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Waste Reduction and Management in Food Security and
Food Sustainability

Ali Khoddami

Sydney Institute of Agriculture, School of Life and Environmental Sciences, Faculty of Science, The University
of Sydney, Sydney, NSW 2006, Australia; ali. khoddami@sydney.edu.au

Introduction

Climate change—one of the major global challenges—significantly affects agricultural
productivity, the accessibility of water resources, and the stability food systems. Increases in
temperature, extreme weather phenomena, and variable rainfall patterns led to a rise in pest
and disease pressures and a reduction in crop yields [1,2], limiting the accessibility of rich
food resources. Due to the increase in the global population, evolving food preferences, and
lifestyle changes, food production is expected to be higher in the next 35 years compared
to that of the entire history of mankind [3]. It is, therefore, necessary to provide food
security for the growing world population while promoting the use of natural resources in
a sustainable manner. In this regard, food security—as a multidimensional concept—refers
to the economic, social, and physical access of all people to nutritious and sufficient food,
that meets their dietary needs and preferences, at all times. Consequently, promoting a
culture of avoiding food waste and managing food sustainably in different countries is
essential to address environmental challenges and to ensure food security.

According to the Food and Agriculture Organization of the United Nations [4], about
one-third of global food production meant for human consumption leads to food waste,
and it occurs at different levels of the food supply chain. These levels include agricultural
production, post-harvest transportation, processing, distribution, retail, and consumption.
The application of advanced technologies, along with interventions in consumer behavior,
can be considered efficient solutions for countering food waste [5]. Food waste harms
the environment in a number of ways, including deforestation, water waste, greenhouse
gas emissions from organic matter decomposition in landfills, and energy consumption
for manufacturing and transportation [6,7]. On the other hand, the conversion of organic
waste into high-value bioactive compounds is possible; this approach is considered a
sustainable solution to reduce waste and increase the efficiency of resources. Vitamins
are often found among food waste, despite the fact that they can be reused in different
food- and medicine-related products [8]. These materials may also be used as secondary
resources to create food items with added value. The significantly high levels of food waste
can be considered an opportunity to address food insecurity, combat climate change and
environmental damage, as well as to save energy [9].

Furthermore, the management of food waste at the consumer level—including the
management of relevant behaviors—is considered imperative to decrease food waste and
reduce its environmental impacts. Despite expressing an aversion to food waste, consumers
often engage in behaviors that lead to food waste [10]. This is especially prevalent among
the younger generation—a key consumer group that shapes the future population and plays
an important role in reducing this environmental problem. The following is an attempt to
briefly present research that has addressed various challenges, such as food security, food
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waste, and consumer behavior, as well as sustainable solutions to reduce environmental
impacts, in order to reduce food waste and wastage from farms to households, and prevent
environmental degradation and economic inefficiency.

In the article “Global Comparison and Future Trends of Major Food Proteins: Can Shellfish
Contribute to Sustainable Food Security?” Contribution 1 (2025) examine the environmental
quality and food security related to food production. The work also analyzes innovative
and environmentally friendly protein sources, such as lab-grown foods, microorganisms,
and insects, as well as vegetables. This study employs a combined approach to integrate
quantitative and qualitative data from the literature and public databases. The effects of
various protein resources on agricultural land use and greenhouse gas emissions were
evaluated, and the possibility of carbon sequestration within the supply chain was investi-
gated. In addition, future trends regarding global protein resources were reviewed, and
shellfish were introduced as a significant, environmentally friendly and nutritional option.
It was reported that this achievement is possible via shell biocalcification, which maintains
low-impact production and contributes to the reduction in climate change. Moreover, in
order to evaluate consumer, environmental, and nutritional challenges, all main protein
resources like vegetal proteins, farmed seafood, and terrestrial livestock—along with alter-
native sources like cultured cells and insects—were considered. Bivalve aquaculture is a
zero-emissions method that is dependent on natural phytoplankton and free of additives
or antibiotics, which can have a minimal environmental footprint. The results of the study
suggest that Bivalve aquaculture, including scallops, clams, mussels, and oysters, has
great potential to increase food security and promote sustainable protein consumption by
decreasing land use and assisting in mitigating climate change, environmental impacts,
and atmospheric carbon. Since the need for global food is expected to increase in the future,
seafood aquaculture is predicted to expand due to its benefits to human health and its
lower environmental impact. The authors believe that challenges need to be addressed to
fully exploit the potential of bivalve aquaculture as a sustainable economic activity.

The article “What Drives Generation Z to Avoid Food Waste in China? An Empirical
Investigation” by Contribution 2 (2025) examines food waste avoidance behaviors among
Generation Z in China from a psychosocial perspective. Food waste avoidance not only
contributes to a reduction in environmental pressure and resource waste but also assists
in achieving the objectives of sustainable development. Because of the features of the
consumption environment and the consumers of this generation, the Theory of Planned Be-
havior (TPB) is the foundation for this research. After the collection of 417 valid responses
via online survey and a questionnaire, structural equation modeling was employed to
analyze the data. The findings indicate that Generation Z’s intentions to prevent food
waste are positively impacted by attitude, subjective norms, and perceived behavioral
control. Additionally, attitudes and perceived behavioral control are positively and signif-
icantly impacted by moral self-identity. Furthermore, it is shown that scarcity mentality
has a beneficial and moderating effect. The authors categorize the results of this paper
into three areas (both theoretical and practical), including (I) the introduction of scarcity
mindsets and moral identity leads to the extension of the TPB model and the deepening
of our understanding about psychological mechanisms related to the avoidance of food
waste; (II) experimental results indicate the TPB model’s robustness, which demonstrates
complex correlations among variables, indicating the significant moderating impacts of
scarcity mindsets and moral identity, and demonstrating how social influences affect behav-
ioral intentions in particular contexts; and (III) PBC is often influenced by environmental
constraints, and environmental amenities can allow Generation Z to manage food more
effectively. According to the authors, researchers should be expected to investigate the
actual, real-world food waste behaviors of this generation, rather than simply their inten-
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tions. Moreover, focusing on Generation Z leads to the lack of generalizability of the results.
Furthermore, cross-national comparisons between Generation Z from various cultural
origins may highlight notable differences in attitudes and behaviors and provide insightful
information for the creation of successful international initiatives and policies.

The “HRMS Characterization and Antioxidant Evaluation of Costa Rican Spent Coffee
Grounds as a Source of Bioactive Polyphenolic Extracts” by Contribution 3 (2025) presents a
thorough analysis of Costa Rica’s spent coffee grounds (SCGs), which serve as an abun-
dant source of secondary metabolites possessing antioxidant qualities. The study used
high-resolution mass spectrometry (HRMS) and ultra-performance liquid chromatography
(UPLC-QTOE-ESI MS) to test aqueous extracts collected from various SCG samples. A total
of twenty-one substances were identified based on the data, including four atractyligenin
diterpenes, three caffeoylquinic lactones, and fourteen phenolic acids. Additionally, the
study assessed antioxidant activity using four distinct assay techniques: the Trolox equiva-
lent antioxidant capacity (TEAC) assay, the oxygen radical absorbance capacity (ORAC)
assay, the potassium ferricyanide-reducing antioxidant power (PFRAP) assay, and the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The results revealed that the fine-grind sam-
ple outperformed the medium- and coarse-grind samples in antioxidant evaluations and
had the greatest amounts of total polyphenols and phenolic acids. The findings highlight
the importance of SCGs in metabolites that confer health benefits; therefore, there is in-
terest in developing functional and therapeutic food innovations, given their potential
health advantages.

The article “Up-Cycling Broccoli Stalks into Fresh-Cut Sticks: Post-harvest Strategies for
Quality and Shelf-Life Enhancement” Contribution 4 (2025) examines the use of broccoli
stems as a discarded agricultural by-product, which have less value in the context of
fresh consumption and are only offered to the market as broccoli florets. In this research,
broccoli stems—as a fresh cut product with added value—were evaluated by employing
post-harvest storage strategies for 11 days at 5 °C to maintain their quality and increase
the shelf life of the product. A mixed methodology was followed in this study to examine
various storage and treatment approaches. In addition, Statgraphics Centurion XV software
was used to perform ANOVA. Regarding various post-harvest treatments, hot water
treatment (HWT) was reported to reduce browning and increase shelf life by 11 days.
This result indicated the control of respiration and growth of microbes since responses
related to natural defense in plant tissues are stimulated by heat, which leads to a rise in
the resistance to microbial invasion. This feature led to the achievement of the highest
sensory quality scores while being less efficient in the preservation of bioactive compounds.
A combination of treatment with HWT + calcium ascorbate (CaAsc) was reported to be
most effective in the optimization of quality and preservation of compounds that play a role
in health promotion. The antioxidant effect of ascorbic acid in CaAsc was a potential reason
for this synergistic effect. A combination of calcium and ascorbic acid that significantly
preserves vitamin C. Trehalose (TREH) alone did not show a positive preservative effect
and caused browning, increased respiration, and microbial proliferation. Moreover, basic
hygiene and storage practices ensure microbiological safety during storage, such as a lack
of foodborne pathogens—including E. coli and Salmonella spp. After the comparison
of different treatment approaches, the combined method based on antioxidant and mild
thermal treatments was reported to be promising for the preservation of broccoli stems.
This indicates the applicability of these stems as a valorization of food waste in addition to
satisfying the principles of a circular economy.

The paper “Optimizing Farmers” and Intermediaries’ Practices as Determinants of Food
Waste Reduction Across the Supply Chain” by Contribution 5 (2025) focused on the opti-
mization of pre- and post-harvest practices, as well as the interaction between economic
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and social traits of intermediaries and farmers for an increase in agri-food products’ shelf
life. Some approaches were reported to lead to a reduction in food losses and the highest
levels of final returns for quality. Because grape producers in Egypt are vulnerable to
changes in markets (at global levels)— due to the lack of land fragmentation and marketing
information among small producers—this study examined data from 343 grape farmers
and intermediaries in Egypt. The work used a combination of Ordinary Least Squares
(OLS) and Fractional Regression Models (FRM) to analyze strong correlations between
social and economic characteristics and stakeholder practices at different food supply chain
stages. Key findings show that practices such as drip irrigation (13.9%), avoiding the use of
ripening chemicals (24%), increasing farmers’ cultivation area (6.1%), improved packaging
(13.7%), and harvesting in the early morning hours (8.7%) can significantly reduce food
waste. Moreover, for intermediaries, increasing the distance to market increased waste
by 0.15%; whereas, employing suitable warehouses, participating in formal markets, and
choosing the right transportation method reduced waste by 65.9%, 13.8% and 7.9%, respec-
tively. Furthermore, food waste may be greatly decreased by combining these strategies.
The authors additionally contend that post-harvest losses (PHL) are decreased by improv-
ing farmer knowledge and farmed area, and that formal agricultural markets help lower
post-harvest losses by approximately 14% relative to informal markets. Furthermore, the
decrease in PHL and the health of people and the environment were greatly enhanced by
the lack of toxins. In order to lower PHL, the authors stress the need to integrate market
types with suitable transportation and storage capabilities.

In the paper “Moving Beyond Indices: A Systematic Approach Integrating Food System
Performance and Characteristics for Comprehensive Food Security Assessment,” the limits of food
security indicators—such as possible ranking biases and insulfficient understanding of food
system dynamics—were studied by Contribution 6 (2025). Indicators of food security are
used to make decisions and evaluate the ability of a nation to endure international eco-
nomic and ecological crises. By using a methodology that incorporated two-step clustering
and elastic-net regression-based feature selection, this study overcame these constraints
and supported food system management by assisting decision-makers in implementing
organized techniques for well-informed decision-making. This study used a new math-
ematical and operational approach using the Economist Intelligence Unit (EIU) dataset
of 94 countries, selecting 15 indicators for the first model and 9 indicators for the second
model from an initial set of 25 indicators. A two-stage clustering approach was then used
to separate the countries into four categories according to a combination of income levels
and food system features. This combined approach addressed the limitations of traditional
input-based models, which place an emphasis on the availability of resources but do not
link the composite indicator to food system outcomes. The nutritional condition of the
population was taken into account as an essential output indicator in the input-output
model, indicating the availability of daily food needs. According to the findings, countries
like Switzerland and Germany that have high per capita incomes as well as integrated and
industrialized food systems, which provide consistent food security for their people. How-
ever, food insecurity is observed more in traditional and rural food systems as well as in
low-income countries. These systems could focus on policies that foster agro-technological
innovation, increase access to agricultural finance, and enhance transport infrastructure.
The suggested method cannot monitor changes or trends over time since it is only based
on cross-sectional data.

The article “Culinary Home Empowerment for Food Waste Prevention and Minimization:
Feasibility and Efficacy Protocol” by Contribution 7 (2024) outlines a protocol that assesses
the feasibility, acceptability, and preliminary effectiveness of a household food-waste
prevention and reduction program. The intervention features eight modules, each with
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three to five short videos, as well as downloadable recipes and worksheets. The impact
of this program would be examined in two distinct contexts: (1) a population-based
setting in which home cooks voluntarily access the content and (2) a community-based
setting in which the content is delivered intensively as part of a remote class. At the
population level, the study processed outcomes such as feasibility, usage, acceptability, and
satisfaction, as well as preliminary efficacy outcomes, including motivation, opportunity,
and ability. It employs a single-arm quasi-experimental post-test-only design, in which
the viewers are asked to complete a brief five-item post-video survey. Additionally, a
separate recruited sample would undergo a more detailed assessment, including pre- and
multiple post-test surveys. At the community level, the mixed-methods evaluation assesses
feasibility, usage, acceptability, and satisfaction, as well as preliminary efficacy outcomes
including motivation, opportunity, and ability. It also considers additional outcomes
such as household food waste and sustainable dietary practices. The authors believe that
the proposed protocol can translate findings into prevention lessons to minimize food
waste at the consumer level. In keeping with a protocol article, this article is presented
without results with statistical analysis prior to data collection. In order to guide policy
and investment for program interventions, the authors hope that data analysis will reveal
elements of the intervention that can prevent and reduce waste more broadly, informing
policy and investment decisions.

In the article “Solid-State Fermentation of Cereal Waste Improves the Bioavailability and
Yield of Bacterial Cellulose Production by a Novacetimonas sp. Isolate,” the importance of cereal
wastes like rice bran and cereal dust as by-products was examined by Contribution 8 (2024)
using three mold isolates and a low-cost solid-state fermentation (SSF) pre-treatment. They
also attempted to convert waste into a renewable, eco-friendly biomaterial that is crucial for
the cost-effective and sustainable production of bacterial cellulose. The environmental effect
of agro-industrial waste and the high cost of traditional culture media were demonstrated
by substituting untreated rice bran or cereal dust for the culture medium. In contrast
to the untreated control sample, the application of rice bran fermented with Rhizopus
oligosporus produced a greater BC. In this work, when compared to Hestrin-Schramm
(HS), the costs to produce culture medium decreased by up to 90%. The produced BC
were characterized using derivative thermogravimetry (DTG), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), energy-
dispersive X-ray spectroscopy (EDS), and scanning electron microscopy (SEM) techniques
to gain insight into its chemical bonding, morphology, and internal structure. It was also
found that there were comparable properties of biopolymer between the cellulose produced
in waste-based and standard culture media, demonstrating that the SSF-based process can
be effective in converting cereal waste to BC. The SEM technique demonstrated that the
BC’s nanostructure, fiber diameter, and shape were impacted by both the drying process
and the selection of fungal strain for SSF. However, the obtained results from FTIR and XRD
tests verified that the cellulose I structure remained intact in bacterial cellulose derived
from treated substrates via solid-state fermentation. The research also found that SSF
treatment enhanced the thermal stability of BC made from rice bran and cereal dust.

The article “Tackling Food Waste: An Exploratory Case Study on Consumer Behavior in Ro-
mania” by Contribution 9 (2024) conducted an analysis of the factors influencing household
consumer behavior regarding food waste (FW) in Romania. Their aim was to understand
the motivations to reduce FW, and investigate attitudes towards FW and food consumption
behaviors in households. Data was collected using an online, self-administered question-
naire from a non-probability sample in Romania to examine consumer behaviors related
to food waste avoidance. Moreover, a stepwise linear regression model and descriptive
statistical analyses were performed to evaluate the Romanian consumers’ behaviors to
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decrease FW as well as to specify the effect of various determinants on the motivation of
consumers for avoiding FW. The findings point to important factors like the desire to lessen
environmental effects; discussions about FW reduction in the home; established consump-
tion patterns, particularly when cooking at home; the person’s social circle, and personal,
social, and ecological responsibilities; and involvement in awareness campaigns. In fact,
the authors emphasize that FW avoidance behavior emerges from family environment, that
discussions in the household are valuable, and that by socializing new generations with
this spirit there will be a significant impact on FW reduction. The research points out the
importance of educational and awareness-raising strategies, which are essential for chang-
ing consumer attitudes and behaviors in Romania. Furthermore, the discussion includes a
comparative analysis with the results of studies documented by researchers in other coun-
tries, which highlights the differences in FW avoidance behavior of individuals in different
cultural, social, and economic environments. Due to the limited number of participants,
this study does not have appropriate generalizability to the entire Romanian population.

In the article “Antioxidant Bio-Compounds from Chestnut Waste: A Value-Adding and Food
Sustainability Strategy” Contribution 10 (2025) concentrated on the antioxidant qualities of
certain chestnut burr cultivars, to address the possibilities of a circular bioeconomy via
the value-adding of agricultural leftovers and the dual issues of waste management and
public health. According to the findings, almost one-third of food production is wasted,
which increases environmental and human concerns. Utilizing the circular bioeconomy,
biological waste may be converted into useful goods that can be used in sustainable food
production. Based on their phenolic content, this study evaluates the hydroalcoholic extract
content and antioxidant qualities of three chestnut burr cultivars from Mount Amiata
that are certified under Indicazione Geografica Protetta (PGI)—Marroni (RM), Cecio (RC),
and Bastarda Rossa (RB). In vitro assays were performed to assess their significance in
combating oxidative stress. Because of their antioxidant properties, the investigations
indicated that gallic and ellagic acids are the most prevalent components in the extracts. The
results also demonstrated that the peel extracts of the Cecio and Bastarda Rossa cultivars
exhibited antioxidant activity and much greater amounts of important bio-compounds,
such as flavonoids, gallic acid, and ellagic acid. Moreover, a cytotoxicity test confirmed
that all three extracts are safe for human cell lines. The in silico docking simulations that
were performed in the study demonstrated that the chemicals may spontaneously bind to
predicted targets, such as proteins associated with oxidative stress. This work advances
functional foods and emphasizes the importance of chestnuts in promoting practices related
to the circular bioeconomy, which focuses on the production of value-added products for
biological applications. This approach would help to reduce the environmental pollution
caused by the incineration of chestnut waste.

In the article “Quality Properties of Bakery Products and Pasta Containing Spent Coffee
Grounds (SCGs): A Review” Contribution 11 (2024) examined spent coffee grounds (SCGs)
as a type of waste that can be used as a material to create new foods. They found that
incorporating different percentages of SCGs provided different quality properties in bakery
and pasta products. This study used a literature review, with a comprehensive search of
reputable databases and content analysis of published studies, to investigate the effects
of adding different percentages of SCGs to different products. The study was conducted
on baked products such as pasta, muffins, cakes, biscuits, bread, and cookies. The authors
highlighted that, from a chemical point of view, SCGs contributed to increasing the nu-
tritional value (protein, fat, fiber, ash, and antioxidant content) and health benefits of the
baked products. They also emphasized that SCGs affected the physical properties of the
products and that the effect depended on the concentration of SCGs, the coffee variety, and
the processing method. The authors also investigated the effect of SCGs on the sensory
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properties of the products. The incorporation of SCGs improved their sensory properties,
adding a specific flavor and color to the baked goods. It is extremely important that the
microbiological safety of pasta and bread, which guarantees the safety and quality of the
product for human consumption, is not compromised when SCGs are added. Given their
unique textures and structures, various kinds of baked products reacted to SCGs in differ-
ent ways. SCGs enhanced the taste and fragrance of cookies, which are denser and less
moist than bread or cakes. When assessing from an economic viewpoint, it is cost-effective
to recycle SCGs, and this significantly assists in the minimization of the environmental
footprint of the food industry and the reduction in waste. According to this work, the type
of coffee was not specified in some studies—and some studies employed small sample
sizes—which potentially limits the applicability and robustness of their findings.
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Abstract

Broccoli stalks are considered an agro-industrial by-product that, in the context of fresh con-
sumption, is undervalued, as only broccoli florets are typically marketed. This study evalu-
ated the up-cycling of broccoli stalks into a value-added fresh-cut product through posthar-
vest preservation strategies. Stalks were peeled, cut into sticks (8 x 8 mm x 50-100 mm),
sanitised, packaged under modified atmosphere conditions, and stored at 5 °C. Treat-
ments included (a) calcium ascorbate (CaAsc, 1% w/v), (b) trehalose (TREH, 5% w/v),
(c) hot water treatment (HWT, 55 °C, 1 min), and several combinations of them. HWT
alone was highly effective in reducing browning, a key factor for achieving an extended
shelf-life, controlling microbial growth and respiration, and obtaining the highest sensory
scores (appearance = 7.3 on day 11). However, it was less effective in preserving bioactive
compounds. The HWT + CaAsc treatment proved to be the most effective at optimising
quality and retaining health-promoting compounds. It increased vitamin C retention by
78%, antioxidant capacity by 68%, and total phenolic content by 65% compared to the
control on day 11. This synergistic effect was attributed to the antioxidant action of ascorbic
acid in CaAsc. TREH alone showed no preservative effect, inducing browning, elevated
respiration, and microbial proliferation. Overall, combining mild thermal and antioxidant
treatments offers a promising strategy to valorise broccoli stalks as fresh-cut snacks. An
11-day shelf-life at 5 °C was achieved, with increased content of health-promoting bioac-
tive compounds, while supporting circular economy principles and contributing to food
loss mitigation.

