 81.1 12.7 3.3 1.6 14
inexpensive food since it is impressive.

The second most important determinant was the “quality—price” interconnection, for
which it was “quite” or “very important” for the participants to “pay a bit more for the best
food”, 57.9%, “get a price indicator of the food’s quality”, 53.5%, “get what you pay for”,
49.7%, and “get a higher price with higher quality”, 34.2%.

The third and least important determinant was the “prestige—sensitivity” intercon-
nection, for which all questions had a very low percentage of “quite” or “very important”
responses, including “feeling better buying high-priced food brands”, 11.5%, “enjoying
the prestige of buying high-priced food brands”, 11.5%, “having friends considering you
cheap buying constantly lower-priced versions of food”, 9.1%, “feeling classy buying the
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most expensive food brand”, 8.9%, “paying attention when buying the most expensive
food brand”, 5.8%, “buying the specific food brand based on the judgment of others will
make about you”, 3.7%, “buying the most expensive food brand for friends” attention”,
3.5%, and “selecting a costly food brand since it is impressive”, 3%.

Table S3 shows the statistically significant (p < 0.05) associations between participants’
perceptions on the remaining topics of the food pricing questionnaire and sociodemo-
graphic variables. Regarding the connection between price and quality, significant associa-
tions were found between civil state and gender (the higher the price of a food, the higher
its quality: civil state (x* = 17.232, p = 0.028), the common phrase “you get what you pay for”
to be generally true: civil state (x? = 16.786, p = 0.032), and one must pay a bit more for the
best food: gender (x* = 12.790, p = 0.012)). The connection between value and price showed
significant associations for two of the questions with the sociodemographic variables (to
be priced based on its exact value: age (x> = 25.368, p = 0.013), and residency (x*> = 26.675,
p = 0.045), to be a “good value for money” food: civil state (x> = 18.174, p = 0.020)). Finally,
for the connection between prestige and sensitivity, the significant associations were the
following: between paying attention when you buy the most expensive brand of food and
age (x* = 30.044, p = 0.003), between feeling better when buying a high-priced food brand
and age (x? = 23.711, p = 0.022), and between feeling classy buying the most expensive food
brand and age (x? = 22.745, p = 0.030), and civil state (x> = 15.391, p = 0.050).

4. Discussion

The results presented above indicate that young consumers’ price perceptions for the
purchase of their foods vary depending on the determinant (parameter) chosen for the
food selection.

Between the negative determinants, the “value consciousness” price perception on
purchasing food was the most important parameter for the participants of the study
(average 71.02% of “quite” and “very important” answers based on the five questions
included in the questionnaire). Our results agree with the reported literature indicating that
initial value sources can potentially contribute to promoting trust and consumer acceptance
of the true pricing of foods [25]. Wikstrom et al. reported that, often, consumers’ biggest
problem is how to integrate available resources and to make trade-offs between different
value dimensions in a way so as to contribute to a good price of food [37].

The second most important negative determinant based on participants’ answers
was been “price consciousness”, providing an average of 55.02% of “quite” and “very
important” answers. The importance of low pricing was addressed by Afshin et al., who
systematically reviewed existing literature on the prospective impact of food pricing on
improving food consumption (an action that follows the purchase of foods) [38]. They
indicated that, according to existing literature, a 10% decrease in the price of food increases
consumption by 12%, and a 10% increase in price decreases consumption by 6%.

The two determinants with equal negative importance for price perceptions recorded,
third and fourth in a row, were “coupon proneness” with a 48.4% average of “quite” and
“very important” answers and “sales proneness” with a 49% average. Our results agree
with the findings of Yen-Ting et al. [39], who studied the effects of price discounts and
bonus packs together on consumers. The authors reported that either for vice foods (pearl
milk tea) or virtue foods (sugar-free tea), a price discount is as effective as a bonus pack.
They contended that consumers would prefer a price discount when purchasing pearl milk
tea, but a bonus pack when purchasing sugar-free tea.

The last negative price determinant for the participants’ preference for food purchase,
with a very low average percentage of “quite” and “very important answers”, was “price
mavenism”, with only 26.4%. Feick and Price introduced the concept of market mavens
(MM) to describe a unique pattern of consumer behavior wherein a minority of retail
consumers disproportionately influences the behavior of other consumers [35]. Goldsmith
et al. showed that mavenism is positively associated with brand engagement in self-
concept, status consumption, and materialism [40]. Somers et al. studied the association
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of mavenism and pleasure with food involvement in older adults and found that food
mavenism and pleasure motivation are stronger predictors of food involvement than
demographic factors [41].

From the three determinants with positive affects on price perceptions recorded by
the young participants, the most important was “value—price” with an average of 66.7% of
“quite” and “very important” answers to the four questions asked. The importance of the
value-to-price connection by consumers for food purchase has been emphasized by many
scholars [42-45]. Taufik et al. recently studied consumer value for true-price food products
and found that value sources can potentially contribute to promoting consumer acceptance
of true pricing in the food domain, with various other factors being relevant as well [25].

The determinant with second most positive importance for the young consumers on
purchasing food recorded was “quality—price”, with an average of 48.8% of “quite” and
“very important” answers, significantly lower than the “value-price” answers. Food quality
as a major parameter for consumers’ food perception has been studied extensively for more
than 20 years [46,47]. Studies have focused recently on purchase decisions based on quality
and price for selected foods such as fast food [48], organic food [49], and others. Nabila and
Tambunan recently indicated that customers in making purchases are influenced by the
quality of food, service levels, prices, and the store environment [50]. Our results indicated,
however, that value assets are much more important than quality for price perceptions in
food purchasing for young consumers, which may include assets such as the perceived
positive environmental impact (green value), the social signaling potential [25], and others.

The determinant with no positive importance on purchasing food by the young
consumers of our study was “prestige-sensitivity”, with a low 7.1% average of “quite”
and “very important” answers. Based on the eight questions used in this parameter and
the answers received, young consumers do not pay attention to expensive brands when
purchasing their food, even when they are persuaded by their friends. Even though
personal branding is highly important for Gen Z youngsters for their own activities [51,52],
apparently it is not important for their food choice, even when it has to do with specific
food brand groups such as halal foods [53].

5. Conclusions

As Generation Z (Gen-Z) consumers currently constitute approximately 40% of global
consumers and are projected to become the largest consumer segment worldwide by
2030 [54], their burgeoning spending power has become increasingly evident. They are
now moving to the next phase in which they will constitute the predominant majority of
the incoming workforce bringing a distinct set of characteristics into the workplace and
marketplace, including the purchase and consumption of foods. The current work on
young consumers’ perceptions is the first study ever that systematically examines Gen Z’s
price determinants in purchasing foods. It is the research extension of our earlier findings
indicating students’ preference for value for money, inexpensiveness, and cheap foods as
part of their food choice motives [5].

Our current findings indicated that youngsters are positively affected primarily by the
“value to price” interconnection for the food they buy, and secondarily by the “quality to
price” relationship. Interestingly, they do not purchase expensive, high-priced food brands,
neither as a prestigious, impressive projection for friends nor as a prompt from friends.

On the other hand, our findings showed that youngsters are negatively affected by
the “value consciousness” of the food price they select, shopping around to receive proper
value for their money and low-priced, and priced-per-Kg foods. Secondarily, they pay
attention to the “price consciousness” of foods, evaluating the time they spend, the extra
effort they take, the stores they visit, and the money they save searching for the lowest
price of each food. Interestingly, they are not affected by “coupon and sales proneness” as
much as expected, such as redeeming coupons or selecting food brands on sale, except for
finding food and food brands on sale. Lastly, “price mavenism” is the price perception that
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does not interest the young participants of this study significantly, and they are affected
minimally by advanced information and expert opinions when purchasing foods.

The study has two limitations concerning the participants” group. The first is the
female participation of 72.1%, exceeding by far the male participation, which is only 27.9%
(a discrepancy typical of most online studies). The second is the participation of the Gen
Z participants of Greece only (extension to other countries should be conducted in the
future).

This research has not only managerial and policy implications for marketing but also
poses a theoretical contribution for marketing researchers studying Gen Z’s behavior. The
results are very helpful for the food industry and those organizations which participate in
the farm-to-fork process overall, ensuring a successful path to market for foods. With this
research work, the industry has a first indication of the price perceptions of future adults in
order to be prepared in advance for the food market of the near future.

Future research as a continuation of the current study will include an examination of
youngsters’ price perceptions of selected groups of daily purchased foods such as dairy,
fruits and vegetables, etc. and a further investigation of the various determinants affecting
the value-to-price and value consciousness criteria food-purchasing behavior, since value
appears to be the most important criterion.
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sensitivity and the sociodemographic variables.
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Abstract: Greater engagement with alternative food supply chains is considered a key
factor in reducing a range of environmental and social harms associated with the global
agri-food system. However, consumer engagement with these supply chains is low, and
little research has investigated this issue in the Australian context. This study aimed to
identify Australian consumers’ drivers and barriers in procuring food grown locally from
alternative grocery retailers. Self-reported primary or co-equal grocery shoppers (1 = 325)
completed measures of drivers and barriers to shopping for locally produced food (within
200 km) from alternative retailers, as well as current behavioural engagement with such.
An exploratory factor analysis revealed four key drivers (Food Shopping as an Expression
of Values, Food Shopping as a Socio-Emotional Experience, Avoiding “Unnatural” Food,
Protesting the Duopoly) and two key barriers (It's All Too Hard, Local Food Scepticism).
Multiple regression analysis demonstrated that together, these drivers and barriers ex-
plained a significant 9% of the variance in the frequency of alternate shopping practices,
of which only the barrier It's All Too Hard accounted for a significant amount of unique
variance. Findings point to ways to encourage engagement with sustainable food systems,
as well as critical barriers to overcoming disengagement.

Keywords: alternative agri-food supply chains; consumer behaviour; sustainable food
consumption; local food; climate change

1. Introduction

Supply chain consolidation in the agri-food sector has been one of the most important
structural changes in the sector since the 1950s [1]. Arguably, the most consequential
aspect of the Australian food system has been domestic vertical integration by food re-
tailers, namely the two major supermarket corporations—Coles and Woolworths—which
control 67% of supermarket retail sales nationally [2]. These retailers have amassed po-
litical, economic, and regulatory control up and down supply chains, which has given
them considerable power to influence the discursive space around food, as well as mate-
rial patterns of retailing and food production and consumption [3-7]. For close to three
decades, researchers have reported on the negative impacts of unequal power relations
between supermarkets and other actors in the supply chain (see, for example, [4,8-12]).
Despite inquiries into the effects of grocery market concentration on food prices (see, for
example, [13]), the market regulator has failed to take substantial action to disrupt the
market-distorting effects of the duopoly [14].
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For Australian consumers, there is ample evidence that shopping for groceries outside
the supermarket duopoly—that is, at alternative food retailers such as farmers’ markets
and independently owned retailers such as greengrocers, butchers, bakers, and ethnic food
stores—is worthwhile. From a price perspective, fruit and vegetables are significantly
cheaper at greengrocers compared with the supermarket duopoly [15,16], and consumers
also report feeling socially connected when food shopping at farmers” markets compared
with feeling alienated at the major supermarkets [17]. Further, the power of the Australian
supermarket duopoly has also been identified for some time as an ongoing public health
issue due to the types of food they sell, their lack of genuine commitment to contributing
to improving population health, and the sales strategies they use [18-20]. For instance,
from a consumer trust perspective, Coles and Woolworths have been accused by market
watchdogs of lying to consumers about so-called “discount pricing”. At the time of
writing, the Australian Competition & Consumer Commission is alleging both Coles and
Woolworths spiked prices by at least 15% before “dropping” prices to the same as, or higher
than, the regular price before the spike.

The purpose of this study was to investigate grocery shopping practices among
Australian consumers. Specifically, it explores the factors that both drive and prevent
consumers from shopping for locally produced food at alternative food retailers. A better
understanding of the drivers and barriers shaping consumer grocery shopping practices
will inform the future of the Australian agri-food system through elucidating the challenges
for consumers in engaging in alternative agri-food supply chains. Beyond the noted benefits
for consumers, alternative agri-food supply chains are associated with a range of important
environmental outcomes, including improved biodiversity, an increase in sustainable
production methods, and reduced pollution [21-23]. They also engender significant social
benefits, such as greater opportunities for rural development [24], larger income dividends
for producers [25], and a more stable safety net for food security and nutrition during
times of crisis [26]. Thus, diversity in the food system has emerged as a critical element
of a resilient food system that will ensure food security [27]. As such, promoting and
supporting greater consumer engagement with alternative food systems supports several
of the UN’s Sustainable Development Goals and, consequently, greater global food security.
Understanding factors related to consumer engagement, as well as barriers to such, is
crucial in the movement towards sustainable food systems [28].

1.1. Brief Literature Review on Drivers and Barriers to Shopping for Locally Grown Food

In recent decades, many consumers have moved away from purchasing decisions
based on price and brand loyalty and towards those made on personal values. In the
case of food consumption, this shift in priorities manifests as a preference for sustainable
produce based on the individual’s morals, ethics, and social views [29,30], in addition to
perceptions that these choices assist in mitigating climate change [31]. Following shocks to
the Australian food system due to the COVID-19 pandemic, consumers have engaged in a
range of strategies to improve the sustainability and resilience of the food system, including
strengthening local food systems [32]. Research indicates unequivocally that consumers,
irrespective of income and age, are willing to pay a premium for what they perceive to be
sustainable produce (e.g., [33-35]); specifically, consumers are willing to pay more for both
locally sourced and organically grown food than conventionally produced and sourced
food [36,37].

Examinations of the underlying motivations for these shifting consumption patterns
have revealed some interesting factors. In an extensive review of 73 internationally based
publications, Feldmann and Hamm [38] concluded that attitudes are an important predictor
of food purchasing, with consumers’ beliefs that locally grown food was of higher quality
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and better taste supporting their engagement with local food networks. This research
was supported by Watts et al. [39], who found that consumers believed that food from
alternative food networks was of better quality than food from mainstream supermarkets.
Research on the Australian context [40] found that the perception of the freshness of locally
grown fruit and vegetables is a key enabler. In contrast, some research from Germany [41]
and Finland [42] did not show perceived higher quality as a factor, though the German
participants did perceive local food to be more “natural” in content.

Beyond perceptions of higher quality and better taste, research has also pointed to
the role of trust in locally sourced food, revealing higher reported trust in “food from
somewhere” than in the “food from nowhere” sold by the corporate-industrial food sys-
tem [39,43,44]. The literature examining local food consumption in the United Kingdom
(UK) identified the shortening of relations between consumer and producer and the asso-
ciated role of food’s embeddedness in place (e.g., [24,45,46]). Scholars suggested that the
observed turn to local food in the UK was part of a re-spatialisation of the social relations
of agriculture and food that followed a series of food scares (e.g., foot-and-mouth disease)
through the 1990s (e.g., [45,47-49]). The implication is that locally grown food sold through
alternative food retailers feels more trustworthy to consumers than the faceless, location-
less “food from nowhere” sold by supermarkets with respect to safety, and that this is a
driving factor in its purchase.

Research has also demonstrated that consumers seek to purchase from alternative food
retailers because it is seen both as more ethical and as a protest against the perceived social,
political, and environmental ills of the conventional food system and major supermarkets.
In doing so, consumers are constructing alternative economic imaginaries to the dominant
food system (e.g., [50-52]). More recently, Watts et al. [39] confirmed this motivation,
reporting that consumers purchase from alternative food networks as a form of protest
against the market power of supermarkets and the perceived social, political, and envi-
ronmental problems associated with conventional food systems. Godrich et al. [40] found
that consumers were motivated to purchase food locally to support their communities and
local farmers.

Others have argued that locally grown and sold foods, as symbols, are imbued with
normative characteristics that signal consumers’ valued socio-political positions and/or
ideologies (e.g., [53]). This characterisation occurs because producers and marketers present
their items with valued qualities, such as rarity and simplicity, and consumers believe
it [54]. Winter [49] noted that these characteristics support a belief in the higher quality
of these items than those conventionally sourced, irrespective of whether the claims of
sustainable production, low environmental impact, and safety were valid. Again, it is the
consumers” beliefs in these qualities of food from alternative networks that drive their
purchasing behaviour.

Finally, research has shown that the practices of shopping at alternative food retailers,
particularly at farmers” markets, are tied to the sociality of the shopping experience itself.
Studies by both McEachern et al. [55] and Albrecht and Smithers [56] have shown that
for some consumers, the practice of grocery shopping at alternative retailers is driven
by the symbolic aspects of the experience of shopping—in particular, the cultural capital
associated with the novelty and sociality of farmers” markets. That is, shopping at these
markets may be both a reflection of a particular cultural practice associated with leisure as
much as an attempt to practice a particular food-based ethic.

Much of the research investigating consumer behaviour around shopping at alterna-
tive food retailers has focused on motivations or intentions; relatively less interest has been
paid to the real, practical behaviour of shopping. Results from those studies have shown
that even for those who are motivated to diversify their food purchasing practices and who
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are willing to pay more for food from alternative retailers, this may not translate into actual
behaviour [37]. Noting that food purchasing intention and behaviour are never perfectly
correlated [57], it is important that we understand not only why people procure food from
alternative retailers but also what factors may make it challenging to do so.

Some evidence points to potential barriers to the purchasing of food from alternative
retailers. Higher perceived or actual prices of food from alternative retailers are regularly
identified by participants as a barrier to their consumption [33,37,38,40,56-59], as is the
perceived (or real) inconvenience of sourcing it [38,56-60]. Less common, barriers include
not recognising or knowing how to prepare unfamiliar produce [56,59,61], not having
ready access to local producers’ markets [37,57,59], the limited seasonality of produce [40],
and having a limited understanding of the benefits of supporting these producers and
suppliers [57] have also been reported.

1.2. Beyond the Duopoly in Rural and Urban Australia

To date, there have been few studies of Australian consumers” motivations to shop
for local food at alternative food retailers. The work of Lockie et al. [62] on consumer
motivation to purchase organic food was seminal. The researchers concluded that health
and the nature of the content of the food were the most important motivators for the
purchasing of organic food, followed by price. This finding was supported by more recent
research by Birch et al. [47], who found that Australian consumers were motivated to
purchase local food primarily by self-interest related to personal health and well-being,
concerns around food safety, and lastly, the construction of an ethical personal identity.
Other research has found that consumer approaches depend on what type of shopping
the person is doing, whether that be “main” shopping (i.e., where most of the groceries
are purchased) or “top-up” shopping (i.e., where the consumer may purchase other items
forgotten or to supplement items purchased during the main shopping). In Australia,
the main shopping tended to occur at one of the two primary supermarkets, whereas
top-up shopping more often occurred at shops that were smaller and more conveniently
located [63]. These differences were also reflected in the consumer approach, where ethically
farmed produce had the most influence on store choice when doing main shopping, and
fair trading and environmentally responsible policies had a greater influence on selection
when top-up shopping [63].

More recently, Godrich et al. [40] examined barriers and enablers to the consumption
of regionally grown fresh fruit and vegetables in south Western Australia and Tasmania.
Enablers included the perception of freshness and the desire to support local farmers and
communities, whereas barriers included price and availability of produce. Altruism and
civic environment concerns were not associated with the purchasing of local food in this
study. In contrast, Barraket et al. [64] investigated rural-dwelling Australian consumer
engagement with local social enterprises, concluding that these individuals are largely mo-
tivated to engage with these providers by both ethical and instrumental consumer concerns,
including the personal relationships and connections they have with the providers. Taken
together, drivers for explicitly engaging with local food suppliers are likely motivated by a
number of different factors, which may vary depending on whether the population under
examination lives in an urban or a rural environment [65]. Given the somewhat unique
ecological and agri-food corporate environments of Australia and the relative dearth of
data in this space on Australian consumers, this issue deserves further investigation.

The major conclusion that can be drawn from this literature is that the practice of food
purchasing is not tied to one particular motivating factor. Instead, it is likely the result
of complex and interrelated factors, which may be a key explanation for the intention—
behaviour gap observed in many studies of ethical and/or sustainable consumption. If the
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aim is to encourage and support consumer engagement with alternative agri-food supply
chains, both significant drivers of and barriers to this behaviour need to be understood and
addressed in a comprehensive and holistic context, particularly as they relate to one’s local
setting. This is more so the case where very little research on consumer attitudes towards
and engagement with alternative agri-food supply chains exists, such as in Australia.

1.3. Aims of Current Study

Previous research has identified a number of factors that motivate consumers to shop
for local food at alternative food retailers; however, a number of barriers have been noted as
well, and the intention-behaviour gap persists. To date, there has been little examination of
consumer engagement with alternative food retailers within Australia, particularly among
people living outside urban centres.

The current study aimed to assess Australian consumers’ engagement with alter-
native food retailers, how this varies depending on geographic location (i.e., urban vs.
rural/regional), and drivers and barriers towards procurement of local food from these
outlets. We respond to the call from Nemes et al. [66] for research that focuses on specific ge-
ographic contexts to understand national differences in attitudes towards sustainable food
consumption. To do this, we first reviewed the literature on all known potential drivers
and barriers around alternative food consumption and developed a novel questionnaire
comprising these items. Following an exploratory factor analysis, the identified drivers and
barriers were used in a multiple regression analysis to assess their respective contributions
to the purchasing of food from alternative retailers. As this study was exploratory, we had
no specific hypotheses about the predicted relationships among our variables of interest.

2. Materials and Methods
2.1. Participants

The sample consisted of 325 adult Australians who self-reported being either the
primary food shopper in their household or that food shopping was an equally shared role.
A target sample size was determined by a power analysis. A study that examined drivers
and barriers associated with the adoption of sustainable palm oil purchasing practices
among Australian residents, and thus had some meaningful parallels to the proposed study
with respect to methodology and analytic approach, found small to medium effect sizes
for their psychological variables (squared semi-partial correlations ranging from <0.01 to
0.18; [67]). Based on this research, a small to medium effect size of f2 = 0.10 [68,69] was
predicted. Assuming a target power of 0.90, 10 predictors, and an « level of 0.01, a power
analysis using G*Power [70] suggested a minimum sample size of 282 participants.

™ an online

All participants were sourced using a survey panel from Qualtrics
database and survey administrator. The final sample was representative across adult
age groups, mapped on the national representative census data, and drew from both
regional and urban New South Wales (51% urban dwelling). Participants were predomi-
nantly female (69%), likely due to the screening procedures utilised to survey members of
households who primarily do grocery shopping. Although trends are changing, grocery
shopping traditionally has been viewed as a female-centric gendered role, and recent sur-
veys continue to indicate that women are more likely than men to perform routine grocery
purchases [71,72]. Seventy-nine per cent of participants reported being the primary grocery
shoppers in their household, with the remaining 21% reporting that it is equally shared.

Respondents had a mean age of 52.67 years (SD = 17.39, range = 18 to 85 years). With
respect to education, 27% had a college certificate/diploma, 17% said they had completed
an undergraduate degree, 17.5% reported completing year 12, and 15% had an education
level of year 10 or less. The median annual household income reported was between
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50,000 and 59,000 AUD, which is lower than the average Australian household income
for 2021 at approximately 92,000 AUD [73]. In terms of ethnicity, most of the sample
(72%) identified as European Australian. While 59% of the respondents did not identify as
migrants to Australia, 21.5% identified as being first-generation migrants, and 19.4% as
being second-generation migrants. Finally, almost half the sample (43%) reported growing
some of their own food (which included herbs, green leafy vegetables, root vegetables,
tomatoes, and fruits).

2.2. Measures

The measures used in this study included an indication of the existing frequency
of food shopping behaviour across a range of locations (e.g., large retail supermarkets,
local butchers, farmers’ markers, etc.) and a specially designed survey to capture factors
influencing local food purchasing behaviour derived from the existing literature.

The frequency of food shopping behaviour was estimated as follows. Participants
were asked to indicate all the locations where they shopped for food, and this list contained
the following options: major/large retail supermarkets (e.g., Coles and Woolworths), other
supermarkets (e.g., ALDI and IGA—Independent Grocers of Australia), farmers” markets,
local fruit and vegetable shops, local butchers’ shops, local bakeries, organic shop, com-
munity supported agriculture/food box scheme, ethnic/culture-specific stores/markets,
and direct from producers outside of farmers” markets. For each of the locations that
participants selected, they were asked to provide an indication of the frequency of each
behaviour (either in-person or online) over the past month on an 11-point scale, where 0 =
“never” and 10 = “10 or more times”.

The frequency of shopping at these locations in person was examined using Cron-
bach’s « to ascertain whether there were consistencies in patterns across shopping at
locations other than the major supermarkets (i.e., whether it made sense to group the
shopping locations together in a particular way or not). Frequencies across all locations
apart from supermarkets (which, although geographically “local”, mainly rely on long,
non-diverse supply chains) were summed (farmer’s markets, local fruit and vegetable
shops, local butchers’ shops, local bakeries, organic shops, community supported agricul-
ture/food box schemes, ethnic/culture-specific stores/markets, and direct from producers
outside of farmers’ markets), which resulted in a Cronbach’s o of 0.69. These frequencies
were added together to provide a single, comprehensive measure of the frequency of the
alternative shopping practices and were used in subsequent analyses. An attempt to sum
the frequencies relating to shopping at supermarkets yielded a Cronbach’s « of 0.10, which
was very low. Hence, the frequencies of shopping in person at large retail supermarkets
vs other supermarkets (e.g., ALDI and IGA) were considered separately in subsequent
analyses.

Factors influencing local food shopping survey. Based on a detailed literature review of
research investigating engagement with diverse agri-food supply chains (e.g., [24,33,36—
38,42,56-58,61,74-78]) and adding onto an existing survey that explored factors influencing
local food shopping in the UK [59], potential barriers and drivers of purchasing local food
were identified. These were then incorporated into a survey of 61 driver items and 34 barrier
items that included items about price, knowledge (on availability, production practices,
etc.), convenience or lack of it (in terms of distance, availability, seasonal variability, etc.),
perceived health benefits, and wishing to demonstrate support for local producers, among
others (including open-ended “other” items for participants to write any other reasons
they did not think had been captured in the survey items). For a complete list of all of the
items, please see Supplementary Materials. Though we endorse the broader understanding
of short supply chains provided by Renting et al. [24] and others, we elected to define
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“local food” in the instructions as having been produced within a 200-kilometre radius
of the participant’s home to ensure that all participants were using the same definition
in answering the barrier and driver items. All items were rated on a 7-point scale of
1 =“strongly disagree” to 7 = “strongly agree”. These items were subjected to an exploratory
factor analysis, the details of which are summarised in Section 3. Cronbach’s « for the
scaled factors ranged from 0.87 to 0.96.

2.3. Procedure

Participants were recruited via a Qualtrics™ online panel in 2022. The online survey
began with information about the study, after which they could provide consent and then
complete the questionnaires. Those who were below 18 years of age and those who reported
that someone else (apart from the participant themselves) primarily did the grocery and/or
supermarket shopping for the household were screened out of the survey. In the survey,
all questions were mandatory (although participants could select “rather not say” for
the questions about ethnicity and annual household income). The socio-demographic
questions and frequency of local food shopping behaviour were first presented, followed
by the survey on factors influencing local food purchasing (driver items and then barrier
items). As attention-checks, three instructed-response items (e.g., “In order to check for
attention, please answer ‘5’ for this question”) were incorporated into the survey on factors
influencing local food purchasing. These instructed-response items have been known to
be useful in screening out careless responders while still protecting the validity of the
scale [79,80]. Qualtrics™ screened out participants who failed any of the attention checks
or provided only partial responses. Additionally, a speed-checker was incorporated into
the online survey. Participants whose response times were approximately below one-half
of the median time taken to complete the survey in a soft launch (i.e., less than or equal to
six minutes and 50 s) were automatically screened out as well to ensure good data quality.
This study was approved by the Human Research Ethics Committee of the University of
New England (HE21-214) and was conducted in compliance with the approved research
ethics procedure.

2.4. Data Analysis

All data analyses were run using IBM SPSS Statistics v. 28 [81]. Further information
on selected statistical analyses is presented below.

3. Results

Twenty-four per cent of participants reported that they obtained their food from one
primary store, and on average, the sample purchased food from three different sources.
Ninety per cent of the sample reported that they shop at major/large retail supermarkets
at least some of the time, followed by 55% who reported shopping at other supermarkets
(ALDI and IGA). The percentages decreased after that, with 47% who reported shopping
at local fruit and vegetable shops, 40% at local bakeries, 37% at local butchers, and 21.5%
at farmers’ markets. The remaining shopping locations were shopped at by less than 10%
of the sample. The selection of shopping locations was then compared for participants
from regional versus urban geographic locations. Those in regional areas tended to shop
significantly more frequently at local fruit and vegetable shops, #(323) = 2.196, p = 0.029, 95%
CI (0.01, 0.23), while those in urban areas tend to shop significantly more at ethnic/culture-
specific shops, #(323) = 4.269, p < 0.001, 95% CI (0.07, 0.18). At all other shopping locations,
purchasing patterns across urban and regional consumers in the current sample were not
significantly different. Finally, there was no significant difference between those in regional
and urban areas in terms of growing one’s own food, X2 (1) = 2.883, p =0.090, ® = —0.09.
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3.1. Exploratory Factor Analysis to Identify Potential Drivers and Barriers

The survey on factors influencing local food shopping consisted of 61 driver items
and 34 barrier items. These driver items and barrier items were separately subjected to
exploratory factor analysis, using the maximum likelihood extraction method, to determine
the underlying structure of the variables and to reduce the data into more manageable units.

Drivers. For the exploratory factor analysis run with the driver items, the Kaiser—
Meyer-Olkin measure of sampling adequacy was 0.96, and Bartlett’s test of sphericity had
a p-value of less than 0.001, which indicated that there were strong linear relationships
within the data set. The number of factors to retain was decided based on Cattell’s [82]
scree plot and Kaiser’s rule (of eigenvalues greater than one). The scree plot distinctly
indicated that three factors should be retained, whereas Kaiser’s rule suggested nine. All
possible solutions for three to nine factors were run using the direct oblimin rotation
with A set to 0. A four-factor solution was the most interpretable and accounted for 59%
of the overall response variance. Factor solutions of more than four factors had a high
number of cross-loading items across two or more factors, resulting in fewer items per
factor. Additionally, there was a notable conceptual overlap between the additional factors
generated, and hence, the four-factor solution was selected.

Items that loaded greater than 0.50 on one factor with a cross-loading of 0.30 or less
were used to define each factor. Scale scores for each of the retained factors were computed
by taking the average across the selected items for each factor and were used for subsequent
analysis. Table 1 lists the items included under each of the four driver factors, the mean
and standard deviation, and the internal reliability score for each factor.

Table 1. Exploratory factor analysis pattern matrix loadings for drivers (n = 325).

M (SD) Factor Loading

Driver Items 1 2 3 4
Factor 1—Food Shopping as an Expression of Values (« = 0.96)

I can buy the amount I want. 2.64 (1.45) 0.57 0.25

It supports local producers. 1.96 (1.20) 0.88

It supports local retailers. 2.02 (1.20) 0.88

I know where it comes from. 2.34 (1.38) 0.68 0.23

It is ethical. 2.81 (1.33) 0.53 0.24

It tastes good. 2.45 (1.34) 0.71

Fair trade is important. 2.72 (1.46) 0.60

It uses less packaging. 2.78 (1.54) 0.63

It is fresh. 2.06 (1.28) 0.85

It is healthy. 2.36 (1.38) 0.70

It involves “friendly” farming methods 2.68 (1.51) 051 0.24

(e.g., grass-fed cows).

It is of high quality. 2.22 (1.22) 0.69

I think it is the right thing to do. 2.25(1.27) 0.61

It is safe. 242(126) 053 0.24

I trust the producers. 2.68 (1.31) 0.61

There is transparency in food production.  3.00 (1.42) 0.53 0.25
It is sourced c.lirectly fr'om the producer 2,57 (1.35) 0.68

(there are no intermediates).