Keywords: calcium ascorbate; hot water treatment; trehalose; glucosinolates; circular
economy; revalorisation

1. Introduction

Broccoli (Brassica oleracea L.) is a cruciferous vegetable widely appreciated for its no-
table nutritional profile and health-promoting bioactive compounds, such as glucosinolates
(GSLs), phenolic compounds, and vitamin C [1,2]. These phytochemicals exhibit antiox-
idant, anti-inflammatory, and chemopreventive effects, contributing to the recognition
of broccoli as a functional food [3]. However, the commercial exploitation of broccoli is
predominantly limited to its florets, which constitute only around 15% of the total biomass,
whereas the stalks (21%), leaves (47%), and roots (17%) are commonly discarded, resulting
in a significant underutilisation of valuable plant tissue [4,5].
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Broccoli stalks are particularly rich in dietary fibre, GSLs, and residual sugars, po-
sitioning them as a promising raw material for the development of functional foods [6].
Nonetheless, their high-water activity and elevated respiration rates make them highly
perishable, and they are prone to enzymatic browning, microbial spoilage, and nutrient
degradation during storage [7,8]. These challenges are further exacerbated during minimal
processing, where cutting, peeling, and washing lead to the disruption of cellular compart-
ments, the activation of oxidative enzymes, and an increased microbial load [9]. In this
context, transforming broccoli stalks into a fresh-cut, minimally processed, ready-to-eat
product represents a novel strategy for the valorisation of agro-industrial by-products.
Fresh-cut products are fresh fruits or vegetables that have been physically altered from
their original form, such as by cutting, slicing, dicing, or peeling, while remaining in a
fresh, raw state. These products are typically washed, minimally processed, refrigerated,
and packaged to ensure safety and to extend shelf life while preserving their freshness [10].
This approach not only supports circular economy principles through waste reduction
and resource efficiency but also offers a nutritious and practical alternative for consumers.
Broccoli sticks could be marketed in a similar way to carrot or celery sticks, which are
suitable for inclusion in salad bars and individual packs or as convenient ready-to-eat
options for dipping. This innovation responds to the growing consumer demand for sus-
tainable, health-oriented vegetable-based products, as reflected in the expansion of the
global healthy snacks market, which was projected to reach USD 107 billion by 2024, with a
CAGR of approximately 6.4% [11].

Of the different postharvest treatments available, antioxidant treatments, osmoprotec-
tants, and mild thermal processes are among the most effective strategies for maintaining
postharvest quality in fresh-cut produce. Calcium ascorbate (CaAsc), a salt formed by
calcium and ascorbic acid, combines the antioxidant effect of ascorbic acid with the struc-
tural reinforcement conferred by calcium [12]. Ascorbic acid acts as a reducing agent that
inhibits polyphenol oxidase (PPO)-mediated browning by reducing o-quinones to their pre-
cursor diphenols, thereby preventing the formation of melanins [13]. Simultaneously, Ca?*
ions reinforce the middle lamella and maintain firmness, slowing enzymatic degradation
and limiting microbial infiltration [14,15]. CaAsc has demonstrated efficacy in preserving
vitamin C, total phenolic content (TPC), and antioxidant capacity during cold storage in
products such as melon [16], apple [17], and potato [18].

Trehalose (TREH), a non-reducing disaccharide, has attracted attention as an osmopro-
tectant and stress mitigator in postharvest physiology. It stabilises membranes and proteins
under abiotic stress, which reduces oxidative damage and maintains tissue turgor [19,20].
Its application to fruits such as guava [21], cherry tomato [22], kiwifruit [23], and litchi [24]
has delayed postharvest browning and improved membrane stability, antioxidant enzyme
activity, and water retention. However, the effects of TREH are highly species- and matrix-
dependent; thus, its effectiveness in broccoli cannot be assumed merely based on results
from other crops. For instance, it may alter microbial dynamics in broccoli, due to its
bioavailability as a carbon source for certain spoilage microorganisms [25], and may mod-
ulate PPO and peroxidase (POD) activity in unpredictable ways, potentially intensifying
browning reactions [26]. Therefore, its effectiveness as a preservative must be validated for
each target product.

Hot water treatment (HWT) is a traditional postharvest tool that is gaining rele-
vance as a non-chemical preservation method that combines efficacy and consumer accep-
tance. HWT involves immersing the product in water at sublethal temperatures (typically
45-55 °C) for a short period of time (30 s to 2 min), thereby triggering the partial de-
naturation of degradative enzymes such as PPO, stimulating heat shock responses, and
suppressing initial microbial loads [27,28]. HWT has been shown to delay senescence,
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reduce the respiration rate, and enhance the retention of antioxidant compounds during
storage in fresh-cut apples, melons, and Chinese cabbage [12,29]. Moreover, HWT facil-
itates the uptake of solutes into plant tissues by increasing membrane permeability and
promoting tissue porosity [30], which could enhance the efficacy of subsequent antioxidant
dips such as CaAsc.

While these technologies have been widely studied in fresh-cut vegetables, the posthar-
vest physiology and preservation of broccoli stalks remain unexplored. Their distinct
anatomy and chemical composition, particularly the high concentrations of GSLs in outer
tissues [31], may influence the efficacy of common preservation treatments. Previous
studies have also shown that GSL profiles are sensitive to both enzymatic hydrolysis and
thermal degradation [32,33], and thus require tailored strategies to minimise nutrient loss.

Therefore, the objective of the present study is to assess the individual and combined
effects of CaAsc, TREH, and HWT, integrated with modified atmosphere packaging (MAP),
on the shelf-life, microbial quality, sensory attributes, and bioactive compound retention in
fresh-cut broccoli stalk sticks. This research seeks to establish an optimised postharvest
protocol that enhances the valorisation of broccoli by-products and supports sustainable
innovation in the fresh-cut vegetable industry.

2. Materials and Methods
2.1. Plant Material and Treatments

Fresh broccoli stalks (Brassica oleracea L. var. Italica, cv. Parthenon) are an undervalued
by-product in the context of fresh consumption, as only the broccoli florets are typically
marketed, while the stalks are largely discarded. Broccoli stalks were obtained from
Levante Sur Coop. in the southeast of Spain (La Palma, Cartagena, Spain). Firstly, to
obtain broccoli sticks, the broccoli stalks were washed with tap water to remove any dust
and dirt. Subsequently, they were preliminarily disinfected by immersion in an 80 ppm
peroxyacetic acid (PAA) solution for one minute. PAA was chosen because of its proven
antimicrobial efficacy and its approval as a technological coadjuvant for washing fruits
and vegetables, as recognised by the Spanish Food Safety Authority (AESAN) [34]. After
being disinfected, the broccoli stalks were manually peeled with a knife and then cut into
sticks measuring 8 x 8 mm in width and 50-100 mm in length with a vegetable stick cutter
(model QTJ-J002X, VEVOR, Shanghai, China). Following the cutting process, the broccoli
sticks underwent a second disinfection step in an 80 ppm peroxyacetic acid solution for one
minute. Thereafter, the broccoli sticks were subjected to seven different treatments and also
a control group that received no additional treatment beyond the disinfection procedure.

The treatments applied to the broccoli sticks were as follows: (a) CaAsc: the broccoli
sticks were immersed in a cooled (5 °C) 1% (w/v) CaAsc solution for one min. (b) TREH:
sticks were submerged in a cooled 5% (w/v) TREH solution for one min. (c) HWT: sticks
were submerged for one min in water at 55 °C, followed by immediate cooling in a cold-
water bath (5 °C). In addition to these three treatments, this study evaluated a further four
combinations of the above treatments: (d) CaAsc + TREH: the sticks were sequentially
immersed in a 1% CaAsc solution followed by a 5% TREH solution, each for one min and
at5 °C. (e) HWT + CaAsc: sticks were immersed in hot water at 55 °C for one min, then
immediately cooled in a 1% CaAsc solution for a further min. (f) HWT + TREH: sticks were
immersed in hot water at 55 °C for one min, followed by cooling in a 5% TREH solution for
one min. (g) HWT + CaAsc + TREH: sticks were sequentially treated in hot water at 55 °C
for one min, then cooled in both 1% CaAsc as well as 5% TREH solutions, each for one
min. After the treatments, 120 g of broccoli sticks were packed in 500 mL trays and sealed
with polypropylene film (microperforated Pplus, Amcor Plc, Ziirich, Switzerland) for MAP,
helping to maintain high relative humidity within the package. The trays were stored in
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a cold storage chamber (5 £ 1 °C), which was kept dark throughout the storage period
(11 days), except for when the lights were briefly switched-on during sample collection,
which was carried out on days 0, 4, 8, and 11. A minimum of three replicates (trays) per
treatment were prepared.

2.2. Browning Index

Surface colour measurements were performed on 10 broccoli sticks per treatment and
storage day using a Minolta CR-400 colorimeter (Minolta Inc., Tokyo, Japan). The device
was calibrated with a white porcelain plate before use. For each broccoli stick, three random
points were measured. Chromatic values were determined according to the CIELAB system
and recorded as L* (lightness), a* (red—green component), and b* (yellow-blue component).
The browning index (BI) was calculated following the method described by Kasim and
Kasim [35], using Equation (1).

_100(x—031) (a* +1.75L%)

BI
0.17 (5.645 L* + a* — 0.012 b*)

)

2.3. Microbiological Analysis

Microbiological analysis was conducted following standard methods to evaluate the
microbial quality of the broccoli sticks. Samples were prepared by homogenising 10 g of
stick sections from at least three different sticks per tray and treating in 90 mL of sterile
peptone-buffered water for one min using a 400 Lab Stomacher (Seward Medical, London,
UK). As described by Martinez-Herndndez et al. [36], peptone-buffered water serves as
an effective diluent for serial dilutions, ensuring accurate microbial enumeration. Serial
dilutions were prepared and plated on selective media (Scharlau Chemie S.A., Barcelona,
Spain) to quantify microbial groups under specific incubation conditions: mesophilic aero-
bic bacteria were plated on Plate Count Agar and incubated at 30 °C for 72 h; enterobacteria
were plated on Violet Red Bile Dextrose Agar and incubated at 37 °C for 24 h; yeasts and
moulds were plated on Rose Bengal Chloramphenicol Agar and incubated at 25 °C for 96 h;
and pathogenic bacteria: Salmonella spp. was assessed using Xylose Lysine Deoxycholate
Agar, while Escherichia coli was quantified using Tryptone Bile X-glucuronide Agar. All
microbial counts were conducted in triplicate and expressed as log CFU/g where CFU
(Colony-Forming Unit) represents the number of viable microorganisms capable of forming
colonies under the given incubation conditions.

2.4. Gas Composition Analysis

The internal atmospheric composition in the trays was regularly monitored using a
CheckPoint gas analyser (PCE Ibérica, S.L., Tobarra, Spain). For the analysis, a 25 mL gas
sample was taken from each tray through a silicone septum, allowing the measurement
of oxygen (O,) and carbon dioxide (CO;) levels. The device was calibrated between each
set of measurements by sampling the ambient air in the room to ensure accuracy. Gas
composition was measured in triplicate for each tray and treatment on specific days (0, 4, 8,
and 11) of the product’s shelf-life.

2.5. Sensory Analysis

The sensory evaluation was conducted by a trained panel of 10 individuals in a
controlled sensory laboratory, where each panellist was seated in an individual booth to
control for external factors and to ensure an objective sensory assessment. Water was
provided for palate cleansing between samples, and each panellist was presented with
three broccoli sticks per treatment, coded with random letters to prevent bias. Sensory
analysis included evaluations of browning and dehydration using a 9-point scale, where

12



Foods 2025, 14,2476

1 indicated very low quality (e.g., very brown or severely dehydrated) and 9 indicated
optimal quality (no browning or fully hydrated). Appearance, firmness, crispness, and
taste acceptability were assessed on a 9-point hedonic scale, in which 1 meant “dislike
very much,” 9 “like very much,” and 5 represented the threshold for marketability. Finally,
overall acceptability was rated by integrating all assessed attributes, also using the same
9-point scale, where scores > 5 indicated potential consumer acceptance.

This trained sensory evaluation did not require an ethical statement, since it involved
no invasive procedures or health-related interventions. Before starting the evaluation, the
research team explained the scope and details of the project to the participants, including
the purpose of the research, the identity of the researchers, data protection measures,
privacy and data retention policies, the voluntary nature of participation, the right to
withdraw at any time, and contact details for any questions that might arise. Finally, all
participants signed a written informed consent form, confirming that they had read and
understood the information provided, and that their questions had been answered.

2.6. Chemical Analysis

For the chemical analysis described below, the broccoli sticks were cooled, freeze-
dried, ground into a fine powder, and stored at room temperature in vacuum-sealed bags
until analysis.

2.6.1. Vitamin C Content

Vitamin C analysis was performed using High-Performance Liquid Chromatography
(HPLC) as previously described by Rasines et al. [37] with slight modifications. A 0.5 g
sample of freeze-dried broccoli stick powder was homogenised with 10 mL of cold extrac-
tion buffer (0.1 M citric acid, 0.05% ethylenediaminetetraacetic acid (EDTA), 4 mM sodium
fluoride, and 5% methanol) using an Ultra-Turrax® homogeniser (IKA, Berlin, Germany).
The mixture was kept on ice and in darkness. The homogenate was then filtered through
a 4-layer gauze, and the pH of the extract was rapidly adjusted to 2.35-2.40 using 1 M
HCL. Subsequently, 2 mL of the sample was centrifuged at 10,500 g for 5 min at 4 °C. The
resulting supernatant was purified using Sep-Pak C18 cartridges (Waters, Dublin, Ireland),
which were previously activated with 10 mL methanol, 10 mL ultrapure water, and 10 mL
air. The purified extract was then filtered through a 0.45 pm nylon filter. A 750 uL aliquot
of the filtered extract was derivatised with 250 uL 1,2-phenylenediamine (OPDA) and
incubated at room temperature for 37 min. Afterwards, 20 pL of the derivatised extract was
analysed by HPLC (1100 series, Agilent Technologies, Waldbronn, Germany), equipped
with a G1322A degasser, G1311A quaternary pump, G1313A autosampler, G1316A col-
umn heater, and G1315B photodiode array detector. The chromatographic separation was
carried out under isocratic conditions using a mobile phase consisting of 5 mM hexade-
cyltrimethylammonium bromide (CTAB) and 50 mM potassium dihydrogen phosphate in
methanol/ultrapure water (5:95, v/v) at a flow rate of 1.6 mL min~!. Chromatograms were
recorded at 261 nm for ascorbic acid and 348 nm for dehydroascorbic acid (Merck-Sigma,
Darmstadt, Germany). Each of the three replicates was analysed in triplicate. Vitamin
C content was quantified as the sum of ascorbic acid and dehydroascorbic acid, using
authentic standards for their identification, and the results were expressed as mg 100 g~!
dry weight (DW).

2.6.2. Antioxidant Capacity and TPC

Antioxidant capacity and TPC were determined in freeze-dried broccoli stick samples.
For extraction, 0.2 g of the freeze-dried sample was mixed with 15 mL of methanol/water
solution (70:30, v/v) and subjected to ultrasonication to enhance extraction efficiency. The
sample was then vortexed for 30 s to ensure homogenisation. After centrifugation, the
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supernatant was filtered and collected. Three repetitions were performed and analysed for
each treatment and storage day.

The antioxidant capacity was measured using the ABTS assay, following the method
described by Re et al. [38] with slight modifications. The ABTS-* radical was generated
by dissolving 10 mg of ABTS reagent (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonate))
in a potassium persulfate solution, followed by incubation in the dark for 12-24 h. Once
the radical was formed, the ABTS-* solution was diluted and adjusted to an absorbance
of 0.7 £ 0.02 at 734 nm to establish a baseline. A stock solution of Trolox (Sigma Aldrich,
St. Louis, MO, USA) was prepared in ethanol and diluted to different concentrations
(5-100 uM) to generate a calibration curve. The absorbance was measured at 734 nm, and
the curve was obtained by plotting absorbance values against Trolox concentrations. For the
assay, 300 pL of the adjusted ABTS-* solution was added to each well of a microplate, and
an initial absorbance reading was taken. Then, 30 puL of water (for blanks), Trolox standard,
or sample extract was added to the wells. After a 3 min incubation, the absorbance was
measured again. The decrease in absorbance reflected the antioxidant capacity of the
samples, which was expressed as milligrams of Trolox equivalents per gram of DW (mg TE
¢! DW), based on the calibration curve.

The TPC assay was determined using a multiscan plate reader (Tecan Infinite M200,
Mainnedorf, Switzerland), following the method outlined by Salas-Millan et al. [39], with
slight modifications. A volume of 20 puL from the previously extracted sample was pipet-
ted into each well of a microplate, followed by 30 pL of Folin-Ciocalteu reagent (di-
luted 1:1 with ultra-distilled water) and 200 pL of a sodium hydroxide/sodium carbonate
(NaOH/NayCOj3) mixture. The microplate was then incubated for 40 min at room tem-
perature in the dark. Prior to measurement, the microplate was automatically shaken,
and absorbance was recorded at 765 nm. TPC was expressed as milligrams of gallic acid
equivalents per gram of DW (mg GAE g~ ! DW).

2.6.3. Identification and Quantification of GSLs

The identification and quantification of GSLs were performed following the method
described by Salas-Millan et al. [32], with slight modifications. Freeze-dried samples (0.1 g)
were extracted using 5 mL of methanol/water (70:30, v/v). The extraction process involved
incubation in a hot bath at 70 °C, followed by centrifugation and filtration. A 3 mL aliquot
of the supernatant was then evaporated under nitrogen gas and reconstituted in 1 mL of
mobile phase A. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). The analysis was performed in the negative ionisation mode
using HPLC (Agilent 1200, Santa Clara, CA, USA), equipped with a G1311B quaternary
pump, G1329B standard autosampler, and G1316A column heater, and coupled to a 6420
triple-quadrupole mass spectrometer (QqQ) with an electrospray ionisation (ESI) source.
The autosampler was programmed to inject 10 pL of the eluted sample at a flow rate of
0.250 mL min~!. The chromatographic gradient was set as follows: 5-30% B (14 min),
30-95% B (7 min), and 95-95% B (5 min), at 40 °C. For the identification of GSLs, the
retention time, mass (MS), and MS/MS fragmentation spectra of the detected compounds
were compared with a commercial standard or tentatively identified by comparing their
fragmentation patterns with the available bibliographic data and the MassBank Europe,
MassBank of North America, and PubChem databases. Calibration curves were generated
using standards of each GSLs, which were used to quantify their concentrations. Finally,
the results were expressed as mg 100 g~! DW.

14



Foods 2025, 14,2476

2.7. Statistical Analysis

Statistical analyses were conducted using Statgraphics Centurion XV, version 15.2.05
(Statgraphics Technologies, Inc., The Plains, VA, USA). A two-way analysis of variance
(ANOVA) was conducted to evaluate the effect of postharvest treatments (T) and days
of storage time (D) on each dependent variable (p < 0.05). Results were expressed as
mean values + standard error (SE). When significant differences were found (p < 0.05),
Fisher’s Least Significant Difference (LSD) test was used for multiple comparisons. A
cluster correlation heatmap was generated using Ward’s hierarchical clustering method
and Euclidean distance. Ward’s method was chosen as it minimises the total within-cluster
variance, generating more compact and interpretable clusters for multivariate datasets such
as those obtained in postharvest studies. Before the analysis, the data were normalised
using the min—max scaling method. All analyses were performed using MetaboAnalyst 5.0
(https:/ /www.metaboanalyst.ca (accessed on 5 November 2024)).

3. Results and Discussion
3.1. Browning Index

The evolution of Bl in broccoli sticks across the different treatments during storage
is shown in Figure 1. ANOVA revealed that both the storage time and the treatment
had significant effects on the BI, with a strong interaction between these factors (p < 0.05).
Notably, TREH, followed by CaAsc alone and the combination of both, exhibited the highest
BI over time, even higher than the control. In contrast, HWT alone and its combinations
led to only a slight increase in the BI, peaking at day 8, indicating that the treatment
was effective in limiting browning compared to the control. The postharvest treatments
proposed to mitigate this issue have distinct mechanisms and effects on enzymatic activity
and subsequent browning. HWT at 55 °C for 1 min effectively reduced browning in the
broccoli sticks, and this is likely due to the partial inactivation of PPO. Although PPO
is considered to be thermostable in some plant species, moderate heat treatments can
partially inactivate the enzyme, thereby slowing down enzymatic browning [26]. Similar
results were observed in fresh-cut apples or melon peels, where HWT between 45 °C to
55 °C reduced browning and helped maintain the product [17,40]. Additionally, HWT is
a non-chemical, easily applicable method for the fresh-cut industry that can effectively
control enzymatic oxidation without negatively affecting sensory attributes.

CaAsc is a compound that combines calcium with ascorbic acid; the latter has well-
known antioxidant properties. As mentioned in the introduction, ascorbic acid is widely
used to inhibit enzymatic browning in fresh-cut vegetables due to its ability to reduce
oxidised substrates back to their original phenolic forms, thereby preventing the formation
of brown pigments. Ascorbic acid does not directly interact with the PPO enzyme but
mitigates enzymatic browning by converting oxidised substrates back to their precursor
diphenols [13]. Studies suggest that its anti-browning function is primarily attributed
to its ability to reduce enzymatically formed o-quinones [41]. However, this effect may
be less pronounced in certain fresh-cut fruits, such as pears [42], where ascorbic acid’s
protective role diminishes once it is fully oxidised to dehydroascorbic acid. At this stage,
o-quinones can no longer be reduced, allowing melanin formation to proceed and leading
to continued browning. Similarly, in our study, no significant reduction in browning was
observed in the broccoli sticks. This is likely due to the limited capacity of ascorbic acid
at the studied concentration to sustain its reducing effect. This contrasts with what has
been observed in fresh-cut pears, where browning intensifies once ascorbic acid is fully
oxidised. In line with these findings, Xiong et al. [18] observed that the browning in
fresh-cut potatoes treated with CaAsc (0.5% w/v) was quite similar to that in untreated
samples. However, ascorbic acid applied at the same concentration proved highly effective
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in delaying both browning and wound healing, reducing reactive oxygen species (ROS)
levels, and enhancing antioxidant capacity. This suggests that CaAsc presents a lower
efficacy in decreasing browning in certain fresh-cut fruits, probably due to limited reductive
activity. On the other hand, TREH has been shown to stabilise membranes and protect
plant tissues from stress-induced damage [19]. However, in our experiment, its application
led to an unexpected increase in browning. This phenomenon could be attributed to several
factors. Firstly, TREH may have interacted with PPO and POD, stabilising these enzymes
and prolonging their activity, thereby enhancing the conversion of phenolic compounds into
o-quinones. Secondly, TREH may have interacted with the resulting quinones, intensifying
browning, as sugars have been reported to promote quinone polymerisation and the
formation of darker pigments [25]. Additionally, TREH may have influenced the tissue’s
metabolic response, which may potentially have increased the respiration rate (as discussed
in Section 3.3) and promoted the production of ROS, which could accelerate the oxidation
of phenolic compounds. Unlike in litchi fruit (Litchi chinensis), where TREH (2.5 g/L)
significantly reduced enzymatic browning by enhancing antioxidant enzyme activities
and inhibiting PPO [24], in the broccoli sticks, it failed to prevent oxidative damage or
delay browning, ultimately resulting in a more pronounced discolouration. These findings
underscore the complexity of TREH’s impact on fresh-cut products and highlight the need
for product-specific evaluations before being applied as a preservative.
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Figure 1. The browning index (BI) of the broccoli sticks during storage under different treatments.
Data are presented as mean £ SEM (n = 10). ANOVA showed significant effects for main factors and
their interaction. Fisher’s LSD test: LSDpays x Treatment = 2-81, p < 0.05. CaAsc = 1% calcium ascorbate,
TREH = 5% trehalose. HWT = hot water treatment at 55 °C for 1 min.

3.2. Microbiological Analysis

The evolution of total mesophilic aerobic bacteria and yeasts in the broccoli sticks
under different treatments during storage is shown in Figure 2. ANOVA indicated that both
the storage time and the treatment had significant effects on microbial growth (p < 0.05).
From days 0 to 4, the mesophilic bacterial count remained below 4 log CFU/g in the
CaAsc and HWT treatments. However, all the treatments, including the control, exhibited
a progressive increase in bacterial populations, reaching 5.8 to 6.6 log CFU/g on day 11.
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In contrast, the TREH treatment, alone or in combination with HWT, showed the highest
bacterial counts over time, reaching 7.7 to 9.4 log CFU/g on day 11, which may be related
to enhanced microbial survival or proliferation; nevertheless, further studies are needed to
confirm a direct effect.
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Figure 2. The growth of (A) mesophilic bacteria and (B) yeasts in the broccoli sticks during storage
under different treatments. Data are presented as mean + SEM (n = 3). ANOVA showed significant
effects for main factors and their interaction. Fisher’s LSD test: LSDpays x Treatment = 0.36 for bacteria
and 0.34 for yeast, p < 0.05. CaAsc = 1% calcium ascorbate, TREH = 5% trehalose. HWT = hot water
treatment at 55 °C for 1 min.

Yeast counts remained stable during the initial 4 days but increased significantly with
the storage time. From that day onwards, in particular, the HWT+TREH- and TREH-
treated samples showed the highest yeast counts, reaching 9 log CFU/g and 6 log CFU /g,
respectively, on day 11. Meanwhile, the rest of the treatments, the control included, showed
lower yeast counts, ranging from 3.7 to 4.5 log CFU/g.

The combination of HWT + TREH proved to be the most favourable condition for
microbial growth, leading to the highest counts of both mesophilic bacteria and yeasts. The
enhanced microbial proliferation observed in the TREH-treated samples may be linked to
the moisture-retaining capacity of TREH, which can modulate water activity in complex
food matrices [25]. Additionally, certain bacteria and yeasts can metabolise TREH as
an energy source, which could explain the increased microbial counts observed in those
treatments. This effect was particularly pronounced when TREH was combined with HWT,
as the heat may have enhanced nutrient dissolution and availability, further promoting
microbial growth [43].

To explain the effect of CaAsc in the initial microbial control, it is important to consider
the dual role of calcium and ascorbic acid in maintaining cell wall integrity and poten-
tially influencing antimicrobial activity. Calcium reinforces cell walls, reducing pathogen
penetration and enzymatic degradation, which can help limit microbial growth. Mean-
while, ascorbic acid may contribute to this effect by helping to maintain tissue integrity
and the redox balance in the broccoli sticks, which could also play a role in microbial
control [14,15,44]. On the other hand, HWT showed initial microbial control since heat may
stimulate natural defence responses in plant tissues, enhancing resistance against microbial
invasion [45] or it could delay enzymatic degradation by preserving cell wall integrity [28].

Pathogenic bacteria, including Escherichia coli and Salmonella spp., were analysed
throughout the storage period, although no detectable counts were obtained (<2 log CFU/g).
This underscores the effectiveness of the initial washing and disinfection steps in minimis-
ing microbial contamination and ensuring the microbiological safety of the broccoli sticks.
Moreover, the absence of these pathogens meets the microbiological criteria established
by Commission Regulation (EC) No 2073/2005 [46] for ready-to-eat foods, including mini-
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mally processed vegetables. Despite their absence, continued monitoring is crucial, as E.
coli and Salmonella spp. remain key food safety indicators due to the potential risk they
pose under favourable growth conditions. These findings are consistent with previous
studies on fresh-cut produce, which highlight the role of rigorous hygiene practices and
effective sanitation in controlling microbial proliferation [47].

3.3. Gas Composition Analysis

The treatments HWT + TREH, TREH, and HWT + CaAsc + TREH exhibited the highest
CO; concentrations inside the packaging by the end of storage, with values exceeding 3%
and reaching up to 6%. Concurrently, the oxygen levels in these samples decreased to
between 15% and 17%, indicative of elevated respiration activity (Figure 3). This slightly
enhanced metabolic activity suggests a moderate increase in oxidative demand, which
may be associated with accelerated senescence and microbial proliferation. In fact, the
highest mesophilic bacterial counts were found in these treatments (Section 3.2). This
factor could partially explain the higher CO; levels, as microbial respiration contributes
to CO, production during growth [48]. However, the HWT treatment, without TREH,
resulted in the lowest CO, accumulation (<2%) and maintained higher O, concentrations
(around 19-20%), indicating reduced respiration rates and a slower metabolic activity.
This behaviour is closely associated with delayed senescence and extended shelf-life in
fresh-cut produce.

Storage time (days)
—@— Control —— CaAsc O— HWT X~ TREH
— @ —HWT + CaAsc o0 - HWT+TREH - @ = CaAsc+ TREH - @ = HWT + CaAsc + TREH

Figure 3. Changes in Oy and CO, levels in the broccoli sticks during storage under different
treatments. Data are presented as mean + SEM (n = 3). ANOVA showed significant effects for the
main factors and their interaction. Fisher’s LSD test: LSDpays x Treatment = 0.55 for O and 0.66 for
COy, p <0.05. CaAsc = 1% calcium ascorbate, TREH = 5% trehalose. HWT = hot water treatment at
55 °C for 1 min.

These findings reinforce the effectiveness of mild thermal treatments to modulate plant
tissue respiration, as previously reported in citrus fruits, where HWT initially increased
respiration but subsequently stabilised it, preserving postharvest quality with no adverse
effects [49].
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Moreover, the results underline the efficacy of HWT as a non-chemical strategy to
maintain freshness and reduce spoilage during cold storage. Interestingly, the effects of
TREH appear to be product-specific. In whole peppers and apples, TREH has been shown
to suppress weight loss and reduce respiration rates, resulting in improved quality and
extended shelf-life [50,51], which would suggest that the effectiveness of TREH treatment
may depend on the type of product and its metabolic characteristics.

3.4. Sensory Analysis

Figure 4 shows the sensory evaluation results of broccoli sticks on day 11 of storage
under the different treatments. Appearance was strongly influenced by visual browning
and dehydration. All the treatments, except for TREH, improved the visual appearance of
broccoli sticks compared to the control. The most notable results were observed in the HWT
treatment and its combinations, which consistently provided the lowest visual browning
and dehydration. Regarding texture, crispness, and taste, the CaAsc and HWT treatments
yielded the best results. In particular, the presence of calcium in the CaAsc treatment
contributed to improved firmness and structural integrity, as previously demonstrated
by other researchers [12,17]. The effect of HWT on maintaining firmness and improved
appearance during storage has been reported for mandarin [49], fresh-cut apple, pear [52],
and melon [16]. When considering overall sensory quality—integrating appearance, texture,
and taste attributes—HWT emerged as the most effective treatment, extending the sensory
shelf-life of the broccoli sticks to the 11-day limit.
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Figure 4. The sensory evaluation of the broccoli sticks on day 11 of storage under different treatments.
Data are presented as mean values (1 = 10). Data are based on a hedonic scale where 1 = unusable;
3 = poor; 5 = fair (limit of marketability); 7 = good; and 9 = excellent. ANOVA showed significant
effects for the main factors and their interaction. Fisher’s LSD test: LSDpays x Treatment = 0.55 for O,
and 0.66 for COy, p < 0.05. CaAsc = 1% calcium ascorbate, TREH = 5% trehalose. HWT = hot water
treatment at 55 °C for 1 min.

In contrast, the TREH treatment was the least effective, particularly in terms of brown-
ing and dehydration (Figure 5), where it received the lowest scores. TREH not only showed
poor performance in these key attributes, which are crucial for consumer acceptance, but
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also in texture and appearance, highlighting its limitations as a standalone preservation
method. These findings align with its inability to control microbial growth and prevent
broccoli browning, as observed in this study. Interestingly, these results differ from previous
research where TREH improved postharvest quality in other produce, such as peppers and
guavas, by enhancing membrane stability, reducing water loss, and activating antioxidant
enzymes such as peroxidase and catalase [21,51].

DAY 11

Control CaAsc HWT TREH

DAY 0

Control

e CaAsc+ TREH HWT + CaAsc HTW + TREH HWT + CaAsc+ TREH

#

s

Figure 5. The visual appearance of the broccoli sticks: control sample on day 0 and samples under
different treatments on day 11, included in the sensory analysis to assess visual changes over the
storage period.

In line with these findings, TREH has been shown to improve firmness and water
retention in cherry tomatoes [22] and kiwifruit [23]. The discrepancy in TREH's effective-
ness between broccoli and other produce comes from differences in cell structure, water
content, and metabolic responses, which limit the capacity to maintain sensory quality in
the broccoli sticks. Consequently, our findings emphasize that TREH alone is not suitable
for preserving the sensory or microbial quality of broccoli sticks during storage. However,
combination treatments with TREH showed an enhanced sensory quality compared to
individual treatments. Notably, the HWT + CaAsc + TREH treatment achieved some of
the best overall scores, particularly in taste, suggesting a positive combination that may
enhance certain sensory attributes and increase the appeal of broccoli sticks to consumers
after extended storage. Sensory parameters were monitored throughout storage (days 0, 4,
8, and 11) to evaluate the progression of quality over time. Detailed results can be found in
the Supplementary Section (Figure S1).

3.5. Chemical Analysis
3.5.1. Vitamin C Content

The changes in vitamin C content of the broccoli sticks are presented in Figure 6.
At day 0, the HWT + CaAsc treatment exhibited the highest initial vitamin C content,
reaching approximately 1500 mg/100 g DW, followed by the CaAsc treatment at around
1100 mg/100 g DW. As expected, immersion in a 1% CaAsc solution resulted in an increase
in ascorbic acid content and, consequently, higher vitamin C. The enhanced response in
HWT may be attributed to the thermal effect of HWT, which likely creates a gas expansion
within the tissue that is followed by contraction during cooling, thereby promoting the
absorption of the ascorbate solution (Figure S2). Furthermore, elevated temperatures may
improve the diffusion rate of ascorbic acid and its solubility in both water and plant tissue.
However, a gradual decline was observed with storage time in all the treatments that were
combined with ascorbate. Interestingly, the CaAsc + TREH treatment showed a relatively
stable vitamin C profile throughout storage, with minimal fluctuations. This suggests
that the combination of CaAsc and TREH may contribute to ascorbic acid stabilisation,
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potentially due to TREH’s known ability to protect cellular structures and reduce oxidative
degradation [23].

Total vitamin C content (mg/100 g DW)
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Figure 6. Total vitamin C content in the broccoli sticks during storage under different treatments.
Data are presented as mean + SEM (n = 3). ANOVA showed significant effects for main factors
and their interaction. Fisher’s LSD test: LSDpays x Treatment = 69.95, p < 0.05. CaAsc = 1% calcium
ascorbate, TREH = 5% trehalose. HWT = hot water treatment at 55 °C for 1 min.

In this context, it would seem that TREH acts as a supportive agent, enhancing the
protective effect of CaAsc rather than providing direct stabilisation on its own. This inter-
pretation aligns with findings by Baek et al. [53], who reported the limited efficacy of TREH
alone in preserving vitamin C in fresh-cut apples, thus emphasizing the dominant role of
ascorbate. Therefore, the improved vitamin C retention observed in the CaAsc + TREH
treatment can be attributed to a synergistic effect, where ascorbate serves as the primary
antioxidant while TREH supports cellular integrity and reduces degradation pathways.

In contrast, the control, HWT, TREH, and HWT + TREH treatments exhibited a
steady decline in vitamin C content over time. By day 11, CaAsc + TREH and HWT +
CaAsc were among the treatments with the highest vitamin C levels, even surpassing the
CaAsc only treatment. These findings indicate that CaAsc is the main driver of vitamin C
enhancement and retention, and that its effectiveness may be maintained or even improved
when combined with other treatments, depending on their interactions. The variability
observed across treatments highlights the importance of optimising combined preservation
strategies to balance compound protection with potential degradation mechanisms.

3.5.2. Antioxidant Capacity and TPC

As shown in Figure 7, the treatments involving the application of CaAsc resulted in
higher antioxidant capacity (A) and TPC (B) throughout storage, consistent with the trends
observed for vitamin C levels (Figure 6).

The most pronounced effects were observed in the HWT + CaAsc treatment (27 mg
TE/g and 17 mg GAE/g DW at day 0), followed by the CaAsc and HWT + CaAsc +
TREH treatments, all of which maintained significantly higher antioxidant and phenolic
values by the end of storage—even though HWT + CaAsc experienced a greater overall
reduction of approximately 25%. The initial improvement in antioxidant preservation
observed in treatments containing CaAsc is primarily attributed to the intrinsic activity of
ascorbic acid and its protective role in stabilising phenolic compounds. Furthermore, when
applied in combination with HWT, the uptake and efficacy of ascorbic acid appear to be
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mg TE /g DW

enhanced, this is likely due to improved tissue permeability under mild thermal conditions,
as previously discussed.

mg GA/g DW

Figure 7. Changes in (A) antioxidant capacity and (B) TPC in the broccoli sticks during storage under
different treatments. Data are presented as mean 4+ SEM (n = 3). ANOVA showed significant effects
for the main factors and their interaction. Fisher’s LSD test: LSDpays x Treatment = 0.76 for antioxidant
capacity and 0.89 for total phenolic content, p < 0.05. CaAsc = 1% calcium ascorbate, TREH = 5%
trehalose. HWT = hot water treatment at 55 °C for 1 min.

The CaAsc + TREH treatment resulted in the moderate preservation of both antioxi-
dant capacity and TPC, with values falling to between those of the CaAsc-based treatments
and the remaining ones. In contrast, the control, TREH, HWT + TREH, and HWT treat-
ments exhibited consistently lower levels of antioxidant capacity and TPC, ranging from
11.3to 13.0 mg TE/g and 7.4 to 8.4 mg GAE/g, respectively. These values remained rela-
tively stable over time but were substantially lower throughout the storage period. The
diminished antioxidant potential and TPC observed in these treatments is probably due
to the absence of ascorbic acid from CaAsc, highlighting the central role of ascorbic acid
in enhancing and preserving antioxidant compounds in the broccoli sticks during cold
storage.

Previous studies have also highlighted the effectiveness of combining thermal strate-
gies in fresh-cut vegetables to enhance the retention of bioactive compounds during stor-
age [27]. In addition, Xiong et al. [18] reported that, although CaAsc was less effective than
ascorbic acid and sodium isoascorbate in controlling browning and wound responses in
fresh-cut potatoes, it did contribute to quality maintenance during storage. In particular,
CaAsc treatment led to a greater accumulation of total phenolic and flavonoid contents, as
well as enhanced antioxidant capacity compared to the control. These effects have been
associated with reduced oxidative stress and better preservation of membrane integrity,
which could contribute to the stabilisation of antioxidant systems during storage. Similarly,
Lépez-Hernandez et al. [29] demonstrated that short HWT (e.g., 53 °C for 3 s) delayed
oxidative damage in fresh-cut Chinese cabbage, improving the retention of antioxidant
activity and TPC over time. In broccoli, Perini et al. [28] found that HWT applied to
the basal part of the stems reduced the postharvest losses of polyphenols and helped
maintain antioxidant capacity, emphasizing its role in extending shelf-life and preserving
nutritional quality.
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3.5.3. Identification and Quantification of GSLs

A total of nine GSLs from the Brassicaceae family were detected and comparatively
analysed across all treatments and storage times. These included aliphatic GSLs, including
glucoraphanin, glucoiberverin, glucoerucin, and glucoberteroin; aromatic GSLs, such as
glucotropaeolin and gluconasturtiin; and indole GSLs, including glucobrassicin, neogluco-
brassicin, and 4-methoxyglucobrassicin. Their relative abundance patterns after normalisa-
tion are given in Figure 8A,B; they reveal differences associated with treatment and storage
time. The corresponding absolute quantification data are available in Supplementary
Table S1.
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Figure 8. (A) Heatmap showing normalised levels of total, aliphatic, aromatic, and indole GSLs
in the broccoli sticks stored at 5 + 1 °C under different treatments (CaAsc = 1% calcium ascorbate,
TREH = 5% trehalose. HWT = hot water treatment at 55 °C for 1 min). (B) Heatmap displaying
normalised results of the quantification of individual GSLs: glucoraphanin (GRP), glucotropaeolin
(GTP), glucoiberverin (GIV), glucoerucin (GER), glucobrassicin (GBS), neoglucobrassicin (NEO-GBS),
glucoberteroin (GOB), 4-methoxyglucobrassicin (4ME-GBS), and gluconasturtiin (NAS) throughout
storage. Values are shown on a colour scale from 0 to 1 after normalisation. Colour bars at the top
indicate the treatments applied and the storage days (0, 4, 8, and 11). Data represent the mean of
three independent replicates.
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The distribution of polyphenols and GSLs within broccoli stalk is uneven, with higher
concentrations in the bark compared to the core, as reported by Costa-Pérez et al. [31].
These differences are related to the distinct physiological functions of each tissue and may
also result from the disruption of tissue integrity caused by cutting, which can activate
hydrolytic enzymes and modify the composition of secondary metabolites.

In our study, the absolute total GSL concentrations ranged from 79.05 £ 3.93 to
176.94 £ 7.37 mg/100 g DW (Supplementary Table S1), with aliphatic ones generally being
the most abundant group, mainly glucoerucin as the main important, followed by indole
and aromatic GSLs. Aliphatic GSLs, which dominated the overall GSL profile, showed
high normalised values at day 0 in treatments such as TREH, CaAsc, and their combination,
whilst the HWT treatments, particularly HWT + CaAsc and HWT + CaAsc + TREH,
exhibited notably lower initial levels. Over time, most treatments showed a decrease in
total GSL content; this was especially evident in HWT-based combinations.