It is important to preserve
agricultural traditions.

It is important to preserve local seeds
and varieties.

2.61(148)  0.67 0.30

279 (144) 059 0.26
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Table 1. Cont.

M (SD) Factor Loading

Driver Items 1 2 3 4

Factor 2—Food Shopping as a Socio-Emotional Experience (x = 0.87)
Shopping for it brings back memories of

the past. 3.60 (1.64) 0.65
It is fun. 3.51 (1.58) 024  0.67
It is nostalgic. 3.96 (1.47) 0.64
I feel guilty if I do not. 4.42 (1.55) 0.58 0.28
It is more affordable. 3.45 (1.63) 0.24 0.57
The products are unique. 3.55 (1.61) 0.60
Many people in my social circle do so. 4.68 (1.67) 0.62

Factor 3—Avoiding “Unnatural” Foods (x = 0.92)
It is free from preservatives. 2.81 (1.50) 0.24 0.72
It is free from chemicals (e.g.,
pesticides, herbicides). 3.06 (1.51) 0.70
It doesn’t use GMO
(genetically-modified organisms). 304 (1.53) 0.69
The production methods don’t use antibiotics. 3.01 (1.56) 0.77
The production methods don’t use hormones. 3.07 (1.51) 0.83
It is organic. 3.54 (1.66) 0.60

Factor 4—Protesting the Duopoly (x = 0.89)

I do not trust the large retailers (e.g.,
supermarkets like Coles and Woolworths). 4.22(1.66) 068
I dislike the shopping experience at large
retailers like Coles and Woolworths. 442 (1.68) 0-70
I am ethically opposed to buying from large 475 (1.66) 073

retailers like Coles and Woolworth.

M = mean, SD = standard deviation; all items were rated on a 7-point scale of 1 = “strongly disagree” to
7 = "strongly agree”.

Barriers. For the exploratory factor analysis run with the barrier items, the Kaiser—
Meyer—Olkin measure of sampling adequacy was 0.97, and Bartlett’s test of sphericity
had a p-value of less than 0.001, which once again indicated that there were strong linear
relationships within the dataset. The number of factors to retain was decided based on
Cattell’s [82] scree plot and Kaiser’s rule (of eigenvalues greater than one). The scree plot
distinctly indicated that two to three factors should be retained, whereas Kaiser’s rule
suggested three. Solutions for both two and three factors were run using the direct oblimin
rotation with A set to 0. A two-factor solution was the most interpretable and accounted
for 61% of the overall response variance. The three-factor solution had items from the third
factor with low factor loadings and a high number of cross-loading items across the other
two factors, so this was not utilised.

As with the driver items, barrier items that loaded greater than 0.50 on one factor with
a cross-loading of 0.30 or less were used to define each factor; scale scores for each of the
retained factors were computed by taking the average across the selected items for each
factor and were used for subsequent analysis. Table 2 lists the items included under each of
the two barrier factors, the mean and standard deviation, and the internal reliability score
for both factors.
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Table 2. Exploratory factor analysis pattern matrix loadings for barriers (n = 325).

Factor Loadings

M (SD)
Barrier Items 1 2
Factor 5—It’s All Too Hard (« = 0.97)
The range of products is limited. 5.02 (1.58) 0.68
Food produced elsewhere is sometimes better. 5.07 (1.50) 0.52 0.25
It is not well promoted. 4.86 (1.75) 0.70
The price is not always clear. 5.17 (1.56) 0.64
It is not readily available. 4.84 (1.73) 0.91
It is expensive. 4.58 (1.77) 0.77
To do so is time-consuming. 5.09 (1.54) 0.85
It requires extra effort. 5.02 (1.67) 0.88
It is inconvenient. 5.17 (1.65) 0.87
I have to travel farther to do so. 4,94 (1.79) 0.90
I do not know where to get it from. 5.19 (1.69) 0.62
Itis nqt part of my normal/regular 4.88 (1.78) 0.94
shopping routine
It is challenging to plan for. 5.25 (1.53) 0.69
} prefer to complete all my purchases at one 4,53 (1.89) 0.75
ocation (i.e., a large retail supermarket).
It is difficult to access places to do so. 4.86 (1.78) 0.86
lThere is not much food produced in my 497 (1.72) 0.69
ocal area.

Factor 6—Local Food Scepticism (n = 0.94)

I do not trust the producers. 5.93 (1.17) 0.84
I don’t trust the safety of local food. 5.92 (1.12) 0.78
.I do not recognise some of the food that 5.55 (1.40) 0.69
is sold.

I rarely cook. 5.80 (1.33) 0.61
I do not know how to cook/prepare it. 5.88 (1.26) 0.79

I like cooking meals that use products that are

not available locally. 531 (1-41) 053
It is not important to me. 5.66 (1.39) 0.29 0.56
I do not know why I should. 5.79 (1.24) 0.78
I am not convinced of its benefits of local food. 5.69 (1.28) 0.77
I do not like the way it looks. 5.89 (1.20) 0.83
I don’t think much about where food 5.53 (1.44) 0.63

comes from.

I prefer to invest in other sustainability
initiatives (e.g., decreasing energy use, 5.43 (1.33) 0.68
reducing plastic, etc.).

I feel out of place (uncomfortable) at

farmers’ markets. 5.77 (1.41) 0.64

M = mean, SD = standard deviation; all items were rated on a 7-point scale of 1 = “strongly disagree” to
7 = "strongly agree”.

3.2. Multiple Regression to Predict Frequency of Alternative Shopping Practices

A multiple regression analysis was conducted to predict the frequency of various
shopping practices. As described above, the frequency of alternative shopping experiences
was taken to include in-person shopping at farmers’ markets, local fruit and vegetable
shops, local butchers’ shops, local bakeries, organic shops, community-supported agricul-
ture/food box schemes, ethnic/culture-specific stores/markets, and direct from producers
outside of farmers’ markets. As there was a reasonably large number of participants who
shopped at mainstream supermarkets and other supermarkets (i.e., ALDI and IGA), the
frequency of shopping at these locations was used separately in the regression analysis.
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Together, the four driver factors and two barrier factors explained 9% of the variance
in the frequency of alternative shopping practices. A summary of the regression analysis is
presented in Table 3. Examining the beta-coefficients of the six factors, it is apparent that
only It’s All Too Hard explained a statistically significant amount of unique variance (2%)
in the frequency of alternative shopping practices. Therefore, these results indicate that it
is likely that the perceived barriers relating to difficulty and inconvenience are the main
influence on consumers’ decisions to shop outside of mainstream supermarkets (at least of
the variables assessed in this study).

Table 3. Predicting frequency of shopping practices from the four driver factors and two barrier
factors influencing local food shopping.

95% CI for B

M (SD)

Predictors B LB UB r sr?
Food Shopping as an 249 (1.05) —1.09 -260 041  —023** 0.01
Expression of Values
Food Shopping as A Socio- 5 g0 150y 091 199 017  —024** 001
Emotional Experience
Avoiding “Unnatural 3.09(1.30) 080 —024 185  —0.13* 0.1
Foods
Protesting the Duopoly 446 (1.51) —-050 —1.19 0.19 —0.19**  0.01
It’s All Too Hard 496 (1.37) 1.18 0.19 217 0.25 *** 0'92
Local Food Scepticism 570 (1.01) —0.15 —-1.53 1.23 0.15 ** 0.00

M = mean, SD = standard deviation, B = unstandardised beta, CI = confidence interval, LB = lower bound,
UB = upper bound, r = correlation coefficient, sr*> = squared semipartial correlation coefficient. * p < 0.05,
#*p <0.01, ** p <0.001, R =0.33, RZ =0.11, Adj R? = 0.09.

4. Discussion

To our knowledge, this is the first systematic assessment of drivers and barriers to
engagement with local short supply chains in the Australian population. A full 90% of
our sample reported that they purchased food from the major/large retail supermarkets
at least some of the time, whereas just over half (55%) reported shopping at other super-
markets. Just under half of the sample also shop at local fruit and vegetable shops, just
over one-third at local bakeries and butchers, and about 20% at local farmers” markets. Our
results identified four main drivers for purchasing local food—an expression of values,
the socio-emotional experience of local food shopping, wishing to avoid foods produced
“unnaturally”, and as a protest to the Australian supermarket duopoly—and two main
barriers, including difficulty /inconvenience, and scepticism about local food. Together,
these six factors accounted for 9% of the total variance in explaining local food purchasing
behaviour, with only the difficulty /inconvenience factor contributing significant unique
variance. Furthermore, we did not find meaningful differences in purchasing patterns
between our urban and rural participants. This study provides new data about why Aus-
tralian shoppers may or may not engage with diverse agri-food supply chains, critical
information to have if we wish to encourage broader adoption to support small businesses
and local suppliers, contribute to rural development, enhance global food security, and
combat climate change.

4.1. What Motivates Australian Consumers to Engage in Sustainable Food Systems: Identified
Drivers

The first major driver identified in our study was Food Shopping as an Expression of
Values, with the key underlying theme that purchasing local food aligned with people’s
values and ethics in meaningful ways. Items that fell onto this factor covered a lot of ground,
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including an emphasis on ethical purchasing, trust in local producers and a desire to have
a direct relationship with them, as well as beliefs that local food is healthy, safe, fresh,
and of high quality. Much of the research on engagement with short supply chains has
been framed as “ethical consumption,” so a values-based driver emerging is not especially
surprising, and many of the contributors to this factor have been observed in previous
studies (though not often clustered together).

Pro-environmental attitudes and valuing sustainability have encouraged local food
purchasing in a number of studies [38,57-59,61,74,75,77], as has the desire for a relationship
with the producer [37,58,61,64,75] and a desire to support local/regional businesses and
economies [38,40,57,58,61,64]. Furthermore, perceptions of better taste, freshness, safety,
healthiness, and overall higher quality have also been observed in other studies [24,37,38,
40,42,57,58,61], though why these perceptions loaded on the ethical/values-based factor
is not immediately obvious. Interestingly, this factor appears to be a combination of the
“Local Support and Provenance” and “Ethical Sustainability” factors derived from the factor
analysis conducted by Megicks et al. [59] in their sample from the UK. Future research
would benefit from assessing the items falling on this factor in different samples to ascertain
whether they are meaningfully different components from each other (as observed in other
studies) or to establish that they do have a common underlying theme, as our data indicate.

Related to the motivations of health, freshness, and safety in food, the Avoiding
“Unnatural” Foods factor identified drivers of local food purchasing as wishing to avoid
chemicals (e.g., pesticides, herbicides), preservatives, antibiotics, hormones, and genetically
modified organisms (GMOs), as well as wanting food that is organically produced. These
kinds of motivations have been observed in several other studies [24,57,77] and largely
map onto the “Intrinsic Quality” factor observed in Megicks et al.’s [59] UK study. We
found it interesting that health, which had been previously found to be one of the most
important motivators among Australian consumers of chemical-free organic foods [62], did
not load onto this factor. Similarly, safety did cross-load onto this factor but was primarily
associated with the ethics/values factor. This finding suggests that another factor, such as
aversion to perceived risk in food consumption (e.g., orthorexia nervosa [83]), may drive
the desired avoidance of chemically laden food. Another relevant point is that simply
because food is farmed and sold locally provides no guarantee that it has been farmed
organically [84], suggesting a potential mismatch between consumer expectations and
reality. This characteristic is an important driver for some people in purchasing local foods,
which supports the value of certification schemes and clear labelling to allow consumers to
make informed purchasing decisions.

Food Shopping as a Socio-Emotional Experience was another major driver that focused
on the shopping experience, with some components of affordability and uniqueness of
products included. Both positive (e.g., finding the experience fun/nostalgic, social circle
peer influences) and negative (e.g., feeling guilty if they do not purchase local foods)
reinforcers were evident in this factor, showing some parallels with, as well as some
distinctions from, the “Shopping Benefits” factor observed in the Megicks et al. [59] study.
The endorsement of items on this factor was quite high, suggesting that the social and
experiential value of local food shopping was particularly relevant for our participants.
Others have also noted the power of the hedonic experience and personal well-being
derived by “doing good” [64] via engaging with local food suppliers, which, combined
with our results, points to a potentially important driver to emphasise in supporting
engagement with diverse agri-food supply chains.

Finally, and potentially unique to the Australian food landscape, Protesting the
Duopoly was the last major factor observed as a driver of local food purchasing. As
noted previously, two major supermarket chains dominate the food market in Australia,
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and this duopoly and their associated practices have garnered significant social criticism.
As with the previous factor, there was a high level of endorsement of the items loading on
this factor, suggesting a general dissatisfaction with the shopping experience offered by
these two supermarket chains, ethical opposition to shopping at them, and an expressed
lack of trust in these venues. This factor may provide a regional example of food ac-
tivism (e.g., [39,61]), which includes components of anti-capitalist, anti-industrial, and
anti-concentrated production methods sentiment related to the globally integrated agri-
food system and serves to support engagement with alternative, diverse food networks.
However, even despite the relatively high endorsement of the items on this factor, the
vast majority of our participants continued to shop at one or both of these supermarkets
at least occasionally. It is possible that this represents an issue of easy access and lack of
alternative, convenient local options, as one or more of these supermarkets is often present
even in regional towns of a certain size. Notably, though, this value/intention-behaviour
gap has been observed in other studies (e.g., [37,57]), and its presence highlights the need
to understand potential barriers to local food purchasing, as well as associated drivers.

4.2. What Makes This Engagement Challenging: Identified Barriers

All of the relevant barrier items fell into one of two factors. The first major factor,
It’s All Too Hard, highlighted challenges with (in)convenience of and difficulties (genuine
or perceived) with sourcing local food and encompassed items related to expense/price
sensitivity, feeling that it was time-consuming to access and/or not readily available, that
accessing local food required travelling farther, that the product range was limited, that
it required extra effort to access, and/or participants simply did not know where to buy
local food—that it was just “harder.” Inconvenience as a major barrier to purchasing local
food has been found in a number of studies [38,56-60], as have (lack of) access and extra
time and effort required [37,38,56,57,60]. Interestingly, at least for fruit and vegetables, any
price differences between supermarkets and farmers’ markets in Australia are negligible,
with supermarkets often being more expensive [15,85]. This finding suggests that better
advertising of local foods may assist with their consumption if price-conscious consumers
were aware of these price trends.

Of all the factors derived from the factor analysis, this one was the most important
of the six, as it was the only one that contributed unique variance to predicting local
food purchasing behaviour. This result suggests that addressing inconvenience and lack
of access is imperative in encouraging purchasing from diverse agri-food supply chains.
No matter what reasons people may have to engage with local food suppliers, if this
barrier outweighs them, habitual behaviour is unlikely to change. We suggest that diverse
agri-food businesses, policymakers, and advocates engage in three key strategies. First,
interventions to support new habit formation should be designed and tested (e.g., [86]).
Second, better advertising of these suppliers should be conducted so that people know they
exist, that the products meet the needs of consumers identified in the survey, where they
are, how to access them, and have a general sense of product pricing. For example, one
could launch a marketing campaign that details a day in the life of a local producer through
photos/videos, from the production of their product to its delivery to consumers. Third,
availability should be increased, potentially by increasing the days or times the suppliers
are open and/or offering purchasing online. Wills and Arundel [87] found in their analysis
of Canadian and Australian consumer engagement with local food systems that online
retailing did not compromise food quality and had the potential to broaden access to local
food systems.

Lastly, the second barrier and last major factor amounted to Local Food Scepticism—
emphasising that (dis)trust can go both ways (i.e., towards the major supermarket chains
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or towards local food suppliers), with a strong endorsement of items related to scepticism
about local food. Participants reported not trusting producers with respect to safety, that
they are not familiar with the products or how to prepare them, and/or that they do not
like the way they look. Providing a counterpoint to the socio-emotional driver factor, some
participants did not feel comfortable at farmers’ markets, and some did not endorse any
particular ethic or value motivating them to engage with local food suppliers, reflecting
some barriers noted by Vermeir and Verbeke [57]. Suggestions for helping consumers
overcome aspects of this major barrier may include educational campaigns on the benefits
of local food and short/diverse supply chains, having local food suppliers provide printed
recipes with their products that guide shoppers on how to use and/or prepare unfamiliar
foods, and encouraging better labelling to increase trust in producers and their products.
A recent initiative in New South Wales, Australia, to digitise local food environments
and enable consumers to filter results by how local food is to the individual, as well as
healthiness, may enable greater local and alternative food production [88].

Interestingly, essentially all of the items included in the original survey that referenced
animal welfare motivations—which conceptually might have loaded onto an ethical /values-
based factor—were weeded out in the factor analysis; they did not load onto any of the
four drivers. This finding contrasts with other research (e.g., [24,38,59,77]), where animal
welfare was found to be an important driver of local food procurement. The loss of animal
welfare items may be reflective of a separation between humans and systems of food
production, such that animal welfare has become detached from food practices in Australia
in ways that it has not in other countries [89]. For example, in Sweden, farm animals in
the environment closely align with values of environmental care; in contrast, in Australia,
agriculture is understood (in part) through a narrative of environmental damage, and
farm animals are seen as inimical to the Australian ecology [90]. This rejection of farm
animals as “natural” in Australia may translate into a separation of these animals from
the environment in which they are raised, which may have contributed to the lack of
relationship between our values-based factor, which included aspects of environmental
care, and the animal welfare items in the original survey.

4.3. Urban vs. Rural Consumers

The current study also aimed to assess differences between urban- and rural-dwelling
shoppers’ local food procurement, with the expectation that there would be significant dif-
ferences between these two groups on alternative shopping practices as per [65]. However,
despite a significant difference in shopping at cultural/ethnic food locations (endorsed to a
greater degree by our urban participants) and a barely significant difference in shopping at
local fruit and vegetable markets (endorsed to a greater degree by our rural participants),
there were no significant differences in reported shopping behaviour between these two
groups. This finding is particularly interesting given the relative lack of alternative food
purchasing options in rural areas [15], which may suggest an over-engagement in local
food purchasing from our rural participants relative to overall access.

4.4. Strengths, Limitations, and Future Directions

Noted strengths of the current study include the large and diverse sample recruited,
as well as focusing only on adults who actually participate in food shopping. We also
intentionally over-sampled participants from outside of major metropolitan areas to provide
a balanced perspective on this issue, given that much of the research in this space has
focused on urban consumers and access to local food suppliers and the overall diversity
of foods available varies widely depending on geographic location [15]. The systematic
assessment of a comprehensive list of both drivers and barriers also provides new data
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from the Australian population with respect to engagement with diverse agri-food supply
chains. The resulting questionnaire, both in its original form and as derived from the factor
analyses, may be useful to other researchers investigating these issues in Australia and
potentially beyond.

The current study also has several limitations worth mentioning. The final sample
was somewhat older than anticipated, so it would be worth recruiting younger people in
future research to assess whether the current factor structure holds. Also, in the interest
of scale validity, we elected to provide a relatively narrow definition of “local food” (i.e.,
produced within a 200-kilometre radius of one’s home) to our participants so that everyone
was working from the same understanding in responding to the questionnaire items. The
trade-off, of course, is that short supply chains encompass more than simply geographic
distance [24], and our definition did not support this broader understanding. Future
research may wish to provide a more nuanced description of “local food” to further enhance
our understanding of these relationships. Furthermore, since the data were collected in 2022,
Australia (like much of the world) has experienced significant inflationary pressures on the
economy, although supermarket food prices have outpaced inflation in recent years [91,92].
While we believe that the data collected likely represent the purchasing landscape in
“normal” economic periods, it may be worth assessing whether price serves as a stronger
barrier now than it was observed pre-2023, given rising inflation and prices. Moreover,
although our factors explained a significant amount of variance in local food shopping
behaviour, 91% of the variance was unaccounted for by these variables. Future research
would benefit from investigating other constructs (e.g., identity, cultural worldviews, etc.)
that may also contribute to food purchasing behaviour so that targeted interventions
to promote local food purchasing are better refined (and, thus, more likely to succeed).
Michie et al.’s [93] Behaviour Change Wheel may be particularly useful in addressing both
barriers and drivers in developing new interventions that have empirical support. Finally,
whilst also a strength of the study given the relative dearth of information on this issue
in Australia, it is unclear how well these findings would generalise outside of the country.
As mentioned above, future research could test the utility of the original and shortened
versions of this questionnaire to see how well the factors obtained in the Australian sample
replicate in other countries.

5. Conclusions

Changing food demand has been identified as key to achieving transformation of
the agri-food system [94], which is essential to supporting an expanded version of global
food security, particularly as climate change advances. If we want to encourage consumer
engagement with short/diverse agri-food supply chains, we urgently must understand
both why people do (or would) purchase from local food suppliers, as well as why they
do (or would) not, so that evidence-based interventions can be developed and trialled for
efficacy in promoting behaviour change.

The current study goes some way to providing new, comprehensive information
on both important drivers (e.g., values and ethics, enjoying the social and emotional
experience of local food shopping, avoiding “unnatural” foods, and a protest against the
dominance of the Australian supermarket duopoly), as well as barriers (e.g., scepticism
around local food and a lack of understanding why people should care, as well as, very
broadly, inconvenience). Among these, beyond value-based motivation, it was perceived
difficulty and inconveniences around product availability, costs, and the efforts required
to plan one’s shopping that was most significant in determining where Australians shop.
However, given the significant but somewhat small amount of variance accounted for in
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current shopping behaviour by these factors, further research is needed. Future research
could trial the questionnaire we developed to assess its utility in other populations.

Finally, convenience/inconvenience around shopping is related to a whole set of
multi-scalar factors that include interpersonal (e.g., socio-economic status, age, gender,
health, education), interpersonal (e.g., family structure, peer pressure/support, parenting
practices), and meso-scale settings (e.g., retail and urban environments) and policies (e.g.,
nutrition and labelling standards, advertising and marketing, food system and supply
chain regulation). Those interested in encouraging behaviour change with respect to local
food consumption could focus on addressing the “inconvenience” factor that most directly
influenced local food procurement through a wide variety of interventions across these
multiple scales.
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Abstract

Currently, at least one third of greenhouse gas (GHG) emissions come from the agricultural
sector, with meat production making a particularly significant contribution. Therefore,
alongside the ongoing efforts to transform transport and cut its emissions, it is essential
to adopt urgent measures that limit GHG emissions from food production, consumption
and distribution. Without them, the Paris Agreement goal of net-zero GHG emissions by
2050 cannot be met, and the most severe impacts of climate change will not be avoided. In
principle, lowering emissions from the global food system may appear simple, as no new
technology (for example, electric cars or carbon-neutral fuels) is required to decarbonize
transport. However, since meat consumption accounts for the majority of food related
GHG emissions, it must be coupled with a sharp reduction in the large-scale production
and consumption of animal foods. Encouragingly, a growing number of consumers already
choose diets that are both healthy and environmentally sustainable. As meat reduction
gains popularity in these groups, plant-based products are expanding in the marketplace,
mainly in the form of snacks, pasta, pizzas and especially vegan or vegetarian burgers. Thus,
almost spontaneously, components of the Westernized diet, rich in ultra-processed foods,
salt, sugar and animal protein, are gradually being replaced by plant-derived nutrients that
are healthier and more environmentally friendly. To accelerate this trend, legal measures
could be introduced to improve the nutritional quality of widely consumed, low-nutrient
snacks and to promote agricultural reforms that encourage the production of nutrient-dense
legumes and pseudocereals.

Keywords: smart food; Westernized diet; plant-based foods; GHG emissions; planetary
health plate

1. Introduction
1.1. Current Panorama of Food Production and Consumption All over the World

According to a recent report from the World Health Organization (WHO) [1], obesity
and other disorders related to the metabolic syndrome now constitute the deadliest
global pandemic, claiming at least 2.8 million lives each year [2]. The crisis is no
longer confined to high income nations; in 2016, more than 1.9 billion adults were
overweight worldwide, and 650 million of them were classified as obese [3]. Indeed,
the WHO regards obesity as the most serious public health challenge of the twenty first
century, noting that the majority of the population of the world lives in countries where
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overweight and obesity cause more deaths than undernutrition linked to insufficient food
intake [4]. Alarmingly, the situation continues to deteriorate, as the global prevalence
of obesity has tripled since 1975 [5]. At present, nearly one third of all people can be
categorized as overweight or obese. Rates have increased across every age group, sex,
country, ethnic background, and socioeconomic stratum, although prevalence remains
highest among older adults and women [6].

Thus, an excessive or unbalanced dietary intake is associated with numerous chronic
conditions, including coronary heart disease, stroke, type 2 diabetes, and several forms of
cancer. Because maintaining a preventive diet proves extremely difficult for many people,
once a pathology develops, they often rely on multiple medications [7,8]. This dependence
imposes very high costs on national health systems and markedly reduces quality of life
for extended periods [9].

At the same time, environmental pressures such as water scarcity, soil degradation,
and related challenges threaten food security worldwide and act as additional drivers
of climate change [10]. Consequently, the functioning of the global food system itself
represents a significant climate risk; ensuring its sustainability is crucial for safeguarding
both urban populations and the agricultural landscapes that supply their food [11].

Replacing the ultra-processed foods that dominate the westernized diet, now con-
sumed worldwide, with healthier and more organic products would deliver a dual benefit.
First, it would lower the incidence of disorders linked to obesity; second, it would re-
duce environmental pressure. A food pattern centered on minimally processed, largely
plant-based items limits demand for meat and industrially manufactured products, thereby
cutting the volumes of waste and packaging generated by intensive processing [12]. At
the global scale, today’s excessive and nutritionally unbalanced intake drives oversupply,
energy-intensive manufacture, and complex waste management, all of which release avoid-
able carbon dioxide. In high-income economies, the prevailing menu depends heavily on
meat, so shifting from animal to plant protein would both improve the health of citizens
and curb greenhouse gas emissions associated with cattle raising. Moreover, farmland
currently dedicated to crops for feed could be restored to natural vegetation, enhancing
carbon sequestration and recovering ecosystem services [13].

Given the current growth in the consumption of meat from intensive livestock systems,
this production model is clearly unviable and unsustainable. The concerns extend beyond
its documented harm to human health; large-scale industrial farming also accelerates
biodiversity loss across vast regions and makes a major contribution to climate change.
Livestock-oriented agriculture already accounts for roughly one third of global greenhouse
gas emissions [14]. Moreover, total agricultural output has more than doubled since 1970,
and with land-use change included, agriculture is now responsible for about one quarter
of all emissions [15]. Dietary patterns are therefore a key driver of climate change: as
per-capita incomes rise and populations urbanize, traditional menus centered on staple
starches, legumes, and vegetables are increasingly replaced by energy-intensive foods such
as refined sugars, fats, oils, and meat [15,16].

1.2. Current Perspectives for Measures Planned to Reduce Emissions from the World Food System
in the Coming Decades

It is important to note that, despite significant governmental efforts to promote renew-
able energy in transport, policy measures aimed at reducing the climate impact of food and
agriculture remain virtually absent [17]. Yet meeting the Paris Agreement targets [18] will
require a sharp decline in emissions from the global food system over the coming decades,
in parallel with the ongoing transformation of the transport sector [19].

Given the scale of current food sector emissions, any meaningful reduction must
combine several strategies: modifying dietary patterns in both quantity and composition,
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cutting the vast amounts of food that are wasted, and improving agricultural practices [20].
Rationalizing diets at a global level would yield substantial greenhouse gas savings be-
cause foods of animal origin generate far more emissions than plant products. Excessive
consumption of protein and meat calories not only harms public health but also amplifies
pollution, since foods derived from animals generally demand more resources and impose
a greater environmental burden than those from plants. For example, beef generates the
highest emissions, with greenhouse gases per kilogram roughly ten times higher than
chicken and up to twenty times higher than plant foods such as nuts, seeds, or legumes [21].
Figure 1 illustrates the emission intensity range (form low to high environmental impact)
of representative animal and plant foods that dominate the Westernized diet, a pattern
typically low in vegetables and rich in animal protein, ultra-processed items, sugar, and
salt [22]. The average CO, emissions in modern diet (2500 cal/day) can be estimated to be
between 2000 and 15,000 g of CO, equivalent per day. Within this context, beef production
stands out as the leading source of methane, a potent greenhouse gas [23], and its CO,
equivalent emissions could be reduced only partially to 50%, if the meat is raised under a
low environmental impact.
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Figure 1. Greenhouse gas emissions per kilogram of several food products measured in carbon
dioxide equivalents (CO,eq), from beginning-to-consumer based on data from [20] in two scales on y
axes, from 0 to 30 (a) and from 0 to 6 (b).

The rationalization of global dietary patterns could be achieved relatively easily
because it requires no new technology; the main challenge is altering cultural habits that
are deeply embedded in local customs [24]. It is therefore both feasible and urgent to
identify dietary models and production practices compatible with the United Nations
Sustainable Development Goals (SDGs) and the Paris climate targets. In this context, the
EAT-Lancet Commission on Healthy Diets from Sustainable Food Systems has proposed
the Planetary Health Diet as an optimal pattern for both people and the environment [25].
The commission argues that a projected world population of ten billion can be nourished
within the biophysical limits assigned to anthropogenic greenhouse gas (GHG) emissions,
provided that intake of animal protein is cut by at least half and consumption of vegetables,
legumes, and nuts is doubled [20,26].

The Planetary Health Diet is a worldwide reference for adults; it counteracts the
harmful effects of the westernized diet. Figure 2 illustrates the concept as a plate half
filled with fruits and vegetables. The other half consists mainly of whole grains, plant
proteins (beans, lentils, pulses, nuts), and unsaturated plant oils, complemented by mod-
est amounts of meat and dairy plus small quantities of added sugars and starchy vegeta-
bles. This framework is sufficiently flexible to accommodate diverse nutritional needs,
personal preferences, and cultural traditions, including fully vegetarian patterns [25].
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Global adoption of the Planetary Health Diet would yield substantial reductions in
agricultural GHG emissions in at least 101 countries [27]. The average CO, emissions
for a Planetary Health Diet (2500 cal/day) can be estimated to be between 500 and 3000
g of CO;, equivalent per day. Comparison with the modern diet represents a percentage
of reduction in CO; equivalent emissions around 30 to 80%. A simple calculation using
these numbers and the amount of population in the first level world can give a rough
idea of the magnitude on CO, emissions that the shift in the diet represents. In fact,
dietary change may prove more decisive than any other single measure for meeting the
climate targets set for 2050 [28-31].
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Figure 2. Weight percentage of different types of food based on the EAT-Lancet Commission
planetary health plate [25] and one example of the food required for this diet on a basis of
2500 calories per day.

Consequently, the transition from animal-based to plant-based foods should begin as
soon as possible, because products of animal origin demand more resources and generate a
larger environmental footprint than those of plant origin.

Nevertheless, policies that encourage a reduction in meat consumption can face two
major objections. First, many health professionals and large segments of the public believe
that meat guarantees superior dietary quality, especially with respect to protein and essen-
tial minerals and amino acid [32]. Second, constructing a calorie-balanced, nutritionally
adequate menu based mainly on plant foods, as envisaged in the Planetary Health Diet,
demands more forethought than the prevailing Westernized pattern, which still domi-
nates the eating habits of most people. The pressures of urban living therefore pose a
significant barrier to adopting healthy plant-centered diets such as the planetary, Mediter-
ranean, DASH, or Harvard plate models [33]. The Westernized diet, which underlies both
widespread health problems and excessive greenhouse gas emissions, is thus not merely a
matter of individual preference; it also reflects practical constraints that limit alternative
choices within modern lifestyles [34]. Even so, interest is growing in substituting meat and
refined wheat flour with commonly called smart foods that offer higher nutritional and
environmental value [35-37].

2. Some Possible Measures to Move Towards a Healthier and More
Sustainable Future

2.1. Implement New Strategies to Increase the Proportion of Plant Foods in the Diet of the Current
Urban Population, Within the Concept of "Smart Food”

To increase the proportion of plant foods in the diets of urban populations, it is
essential to design strategies that genuinely fit modern city life. The poor nutritional
quality of the Westernized diet arises largely from the challenge of accommodating healthy
eating within demanding work schedules. Consequently, city dwellers often turn to a wide
range of snacks, Italian pasta and pizzas as quick substitutes for a main meal. These items
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are typically highly processed and provide minimal nutritional value, serving mainly as
time-saving replacements. They therefore play a significant role in the poor quality of the
current Westernized diet [38—40].