Indole GSLs followed a similar trend, with higher values in early storage which
progressively diminished, although treatments such as TREH and CaAsc + TREH showed
relative preservation. Aromatic GSLs remained low across all treatments and storage
times, with glucotropaeolin ranging from 2.51 + 0.08 to 3.67 + 0.07 mg/100 g DW, and
gluconasturtiin from 0.98 £ 0.01 to 2.87 = 0.40 mg/100 g DW.

Overall, these findings suggest that thermal treatments may reduce GSL content, while
formulations containing TREH or CaAsc alone may better preserve GSLs during storage.
Interestingly, the relative stabilisation or late increase in these compounds observed in the
TREH-based treatments on day 11 could be linked to postharvest stress responses and
tissue degradation. As reported by Paulsen et al. [54], mechanical damage from minimal
processing may initially trigger GSL biosynthesis, while progressive senescence facilitates
enzymatic hydrolysis due to the loss of cellular compartmentalisation, potentially altering
GSL dynamics throughout storage.

Glucoerucin was initially detected at a higher concentration in the control and CaAsc-
treated samples, ranging from 80.32 £ 1.06 mg/100 g to 87.16 & 1.06 mg/100 g DW. When
evaluating the interaction between storage time and treatment, significant differences
were only observed in the TREH-treated samples, which exhibited an increase in the
concentration of glucoerucin and glucoraphanin over time. In the case of glucoerucin,
this upward trend was not observed when TREH was combined with HWT; however, the
reduction was less pronounced than in the other treatments. In the case of glucoraphanin
and glucotropaeolin, the TREH-treated samples showed a notable increase in their relative
levels by day 11.

As no treatment-specific mechanism has been identified to directly explain this phe-
nomenon, the observed increase may be attributable to microbial activity. Microorganisms
are known to degrade cell membranes and, in some cases, produce myrosinase-like en-
zymes that facilitate the breakdown of GSLs into bioactive compounds. This hypothesis is
supported by the significantly higher counts of mesophilic bacteria and yeasts observed in
the TREH-treated samples at the end of storage (Figure 2), suggesting increased microbial
metabolism. These observations are consistent with previous findings by Salas-Millan
et al. [39] and Wu et al. [55], who demonstrated that lactic acid bacteria can enhance
the release and transformation of GSLs in broccoli by-products, even in the absence of
endogenous plant myrosinase.

The initial concentration of glucoiberverin was significantly lower in the HWT +
CaAsc and HWT + CaAsc + TREH treatments, approximately half that found in the
other treatments. This is consistent with the heatmap results, where those two treatments
exhibited the lowest normalised values. In contrast, the remaining treatments, particularly
TREH, HWT + TREH, and the control, displayed higher initial concentrations, reflected by
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higher normalised values. No significant interaction effects were observed, as all treatments
showed a decreasing trend in glucoiberverin concentration over time.

The most notable differences in gluconasturtiin concentration were observed in the
treatments involving CaAsc and HWT, either alone or in combination. While the overall
detected levels of gluconasturtiin were low, a decreasing trend was observed in the control
throughout storage. In contrast, most treated samples maintained stable levels over time,
and an increase was observed at the end of the storage period in samples treated with the
HWT + CaAsc + TREH combination. This mirrors the trend observed for glucoraphanin,
suggesting a possible synergistic effect.

Glucoberteroin was detected at the lowest concentration among all quantified GSLs,
representing less than 1% of the total GSL content (Table S1). Interestingly, its initial levels
were slightly higher in samples subjected to HWT, CaAsc, and their combination (HWT
+ CaAsc), although a consistent decrease was observed across all treatments over time.
These findings align with observations by Mbudu et al. [56], who reported tissue-specific
variability of glucosinolates in kohlrabi tissues.

For indole GSLs such as glucobrassicin, 4-methoxyglucobrassicin, and neoglucobras-
sicin, the initial concentrations were not markedly higher in any particular treatment, but
a gradual decrease over time was observed across most treatments. Notably, treatments
containing TREH—especially alone—showed a relative increase in glucobrassicin by day
11, which may be associated with microbial activity, as signs of spoilage (e.g., increased
CFU/g counts) were evident from day 8 onwards. A similar association was reported
by Salas-Milldn et al. [32], where the spontaneous fermentation of broccoli stalks led to
a notable rise in indole GSLs, including glucobrassicin and 4-methoxyglucobrassicin, in
parallel with the growth of lactic acid bacteria and yeasts. Additionally, as highlighted
by Li et al. [3], microbial metabolism can modulate the profile of bioactive compounds
in broccoli, particularly under stress or degradation conditions. These findings suggest
that, beyond the direct effect of the treatments applied, microbial interactions during
storage may play a role in the late-stage accumulation or transformation of specific GSLs.
These findings are consistent with the results reported by Nufiez-Gémez et al. [5], who
found that indole GSLs in broccoli stalks—such as glucobrassicin, 4-methoxyglucobrassicin,
and neoglucobrassicin—were less stable during extraction, and were only detected in the
extractable fraction, unlike more stable aliphatic GSLs such as glucoraphanin.

4. Conclusions

This study demonstrates the potential of up-cycling broccoli stalks, a commonly
discarded by-product, into a high-value fresh-cut product through the application of
targeted postharvest strategies. The main conclusions are as follows:

(a) Among the treatments evaluated, HWT alone was highly effective in reducing
browning, a key factor in achieving an 11-day shelf-life, whilst also controlling microbial
growth and respiration and yielding the highest scores in sensory quality. However, its
ability to preserve bioactive compounds, particularly GSLs, was limited.

(b) To retain and enhance these health-promoting compounds, the HWT + CaAsc
treatment was the most effective, primarily due to the antioxidant action of ascorbic acid
present in CaAsc. This treatment significantly increased vitamin C retention (by 78%),
antioxidant capacity (by 68%), and TPC (by 65%) compared to the control on day 11.

(c) Although the control treatment, based solely on peracetic acid disinfection, pro-
vided microbial reduction, the inclusion of antioxidant support in other combined treat-
ments helped to maintain sensory quality and played a key role in stabilising vitamin C
and reducing the degradation of both phenolic compounds and GSLs.
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(d) Conversely, TREH applied alone did not contribute to extending the shelf-life. It
was associated with enhanced tissue browning, elevated respiration rates, and increased
microbial proliferation, factors potentially associated with membrane destabilisation and,
consequently, the enhancement of GSL bioavailability. These results underscore the crop-
specific nature of postharvest responses, as TREH, despite its reported benefits, did not
perform consistently in this matrix. Future studies should explore the effect of different
concentrations in cruciferous tissues.

(e) The absence of foodborne pathogens such as Salmonella spp. and E. coli confirms
the efficacy of the initial sanitation and preservation procedures in ensuring microbiological
safety throughout the storage time.

Overall, these findings highlight the value of integrated postharvest strategies, par-
ticularly those combining mild heat and ascorbate-based antioxidant dips, for preserving
the quality and bioactive compounds in fresh-cut broccoli. The HWT + CaAsc treatment
proved to be the most balanced option: it maintained sensory attributes and enhanced
the retention of health-promoting compounds and achieved a shelf-life of 11 days at 5 °C
under MAP. Given that both components are safe, commonly used, and cost-effective, this
approach offers a scalable and sustainable solution for broccoli stalk valorisation in the
fresh-cut industry. This approach not only supports food loss reduction and sustainable
processing but also represents a viable up-cycling strategy aligned with circular economy
principles. Future research should investigate the physiological mechanisms underlying
these effects and evaluate their applicability to other vegetable by-products, contributing
to loss and waste valorisation and the development of functional fresh-cut products.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods14142476/s1. Figure S1: Sensory evaluation of the broccoli
sticks subjected to different treatments: (A) Control, (B) CaAsc, (C) HWT, (D) TREH, (E) CaAsc+TREH,
(F) HWT+CaAsc, (G) HWT+TREH, and (H) HWT+CaAsc+TREH. Each radar chart shows the evolu-
tion of sensory attributes during storage (days 0, 4, 8, and 11). The evaluated parameters included
overall acceptability, taste, crispness, firmness, appearance, less dehydration, and less browning.
Data are expressed as mean values (n = 10), using a 9-point hedonic scale where 1 = unusable,
3 = poor, 5 = fair (limit of marketability), 7 = good, and 9 = excellent. CaAsc = 1% calcium ascorbate,
TREH = 5% trehalose, HWT = hot water treatment at 55 °C for 1 min. Figure 52: Schematic represen-
tation of the proposed synergistic mechanisms of the combined hot water treatment (HWT, 55 °C
for 1 min) and calcium ascorbate dip (CaAsc, 1%, 5 °C for 1 min) applied to fresh-cut broccoli stalks.
HWT induces a thermal effect that creates gas expansion within the tissue; subsequent cooling in a
chilled CaAsc solution causes tissue contraction; this sequence promotes the absorption of the CaAsc
solution, enhancing antioxidant protection. Table S1: Glucosinolate contents (mg/100 g dry weight)
in broccoli sticks during storage under different treatments.
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Abstract

Improper stakeholder practices are considered a primary driver of food loss. This study
aims to investigate the consequences of pre- and post-harvest practices on extending the
shelf life of agro-food products, identifying which practices yield the highest marginal
returns for quality. Using Fractional Regression Models (FRM) and Ordinary Least Squares
(OLS), the research analyzed data from 343 Egyptian grape farmers and intermediaries.
Key findings at the farmer level include significant food loss reductions through drip irriga-
tion (13.9%), avoiding maturity-accelerating chemicals (24%), increased farmer-cultivated
area (6.1%), early morning harvesting (8.7%), and improved packing (13.7%), but delayed
harvesting increased losses (21.6%). For intermediaries, longer distances to market in-
creased losses by 0.15%, while using proper storage, marketing in the formal markets,
and using an appropriate transportation mode reduced losses by 65.9%, 13.8%, and 7.9%,
respectively. Furthermore, the interaction between these practices significantly reduced the
share of losses. The study emphasizes the need for increased public—private partnerships in
agro-food logistics and improved knowledge dissemination through agricultural extension
services and agri-cooperatives to achieve sustainable food production and consumption.
This framework ensures robust, policy-actionable insights into how stakeholders’ behaviors
influence postharvest losses (PHL). The findings can inform policymakers and agribusiness
managers in designing cost-efficient strategies for reducing PHL and promoting sustainable
food systems.

Keywords: food handling practices; stakeholders’ training needs; horticultural postharvest
loss; good agricultural practices; grapes supply chain; shelf life

1. Introduction

Identifying and addressing the food loss drivers, including improper stakeholder
practices, is essential to sustain and maintain the shelf life of agro-food products across
the supply chain (SC) for as long as possible [1-3]. The Boston Consulting Group (BCG)
(Boston Consulting Group https://www.bcg.com/publications/2018/tackling-1.6-billion-
ton-food-loss-and-waste-crisis, accessed on 30 April 2025) estimates that by 2030, annual
food losses and waste (FLW) (according to the FAO, food loss refers to the share of food
lost across the food supply chain before it reaches the final consumer, while food waste
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represents the share of food wasted by the consumers) will hit 2.1 billion tons, worth USD
1.5 trillion, and decreasing it is crucial to achieve sustainable food system transformation,
particularly in developing countries (which import most of their food) [4]. Meanwhile, im-
proper handling and hygiene practices result in food contamination, constantly increasing
the percentage of loss across the supply chain [5]. Furthermore, measuring the interaction
between socioeconomic factors and stakeholder practices toward reducing the rate of loss
across the food supply chain (FSC) plays an essential role in designing an appropriate
solution to minimizing the share of lost food at different nodes across the supply chain [6,7].
The marginal benefits of preventing losses should exceed the marginal costs to make the
intervention more attractive to relevant stakeholders [8]. Adopting good agricultural prac-
tices, including cultivation, harvesting, handling, and postharvest practices, dramatically
improves the farmers’ net profit and enables the sustainable use of limited resources in
developing countries by reducing the percentage of FLW [9]. Generally, pre-sorting on
farms can remove fruits with unacceptable shapes, sizes, and colors during harvesting,
grading, and sorting at the farm gate. However, these fruits have the same nutritional
value and could be used either fresh or processed to feed humans. Due to their appearance,
they are often left in the field [3,10].

The handling practices of agro-food products (such as harvesting, pre-cooling, sorting
and grading, packaging, and storing) play a substantial role in preserving quality and
extending shelf life [11]. Improper practices or neglecting one of the aforementioned opera-
tions lead to quality degradation, especially for perishable and sensitive fruits like grapes.
For example, poor harvesting methods, incorrect cooling, and poor storage contribute to
the loss of products. Because grapes are very sensitive to temperature, they cannot be kept
as a product for long periods. However, the substantial role of agricultural education and
extension in disseminating the best farming practices, including postharvest operations
for perishable products, is weak in most developing countries [12]. This highlights the
urgent need to reform the public agricultural extension institutes to raise small stakeholders’
knowledge, improve their practices and skills, and change their behaviors and attitudes to
use limited resources more sustainably [13]. Considering the negative effects of spraying
harmful chemicals to promote earlier fruit maturity (color, size, and solidity) or sustain
their freshness after harvest, this practice can decrease the fruits” shelf life and result in
food safety problems and negative environmental impacts [14].

Fruits provide essential vitamins and offer high profit margins for small-scale farmers
and middlemen. Still, the share of postharvest fruit loss is very high due to a lack of
agro-processing facilities and agro-logistic services, especially in developing countries.
Varying perishability between different fruit types is a key factor affecting all aspects of this
industry; growers must maintain minimum product quality for consumers, which impacts
pricing and the percentage of losses [3]. However, farmers and middlemen remain hesitant
to adopt the recommended postharvest practices. Efforts to disseminate and encourage
stakeholders to adopt these practices can significantly reduce the share of postharvest loss
(PHL) in grapes and other fresh fruit and food products (PHL refers to the share of lost or
wasted food across the food supply chain, starting from harvesting and extending until the
product reaches the final consumer).

Egypt is ranked fourth in the world for table grape production quantity (~1.7 million
tons), and growth in this production has significantly increased Egyptian grape exports
over the past 15 years [2]. The FAO estimated the share of postharvest loss to be around
18.6%, 5.3%, and 6.7% for the farmers, wholesalers, and retailers in North Egypt, high-
lighting the critical points of losses, including the harvest, wholesale, and retailer market
levels, respectively [2]. Egyptian grape producers and value chain actors are increasingly
vulnerable to shifts in global markets due to a lack of marketing information and land
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fragmentation among small-scale producers. They might delay mature crop harvesting to
decrease transportation costs, which significantly increases the loss volume. Small-scale
producers lacking export access need new strategies to upgrade the table grape value chain.

The interlink between the grapes supply chain and required post-harvest operations
depends on the primary destination market (domestic or export). Furthermore, neglecting
these operations (e.g., sorting, packing, grading, etc.) at the farm could lead to an increase in
the percentage of food loss at the following downstream stages of FSC [3,15]. Stakeholders’
practices and access to logistics significantly influence the proportion of loss across FSC, and
this share varies depending on FSC efficiency, logistics service availability, and stakeholder
practices [3,16]. For example, cold transportation and storage services mainly contribute to
preserving the product for long periods [2]. Adopting good handling techniques, using
appropriate equipment or technology, building capacity, enforcing thorough regulations,
and improving marketing can avoid many problems [17]. FLW reduction interventions
have garnered more global attention and investment following the global food crisis in
2008, when many countries sought to increase local food self-sufficiency through various
strategies, including food loss and waste reduction, particularly in developing countries [2].

Individuals’ preferences are based on the costs, benefits, and risks of the choices in
line with their socioeconomic characteristics, so they will only act if the benefit outweighs
the costs [18]. In the same way, we assumed (1) the stakeholders will invest to decrease
FLW when the value of the saved food outweighs the cost of the intervention (practices or
technology) [19]. (2) The interaction between the different proper practices could result in a
greater reduction of losses across the supply chain. However, the importance of the correla-
tion between the farmer and middleman characteristics and their practices is emphasized.
The previous studies did not analyze the different impacts of the interaction between the
stakeholders’ socioeconomic characteristics and their practices toward food loss and waste,
which could give an overview of the technical training needed to enhance the capacity of
the small farmers and intermedjiaries to adopt the good agricultural practices, including the
best postharvest operations. The current study aims to evaluate and analyze the interaction
between stakeholders’ socioeconomic characteristics and their impacts on their practices at
the different FSC stages, to determine the appropriate intervention strategies for reducing
these losses. The results of this study could help policymakers, agribusiness owners, and
international funding donors design sustainable intervention reduction strategies for these
losses, achieve a sustainable supply chain, attain environmental preservation, and ensure
efficient use of limited resources available.

The recent literature indicates a scarcity of evidence on the impact of stakeholders’
practices as a food loss driver [20]. Furthermore, the majority of earlier FLW research
concentrated on calculating the proportion of loss [3,21,22], few studies have investigated
the food loss driver, particularly horticultural crops. Furthermore, most of these studies
used the macro-secondary data (e.g., food balance sheet, FAO) to estimate the FLW, which
neglected the heterogeneity between the stakeholders and the significant role of those
small stakeholders in FLW reduction strategies, and they provided only high-level insights
about the nature and causes of these losses [23]. Despite the substantial investment in
reducing losses, the effectiveness of these interventions remains limited due to a lack
of coordination among different FCS actors, the failure to improve infrastructure, and
inadequate support for capacity building [24]. Therefore, we aim to measure the interaction
between socioeconomic characteristics and stakeholders” practices, which represents an
important step in designing appropriate interventions to minimize this share at different
nodes across the FSC.

The novelty of the current work could be highlighted through its theoretical and
empirical contribution to a better understanding of the root causes and drivers of FLW at
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the small stakeholder level. This includes assessing the impacts of socioeconomic charac-
teristics heterogeneity among stakeholders on access to logistics services and its effects on
FLW reduction. This study presents evidence-based findings on how socioeconomic char-
acteristics and their interaction with other technological factors influence the percentage
of FLW across FSC in developing countries. To analyze the FLW drivers, we started with
farmers’ practices during farm operations, then the middlemen handling the product to
reach the end users. The following sections include the methodology, data analysis, results,
discussion, and conclusion.

2. Materials and Methods
2.1. Theoretical Framework

The reduction of food loss in agricultural supply chains is fundamentally dependent
on the intricate interaction of social and economic behaviors demonstrated by farmers and
intermediaries. These participants function within a network of incentives, limitations, and
relational dynamics that significantly affect post-harvest losses. Grasping this relationship
is essential for creating effective interventions [24]. For example, trust between farmers
and intermediaries promotes an exchange of market information, where intermediaries
disseminate market standards and demand signals, and farmers communicate production
difficulties. This openness fosters improved planning and coordination to synchronize
harvests with market requirements and minimize mismatch losses [19]. Furthermore, trust
and strong networks lower transaction costs, enable collective investment in loss-reducing
infrastructure, improve access to credit and information, and strengthen bargaining power,
making economically viable solutions more accessible. Long-term relations encourage
collaboration, where the intermediaries might provide credit for agro-inputs that mitigate
losses (such as cold storage and transportation) or provide technical support; farmers tend
to prioritize working with trusted partners, which may improve quality control.

The target-measure-act framework has been employed to analyze and measure the im-
pacts of stakeholders’ or individuals” practices as a food loss driver. This approach has been
approved as a recognized approach for developing a rapid result for FLW reduction [25,26].
This study intends to evaluate the interaction between socioeconomic characteristics and
the stakeholders’ practices as food loss drivers across FSC to provide a better understanding
of how these factors interact. We target the most important actors across FSC who are
responsible for the highest share of FLW (farmers and middlemen). Also, the grapes have
been considered the main fruit crop in the investigated area. We measured the impacts
of these interactions on the stakeholders by employing the rational choice theory, where
the stakeholders” decisions are based on the interaction between the availability, access,
and utilization of the facilities and technologies that reduce FLW, and the socioeconomic
characteristics of those stakeholders. Finally, the appropriate interventions have been
discussed based on the study’s results, as shown in Figure 1.

Rational choice theory (RCT), also known as a rational action or choice theory,
is a framework for recognizing and often formally modelling social and economic be-
haviour [18]. It assumes that individuals” and agents’” preferences are based on the bene-
fit/cost ratio, where stakeholders will invest in stopping FLW when the value of the saved
food outweighs the price of the intervention (practices or technology). Moreover, people
use the current resources to maximize rewards, and agents or individuals can incorporate
all relevant factors into their preference rankings for the overall alternative. Furthermore,
social scientists can indirectly understand agents” desires through their disclosed decisions.
Researchers extrapolate from observable behavior to rebuild the preference hierarchy that
governs a rational agent’s decisions.
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Figure 1. Supply Chain Actors’ Practices as Food Loss Drivers.

RCT is used in microeconomics to model human or individual decision-making,
where it assists economists in better understanding the behaviour of a society “in terms of
individual actions as explained through rationality”. This theory is widely used in economic
studies and agricultural policy analysis, which explains human decision-making [27].
Recently, the fundamentals of this theory have been used in many studies to determine
the appropriate intervention to reduce food and post-harvest losses [28,29]. The farmer
is challenged with a choice of whether or not to adopt post-harvest handling practices to
reduce loss and the extent of adoption. So, a farmer faces a tradeoff between incurring
additional costs to mitigate loss and risking getting loss. For example, the farmer could risk
late harvesting his crop because they wishes the market price might increase or the harvest
labor rent might decrease. A rational farmer and middleman will invest in alleviating loss if
there is an economic motivation to do so. Additionally, reducing loss increases the amount
of the crop available for sale and consumption. Hence, the quantity of the crop saved
by reducing loss and the cost of mitigating the losses play a crucial role in the farmer’s

decision [29].

Improper practices are mainly a result of a complex interaction across the supply chain
between the stakeholders’ socioeconomic characteristics and access to agricultural services.
Where the value of crop saved by reducing loss and the cost of mitigating the losses play a
crucial role in the farmers” and intermediaries” decisions.
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2.2. Study Area and Sampling Strategy

A multi-stage sampling design has been adopted to select grape farmers and mid-
dlemen. According to Yamane, 384 observations are required to justify an infinite popula-
tion [30]. We used the following equation to determine the sample size.

N

n=-———-
14+ N (e)

@
where n is the proposed sample size, N is the total population size, N = (453) for the current
study, and e is the level of precision (0.05).

In the current study, we only considered small farmers; hence, the proposed sample
size would be 213 growers. The sample was chosen from the main grape production
governorate in Egypt, according to the cultivated area (EI Minya, located south of Cairo),
as shown in Figure Al. We randomly selected the three main districts (Bani Mazar, Mattai,
and Samalout), which represent more than 84% of the total cultivated area in EI Minya
governorate. Then, two villages were selected in each district (based on the grape culti-
vated area). The respondents’ numbers in each village were determined according to the
geometric mean of the number of farmers and the area planted with grapes in each village.
Finally, 213 Egyptian grape farmers were randomly selected in these villages. Similarly, we
interviewed 130 middlemen involved in the fruit and vegetable trade. We excluded the
questionnaires of 13 farmers and 10 middlemen due to incomplete answers.

In this study, we used a structured questionnaire to collect data from the stakeholders
through face-to-face interviews during the 2020 season. We developed the two question-
naires (one for farmers and the other for the middlemen). We pretested them, modified
them based on the pretest results, and finally, we collected the data. The proposed question-
naires were prepared based on related literature and have been tested through informal
group discussions (grape experts and agro-economists) and a pilot study. Table A2 pro-
vides more details about the socioeconomic characteristics of the selected farmers and
middlemen.

2.3. Model Specification

Degradation in quantity and/or quality of agricultural products depends on both
farmers’ and middlemen’s practices, which include preharvest and postharvest operations,
as follows:

PHL (Y) = F (Pre-harvest practices, Post-harvest practices, Environmental factors, In-
stitutional factors, Interaction effects), which could be presented in the following equation.

PHL_i = GB0 + ) _ Bj Farmer_Practices_ji + ) |6k Middlemen_Practices_ki + ) _ymControls_mi +¢;  (2)

where (PHL_percent) is the dependent or outcome variable, Xi’s predictor or indepen-
dent variables, including the pre-harvest and postharvest variables, as shown in Table A1.
B, 7v,0,x, ¢ are coefficients for each predictor and ¢; is the error term. We include each
practice as a separate regressor to identify which specific practices have an impact. For ex-
ample, pre-harvest practices are the farm operations such as (irrigation system, pest control
(including spraying the chemicals to speed up the maturity or improve the appearance of
the final product), timing of harvest, stage of fruit maturity, initial sorting and grading at
the farm gate, which the farmers mostly do. While post-harvest practices include (storage
conditions, handling, packing, transportation time (cold-chain, distance to the market),
etc.), are done by the middlemen, as shown in Table 1. The control variables (Z) include
access to information, membership in an agricultural cooperative, farm size, education, etc.
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Table 1. Descriptive analysis of the pre- and post-harvest practices for grapes (farmers” and middlemen).

Farmers Middlemen
Stage
e % Frequencies % Frequencies
Items Description N = 200 N = 120
c Drip 45 -
Farmonerations Irrigation system Conventional 55 .
P Spray chemicals to speed up the  Yes 27.5 -
maturity No 72.5 -
C Early in the morning 87 -
Harvesting time of the day Any time of the day 13 )
Stage of maturity Fully ripe 79 -
Partially ripe 21 -
. Delay harvesting (after optimum  Yes 56.5 -
Harvesting maturity) No 43.5 -
The reason To catch a high price 50.0 -
To avoid the low-price 40.5 -
None 9.5 -
Method of harvesting Scissors/knife 49.5 -
Hand 50.5 -
Machinery - -
Grade/pre-sort your produce Yes 58.5 70
immediately No 41.5 30
Sorting and Color 29.5 2.5
grading Size 3.0 -
Quality indicators for grading Weight 19.0 -
Physical blemishes 38.0 52.3
All the above 10.5 39.2
e Yes 50.5 88.3
Access to proper storage facilities No 495 117
Colour changing 18.5 -
. Wilting and shrinking 6.0 -
Storage problems with your Weight losses 6.0 25
produce? .
Storage Insects and rotting
. . 7.0 45
infestations
All the above 62.5 52
Storage place At farm 19 -
At home 3.6 -
In the market 774 100
Number of storage days, farmers  One Day 81.5 38.3
(N =128), Two d 18.5 61.7
For middlemen (N = 107) Wo days or more ’ :
Packaging material Wood Box - -
Crates of palm leaf 27.0 72
Packing Carton Box 30.0 -
Plastic Box (improved 43.0 28

packing)
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Table 1. Cont.

Farmers Middlemen
Stage
e % Frequencies % Frequencies
Items Description N = 200 N = 120
Product coverage during Yes 28.5 -
transportation? No 31.5 52.5
Sometimes 40.0 47.5
Distance to the nearest 50-100 ) 80.8
T i market (Km)
ransporting 101-150 15 42
151-200 21.0 11.7
<200 77.5 3.3
L Early in the morning 56.5 47
Transportation time Any time of the day 35 53
Transportation mode Own transportation 12.3 23
P Hired transportation 87.7 77
. Formal market 23 56
Marketing Type of market Informal market 77 44
Donate to charity 115 -
Feed animals 33.0 31.7
Dealing with losses during the different stages? Compost 5.0 -
Landfill (left in the 220 .
field) ‘
Garbage 28.5 68.3
Cold-Transportion 15.5 1.8
Do you need facilitation to target the preferred E&tg;p ed storage 19 14.5
i ?
marketing channel? Microfinance 14.0 50.9
Market information 45.5 13.6
None 6 19.2
Are you satisfied with your current main marketing Yes 16 47.5
channel? No 84 52.5
Lack of marketing 701 )
What are the constraints to target the preferred information '
marketing channel? High cost 19.2 -
Needs big quantity 10.7 -

2.3.1. A. Fractional Regression Model (FRM)

Since PHL is a proportional/fractional outcome (e.g., 5%), a fractional regression

model is ideal [31]. It uses a logistic or probit link function to ensure predictions stay within

[0, 1] (or [0, 100%] after rescaling). Due to the nature of the data, we employed the fractional

probit model in the current study:.

E(PHL_i | Xi) = G([SO + 4+ Z Bj Farmer_Practices_ji + Z 0k Middlemen_Practices_ki + ZymControls_i (3)

G (+): Logistic or probit function (e.g., G (z) = #Zez).

PHL_i = Percentage loss (e.g., 0-100%). The average of percentage losses for each
selected stakeholders has been presented in Table A2.
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2.3.2. B. Addressing Interaction Effects:

We evaluated the interaction effects to capture synergies or trade-offs between stake-
holders’ practices, where interactions between the different practices might influence the
percentage of PHL.

E(PHL_i | Xi) = G(BO0 + B1 Practice_i + 01 Practice_k + §(Practice_i % Practice_k)i + yControls_i 4)

A negative 6 implies that combined practices reduce losses more than their individual effects.

For robustness checks, we compared the results of FRM with Ordinary Least Squares
(OLS) {with PHL logit-transformed; In (% )}

The variables were investigated to determine whether they affected the PHL. Then,
the factors with an effect were used in the model to determine whether they had a negative
or positive effect on the PHL. At that time, some of the affected variables were examined as
dummy variables, assuming that the stakeholders adopting and applying the best agricul-
tural practices are (1) and otherwise (0). We checked the autocorrelation and multivariate
collinearity, revealing no extreme multivariate collinearity in the data.

3. Results and Discussion

Adopting the best agricultural and handling practices will extend the shelf life of
agrofood products and consequently decrease the percentage of loss, highlighting the
importance of agricultural extension in disseminating information among farmers and
other actors across FSC [32]. The following section presents and discusses the results of the
practices of grape farmers and middlemen.

3.1. Descriptive Analysis of Grape Farmers” and Middlemen’s Practices as Food Loss Drivers

The self-report method in socioeconomic research is vulnerable to social desirability
bias, which can impact the validity and reliability of the results. To overcome (over- or
underestimations), a mixed method of qualitative and quantitative methods, along with
real observations, was used during data collection to ensure accuracy and avoid bias.

Socioeconomic characteristics, including age, education, gender, and cultivated area,
for the selected respondents are presented in Table A2. These demographics may influence
the respondents’ actions and practices, as young people with higher education can adopt
best practices more quickly than older individuals. Likewise, the number of years of experi-
ence also plays a crucial role, as highly experienced farmers can determine the appropriate
input quantities and types, irrigation times and water quantities, and the optimum stage
of maturity for harvesting. For asset ownership, farmers and middlemen who own assets
such as cars, tractors, and tricycles reported a lower loss percentage due to their ability to
transport their production to or from the market, especially for small-scale farmers. At the
same time, the organization’s membership proved its importance in disseminating new
agricultural operations and marketing information through training, facilitating the joining
of the contract farming program, and providing access to microfinance, which must be
considered during the design and implementation of intervention reduction strategies.

Postharvest operations have been divided between farmers and middlemen. The
farmers mainly do the upstream supply chain operations. Still, middlemen are responsible
for collecting and redistributing agro-food products. Both practices determine the cumula-
tive share of lost and wasted food downstream of the supply chain [33]. The respondents
reported that during harvesting, pre-grading, and sorting, they are excluding unacceptable
fruits (shapes, sizes, and colours) at the farm gate, which is consistent with the recent
findings reported that the final consumers will not accept these fruits due to their shape
or size and should be removed from the beginning of supply chain [10]. Furthermore,
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around half of the farmers (45%) used drip irrigation. They harvested the fully ripening
fruits (79%) in the early morning (87%), where the drip irrigation could increase the fruit’s
solidity and subsequently decrease the share of lost food across FSC. Additionally, around
72.5% of them don’t spray chemicals to accelerate fruit maturity in normal cases (although
they sometimes use these chemicals to achieve a higher price, especially at the beginning
of the harvest season). An overview of the main selected practices (factors) that determine
the share of grape loss is presented in Table 1.

Recent studies revealed that primary inspection and sorting play a significant role
in reducing losses downstream FSC [34]. Likewise, inappropriate packing boxes, such
as palm crates (common for Egyptian farmers), increase the percentage of injured fruits
during handling, packing, and transporting [8]. The quality indicators for grading were
considered by around 67.5% of the farmers’ respondents, who were mainly based on the
colour and physical blemishes of the product. Still, most of the middlemen were grading
not only based on the physical blemishes but also considering (solidity, size, and weight).
Furthermore, farmers and intermediaries reported that they store their production in the
market (sometimes without cold storage services) before selling it for one or more days
under normal temperature conditions, which increases the rejection of fruits due to color
changes, wilting, insect infestation, rotting, and weight loss. Although open trucks are a
common transportation mode for agricultural products in Egypt, most of the respondents
reported that they don’t cover the products during transportation from the farm to the
wholesale market or retailers, which increases the losses and decreases the product quality,
especially, during summer and for the long-distance transportation (sometimes more
than 12 h).

Most respondents reported being dissatisfied with their current marketing channel,
and the primary constraint to targeting the preferred channel was a lack of market in-
formation. Access, affordability, and availability of facilitation to target the preferred
marketing channel significantly impact the loss, as farmers reported an urgent need for
market information and microfinance, while small intermediaries require microfinance.
Most farmers either leave the injured fruits in the field or use them to feed their animals.
Whereas 50% leave the injured fruit in the field or send it to the garbage, and only 33% use it
for animal feeding. This appears clearly during the season or when the market price is low,
the farmers prefer to leave the yield in the field or feed the animals with the unacceptable
fruits [35]. However, the intermediaries mainly send them to the garbage (especially in
urban and semi-urban regions), which causes multiple health and environmental impacts.
This highlights the importance of minimizing losses in the upstream supply chain to reduce
the share of wasted food in subsequent nodes or even at the consumer level.

3.2. Fractional Regression Models (FRM) Compared with OLS Results for Grapes (Farmers
and Middlemen)

Improper food supply chain practices increase the amount of damaged fruit and
consequently the PHL ratio at various stages (e.g., over-maturity, improper handling,
overloading boxes or trucks, and improper storage) [36]. Furthermore, infrastructure
availability and agro-food processing facilities are crucial in enhancing the marketing
systems to decrease the PHL [37]. Hence, controlling these factors along with FSC has
a tremendous and immediate impact on reducing the percentage of PHL, which could
be a way to enhance the welfare of small stakeholders (farmers and intermediaries) in
developing countries.

3.2.1. FRM Compared with Ordinary Least Squares (OLS) Results for Grape Farmers

Identifying the optimal harvest practices to minimize losses is crucial in designing an
intervention strategy. In Table 2, the results of the FRM and OLS show that the education
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of grape farmers positively reduces the PHL, with a 0.3% reduction in the share of lost
food for FRM and a 4.9% reduction for OLS, on average, for educated farmers compared
to illiterate farmers. Our current findings support the previous study that revealed the
significant role of agricultural education in reducing PHL in many developing countries,
such as the substantial role in the global initiative (Postharvest Education Foundation).
In the past two decades, this initiative has highlighted the requirement for continuous
training, policy support, and accessible technologies to sustain the impact of the PHL

reduction interventions [38].

Table 2. Fractional probit regression results (grapes farmers).

Farmers Fractional Probit Regression OLS Estimations
PHL Coef. Std. Err. E flf\/e[:tr !(;cllr)lr?jlx) Coef. Std. Err.
Cons. -1.9172 0.30926 *** - —3.07161 *** 0.51874
Age —0.000896 0.0018351 —0.00308 —0.00258 0.00431
Education —0.02017 * 0.011534 —0.00308 —0.04894 0.02938
Experience —0.0006893 0.003843 —0.0001 —0.00040 0.00938
Total Cultivated area —0.02872 ** 0.011849 —0.00438 —0.06116 ** 0.02971
Grapes Cultivated —0.008235 0.015477 —0.00125 —0.013729 0.04151
Information Source —0.0004830 0.008711 —0.00073 —0.01184 0.02157
Cooperative membership —0.0374406 0.03239 —0.00571 —0.08225 0.07927
Access to microfinance —0.0235572 0.03289 —0.00359 —0.08205 0.07880
Contract farming —0.0385765 0.03430 —0.00588 —0.07118 0.08804
Irrigation system —0.05994 * 0.03458 —0.00915 —0.13909 ** 0.07874
Non-Chemical to speed up —0.12198 *** 0.03352 —0.01862 —0.24078 *** 0.08370
maturity
Harvest Method —0.01706 0.03375 —0.0026 —0.00731 0.07672
Harvest time —0.04546 ** 0.02052 —0.00694 —0.08752 ** 0.04600
Late harvesting 0.10239 *** 0.03033 0.01563 0.21671 *** 0.07474
Stage maturity —0.04359 0.041401 —0.0066 —0.07258 0.09656
Presort and Grade immediately —0.02042 0.03386 —0.00311 —0.04036 0.07695
Propre Storage harvest —0.06058 * 0.031385 —0.00924 —-0.1173 0.07637
Packaging material —0.06801 *** 0.018199 —0.01038 —0.13785 *** 0.04685
Cover Product —0.02572 0.02074 —0.00392 —0.05611 0.04795
Distance to market 0.0004 0.000262 0.0006 0.00003 0.00061
Farm price —0.00851 0.038608 —0.00130 —0.00355 0.09433
Interaction effect
Irrigation * Nonchemical —0.0978 *** 0.01770 —0.01498 —0.19834 *** 0.04349
Irrigation * Harvest time —0.09933 *** 0.02145 —0.01521 —0.19248 *** 0.05509
Harvest time * packing material =~ —0.02140 ** 0.01087 —0.00327 —0.03803 ** 0.02328
Harvest time * Non-late harvest =~ —0.04080 *** 0.01650 —0.00625 —0.08877 *** 0.04167
N =200 F(21,178) =2.39

Wald chi2 (21) = 106.69
Prob > chi2 = 0.0000
Pseudo R? = 0.0077

Prob > F = 0.0011
R-squared = 0.2201
Adj R-squared = 0.1281

*,** and *** are refer that p < 0.1, <0.05, and <0.01.

Moreover, non-use of chemicals has a strong positive effect on decreasing the PHL.
It leads to an average decrease in the share of losses by 0.19% and 24% for FRM and OLS,
in addition to reducing their negative health and environmental impacts. This highlights
the essential role of agricultural extension services in enhancing the knowledge and skills
of small farmers by training them on the best agricultural practices, including pre- and
post-harvest operations [39]. In addition to the role of technical agricultural education,
which significantly reduces pesticide application among vegetable farmers in China [40].
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Furthermore, the irrigation system used during the production is one of the most
essential factors in determining the share of PHL, where the production under drip irri-
gation could significantly decrease the share of lost food by 0.9% and 13.9% on average
for FRM and OLS on average compared with the conventional (flood) irrigation. This is
due to the low moisture and water content of grape fruits produced under drip irrigation,
which deters pathogens, increases their solidity, and extends their shelf-life, subsequently
decreasing losses. This agrees with a recent study that revealed that the total production
under drip irrigation is higher in quantity (45%) and quality than the conventional or flood
ones [41].

The results revealed that increasing the total cultivated area for the grape farmer
significantly decrease the share of PHL at the grape farm level by 0.4% and 6% on average
for FRM and OLS, highlighting that the increasing the cultivated land is associated with
a decrease in PHL where the big farmers can benefit from (large-scale production) by
lowering per-unit production and transportation costs, especially for long distances to
the market. This is in line with the economic theory, where land fragmentation decreases
economic efficiency and could force small farmers to delay harvesting their production to
increase the quantity and reduce per-unit transportation costs [42]. This appears clearly in
developing countries, but the collective marketing and cooperatives could open opportuni-
ties for small-scale grape producers to export their production or to attract local traders
who secure agricultural micro-finance for them and then purchase their harvest [43]. At
the same time, the large farms help farmers utilize advanced production technologies and
improved varieties with a long shelf life, subsequently decreasing the share of losses.

The results of FRM revealed that harvesting early in the morning could decrease the
losses by 0.7% and 8.7% on average for FRM and OLS, respectively, and it is statistically
significant at 1%. Meanwhile, delaying harvest after the optimal maturity increases the
share of PHL by 1.5% and 21.6% on average for FRM and OLS, respectively, compared
to the optimal harvesting. Our results support the FAO findings, which revealed that
the delays in harvesting due to climate, peak labor demand, and competition of Egypt’s
exporters can significantly impact export volumes, diverting production to local markets
and increasing the losses [2]. This highlights the role of governmental support in finding
new strategies for upgrading the value chain of small-scale table grape actors to access
the export market. Furthermore, the grape farmers reported that they sometimes store
the harvested fruits at the farm, which increases the share of losses by 0.9% and 11.7% on
average for FRM and OLS, respectively, compared to farmers who sell their production
directly. In the case of storing products, previous studies have highlighted the role of using
edible coatings, such as gum Arabic, in delaying ripening and maintaining fruit quality
during storage [44]. For packing materials, the results revealed that the losses increase
by around 0.1% and 13.7% on average for FRM and OLS, respectively, when using the
crates of palm leaf compared to the carton and plastic boxes, highlighting the importance
of using appropriate packing materials for slowing respiration and keeping the fruits from
mechanical damage. However, there is a significant correlation between using plastic crates
and lower food contamination [5]. In Egypt, the familiarity with using plastic crates is
low compared to that of traditional palm crates for most small fruit and vegetable farmers.
Furthermore, the packinghouse companies or stations collect grapes from the farms and
then repack them according to the destination market (local supermarkets, hotels, exports).
They provide these services to exporters or traders. Sometimes, they buy from grape
farmers and resell the packed product to their clients, which can result in more PHL due to
the repeated loading and reloading of the product [2].
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The interaction between the different farmers’ practices significantly reduced the PHL.
For example, combining drip irrigation and non-spraying chemicals has a negative and
significant coefficient, which could decrease the PHL by an additional 1.5% and 19.8% on
average for FRM and OLS, respectively. Likewise, combining the optimal harvesting time
with drip irrigation results in a further reduction of 1.5% and 19.2% on average for FRM
and OLS, respectively. Furthermore, using the appropriate packing and harvesting early in
the morning could reduce the PHL by an additional 0.3% and 3.8% on average for FRM
and OLS, respectively. Additionally, combining optimal harvesting maturity with early
morning harvesting results in an average reduction of 0.6% and 8.8% for FRM and OLS,
respectively. This highlights the importance of using holistic and integrated interventions
to reduce the percentage of PHL, considering the cost and availability for the small farmers
and stakeholders [3].