However, a promising strategy would be to leverage these fast-food formats to enhance
the nutritional quality of meals consumed under current lifestyle constraints. Significant
gains could be achieved by upgrading the nutritional profile of popular snacks and pasta
dishes [41-43]. For example, an innovative baked and UVB-irradiated snack made from
Pleurotus eryngiums, an edible mushroom native to the Mediterranean basin, has been
proposed as a convenient vehicle for increasing nutrient intake [44]. In line with this
approach, many research efforts now focus on fortifying snacks with essential vitamins,
amino acids, minerals, and dietary fiber [45-48]. Parallel studies have improved the
nutritional value of pasta and pizza by incorporating whole-grain flours, legumes, and other
functional ingredients [49-51]. Replacing conventional snacks and pasta with these nutrient-
dense alternatives appears feasible, given the widespread acceptance of such foods. In the
United States, for instance, nearly one quarter of daily energy intake comes from snacks [41];
upgrading their composition would therefore deliver a substantial improvement in overall
diet quality and, by extension, public health.

These healthy snacks would rely mainly on plant-based ingredients, the most effective
option for improving both human and planetary health. They should integrate easily
into meals that also include a variety of vegetables, thereby aligning daily intake with
the Planetary Health Diet, the Harvard plate, or the DASH model, each closely linked
to the traditional Mediterranean pattern [33]. Pasta products reformulated with uncon-
ventional flours and functional components in place of refined wheat likewise become
healthy snack alternatives [49-54]. Many authors classify such items as “Smart Food”
because they benefit consumers by delivering essential nutrients, benefit the planet through
lower environmental impact, and benefit farmers by creating new markets and potentially
higher revenues [53-57]. The Smart Food concept therefore represents a future-oriented
blueprint for food systems that provide healthy diets, preserve natural resources, and
remain economically viable for producers [58-61].

Production and consumption of vegetable and vegan burgers can follow the same
Smart Food approach, replacing large amounts of meat with a diverse range of plant
ingredients. These burgers are increasingly common in fast-food chains as alternatives to
classic beef patties. Formulations typically employ tofu, seitan, lentils, and other legumes
that provide amino acids comparable to those in meat but with much lower fat content
while preserving sensory qualities similar to conventional hamburgers [62-64]. Their rapid
market acceptance has even sparked controversy within the European Union over the
naming of these meat-substitute products [65].

Smart Food therefore links a healthy, environmentally sustainable diet with farming
systems capable of producing nutrient-dense ingredients in an economically viable manner.
At present, however, agricultural production is dominated by a narrow set of crops—mainly
wheat, maize, barley, and soybeans—that supply most nutrients for both people and
livestock. This supply is controlled by a few large corporations that provide low-quality
products at very low prices, limiting dietary diversity and hindering the expansion of
alternative Smart Food crops.

However, this supply strategy delivers only limited nutritional value for the billions
of citizens who depend on it in many different food formats. The deficit in essential amino
acids and micronutrients is clear, given the narrow set of plant sources employed and the
heavy reliance on refined wheat flour. Meat therefore remains a dominant feature of the
Westernized diet because it supplies indispensable nutrients that could, in principle, be
obtained from plant foods. Abrupt measures that simply slash meat intake could lower
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the availability of critical nutrients, especially essential amino acids, currently provided by
animal products.

Consequently, any plan to reduce meat consumption must both raise the overall intake
of plant foods and improve their amino-acid profile. This improvement can be achieved by
replacing refined wheat flour with a wider range of legumes, which complement cereal
proteins and furnish key micronutrients. Substituting meat with diverse pulses would not
only cut greenhouse gas emissions and enhance the sustainability of agricultural production
but also strengthen public health by providing the vitamins and minerals required for an
adequate diet.

At present, the idea of a healthy diet is usually framed in terms of calories and
macronutrients, proteins, carbohydrates, and fats. Yet micronutrients, which include
trace minerals, vitamins, and enzyme cofactors, act as biocatalysts that enable proper
assimilation of those macronutrients. Adequate intake of carbohydrates, proteins, and fats
alone is therefore insufficient; health also depends on obtaining appropriate quantities of
micronutrients. Numerous studies have linked deficiencies in specific micronutrients to a
wide range of pathologies. Plant-based foods offer a clear advantage in this regard, as they
often contain larger and more diverse supplies of essential micronutrients than commonly
consumed meats.

Public authorities should therefore give high priority to improving the nutritional
quality of widely consumed plant-based items such as vegetable and vegan burgers,
snack products, and convenience pastas and pizzas, which are particularly popular
among younger urban consumers. A straightforward first step would be to replace
refined wheat flour with whole grains blended with pseudocereals and legumes. Such
reformulations would markedly enhance the nutritional profile by supplying all essential
amino acids together with significant amounts of fiber, vitamins, and minerals. Produc-
tion lines for plant-based burgers, snacks, and pasta could incorporate, alongside wheat,
a broad range of grains, rice, maize, barley, oats, rye, sorghum, and millet, together with
pseudocereals such as quinoa, chia, amaranth, and buckwheat. Most important, a variety
of legumes (for example, lentils, chickpeas, black or white beans, pinto beans, broad
beans, soy, lupins, or peanuts) should be included, since the amino-acid complementarity
between cereals and legumes provides a full profile of indispensable amino acids as well
as additional fiber and micronutrients.

Numerous studies have documented innovative applications of legumes in familiar
formats such as burgers, pasta, and bakery items [44-56,62—64]. Because these products
resemble foods that consumers already recognize, they are commercially attractive.
Unlike current equivalents, legume-based versions supply a complete profile of essential
amino acids, comparable to meat, while containing far less saturated fat and considerably
more dietary fiber. This composition is expected to improve health outcomes and reduce
obesity among consumers. Encouragingly, several of these products are already on
the market. In Spain, for instance, the Pastas Gallo company sells noodles, spaghetti,
macaroni, spirals, and pizza bases made entirely from chickpeas, lentils, or peas. A
range of legume-rich snacks also aims to balance essential amino acids, including Falafel
in Israel, Doushabao in China, Bindaetteok in Korea, Butsi in the Philippines, Mame
daifuku in Japan, Batagor in Indonesia, Bolani in Afghanistan, as well as Pé-de-moleque,
Acarajé, and Arrumadinho in Brazil.

Although these products are very popular in their countries of origin, they are neither
widely known nor readily available internationally. The same applies to the traditional
Mediterranean diet, which offers thousands of recipes that combine legumes with other
functional ingredients; however, modern urban lifestyles make regular preparation of such
dishes difficult. The most practical strategy is therefore to incorporate legumes and other

114



Sustainability 2025, 17, 8357

functional ingredients into food categories that are already consumed on a massive scale,
namely vegetable and vegan burgers, snack products, and convenience pasta. To realize
this potential, public authorities at all levels should actively support commercial initiatives
that promote Smart Food, given its clear environmental advantages and its capacity to
improve public health.

2.2. Reduce the Environmental Impact of Food Production

According to United Nations estimations [66], food production accounts for roughly
one third of global greenhouse gas emissions. Countries that aim to lead in climate-change
mitigation must therefore adopt measures for the food sector comparable to the steps
already being taken to curb fossil-fuel use. Within the European Union (EU) an intense
debate is under way on the role carbon-neutral fuels might play in the transition envisaged
by the European Green Deal, whose ultimate goal is to make Europe the first climate-neutral
continent [67]. Draft legislation now targets a 55 percent cut in passenger-car emissions
and a 50 percent reduction for vans by 2030 [68].

The Green Deal also pledges to “lead a global transition towards competitive sus-
tainability from farm to fork” [69], thereby improving the environmental performance of
food production as part of a broader effort to reduce the overall environmental impact of
human activity (see Figure 3). Yet, despite this stated aim, the European Union has so far
introduced no specific actions in the food sector, even though the Green Deal lists among
its principal objectives the improvement of citizens” well-being and health by ensuring
access to healthy and affordable food while enhancing biodiversity [70].

The European

Green Deal

Figure 3. Elements of The European Green Deal. Source: European Commission (2019) [67].

In fact, this green plan (Figure 3) considers dedicating adequate financing to obtain a
green transition, empowering European industry and small- and medium-sized compa-
nies, boosting the circular economy;, creating a sustainable food system, and preserving
biodiversity. The absence of concrete food-sector policies among the member states of the
European Union may reflect cultural barriers to a circular food economy, limited consumer
awareness, and low business engagement [71]. By contrast, firm deadlines have been set
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for phasing out internal-combustion engines in favor of electric powertrains, even though
full consensus on the optimal technology is still lacking [72].

Unlike the decarbonization of transport, rationalizing food supply chains to improve
public health and environmental safety does not depend on new technologies or additional
scientific breakthroughs. What is required is the introduction of coherent policies at local,
national, and global levels that promote dietary models with less meat and refined wheat
and greater use of legumes and pseudocereals. Policy action, cultural change, and financial
incentives therefore represent the main levers for overcoming the current inertia and
advancing the Smart Food agenda on a worldwide scale.

While a growing segment of the population recognizes the value of adding legumes
and other functional ingredients to popular plant-based burgers, pasta and snack foods in
order to improve diet quality, enhance health and curb obesity, voluntary private initiatives
alone cannot address the urgency of the challenge. The climate emergency and the worsen-
ing health of millions call for swift action by public authorities. In the European Union,
food production accounts for almost one third of the ecological footprint of the region and
uses more than half of its biocapacity; about a quarter of the biocapacity embodied in EU
food consumption comes from outside the Union. Citizens of the EU-27 therefore withdraw
more resources from nature than local ecosystems can regenerate, which underscores the
need for stronger food and trade policies that can guide a transition to sustainable food
systems in Europe [73].

The Sustainable Development Goals adopted by the United Nations in September 2015
remain in force, and Goal 2 calls on every country to secure food security and sound
nutrition through sustainable food systems [74]. After nearly ten years, progress is still
limited. Failure to achieve the Sustainable Development Goals and the Paris Agreement
would accelerate environmental degradation and expose an ever larger share of the global
population to malnutrition and preventable diseases linked to metabolic syndrome.

Consequently, measures on food-related emissions that parallel those already ap-
plied to transport are now unavoidable. In this case, no new technology is needed;
rather, policy makers in the most developed nations must establish regulations that
foster a Smart Food system capable of keeping emissions on track for net-zero by 2050.
This aligns with the European Commission objective of leading a global shift toward
competitive sustainability “from farm to fork” under the Green Deal. Improving the
environmental performance of food production is therefore essential for reducing the
overall impact of human activity.

Strong action is needed without delay to curb the consumption of animal-derived
foods. Production of these foods uses more than three quarters of global agricultural
land and generates about two thirds of agriculture-related greenhouse gas emissions, yet
supplies only forty percent of the protein people consume each year. The main reason is the
heavy reliance on, and low efficiency of, converting crops into animal feed. Raising cattle
or sheep for meat can emit up to 250 times more greenhouse gases per gram of protein than
producing legumes that deliver the same amount of protein [75].

Given the urgency of current environmental and public-health challenges and the
absence of concrete food policies from the European Commission, the Union could look
to recent reforms in the United States, where national, state, and municipal initiatives are
beginning to support a shift toward plant-based diets and to curb large-scale production
of animal foods [76]. Comparable proposals are now emerging at supranational level in
Europe [77-79].

Effective action should combine positive standards for raw materials used in popular
foods such as plant-based burgers, snacks, and pasta with disincentives similar to those
already applied to fossil fuels. One option is to adjust value-added tax and other fees
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according to the climate footprint of individual foods, which varies widely, as illustrated
in Figure 1.

Educational programs are equally essential. Consumers must understand the benefits
of dietary patterns that prioritize plant products and limit meat, since these changes
improve both human and planetary health [80]. Within this framework, the Smart Food
concept can play a central role: it promotes crops and products that are nutritious for
people, sustainable for the environment, and economically viable for farmers. Clear
communication is needed to show that today’s epidemic of metabolic diseases, including
obesity, cardiovascular disease, diabetes, hypertension, dementia, and many cancers, stems
largely from the Westernized diet [81-87].

3. Conclusions

Current meat consumption in high-income countries produces greenhouse gas emis-
sions on the same scale as those generated by the entire fleet of transport vehicles, once
livestock statistics are combined with all relevant emission factors [88]. Direct and indirect
emissions from the roughly thirty billion animals slaughtered for food each year contribute
about fourteen to sixteen percent of the global total. When methane, nitrous oxide, and
land-use change linked to pasture conversion and feed crops are included, livestock-related
warming rises to roughly twenty-three percent [89]. Achieving international climate goals
therefore requires interventions that target activities with the largest carbon footprints. A
review of the literature identifies three domains with the highest emissions: private vehicle
use, meat consumption, and household energy demand [90].

Although every country has been committed for more than a decade to the Sustainable
Development Goals and the Paris Agreement [91], most concrete measures to date focus on
transport [92] and domestic energy use [93]. Food systems are widely acknowledged as
a critical sector for reaching the SDG targets by 2030, yet action in this area is lagging, a
delay that is particularly serious for the meat supply chain [94,95].

Although the European Green Deal sets out clear objectives for a sustainable and com-
petitive global transition, including lower-impact food production as shown in Figure 3 [69],
no concrete measures have yet been adopted to curb large-scale animal-based agricul-
ture [76]. One likely reason is the profound cultural change that would be needed for
society to reduce meat consumption and choose plant-based foods [96-100]. Over the
past five years, a vast body of research has suggested that the most practical approach
to lowering meat intake focuses on the development and widespread consumption of
vegetarian and vegan burgers [62-65,101-125].

Alongside the extensive literature exploring vegetarian burgers as a tool for shifting
consumption from meat to plant foods, an expanding body of research now targets the
reformulation of snacks, pizzas and pasta with whole grains, pseudocereals and legumes
in order to raise dietary quality through a broader range of plant ingredients [41-55,61,126—
131]. Within this context, incorporating insects into the food chain is also gaining mo-
mentum, since insects already feature in the traditional diets of about two billion people
worldwide [132-140]. The European Union has recognized this potential by authoriz-
ing insects as novel foods in Regulation (EU) 2015/2283, thereby acknowledging their
advantages [141]. The main benefits include the provision of high-quality protein and mi-
cronutrients, very high production efficiency compared with other animal protein sources
and greatly reduced water use and greenhouse-gas emissions [132].

In summary, a rising share of consumers now pays close attention to the health and
sustainability of their diets. As a result, reducing meat intake is becoming popular in
certain groups, and plant-based products are proliferating on the market. While many
consumers are motivated primarily by the personal health gains that come from lowering
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or eliminating meat, these dietary shifts also deliver environmental advantages by cutting
greenhouse gas emissions and easing pressure on agricultural land. Governments, however,
have yet to adopt decisive policies in this area; food-related emissions, driven largely by
meat consumption, remain effectively unmanaged and jeopardize the climate targets set
for 2030 and 2050.

Any legal framework designed to limit meat in the Westernized diet must recognize
recent changes in eating habits. Home cooking is less common, the consumption of ready-
made meals is rising, and a new convenience culture built around delivered fast food and
street food (hamburgers, pizzas, pasta and ice cream) has emerged, along with new venues
for eating outside the home [136]. Regulations should therefore retain the familiar formats
consumers already prefer while improving their composition, increasing both the quantity
and the diversity of plant ingredients. This objective can be met by replacing a significant
share of refined wheat flour with a broader range of legumes and whole grains, which are
currently under represented in daily intake.

Because these reformulated foods, namely plant-enriched burgers, snacks and pasta,
would remain recognizable and easy to prepare, there should be few obstacles to enforc-
ing standards that require the food industry to manufacture them. Such measures align
with the Smart Food concept, which links a nutritious diet and environmental sustain-
ability to farming systems capable of producing healthful foods through economically
viable enterprises.
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Abstract

In Algeria, honey plays an important role in nutrition, traditional medicine and sustainable
food practices. However, little is known about how consumers perceive and use this prod-
uct in their daily lives. This study aims to explore how honey consumption patterns among
a specific segment of Algerian households, mainly young, educated, and digitally active
individuals, relate to traditional practices and contribute to sustainable food systems and
cultural heritage. An online survey remained open for four months, and the final number
of participants was 770 individuals from 51 wilayas, using convenience sampling through
academic and social media networks. As this was an exploratory study, no fixed statis-
tical population was defined. Chi-square tests revealed significant associations between
age and honey consumption frequency (x? = 45.33, p = 0.0010), annual purchase quantity
(x? = 111.49, p < 0.0001), and buying frequency (x> = 47.26, p < 0.0001), as well as between
climatic zone and buying source (x> = 34.90, p = 0.0097). The findings highlight honey’s mul-
tifunctional role, not only as a food product, but also as a traditional remedy and cosmetic
ingredient, embedded in cultural routines and health practices. Consumer preferences
are shaped by sensory attributes such as taste, type, and appearance, while purchasing
decisions are strongly influenced by trust-based relationships, with most respondents
favoring direct acquisition from beekeepers or known individuals. These informal sourcing
habits reflect sustainable traditions that support local producers and reinforce consumer
confidence. However, widespread misconceptions, such as the belief that crystallized honey
is adulterated, reveal a need for targeted consumer education. To promote sustainable
honey consumption, the study recommends clearer labeling, school-based programs, and
public awareness campaigns.

Keywords: sustainable consumption; cultural heritage; household behavior; Algerian
consumer; questionnaire

1. Introduction

Beekeeping has emerged as a vital pillar of sustainable development, offering a unique
intersection between environmental stewardship, economic resilience, and cultural heritage
within sustainable food systems, which aim to ensure food security and nutrition while
preserving environmental, economic, and social resources for future generations. As global
awareness of biodiversity loss and food insecurity intensifies, apiculture is increasingly
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recognized not only for its production of honey and other hive products, but also for
its essential role in pollination, ecosystem services, and rural livelihoods [1]. Honey, in
particular, is a multifunctional product valued for its nutritional richness, therapeutic
properties, and symbolic significance across cultures, rich in antioxidants, enzymes, and
trace minerals. It has been used for centuries to treat respiratory ailments, digestive issues,
and skin conditions [2], and Algerian honeys have demonstrated strong antioxidant and
antimicrobial properties, reinforcing their role in traditional medicine [3]. Despite this
potential, Algeria’s honey sector faces persistent challenges: climate change, habitat degra-
dation, pesticide use, and diseases like Varroa mite infestation threaten bee populations
and reduce honey yields [4]. A national survey conducted in 2021 across 19 wilayas in
Algeria revealed that most beekeepers practiced sedentary beekeeping, while a smaller
proportion adopted migratory practices to follow seasonal floral availability [4]. These
findings highlight the need for improved disease management, technical training, and
youth engagement to ensure long-term sustainability [5]. In Algeria, however, consumer
behavior remains underexplored. Misconceptions about crystallized honey, for example,
often lead to product rejection and waste, underscoring the need for public education
and awareness campaigns [6]. Furthermore, the interplay between traditional knowledge,
regional identity, and sustainability-oriented consumption has not been adequately studied.
According to recent reports [7,8], demand for honey is rising due to its perceived health
benefits and its use as a natural alternative to refined sugar. However, this surge in demand
has also led to increased adulteration and counterfeit products, posing risks to consumer
health and undermining trust in the industry [9]. Despite the recognized importance of
honey, existing research has primarily focused on production practices and physicochemi-
cal quality [3-5], while consumer behavior, traditional uses, and sustainability perspectives
remain underexplored, representing a clear theoretical and methodological gap.

To guide the analysis and reflect the thematic structure of the questionnaire, the
study is framed around the following key research questions. These questions represent a
synthesis of the main topics explored in the survey:

Q1: What are the consumption patterns, preferences, and traditional uses of honey
among digitally active and educated segment Algerian households?

Q2: What factors—sensory, economic, and perceptual—influence consumer attitudes
toward honey, including crystallized honey?

2. Literature Review

Honey consumption has been widely studied in different cultural and economic
contexts, highlighting its nutritional, therapeutic, and symbolic roles [2,3]. Algerian honeys,
for example, are rich in antioxidants and antimicrobial compounds, reinforcing their
importance in traditional medicine [3]. Beekeeping practices vary globally, but in Algeria,
ecological diversity from the humid Mediterranean coast to the arid Sahara supports
distinct floral resources and native subspecies such as Apis mellifera intermissa and Apis
mellifera sahariensis, which contribute to biodiversity and resilience [3,10]. Traditional
methods, including clay and straw hives, remain common in rural areas, offering low-
impact and sustainable approaches aligned with ecological goals [3].

In Algeria, honey production was estimated at 5165 tons in 2021, with average yields
of 4-8 kg per hive, a modest output given the country’s ecological diversity [11]. Domestic
production remains insufficient to meet demand, leading to imports of up to 150,000 tons
annually [11]. A national survey revealed that 69% of beekeepers practice sedentary
beekeeping, while 31% adopt migratory practices [4]. Despite these figures, per capita
consumption is relatively low, around 0.2 kg per year, and purchasing habits are dominated
by informal channels, with 58.3% buying from trusted individuals and only 18.3% directly
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from beekeepers [5]. These patterns highlight structural challenges and cultural preferences
that shape the Algerian honey market.

Studies in Europe and North Africa show strong cultural ties to honey consumption.
In Morocco, consumers favor informal channels based on trust [5], while in Slovenia
and Italy, labels and certifications play a central role in purchasing decisions [9], and
recent research emphasizes the health-promoting properties of honey and bee products [12].
Mediterranean consumers often associate honey with health and sustainability values [6,13],
and willingness to pay for organic or local honey is well documented in Serbia and Italy,
where premiums range from 20% to 30% above conventional prices [14,15]. Similar trends
appear in Mexico, where education and income strongly influence honey preferences [16],
and in Australia, where origin and brand reputation drive choices [17]. In China, health
benefits are the primary motivation for 74% of consumers [18], confirming the global
perception of honey as a functional food.

Honey consumption aligns with sustainable food practices by promoting short supply
chains and preserving traditional knowledge [2,3]. This perspective is consistent with
broader research on mindful and responsible consumption, which emphasizes reducing
environmental impact and supporting local economies [19]. Informal networks reduce
packaging and transport emissions, while emerging innovations such as plant-based honey
alternatives address environmental and ethical concerns [20]. These behaviors support SDG
12 (Responsible Consumption) and SDG 15 (Life on Land) by encouraging biodiversity-
friendly practices [21]. Similar findings in Europe and North America show that consumers
increasingly value natural, traceable, and ethically produced food products [9,21].

Despite honey’s recognized benefits, misconceptions persist. Crystallization is often
perceived as adulteration, leading to product rejection and waste [6]. Similar gaps in consumer
education have been reported in Europe [9]. Addressing these issues through labeling and
awareness campaigns is essential to reduce waste and strengthen trust. Studies recommend
school-based programs and public outreach to correct these misconceptions [7,8,21].

Although demand for honey is rising due to health benefits and its role as a natural
sugar alternative [7,8], this trend has also led to adulteration and counterfeit products,
undermining trust [9]. Most research focuses on production and physicochemical qual-
ity [3-5], while consumer behavior, traditional uses, and sustainability perspectives remain
underexplored, representing a clear theoretical and methodological gap. This study ad-
dresses this gap by analyzing consumption patterns, cultural practices, and sustainability
perceptions among Algerian households.

3. Materials and Methods
3.1. Survey Composition and Thematic Focus

As part of a survey on honey-related practices in Algerian households, a structured
online questionnaire was developed to comprehensively capture consumer behavior, pur-
chasing habits, perceptions, and traditional uses of honey. The instrument was organized
into two main sections. The first section collected demographic information, including age,
gender, education level, professional status, and region of residence. The second section
explored various aspects of honey consumption, such as purchase frequency, periods of
consumption, preferred points of purchase (e.g., direct purchases from producers, local
markets, supermarkets), typical quantities purchased, key product attributes considered
during purchase, price perceptions, and opinions regarding crystallized honey—a char-
acteristic often associated with purity or authenticity. In addition, this section addressed
methods of consumption, cultural and medicinal uses, and consumer attitudes toward
honey quality. The questionnaire combined multiple-choice and open-ended questions,
enabling respondents to provide both structured responses and nuanced insights into their
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experiences and beliefs. The complete list of questions and research fields is provided in
Supplementary Materials for full transparency and replicability, it was designed to address
two central research questions which are outlined at the end of the introduction.

To ensure content validity, the questionnaire was reviewed by three experts in food
science and apiculture. A pilot test with 20 participants was conducted to refine wording
and structure. Reliability was assessed using Cronbach’s alpha for attitude-related items
(e = 0.82), indicating good internal consistency. These steps confirm that the instrument
was both clear and robust for capturing the intended constructs.

3.2. Sample Description

The national survey collected responses from 770 individuals across 51 wilayas in
Algeria (Table 1). The sample was predominantly female (71.2%) and notably well-educated,
with 60% holding a university degree. The Tell region was the most represented (41.18%),
followed by the High Plateaux (33.33%), the Saharan region (15.69%), and the Saharan
Atlas (9.8%). In terms of age, the largest group was 20-30 years old (44.3%), followed by
3040 years old (33.5%). The least represented were those under 20 and over 50.

Table 1. Sociodemographic characteristics of the survey respondents.

Variable Categories Frequency
Gender Female 548 (71.2%)
male 222 (28.8%)
Gender (Mean =+ SD) Not applicable
Education level University degree 462 (60.0%)
Other 308 (40.0%)
Education level (Mean + SD) Not applicable
Age group <20 22 (3.9%)
20-30 341 (44.3%)
30-40 258 (33.5%)
40-50 83 (15.6%)
>50 66 (2.7%)
Age (Mean =+ SD) 32.8+9.8

This demographic profile reflects the nature of online survey distribution and should
be considered when interpreting the findings. The results are indicative of behaviors within
this segment, rather than the general Algerian population.

3.3. Data Collection

Data collection was carried out over a four-month period, from February to May 2024.
The online questionnaire was disseminated through academic and professional networks,
as well as social media platforms, allowing for broad participation across Algeria. Prior to
its launch, the survey was pilot-tested with a small group of honey consumers to ensure
clarity and relevance. Feedback from this phase helped refine the structure and wording of
the questions.

3.4. Statistical Analysis

The data were analyzed using descriptive statistics to summarize demographic char-
acteristics, consumption patterns, and purchasing preferences. To assess relationships
between categorical variables, chi-square tests of independence were applied. These tests
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evaluated whether age was associated with consumption frequency, annual buying quan-
tity, and perception of crystallized honey, as well as whether climatic zone influenced
buying source. This approach allowed us to identify significant associations and confirm
where consumer behaviors varied meaningfully across demographic and geographic fac-
tors. Additionally, to explore the relationships among multiple categorical variables, a
Multiple Correspondence Analysis (MCA) was performed. This technique is suitable for
qualitative data and allows visualization of associations between different modalities in a
reduced-dimensional space.

4. Results
4.1. Honey Consumption Patterns and Preferences

The findings provide insight into the cultural and practical dimensions of honey use
among Algerian consumers. The primary motivations include medicinal use (43%), culi-
nary enjoyment (27%), and health benefits (17%), while cosmetic applications represented
(13%). Medicinal use was particularly prominent, especially for treating respiratory ail-
ments, digestive issues, and general immune support. Regarding purchasing behavior,
most consumers preferred informal and trusted sources. Consumers emphasized trust,
authenticity, and product quality as key factors in their choices. While price was considered,
origin and purity were consistently prioritized. The survey also revealed honey’s strong
cultural and symbolic significance.

4.2. Sustainable Consumption and Buying Patterns

The results reveal a pattern of moderate honey consumption among Algerian house-
holds, which aligns with principles of sustainable food use. Honey consumption patterns
differ noticeably across age categories. Figure 1 illustrates these differences, showing the
distribution of consumption frequencies (daily, often, occasionally, rarely, never) across
six age groups.

! 1 ! ! ! Consumption frequency
gl — N E—f-
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Figure 1. Distribution of Honey Consumption Frequencies across Age Groups.

To verify whether these differences are statistically significant, a chi-square test of
independence was conducted. The results confirm a significant association between age
and consumption frequency (Chi? = 45.33, df = 20, p = 0.0010), indicating that honey
consumption habits vary meaningfully across age groups.

The analysis shows clear differences in the quantity of honey purchased across age
groups. Young adults and the 3040 age group are the most likely to buy moderate quanti-
ties, typically between 250-500 g or 500-1000 g per year. Respondents over 50 years display
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a tendency toward larger purchases (>1000 g), while the under 20 and 40-50 groups mostly
buy smaller amounts (<250 g). These patterns suggest that younger and middle-aged
consumers maintain sustainable buying habits, while older consumers may stock larger
quantities, possibly for traditional or medicinal uses. Figure 2 illustrates these differ-
ences, showing the distribution of annual honey purchase quantities (<250 g, 250-500 g,
500-1000 g, >1000 g) across six age groups.
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Figure 2. Distribution of annual honey purchase quantities across age groups.

The chi-square statistical test yielded x* = 111.493 with 15 degrees of freedom and
a p-value < 0.0001. Since the p-value is less than 0.05, we reject the null hypothesis of
independence at the 95% confidence level. This indicates that the observed buying quantity
is significantly associated with age group. In other words, the amount of honey purchased
per year varies meaningfully across different age categories.

Honey purchasing habits differ across age categories. Young adults (20-30 years)
and the 3040 age group show the highest frequency of buying honey “occasionally”
or “often.” Respondents over 50 years also demonstrate regular purchases, though less
frequent compared to younger groups. The 40-50 and under—20 categories exhibit lower
buying frequencies, often classified as “rarely” or “occasionally.” These patterns indicate
that trust-based and sustainable sourcing behaviors are maintained across generations,
with younger consumers actively engaging in honey purchases. Figure 3 illustrates these
differences, showing the distribution of buying frequencies (never, occasionally, often,
rarely) across six age groups.
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Figure 3. Distribution of buying frequencies across age groups.
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The chi-square test of independence was conducted to examine the relationship be-
tween age and honey-buying frequency. The results confirm a significant association
(Chi? = 47.26, df = 15, p < 0.0001), indicating that purchasing habits differ meaningfully
across age groups.

4.3. Influence of Climatic Zone on Honey Buying Sources

The survey results show clear differences in honey purchasing habits across Algeria’s
four major climatic zones: Tell, High Plateau, Saharian Atlas, and Sahara. Consumers in the
Tell region, which is the most populated and agriculturally diverse, reported the highest
reliance on trusted individuals and local markets, reflecting strong informal networks and
cultural traditions. In contrast, respondents from the Saharan and Saharian Atlas zones
exhibited a stronger preference for direct purchases from beekeepers, likely due to limited
market infrastructure and closer ties to primary producers. The High Plateau presented a
mixed pattern, balancing informal trust-based sourcing with occasional market purchases.
These variations suggest that geographic and socio-economic factors significantly influ-
ence sourcing behaviors, reinforcing the role of local identity and accessibility in shaping
sustainable consumption practices.

Figure 4 illustrates the predominance of informal networks in all zones, with notable
regional differences in the share of purchases from beekeepers and markets.
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Figure 4. Distribution of Honey Buying Sources across Algeria’s Climatic Zones.

The statistical test confirmed that the relationship between climatic zone and buying
source is statistically significant (x> = 34.90, df = 18, p = 0.0097). This indicates that
purchasing habits vary meaningfully across climatic zones, supporting the hypothesis that
regional context influences consumer behavior.

A mosaic plot was generated to visualize the relationships among three categorical
variables: climatic zone, buying source, and age group (Figure 5). The size of each rect-
angle represents the proportion of respondents within the corresponding combination of
categories. The plot reveals clear patterns: Respondents from the Tell region show a higher
proportion of purchases from trusted individuals and local markets, particularly among
younger age groups (20-30 and 30—40 years). In contrast, respondents from Saharan and
Saharian Atlas zones exhibit a stronger tendency to buy directly from beekeepers, with no-
table representation among older age groups (>40 years). Purchases from markets are more
evenly distributed across regions but remain less frequent compared to informal sources.
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Figure 5. Cross-Analysis of Honey Purchasing Channels by Age and Climatic Region.
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The traditional use of honey in Algerian households goes far beyond consumption
frequency. It encompasses a rich set of cultural practices, therapeutic applications, and

sourcing habits that reflect inherited knowledge and sustainable values. Survey data show

that older respondents (particularly those aged 40-50 and over 50) are more likely to use

honey for medicinal purposes, such as treating respiratory, digestive, and skin conditions

(Figure 6). This indicates that ancestral knowledge about honey’s healing properties re-

mains actively practiced among older generations. However, younger adults (especially

those under 30) also demonstrate significant engagement with traditional uses, particularly

in cosmetic applications and natural wellness routines. This suggests a revival or reinter-

pretation of traditional practices among younger demographics, possibly influenced by

modern interest in natural products. Traditional knowledge is also reflected in sourcing

behaviors. Many respondents prefer to buy honey from trusted individuals or directly

from beekeepers, avoiding industrial supply chains. This trust-based acquisition method is

not only culturally rooted but also supports local economies and aligns with sustainable

consumption principles. Furthermore, beliefs about honey’s physical properties, such as

crystallization, serve as indicators of traditional understanding. Respondents who correctly

identify crystallization as a natural process tend to be those with stronger ties to traditional

knowledge, while misconceptions persist among others. In summary, traditional honey

use in Algeria is a multifaceted phenomenon involving therapeutic, cosmetic, and cultural

dimensions, as well as sourcing preferences and product perceptions. While older genera-

tions remain key custodians of this heritage, younger groups are increasingly adopting and

adapting these practices, offering hope for their preservation and evolution.

Although not directly measured in the survey, the preference for natural honey and

trust in local sources imply a consumer base that values authenticity and potentially sup-

ports biodiversity. Promoting honey from local beekeepers who use sustainable, pollinator-

friendly methods can enhance ecosystem services, such as pollination, and contribute to

the conservation of Algeria’s diverse floral landscapes.

The results show that many respondents prefer natural honey and buy it directly from

beekeepers, reflecting environmental awareness and support for sustainable practices. This

preference contributes to the preservation of biodiversity by promoting short supply chains

and local producers, while strengthening ecosystem services related to beekeeping.

The age groups most committed to this approach are 30-40-year-olds and 20-30-year-

olds, followed by 40-50-year-olds, indicating intergenerational adoption of environmentally
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friendly practices. This suggests that awareness of biodiversity is well established among
young adults, while also being supported by older generations.
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Figure 6. The reported uses of honey in Algerian households.

4.5. Biodiversity and Ecosystem Services
4.6. Consumer Education

The results indicate notable gaps in the knowledge of Algerian consumers regarding
the characteristics of honey. Regarding crystallization, 40.52% of respondents recognised it
as a natural process, 32.47% associated it with adulteration and 27.01% were unaware of its
meaning. When it came to evaluation criteria, taste was the most frequently mentioned
factor, cited by around 500 respondents. This was followed by type (monofloral or multi-
floral) and physical appearance (liquid or crystallized), which were mentioned by around
400 respondents each. Color was cited by 346 respondents and price (in Algerian dinars)
received the fewest mentions at around 300. Furthermore, 399 respondents identified
the type of honey as a determining factor in their purchasing decisions. The data also
show that consumer perceptions are influenced by visual characteristics, oral traditions
and family habits (Figure 7). The common misconceptions about honey crystallization
often arise from a lack of consumer education, unclear labeling, and a reliance on infor-
mal knowledge handed down through families. These misunderstandings can result in
customers rejecting products and lead to food waste, which undermines efforts toward
sustainable consumption.
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Figure 7. Primary criteria influencing honey purchase decisions.
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Following this, a chi-square test was also conducted to examine whether age group
influences perceptions of crystallized honey. The result (x> = 17.47, df = 10, p = 0.0646)
indicates no significant association, meaning attitudes toward crystallization are relatively
consistent across age categories.

5. Discussion

The study reveals how Algerian consumers use honey in ways that reflect their cultural
traditions, daily habits, and personal values. It highlights that people, often rely on trusted
sources, such as family or local producers, and use honey not only as food but also for
health and cosmetic purposes. These behaviors are shaped by long-standing traditions
and practical knowledge passed down through generations. When compared with other
countries, Algerian consumers show both similarities and unique patterns, especially in
how they connect honey use with well-being and sustainability, often without being fully
aware of it. The differences and similarities between Algerian honey consumption and
other regions may be due to cultural habits, trust in informal networks, and how food is
sold or labeled. In Algeria, people often buy honey from someone they know and use it for
traditional health and beauty purposes. In Europe, consumers may rely more on labels and
certifications. These factors help explain the unique patterns found in our study.

To better understand these behaviors, it is important to first look at who the consumers
are and the cultural context in which they use honey.

5.1. Cross-Cultural and Demographic Insights

This study offers a detailed overview of honey consumption patterns among a specific
segment of Algerian consumers, based on a diverse sample from 51 wilayas (Towns), based
on a sample of 770 respondents. These findings should be interpreted with caution, as
they reflect the views of a digitally engaged and educated population, rather than the full
demographic spectrum of Algeria. Compared to previous national studies, such as Hader-
bach et al. (2015) [10], who surveyed 800 individuals from 20 wilayas, our research offers
broader geographic coverage and more recent insights. Both studies highlight the cultural
and medicinal importance of honey; however, our findings indicate emerging patterns in
sourcing, consumer awareness, and the diverse applications of honey. Demographically, the
sample was predominantly female (71.2%) and concentrated in the 20-40 age range. This
contrasts with findings from [22], who observed higher honey consumption among older
adults in Europe. Kleisiari et al. (2023) [9] also noted gender differences, with men con-
suming more honey in the Balkans and Western Europe. In our case, women appear more
engaged in honey-related decisions, possibly due to their role in household health and food
choices, also the demographic skew of our study might reflect the nature of online survey
distribution, which tends to engage younger and more digitally active populations. While
this may limit the generalizability of the findings, the data still provide valuable insights
into honey consumption patterns among a key segment of Algerian households. Similar
cultural contrasts were observed in Western Australia, where Batt and Liu (2012) [17] found
that brand reputation, product origin, and value for money were the key drivers of honey
purchasing decisions. Their study also highlighted that Asian consumers placed more
emphasis on value and brand recognition, while Anglo-Saxon consumers prioritized origin.
Future research should consider more balanced sampling strategies, including stratified
or mixed-method approaches, to ensure broader representation of older adults and male
respondents. Although chi-square tests confirmed significant associations, these results
should be interpreted as indicative rather than causal. Future research should apply multi-
variate techniques to control for confounding factors such as age and education, providing
a more robust understanding of the determinants of honey consumption. Similar findings
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were observed in Mexico, where Avila Ramos et al. (2022) [16] identified three consumer
profiles based on educational attainment and income. Middle-income individuals were the
most frequent consumers of honey. These individuals preferred buying honey directly from
beekeepers and recognized its health benefits. In contrast, younger, low-income consumers
primarily used honey as a sugar substitute and preferred to buy it from the market. In Italy,
Blanc et al. (2021) [23] identified four distinct consumption profiles among millennials,
highlighting their strong preference for sustainability, label information, and local origin
rather than intrinsic characteristics such as taste or texture. These findings underscore the
importance of extrinsic cues and demographic factors, such as gender, urban origin, or
sports participation, in shaping honey consumption behaviors.

Moreover, the survey results show that honey consumption in Algeria reflects a mind-
ful and purposeful pattern that aligns with sustainable food practices. Moderate annual
purchase volumes and restrained daily use suggest a conscious approach to consumption,
often reserved for specific culinary or therapeutic purposes. Notably, honey also plays
a central role in traditional Algerian pastries and festive desserts such as Makrout and
Tamina, highlighting its cultural significance during special occasions. This pattern might
demonstrate careful use that helps prevent overconsumption and supports the sustainable
management of resources. Some findings also align with previous research conducted in
Algeria, which reported an average annual honey consumption of approximately 0.2 kg per
person. In these studies, honey was frequently regarded as a medicinal product and was
predominantly purchased through informal, trust-based channels [10]. Similar trends are
observed in Tunisia, where honey production is primarily dedicated to domestic use, and
beekeeping practices are shaped by climate conditions and traditional transhumance [24].

The multifunctional use of honey—as food, medicine, and in cosmetics—not only
increases its overall value but also decreases dependence on synthetic products, thereby
supporting both environmental and public health sustainability [2]. These practices mirror
sustainable behaviors observed in other Mediterranean contexts, where natural products are
valued for their versatility and cultural significance, which is consistent with recent research
by Herreros & Ali [25], which highlights practical approaches to sustainability in honey
production, reinforcing the importance of environmentally responsible practices in the
honey sector. In Greece, consumers showed a high willingness to purchase honey perceived
as rich in antioxidants and vitamins, confirming the central role of health consciousness
in honey consumption. A large-scale European study also confirms that health benefits
are the main driver of honey consumption. According to Kleisiari et al. (2025), consumers
perceive honey as a therapeutic and nutritious food and incorporate it into their diet as a
healthy habit [9].

Figure 5 above, illustrating the interaction between climatic zone, age group, and
honey buying source, reveals how geographic and demographic factors jointly shape
consumer behavior. Respondents from the Tell region show a clear preference for purchases
through trusted individuals and local markets, particularly among younger age groups
(20-30 and 3040 years). This pattern likely reflects the dense social networks and strong
cultural traditions in this agriculturally rich zone, where informal trust-based channels
substitute for formal certification. In contrast, consumers in the Saharan and Saharian Atlas
zones exhibit a stronger tendency to buy directly from beekeepers, especially among older
respondents (>40 years), which may be explained by limited market infrastructure and
closer proximity to primary producers. These findings suggest that sourcing behaviors are
not only age-dependent but also context-specific, influenced by accessibility, cultural norms,
and perceived authenticity. From a sustainability perspective, these informal and direct
channels reduce packaging and transport emissions, reinforcing short supply chains and
supporting local economies. However, the reliance on informal networks also underscores
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the need for targeted education and labeling initiatives to ensure quality assurance and
consumer confidence across regions.

5.2. Informal and Local Market Channels

Informal sourcing networks, particularly purchases from trusted individuals such as
family members or local beekeepers, dominate acquisition practices. Among our respon-
dents, 58.3% reported buying honey from a person of trust, while only 18.3% purchased
directly from beekeepers. These trust-based relationships reinforce consumer confidence,
reduce dependence on industrial supply chains, and minimize packaging and transport-
related emissions. According to Zanchini et al. (2021) [2], consumers who purchase honey
at local markets or directly from producers are more likely to associate it with health
benefits. This suggests that short supply chains not only strengthen trust but also reinforce
the perception of honey as a natural and therapeutic product. In Hungary, consumers show
a strong preference for honey purchased directly from beekeepers or farmers” markets.
This direct relationship not only builds trust but also reinforces the perception of honey
as an authentic, high-quality product. Certification marks play a crucial role in guiding
informed consumers to safe and authentic sources of honey [16]. This sourcing behavior
supports local economies and reflects deep-rooted cultural traditions. However, the rela-
tively low rate of direct purchases from beekeepers highlights an untapped opportunity;
similar trends were observed in Greece, where over 77% of consumers preferred buying
conventional honey directly from beekeepers. This reinforces the importance of direct
sourcing in building trust and ensuring product authenticity, especially for organic vari-
eties [15]. Strengthening direct links between consumers and producers could enhance
traceability, encourage pollinator-friendly practices, and provide economic incentives for
sustainable beekeeping. A similar trend was observed in Croatia, where 75% of consumers
preferred buying honey directly from producers. This behavior was driven by trust and
the perceived health benefits of domestic honey, with Protected Designation of Origin PDO
labels reinforcing product authenticity and regional identity [26].

5.3. Traditional Knowledge and Environmental Sustainability

In Algeria, traditional knowledge continues to guide honey use, with older genera-
tions emphasizing medicinal purposes and younger adults favoring cosmetic and wellness
applications. This intergenerational transmission is complemented by emerging innova-
tions such as plant-based honey alternatives, which aim to address sustainability and
ethical concerns [20]. Honey is also used in traditional ceremonies and festivals, reinforcing
its role as a culturally embedded product. These practices contribute to the preservation of
intangible heritage and support sustainable consumption rooted in local identity. In this
context, consuming honey sustainably entails supporting small-scale beekeepers, choos-
ing locally sourced products, and using honey sparingly and mindfully. These actions
support local economies, protect traditional knowledge, and lessen their negative effects
on the environment. By reducing packaging and transportation-related emissions and
preserving close cultural and social ties, the use of unofficial, trust-based networks also
promotes sustainability.

5.4. Sustainable Food Practices, Consumer Awareness, and SDG Integration

Beyond honey, Algerian households engage in sustainable consumption behaviors
through other traditional foods such as olive oil, dates, legumes, and herbal products. These
foods share similar cultural and multifunctional roles, often used in culinary, medicinal,
and ceremonial contexts. Olive oil, for instance, is a staple in Mediterranean diets and is
increasingly valued for its health benefits and sustainability attributes. Studies show that
consumers are willing to pay more for olive oil with sustainability labels, although their
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motivations are often linked more to perceived quality and origin than to environmental
concerns [16,27]. This parallels honey consumption, where trust and traditional sourcing
outweigh formal certifications. Legumes also play a vital role in sustainable diets due
to their low environmental footprint and high nutritional value. Their integration into
daily meals supports biodiversity and reduces reliance on animal protein. Similarly, native
foods and traditional crops contribute to food security and cultural preservation, especially
when promoted through community-based interventions [27]. These findings suggest that
Algerian food practices—though often informal and culturally driven—align with global
sustainability goals. By recognizing and supporting these behaviors, policymakers can
leverage traditional knowledge to promote resilient food systems across the region [27].

Regarding Consumer education, it has emerged as a critical issue. Misunderstandings
about crystallization—only 40.52% recognized it as a natural process—affect purchasing de-
cisions and trust. In Algeria, crystallized honey is often perceived as adulterated, typically
associated with the addition of artificial sugars. These misconceptions, if not addressed,
can lead to product rejection and food waste, undermining sustainability goals. Based on
descriptive trends, younger consumers and individuals with limited awareness appear
more prone to these beliefs, suggesting that targeted education campaigns could be more
effective than generic interventions. Similar gaps were noted by Kleisiari et al. (2023) [9] in
Europe. Addressing these misconceptions through labeling, outreach, and school programs
could enhance consumer autonomy and reduce waste. Other sensory attributes, such as
color, texture, and floral origin, also influence purchasing decisions. Recent studies on caper
honey (Capparis spinosa L.) have shown that its aroma evolves over time, with vegetal notes
perceived first, and followed by floral and sweet caramel sensations. This dynamic sensory
profile, evaluated by analyzing temporal intensity, highlights the complexity and richness
of certain monofloral honeys, which can appeal to experienced consumers [28]. However,
many consumers lack the knowledge to interpret these characteristics accurately. Educa-
tional initiatives could empower consumers to choose honey based on specific needs—such
as digestion, respiratory health, or skincare—while promoting local Algerian varieties.

It is noted also that the respondents are from diverse professional backgrounds, in-
cluding employed individuals, students, and retirees. Although not analyzed in depth, this
diversity may influence purchasing power, health awareness, and sustainability values.
Mascarello et al. (2024) [15] found that employed individuals and retirees in Italy showed
greater interest in traceability and were more likely to engage with digital tools such as QR
codes. Future research could explore how occupational status correlates with sustainable
purchasing behaviors in Algeria. By framing honey consumption within a sustainability
context, this study aligns with and contributes to multiple United Nations Sustainable
Development Goals (SDGs), these findings align with broader calls for robust metrics
to evaluate sustainability and resilience in food systems, as highlighted by Hassan et al.
(2025), who emphasize the importance of context-specific indicators to guide evidence-
based decision-making [29]. Specifically, it supports SDG 3 (Good Health and Well-being)
by highlighting the nutritional and medicinal benefits of honey; SDG 12 (Responsible Con-
sumption and Production) through the promotion of environmentally conscious consumer
behavior; and SDG 15 (Life on Land) by emphasizing the role of sustainable apiculture in
preserving biodiversity and ecosystems.

5.5. Policy Implications and Recommendations

Although most consumers prefer informal and local channels, the Algerian market
remains exposed to imports of foreign honey, which is sometimes cheap but of uncertain
quality. This competition can undermine small local producers. According to the World
Beekeeping Organization [28], traceability and certification of origin are key levers for pro-
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moting local honey on national and international markets. Encouraging regional labels or
protected geographical indications (PGIs) could strengthen the competitiveness of Algerian
honey while supporting sustainable practices. According to Zeng et al. (2023) [30], packag-
ing also plays a crucial role in consumer perception. Unique jar shapes can significantly
increase willingness to pay, suggesting that design and presentation are essential compo-
nents of product differentiation in the honey market. These recommendations are consistent
with findings from Uganda, where Amuko et al. (2023) [31] demonstrated that timely, ac-
curate, credible, and usable market information significantly enhances entrepreneurial
orientation among smallholder honey producers. Their study highlights how access to
relevant market intelligence fosters innovation, proactiveness, and risk-taking, ultimately
improving product development and competitiveness. In light of these findings, several
recommendations can be made: integrate education on sustainable consumption into
school curricula, support small-scale beekeepers through targeted subsidies and training in
sustainable beekeeping, promote awareness campaigns on the benefits of local honey and
quality criteria, and strengthen links between scientific research, producers, and consumers.
These actions would help to build a more resilient beekeeping ecosystem, in line with
sustainable development goals. These recommendations are supported by findings from
Indonesia, where Febrianto et al. (2023) [32] demonstrated that product quality and promo-
tional efforts are the most influential factors in honey-purchasing decisions. The study also
confirmed that repeat purchases are a strong indicator of consumer loyalty, underlining the
importance of maintaining product standards and effective communication strategies.

5.6. Technological Innovations and Future Directions

A recent study employing a multi-omic approach demonstrated that environmental
conditions and agricultural practices markedly influence honeybee health—through mech-
anisms such as protein depletion and metal regulation—which subsequently affect honey
quality and sector sustainability [33]. Blockchain-based systems offer a promising solution
for tracking organic honey production, ensuring transparency and authenticity while sup-
porting sustainable certification and consumer confidence [21]. Responsible consumption
and production patterns, as outlined in SDG 12, are essential to mitigate environmental
degradation. Honey, when locally sourced and ethically produced, aligns with these global
sustainability targets [34]. Combining DNA metabarcoding with melissopalinological
analysis enables a more accurate identification of the honey’s botanical origin, thereby
strengthening product authenticity control, helping to detect counterfeits, facilitating ac-
cess to international markets, and increasing consumer confidence [35]. Unsustainable
consumption and production are major challenges, contributing to climate change, bio-
diversity loss, and pollution. Promoting responsible consumption in food systems, such
as honey production, is crucial for protecting both livelihoods and the environment for
future generations [34]. Unsustainable consumption and production are major challenges,
contributing to climate change, biodiversity loss, and pollution. Promoting responsible
consumption in food systems, such as honey production, is crucial for protecting both
livelihoods and the environment for future generations [35]. In China, honey is increasingly
perceived as a healthy and nutritious food, with 74.48% of consumers citing health benefits
as their primary motivation for purchase. This highlights the importance of consumer
awareness and education in promoting sustainable honey consumption [18]. Despite these
contributions, the study has some limitations worth noting. Although the questionnaire
reached people from all 51 wilayas, it was shared online, which may have favored younger
and more educated respondents. Also, since the data are self-reported, some answers might
reflect personal perceptions rather than objective facts. Future studies could include more
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rural and offline communities, and combine surveys with interviews to better capture the
diversity of honey consumption practices across Algeria.

Practical Implications: Based on the findings, several actionable strategies can be
proposed to promote sustainable honey consumption in Algerian households. Encour-
age direct purchases from local beekeepers to strengthen trust and reduce environmental
impact. Implement consumer education programs and clear labeling to address misconcep-
tions about crystallization. Highlight honey’s health and cosmetic benefits in marketing
campaigns targeting younger demographics. Support short supply chains and traceability
initiatives to enhance product authenticity and sustainability. Recent studies also highlight
honey’s health benefits and functional properties [36], the development of innovative
honey-based products [37], and the integration of honey into functional food formulations
to meet sustainability and health trends [38].

6. Conclusions

This study highlights the cultural and sustainable dimensions of honey consumption
among a specific segment of Algerian households. Honey is not only a nutritional prod-
uct but also a multifunctional substance embedded in traditional practices, with uses in
medicine and cosmetics. Consumer behavior is strongly influenced by trust-based sourcing,
favoring local and informal channels that support short supply chains and sustainability.
To strengthen consumer confidence and reduce misconceptions—such as those related
to crystallization—targeted education and clear labeling are essential. Additionally, in-
tegrating digital tools such as QR codes for traceability can enhance transparency and
authenticity, connecting consumers directly to producers and production practices. These
measures, combined with awareness campaigns and support for local beekeepers, can
promote responsible consumption and reinforce biodiversity-friendly practices. Future
research should expand to rural and offline populations and explore technological inno-
vations, including blockchain and QR-based systems, to build a resilient and transparent
honey sector aligned with global sustainability goals.
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Abstract

Bixin, an apocarotenoid from Bixa orellana seeds, is a valuable natural pigment with in-
dustrial and pharmacological applications. Traditional extraction methods rely on organic
solvents, but eco-friendly alternatives like silk fibroin solution (SFS) are emerging. This
study evaluated SFS for bixin extraction from annatto seeds, optimizing conditions us-
ing Box-Behnken Design (BBD). The optimal parameters 1.5% SFS, 60 °C, and 60 min
yielded 10.87 mg/mL (liquid extract of annatto seeds, LEAS + SFS) and 150.72 mg/g
(solid extract of annatto seeds, SEAS + SFS). Cell viability was assessed in human dermal
fibroblasts (HDFn) and RAW 264.7 murine macrophages via MTT assay. After 24 and
72 h, LEAS + SFS, SEAS + SFS, purified bixin (PB), and SFS maintained >70% viability in
HDFn cells. Similarly, RAW 264.7 cells showed >70% viability after 24 h, indicating low
cytotoxicity. These results highlight the biocompatibility of SFS-extracted bixin, supporting
its potential in food, cosmetics, and biomedicine. The study demonstrates that SFS is an
effective, sustainable alternative to traditional solvents, offering high extraction efficiency
and minimal toxicity. This method aligns with green chemistry principles, providing a
promising solution for bixin production.

Keywords: urucum; Bombyx mori; solvent eco-friendly; green extraction; MTT assay

1. Introduction

The seeds of Bixa orellana (annatto) hold significant economic value as a natural dye
source, widely used in the textile, food, cosmetic, and pharmaceutical industries [1]. Fur-
thermore, extracts from B. orellana seeds exhibit several pharmacological properties, includ-
ing antiseptic [2], diuretic [3], hypoglycemic [4], antimicrobial [5,6], anti-inflammatory [7,8],
and antioxidant effects [6].

The industrial applications and therapeutic properties of annatto seeds are primarily
associated with the carotenoids present in the outer layer of the seeds, particularly an

Sustainability 2025, 17, 7518 https://doi.org/10.3390/sul7167518
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apocarotenoid known as bixin [1,9]. Bixin, [(2E 4E,6E,8E,10E,12E,14E,16Z,18E)-20-methoxy-
4,8,13,17-tetramethyl-20-oxoicosa-2,4,6,8,10,12,14,16,18-nonenoic acid)], corresponds to
70-80% of the total pigments extracted from the seeds of B. orellana [10,11].

Several solvents and methods are employed to extract pigments from B. orellana
seeds [1,5-8,10,12-21]. Although some methods improve extraction efficiency and yield,
they often require highly toxic solvents, such as acetone, ethanol, ethyl acetate and
methanol, that pose risks to human health and the environment or increase production
costs [22]. Moreover, certain extraction methods may compromise specific properties of
bixin or generate degradation products, as in the case of extraction with hot vegetable
0il [12,22]. To overcome these challenges, a sustainable alternative involves replacing
synthetic substances with natural compounds, such as silk fibroin, a biopolymer, in the
carotenoid extraction process.

Silk is an animal fiber obtained from silkworms, particularly Bombyx mori. It is
primarily composed of two proteins: fibroin and sericin. Fibroin is the main component
of silk, constituting approximately 75% of its structure [23]. Its molecular configuration
comprises three subunits: one heavy chain and two light chains [24,25]. This configuration
imparts silk fibroin with properties such as biocompatibility, biodegradability, controllable
degradation, ease of processability, elasticity, flexibility, and mechanical strength, making it
ideal for applications in various sectors, including textiles, food, cosmetics, and biomedicine.
The flexible nature of fibroin enables the formation of numerous nanostructures, such
as films, fibers, micro- and nanoparticles, and hydrogels [23,24,26,27]. Furthermore, the
amphiphilic nature of fibroin, characterized by the presence of hydrophilic and hydrophobic
domains in its structure, favors self-organization in aqueous media and allows for versatile
interactions with different types of molecules [24,28]. This property contributes to the
solubilization of poorly water-soluble compounds, expanding its potential as a matrix for
the incorporation and release of bioactive substances [29,30].

Recent studies have demonstrated that silk fibroin solution (SFS) may be used as
an alternative emulsifying agent in the formulation of oil/water emulsions containing
bioactive agents with larvicidal effects [31]; as controlled-release nanoparticles, obtained
from the combination of fatty esters of Amazonian palm oils and SFS [32]; and as a
surfactant in the development of polymeric nanoparticles containing SFS and naringenin
for in vitro anti-LOX (lipoxygenases) applications [33].

However, there is a notable gap in the literature regarding extracting pigments from
annatto seeds using an aqueous protein solution based on silk fibroin as a substitute for
organic solvents. To address this gap, we propose optimizing the bixin extraction process
using silk fibroin solution (SFS) as an innovative and sustainable alternative. Additionally,
we evaluate the viability of HDFn and RAW 264.7 cells exposed to liquid extract of annatto
seeds (LEAS + SFS) and solid extract of annatto seeds (SEAS + SFS), aiming to provide
insights in human dermal fibroblast into the biocompatibility and potential applications of
this method.

2. Materials and Methods
2.1. Reagents and Solvents

Silkworm cocoons were purchased from Bratac (Sao Paulo, Brazil). Sodium carbonate
(99%) was purchased from Cromato Produtos Quimicos and CaCl, (99%) was purchased
from Vetec. The solvents n-hexane (98.5%), methanol (99.8%) and ethyl acetate (99.5%) were
purchased from Synth (Sao Paulo, Brazil). Chloroform (99.98%) was purchased from Reatec
(Neuhausen am Rheinfall, Switzerland) and ethanol (99%) was purchased from Alcohols
Commercial LTDA (Sao Paulo, Brazil). The DMEN culture medium used for cell viability
testing was purchased from Vitrocell (Waldkirch, Germany). MTT (3-(4,5-dimethylthiazol-
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2-y1)-2,5-diphenyltetrazolium bromide) was purchased from Sigma (Sao Paulo, Brazil), and
DMSO was purchased from Synth (Sao Paulo, Brazil).

2.2. Plant Material: Collection and Identification

In this study, the seeds of B. orellana were of the red phenotype, as described by
Oliveira et al., 2022 [6]. The fruits of B. orellana were collected in the municipality of
Macapd, Amapd, Brazil, in March 2023 (N 00° 15.918 W 051° 08.141’). The dried plant
specimen was stored at the Herbarium Amapaense (HAMAB) at the Institute of Scientific
and Technological Research of the State of Amapd (IEPA) under registration number 019143.
The biological and botanical nomenclature was described by Cantudria et al., 2022 [34].

2.3. Preparation of Silk Fibroin Solution

The silk fibroin solution (SFS) was prepared based on the method developed by
Ferreira et al., 2014 [35] with adaptations. Silkworm cocoons (4.5 g) were chopped and
degummed in NayCOs3 (2%) (w/v) at 50 °C for 24 h to remove sericin. The resulting silk
fibers were filtered and washed with distilled water (3 x 500 mL) and dried at room tem-
perature for 24 h. After this, the fibers were dissolved in a ternary solution (50 mL) of H,O:
EtOH: CaCl, (molar ratio 8:2:1) at 50 °C for 24 h. The final solution was dialyzed (cellulose
tube with 16 kDa exclusion limit, from Viskase, Brazil) for 3 days at room temperature, with
the dialysis water changed every 24 h. The fibroin solution was centrifuged (4000 rpm for
10 min) to remove impurities and larger particles. The SFS concentration was determined
in w/w and adjusted according to experimental needs.

2.4. Experimental Design

The process parameters for the bixin extraction method were determined from the
three-level, three-factor Box-Behnken (BBD) experimental design using the Design-Expert®
Software statistical package (version 11, Stat-Ease Inc., Minneapolis, MN, USA) [33]. First,
the process conditions were defined, and the three input factors or critical process param-
eters (CPPs) were selected: temperature (40, 50, and 60 °C), extraction time (30, 60, and
90 min), and SFS concentration (0.5, 1.0, and 1.5%). These input factors were designated as
x1, x2, and x3, and defined in three levels, i.e., low, medium, and high values, convention-
ally indicated as —1, 0, and +1, respectively (Table 1). The design included five replicates of
the central point and, therefore, consisted of a total of 15 experiments [33]. The measured
responses or critical quality attributes (CQAs) were: bixin content in LEAS + SFS (mg/mL)
and bixin content in SEAS + SFS (mg/mL).

Table 1. Input factors and their levels applied in the Box-Behnken (BBD) experimental design.

Levels
Factor Variables
-1 0 1
x1 Temperature (°C) 40 50 60
x2 Time (min) 30 60 90
x3 SFES concentration (%) 0.5 1.0 1.5

For each CQA, the influence of input factors and their interactions on the responses
could be described through the following nonlinear quadratic model generated by the
design as:

Y = B0 + BIx1 + B2x2 + B3x3 + R11x12 + P22x22 + P33x32 + P12x1x2 + P13x1x3 + B 23x2x3 (1)

where: Y is the predicted response; b0 is a model constant; b1, b2, and b3 are the linear
coefficients; b11, b22, and b33 are the quadratic coefficients; b12, b13, and b23 are the
interaction coefficients; and x1, x2, and x3 are independent variables.
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2.5. Bixin Extraction Process with Silk Fibroin Solution

The independent variables considered for extraction, defined by the experimental
design, are presented in item 2.4, Table 1. Whole seeds of annatto in nature (0.5 g) were
subjected to maceration with 5 mL of SFS in different concentrations (0.5, 1.0, and 1.5%),
for 30, 60, and 90 min, under magnetic stirring (400 rpm) at temperatures of 40, 50 and
60 °C (Ika MAG HS 7). After maceration, the solution was vacuum filtered using a filter
(Whatman paper No. 2,90 mm, Cytiva, Marlborough, MA, USA). The seeds were separated,
and the solid material retained in the filter was stored in amber glass, protected from light,
and placed to dry in an oven (35 °C, 24h). After this, this sample was named a solid extract
of annatto seeds from SFS (SEAS + SES). The filtered solution was stored in amber glass,
protected from light, and refrigerated (4 °C). This sample was named a liquid extract of
annatto seeds from SFS (LEAS + SES) (Figure 1). Subsequently, the samples were subjected
to UV-Vis analysis to quantify the bixin content.

=
RG=-
Solid material —_— .
v Stove 35 °C/24hs
i

-

(=) _ i : A A~ SeAS  SFs
- 4udl i Badl = - \udl | RO

Annatto seeds Silk fibroin solution Maceration hotplate/stirrer Vacuum filtration A A =

(0.58) 0.5%, 1.0%, 1.5% Time: 30,60, 90 min
(5mL) Temperature: 40,50,60°C

Filtered solution
Refrigeration 4 °C LEAS + SFS

Figure 1. Summary process of bixin extraction with silk fibroin solution.