To compare the results of the FRM and OLS models, we observed that most vari-
ables align in the same direction (positive or negative) across the two models. However,
significance levels vary due to methodological differences, as the Probit model assumes
non-linearity and the OLS model assumes linearity. Examining the model fit, the FRM has
a low pseudo R? (0.0077) but a significant Wald chi? (p = 0.0000), indicating that the model
explains limited variance despite its overall significance. In contrast, the OLS model with
interactions has a higher R-squared value and significant F-statistics, which suggests that
linear relationships dominate the data. Where the OLS model explains ~22.1% of the log
(PHL) variance, highlighting its effectiveness and suggesting better explanatory power.
We expected this value to be lower for the farmers than the middlemen due to the nature
of the included variables (postharvest operations done mainly by the middlemen rather
than farmers), so we expect the middlemen to have a higher explanation of variance in the
dependent variable (R-squared).

However, covering the products during transportation from the farm to the wholesale
or local market was statistically insignificant. However, it remains one of the primary
factors contributing to the increase in the PHL. However, the farm price is also statistically
insignificant. Still, its fluctuations from one season to another and during the same year
contribute directly and indirectly to increasing the PHL by delaying the harvest time
or spraying some chemicals (sometimes) to speed up the maturity, negatively affecting
product quality and increasing losses. When the farm gate price is high, the farmers try
to avoid postharvest losses and keep their production as fresh as possible by covering the
product or following the appropriate operations during harvesting and handling. That
highlights the role of contract farming to reduce the price risk and achieve benefits for
farmers and consumers; it can create linkages between them through adopting the short
supply chain and using E-commerce [45].

The village’s location near the main cities plays a significant role in allowing farmers
to receive training through international projects, which increases their knowledge of best
practices for farm operations and post-harvest handling. This is consistent with the findings
that revealed the significant role of agricultural training and extension in reducing the
PHL share [39,46]. Meanwhile, increasing farmers’ experience could decrease the share
of losses, especially for fruits, where farmers are familiar with water requirements, pest
control, postharvest operations, and other related factors. Furthermore, we observed that
new farms in the reclaimed areas produce lower yields than those in the old lands for the
same varieties, possibly due to differences in soil fertility and the farmers” experience.

3.2.2. FRM Compared with OLS Results for Grape Middlemen

The main factors influencing the percentage of PHL for the grape’s middlemen are
presented in Table 3. These factors include methods of storage and transportation, whether
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in equipped vehicles or not, as well as long-distance transportation, which affects product
spoilage, as presented below.

Table 3. Fractional probit regression results (grapes middlemen).

Middlemen Fractional Probit Regression OLS Estimations
Coef. Std. Err. E flf\;I:: %cllr;/;lcllx) Coef. Std. Err.
Cons. —1.3841 *** 0.19093 —2.35058 *** 0.44873
Market type —0.06916 *** 0.01320 —0.00775 —0.13881 *** 0.0363
Gender 0.05423 ** 0.02522 0.00620 0.10136 * 0.06671
Age —0.00059 0.00117 —0.000067 —0.00024 0.00295
Education —0.01619 0.01349 —0.00183 —0.03823 0.03126
Experience —0.02731 0.02203 —0.00310 —0.06235 0.06735
cooperative —0.06501 0.04692 —0.00738 —0.14608 0.09549
Access to microfinance —0.03843 0.04139 —0.00436 —0.07905 0.08440
Information source —0.01274 0.021062 —0.001447 —0.0313615 0.04021
Proper Store harvest —0.30398 *** 0.04929 —0.03468 —0.6593 *** 0.10466
Transportation time 0.00702 0.01234 0.00079 0.00547 0.04684
Pre-sort and -grade immediately —0.01341 0.04148 —0.00152 —0.02186 0.081292
Transportation mode —0.03435 *** 0.01200 —0.00382 —0.07932 ** 0.03548
Packaging material —0.067853 0.03223 —0.00680 —0.00680 0.03209
Cover product —0.01486 0.02400 —0.00168 —0.03810 0.05689
Distance to market 0.00072 *** 0.00027 0.00008 0.00158 *** 0.00046
Interaction effect
Market type * proper storage —0.05233 *** 0.01122 —0.00596 —0.10655 *** 0.030337
Transport mode * proper storage —0.06623 *** 0.01312 —0.00754 —0.15159 *** 0.03641
N =120 F (15,104) =7.69
Wald chi? (15) = 166.88 Prob > F = 0.000
Prob > chi? = 0.0000 R-squared = 0.5258
Pseudo R? = 0.0089 Adj R-squared = 0.4574

*,** and *** are refer that p < 0.1, <0.05, and <0.01.

The most essential factor is the market type (formal and informal), where the rate of
losses differs according to the product’s customer and the location of the middlemen in
the FSC. Trading in formal/structured markets reduces the share of lost food by ~0.7%
and 13.88% on average for FRM and OLS, respectively, compared to the informal ones.
This highlights the importance of a short supply chain to decrease losses and maximize
marketing efficiency, which has been confirmed in the literature [47]. Regarding the gender
impacts, the results showed that the PHL for male traders is ~1.8% higher than for females
for FRM and 10% higher for OLS, respectively. Female traders mostly pre-sort and grade
the products before reselling, compared to males. This aligns with the recent findings
confirmed that female traders are more likely to follow the best handling and hygiene
practices than male traders in Nigeria, contributing significantly to food safety and reducing
losses [5]. Another interesting point is that we observed that most retailers and hawkers are
females, and they are more likely to use plastic crates and sort products due to their dealing
with small volumes, which reduces losses. Furthermore, proper storage significantly
reduced losses, as evidenced by a negative and statistically significant coefficient, which is
more pronounced in formal wholesale markets and supermarkets than in informal ones.
Proper storage infrastructure (cold storage) is essential for reducing the PHL for perishable
products like horticultural products, especially during summer [48,49].

The results revealed that the proper storage facilities could reduce the PHL by ~3.4%
and 65.9% for FRM and OLS, respectively. A recent study from Nigeria showed that higher
temperatures encourage microbial growth, and the number of horticultural products in-
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fested with contaminants doubled during the dry season [5]. Current results highlight
significant heterogeneity of PHL in developing countries, where most losses occur between
the farm gate and the consumer due to the heterogeneity of access to cold storage facilities
across the FSC [50]. We observed during the market visits that the consumers (while search-
ing and selecting the fruits) are more likely to touch and move the products, especially
when they are unpackaged. This could increase food contamination and losses, especially
for sensitive products like grapes, highlighting the importance of Modified Atmosphere
Packaging (MAP) for such products [51]. Furthermore, the transportation mode (own or
hired transportation) plays a substantial role in determining the share of PHL. The results
revealed that the traders who use their own transportation can reduce the PHL by ~0.3%
and 7.9% for FRM and OLS, respectively, compared with those who hire transportation.
These findings suggest that the cooperatives could contribute to providing cold transporta-
tion services at subsidized fees to support small traders and farmers, thereby reducing
their losses.

The longer distance to market results in a higher PHL, where the PHL increases 0.008%
and 0.15% on average for an increase in the distance for the FRM and OLS, respectively. The
increased transportation risks or delays lead to higher quantity and quality losses caused
by the growth of fungi and bacteria. Due to the use of open trucks and the long distance
between the production site and the wholesale or retail market, most farmers reported that
they didn’t cover the products during their journey to the markets. The sunshine caused
massive damage to the grapes and increased the PHL, which is in line with the findings of
a recent study [52]. Likewise, a recent study revealed that the main determinants of food
losses in developing countries are the lack of infrastructure, inadequate marketing systems,
and improper handling practices, highlighting the role of public-private investment [53].
The long distance and unavailability of cold transportation increase the possibility of losses,
so the accessibility of refrigeration and a steady cold chain are necessary to prevent both
qualitative and quantitative losses in fresh products, such as fruits and vegetables [54]. The
efficiency of the cold chain depends on adjusting product temperature at each step and
managing worker practices, ensuring a clean cold chain for a sustainable PHL reduction
strategy [49]. Refrigerated vehicles are expensive for small farmers because they often can-
not access microfinance, but they can access these services through cooperatives. In Egypt,
exporters have identified the shortage of packaging, pre-cooling, and cold storage facilities
as a key factor restricting trade. The shortage of cold-chain storage services on farms and
in the market represents the primary challenge for small farmers and intermediaries across
the horticultural supply chain in developing countries [53].

The percentage of stored products for the next day outside the cold storage causes
a decrease in the quantity & quality, and increases PHL [55]. The production source for
middlemen plays an essential role in the PHL percentage, where local traders sometimes
spend a long time collecting produce from small farmers, which negatively affects product
quality and increases food loss in subsequent stages. This is consistent with [5]. The total
quantity that the trader deals with (buying and selling) is one of the essential factors that
can lead to an increase in the PHL, and sometimes result in more losses of net profit for the
different middlemen due to quality deterioration. Meanwhile, the losses increase as the
time of loading and unloading the products during transportation and handling due to
the lack of agricultural marketing facilities and information exchange, which are crucial in
moving agricultural products from the farm gate to the final consumer; this will benefit all
actors across the FSC [21,56,57].

The interaction between the different middlemen’s practices significantly reduced
the PHL. For example, combining the market type and proper storage facilities could
decrease the PHL by an additional 0.5% and 10.6% for the FRM and OLS, respectively.
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% of loss reduction

Likewise, combining access to adequate storage facilities with the use of the middleman’s
transportation results in an additional reduction of 0.7% and 15% on average for the FRM
and OLS, respectively. This highlights the importance of using holistic and integrated
interventions to reduce the percentage of PHL, considering the cost and availability for the
small farmers and stakeholders.

Examining the model fit, the FRM has a low pseudo-R? (0.0089) but a significant
Wald chi? (p = 0.0000), indicating that the model explains limited variance despite overall
significance. In contrast, the OLS model with interactions has a higher R-squared value and
significant F-statistics, which suggests that linear relationships dominate the data. Where
the OLS model explains ~52.6% of the log (PHL) variance, highlighting its effectiveness
and suggesting better explanatory power. R-squared for the middlemen is higher than
that of the farmers (higher explanation of variance in the dependent variable (%PHL),
because of the nature of the included variables (postharvest operations done mainly by
the middlemen rather than farmers). Although some factors, such as education, access to
finance, and experience, were statistically insignificant in this model, they still explain a
significant portion of the variance between stakeholders in the PHL. This highlights the
need for future studies to better understand the interaction between these factors as drivers
of food losses at the middlemen level.

Overall, this study found a statistically significant correlation between improper pre-
and post-harvest practices and PHL between Egyptian grape farmers and middlemen. The
current results confirm the application of the fundamentals of the theory of rational choice
to farmers and middlemen for investing in PHL reduction. This highlights the manuscript’s
theoretical contribution through the empirical estimations in this field. However, the
adoption rate of best recommended postharvest practices remains low among farmers and
middlemen. Efforts to disseminate and encourage stakeholders to adopt these best-practice
recommendations can significantly reduce the share of PHL in grapes and other fresh fruit
and food products. We concluded the percentage of the main significant variables of the
current results in Figure 2.

% of food loss reduction for the main variables for the Farmers and Middlemen
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Figure 2. Percentage of loss reduction according to the results of the current study for the Farmers
and Middlemen.
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4. Conclusions

Poor postharvest practices, stemming from insufficient resources and knowledge,
significantly contribute to losses throughout the food supply chain. Improving these
practices is crucial for reducing FLW and enhancing the well-being of farmers and other
stakeholders in developing nations. This study aims to investigate the impact of pre- and
post-harvest practices on reducing food loss among Egyptian grape farmers and middlemen.
Using a combination of the Fractional Regression Model and the Ordinary Least Squares
model, the study found strong correlations between socioeconomic characteristics and
stakeholders’ practices at various stages of the food supply chain. The study also found that
drip irrigation, delayed harvesting, and the use of appropriate packing materials can reduce
losses at the farmer level. The study also found that farmers” education and cultivated
area significantly influence PHL, with increased education and cultivated area leading
to a decrease in PHL. Furthermore, the study emphasizes the importance of integrated
interventions to minimize pesticide use in grape production, highlighting the need for
further research to explore the economic feasibility of these combined approaches for
small farmers.

For the agricultural markets, the study reveals that formal agricultural markets re-
duce post-harvest loss (PHL) by 13.88% compared to informal markets, underscoring
the importance of efficient supply chains. Gender disparities and a lack of cold storage
contribute to losses. Transportation mode and distance to markets also impact PHL. The
study emphasizes the need for accessible refrigeration and a robust cold chain, including
temperature control and hygienic practices at each stage. While refrigerated vehicles are
expensive, microfinance through cooperatives could offer a solution. Inadequate packag-
ing, pre-cooling, and cold storage facilities pose significant constraints, particularly for
small-scale farmers and intermediaries. Finally, these findings underscore the importance
of integrating market-type improvements with suitable storage facilities and transporta-
tion to reduce postharvest loss (PHL) by 10.6% and 15%, respectively. It emphasizes the
need for holistic strategies that consider both cost and accessibility for all stakeholders.
Proper storage adoption yields the highest marginal returns for quality, while subsidies for
technologies like improved packing can mitigate losses. Agricultural cooperatives offer
cost-effective cold storage and transportation services, while intensive training programs
for farmers and intermediaries are also crucial. These findings can inform policymakers
and agribusiness managers in designing effective, cost-efficient strategies to reduce PHL,
boost smallholder profits, and foster sustainable food systems.

5. Limitations and Future Research Direction

Improved post-harvest handling, including harvesting, sorting, and the use of cold
chain technologies, significantly reduces food losses in developing countries. Still, due
to the lack of data, measuring the percentage of PHL and its impacts at different FSC
nodes is challenging, highlighting the need for further investigations using primary data
in the future to explore the leading causes according to different crops in various regions.
Although we attempted to minimize the risk of social desirability bias in the self-reported
methodology and due to heterogeneity among stakeholders, regions, crops, and the varying
importance of different PHL causes, the current results may be limited in their general-
izability to other crops in other areas. Investment in agrofood logistics, facilitated by
public-private partnerships, is crucial for extending shelf life and enhancing the prof-
itability of smallholder farmers. However, public-private coordination faces numerous
challenges due to the weak institutional structures in developing countries, highlighting
the need to investigate the impacts of public policy on the sustainability of agrofood sys-
tems. Public agricultural extension is vital in disseminating best practices among farmers.
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Still, the number of agrarian facilitators decreases over the years in most developing coun-
tries (which could affect the estimation accuracy and the applicability of the suggested
reduction interventions).

Further investigations are needed to assess the socioeconomic and environmental
implications of integrating various farming practices with middlemen, thereby achieving
the highest marginal returns for quality, minimizing losses, and enhancing supply chain
efficiency. This framework could provide policymakers and agribusiness managers with
more reliable, applicable, and economical insights for designing effective interventions.
Future research should prioritize the role of the contract farming system in reducing
post-harvest losses and securing additional resources for small farmers, which could help
minimize the severity of market fluctuations. Innovation plays a significant role in securing
low-cost logistics services for small-scale stakeholders, as well as proper handling and
temperature control, which can reduce losses. This requires further investigation to ensure
the applicability and economic viability of the proposed solutions.
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Appendix A

Table Al. Summarydescription of the main PHL explanatory variables.

Variable Description
Stakeholders’Practices and Technological Factors
Irrigation system (IRR) (1) Drip (0) Conventional

Harvesting Time during the day (HT) Farly in the morning

Any time across the day

Color

S;
Quality indicators for grading (QI) e

Weight

Physical blemishes

All the above

Acess for proper storage facilities (SF) Yes No

color changing

ilti d shrinki
Storage problems of your produce? (SP) Witing and shinking

weight losses

insects and rotting infestation

All the above

Cold Transportion
Facilitation do you need to target the Equipped Storage places
preferred marketing channel? (FMC) Microfinance

Market information

None

Donate for charity

Dealing with losses during the different Feed animals

stages? (DPHL) Compost
Landfill (left at the field)
Garbage

Delay harvesting after optimal maturing?

(DH) Yes No
To get a high price

The reason (RED)

To avoid the low-price

None

. -
Cover Product during transportation? Yes No Sometimes

(CP)

Harvest Method (a) By kn.lfe cutting (b).by hand twisting
(c) Machinery Harvesting

What stage of maturity of the fruit do (a) Fully matured

you harvest? (b) Partially matured

Grade/pre-sort your produce

immediately Yes No
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Table A1. Cont.

Variable Description
Number of storage days Days
Spray chemicals to accelerate the Yes No

maturity

Packaging material

1. Wood Packaging Box

2. Crates of palm leaf

3. Carton Packaging Box

4. Plastic Packaging Box (improved
packing)

Distance to market

Kilometers

Type of the market

Formal market

Informal market

Transportation time

Early in the morning

Any time of the day

Transportation mode

Own transportation

Hired transportation

Stakeholders” Socioeconomic Characteristics

Gender

Male Female

Age

Years

Education level

1 = university or college or equivalent

2 = secondary school (technical training)
3 = Primary/preparatory school

4 = Only read and write

5 = Illiteracy

Marital status

1. Married 2. Single
3. Divorced 4. Widower

Family members Number Number
Experience Years Years
Total Cultivated Area Feddan (4200 m?)
Cultivated area with study crop Feddan

1. Friends

Source of information

2. Family members

3. Neighbors

4. Market agencies

5. Agricultural cooperation and extension
6. Companies and Inputs distributors

Member of an organization or

. Yes No
cooperative
Borrowed a loan (Access to finance) Yes No
Contract to sell your produce Yes No
Are?postharvest losses a problem for Yes No
you?
Total_Production Kg/feddan
Farm gate price per Kg LE/kg

PHL_percent

% (Dependent variable)
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Abstract

Food security and environmental quality related to food production are global issues that
need urgent solutions. Proteins are crucial for diets, and demand is growing for innovative
and more environmentally sustainable sources of protein, like vegetables, microorganisms,
and insects, and lab-grown food that can meet nutritional and environmental goals. This
study analyzes a time series to assess the sustainability of different protein sources by
evaluating their effects on emissions of greenhouse gases and the use of agricultural land
while accounting for the carbon sink potential across the supply chain. The study also
explores future trends in global protein sources, emphasizing shellfish as a key to achiev-
ing food security from both nutritional and environmental perspectives. By reviewing
terrestrial livestock, farmed seafood, vegetal proteins, and alternative sources like insects
and cultured cells, the study assesses sustainability, food security potential, and challenges
from nutritional, environmental, and consumer viewpoints. We conclude that shellfish
aquaculture, particularly oysters, mussels, clams, and scallops, has significant potential
in enhancing food security, fostering sustainable protein consumption, reducing land use,
and contributing to climate change mitigation by sequestering significant amounts of
atmospheric carbon.

Keywords: food security; climate change; shellfish; bivalve mollusks; terrestrial livestock;
alternative protein

1. Introduction

The latest United Nations report, which combines the mortality, fertility, and migration
scenarios for 195 countries, indicates that the total world population, currently estimated
to be 7.6 billion, is forecast to increase to 9.8 billion in 2050 and reach 11.2 billion in 2100 [1].
Moreover, the extent of the middle and rich classes, especially in Asian countries, has
undergone rapid expansion, with a considerable impact on consumption patterns and
for higher-value processed food [2]. With the rise in living standards, people, especially
in urban areas, tend to move up in the food chain toward more energy-dense diets that
include more animal products [3].

Aggregated demand for animal proteins is predicted to surpass that of all other foods
by 2100, driven primarily by the South and South East Asia and Sub-Saharan Africa
regions, whereas consumption in OECD (Organization for the Economic Cooperation and
Development) countries will remain virtually unchanged, due to slow population growth
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and environmental concerns [4]. Similarly, the consumption of vegetal sources of protein,
such as pulses, roots, tubers, and cereals, which continue to dominate the protein supply
per capita, is expected to increase in the near future [5]. In fact, the animal-to-vegetable-
protein ratio, which ranged from 0.29 in Africa to 1.08 in Europe in 2017 [6], is projected to
nearly double in Africa by 2030 while remaining constant at 1.09 in Europe [7]. The market
for so-called alternative proteins, such as plant-based, insect-based, cultured meat, and
mycoprotein, is expected to grow in developed countries at a compounded average rate of
6% per year [8].