2.6. Purified Bixin

Purified bixin (PB), used in the cell viability assay (control group), was obtained as
described by Oliveira et al., 2022 [6]. Briefly, 25 g of annatto seeds were washed twice with
100 mL of hexane. After discarding the solvent, the seeds were washed twice with 100 mL
of methanol, followed by methanol removal. The seeds were then washed twice with
ethyl acetate (100 mL). Each washing and extraction step was carried out under magnetic
stirring for 15 min, and subsequently subjected to vacuum filtration using a Biichner funnel.
Following filtration, the final ethyl acetate extract was dried under reduced pressure using
a rotary evaporator. The concentrated extract was then transferred to a container placed
in an ice bath. Chloroform (5 mL) was slowly added, followed by the gradual addition of
ethanol (20 mL). The solution was then kept at 18 °C for 12 h to allow recrystallization. The
resulting crystalline product was further purified by recrystallization in ethanol (50 mL)
and filtered again using a Biichner funnel to obtain pure bixin. The purified bixin crystals
were stored under protection from heat, moisture, and light. The chemical structure of
the purified compound was subsequently verified through Fourier-transform infrared
spectroscopy (FTIR), proton nuclear magnetic resonance (\H NMR), and carbon-13 nuclear
magnetic resonance (1*C NMR) analyses.

2.7. Chemical Characterization
2.7.1. Quantification of Bixin Content by UV-Vis Spectroscopy

The bixin content in each experimental combination (Section 2.4, Table 1, total = 30 samples)
was quantified using a spectrophotometer (PerkElmer® Lambda 35 UV-Vis, Vaughan,
Canada) equipped with 1 cm quartz cuvettes across a wavelength range of 300 to 600 nm.
The standard bixin stock solution, prepared with 0.2 mg/L in ethanol and diluted to
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different concentrations (1.5, 2.0, 3.0 4.0, 6.0, 8.0, and 10.0 ng/mL), was used to construct
the standard curve [y = 0.1216x + 0.0197 (R? = 0.991)]. Sample analysis was conducted
using stock solutions prepared from LEAS + SFS (0.1 pL of the sample diluted in 9.9 mL of
ethanol) and SEAS + SFS (1 mg of the sample diluted in 10 mL of ethanol). Subsequently,
0.5 mL of stock solution (SEAS + SFS and LEAS + SFS) was diluted in 2.5 mL of ethanol for
spectrophotometric analysis.

2.7.2. Fourier Transform Infrared (FTIR) Analysis

The best parameter identified by the BBD design (Run 2, Table 2) for bixin extraction
was used to prepare the SEAS + SFS and LEAS + SFS samples evaluated in this analysis.
A Fourier transform infrared spectrophotometer (Spectrum Two FT; PerkinElmer, Inc.,
Waltham, MA, USA), with an attenuated total reflection (ATR) sampling accessory, a
diamond plate, and a deuterated triglycine sulfate detector was used to record the spectra
of SEAS + SFS and LEAS + SFS, as well as SFS and PB. The spectral range was set between
350 and 4000 cm ™!, and the resolution was adjusted to 0.5 cm ™! [36].

Table 2. Bixin content in each experimental combination of the Box-Behnken design (BBD).

Experiment Temperature Time Concentration Bixin Content Bixin Content
(Run) 0 (min) SFS (%) (LEAS + SFS) (SEAS + SFES)
mg/mL mg/g
1 40 30 1.0 6.44 72.48
2 60 60 1.5 10.87 150.72
3 50 30 0.5 2.89 106.68
4 60 30 1.0 3.54 216.36
5 50 60 1.0 4.38 103.32
6 40 90 1.0 5.12 70.56
7 50 60 1.0 3.49 95.52
8 40 60 0.5 2.16 175.44
9 50 90 0.5 4.94 134.52
10 50 60 1.0 6.94 136.56
11 60 90 1.0 5.52 90.6
12 50 90 1.5 9.20 130.56
13 50 30 1.5 6.73 150.24
14 40 60 1.5 6.48 137.4
15 60 60 0.5 2.96 84.72

2.7.3. Analysis of Purified Bixin by 'H and '3C NMR

The 'H and 3C NMR spectra of purified bixin were recorded using an Agilent 400/54
Premium Shielded spectrometer (Agilent, Santa Clara, CA, USA) operating at 400 MHz
(*H NMR) and 100 MHz (**C NMR). Deuterated chloroform (CDCl3) was employed as
the solvent. Chemical shifts (8) were expressed in parts per million (ppm) and referenced
relative to the internal standard tetramethylsilane (TMS) and the deuterated solvent (CDCl3,
0H 7.26; CDCl3, 6C 77.16). Spectral data were analyzed using Master New version 9.0.

2.8. Cell Culture

Neonatal human dermal fibroblasts (HDFn cells) and macrophages (RAW 264.7 cells)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Vitrocell® Embriolife).
The medium was supplemented with 10% fetal bovine serum (FBS) (Vitrocell® Embriolife,
Brazil). The cultures were maintained in a humidified incubator at 37 °C with 5% CO,
in the Nanomedicine and Nano-toxicology Laboratory of the Physics Institute of Sao
Carlos, University of Sao Paulo (Sao Carlos—SP), for kindly providing the HDFn and RAW
264.7 cell lines.
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2.9. Cell Viability Assay

Bixin extracted under the optimal conditions identified by the BBD design (Run 2,
Table 2) was utilized for the cell viability assay. The viability of HDFn and RAW 264.7 cells
was assessed following treatment with SEAS + SFS, LEAS + SFES, PB, and SFS using the
colorimetric 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma-Aldrich, Sao Paulo, Brazil).

HDFn and RAW 264.7 cells were seeded in 96-well plates at a density of 1 x 10* cells/well
and incubated at 37 °C in a 5% CO, atmosphere to allow cell adhesion. After 24 h,
freshly prepared SEAS + SFS, LEAS + SFS, PB, and SFS samples at varying concentra-
tions (0.016 to 2 ng/L) were added to the cell cultures and incubated for 24 and 72 h.
Following the incubation period, the treatments were removed, and 200 uL of MTT solu-
tion (0.5 mg/mL in culture medium) was added to each well. The plate was then incubated
for an additional 4 h. After this, the supernatant was discarded, and 100 uL of DMSO was
added to solubilize the formazan crystals. The optical density of each well was measured
at 570 nm using a multi-scanner automatic reader (SpectraMax M3, Molecular Devices, San
Jose, CA, USA).

The solvent control consisted of cells treated with 0.1% and 0.5% DMSO, used to
solubilize PB and SEAS + SFES, respectively. The negative control consisted of untreated
cells maintained in culture medium (100% cell viability), while the positive control consisted
of cells treated with 20% DMSO (100% cell death). Results were expressed as a percentage
of cell viability relative to the controls, based on absorbance data from three independent
experiments performed in triplicate (N = 9 assays per concentration) [37,38].

2.10. Statistical Analysis

The Design-Expert® Software (version 11, Stat-Ease Inc., Minneapolis, MN, USA)
statistical package was used for BBD experimental design and data analysis. Analysis of
variance (ANOVA) was used to evaluate the extraction efficiency in terms of bixin yield
and to determine the significance, influence, and interactions of the independent variables,
demonstrating the seed/SFS solution concentration ratio, temperature, and extraction
time on bixin yield. All cell viability assays were analyzed in GraphPad Prism® (8.0) and
Microsoft™ Excel 2016.

3. Results and Discussion

3.1. Analysis of Bixin Content by UV-Vis Spectroscopy and Optimization of Extraction Process
Parameters Using the Box-Behnken Design

Conventionally, bixin extraction from annatto seeds occurs by indirect extraction
using organic solvents, such as chloroform, ethanol, acetone and ethyl acetate, which is
generally more effective and promotes a purer extraction of the pigment; and by direct
extraction using hot vegetable oil (soybean, corn) or dilute alkaline solutions of potassium
or sodium hydroxide. Industrially, the most widely used process is extraction with alkaline
solution [21,39,40].

Parameters such as temperature, extraction time and seed /solvent ratio are applied in
the different extraction methods. Regardless of the technique used, due to the instability
of this pigment, its degradation by light is mainly taken into consideration, since bixin is
photosensitive, in addition to the temperature and duration of the heating process, as well
as oxidation in the presence of certain solvents [12,13].

However, bixin, due to its polarity, requires the use of organic solvents, which are
related to human toxicity, environmental pollution, and high production costs, since they
require additional separation techniques [7]. Therefore, it is important to develop methods
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based on “green” technologies for the extraction of bixin, which are efficient, environmen-
tally safe, and economically viable [12,13,41,42].

In this sense, our work proposes the use of silk fibroin solution (SFS), a natural protein
of animal origin, as a solvent for the extraction of bixin present in annatto seeds, as an
alternative to traditional solvents.

Fibroin is amphiphilic in nature, due to the presence in its molecular structure of
hydrophobic domains (heavy, major and nonpolar chain) and hydrophilic domains (light,
minor and polar chain) in its molecular structure. The hydrophobic domain, which is
crystalline in nature, contains organized and repeated sequences of amino acids (Gly-
Ala-Gly-Ala-Ser), which are arranged in a 3-sheet conformation. The hydrophilic region,
which is amorphous in nature, is composed of amino acids distributed in a disordered
manner, with no defined secondary structure [24,28]. Bixin is a predominantly lipid-
soluble compound, with a greater affinity for nonpolar solvents, although its structure
contains polar functional groups, such as carboxylic acid (polar head) and methyl ester
(relatively nonpolar tail), which contribute to a certain degree of polarity [41]. Bixin can
occur in cis (more unstable, soluble in moderately polar organic solvents) and trans (more
stable configuration, with greater solubility in oils) forms. Approximately 80% of the
bixin present in the seeds is in the cis form, which has low solubility in water due to the
presence of the methoxycarbonyl group (-COOCH3;) [43]. Furthermore, the presence of
a triglyceride layer in the seeds hinders the penetration of solvents into the substrate,
compromising extraction efficiency [6,44]. Removal of this lipid fraction favors the access
of bixin to solvents, facilitating its extraction [14,44]. Nonpolar solvents are more effective
in extracting lipids associated with bixin [6]. It is also observed that solvents of different
polarities promote bixin extractions with different yields [12,13,41], which reinforces the
notion that bixin has a moderate amphiphilic character, with distinct polarity regions
capable of establishing different types of interactions with solvents. Thus, the presence
of hydrophobic and hydrophilic domains in fibroin not only favored the removal of the
lipid layer from the seeds, but also contributed to a more efficient extraction of bixin, as
evidenced in the results presented (Figure 2, Table 2).
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Figure 2. UV-Vis spectrum of samples SEAS + SFS (Run 2), LEAS + SFS (Run 2) and PB.

In addition to using SFS as a solvent to extract bixin, for the extraction method, we
applied the Box-Behnken (BBD) experimental design, a statistical optimization of the pro-
cess, with the aim of investigating the effect of the extraction variables (SFS concentration,
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temperature and time) on the bixin yield, and also identifying the best conditions for the

process. Data analysis is performed based on the response surface methodology and Pareto
chart (Figures 3 and 4).

(A)

(3)Silk fibroin (%)(L)

(2)Time (min)(L)

o)
BRSSO

BT S SIS0 S

S RRISISSISSEER

S S S o eeesosod2

5>

ho

Silk fibroin (%)(Q)

(1)Temperature (° C)(L)

(qw/Bw) §4S + SV

Time (min)(Q)

Temperature (° C)(Q)

p=0.05

(©

(qw/Bw) s48 + SVAT
(qw/Bw) s4S + SV

k/o,_o/
7
/%/ o0

<®

Figure 3. Bixin content response in LEAS + SFS. Pareto chart (A) and three-dimensional response
surface plots showing the effects of (B) time and temperature, (C) SFS concentrations and tem-
perature, and (D) SFS concentrations and time. The red dotted vertical line of the Pareto chart
(subfigure (A)) represents the boundary between significant and non-significant effects with a 5%
risk of error. The color gradient (subfigures (B-D)) indicates the magnitude of the response: green

regions indicate lower values, yellow regions intermediate values and orange/red regions the
highest values.
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Figure 4. Bixin content response in SEAS + SFS. Pareto chart (A) and three-dimensional re-
sponse surface plots showing the effects of (B) time and temperature, (C) SFS concentrations
and temperature, (D) SFS concentrations and time. The red dotted vertical line of the Pareto chart
(subfigure (A)) represents the boundary between significant and non-significant effects with a 5%
risk of error. The color gradient (subfigures (B-D)) indicates the magnitude of the response: green

regions indicate lower values, yellow regions intermediate values and orange/red regions the
highest values.
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UV-Vis spectrophotometry is the most widely used method for determining dye
concentration in plant extracts [45]. Therefore, the extraction efficiency of SFS on bixin
content, in LEAS + SFS and SEAS + SFS, in each experimental combination (item 2.4, Table 1,
total = 30 samples), was evaluated using the absorbance spectrophotometry technique in
the UV-Vis region in a wavelength range of 300 to 600 nm, and the results are summarized
in Table 2.

The conjugated double bond system in bixin constitutes the absorption chromophore
above 400 nm (Figure 2). The absorbance spectrum for the standard bixin, solubilized
in ethanol, showed peaks at 432, 456 and 486 nm. The SEAS + SFS sample showed an
absorbance profile similar to that of the standard bixin (Figure 2), while the LEAS + SFS
sample showed lower absorbance values at A Max (Figure 2), which is in agreement with
the results of [41], who reported that bixin has a higher affinity for polar solvents.

From the UV-Vis analysis results, the best parameter identified by the BBD design
for bixin extraction was Run 2 (seed /concentration ratio 1.5% SFS at 60 °C for 60 min of
magnetic stirring (Table 2), presenting a bixin content of 10.87 mg/mL in LEAS + SFS and
150.72 mg/g in SEAS + SFS (Table 2). This parameter was used to produce the LEAS + SFS
and SEAS + SFS samples for infrared analysis and cell viability assay, and its UV-Vis
spectrum is also shown in Figure 2.

According to the results, bixin contents in LEAS + SFS and SEAS + SFS ranged from
2.16 mg/mL (Run 8) to 10.87 mg/mL (Run 2) and 70.56 mg/g (Run 6) at 216.36 mg/g
(Run 4), respectively (Table 2).

The maximum (10.87 mg/mL) and minimum (2.16 mg/mL) bixin content in
LEAS + SFS were observed for the parameter combinations, with a seed /SFS concentration
ratio of 1.5% at 60 °C for 60 min of agitation (Run 2) and a seed/SFS concentration ratio
of 0.5% at 40 °C for 60 min of agitation (Run 8), respectively (Table 2). In SEAS + SFS, the
maximum (216.36 mg/g) and minimum (70.56 mg/g) bixin content was observed for the
parameter combinations, with a seeds/SFS concentration ratio of 1.0% at 60 °C for 30 min
of agitation (Run 4) and a seed/SFS concentration ratio of 1.0% at 40 °C for 90 min of
agitation (Run 6), respectively (Table 2).

The results of SEAS + SFS showed the highest levels of bixin, compared to LEAS + SFS,
mainly in Run 4, with a maximum level of 216.36 mg/g. It is suggested that this result is
due to a higher bixin content in the aril of B. orellana seeds [41]. The aril present on the
outer surface of B. orellana seeds is rich in carotenoids, of which 80% is represented by the
main carotenoid bixin [46].

However, although the yield of LEAS + SES is lower than that of SEAS + SFS, the
results are still comparable, since bixin in LEAS + SFS could be quantified by UV-Vis
analysis. This finding indicates that SFS can extract a considerable amount of bixin. Thus,
SFS may serve as a viable green alternative to the organic solvent extraction process, albeit
with a slightly reduced bixin yield.

To enable factor-response analysis and understand the relationship between the vari-
ables in the data set, from the collected results, a Pareto chart and response surface were
generated for all variables, to determine the significance of the influence of the factors (SFS
concentration, temperature, and time) on the bixin content in LEAS + SFS (Figure 3) and
SEAS + SFS (Figure 4).

Figure 3A shows that SFS concentration was the most influential factor on bixin
content in the LEAS + SFS sample, with a statistically significant effect (p < 0.05).

Regarding SEAS + SFS, none of the factors (SFS concentration, temperature and time)
significantly influenced the 95% confidence level for the bixin content response (Figure 4A).

According to the Pareto chart (Figure 3A), SFS was the factor that most significantly
influenced the bixin content for the LEAS + SES sample. Given this, we can conclude
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that increasing the SFS concentration could increase the extracted bixin levels, since the
highest bixin level in LEAS + SFS was observed for the parameter combinations with a
seed/SFS concentration ratio of 1.5% (Runs 2, 12, 13 and 14), that is, with SFS at its highest
concentration used in this study.

To establish the significance of the adjusted model, analysis of variance (ANOVA) was
used (Tables S1 and S2 of Supplementary Materials). A smaller p-value (p < 0.05) indicates
that an individual factor is significant in the model [13]. In the case of LEAS + SFS, the
SFS concentration had a more significant effect on the bixin content, with a p-value < 0.05
(Table S1 of Supplementary Materials). As for SEAS + SES, none of the factors had a lower
p-value (p < 0.05), and consequently did not have a significant effect on the bixin content
(Table S2 of Supplementary Materials).

The concentration of bixin in B. orellana seeds varies according to environmental
factors, such as crop variety, soil, climate, cultivation, growth conditions and post-harvest
practices. Meanwhile, the extraction method, extraction conditions and parameters, and
mainly, the polarity of the solvent used, significantly impact the extraction of bixin, and
consequently its final content [6,12,13].

The impact of different organic solvents and their polarities on bixin yield, and the
optimization of process parameters such as time, temperature and seed/solvent ratio were
investigated in various/different studies.

Jayakumar et al., 2023 [13] showed that extraction with ethyl acetate (medium-
nonpolar solvent) and methanol (polar solvent) produced the highest bixin contents, fur-
thermore, bixin content increased with time (10, 20, and 30 min) and temperature (50, 60,
and 70 °C) in the extracts in ethyl acetate, methanol and ethanol. Erdawati et al., 2021 [47]
also found that ethyl acetate produced high bixin content.

David et al., 2022 [15] observed that increases in temperature and seed/solvent
ratio increased bixin yield even in polar solvents, such as ethanol. According to
Quiroz et al., 2019 [18], a higher seeds:solvent ratio associated with sufficient contact time
promotes an increase in the affinity of the compounds with the solvents, resulting in greater
bixin extraction.

Sudha et al., 2023 [12] observed that increasing the extraction time increased the bixin
content, but after 30 min of extraction, it started to decrease, due to the thermal degradation
effect of bixin pigment under high temperature for a longer time, since rapid increase in
temperature facilitates the migration of pigments into the extraction medium [12,46].

In addition to organic solvents, researchers have studied the use of “generally recog-
nized as safe” (GRAS) solvents, such as water, and green solvents, such as PEG and ethyl
lactate for bixin extraction. These techniques are being studied with the aim of developing
clean extraction technologies with environmental benefits [21].

Handayani et al., 2024 [21] extracted bixin by maceration using distilled water at
various pH (4, 7 and 9) and extraction times (5, 7.5 and 10 min). The results showed that
the variation in the pH of distilled water and extraction time influences the bixin levels.
The highest levels of bixin (61.06%) were extracted in distilled water (pH 7, extraction time
7.5min). These findings validate the use of distilled water as an alternative solvent to
extract annatto pigment.

It was reported that the aqueous extract obtained at 50 °C for 30 min at a concen-
tration ratio of 1:30 (1 g of seeds per 30 mL of water) under magnetic stirring (150 rpm),
observed that the bixin content in the extract increased significantly in the extraction time
of up to 30 min and remained approximately constant after this period [42]. The max-
imum bixin content was 5.80 & 0.32%, which is equivalent to a bixin concentration of
72.21 £ 2.82 mg L~ !; therefore, the aqueous extraction showed adequate efficiency, with
the advantages of using a safe and environmentally friendly solvent.
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In parallel with the use of water as a solvent, compounds such as polyethylene glycols
(PEG) have been used as a green solvent for bixin extraction. PEGs have amphiphilic
characteristics, which provide an increase in the aqueous solubility of some compounds
with low polarity. Another particularity of PEGs is their acceptance in the food area, which
has stimulated their use for the extraction of bioactive compounds with applicability in
food, becoming an environmentally friendly alternative for bixin extraction [15,48,49].

David et al.,, 2022 [15] concluded that PEG-400 could produce 40% more dye
(2.7 mgBix/gExt) than ethanol in times longer than 50 min, while ethanol achieved the
maximum bixin concentration (1.6 mgBix/gExt) in just 34 min. PEG showed slower ex-
traction than ethanol, but with a higher final bixin yield. This result demonstrates that
amphiphilic solvents can be a viable alternative for bixin extraction.

Silk fibroin (SF), like PEG, has amphiphilic characteristics and application in food
preservation, according to results shown by [50], who developed an edible coating mate-
rial based on SF for preserving perishable fruits. The results suggested that SF coatings
prolonged freshness and firmness, delayed respiration and prevented dehydration of
perishable fruits.

Ethyl lactate is a green solvent that in terms of polarity is considered comparable to
acetonitrile (polar). In addition, it forms different types of chemical interactions, such as
hydrogen bonds and Van der Waals bonds, providing miscibility with polar/hydrophilic
and nonpolar/hydrophobic carotenoids [41,51].

Recently, ref. [41] used ethyl lactate to extract bixin from annatto seeds (crushed and
whole). The results indicated that the ethyl lactate extracts yielded 14.62% and 16.5% bixin
for the whole and crushed seeds, respectively. This finding indicates that ethyl lactate can
extract a considerable amount of bixin.

3.2. Chemical Characterization
3.2.1. Fourier Transform Infrared (FTIR) Analysis

FTIR analysis identified the spectral profile of SEAS + SES, LEAS + SFS, PB, and SFS,
complementing the data obtained from the UV-Vis analysis. The FTIR spectrum for purified
bixin (PB) (Figure 5A) displays characteristic vibration bands of the main functional groups.
These include bands at 3176 cm~! (O-H carboxylic acid), at 3033 cm ™! (C-H olefinic), at
2981 cm~! (C-H methyl group), at 1716 cm~! (C=0O ester group), and 1607 cm~! (C=C
conjugated alkenes), consistent with the findings of Bitencourt et al. (2018) [52].
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Figure 5. FTIR spectra of purified Bixin (A); SFS (B); SEAS + SFS (C); LEAS + SFS (D).
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The FTIR spectrum of the silk fibroin solution (SFS) (Figure 5B) exhibited characteristic
vibration bands corresponding to the main functional groups in fibroin. These included
3307 cm~! (O-H group), 1638 cm ! (C=0 from amide group), and 1252 cm ! (C-N from
amide), as reported by Marinho et al. (2023) [32] (Figure 5B).

The SEAS + SFS spectrum (Figure 5C) exhibited vibration bands similar to those in
the PB spectrum, such as 3187 cm ! (O-H of the COOH group), 2981 cm ! (CH of the CH3
group), 1718 cm~! (C=0 of the ester), and 1608 cm~! of C=C (conjugated alkenes). These
bands align with the UV-Vis analysis results, indicating that SEAS + SFS contained the high-
est bixin levels. On the other hand, the LEAS + SFS spectrum (Figure 5D) displayed only
the characteristic vibration bands of fibroin, including 3340 cm ! (O-H group), 1640 cm ™!
(C=0 group), and 1252 cm~! (C-N of the amide group).

3.2.2. Analysis of Purified Bixin by 1H and 13C NMR

Figure 6 shows the results of 'H and '3C NMR analysis to identify signals from PB
functional groups and confirm its structure.
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Figure 6. 'H NMR (400 MHz, CDCl3) of purified bixin.

We identified the main signals related to the bixin functional groups by 'H NMR
(Figure 6). These include signals from olefinic hydrogens at 7.96 ppm (J = 15.4 Hz, 1H);
7.48 ppm (] = 15.5 Hz, 1H), and 5.90 ppm (J = 15.5, 13.6 Hz, 2H), which correspond to the
double bonds adjacent to the carboxylic acid and ester groups, respectively. Signals olefinic
hydrogens of the aliphatic chain, with peaks ranging from 6.71-6.30 ppm (multiplets for
10 hydrogens). A singlet at 3.79 ppm corresponds to the three hydrogens of the methoxyl
group of the ester group, and the signals from the 12 hydrogens of the CH3 groups of the
aliphatic structure of the molecule that appear in the 2.01-1.96 ppm range. The signal from
the hydrogen of the hydroxyl group corresponding to the carboxylic acid does not appear,
likely due to isotopic exchange with the deuterated solvent.
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13C NMR spectra exhibited carbon signals corresponding to functional groups that
support bixin’s structural composition (Table 3). The most prominent signals included the
-C=0 resonances at 170.75 and 167.97 ppm, associated with the carboxylic acid and ester
carbonyl groups. Within the 151.0-114.8 ppm range, 17 signals of olefinic carbons appeared.
A characteristic signal identified as of the carbon in the -OCHj3 group of the ester appeared
at 51.58 ppm. Additionally, four signals characteristic of -CHj carbons appeared between
20.26 and 12.62 ppm (Table 3). So, the analyses of 'H and *C NMR provided evidence
of the main signals from the functional groups in bixin, confirming the structure of the
compound, according to the analyses by Patra Soumen et al., 2021 [53] (Table 3).

Table 3. Experimental data from '3C NMR spectroscopy (CDCl3, 100 MHz) for bixin.

12

5 13C (ppm)
Carbon Number *
Present Study [53]
1 124.18 130.73
2 130.70 130.73
3 131.42 131.46
4 135.18 135.22
5 137.12 137.14
6 117.52 123.38
7 140.36 140.39
8 133.27 133.57
9 142.34 142.38
10 114.83 117.53
11 167.97 168.01
12 51.58 51.61
13 20.26 20.56
14 12.62 12.63
15 170.75 171.67
16 114.83 115.0
17 151.03 151.08
18 134.18 134.21
19 140.44 140.50
20 123.36 124.21
21 137.91 137.95
22 136.53 136.56
23 131.58 131.60
24 12.99 13.01
25 12.76 12.77
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3.3. Cell Viability Assay

The potential pharmaceutical applications of LEAS + SF and SEAS + SFS extracts are
contingent upon various factors, including the biocompatibility of these materials. One key
parameter for assessing biocompatibility is their impact on cell viability. Therefore, in this
study, the viability of HDFn cells and RAW macrophages was evaluated following treat-
ment with these materials using the MTT assay. This method relies on the metabolic activity
of viable cells, as their mitochondrial function facilitates the conversion of tetrazolium salt
into formazan crystals. The resulting intense purple coloration is directly proportional to
cell viability [54,55].

Neonatal human dermal fibroblasts (HDFn cells) and macrophages (RAW 264.7 cells)
were selected for the cell viability assay considering the potential biomedical applications
of silk fibroin [56—64], annatto seed extract [41,65,66] and bixin [41,67], specifically in the
area of tissue repair, with a biological approach to wound healing.

The results demonstrated that exposure of HDFn cells to LEAS + SFS, SEAS + SFS,
PB, and SFS for 24 h (acute exposure) or 72 h (long-term effect following acute exposure)
(ISO 10993-5, 2009 [68,69]) did not reduce cell viability at any of the tested concentra-
tions compared to the control group (p < 0.05), with viability levels remaining within the
70-100% range (Figure 7A). According to the ISO 10993-5 [69] standard, cell viability below
70% indicates cytotoxic potential; therefore, LEAS + SFS, SEAS + SFS, PB, and SFS did not
exhibit cytotoxicity at the tested concentrations in HDFn cells. Moreover, the results sug-
gest that LEAS + SFS and SFS promoted HDFn cell proliferation, as cell viability exceeded

100% (Figure 7B).
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Figure 7. Cytotoxic activity of LEAS + SFS, SEAS + SFS, PB, and SFS at concentrations of 0.016 to
2.0 pg/mL on neonatal human dermal fibroblasts (HDFn cells) at 24 h (A) and 72 h (B). Data were
expressed as a percentage of cell viability. The red dotted horizontal line represents the cutoff point
for 70% viability.

For RAW 264.7 cells, exposure to LEAS + SFS, SEAS + SES, PB, and SFS for 24 and 72 h
did not reduce cell viability below 70% at concentrations ranging from 0.016 to 1.0 ug/mL
compared to the control group (p < 0.05) (Figure 8A,B). However, at a concentration of
2.0 pg/mL PB, and LEAS + SFES exhibited cytotoxic effects on macrophages, with viability
decreasing to 69% and 46%, respectively, following prolonged exposure (72 h) (Figure 8B).
These findings support previous evidence that bixin can reduce macrophage populations
in inflammatory models [70,71].

Fibroblasts and macrophages are cells that play an important role in all stages of
the healing process [72] and are widely used to evaluate the cell viability of bioactive
compounds [41,59,67,73-76] and in screening the bioactivity of natural products [77-80].
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Figure 8. Cytotoxic activity of LEAS + SFS, SEAS + SFS, PB and SFS at concentrations of 0.016 to
2.0 pg/mL on macrophages (RAW 264.7 cells) at 24 h (A) and 72 h (B). The data were expressed as a
percentage of cell viability. The red dotted horizontal line represents the cutoff point for 70% viability.

Several bioactive materials and compounds have been investigated for their healing
potential, with topical application being preferred in experimental trials due to its direct ap-
plication to the damaged tissue [81]. Considering that dermal fibroblasts and macrophages
represent cell populations abundantly distributed in the epidermal and dermal layers [82],
these cell types constitute relevant biological models for evaluating the cutaneous response
to topical exposure to bioactive substances. Furthermore, because they are susceptible
to irritants, analyzing their viability and functionality can provide important parameters
regarding the cytotoxic or immunomodulatory potential of the tested compounds [83].

Furthermore, studies addressing the use of these cell lines to evaluate the cellular
viability of these materials are scarce in the literature. The results obtained (non-cytotoxic
concentrations) may be used in subsequent studies to evaluate biological activity in vivo.

4. Conclusions

This study demonstrated the technical feasibility and sustainability of using silk
fibroin solution (SFS) as a green solvent for the extraction of bixin from annatto seeds
(Bixa orellana L.). Optimization using the Box-Behnken design identified the optimal
extraction conditions, as 1.5% SFS, 60 °C, and 60 min, resulting in bixin concentrations of
10.87 mg/mL (LEAS + SFS) and 150.72 mg/g (SEAS + SES). These values are comparable
to those obtained with conventional organic solvents, without the environmental and
toxicological risks associated with these methods.

Chemical characterization confirmed the presence of bixin in the extracts, and cell
viability assays showed that SFS and bixin-rich extracts maintained >70% viability in
HDFn fibroblasts and RAW 264.7 macrophages, indicating low cytotoxicity and good
biocompatibility. These findings suggest the potential of extracts obtained with SFS for
applications in the food, cosmetics, and biomedical sectors, contributing to clean-label and
environmentally responsible production chains.

Limitations of this study include the focus on in vitro analyses with two cell lines
and the lack of functional or long-term evaluations. Future work should include in vivo
validation of therapeutic properties, assessment of physicochemical stability in formula-
tions, and comparisons with other green solvents to more precisely define the role of SFS in
sustainable extraction technologies.

Overall, the use of SFS as a biocompatible and biodegradable solvent is in line with
the principles of green chemistry. This approach contributes to the advancement of sustain-
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able extraction processes to obtain high-value-added natural compounds, reinforcing the
viability of green solvents.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17167518/s1, Table S1: Analysis of variance (ANOVA) on the
effect of different combinations of seed /SFS concentration ratio, temperature and extraction time
on bixin content in LEAS + SFS; Table S2: Analysis of variance (ANOVA) on the effect of different
combinations of seed /SFS concentration ratio, temperature and extraction time on the bixin content
in SEAS + SFS.
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Abbreviations

The following abbreviations are used in this manuscript:

PB Purified bixin

SFS Silk fibroin solution

BBD Box-Behnken experimental design

FTIR Fourier transform infrared

NMR Nuclear magnetic resonance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
LEAS + SFS Liquid extract of annatto seeds from silk fibroin solution
SEAS + SFS Solid extract of annatto seeds from silk fibroin solution
LOX Lipoxygenase

HDFn Human neonatal dermal fibroblasts

RAW 264.7 Murine macrophages

DMEN Dulbecco’s Modified Eagle’s Medium

DMSO Dimethyl sulfoxide or dimethyl sulfoxide

Na,CO3 Sodium carbonate

H,O: EtOH: CaCl,

Water: Ethanol: Calcium chloride
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KDa Kilo Dalton

CO, Carbon dioxide

Gly Glycine

Ala Alanine

Ser Serine

MHz Megahertz

CDCl; Deuterated chloroform
CaCl, Calcium chloride
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Abstract: Sustainable viticulture practices could be useful tools for ensuring grape and wine
quality, especially in the context of climate change. A promising and innovating approach
is the use of bioelicitors in order to stimulate productivity and metabolite biosynthesis in an
environmentally friendly way. However, the result depends on the variety, the phenological
stage, concentration of the biomolecule applied, and climate conditions. The present
study examined the impact of the plant hormone abscisic acid on the phenolic compound
accumulation in the autochthonous, red-colored Greek grapevine variety Mouhtaro. During
2018 and 2019 vintages berry quality characteristics, and metabolome were evaluated
at three stages: véraison, beginning and mid, and harvest. Abscisic acid (ABA) was
given at doses of 0.04% w/v and 0.08% w/v during the véraison stage. According to the
results, the ABA-treated grape berries were smaller and exhibited lower total soluble solid
levels and increased titratable acidity compared to the control. Although no significant
differences were observed in amino acids or anthocyanin and stilbene accumulation upon
ABA treatment, application of ABA at the higher dose resulted in increased concentrations
of phenolic acids, flavan-3-ols, and flavonols. Therefore, the application of ABA could
be considered as a promising method for improving the grape quality characteristics
of Mouhtaro.

Keywords: grapevine; Mouhtaro; plant hormones; bioelicitors; abscisic acid; phenolic
compounds

1. Introduction

Climate change has already induced noticeable changes in viticulture and enology.
These impacts include fluctuations in phenological timing, alterations in grape and wine
composition, heterogeneous effects on grapevine yield, and decoupling grape maturity
from soluble solids and secondary metabolites [1-3]. The predicted increase in average
temperature in the coming decades will shift the suitability of wine-growing regions,
favoring grapevine cultivation in northern countries but also threatening the established
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quality characteristic of traditional cultivars in Mediterranean region [4-6]. Given the
anticipated negative effects of prolonged summer drought and rising temperatures on
grape production and quality, developing and implementing sustainable practices is crucial
for the resilience of Mediterranean viticulture.

A promising strategy to address the effects of climate change in viticulture is the ap-
plication of bioelicitors. In order to promote plant growth and productivity, especially in re-
sponse to abiotic challenges like heat, salinity, and drought, this approach uses biomolecules
from several sources, including proteins, oligo-polysaccharides, plant hormones, peptides,
and lipids [7-9]. Bioelicitors trigger diverse plant responses, including the regulation of
specialized metabolism and antioxidant defenses, by regulating the expression of related
genes [10-15]. The application of these compounds at the appropriate plant growth stage
and the optimal concentration can enhance crop yield and quality characteristics under
stress conditions [16].

Abscisic acid is a key plant hormone involved in various developmental processes,
including fruit ripening and drought response [17-19]. ABA treatments on grapevine
improve berry quality features and enhance the biosynthesis of tannins, flavonoids, antho-
cyanins, and stilbenes [17,20-22]. Moreover, ABA treatment was found to improve soluble
sugar and phenolic compound accumulation under stress conditions [23,24].

Although research on bioelicitors is extensive and continually expanding [25,26], our
understanding of their optimal application, crop-specific effects, and interactions with
environmental conditions remains incomplete. This study seeks to assess the impact of
ABA application on grape berry secondary metabolism of the autochthonous, red-colored
variety Mouhtaro in the challenging conditions of a Greek vineyard. Only the Muses
Valley in Askri, Central Greece, is home to the grapevine variety “Mouhtaro”, which
yields few concentrated grapes. The berry is small to medium in size and is found in a
medium-sized bunch. Additionally, grapevines are rigorous and distinguished by their
late ripening and late bud break. There are currently no available scientific data about
DNA genotyping. A two-vintage comprehensive trial was conducted and berry quality
traits combined with metabolomic data were assessed throughout the ripening period.
The observed alterations in the phenolic composition of grape berries subsequent to ABA
treatment can potentially enhance our understanding and contribute to the development of
more sustainable viticulture practices, ultimately aimed at ensuring improvement in grape
production quality across diverse agricultural settings. This research holds significant
implications for viticulture, as it not only addresses existing gaps in knowledge but also
proposes innovative approaches that could lead to improved sustainability and quality
in grape cultivation. Furthermore, the insights gained from this study may serve as a
valuable reference for future research endeavors aimed at optimizing the utilization of
bioelicitors in various horticultural applications. Thus, through this investigation, we
aspire to contribute to the broader discourse regarding sustainable agricultural practices
and the complex interactions among plant physiology and environmental factors.

2. Materials and Methods
2.1. Experimental Design

Experiment was carried out in productive vineyard in Muses Valley, near the town
of Thiva, in Central Greece. Vineyard is located at GPS 38°19'30.9” N and 23°05'37.7" E,
at an altitude of 450 m. The vineyard was planted in 2007; the training system is double
cordon and planted on R110 rootstocks with a planting density of 2.5 m between and 1.2 in
rows. All experimental vines were pruned uniquely; each cordon has three spurs. Without
irrigation, the experimental plot’s vineyard management was consistent and followed the
regionally advised agricultural techniques. Three treatments were compared in the trial,
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resulting from a combination of two levels of ABA and the control. More specifically: the
untreated vines (control), and the vines sprayed with 0.04% w/v (low dose) and 0.08%
w/v (high dosage) abscisic acid (s-abscisic acid 10.4% w/v, Protone SL, Hellafarm, Peania,
Greece). These doses and the timing were chosen on the basis of previous studies conducted
on other red grapevine varieties [20-23] as well as according to the suppliers’ instruction.
The grape zone (all bunches of the experimental vines) was sprayed with ABA during
véraison (81-85, based on the BBCH scale) [27], then again three and six days following
the initial application. The different treatments did not sample buffer portions, which had
more than three grapevine plants per row. In three completely randomized blocks, each
treatment was given in triplicate, with 10 vines in a row for each treatment [28].

2.2. Meteorological Data

The meteorological data concerning the experimental period of both vintages (i.e.,
from July to September) were acquired from the Automatic Network of the National
Observatory of Athens [29].

2.3. Grape Sampling and Physicochemical Must Analysis

The sampling dates were performed as shown in Table S1 (three distinct maturity
levels: at véraison, immediately prior to the 1st treatment application, at middle véraison,
and at the optimum grape maturity stage), and grapes were harvested on 30 August 2018
and on 3 September 2019, respectively. A weekly sample approach was used to track the
ripening process and determine the optimum grape level for harvest. Fifty berries were
randomly selected from each experimental treatment at each sample point, and the fresh
weight of the berries was measured on an analytical balance. The sampled berries were
collected on both sides of each of the ten plants, in both direct sunshine and shade. Prior
to their chemical analysis, grape samples were transported on dry ice and were carefully
stored at —80 °C. Weekly measurements were made to track the level of grape maturity. The
Compendium of International Methods of Wine and Must Analysis’s official procedures
were followed to evaluate the pH, titratable acidity (g L~! tartaric acid), and total soluble
solids content (°Brix) [30].

2.4. UPLC-MS-Based Metabolic Profiling

Using liquid nitrogen, the frozen (—80 °C) grape berries were ground into powder
and utilized for metabolic profiling using modified techniques. [15,31]. Briefly, 50 mg
of grounded dry berries was extracted using in a methanol /water mixture (80/20; v/v).
Following sonication, the samples were extracted for 15 h at 4 °C. UPLC-MS analyses
were performed using an ACQUITY™ electrospray ionization (ESI) source that is managed
by Masslynx 4.1 software (Waters, Milford, MA, USA), which is connected to an Ultra
Performance Liquid Chromatography system via a Xevo TQD mass spectrometer. As
stated in Miliordos et al. [28], the peak annotation was carried out using retention times,
m/z values, and UV spectra, as well as by comparison with pure standards, own purified
substances, or data from the literature. Data collection was carried out with selected ion
monitoring (SIM). Absolute quantifications were conducted using pure standards and
using a five-point calibration curve (0-20 ppm).

2.5. Statistical Analysis

All of the values are presented as the mean standard deviation. The statistical analysis
was carried out with GraphPad Prism (GraphPad Software, version 8.0.1). One-way
ANOVA with Tukey’s test or an unpaired t-test were used to assess the results’ significance.
Additionally, SIMCA P+ version 15 (Umetrics AB, Umed, Sweden) was used to conduct a
multivariate statistical data analysis (MVA) of the samples.
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3. Results
3.1. Meteorological Conditions

The research took place in a Mouhtaro single vineyard located in a narrow valley at
450 m altitude in Central Greece, roughly 100 km northwest of the city of Athens. Muses
Valley has a Mediterranean climate with mild, wet winters and dry summers. Considering
that Mouhtaro is an early-harvested cultivar, the period of ripening (from véraison to
harvest) is limited to July and August. In the study presented, the grapes were harvested
on 30 August and 3 September of 2018 and 2019, respectively. Using meteorological data
from the neighboring town of Askri, (38°18'51.1” N 23°6'42.8" E), monthly maximum
temperatures were higher during August in 2019 vintage (39.5 °C) compared to 2018
(85 °C) (Figure S1). In comparison, the total precipitation amount in July and August was
higher in 2018 (66 mm) compared to 2019 (35 mm) (Figure S1). Specifically, the precipitation
during the ripening period of 2019 was observed two weeks prior to véraison, while most
of the rainfall of 2018 was recorded the week after véraison and the days prior to harvest
(Figure 1).
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Figure 1. Meteorological data from July 1st to September 5th in Muses Valley during 2018 and 2019
vintages. Purple and green bars indicate the daily amount of rainfall, while the red and blue lines on
the plot show the evolution of the daily mean temperature. The yellow and pink bars show the three
sampling points (i.e., véraison, middle véraison, and harvest) of 2018 and 2019, respectively.

3.2. Grape Weight and Must Conventional Analysis

Berry size was constantly increased during maturation in both control and treated
plants. The ABA treatment resulted in significantly decreased berry size only at har-
vest stage of both vintages, while no difference was observed at the two previous stages
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(Table 1). The differences between the high and low dose of applied ABA were negligible.
Surprisingly, compared to 2018, berry size in both control and ABA-treated vines grew
considerably at all sample dates during ripening and at the harvest stage in 2019 (Table 1).
The increased berry size observed in 2019 samples could be the result of the amount of
rainfall recorded prior to véraison (Figure 1). During this period, grape berries accumulate
a substantial amount of water, leading to an increase in berry weight, which may account
for the differences observed between the two vintages

Table 1. Physicochemical characteristics of Mouhtaro grapes at three phenological stages (i.e.,
véraison, middle véraison, and harvest). Data represent the mean = std. deviation (n = 3). According
to the t-test at the 5% probability level, different letters in the same column and phenological stage
indicate significant differences.

2018
Berry Weight Total Soluble Total Acidity (g/L of
Stage Treatment (mg/berry) Solids (°Brix) pH Tartaric Acid)
Control 1.14+0.15a 1433+ 0.16 a 2.96 +0.05a 1532+ 1.32a
Véraison ABA Low 1.13 4+ 0.09 a 14 +0.07a 297 +0.09a 1567 £ 1.12a
ABA High 117 +0.10a 14.16 £ 0.22 a 290+ 0.10a 15+098a
Middl Control 1.76 +£0.18 a 19.70 £ 1.62 a 3.61 + 0.22 ab 111+ 1.08a
v*l aie ABA Low 1.73+0.11a 1833+ 0.85b 3.33+0.16b 128 +091a
craison ABA High 1.74 +0.08 a 1683 £ 1.15¢ 3714+ 021b 125+120a
Control 1.98 +0.04a 21.90 +0.77 a 3.7140.12b 6.9 +021b
Harvest ABA Low 1.90 + 0.10 ab 19.79 £ 1.01b 3.69 + 0.17 b 7.80 £ 0.14 a
ABA High 1.89 +0.03 b 17.23 +£1.06 ¢ 390+ 0.11a 75+025a
2019
Control 127 +0.08 a 10.00 + 0.20 a 242 +0.01a 12.35 + 0.48 a
Véraison ABA Low 1.37 +0.09 a 1040 +0.17 a 243+ 0.03 a 1347 + 031 a
ABA High 133+0.10a 9.83 4+ 0.66 a 24240.03a 1327 +0.44 a
Middl Control 191+034a 19.6 £0.50 a 3504+ 0.10 a 898+ 020 a
Ve rdadie ABA Low 1.82 4+ 0.06 a 19.13+0.85a 3.60 + 0.06 a 8.99 +0.35a
craison ABA High 1.81+026a 1813+ 1.05a 3434 0.17a 9.95+0.79 a
Control 2.244+0.05a 23.36 +0.28 a 3.31 +0.03 ab 6.25 4 0.08 ¢
Harvest ABA Low 2.19 4+ 0.01 ab 22.82 4+ 0.65 ab 3.34 4+ 0.06a 6.88 +0.07 a
ABA High 2154 0.05b 22.95 4 0.05b 3.24 4 0.01b 6.69 + 0.08 b

The composition of the grape must, which is primarily determined by the pH, titratable
acidity (TA, stated in tartaric acid g/L), and total soluble solids (TSS, expressed as °Brix), is
a significant determinant in berry quality. Throughout their development, grape berries
from both vintages showed a steady rise in total soluble solids. At the harvest stage of both
vintages, the TSS content in ABA-treated plants was significantly lower than that of the
controls. At the earlier sample points, no changes were seen (Table 1). Additionally, the
2019 vintage had a greater TSS content throughout maturity than the 2018 vintage (Table 1),
suggesting that the weather circumstances were different.

Titratable acidity values were gradually decreased during the ripening period, while
the pH content was increased in all treatments. Only at the harvest stages of both vintages
were there statistically significant variations in titratable acidity and pH between ABA-
treated berries and control samples; no differences were observed at the two earlier stages.
(Table 1). In particular, as compared to controls, TA values were noticeably greater for both
administered ABA dosages. However, only grapes treated with the higher dose of ABA
showed noticeably different pH values, and the impact varied by vintage (i.e., higher and
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Concentration (ng/mg DW)

Concentration (ng/mg DW)

lower pH values in 2018 and 2019, respectively, compared to control and ABA medium
dose) (Table 1). In contrast to the TSS profile of the two vintages, the 2018 samples had
greater TA and pH values than the 2019 samples (Table 1).

Taken together, the results of berry size measurements and the conventional must
analysis indicate that ABA application resulted in smaller grape berries, with lower TSS
content and pH and higher TA. It is worth mentioning that the remarkable impact of the
weather conditions on berry size and composition was also evident in the two vintages.

3.3. UPLC_MS Analysis of Grape Metabolites Univariate Statistics

At véraison, middle véraison, and harvest, grape samples were harvested from ABA-
treated and untreated grapevines, and UPLC-MS analysis were carried out. UPLC-MS
revealed 42 compounds in berry samples (Table S2), including one organic compound
(citric acid), one stilbene (E-piceid), nine flavonols, eight flavan-3-ols, five anthocyanins
diOH, eight anthocyanins triOH, six amino acids, and four phenolic acids.

The application of ABA on grape berries had no effect on the amino acid concentration
at harvest in 2018 and throughout ripening in 2019. Further, amino acid levels found to
be similar at harvest stage of both vintages (Figure 2A—C). On the contrary, the effect of
ABA treatment was evident on phenolic acids content. Both doses of ABA in 2018 and
the higher dose in 2019 resulted in increased phenolic acids level at véraison and harvest
stages, compared to the controls. Worth mentioning, phenolic acid content was higher at
the harvest stage of 2018 compared to the next vintage (Figure 2D-F).
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Figure 2. Total quantity of amino acids (upper panel) and phenolic acids (lower panel) in grape
berries at véraison (A,D), middle véraison (B,E), and at harvest (C,F) stage in 2018 (black bars) and
2019 (gray bars) in control and ABA-treated vines. Statistically significant differences between mean
values (n = 6) are indicated with different letters (one way ANOVA, p-value < 0.05). Error bars
represent the standard deviation.

Anthocyanins are responsible for giving grape berries their red color. According to
our metabolomic analysis, there were no significant differences in anthocyanin di-OH and
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tri-OH levels between control and ABA-treated berries at harvest stages of both vintages
(Figure 3). Similarly, no significant difference was observed in anthocyanin content at
harvest stages of 2018 and 2019 vintage (Figure 3).
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Figure 3. Total concentrations of anthocyanins diOH (upper panel) and anthocyanin triOH (lower
panel) in grape berries at véraison (A,D), middle véraison (B,E), and at harvest (C,F) stage in 2018
(black bars) and 2019 (gray bars) in control and ABA-treated vines. Statistically significant differences
between mean values (n = 6) are indicated with different letters (one-way ANOVA, p-value < 0.05).
Error bars represent the standard deviation.

The UPLC-MS analysis also revealed that ABA treatment altered the content of flavan-
3-ols and flavonols during ripening. The application of ABA did not affect flavan-3-ol levels
at the véraison and middle véraison stages in 2018 but resulted in a significant increase at
harvest (Figure 4A-C). The same trend was also observed during the 2019 vintage with
the higher dose ABA-treated berries recording higher flavan-3-ol concentrations than the
control and the lower dose-treated berries at the véraison and harvest stages (Figure 4A-C).
On the other hand, the application of ABA had diverse effects on total flavonol levels in the
two vintages of the trial. During 2018 vintage, the ABA-treated grapes exhibited higher
level of flavonols at the two first stages while no difference to the controls was observed
at harvest (Figure 4D-F). On the contrary, ABA treatment increased the flavonols level
at harvest stage of 2019 (Figure 4D-F). Noteworthy, flavonol content was higher in both
control and ABA-treated grapes at harvest stage of 2019 compared to 2018 (Figure 4D-F).

A compound belonging to the stilbenes class, E-piceid, was also detected by UPLC-MS.
The application of both a low and high dose of ABA resulted in higher levels of E-piceid
compared to the control at middle véraison stage of both vintages (Figure 5). However, no
statistically significant differences were observed between control and ABA-treated vines
at harvest stage (Figure 5). It is worth mentioning that E-piceid content was higher at the
harvest stage of 2019 compared to the 2018 (Figure 5).
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Figure 4. Total concentrations of flavan-3-ols (upper panel) and flavonols (lower panel) in grape
berries at véraison (A,D), middle véraison (B,E), and at harvest (C,F) stage in 2018 (black bars) and
2019 (gray bars) in control and ABA-treated vines. Statistically significant differences between mean
values (n = 6) are indicated with different letters (one-way ANOVA, p-value < 0.05). Error bars

represent the standard deviation.
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Figure 5. Total concentrations of E-piceid in grape berries at véraison (A), middle véraison (B),
and at harvest (C) stage in 2018 (black bars) and 2019 (gray bars) in control and ABA-treated vines.
Statistically significant differences between mean values (n = 6) are indicated with different letters
(one-way ANOVA, p-value < 0.05). Error bars represent the standard deviation.

Taken together, the metabolomic analysis showed that ABA treatment resulted in
increased concentrations of phenolic acids and flavan-3-ols at harvest stage, regardless
of the vintage. The flavonol levels were increased upon ABA treatment only the second
vintage of the trial, while no significant effect was observed on amino acid, anthocyanin,
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and stilbene concentrations. Additionally, the flavonols may benefit from the lower daily
temperatures that were recorded throughout the 2019 ripening season. High temperatures
are known to reduce the formation of phenolic compounds, and it has been proposed that
some secondary metabolites, such as kaempferol and flavonols in general, may serve as
markers of warming-related declines in fruit quality. Under mild climatic circumstances,
exogenously applied biostimulants can have a positive impact on grape composition.

3.4. Multivariate Statistics

In order to gain an overall view of the results and to examine the variability among
the control and ABA-treated samples, different subgroups of metabolic data were inde-
pendently analyzed and PCA plots on grape berries from the véraison, middle véraison
(Figure S1), and harvest (Figure 6) stages from 2018 and 2019 vintages were produced. The
vintage effect was evident at both phenological phases with a distinct separation along the
PC1 axis, but the PCA score plots at véraison and middle véraison did not provide any
distinction between the control and ABA-treated grape samples (Figure S1). The samples
were discriminated along PC2, indicating the impact of the greater dose of ABA treatment
on berry metabolism, in addition to the vintage effect (i.e., the separation along the PC1
axis) (Figure 6A).
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Figure 6. Unsupervised classification using PCA on metabolomic data from control and ABA-treated
grape berries at harvest stage in 2018 and 2019. Samples in the score plot (A) were colored according
to the vintage, and variables in the loading plot (B) were colored according to the metabolic class.
Numbers indicate the ID of metabolites, as follows: L-proline (m1); L-leucine (m2); L-isoleucine (m3);
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glucuronide (m34); myricetin hexoside 1 (m35); myricetin glucoside (m36); quercetin (m37); pro-
cyanidinB1 (m38); procyanidinB2 (m39); procyanidinB3 ( m40); procyanidin B4 (m41); procyanidin
gallate (m42).
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The PCA score plot of the grape berries at harvest stage of the 2018 and 2019 vintages
explained 72.8% of the variance. The metabolites that caused this separation were also
shown in the loading plot (Figure 6B). The metabolites were mostly grouped according to
their structural class, especially phenolic acids, flavonols, and flavan-3-ols (Figure 6B). The
PC2 positive axis projection of flavan-3-ols, flavonols, and phenolic acids demonstrated
that these substances were in charge of differentiating between samples treated with greater
doses of ABA. This analysis confirmed that the higher dose treatment with ABA increased
the concentrations of some phenolic compounds in the treated grapes at harvest stage,
independently of the meteorological conditions during both vintages.

The amino acid and anthocyanin di-OH accumulation was correlated with the con-
trol and in lower dose ABA-treated berries, while flavan-3-ols were correlated with the
berries treated with the higher dose of ABA (Figure 6B). The levels of specific flavonols
(i.e., quercetin-O-glucuronide, myricetin glucoside, and quercetin), flavan-3-ols (i.e., pro-
cyanidins B2, B3, and B4, and procyanidin gallate) and anthocyanins (i.e., petunidin-3-O-
glucoside and malvidin-3-O-glucoside) were significantly affected by the higher dose ABA
treatment (Figure 6B).

4. Discussion

Central Greece’s Muses Valley is defined by extinguishing climatic and topographical
characteristics that have fostered grapevine cultivation since antiquity. Nearly 90% of
the area vineyards are Mouhtaro, an autochthonous red winemaking variety. It is an
early /mid-harvested red variety, and the wine produced is characterized by middle to high
color intensity and low astringency, while regarding the aroma is characterized by caramel,
strawberry, and vegetal notes and forest fruit aromas [32].

There was a discernible vintage effect on the physicochemical properties of the grape
berries at harvest as a result of the two years varying climatic circumstances, which affected
the maturation process. For example, compared to the previous vintage, the 2019 vintage’s
berries were larger because to the higher rainfall before véraison. Additionally, both control
and ABA-treated grapes were characterized by higher TSS levels and decreased TA and
pH values compared to 2018 vintage.

The results of berry size measurements and the conventional must analysis showed
that ABA application affected the physiochemical characteristics of grape berries. The
ABA-treated berries’ weight at harvest stage was lower, with lower TSS content and higher
TA compared to the controls. These observations imply a delay in maturation upon the
treatment. Although plant hormone application was found to have limited effect on
berry sugar content [33,34], similar results to our study were obtained upon application of
another bioelicitor, benzothiadiazole (BTH), on Mouhtaro and ABA on the white-colored
Savvatiano grapes in trials conducted in the same vineyard [18,35].

Phenolic compounds represent a class of intensively studied bioactive molecules.
They are related with the organoleptic characteristics of wines, like color, astringency,
and bitterness. Moreover, they possess numerous health benefits and for this reason
are used in the pharmaceutical and food industry [36-38]. The metabolomics analysis
showed that ABA treatment affected the accumulation of phenolic compounds. More
specifically, the ABA-treated grapes exhibited increased concentrations of phenolic acids
and flavan-3-ols at harvest stage, regardless of the vintage, while the flavonols level was
increased upon ABA treatment only for the second vintage of the trial. On the other hand,
no significant differences to the controls were observed in amino acid, anthocyanin, and
stilbene concentrations. Remarkably, BTH application on Mouhtaro grapes also had no
effect on anthocyanins but, on the contrary, stilbenes level was increased [35], as well as
upon ABA application on Savvatiano [28].
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Earlier research has demonstrated that ABA application increased the concentration
of phenolic compounds in grape berries, leading to improved attributes [21-23,39-43].
However, the diverse effects observed in various studies suggest that the timing, the con-
centration of ABA application, and the environmental conditions are critical factors in
optimizing phenolic compounds accumulation in grape berries [12,44,45]. The application
of ABA on Savvatiano grapes in a previous trial showed that another crucial parameter
is the cultivar. Studies have shown that ABA treatment can enhance the content of antho-
cyanins, flavonols, and stilbenes in various grape varieties. For instance, in Malbec grapes,
ABA increased low molecular weight polyphenols and stilbenes like trans-resveratrol
and piceid [22]. Similarly, in Yan 73 and Cabernet Sauvignon, ABA treatment enhanced
anthocyanins and non-anthocyanin phenolics, with varying effects depending on the va-
riety (Luan et al., 2014) (Xi et al., 2013) [46,47]. For instance, contrary to ABA-treated
grapes of Mouhtaro, which exhibited increased levels of flavan-3-ols and flavonols in
the 2019 vintage compared to the controls, their concentrations were decreased or unaf-
fected in Savvatiano. On the other hand, E-piceid was increased in the white variety upon
ABA application whereas no effect was observed in Mouhtaro [28]. ABA treatment has
been consistently shown to increase anthocyanin content in grape berries. For instance,
studies on the Savvatiano and Kyoho white grape varieties demonstrated that ABA up-
regulates genes involved in anthocyanin biosynthesis, such as UDP-glucose:flavonoid
3-O-glucosyltransferase (UFGT) and glutathione S-transferase 4 (GST4), leading to higher
anthocyanin accumulation [28,48,49]. Specifically, ABA treatment was found to enhance
the production of petunidin- and malvidin-type anthocyanins, which are associated with
deeper berry color [49].

The principal component analyses of the metabolomics data confirmed that both the
vintage and the ABA treatment had a strong impact on grape berry phenolic composition.
The PCA score plots at véraison and middle véraison showed that the first discrimination
among the samples was due to the vintage. Although the vintage effect was also evident at
harvest stage, an additional discrimination between controls/ ABA lower dose and higher
dose ABA samples indicated the impact of the treatment. Further, a more detailed analysis
showed that the treatment with the higher dose of ABA increased the concentrations of
specific phenolic compounds in the treated grapes at harvest stage, independently of the
weather conditions during the two vintages.

The combination of a variety’s genetics and environmental conditions, including soil,
terrain, and climate, determines its distinctive grape and wine quality traits. Given that
grapevines have historically been grown in the Mediterranean region, the anticipated global
warming scenario puts existing cultivation techniques to the test. As a result, sustainable
agronomic practices may be helpful in reducing the adverse consequences of climate change
while maintaining the high standards of the historically grown cultivars. Utilizing plant
hormones and bioelicitors in viticulture provides a sustainable way to reduce the need for
pesticides and fertilizers while improving the qualitative characteristics of grape berries in
an eco-friendly way.

5. Conclusions

Applications of biostimulants are advantageous and successful viticultural techniques
for improving grape and wine quality, particularly in view of the difficult climate change
scenario. However, it is crucial to ascertain the best time and focus for their use. While
ABA treatment reduced size and TSS in our two-vintage study, it also enhanced levels
of phenolic chemicals, including flavonols, phenolic acids, and flavan-3-ols. As a result,
using ABA may be regarded as a viable agronomic approach to improving the quality of
grape berries. Further comprehensive studies, incorporating a wider range of indigenous
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grapevine varieties and local climate conditions, are needed to clarify grapevine reactions
to various biostimulants and their unique impacts on each cultivar’s metabolic profiles
requires taking into account a greater variety of indigenous grapevine varieties and local
climate circumstances.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17104385/su17104385/s1, Table S1: ABA applications and
sampling dates during 2018 and 2019 vintages; Table S2: Metabolites identified by UPLC-MS in grape
berry samples; Figure S1: The monthly climate conditions during the 2018 and 2019 vintages; Figure
S2: Unsupervised classification using PCA on metabolomic data from control and ABA-treated grape
berries at véraison and middle véraison stages in 2018 and 2019.
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Abstract: Astaxanthin, a red carotenoid pigment found in marine species like microalgae, shrimp,
and salmon, is a powerful bioactive molecule with several health effects. Astaxanthin, despite its
potential, is highly vulnerable to degradation from external elements, including light, oxygen, and
temperature, requiring meticulous extraction and stabilization methods. Astaxanthin can be ex-
tracted using solvent extraction, ultrasound-assisted extraction (UAE), microwave-assisted extraction
(MAE), supercritical fluid extraction (SFE), and enzymatic extraction. Additionally, encapsulation
methods that improve the stability and bioavailability of astaxanthin are examined, highlighting their
efficacy in maintaining the chemical in unfavorable conditions. This review discusses the extensive
range of astaxanthin’s medicinal capabilities, encompassing its antioxidant, anticancer, antidiabetic,
neuroprotective, and skin-protective activities. This research seeks to emphasize the significance
of astaxanthin as a functional bioactive component with substantial potential in nutraceutical and
pharmaceutical applications by describing the extraction and encapsulation techniques and their
health-promoting attributes.

Keywords: astaxanthin; xanthophyll; carotenoids; marine bioactive; extraction methods; encapsula-
tion; health benefits; marine by-products

1. Introduction

Astaxanthin (Figure 1), a red carotenoid pigment, can be found in microalgae, yeast,
salmon, trout, krill, shrimps, and crayfish. Chemically known as 3,3 -dihydroxy-f3,3-
carotene-4,4’-dione, the substance is a part of the xanthophyll class of carotenoids. Astax-
anthin has 40 carbon atoms and is ring-shaped at both ends due to a number of conjugated
double bonds, often known as polyene complexes. Since they have a longer conjugated
double-bond structure than other isoprenoids, carotenoids are less stable than other com-
pounds; thus, care must be taken to prevent the formation of artifacts and the degradation
of the pigment. Carotenoids are highly vulnerable to the damaging effects of light, temper-
ature, acids, and oxygen. Enzymatic degradation can also happen during the extraction of
biological materials. Some of the characteristics of astaxanthin, including its capacity to be
esterified, more polar nature, and high antioxidant capacity, are explained by the presence
of hydroxyl (OH) and carbonyl (C=0) in each ionone ring [1].