The existing challenges to world food production are predicted to be exacerbated
by climate change, as increased atmospheric CO, concentrations diminish the nutritional
value of grains and legumes, impacting especially essential nutrients such as zinc and
iron [9]. Meanwhile, the expanding global population is becoming wealthier, and rising
incomes are driving greater consumption of resource-intensive foods, particularly those
that are sources of proteins [10]. According to published estimates, the world will need to
produce more food in the next 35 years than it has in all of human history, given projected
population growth and the continued evolution of dietary preferences [11]. However,
current dietary protein production and consumption are depleting resources, degrading
the environment, and fueling chronic diseases [12]. A critical challenge lies in redesigning
the food system to ensure it is healthy, sustainable, and resilient to climate change, thereby
supporting the achievement of both the Sustainable Development Goals and the Paris
Agreement [13]. These human and environmental impacts light up intense debate on how
to shift away from resource-intensive animal-based proteins, while food security remains a
complex and pressing challenge [14]. Notably, the environmental impact of agricultural
protein production has already surpassed established planetary sustainability thresholds,
including those related to climate change, land use change, biogeochemical fluxes, and
biodiversity [15]. Agriculture, including livestock, currently contributes approximately
20% of anthropogenic greenhouse gas emissions and accounts for roughly 70% of global
freshwater withdrawals, with its long-term sustainability increasingly jeopardized by
prevailing trends [16].

On the other hand, there is much concern about future fish consumption based on
expected population growth as well as due to the large number of people still suffering from
undernourishment. At the same time, there may be limits to the potential for expanded
production from wild-catch fisheries and intensive aquaculture because they are both
not immune to environmental concerns, like overfishing or the release of fish feed and
pharmaceuticals into the water [17]. In this context, bivalve aquaculture (i.e., clam, oyster,
mussel, and scallop) could represent a key option to meet food security objectives from
both nutritional and environmental perspectives while preserving low-impacts production,
supporting land use reduction, and contributing to climate change mitigation via shell
biocalcification [18]. The production is rapidly expanding, already accounting for over 15%
of the animal protein consumption of approximately 1.5 billion people [19].

A substantial body of literature examines the environmental impact of producing
various animal protein sources using the life cycle assessment (LCA) framework, including
analyses of their respective nutrient values [20]. Life cycle assessment (LCA) is a suitable
methodology for evaluating the potential impacts of protein production across the entire
production cycle. LCA includes the extraction and processing of raw materials, manufac-
turing, transportation and distribution, usage, reuse, and maintenance, as well as recycling
and waste management [21].

This critical review aims to investigate future global trends and environmental impacts
of the main food protein. We have extended the selection to cover all principal protein
sources for which data are available, including terrestrial livestock, farmed seafood, vegetal
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proteins, and alternative protein sources, like insect protein and cultured meat, with a focus
on bivalve mollusks.

2. Materials and Methods
2.1. Data Collection Method

This study is a traditional systematic and critical review based on a mixed approach,
merging literature data and data collection from public databases [22].

Our study integrates well with the mixed method, which seeks a more complete
understanding through the integration of qualitative and quantitative research. Based on a
reasoned and informed review of published research since 2000, the key methodological
features have been collected in order to increase understanding. We have extracted live
weight mass and raw production data in the time interval of 1990-2020 from the FAO
database, the Food and Agriculture Statistics of the FAO (FAOStat Trade Data) [23], and
FishSta] 4.02.06, which collects global fisheries and aquaculture production data, as well as
the daily protein supply per capita—the current one and that expected in 2050. Using these
official FAO data, we selected the first three species in terms of production mass at the global
level for protein categories of terrestrial animal, vegetable, and marine aquaculture protein
sources. Specifically, we have selected poultry, pork, and beef as animal meats; whole
wheat flour, soybeans, and peas like vegetable crops; milkfish (Chanos chanos), Atlantic
salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) like farmed fish; and farmed
crustaceans, mainly white leg shrimp (Penaeus vannamei). We have also included insects
and cultured meat as examples of innovative and alternative protein sources. The FAO lists
only 79 marine bivalve mollusks farmed out of the approximately 8000 species grouped
into four main groups of clams, oysters, scallops, and mussels. The latest available data
summary from the FAO (2024) indicates that the production of bivalve mollusks in global
aquaculture represents approximately 17 million tons per year. In this study, oysters, clams,
and mussels have been included.

A total of 15 sources of food protein were included in this study. World productions
data by species, current and forecast, have been obtained from the FAO database, whereas
the consumption forecast and nutritional information are from literature (Table 1). All
protein content, byproduct/edible weight ratio, Feed Conversion Ratio (FCR), and Nutrient
Rich Food (NRFy 3) scores were expressed in live or fresh products. The 9.3 is a subscript
that considers nine nutrients that are encouraged in the diet-protein (vitamins A, C, and D,
calcium, fiber, potassium, protein, magnesium, and iron) and three nutrients that should be
limited (added sugars, saturated fat, and sodium) [24,25]. FCR measures nutrient retention
in terms of the weight of the feed fed to an animal over its lifetime divided by the live
weight gained [26]. The standard deviation for protein content was indicated as that
reported in the literature we accessed for each reported value.
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2.2. Production-Related GHG Emissions, Land Use, and Carbon Capture Capacity

The data presented in Table 2 for the selected protein sources were derived from
the scientific literature published since 2000. Several studies and reviews based on LCA
were found, especially for terrestrial animal proteins and seafood. The main effort was to
verify the system boundaries and functional units, as in some cases, the environmental
impact calculations included a cradle-to-plate analysis of the CO, eq. emissions that were
calculated on the average cooked portion. We focused on the cradle-to-gate studies, up to
the end of production (the gate of the production site) and up to 1 kg of live weight for
animals and 1 kg of fresh product for vegetables. Unfortunately, it was more difficult to
find studies on insects and cultured meat. According to the LCA methodology, one of the
impact categories resulting from the analysis is the use of land, which declares the impact
of managing and occupying land on the environment for human purposes, including
the direct use of land and all indirect contributions related to the product (i.e., fuels,
chemicals, feed, and fertilizers) that require land for its production. Carbon sequestration
capacity was also derived from the scientific literature. The actual role of shellfish in carbon
sequestration has been somewhat debated since the early 2000s, but most of the recent
scientific literature is clearly oriented toward considering the shellfish production process
as net carbon sequestration [47-51].

Table 2. Cradle-to-gate carbon footprint (expressed as kg CO, eq. per kg of live weight or fresh
product), land use (measured as m? of agricultural land per year and per kg of product), and carbon
sequestration capacity for the protein sources selected for the present study.

Carbon Sequestration

Protei Carbon Fgotpri'nt . Land-Use Capacity
rotein Source (kg CO, e(,le'* */kg }1ve (m2/a-kg) **** (kg CO, */kg live ** or Source
or Fresh *** Weight) Fresh *** Weight)

Poultry 2.0-6.8 5-8 - [52,53]
Pork 4.8-11.0 8-15 - [52]
Beef 24.5-42.6 43.5-420 - [54-56]
Whole wheat 1.2-1.5 0.9-3.8 0.03-0.32 [57-59]
Soy 0.7-0.8 2.8-6.8 0.10-0.14 [60,61]
Pea 0.5 3.2-49 0.12-0.55 [62]
Farmed salmon 3.8-16.7 3.1 - [63]
Farmed milkfish 3.6-4.7 2.6-4.1 - [64-66]
Etrlﬁ‘ed rainbow 2.2-37 0.8-1.6 - [66,67]
Farmed crustaceans 3.1-6.8 2.2 - [66,68,69]
Insect 2.7-4.0 3.6 - [70,71]
Cultured meat 6.6-25 7.7 - [72]
Clam
Mussel 0.02-0.7 5.0 x 107> 0.15-0.27 [47,73-75]
Oyster

* kg CO; eq. = “kilogram of carbon dioxide equivalent” is a unit of measurement used to compare the global
warming impact of different greenhouse gases, expressing them in terms of carbon dioxide. ** live weight = the
weight of an animal before it has been slaughtered and prepared as a carcass. *** fresh weight = the weight of
vegetable food recently harvested or obtained from the plant, not preserved, is in its raw, unprocessed state.
¢ (m? /a-kg) = “square meters per year per kilogram” is a unit of measurement used to quantify the amount of
land area (measured in square meters) required to produce a certain amount of a product (measured in kilograms)
over a specific time period (measured in years).
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3. Results
3.1. Worldwide Protein Consumption by Source

Using the World Bank'’s classification of countries by income levels [76], Figure 1
depicts the worldwide average daily protein supply per capita. Vegetable protein sources
continue to dominate protein consumption (about 60%), with meat providing about 15% of
available proteins worldwide, although its contribution to the diet varies widely among
countries [77-79].
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Figure 1. Protein consumption expressed in grams per capita per day by source: plant proteins (green
bars), terrestrial animal meat (orange bars), eggs and diary proteins (yellow bars), and seafood (blue
bars) (source FAO [23]; reference year, 2020). Based on the World Bank classification, countries have
been grouped into high-income (with a gross national income per capita (GNI) above USD 12,375);
middle-income (with a GNI between USD 1036 and USD 12,375); and low-income (a GNI of USD
1035 or less).

In countries with a high standard of living, vegetables are reduced approximately
to 35% of daily protein, eggs and dairy products contribute to 28%, and animal protein
(terrestrial and seafood) cover up to 40% of the overall intake. From low-income to low-
middle-income countries, the amount of animal protein rises, gradually closing the gap with
high-income countries [80], confirming the strong correlation between per capita income
and meat consumption. Seafood currently provides approximately 7% of total proteins
consumed by the global population, including capture fisheries, and aquaculture [81].

Although global protein production has dramatically increased significantly since
1990 (Table 1), by approximately 60% for pork and beef and by more than 200% for fish and
plants, the forecast for 2050 indicates only a modest increase for all sources, except wheat.
In contrast, alternative proteins, like mycoprotein, insect protein, cultured meat, and, as
we shall see, potentially shellfish protein, have tremendous growth potential for the next
few decades.

In 2030, the per capita consumption of insects and insect-based products (meals and
powders) is expected to grow by about 10,000% worldwide, reaching about 3 mln tons in
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2030, whereas their consumption as a source of nutrition is almost exclusively restricted to
Africa, South America, and South-East Asia at present [82]. Recent estimates indicate that
over 2000 insect species are now considered edible, primarily crickets, mealworms, beetles,
and caterpillars [83]. Similarly, cultured meat is now at an early stage of development,
but it is expected to reach 0.4-2.1 mtons of production by 2030 and gradually replace
approximately 30-40% of traditional meat consumption [84].

As shown in Table 1, all animal sources have similar protein content but very different
by-products: edible weight ratios (from 29% of poultry to 66% of beef). Beef also has
the worst FCR (10%) and the lowest feed nutritional score, expressed as NRFg3 = 3.7.
Meanwhile, insects and cultured meat have the highest FCR and zero waste but a lower
nutritional score than plant sources.

The dietary protein content of raw, unprocessed beef, pork, and poultry products
examined in this review ranged from 20.4 £ 1.7 g /100 g to 22.0 £ 3.6 g /100 g. Similarly, raw
farmed fish products exhibited comparable protein levels, with rainbow trout providing
19.4 £+ 1.7 g/100 g and salmon offering 21.2 £ 2.0 g/100 g. Insects (16.9 £ 3.9 g/100 g)
and cultured meat demonstrated protein contents nearly equivalent to that of conventional
meat and seafood products. In contrast, plant-based sources displayed significantly lower
protein concentrations, ranging from peas (5.9 + 1.2 g/100 g) to soy and wheat flour
(14.3 £ 4.4 g/100 g and 14.0 £ 1.0 g/100 g, respectively). Moreover, from a nutritional
standpoint, plant proteins often struggle to provide the diverse range of essential amino
acids found in meat products [85]. Shellfish have a protein content comparable with that
of plant proteins, the highest values of by-products (primarily shells), and the highest
NRFg 3 compared with other proteins. A higher NRFg 3 corresponds to low energy-dense
and healthier foods. Shellfish and seafood are lower in saturated fat than red meat, pork,
and poultry, but they may not contain as many mineral nutrients as red meat, like iron
and zinc. The unique dietary value of molluscan shellfish is them being low in calories
but high in nutrients, especially minerals and vitamins that are not always found in other
meats [86]. Moreover, they are rich in non-cholesterol sterols, low in saturated fatty acids,
and rich in omega-3-fatty acids, which are essential for maintaining overall human health
from reducing blood pressure to lowering risks of depression and anxiety [87]. In terms
of efficiency, seafood species are very efficient converters of feed into protein, far more
efficient than most terrestrial livestock systems. For instance, poultry converts about 18%
of their consumed food and pigs convert about 13%, as compared with 30% in the case of
fish [88] and up to 50% for shellfish [62]. As an example, based on the NRFg 3 values and
average protein content of meats, it is estimated that 100 g of beef is required to provide the
same nutritional score as 21 g of oyster meat, 13 g of mussel meat, or 12.5 g of clam meat.

3.2. Carbon Footprint of Protein Sources and Land Use

According to the selected LCA studies, referring to 1 kg of live/fresh weight and
cradle-to-gate boundaries, the carbon footprint and land use of the different protein sources
are presented in Table 2, which indicates that beef has the largest impact, both in terms of
carbon dioxide equivalent (CO; eq) emissions per 1 kg of live weight (24.5-42.6 CO; eq/kg
live weight) due to rumen fermentation and land use (43.5-420 m? /a-kg). Regardless of
production systems, which range from highly intensive to highly extensive, or the choice
between localized organic supply chains and global distribution, beef production requires
substantial land use. Some studies estimate land consumption at up to 420 m? per year
per kilogram of live beef [89]. Additionally, it has been suggested that producing feed for
Europe’s livestock demands cropland equivalent to seven times the size of the European
Union [90]. Our data demonstrate a wide range of product variation. Pork and poultry
have a medium-to-high carbon footprint and land consumption (4.8-11.0 CO, eq/kg live
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weight and 8-15 m?/a-kg, respectively). In both cases, the variety may be the result of the
availability of conventional production systems or free-range animals, which significantly
impact both categories. For pigs, a significant portion of the emissions originate from
nitrous oxide emissions released during feed production [91]. For farmed seafood, the CO,
eq. values are primarily driven by aquaculture methods and equipment and the distance
to aquaculture sites, which in turn influence fuel use and overall energy consumption.

The allocation of terrestrial land for seafood production has been quantified as agri-
cultural land utilized for cultivating the plant-based components of feed.

Intensive aquaculture practices for farmed salmon, rainbow trout, and milkfish require
high-protein nutrients, additives, antibiotics, and drugs to improve the health and yield
of farmed fish and prevent disease [92]. The production and use of these factors have
a relatively small impact on the carbon footprint of seafood products but a significant
impact on other impact categories of the LCA analysis, like ecosystem toxicity and human
toxicity, that were not considered in this study. Plant products have a lower carbon
footprint than animal proteins, as expected. Meanwhile, agricultural practices, such as the
use of machinery and equipment and the production and use of fertilizers and pesticides,
contribute significantly to their environmental impact [93]. According to Nemecek et al. [94],
the land use parameter for agricultural products in LCA studies includes not only land
use but also all contributions indirectly associated with cultivation. Cultivating bivalve
mollusks as feed for farmed finfish could counteract all of the negative aspects of current
practices in aquaculture feed production [95].

Although the uncertainty ranges are still large, some early studies have reported
that in vitro biomass cultivation may require fewer inputs and land use than livestock
production [96]. The impacts of carbon footprint are due to biomass cultivation, bioreactor
cleaning, and facilities, whereas the contribution to land use is due to the use of starch and
soy hydrolysate, which are considered the main ingredients for the production of cultured
meat [97]. Similarly, for insects, LCAs have only been released for mealworms, house
crickets, black soldier flies, and houseflies [98]. Feed production is again the main driver
of carbon footprints and land use. Total CO; eq. emissions are lower than conventional
livestock’s, but energy requirements are still high because insects require relatively high
temperatures during rearing [99].

Specifically, shellfish have the lowest carbon footprint [75]. The fact that they are filter
feeders contributes to their relatively low environmental impact. The main contributors to
CO; eq emissions are plastic materials for farming and harvesting, fuel consumption, boat
use and maintenance, and, in the case of mussels and oysters, farming facilities, such as off-
shore long-line farms [100]. Bivalve mollusks also have a negligible land use contribution,
because they occupy land only for land-based building and ancillary facilities and do not
need soil to produce external feed [19]. Moreover, their contribution to the occupation of
a marine area is also negligible, since it has been calculated in the range 1-2 m?/a crop
equivalent per kilograms of farmed bivalves [74]. Thus, bivalve aquaculture is generally
characterized by a low energy input and established technologies, which lead to a low
carbon footprint related to production [101,102]. A more detailed analysis of the carbon
footprint methods and calculations related to the protein source production mentioned in
this study can be found in the cited literature.

3.3. Carbon Capture Capacity

Agriculture is not only a major source of carbon but could also be a sink due to
the functions of soils and crops [103]. Green plants absorb CO; and fix it in organic
substances that can be retained in the soil or released back into the atmosphere through
photosynthesis, which brings carbon into terrestrial ecosystems, including agriculture. The
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factors that influence carbon sources and sinks in agroecosystems are highly heterogeneous
and complex, depending on climate patterns, soil types and properties, and management
practices [104]. The issue of carbon sequestration and reduction through agriculture has
received considerable attention, and it is beyond the scope of this study to look at it. Here,
we limit ourselves to pointing out that crops can contribute to carbon storage in terrestrial
ecosystems. Peas have a significant carbon sequestration capacity, similar to the amount of
CO; eq. emitted for their production. The wide range of wheat depends on whether it is
considered a winter cover crop [105,106]. Furthermore, photosynthetic organisms are only
net carbon absorbers when photosynthesizing. At night, plants emit respiratory CO, like
every other aerobic organism, and when the plant dies, carbon sequestered in its biomass
is digested by a multitude of bacteria, fungi, and detritivores that release all the biomass
carbon back to the atmosphere as respiratory CO, [107].

Terrestrial animals and seafood, as well as insects, are emitting organisms, both in
terms of physiological metabolism and production process; hence, their contribution to
this parameter is more doubtful. Similarly, there is no point in defining the parameter for
cultured meat. On the contrary, due to the natural biocalcification process that leads to
calcium carbonate formation, bivalves are the only animal protein source that have the
potential to act as a carbon sink during life, leaving a legacy of deposited limestone when
they die. In fact, their shell is principally composed of mineral calcium carbonate (CaCO3)
formed during a biological process called biogenic calcification or biomineralization. The
stoichiometry of the chemical reaction that occurs during biocalcification provides that for
every two CO; molecules captured from seawater, one is returned to the marine carbon
cycle, and one is permanently stored in the shell as insoluble CaCOj3 [108]. Bivalve mollusks
are farmed for harvest and human consumption; similarly, shells are permanently removed
from the water at the end of the production cycle, resulting in net sequestration. Clams and
oysters have a high carbon sequestration capacity due to their higher shell-to-flesh ratio
than mussels (about 60% for clams and 75% for oysters vs. 35% of mussels).

4. Discussion

Based on the environmental Kuznets curve [109], developed countries show greater
environmental awareness, while people in developing countries still aspire to Western
consumption patterns. Bennett’s law demonstrates that rising incomes lead to shifts from
starchy staples toward refined grains, fruits, vegetables, meat, and dairy products [110].
These models explain the projected increase in livestock product demand by mid-century.
Managing this requires modeling sustainable protein sources for human consumption to
avoid exceeding planetary boundaries. Adequate dietary protein is essential for meet-
ing the body’s indispensable amino acid requirements, including phenylalanine, valine,
threonine, tryptophan, isoleucine, methionine, histidine, leucine, and lysine [111]. Animal-
derived proteins like meat, seafood, eggs, and dairy are considered “high-quality” due
to their essential amino acid content [112], while plant-based proteins often contain some
essential amino acids but are limited in others [113]. The issue of global protein supply
extends beyond substituting animal proteins with plant sources. While this might reduce
immediate impact, increased plant protein production requires new agricultural land,
which is scarce and would impact forests. Intensive agriculture has become unsustainable
due to fertilizer misuse. In 2018, synthetic nitrogen fertilizers generated 1.13 Gt CO; eq.
emissions, comprising 10.6% of agricultural and 2.1% of global greenhouse emissions [114].
Expanding arable land increases CO, emissions and reduces biodiversity. While pulses and
cereals can supplement animal proteins, they cannot fully replace them, as plant proteins
alone are incomplete in amino acid composition for human health despite their vitamins
and fiber content [115].
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Insect production is touted as the future, offering low environmental impacts, land
requirements, and feed/water inputs [116]. However, problems exist like high energy
needs for heating, pest control, and maintaining hygienic conditions. Cultural barriers
in Western societies make large-scale adoption difficult, except as hidden ingredients.
Cultured meat allows for controlling the nutritional content by adjusting the production
medium, such as increasing polyunsaturated fatty acids or micronutrients [117]. While
requiring less land than livestock, its environmental benefits remain controversial. Beyond
high costs, consumer acceptance and ethical-religious concerns need consideration when
comparing current meat production. The production of farmed finfish and crustaceans has
grown exponentially, severely impacting marine ecosystems through feed and chemical
use [118]. Plant-derived feed affects terrestrial land use, while seafood fed with wild-
caught fish worsens marine resource overexploitation [119]. Factory ships can destroy
indigenous fishing industries. Aquaculture effluents containing fertilizers, drugs, and
additives contribute to pollution and ecosystem toxicity in coastal regions. The high
nutritional value of seafood and crustaceans makes them vital for human diets. Improving
FCR and selecting appropriate feeds could reduce environmental impacts [120].