Marine-derived astaxanthin holds significant potential as a sustainable bioactive com-
pound, particularly in the context of its extraction and utilization. The use of marine
by-products as primary sources for astaxanthin aligns with global sustainability goals [2]
by promoting the responsible use of marine resources and reducing the ecological impact of
traditional harvesting practices. A crucial aspect of sustainability in astaxanthin production
is the efficient utilization of by-products. In the marine and aquaculture industries, large
amounts of by-products are often discarded as waste, leading to environmental pollution
and resource inefficiency. By incorporating these by-products into astaxanthin production,
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the industry can reduce waste and improve resource recovery [3]. For instance, marine
by-products such as shells of crustaceans and residuals from algae can serve as sources for
extracting valuable bioactive compounds, including astaxanthin [4]. This valorization of
by-products not only minimizes waste but also contributes to a circular economy, where
materials are continuously reused rather than discarded, supporting more sustainable
production and consumption practices [5]. In particular, shrimp by-products offer a promis-
ing avenue for sustainable astaxanthin extraction. Shrimp shells and heads, which are
often discarded after processing, are rich in carotenoids, including astaxanthin. Instead of
contributing to marine waste or being used solely for low-value purposes like animal feed,
these by-products can be processed and refined to extract astaxanthin efficiently. Utilizing
shrimp by-products reduces the need for raw material sourcing from primary marine
organisms [6], thereby lowering the pressure on marine ecosystems and contributing to
more sustainable seafood processing practices.

OH

TR TN RN

HO
O

Figure 1. Chemical structure of astaxanthin.

This powerful carotenoid has garnered significant attention for its extensive health
benefits and diverse applications in the food, pharmaceutical, and nutraceutical industries.
Its extraction has advanced beyond traditional solvent and vegetable oil methods [7] to
include innovative, eco-friendly techniques such as ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), enzymatic ex-
traction, high-pressure extraction, and microbial fermentation. These methods enhance
yield, purity, and sustainability while preserving astaxanthin’s bioactive properties [8,9].

Encapsulation is crucial for stabilizing astaxanthin, protecting it from environmental
degradation, and improving bioavailability. This involves coating the active compound
with biocompatible materials to ensure safety and functionality in various applications.
Techniques such as spray drying, freeze drying, coacervation, and liposome formation enable
controlled release and compatibility with functional foods and pharmaceuticals [10-12].

Astaxanthin’s health-promoting properties include exceptional antioxidant activity,
anti-inflammatory effects, neuroprotection, and cardiovascular health benefits. It has also
shown anticancer properties, making it a versatile compound for preventive and thera-
peutic use [13,14]. The convergence of advanced extraction, encapsulation technologies,
and evidence of health benefits positions astaxanthin as a critical bioactive compound in
promoting overall well-being.

By focusing on marine sources of astaxanthin, valorizing by-products (such as shrimp
waste), and discussing green extraction and encapsulation techniques, this review con-
tributes to the broader goal of developing sustainable, eco-friendly methods for producing
valuable bioactive compounds. These efforts support sustainable marine resource manage-
ment while advancing the understanding of how marine biotechnology can play a vital
role in both the environmental and human health sectors.

2. Astaxanthin Extraction Methods

Astaxanthin can be extracted either by conventional methods such as oil and organic
solvent extraction or by alternative methods like ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), enzymatic ex-
traction, high-pressure extraction (HPE), and microbial fermentation. According to the
existing literature, a combination of methods, such as oil extraction and ultrasound-assisted
extraction, can also be performed.
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2.1. Oil Extraction Method

Pu et al. [15] have reported that shrimp byproducts heated for 60 min at 60 °C with
stirring contained 6.23 mg of astaxanthin per 100 g of FOA (flaxseed oil astaxanthin) oil.
Shrimp waste was extracted by using flaxseed oil. Handayani et al. [16] used palm oil
to extract astaxanthin from dried shrimp waste at three different temperatures (50, 60,
and 70 °C). The astaxanthin concentration was evaluated every 15 min until a consistent
concentration was reached. Depending on the outcomes, the astaxanthin concentration
in palm oil was stable at 30-70 °C; however, heat treatment at 80 and 90 °C reduced
the astaxanthin content by 10% and 14%, respectively. The effects of different vegetable
oils (sunflower, groundnut, gingelly, mustard, soybean, coconut, and rice) and extraction
conditions, such as oil-to-waste ratio, time, and temperature, on the carotenoid extraction
from shrimp by-product indicated an oil-to-waste ratio of 2:1 v/w and a temperature of
70 °C for 150 min. According to Sachindra and Mahendrakar [7], refined sunflower oil
has the greatest carotenoid extraction rate (26.3 pg/g waste). Pu and Sathivel [17] also
examined the extraction of astaxanthin from crawfish by-products using flaxseed oil. After
heating at 30 °C, there was barely any oxidation of the lipids in the flaxseed oil, both with
and without astaxanthin. However, at higher temperatures (40-60 °C for 4 h), the rate of
lipid oxidation with astaxanthin was lower than that of flaxseed oil without astaxanthin.
An equal ratio of flaxseed oil to waste was used to extract about 30.2 ug of astaxanthin
from crawfish waste at 60 °C for 60 min. Astaxanthin also extracted with soybean oil and
the shrimp waste sample was heated at 70 °C for 2 h. The pigmented oil of the waste
showed an astaxanthin content of 27.48 pg/g [18]. Similarly, El-Bialy and El-Khalek [19]
mixed shrimp wastes with a variety of green solvents (coconut oil, corn oil, flaxseed oil,
sesame oil, sunflower oil, and wheat germ oil) in a 4:1 (w/v) ratio. The mixture was heated
in a shaker water bath for 60 min at 60 °C. The results demonstrate the potential of three
vegetable oils to recover astaxanthin up to 5.60, 4.89, and 4.69 ng/g. These oils were corn
oil, flaxseed oil, and sesame oil, respectively.

Oil extraction is notable for utilizing edible oils, making it food-grade and simplifying
the process without complex equipment. However, it offers lower efficiency compared to
other techniques and may result in the co-extraction of unwanted lipophilic compounds.
Sachindra and Mahendrakar [7] explored this method, highlighting its simplicity but noting
its lower yields compared to solvent-based methods.

2.2. Organic Solvent Extraction

Organic solvent extraction is the most extensively used technique for recovering
carotenoids and other bioactive components. Solvent extraction is widely used due to its
high efficiency, especially with polar solvents like acetone. Its advantages include being
well understood and effective, but it poses potential health and environmental hazards
from solvent toxicity and risks of residual solvents in the final product. Dong et al. [9]
emphasized the importance of careful solvent selection to balance efficiency and safety.
Traditional organic solvent extractions have been carried out under many conditions and
solvents. Sharayei et al. [20] examined, among several organic solvents, petroleum ether, n-
hexane, ethanol, acetone, and a ternary mixture of petroleum ether, acetone, and water with
ratios of 15:75:10, 50:45:5, and 15:50:35. With a consistent sample-to-solvent ratio, extraction
was performed in each of the solvents for varying lengths of time (2, 4, and 6 h) at boiling
point. The extraction with the highest yield (48.47 ng/g) between the solvents was achieved
by the petroleum ether/acetone/water 15:75:10 mixture in 6 h. Organic solvent mixture
combinations and condition modification were also reported by Sachindra et al. [21]. The
method uses a 25 mL combination of n-hexane and isopropyl alcohol (IPA). To separate the
phases and eliminate IPA from the n-hexane phase, the obtained extracts were repeatedly
rinsed with an equal volume (75 mL) of a 0.1% saline solution before being dried. A mixture
of IPA and hexane produced a higher yield (43.9 pug/g) of astaxanthin than pure acetone
(40.6 ng/g) and isopropanol (40.8 nug/g) extraction. In another study, Dalei and Sahoo [22]
reported that extraction of astaxanthin from crustacean shell waste was investigated by
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using different organic solvents. The acetonic extracts produced the maximum carotenoid
yield of 48.64 ug/g compared to hexane, methanol, ethanol, petroleum ether, and chlo-
roform, which yielded 36.28 ng/g, 30.47 ug/g, 28.62 ug/g, 11.9 ug/g, and 2.14 ug/g,
respectively. Moreover, Dave et al. [23] mentioned that a solvent combining of hexane
and isopropanol provided the highest amount of astaxanthin (73.56 g/g, wet weight basis)
from crustaceans, while methanol recovered the lowest quantity of astaxanthin (3.50 g/g,
wet weight basis). The same organic solvent mixture (isopropanol: hexane (50:50 (v/v))
was used by Takeungwongtrakul et al. [24], who reported that the greatest carotenoid
content of 336.40 mg/kg was extracted from the hepatopancreas of pacific white shrimps
(Litopenaeus vannamei). On the contrary, Sindhu and Sherief [25] found that acetone ex-
traction afforded the greatest astaxanthin yield of 87.14 ug/g from red shrimp (Aristeus
alcocki) shell materials. Armenta-Lopez et al. [26] examined shrimp pre-fermented residue
for its effectiveness in extracting pigment from three organic solvent systems (chloroform:
methanol: water (1:2:4), petroleum ether: acetone: water (15:75:10), and ethanol: water
(40:60)). When petroleum ether, acetone, and water were combined, the finding showed
that the greatest value (15:75:10) was obtained, followed by chloroform, methanol, and
water (1:2:4). In another study, Radzali et al. [27] described that using acetone-methanol
(70:30 vol%) recovered 86.52 pug/g dry waste of astaxanthin from shrimp by-product.

2.3. Ultrasound-Assisted Extraction

Ultrasound-assisted extraction (UAE) is one of the most researched and efficient
developing technologies for recovering natural pigments from by-products. This method
involves using sound waves with specific properties, such as frequency, amplitude, and
wavelength, to modify the physicochemical characteristics of the propagation medium.
Cavitation is a fundamental phenomenon in the application of ultrasound (Figure 2 [28]).
It refers to the formation, growth, and implosive collapse of microbubbles or cavities
within a liquid medium when exposed to high-intensity ultrasonic waves. This process
happens due to the medium’s rapid pressure changes brought on by the propagation of
ultrasound waves, particularly during the rarefaction phase, when the liquid’s dissolved
gases can bubble up due to the negative pressure. These bubbles expand and subsequently
collapse when subjected to the compression phase of the wave. The implosive collapse of
cavitation bubbles generates intense forces, including high temperatures, pressure spikes,
and shock waves. This mechanical energy can disrupt cellular structures or enhance
chemical reactions [28]. Ultrasound-assisted extraction (UAE) enhances efficiency by
disrupting cell walls and reducing extraction time and solvent use. However, it requires
specialized equipment and may cause localized heating, leading to degradation of heat-
sensitive compounds. Gong and Bassi [29] reviewed UAE’s effectiveness in improving
yields while cautioning against potential degradation. In a recent study conducted by
Panagiotakopoulos et al. [30], the potential of ultrasound-assisted extraction (UAE) for
extracting astaxanthin from shrimp by-products was investigated using three different
vegetable oils: olive oil, sunflower oil, and flaxseed oil. The optimal conditions for the
process were determined to be a by-product-to-vegetable oil ratio of 1:60, an extraction
time of 210 min, a 60% amplitude of the extraction process, and the use of olive oil as the
extracting medium. Under these conditions, a yield of 235 g of astaxanthin was obtained
per gram of by-products. Astaxanthin (50.78 ug/g) was extracted from green tiger (Penaeus
semisulcatus) shrimp shell under ultrasound-assisted extraction [20]. In another study,
shrimp byproducts were extracted under a frequency of 20 kHz and power of 200 W.
The recovered yield of astaxanthin was 75 ng/g [31]. Prayitno et al. [32] reported that the
optimal extraction time of rebon shrimp (cincalok) for obtaining the highest astaxanthin
yield was 3 min at 30% amplitude. Using olive, sesame, grape seeds, coconut, and virgin
coconut oil, the astaxanthin levels achieved after 3 min of extraction were 32.54, 53.46,
26.57,46.34, and 100.62 ug/g of dry cincalok, respectively. Mario et al. [33] examined H.
pluvialis samples using ultrasound-assisted extraction in different solvent systems. The
extraction operated at a 25 kHz frequency, 450 and 648 Watts, and a temperature of 50 °C
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for 20 min. The maximum yield was obtained at 648 W (42.45 mg/g). In some cases,
ultrasound is used for cells disruption. Gogate and Nadar [34], used acid and ultrasound
pretreatment followed by solvent extraction. By destroying cells with 3 M lactic acid and
15 min of sonication at 80 W, a maximum of 93% yield was reached. A similar study was
conducted by Haque et al. [35], and the most efficient extraction method was ultrasonication
with sodium hydroxide pretreatment, followed by methanol extraction. In comparison
with ultrasonication and solvent extraction alone, the recovery of astaxanthin increased
by 65-213% when it was combined with ultrasonication and chemical pretreatment of
the cells (Haematococcus pluvialis). Gao et al. [36] recovered astaxanthin from shrimp
waste (Penaeus vannamei) by ultrasonic-assisted extraction using ionic liquid-in-water
microemulsions. Four different times (30, 60, 90, and 120 min) and power levels (30,
50, 70, and 90 W) of ultrasonic-assisted extraction were used. The optimum conditions
for extracting astaxanthin from shrimp waste were reported to be an ultrasonic power
of 50 W and an extraction time of 60 min, and the extraction efficiency was reached at
284.48 ug/g. Zhao et al. [37] recovered astaxanthin from Haematococcus pluvialis with
operational conditions at 100 W, 40 °C for 60 min. The astaxanthin concentration was
8.56 mg/100 mg. Finally, Wu et al. [38] used the ultrasonic-assisted extraction method for
the extraction of astaxanthin from Xanthophyllomyces dendrorhous and the recovered yield
was 1472.85 nug/g.

compression compression compression compression
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Figure 2. Cavitation principle.

2.4. Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is an innovative and affordable technology that
combines microwaves and the conventional solvent method. Microwaves are used to heat
the solvents for the extraction of carotenoids in a brief period while reducing the amount
of solvent used [39]. Microwave-assisted extraction (MAE) offers a rapid process with
reduced solvent consumption and efficient heating for better cell disruption. Despite these
advantages, there is a risk of thermal degradation of astaxanthin, and the method is not
easily scalable for industrial applications [40]. Dewati et al. [41] examined astaxanthin
microwave-assisted extraction from Haematococcus pluvialis using four different solvents
(acetone, methanol, ethanol, and dichloromethane). Haematococcus pluvialis was pretreated
with HCl for cell disruption. The microwave extraction conditions were 800 W of power
and a frequency of 2450 MHz. Acetone was identified to be the most effective solvent for
obtaining the maximum recovery rate (100%) followed by 62.80, 49.40, and 48.27% recovery
in ethanol, dichloromethane, and methanol. Similarly, Zhao et al. [42] extracted astaxanthin
from Haematococcus pluvialis using ethanol and ethyl acetate in a 2:1 (v/v) ratio. The opti-
mized conditions for microwave extraction were found at 141 W power and an extraction
time of 83 s. About 594 ug/g of astaxanthin were recovered below these parameters.
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In another study, between four extraction methods, MAE was the most efficient, with 74%
astaxanthin recovery from microalgae Haematococcus pluvialis. The study results indicated
that acetone provided the best astaxanthin recovery at 75 °C in a short time [8]. Moreover,
Zhao et al. [37] used extracted Haematococcus pluvialis powder at 40 °C for 40 min. MAE
showed the extraction efficiency of astaxanthin at 36.88%. Additionally, Ahmad et al. [43]
reported that microwave-assisted extraction using ethanol 90% was found to be the most
efficient technique compared to ultrasound-assisted extraction and hot soaking. The xan-
thophylls gained from this method reached 13.411 mg/g. A yeast that is well known for its
astaxanthin content is the Phaffia rhodozyma. Zhu et al. [44] presented a microwave extrac-
tion optimization to recover astaxanthin from Phaffia rhodozyma. Microwaves were initially
used for cell disruption followed by extraction with 3 mL of dimethyl sulfoxide and 12.6 mL
of anhydrous alcohol. The most efficient temperature and extraction time were 50 °C and
15 min, respectively, while the microwave frequency was 416.5 MHz. The astaxanthin yield
obtained was 21.56% higher than the original yield. Apart from microalgae and yeasts,
microwave-assisted extraction has been used for astaxanthin recovery from shrimp shells.
Nanda et al. [45] examined the combination of MAE with NADES solvents. The extraction
was optimized when the microwave power was 180 W and the extraction time 5 min, with
an astaxanthin yield of 7466 ppm. According to Ahmad et al. [43], microwave-assisted ex-
traction of xanthophylls from microalga Chlorella luteoviridis appeared to be more effective
than hot soaking and ultrasound-assisted extraction with 4.154 mg/g using 90% ethanol.

2.5. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) is an environmentally friendly technique to recover
pigments. For the extraction of bioactive compounds, this procedure includes GRAS sol-
vents (generally recognized as safe). It improves the amount of time it takes to extract
and is the most important method for heat-sensitive materials like carotenoids. Super-
critical fluid extraction (SFE) uses non-toxic CO,, yielding solvent-free extracts with high
selectivity and efficiency. Its downsides include the need for precise pressure and tem-
perature control [46]. Carbon dioxide is cheap, chemically inert, nonflammable, easy to
obtain in high purity, and reusable. Sanzo et al. [47] examined different temperatures,
extraction time, pressure, and CO; flow rate for the microalgae Haematococcus pluvialis.
The findings demonstrate that at 50 °C, 120 min, 550 bars, and a flow rate of 3.62 g/min
the most astaxanthin that could be recovered was 98.6%. Accordingly, Molino et al. [48]
recovered astaxanthin from Haematococcus pluvialis, and the findings demonstrated that
65 °C and 550 bar provided the maximum astaxanthin capacity of 18.5 mg/g dry weight
(92%). Radzali et al. [27,49] conducted research to optimize the extraction parameters for
Asian tiger shrimp (Penaeus monodon) waste and found that using ethanol as a co-solvent
at 60 °C and 20 MPa yielded the highest recovery of astaxanthin, both in its complex form
(comprising both free and esterified astaxanthin) and in its free form, with 58.03 ug/g
and 12.25 pg/g, respectively. In subsequent research, Radzali et al. [49] reported that
21.5 MPa, 56.88 °C, and 1.89 mL/min obtained 58.50 png/g of astaxanthin yield. On the
other side, Ali-Nehari et al. [50] reported that 25 MPa and 45 °C proved to be the best con-
ditions to isolate astaxanthin from krill (Euphausia superba), and the astaxanthin yield was
8.62 mg/100 g. The supercritical CO, extraction of astaxanthin from Brazilian red-spotted
shrimp (Farfantepenaeus paulensis) was enhanced by Sanchez-Camargo et al. [51]. According
to this research, extreme heat led to a decrease in the quantity of astaxanthin, whereas
increased pressure had only a small impact. At 43 °C and 37 MPa, the maximum yields
of 20 pg astaxanthin/g (dry weight basis), or a 37% recovery of the whole pigment, were
obtained. In order to extract astaxanthin over a variety of temperatures, pressures, and
moisture contents, crawfish byproducts were treated with SC-CO,. The average amount
of astaxanthin extracted was 157.1 mg/kg [52]. In another study, Cheng et al. [53] per-
formed an extraction experiment, and the astaxanthin was recovered with a 92% efficiency,
utilizing SC-CO, and 20% (v/v) ethanol at 55 °C for 15 min under low pressure (8 MPa).
Sanchez-Camargo et al. [54] also reported that the astaxanthin extraction yields increased
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significantly as the amount of ethanol in the ethanol/SC-CO, mixture was increased.
The ethanol levels ranged from 5 to 15%. When an ethanol proportion of 15% (m/m) was
utilized, the greatest astaxanthin concentration in the extract was obtained with 34.8 ug
astaxanthin/g of dry residue. In other cases, different methods have been combined for
higher performance. Nunes et al. [55] pretreated brown crab (Cancer pagurus) waste with
microwaves with ethanol as solvent at 140 °C and 300 W for 90 s, followed by supercritical
fluid extraction with optimal conditions at 50 MPa, 40 °C, and 13 wt % ethanol content in
the supercritical fluid mixture. The yield recovered within 30 min of the extraction reached
at 4.44 pg astaxanthin/g waste.

2.6. Enzymatic Extraction

Another eco-friendly method that is increasingly being investigated for the use of
extracted value-added products in nutraceuticals is enzymatic extraction, which uses less
energy. This extraction method, when conducted under mild conditions, preserves astaxan-
thin’s bioactivity. However, it is costly due to the enzymes required and involves longer
extraction times. Researchers [56] emphasized the eco-friendliness of enzymatic extraction
while noting the need for cost-effective enzyme solutions. Astaxanthin can be extracted
enzymatically by applying lipases and proteases from different sources. Enzymes can be
used at different stages of the process, producing a variety of products and byproducts be-
cause they are sensitive to temperature, acidity, and other environmental factors. Enzymes
facilitate the extraction of astaxanthin in the carotenoprotein form, which is a complex of
carotenoid and lipoprotein, resulting in the simultaneous provision of carotenoids and
protein. Klomklao et al. [57] studied the trypsin from bluefish (Pomatomus saltatrix) and
the impact of the enzyme on recovering carotenoproteins from the shells of black tiger
shrimp (Penaeus monodon). When using pure trypsin, they discovered that the yield of
astaxanthin was 87.91 mg/g. By adding 25 mg of cod trypsin to the extracting solvent
containing 0.5 N of ethylene diamine tetraacetic acid (EDTA), 64% of the astaxanthin from
shrimp waste was extracted within 24 h. Moreover, 49% of the astaxanthin was obtained
when 25 g of bovine trypsin were utilized. De Holanda and Netto [58] conducted a com-
parative study for recovering astaxanthin from shrimp waste (Xiphopenaeus kroyeri) using
the enzymatic hydrolysis method. The compared enzymes were alcalase and pancreatin,
and the findings showed that pancreatin was less effective than alcalase, which increased
astaxanthin retrieval from 4.7 to 5.7 mg/100 g of dry waste. Similarly, Babu et al. [59] eval-
uated three different enzymes (trypsin, papain, and pepsin) for their extractive efficiency
in shrimp waste of four different species of shrimp. The researchers noted that trypsin
recovered the most carotenoids, although pepsin and papain were also highly effective. The
enzymatic technique is also used as an efficient pre-treatment. Zhao et al. [60] described
that astaxanthin separation yield could be improved by using enzymes. In comparison
to pectinases, the effectiveness of cellulase-aided extraction was assessed. The findings
demonstrated that the pectinase-assisted extraction yield (75.30%) was considerably higher
than the cellulase yield (67.15%). Jafari et al. [61] recovered pigments from shrimp wastes
by combining enzymatic and alkaline treatment. The outcomes showed that the combi-
nation of trypsin—alkaline extraction was more effective than trypsin alone. In another
study, Wang et al. [62] extracted astaxanthin from Arctic sweet shrimp shells using eight
different enzymes (neutral protease, alkaline protease, papain, amylase, lipase, esterase,
and pectinase). The neutral protease between them yielded the best results. When neutral
protease was used to extract astaxanthin from shrimp shells, it produced 128.30 pg/g waste.

2.7. High-Pressure Extraction

High-pressure extraction is efficient for cell disruption, leading to higher yields in
shorter times. Nevertheless, it consumes significant energy and risks degrading sensitive
compounds. Khan et al. [63] noted its efficiency but highlighted challenges related to energy
consumption. High-pressure extraction (HPE) methods have been shown to significantly
enhance astaxanthin recovery from shrimp waste and other biological matrices. Li et al. [64]
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utilized high-pressure processing (HPP) on Penaeus vannamei shrimp waste, achieving a
yield of 67.8% at optimal conditions (400 MPa, 50 °C, for 10 min), with notable improvement
in antioxidant activity. Irna et al. [65] compared HPE with chemical extraction across six
shrimp species, reporting that HPE yielded astaxanthin amounts up to 85% higher than
chemical methods, with the highest extraction efficiency found in carapaces of Penaeus
monodon. Torres-Haro et al. [66] conducted a comparative study using non-conventional
high-pressure techniques for Xanthophyllomyces dendrorhous, optimizing conditions at
400 MPa and 60 °C, resulting in a 72% recovery of astaxanthin. Similarly, Irna et al. [67]
applied response surface methodology to optimize high-pressure extraction, identifying
238.54 MPa as optimal and achieving an astaxanthin yield of 80.94 nug/g of shrimp waste.

2.8. Microbial Fermentation

Microbial fermentation extraction is a sustainable extraction method that can achieve
high yields through metabolic engineering. Its challenges include complex optimization
processes and high initial setup costs. Zhang et al. [68] reviewed this method, discussing
its potential and the current hurdles to its widespread adoption. Microbial fermentation
has emerged as an efficient method for extracting astaxanthin, utilizing diverse microor-
ganisms to convert waste substrates into high-value products. Jafari et al. [69] used lactic
acid bacteria for the fermentation of shrimp waste, optimizing temperature, pH, and
substrate concentration, resulting in a yield of 95.34 ug/g of shrimp waste astaxanthin
esters. Harith et al. [70] investigated the yeast Xanthophyllomyces dendrorhous, iden-
tifying optimal conditions of pH 5.5 and elevated agitation, which produced a yield of
3.6 mg/L astaxanthin. Hamdi et al. [71] conducted a comparison of microbial and chemical
methods, revealing that fermentation utilizing Saccharomyces cerevisiae and Lactobacillus
acidophilus achieved yields similar to those of chemical extraction, while also resulting in
reduced environmental impacts.

Astaxanthin extraction methods from various sources are presented in Table 1.

Table 1. Astaxanthin extraction methods.

Astaxanthin Source Extraction Method References
Shrimp waste Qil extraction [7,15,16,18,19]
Crawfish byproducts Oil extraction [17]
Shrimp waste Organic solvent extraction [20-23,25-27]
Hepatopancreas of Pacific white shrimp Organic solvent extraction [24]
Shrimp byproducts Ultrasound-assisted extraction [30,31,36]
Fermented rebon shrimp Ultrasound-assisted extraction [32]
Haematococcus Pluvialis Ultrasound-assisted extraction [33,35,37]
Phaffia rhodozyma Ultrasound-assisted extraction [34]
Xanthophyllomyces dendrorhous Ultrasound-assisted extraction [38]
Haematococcus Pluvialis Microwave-assisted extraction [37,41,42]
Chlorella luteoviridis Microwave-assisted extraction [43]
Phaffia Rhodozyma Microwave-assisted extraction [44]
Shrimp shell Microwave-assisted extraction [45]
Haematococcus Pluvialis Supercritical fluid extraction [47,48,53]
Shrimp waste Supercritical fluid extraction [27,49,51,54]
Krill (Euphausia superba) Supercritical fluid extraction [50]
Crawfish byproducts Supercritical fluid extraction [52]
Crab waste Supercritical fluid extraction [55]
Shrimp waste Enzymatic extraction [67-59,61,62]
Haematococcus Pluvialis Enzymatic extraction [60]
Shrimp waste High-pressure extraction [64,65,67]
X. dendrorhous High-pressure extraction [66]
Shrimp waste Microbial fermentation [68,70]
X. dendrorhous Microbial fermentation [69]
Crab waste Microbial fermentation [71]
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2.9. Comparison of Extraction Methods

Solvent extraction is highly efficient and scalable but has medium purity and sig-
nificant environmental drawbacks due to solvent toxicity and residue risks. Ultrasound-
assisted extraction (UAE) enhances efficiency and purity through cell wall disruption and
reduces solvent use, but it requires specialized equipment and carries a risk of compound
degradation. Microwave-assisted extraction (MAE) is rapid and efficient, but it has medium
purity and limited scalability, with potential thermal damage to astaxanthin. Supercritical
fluid extraction (SFE) uses non-toxic CO,, achieving very high purity and efficiency while
being environmentally friendly, though it has high costs and moderate scalability. Enzy-
matic extraction operates under mild conditions, preserving astaxanthin’s bioactivity with
minimal environmental impact, but it is slower, costlier, and less scalable [72,73]. Microbial
fermentation offers very high purity and sustainability but is time-intensive, expensive, and
still being developed for large-scale production. Finally, supercritical fluid extraction (SFE)
and microbial fermentation are the most environmentally sustainable methods, offering the
highest purity [74]. For applications requiring cost efficiency, solvent extraction remains
the most economical but comes with significant environmental trade-offs. UAE and solvent
extraction are more suitable for large-scale operations, offering better scalability and time
efficiency. The choice of method depends on the specific application and the need to balance
cost, purity, environmental impact, and scalability.

The quality of extracted astaxanthin is highly affected by the extraction method, as var-
ious procedures affect the compound’s purity, bioactivity, and stability [75]. Supercritical
fluid extraction (SFE) continuously produces superior-quality astaxanthin by functioning
under gentle circumstances, hence preventing thermal or chemical degradation. Enzy-
matic extraction retains the bioactivity of astaxanthin, yielding high-purity extracts with
low contaminants. Conversely, solvent extraction, although effective, frequently leaves
behind residual solvents and contaminants that diminish quality. UAE and MAE can yield
high-quality astaxanthin if operational parameters are carefully controlled, but they risk
degradation under high-energy conditions [76].

3. Astaxanthin Encapsulation Method

Encapsulation is the process of covering or trapping a substance inside another mate-
rial to keep it from coming into contact with the exterior environment. The encapsulated
material, which might be a liquid, solid, or gas, is known as the core, active substance,
or internal phase, whereas the encapsulating agent is known as the wall material, mem-
brane, coating, or shell [77]. In the food industry, the encapsulation technique is utilized
to create liquid and solid substances that serve as efficient barriers over external factors
like oxygen, light, and free radicals [78]. Encapsulation methods, which enclose sensitive
ingredients in a wall material, can improve bioactive molecules [79]. Particles produced
by different methods vary in size from microscale to nanoscale and are categorized ac-
cordingly [77]. Encapsulating materials can also be utilized to improve the preservation of
bioactive substances. The major purposes of the encapsulation technology are to protect
the core materials from external environmental conditions, to prevent compound reactiv-
ity, to protect the compounds from degradation, to mask undesirable flavors of the core
materials, to control the release of core materials, and finally, to provide better storability
by preventing degradative reactions like dehydration and oxidation. In this section of the
review, the different encapsulation methods of astaxanthin will be discussed.

3.1. Coacervation

Coacervation is the procedure of balancing a polymer-rich phase (coacervate) with
another liquid phase. Coacervation is the process of separating the liquid phase of a coating
material from a complex solution with diverse polymers and encasing the liquid phase
around suspended core particles in a uniform layer [80]. Simple coacervation is mostly
about a single biopolymer system, while complex coacervation is mostly about at least two
biopolymer systems. Electrostatic interactions between cationic biopolymers (like gelatin
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and chitosan) and anionic biopolymers (like pectin, alginate, and arabic gum) cause complex
coacervation [81,82]. Complex coacervation, in more detail, is a phase separation process
that occurs when a colloidal liquid system divides into a colloid-rich and a colloid-poor
phase. The first one is called “coacervate”, and the second is “equilibrium”. This procedure
is based on the fact that two oppositely charged polymers interact electrostatically, which is
mostly caused by a change in pH and leads to complexation and then phase separation [83].

Gomez-Estaca et al. [84] examined the complex coacervation technique of encapsu-
lating astaxanthin from shrimp byproducts using gelatin. Astaxanthin’s polymorphic
microcapsules had an average size of 32.7 pm and >59.9% encapsulation efficiency. A study
of accelerated stability (43 days at 80% relative humidity and 36 °C) revealed that there
was no lipid oxidation by TBARS (thiobarbituric acid reactive substances) throughout the
storage period and that the encapsulation effectively slowed astaxanthin degradation as
compared to non-encapsulated lipid extract. Taksima et al. [85] conducted another study
with encapsulated astaxanthin from shrimp waste by complex coacervation into alginate—
chitosan beads using an ultrasonic atomizer. Encapsulated astaxanthin with 1.2% (w/v)
alginate and 1.0% (w/v) chitosan demonstrated up to 90% encapsulation efficiency and
>50% DPPH scavenging activity. Furthermore, when utilized as a functional component in
yogurt, the stability of the encapsulated astaxanthin could be significantly increased. This
showed that the use of alginate—chitosan beads provided adequate astaxanthin protection
as well as a longer shelf life. Zhou et al. [86] observed that encapsulation by complex
coacervation managed to reduce the astaxanthin loss during storage in comparison to free
oleoresin. The pH value affected the structure of the microcapsules; those held at pH 4.0
were more stable than those at pH 3.0 and 7.0. Gomez-Estaca et al. [84] examined the stor-
age stability of astaxanthin-rich microcapsules using a gelatin—gum arabic complex. The
encapsulation efficiency was measured at 93.5%. This technique improved the complex’s
stability and covered up its potentially unpleasant tastes and smells.

3.2. Drying Methods

Spray-drying microencapsulation is the most often used method in the food industry
because it is simple and converts liquids to solids, allowing for easy integration and dis-
persion in food products when only small amounts need to be incorporated [87]. Spray
drying also is one of the oldest and most used procedures for drying or microencapsulating
food goods and bioactive substances, mostly because of its quick and affordable operation.
Additionally, it offers advantages common to other encapsulating techniques, such as
transforming hydrophobic substances into water-dispersible powders and improving the
stability of bioactives [88]. Shen and Quek [89] used the spray-drying method to examine
a mixture of milk proteins and soluble corn fiber to encapsulate astaxanthin. The spray-
dried emulsion had high physical stability (95%), according to the results. Furthermore,
Bustos-Garza et al. [87] studied astaxanthin encapsulation using different wall materials.
The greatest encapsulation yields (61.2-70.1% (w/w) dry weight) were achieved with whey
protein, either by itself or in combination with gum arabic, among the wall materials.
However, the microcapsules of astaxanthin with 100% WP exhibited the most increased
temperature stability. Astaxanthin from Haematococcus pluvialis was encapsulated using
maltodextrin and gelatin as a wall coating. The results revealed that the highest encapsu-
lation efficiency was 71.76%, while the astaxanthin encapsulation yield was 38.02% [60].
Similarly, Montero et al. [90] utilized various wall materials to encapsulate a lipid extract
from shrimp waste using spray drying. Even though lipid oxidation and astaxanthin loss
were partially induced by heat treatment, no additional astaxanthin loss was seen after
chilled storage (110 days), and lipid oxidation was minor, indicating the durability of the
produced components. In another study, shrimp extract was encapsulated and added to
cookies. Even after 12 days of storage in the light, there were no changes in the amount of
EPA, DHA, and astaxanthin in the cookies. The efficacy of spray-dried shrimp lipid extract
as a technical element for aqueous food was assessed by Gomez-Guillén et al. [91], and the
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results showed that the color, astaxanthin concentration, and fatty acid composition of the
encapsulated lipid extract were extremely stable.

Freeze drying, also known as lyophilization or cryodesiccation, is a widely known
method applied for heat-sensitive bioactive substances and living cells. The technique relies
on the subsequent drying of aqueous samples by water sublimation under low pressure
(<ca. 5mbar) after they have been frozen at extremely low temperatures (—80 to —40 °C) [92].
In comparison to other drying techniques, the main drawbacks are high energy consump-
tion, lengthy operation time, and expensive production cost [93]. Freeze drying offers
significant protection for carotenoids from oxidation and isomerization that can happen
with conventional dehydration techniques utilizing hot air streams. In contrast to heat
processing, freeze drying has a much lower influence on carotenoid degradation and encap-
sulation effectiveness because of the low temperature and pressure involved, and it does
not cause water-phase reactions or oxidation. This is also confirmed by Ahmed et al. [94],
who ascertained that freeze-drying in Haematococcus pluvialis extract produced a higher
yield of astaxanthin due to the lack of heat treatment, while spray-drying resulted in a
decrease in the astaxanthin amount. Finally, Marin et al. [95] evaluated the outcome of
integrating an astaxanthin-containing shrimp lipid extract into a surimi-based product
after freeze drying. After freeze drying, the particle sizes of astaxanthin capsules increased
from 199 nm to 283 nm. The use of the freeze-dried liposomes reduced the gel’s strength
and managed to maintain the gels’ stability during long-term freezing storage.

3.3. Liposomes

Liposomes are vesicular and colloidal delivery systems made up of at least one bilayer
amphiphilic lipid membrane and a hydrophilic core. These structures have many benefits,
such as the ability to encapsulate components that are hydrophilic, hydrophobic, or am-
phiphilic, and permit the sustained release of bioactive substances at certain temperatures,
i.e., above the phospholipids’” melting point (between 180 and 200 °C). Another advan-
tage is combining liposome formation with drying methods, which can be a cost-effective
and sustainable alternative for encapsulation and the capacity to prolong the shelf life of
products. The bioactive substance is trapped during microencapsulation either in the inner
aqueous phase or within the membrane, with carriers ranging in size from 30 nm to a few
millimeters [96-100].

Pan et al. [101] studied astaxanthin-loaded liposomes that were made with soybean
phosphatidylcholine and thin-film ultrasound. The outcome showed a high encapsula-
tion efficiency of 97.68%, strong antioxidant activity, and good storage stability at low
temperatures. Moreover, the high encapsulation efficiency of astaxanthin in liposomes is
thought to be directly correlated with its good physicochemical features. In another study,
Pan, Wang, and Gu [102] produced n reduced-particle-size nanoliposomes, which showed
improved permeation and targeting characteristics. In this study, astaxanthin-loaded li-
posomes were made with soybean phosphatidylcholine and a film-dispersion ultrasonic
technique. Nanoliposomes enabled greater encapsulation efficiency (97.49%) and a particle
size of 80 nm on average compared to previous reports. Astaxanthin-loaded liposomes
were 17 times easier to dissolve than pure astaxanthin, and they dispersed well in water
without precipitation or insoluble particles. To examine the release of compounds, a pure
astaxanthin solution and nanoliposomes were used in an in vitro experiment. After 24 h,
the release from nanoliposomes was much slower (28.74%), than from the pure solution
(95.27%), demonstrating that nanoliposomes have the potential for continuous release.
In another study, water-dispersible liposomes with astaxanthin were made, and the ability
of the liposomes to scavenge the hydroxyl radical was studied. A significant amount
of astaxanthin was encapsulated due to the liposomal structure [103]. Astaxanthin and
vitamin E were encapsulated in liposomes by Kamezaki et al. [104]. When astaxanthin and
vitamin E were co-administered in this system, the antioxidant activity rose considerably.
Finally, the above results were also confirmed by another study [105].

Astaxanthin encapsulation methods are presented in Table 2.
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Table 2. Astaxanthin encapsulation methods.

Astaxanthin Sources Encapsulation Method References
Shrimp lipid extract Coacervation [84]
Shrimp waste Coacervation [85]
Haematococcus Pluvialis extract Coacervation [86]
Haematococcus Pluvialis Drying method [60]
Haematococcus Pluvialis cyst cells Drying method [87]
Astaxanthin standard Drying method [89]
Shrimp waste lipid extract Drying method [90]
Shrimps Drying method [91]
Astaxanthin standard Liposomes [101]

3.4. Comparison of Encapsulation Techniques

Astaxanthin requires effective encapsulation techniques to enhance its stability, bioavail-
ability, and controlled release. Among the various techniques, coacervation, drying meth-
ods, and liposome encapsulation offer distinct advantages and limitations [106]. Coacer-
vation, a phase-separation method, is especially efficient at encapsulating hydrophobic
substances such as astaxanthin. The method facilitates high encapsulation efficiency and
secures the core material from environmental deterioration, but the process is often sensi-
tive to pH and temperature variations, potentially affecting scalability and uniformity [106].
Drying techniques, including spray drying and freeze drying, are extensively utilized
for their efficiency and economic viability. These techniques yield dry, stable powders
with prolonged shelf life; nevertheless, they may induce heat stress (in spray drying) or
structural damage (in freeze drying), potentially diminishing astaxanthin’s bioactivity [107].
Liposome encapsulation utilizes phospholipid bilayers to create biocompatible vesicles,
improving the bioavailability and prolonged release of astaxanthin. Liposomes offer supe-
rior protection against oxidation but can be expensive to manufacture and susceptible to
instability over time [108]. In terms of effectiveness, liposomes typically provide enhanced
bioavailability, coacervation is effective at maintaining antioxidants under regulated en-
vironmental conditions, and drying techniques offer practical and scalable solutions for
industrial use. The selection of method consequently hinges on the particular application
criteria, including stability, cost, and distribution efficiency.

4. Astaxanthin Health Benefits

Astaxanthin, a naturally occurring carotenoid pigment, has emerged as a potent asset
in the endeavor to enhance holistic health. This vibrant compound, found in microorgan-
isms, seafood, and select plants, offers a spectrum of health benefits that have garnered
considerable attention. Primarily, it is noteworthy to emphasize the exceptional antioxidant
qualities exhibited by astaxanthin. In terms of its capacity to counteract detrimental free
radicals, it surpasses numerous other antioxidants. This attribute confers notable benefits
in promoting skin health, mitigating the manifestations of aging, and safeguarding the skin
against the deleterious impacts of ultraviolet radiation. Moreover, astaxanthin is recognized
for its anti-inflammatory properties, which can help alleviate joint discomfort and promote
musculoskeletal health.

Furthermore, astaxanthin has exhibited potential in increasing cardiovascular perfor-
mance and alleviating oxidative stress, hence promoting heart health, in addition to its
physical benefits. Additionally, it demonstrates the capacity to improve cognitive func-
tion and sustain brain health. The inclusion of astaxanthin in one’s wellness routine is
supported by its diverse range of health benefits, which arise from its notable antioxidant
and anti-inflammatory characteristics. This compound offers a comprehensive strategy for
preserving and improving overall health.
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4.1. Antioxidant Activity

Antioxidants are compounds that play a vital role in preventing oxidation caused
by free radicals and reactive oxygen species (ROS) which are highly reactive molecules
produced during normal aerobic metabolism in organisms. Excessive amounts of these
oxidative molecules can result in protein and lipid oxidation, as well as DNA damage,
which are associated with various disorders. Both endogenous and exogenous antioxidants,
such as carotenoids, can help prevent this damage by inhibiting the formation of these
oxidative molecules. Carotenoids possess a polyene chain characterized by the presence
of a long, conjugated system, which enables them to quench singlet oxygen and scavenge
radicals, effectively terminating the chain reactions. The beneficial effects of carotenoids
on biological systems may be attributed to their antioxidant properties, which stem from
their interactions with cell membranes [109]. Astaxanthin is extensively utilized in aquacul-
ture feeds, the food industry, pharmaceutical applications, cosmetic sectors, and medical
research endeavors [110].

The antioxidant properties of astaxanthin against various free radicals, reactive oxygen
species (ROS), and reactive nitrogen species (RNS) have been observed in in vitro studies
using liposomes as a model of a cell membrane. It is worth mentioning that astaxan-
thin demonstrated superior efficacy in the removal of peroxyl radicals (RO,e) compared
to a-tocopherol and other carotenoids, such as (3-carotene and lycopene [111]. In addi-
tion, astaxanthin demonstrated a higher efficacy in neutralizing hydroxyl radicals (HOe),
peroxyl radicals (RO,e), and hypochlorous acid (HOCI) compared to other carotenoids,
such as zeaxanthin, fucoxanthin, and canthaxanthin. According to Rodrigues et al. [112],
-carotene was identified as the most effective compound in scavenging peroxynitrite
anions (ONOO—). However, astaxanthin exhibited a greater capacity in scavenging this
reactive nitrogen species (RNS) compared to «-tocopherol or lycopene. The incorporation
of astaxanthin into liposomes that contain polyunsaturated fatty acids resulted in a show-
ing of potent antioxidant properties. This was achieved through the inhibition of lipid
hydroperoxide (LOOH) formation and the preservation of membrane structure integrity.
In contrast, McNulty et al. [113] found that 3-carotene and lycopene, both of which ex-
hibit pro-oxidant properties, caused disruption to the membrane bilayer. The enhanced
efficacy of astaxanthin in countering lipid peroxidation can be attributed to its capacity
to scavenge radicals not only along its conjugated polyene chain but also within its polar
terminal ring structures. This characteristic grants astaxanthin antioxidant properties both
within the membrane and on its surface, which are achieved through intermolecular and
intramolecular hydrogen bonding [114]. In addition, these polar functional groups engage
in interactions with hydrophilic cofactors, such as vitamin C. These cofactors have the
ability to accept the radical cations produced and thereby restore the electron transfer capa-
bility of astaxanthin that has undergone degradation [115]. The fluorescence anisotropy
study conducted by Liang et al. [116] demonstrated that the inclusion of astaxanthin in the
system led to an increase in membrane fluidity. This effect was attributed to bimolecular
radical reactions, which resulted in reduced diffusion and enhanced antioxidant efficiency.

Astaxanthin has also been studied using in vivo models where the results confirmed
the high antioxidant capacity. Oxidative damage caused by reactive oxygen species (ROS)
in rat cells can be effectively reduced by astaxanthin. In addition, it resulted in a reduction
in the creation of reactive oxygen species within the mitochondria [117]. Several sources,
such as H. pluvialis and Botryococcus braunii, exhibited significant antioxidant capacity. In
comparison to H. Pluvialis, Botryococcus braunii demonstrated superior bioavailability and
enhanced antioxidant properties through the augmentation of enzymes such as catalase,
peroxidase, lipid peroxidation, and superoxide dismutase [118,119]. Another research
demonstrated similar outcomes where consumption of astaxanthin led to increased concen-
trations of antioxidant enzymes, including catalase and superoxide dismutase, within the
mouse brain. The researchers observed that the administration of astaxanthin increased
the activity of the aforementioned enzymes, leading to a subsequent elevation in the
levels of glutathione within the brain [120]. It has been stated that the compound also
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exhibited the ability to inhibit the cytotoxicity and oxidative stress induced by 1-methyl-4-
phenylpyridinium ion (MPP+) in cultured PC12 rat pheochromocytoma cells. This was
accomplished by upregulating nuclear factor erythroid 2-related factor 2 (Nrf2), a tran-
scription factor that regulates the expression of several genes involved in endogenous
antioxidant defense and xenobiotic metabolism and suppressing the production of reactive
oxygen species (ROS) [121]. Additionally, the compound enhanced the expression of heme
oxygenase-1 (HO-1) at both mRNA and protein levels, while suppressing the expression
of NAD(P)H oxidase 2 (NOX2) at the mRNA and protein levels [99]. These findings sug-
gest that the compound possesses potential therapeutic properties in mitigating oxidative
stress and cytotoxicity. In this study, cultured primary rat hepatocytes were exposed to
2,3,7,8,~tetrachlorodibenzo-p-dioxin (TCDD), a substance that is both highly toxic and per-
sistent, classified as an organic pollutant. The effects of the carotenoid on the reduced total
antioxidant capacity (TAC) ratios and the level of 8-hydroxy-deoxyguanosine (8-OHdG),
which serves as an indicator of oxidative DNA damage, were investigated. The results
demonstrated that astaxanthin exhibited a dose-dependent increase in the TAC ratios and
a decrease in the level of 8-OHdG [122].

4.2. Anti-Inflammatory Activity

Inflammation is a multi-step immune response that serves as a defense mechanism
or reaction to bodily injuries, aiming to initiate the tissue repair process. Although itis a
necessary response, an excessive or unregulated inflammatory reaction can cause harm
to the host, potentially leading to cellular and tissue damage [123,124]. The connection
between chronic inflammation and the emergence of various pathologies, including cancer,
cardiovascular disease, and atherosclerosis, is widely recognized [125]. Additionally, it
has been proposed that inflammation not only plays a significant role in the progression
of cardiovascular disease (CVD) but also has far-reaching implications for the onset of
other CVD-related conditions, including hypertension, hypercholesterolemia, and obe-
sity [126-128]. Furthermore, it has been shown that astaxanthin’s ability to alleviate gastric
inflammation caused by bacterial infections has been observed to impact the intestinal mi-
crobiota, leading to reduced inflammation and oxidative stress in both local and systemic
contexts in mice [110]. Choi et al. [129] found that astaxanthin can prevent the forma-
tion of pro-inflammatory regulators in BV-2 microglial cells that have been stimulated by
lipopolysaccharides (LPSs). This is achieved by suppressing the initiation and breakdown
of iNOS and COX-2 proteins. The study conducted by Park et al. [130] demonstrated that
the administration of astaxanthin led to a reduction in the expression of COX-2, iNOS, and
ICAM-1 protein in rats with diabetes induced by streptozotocin (STZ). This reduction in
protein expression resulted in a decrease in inflammation. Another researcher provided
evidence that astaxanthin effectively inhibited inflammation exposure to UV light by re-
ducing the expression of iNOS and COX-2 proteins and mRNAs [131]. Astaxanthin can
block the expression or production of cytokines and inflammatory mediators, as well as
hinder the activity of inducible nitric oxide synthase and cyclooxygenase-2. These effects
have potential implications for various diseases, including brain inflammatory disease,
atherosclerosis, and inflammatory bowel disease, among others. Furthermore, it was
observed that astaxanthin exhibited a protective effect on redox-sensitive lymphocytes,
potentially attributable to its anti-inflammatory properties [132]. Research conducted by
Macedo et al. [133] showed that astaxanthin displayed a significant decrease in the synthe-
sis of pro-inflammatory cytokines, specifically tumor necrosis factor-a and interleukin-6, in
neutrophils activated by lipopolysaccharides. The outcomes of the study also demonstrated
that astaxanthin enhanced the ability of neutrophils to absorb and destroy microorganisms,
while simultaneously reducing the production of harmful reactive oxygen species such as
superoxide anions and hydrogen peroxide. Studies conducted on BALB/cA mice infected
with Helicobacter pylori and administered astaxanthin orally have shown a reduction in the
inflammation score of their gastric mucosa [134]. The possible anti-inflammatory proper-
ties of astaxanthin could possibly contribute to its efficacy in the prevention or therapy of
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asthma. A study conducted by Haines et al. [135] showed that asthmatic animals that were
administered astaxanthin, Ginkgo biloba extract, and vitamin C either individually or in
combination exhibited a notable reduction in the number of inflammatory cells in the bron-
choalveolar lavage fluid. The effectiveness of this treatment was found to be comparable
to, or even superior to, that of ibuprofen, a commonly used nonsteroidal anti-inflammatory
drug. In a clinical study conducted by Park et al. [136], the potential immune-enhancing,
antioxidative, and anti-inflammatory effects of astaxanthin in young, healthy adult fe-
males were investigated. The findings demonstrated that astaxanthin supplementation
was capable of decreasing biomarkers of DNA oxidative damage and inflammation and
enhancing immune response. Specifically, supplementation with astaxanthin extracted
from H. pluvialis at a dose of 2 mg/day for eight weeks resulted in a reduction in plasma
concentration of C-reactive protein, a protein marker of inflammatory status. Additional
evidence was presented by another researcher, demonstrating the efficacy of astaxanthin in
inhibiting inflammation caused by excessive physical activity [137].

4.3. Cardiovascular Disease Prevention

Cardiovascular diseases (CVDs), which encompass a range of illnesses affecting the
heart and blood vessels, such as cerebrovascular disease, coronary heart disease, peripheral
artery disease, rheumatic heart disease, congenital heart disease, and heart failure, are
major health concerns [138]. Reactive oxygen species (ROS) play a significant role in the
pathophysiology of numerous cardiovascular disorders. One notable example is the in-
volvement of oxidative modification of low-density lipoprotein (LDL) in the pathogenesis
of atherosclerosis. Reactive oxygen species (ROS) are additionally accountable for the patho-
physiological mechanisms underlying cardiac hypertrophy, ischemia /reperfusion injury,
ventricular remodeling, myocardial infarction, and cardiomyopathy [139]. Astaxanthin
demonstrates a unique ability to protect the heart by reducing the harmful effects of homo-
cysteine on the heart, which causes mitochondrial dysfunction and oxidative damage [140].
The protective potential of disodium disuccinate astaxanthin (DDA) against myocardial
damage was evaluated using an animal model of myocardial ischemia-reperfusion. Fol-
lowing a four-day pre-treatment regimen with DDA in Sprague-Dawley rats and rabbits,
the size of myocardial infarctions was found to be reduced in both rats and rabbits. The
pre-treatment dosages administered were 25, 50, and 75 mg/kg of body weight [141,142].
Moreover, the presence of astaxanthin was observed in the myocardium tissue of rats
following pre-treatment with DDA at doses of 150 and 500 mg/kg/day for a period of
seven days [143]. The link between dyslipidemia and oxidative stress in the development of
atherosclerosis is widely recognized. Yang et al. [121] found that the consumption of astax-
anthin derived from H. pluvialis resulted in a reduction in plasma levels of total cholesterol
(TC) and triglycerides (TGs), while also enhancing the endogenous antioxidant defense
system in apoE~/~ mice. According to a study conducted by Monroy-Ruiz et al. [144],
administering an astaxanthin-rich diet to hypertensive rats resulted in a reduction in blood
pressure and an enhancement of cardiovascular parameters, without requiring any addi-
tional intervention. The presence of astaxanthin was detected in the plasma, heart, liver,
and platelets of mice that were fed an astaxanthin derivative at a dose of 500 mg/kg/day
for a period of 14 days. In contrast to the control group of mice, the experimental group
exhibited notable enhancements in basal arterial blood flow and substantial prolongation
in the occurrence of occlusive thrombus subsequent to vascular endothelial injury [145].
Nakao et al. [146] evaluated the potential of dietary astaxanthin in reducing oxidative stress
and improving cardiac function in mice. The findings indicated that the administration
of a diet containing 0.08% astaxanthin resulted in elevated levels of heart mitochondrial
membrane potential and the contractility index compared to the control group. Another
study investigated the impact of the antioxidant astaxanthin on hypercholesterolemic
rabbits, focusing on paraoxonase and thioredoxin reductase activities, oxidative stress
parameters, and lipid profiles. The hypercholesterolemic diet induced unfavorable changes
in lipids and oxidative stress markers, while astaxanthin supplementation, particularly at
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100 and 500 mg /100 g, mitigated protein oxidation and preserved thioredoxin reductase
and paraoxonase activities. The findings suggest that astaxanthin may have a protective
role in cardiovascular diseases by restoring specific enzymatic activities related to oxidative
stress [147].

4.4. Anti-Cancer Activity

The production of superoxide, hydroxyl radical, hydrogen peroxide, singlet oxygen,
and peroxyl radicals is frequently related to aerobic metabolism. These molecules are gen-
erated during photochemical reactions and the peroxidation of lipids. These processes have
been associated with the pathogenesis of age-related diseases, including cancer, as well
as the occurrence of oxidative damage to proteins, DNA, and lipids [148]. The growth of
invasive cancer can potentially be suppressed by employing naturally occurring substances
or pharmaceutical agents. These substances can either prevent the initiation of carcinogen-
esis or halt or reverse the advancement of tumors [149]. Astaxanthin has demonstrated a
superior and efficient antitumor effect compared to other carotenoid antioxidants, such as
[-carotene and canthaxanthin [150]. Its potent immunomodulatory, antioxidant, and anti-
inflammatory properties may contribute to its potential in the prevention of cancer [136].
Furthermore, several in vitro and in vivo tests have provided evidence that astaxanthin pos-
sesses the ability to mitigate tumorigenesis. This is achieved through the suppression of cell
proliferation, arrest of the cell cycle, and stimulation of cell apoptosis [151]. Feeding mice
with astaxanthin has been shown to effectively suppress the expression of inflammatory
cytokines, specifically tumor necrosis factor (TNF)-o and interleukin (IL)-1f3. In addition,
it inhibits the proliferation and induces apoptosis of colonic adenocarcinomas [152]. Ac-
cording to a study conducted by Palozza et al. [153], an extract rich in astaxanthin, derived
from H. pluvialis, has been found to inhibit the growth of HCT-116 colon cancer cells by
disrupting cell cycle progression and promoting apoptosis. In their study, Rao et al. [154]
examined the efficacy of astaxanthin mono-(AXME) and diesters (AXDE) in combating
skin cancer induced by UV-7.2 dimethylbenz(a)anthracene (DMBA) in rats. The researchers
observed that at a dosage of 200 ug/kg body weight, both AXDE and AXME demonstrated
significant reductions in tumor incidences caused by UV-DMBA, with AXDE achieving
a reduction of up to 96% and AXME achieving a reduction of up to 88%. The effects of
astaxanthin on oral cancer induced by 4-nitroso quinoline-1-oxide were investigated by
Nagendraprabhu et al. [155]. In a study involving F344 male mice, the administration of
100 mg/kg of AST for a period of 32 weeks resulted in a significantly lower incidence
of tumors in the AST-consuming group compared to the 4-nitroso quinoline-1-oxidation
group, with no oral tumors observed in the former. Moreover, research exploring the
potential anti-cancer properties of astaxanthin has revealed the feasibility of combining an-
tioxidants and chemotherapeutic drugs in the field of oncology. Particularly, findings have
demonstrated that when astaxanthin is combined with carbendazim, an anticancer agent,
it can have a more significant impact on inhibiting the proliferation of MCF-7 breast cancer
cells compared to carbendazim utilized alone. Notably, astaxanthin was found to mitigate
the increase in reactive oxygen species (ROS) levels that can occur during carbendazim
therapy [156]. Astaxanthin was shown to inhibit the growth of H22 mice hepatoma cells
in a dose- and time-dependent manner by inducing apoptosis through the suppression
of the JAK/STAT3 signaling pathway. This was achieved by both hindering the growth
of H22 cells and promoting cell death, as well as causing cell cycle arrest in the G2 phase,
both in vitro and in vivo in mice [157]. By employing silico molecular-docking methods,
Suganya et al. [158] demonstrated that astaxanthin may exhibit a more prominent impact
on hepatocellular carcinoma, the most prevalent form of liver cancer, than sorafenib, which
is a conventional chemotherapy medication.

4.5. Neuroprotective Activity

The connection between oxidative damage and increased neuroinflammation plays
a crucial role in the progression of late-onset severe neuronal loss in neurodegenerative
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disorders. Therefore, the possible neuroprotective effects of natural compounds, such
as astaxanthin, have attracted considerable attention as a complementary treatment and
preventive measure for these diseases [159]. The most commonly observed neurodegenera-
tive disorders include Alzheimer’s disease and Parkinson’s disease [160,161]. Parkinson’s
disease (PD) is recognized as a gradually advancing, neurodegenerative disorder affect-
ing movement. It is distinguished by the degeneration of dopaminergic neurons in the
nigrostriatal pathway, specifically in the substantia nigra [99,162]. Alzheimer’s disease is a
progressive neurodegenerative disorder that primarily affects the brain, leading to memory
loss and cognitive decline. Alzheimer’s disease (AD) is a neurodegenerative condition
associated with aging, characterized by the accumulation of beta-amyloid peptide plaques
and intracellular neurofibrillary tangles, as well as neuronal loss within the brain [163].
Central nervous system disorders result in the activation of microglial cells, the resident
macrophages of the brain, which release immune mediators and pro-inflammatory cy-
tokines [164]. A study conducted by Grimming et al. [165] on a mouse model indicated
that astaxanthin possesses neuroprotective properties in the central nervous system against
neurodegeneration caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which
results in the death of dopaminergic cells. In a separate investigation, Grimming and asso-
ciates [166] demonstrated that astaxanthin had the capability to mitigate the activation of
microglia in the cerebral tissue of mice. Rat neuronal cells known as PC12 are commonly
utilized as an artificial model for studying neurodegeneration, particularly Alzheimer’s
disease (AD). In this study, these cells were found to be protected from neurotoxicity when
treated with 30 uM of beta-amyloid peptide and 0.1 uM of astaxanthin [167]. Liu et al. [162]
found that in the SH-SY5Y human neuroblastoma cells, pretreatment with astaxanthin
diminished the toxicity resulting from exposure to docosahexaenoic acid hydroperoxide
(DHA-OOH) or 6-hydroxydopamine (6-OHDA), both of which are neurotoxins that gener-
ate reactive oxygen species (ROS). Furthermore, it exerted a substantial inhibitory effect on
apoptosis, intracellular reactive oxygen species (ROS) production, and mitochondrial ab-
normalities observed in the cells subjected to this treatment. In their study, Kim et al. [168]
provided evidence that the presence of astaxanthin, acting as an extracellular factor, boosted
the effectiveness of stem cells by increasing the rate of cell division in neural stem cells, and
by enhancing their ability to differentiate into osteoblasts and adipocytes.
Astaxanthin health benefits are presented in Table 3.

Table 3. Astaxanthin health benefits.

Biological Activities Experimental Model References
Antioxidant activity Liposomes [111]
Antioxidant activity Mice [117]
Antioxidant activity Rat [119]
Anti-inflammatory activity Mice [110]
Anti-inflammatory activity Cell culture [129]
Anti-inflammatory activity Rat [130]
Anti-inflammatory activity Clinical study [137]
Cardiovascular disease Mice [121]
Cardiovascular disease Cell culture/mice [140]
Cardiovascular disease Rabbits [141]
Cardiovascular disease Rats [142]
Anticancer activity Rats [118]
Anticancer activity Mice [152]
Anticancer activity Cell culture [153]
Anticancer activity In silico [158]
Neuroprotective activity Mice [165]
Neuroprotective activity Cell culture [167]
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4.6. Safety of Astaxanthin

Astaxanthin is widely regarded as safe [169,170]. However, specific studies have high-
lighted potential side effects under certain conditions. A comprehensive safety assessment
conducted by Niu et al. [171] examined its acute toxicity, genotoxicity, and distribution in
addition to repeat-dose toxicity studies in gestational mice. The study found that astaxan-
thin exhibited no acute toxic effects at high single-dose exposures, with a median lethal
dose (LD50) exceeding practical consumption levels. Genotoxicity tests, including bacterial
reverse mutation and micronucleus assays, revealed no mutagenic potential, supporting
the compound'’s genetic safety profile. However, the study’s findings from repeated-dose
toxicity tests highlighted some important considerations. At elevated doses, astaxanthin
resulted in mild gastrointestinal disturbances, likely due to its lipid-soluble nature and
potential impact on digestive processes. Furthermore, a minor but statistically significant re-
duction in body weight gain was observed in high-dose groups during gestation, indicating
a possible dose-dependent effect on maternal metabolic processes. Although no teratogenic
effects were noted, the study emphasized caution when using high concentrations during
pregnancy due to potential impacts on nutrient metabolism.

5. Conclusions and Future Perspectives

Astaxanthin, a potent red carotenoid pigment, is highlighted by its unique bioactive
properties, such as its antioxidant, anticancer, and neuroprotective properties, which have
been demonstrated in a variety of therapeutic applications. Its importance as a functional
component for nutraceutical and pharmaceutical use is underscored by its natural occur-
rence in marine species and its potent health-promoting properties. Nevertheless, the
instability of astaxanthin, which is susceptible to environmental factors such as light, oxy-
gen, and temperature, requires the development of innovative methods for its efficient
extraction, stability, and bioavailability improvement. The exploration of advanced extrac-
tion methods like ultrasound-assisted extraction (UAE), microwave-assisted extraction
(MAE), supercritical fluid extraction (SFE), high-pressure extraction (HPE), and enzymatic
extraction underscores the progress in obtaining astaxanthin while preserving its integrity
and minimizing degradation. Furthermore, encapsulation techniques have shown consid-
erable promise in stabilizing astaxanthin and enhancing its bioavailability, making it more
effective for therapeutic use. These advancements underline the need for multidisciplinary
approaches to maximize the potential of astaxanthin in various applications. Future re-
search on astaxanthin should prioritize optimizing extraction techniques to achieve higher
yields and purity while minimizing energy consumption and environmental impact. Ex-
ploring hybrid methods that combine existing technologies may enhance efficiency and
sustainability. Advanced encapsulation technologies, such as nanoencapsulation and li-
posomal formulations, hold great promise for improving the stability, controlled release,
and targeted delivery of astaxanthin, making it more effective for therapeutic applications.
Large-scale clinical trials are crucial to validating the safety and efficacy of astaxanthin in
humans, facilitating its transition from preclinical research to mainstream medical applica-
tions. Innovations in formulation, such as incorporating astaxanthin into functional foods,
dietary supplements, and topical applications, will broaden its accessibility and utility.
Additionally, exploring synergistic effects with other bioactive compounds could unlock
novel therapeutic potentials. By focusing on these areas, future efforts can fully harness
astaxanthin’s potential as a cornerstone of nutraceutical and pharmaceutical advancements,
improving health outcomes and driving innovation in the field.
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