The data show the inadequacy of protein supply solutions ensuring food security
and environmental protection. Bivalves offer a promising solution, though cultural and
economic factors hinder widespread adoption. Limited knowledge, funding, infrastructure,
and consumer acceptance remain barriers to expanding bivalve aquaculture. However, over
1,500,000 km? of undeveloped coastline is suitable for bivalve farming [121]. China’s success
since the 1950s, producing 85% of the global supply, demonstrates bivalve aquaculture’s
viability [122]. Expanding this model across Asia, Africa, the Americas, and Oceania could
benefit health and sustainability.

According to Morales-Nin et al. [123], bivalve production’s carbon footprint is 20 times
lower than that of beef and 10 times lower than that of chicken and pork per serving.
Substituting 10% of beef or chicken consumption with oysters could avoid 360 million
and 120 million tons of CO,-equivalent emissions annually. Carbon sequestration in shells
could reduce atmospheric CO; by 2-3 mtons yearly, requiring 1.4-2.2 million hectares using
terrestrial carbon capture systems [47]. While bivalves’ carbon seizure is small compared to
global emissions, it provides permanent sequestration, unlike reforestation or conservative
agriculture [124]. Even advanced engineering solutions have not proven long-term storage
capability, yet fossiliferous limestone strata were produced by calcifying organisms millions
of years ago [125].

The key point worth highlighting is that the carbon sequestration capacity of shellfish
can be considered a side-benefit at zero cost because it occurs while the mollusk is being cul-
tivated to provide human food. Bivalve aquaculture could have an effective and significant
role in fighting against climate change, especially in coastal countries, and help reach Goal
#13 without creating environmental and economic issues. As global food demand continues
to rise in the coming decades, aquaculture is likely to expand, driven by its human health
benefits and increasing consumer preference for seafood [126]. Bivalve aquaculture has a
minimal contribution to food production-related emissions and can be further enhanced
through responsible practices. Ultimately, the advancement of aquaculture is a crucial
strategy for meeting growing food demands while ensuring food security within planetary
boundaries [127]. Recent estimates indicate that emissions from bivalve production account
for only 7.6% of the average emissions associated with terrestrial protein sources [19]. As
a result, bivalve aquaculture is now widely recognized as a sustainable, climate-friendly
means of producing nutrient-rich protein for human consumption. Additionally, beyond
its role in food production, bivalve farming contributes as a net carbon sink, with current
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Manila clam production alone sequestering approximately 1 million tons of carbon per
year, in support of global efforts toward UN Sustainable Development Goal #13.

A significant issue with bivalve consumption, particularly oysters, is the waste gen-
erated relative to the meat yield. Several options for waste shell valorization have been
reported, showing increasing interest [113]. One possibility for using bivalve shells, com-
bining carbon sequestration with ecosystem benefits, is creating coastal defense structures
and submerged reefs [128]. The use of shells would promote bivalve larvae settlement,
with additional carbon storage potential [129].

5. Conclusions

The growing need to ensure food security for an expanding global population, coupled
with promoting the sustainable use of natural resources, has heightened interest in bivalve
aquaculture. Unlike intensive fish farming, bivalve aquaculture is a zero-emission system
that relies on natural phytoplankton, requiring minimal intervention with no additives
or antibiotics that could affect its carbon footprint. The production of bivalves plays a
significant economic role in coastal regions worldwide, particularly in developing countries.
Notably, bivalve farming is the only food production method maintaining a positive net
carbon balance in terms of sequestration capacity. Given the global demand for nutrient-
rich food sources that do not strain environmental resources, coastal areas remain available
for sustainable development. However, challenges must be addressed to unlock bivalve
aquaculture’s full potential. Harnessing innovation and technologies can help overcome
these challenges, expanding bivalve aquaculture as a viable economic activity that provides
sustainable income while feeding nearly a billion people in developing regions. By linking
bivalve farming to environmental goals, this study supports climate-friendly aquaculture
practices that generate ecological and economic benefits. Findings show that bivalve
farming offers advantages in carbon sequestration and plays a crucial role in coastal marine
ecosystems’ carbon cycles.

Bivalves aquaculture could help achieve 5 of the 17 UN’s SDGs of Agenda 2030:
(1) SDG Goal #1 (no poverty), as sustainable bivalves aquaculture creates income opportu-
nities for coastal communities; (2) SDG Goal #2 (zero hunger), as sustainable aquaculture
ensures food security; (3) SDG Goal #3 (promoting health and wellbeing), due to nutritional
benefits; (4) SDG Goal #12 (responsible consumption, and production), as it follows natural
growing cycles without antibiotics and has lower environmental impacts than other foods;
and (5) SDG Goal #14 (life below water), as bivalves aquaculture can reduce pressure on
marine ecosystems while providing environmental benefits.
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Abstract: Food security indices are widely used to support decision making and provide a
structured assessment of countries’ capacities to withstand global environmental and eco-
nomic crises. However, these indices have inherent limitations, including potential biases
in ranking and a lack of structural insights into food system dynamics. This study presents
a systematic approach that combines elastic-net regression-based feature selection and
two-step clustering to address some of these limitations and equip decision makers with
structured procedures for making informed decisions and supporting food system man-
agement. The mathematical and operational procedures of the proposed approach were
demonstrated through an illustrative example using the EIU dataset of 94 countries. The
study investigated the sensitivity of composite indicators to extreme data points, relative
weights, and dimensionality reduction. After applying elastic-net regression, 15 indicators
were selected for Model 1 (M1) and 9 for Model 2 (M2) from an initial set of 25 indicators.
Subsequently, two-step clustering grouped the countries into four distinct clusters, reflect-
ing combinations of food system characteristics and income levels. The results demonstrate
that countries with industrialized, consolidated food systems and high per capita income
tend to exhibit greater food security. Conversely, countries with rural or traditional food
systems and low-income levels are more vulnerable to food insecurity. By incorporating
statistical rigor and empirical structure discovery, this methodology addresses key limi-
tations of existing indices. It provides an adaptive, transparent framework that informs
targeted policy by linking the structural characteristics of food systems to tangible food
security outcomes.

Keywords: food security assessment; composite indicators; multiple regression analysis;
two-step clustering

1. Introduction

Food security refers to a state in which all individuals, at all times, have reliable physi-
cal, social, and economic access to sufficient, safe, and nutritious food that satisfies their
dietary requirements and food preferences, supporting an active and healthy lifestyle [1].
It is a multidimensional concept that plays a vital role in the well-being and survival of
humanity [2—4]. The four primary pillars of food security are availability, accessibility,
stability, and utilization. Food availability refers to the physical presence of sufficient
food, whether through domestic production or a reliable external supply. This availability
depends on factors such as storage capacity, transport infrastructure, and the integration
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of local or national markets [5]. Food access pertains to a household’s ability to obtain
sufficient and nutritious food through self-sufficiency, purchases, or food aid [6]. It is im-
portant to note that food may be available but not necessarily accessible to all households.
Food stability is crucial for food security, as it reflects the system’s resilience and capacity
to maintain a consistent food supply amidst shocks or disruptions to the local or global
economy [7,8]. Lastly, food utilization examines individuals” ability to use accessible food
effectively. This can be achieved by ensuring an appropriate diet, safe drinking water,
sanitation, and health care that meet nutritional and physiological needs. Thus, assessing
food security comprehensively requires capturing these four dimensions, yet many existing
indices struggle to reflect all pillars adequately.

Despite ongoing efforts by international institutions, global food systems face signifi-
cant threats. Climate change poses a major challenge, disrupting agricultural productivity,
water availability, and the overall stability of food systems. Rising temperatures, changing
precipitation patterns, and more frequent extreme weather events reduce crop yields, alter
growing seasons, and increase pest and disease pressures, compromising food availabil-
ity and access [9-11]. Water scarcity is another critical concern, intensified by increasing
global demand due to population growth, shifting consumption patterns, and energy
production needs [12,13]. Recent data from the UN World Water Development Report
(2025) indicate that agriculture still accounts for approximately 72% of global freshwater
withdrawals, highlighting water’s pivotal role in ensuring food security. Insufficient access
to water constrains crop and livestock productivity and impairs food availability, stability,
and utilization.

According to the 2023 State of Food Security and Nutrition in the World (SOFI) re-
port, 735 million people experienced chronic hunger in 2022, a significant increase from
613 million in 2019. Projections indicate that nearly 600 million people may remain chroni-
cally undernourished by 2030, threatening the achievement of Sustainable Development
Goal 2, i.e., zero hunger. Additional environmental stressors, such as air pollution and soil
degradation, further jeopardize food security. These factors affect agriculture, livestock,
and aquaculture by altering pest dynamics, diminishing crop yields, and degrading soil
fertility through erosion and overgrazing [14,15]. These pressures are compounded by
the socioeconomic aftermath of the COVID-19 pandemic, which disrupted food supply
chains, drove up food prices, and disproportionately impacted low- and middle-income
families [16-18]. Addressing these challenges requires effective policy and governance
frameworks; however, many countries face institutional and regulatory barriers that limit
the implementation of sustainable and resilient food systems [19,20].

Several initiatives have been developed and implemented worldwide to eliminate
hunger and malnutrition at local and global levels. The growing focus on these efforts
highlighted the need for appropriate tools to help provide a condensed view of progress
and make proactive adjustments to ensure the fulfillment of the strategic goals of these
initiatives. Food security assessment is increasingly recognized as crucial for making
informed decisions to mitigate risks and provide adequate food security amid various
threats [21-24]. This assessment helps understand the impacts of deteriorating living
conditions on food security and evaluates food safety and nutritional quality, especially
for vulnerable populations [25]. Various methods are employed for food security assess-
ment, including expert-based surveys, technical reports, and indicators like anthropometry,
which evaluates nutritional status through physical measures [26], and the Food Insecurity
Experience Scale (FIES), which measures food security based on personal experiences [27].

Notable reports such as the Global Nutrition Report (GNR) and the State of Food
Security and Nutrition (SOFI) report provide comprehensive insights into global food and
nutrition issues [22]. Recently, there has been a notable trend in using composite indicators
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to assess the outcomes of several food initiatives. These indicators are widely known for
making food system performance more understandable and interpretable by combining
different indicators (or factors) into a single index or score [21-24]. The Global Hunger Index
(GHI) assesses hunger through indicators like malnutrition and child mortality [28], while
the Global Food Security Index (GFSI) evaluates food security across over 100 countries
using affordability, availability, and quality metrics, with recent updates including natural
resources and resilience as indicators [29].

Despite the widespread use of composite indices like the GFSI, GHI, and FIES, sev-
eral methodological limitations undermine their effectiveness. Chief among these are
subjective weighting schemes, limited incorporation of outcome-based indicators, and
lack of contextual benchmarking. For instance, while the GFSI provides broad insights
into food system performance, it often fails to reflect populations” actual consumption or
nutritional outcomes [29,30]. Similarly, subjective weighting schemes usually rely on expert
judgment, which can introduce bias, lack transparency, and reduce reproducibility in index
construction [31]. These shortcomings reduce the reliability and policy relevance of food
security assessments. To address these gaps, this study introduces a structured, data-driven
framework that combines an input—output model, elastic-net regression, and a two-stage
clustering method. The proposed approach enhances the interpretability of composite
indices by selecting the most relevant indicators, incorporates outcome-based measures to
link resources with real-world impact, and facilitates context-aware benchmarking through
cluster analysis. Together, these methodological innovations aim to improve food security
assessments’ robustness, clarity, and policy relevance.

2. Literature Review

Food security assessment utilizes various methods such as expert-based surveys,
annual technical reports, and food security indicators. Recently, there has been a growing
trend towards employing composite indicators to evaluate the outcomes of food initia-
tives. These composite indicators are appreciated for their ability to simplify and enhance
the interpretability of food system performance by integrating multiple indicators into
a single index or score [21-24]. Three widely recognized food security indicators are
discussed below.

The Global Food Security Index (GFSI), developed by the Economist Intelligence
Unit (EIU) and sponsored by Corteva Agriscience in 2012, is a widely known measure of
food security for over 100 countries. The GFSI initially involved three categories namely
affordability, availability, and food quality and safety [29,32]. In 2020, the GFSI included a
new category, natural resources and resilience, which was later renamed “Sustainability
and Adaptation” in the 2022 GFSI Report. This category assesses the likelihood of natural
disruptions and evaluates the ability of the system to adapt to their potential impacts
and consequences. Several studies have assessed the procedures for computing the GFSI
over the years (see [29,32,33]). These studies have revealed two main limitations. These
are the use of subjective weighting methods and the lack of connecting the GFSI with
indicators associated with food system outcomes of the associated countries, such as
food consumption, food production, food supply, poverty or nutritional policies, and the
population’s nutritional status [29,30].

The Food Insecurity Experience Scale (FIES), developed by the FAO, is another mea-
sure of food security. The FIES assesses food security at the household or individual level
by capturing personal experiences [27]. The FIES utilizes an eight-question-based survey
module, FIES-SM, to assess the difficulty individuals or households usually encounter in
reaching adequate amounts of food and nutrition. While the FIES offers valuable insights
into the lived experiences of food insecurity, it has also faced criticism. Short reference peri-
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ods, particularly the 30-day version, can yield severity assessments that differ substantially
from the 12-month reference frame, complicating global comparisons [34]. Additionally,
the FIES’s focus on individual experiences may oversimplify the complexity of food insecu-
rity by neglecting broader systemic factors such as sustainability, structural inequality, or
democratic agency within food systems [35].

The Global Hunger Index (GHI), developed by the International Food Policy Research
Institute (IFPRI), measures global hunger status. The GHI utilizes a combination of four
indicators to determine caloric deficiency and malnutrition, namely malnutrition, child
undernutrition, stunting and wasting in children, and child mortality. The GHI scores are
calculated through a three-step process. The four indicators are first given standardized
scores from 0 to 100, where 0 indicates “no hunger” and 100 indicates “severe hunger”.
Following this step, to calculate the Global Hunger Index (GHI) for each country, the
standardized scores of the four key indicators are aggregated, with equal weights assigned
to each indicator [28,32]. The data on the GHI are collected from the U.N. database and
other multilateral agencies (for further details, visit https://www.globalhungerindex.
org). Despite its widespread use, the GHI has been criticized for its methodology and
conceptual framing. One notable concern is its narrow focus on caloric intake and child
health outcomes, which may overlook broader dimensions of food insecurity, such as
dietary quality, food access, and socioeconomic determinants [35].

While indices like the GFSI, FIES, and GHI offer useful snapshots of food security
conditions, their structural and methodological limitations motivate the need for enhanced,
data-driven approaches that better capture food system complexity.

Existing Weighting Methods

The weights are crucial to ensure the accuracy and credibility of the food security index.
These weights refer to the importance of each indicator (or factor) to the overall score of the
composite index. Several methods for estimating relative weights under various contexts
have been conducted over the last years (for further reading, see [36-39]). Equal weighting
is very popular in business and finance applications [40]. The equal weighting assigns equal
importance to all indicators. However, several studies have criticized equal weighting
for its shortcomings in accommodating double counting, which arises when two or more
indicators measure the same aspect within the context of the GFSI calculations [41,42].
Common examples of methods used to address the issue of double counting in situations
like these are the Analytical Hierarchy Process (AHP) and the Technique for Order of
Preference by Similarity to the Ideal Solution (TOPSIS). These methods help mitigate the
duplication of indicators measuring the same aspect within the GFSI framework. Over the
years, some researchers have found that using expert judgments to assign weights, which is
frequent in practice, may affect the credibility of the composite index [42,43]. While expert
judgment remains a common approach, it is susceptible to cognitive and group-level biases
that can distort weight assignments. For instance, cognitive biases such as overconfidence,
anchoring, and availability can influence experts” decisions, leading to inconsistent or
suboptimal outcomes [44—46]. Additionally, when experts work in groups, social dynamics
like groupthink or social loafing may further undermine the objectivity of the process [45].
Beyond biases, challenges in calibrating expert input and the inherent uncertainty of
subjective weights add further complexity, making cross-study comparisons difficult and
often unreliable [47,48]. Moreover, over-reliance on experts assumes complete domain
knowledge, which may not be realistic in multifaceted contexts such as sustainability
assessment [49]. Other methods, such as Principal Component Analysis (PCA), Data
Envelope Analysis (DEA), and Factor Analysis (FA), have also been utilized for estimating
relative weights in various fields (see [50,51]). PCA is mainly known for its efficiency in

76



Foods 2025, 14, 1834

finding a new set of components (features), called principal components (PCs), that capture
the most significant variability in the original dataset. Mainly, it reduces the dimension of
the original dataset (see [50,52]). However, despite its popularity, the new component may
not have a clear real-world interpretation [53,54].

In practice, especially under high-dimensional settings, food security indicators are
more likely to exhibit high correlation levels, a condition known as multicollinearity. This
statistical phenomenon occurs when some indicators are interrelated, potentially influenc-
ing the generation of weights and leading to instability in regression model estimates. As a
result, the robustness of the constructed composite indicators may be compromised. While
multicollinearity is more pronounced in high-dimensional datasets, it can also arise in
lower-dimensional contexts [55,56]. Classical regression methods have shown limited effec-
tiveness in addressing the multicollinearity phenomenon. On the other hand, penalization
regression methods, such as ridge, least absolute shrinkage and selection operator (lasso),
and elastic net, are known for effectively managing multicollinearity and sparsity [38,57,58].
These methods stabilize model estimates by introducing regularization penalties, with elas-
tic net offering the dual advantage of variable selection and multicollinearity management.

In parallel, several statistical and machine learning methods have also been explored
in the context of food security. While widely adopted, econometric models often rely on
historical assumptions and fail to adapt to the dynamic nature of food systems [59]. Ma-
chine learning models and neural networks offer strong predictive capabilities but typically
demand extensive, high-quality datasets and often lack transparency [60,61]. Bayesian
spatio-temporal models effectively capture spatial and temporal dependencies but require
significant computational resources and careful specification [62]. Panel quantile regression
captures heterogeneous effects but needs extensive panel data [63], while small-area estima-
tion improves subnational insights but is sensitive to model and data assumptions [64,65].
Nonparametric methods like random forests can model nonlinear relationships but are less
interpretable [66]. Similarly, although useful in benchmarking efficiency, data envelopment
analysis (DEA) is susceptible to input selection and lacks mechanisms for handling noise
or measurement error [67].

Despite the increasing popularity of these methods, the application of penalized
regression models in food security, especially for developing composite indices, remains
limited and is still an emerging area of research [38,68-71]. In this context, elastic-net
regression offers a particularly suitable approach due to its ability to integrate the benefits
of both ridge and lasso regularization, thereby enabling robust estimation while performing
automatic feature selection. This is especially beneficial in identifying the most relevant
food security indicators and mitigating the risk of overfitting, which is common in high-
dimensional data scenarios [72].

Furthermore, existing food security indices predominantly rely on input-based models
that focus on resource availability, failing to connect these inputs with the actual outputs
of food systems. Consequently, these models do not adequately capture how efficiently
resources are utilized, thus providing an incomplete picture of food security. Moreover,
interpreting composite indices becomes challenging for stakeholders and decision makers,
especially when multiple indicators are involved, leading to difficulties in identifying
specific areas of strength and weakness within food systems. Moreover, the prevalent
use of single-score-based rankings in food security assessments often overlooks crucial
contextual information, such as geographical location, food system typology, and economic
state, resulting in the loss of valuable insights necessary for realistic benchmarking and
effective solution development.

To address these limitations, this study introduces a structured approach to promote
the current practices of utilizing composite indices to assess food security locally and glob-
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ally. This approach uses two well-established methods, feature selection-based regression
and clustering methods, which provide deep insights into food security issues and lead
to efficient resource allocation. The list below explains the significance of this approach’s
structured design compared to its counterparts.

1. Food security indices using input-based models, focusing on resource availability, do
not relate the composite index to the food system outputs. In other words, these mod-
els do not clearly show how efficiently these resources are utilized. To overcome this
limitation, this study introduces an input-output model that incorporates nutritional
status as an output indicator. This output indicator is important to measure people’s
accessibility to enough nutrition and the availability of their daily dietary needs.

2. Interpreting composite indices is critical to highlighting specific areas of strength
and weakness in food systems. However, stakeholders and decision-makers may
encounter serious difficulties interpreting the results when many indicators are in-
volved. To mitigate this, elastic-net regression is employed to reduce the dimension
of the impact matrix and include only the indicators relevant to the food system’s
performance. This step will help understand the contribution of each indicator (or
factor) and effectively address the root causes of food insecurity.

3.  Using single-score-based rankings in food security assessments often disregards criti-
cal contextual factors, such as geographic location, food system typology, economic
development levels, etc. The involvement of such characteristics is essential for con-
ducting realistic benchmarking and developing short- and long-term solutions. This
study proposes a two-stage clustering method to enhance food security analysis. First,
entities (countries) are grouped based on their overall food security score. Following
this, each cluster is further analyzed through a second round of clustering, consider-
ing key food system characteristics like typology and economic status. By creating
more nuanced groupings, this approach aims to provide stakeholders with actionable
insights for targeted interventions instead of relying solely on a single-score list.

The rest of this paper is organized as follows: Section 3 highlights the elastic-net
regression method as a key element of the study’s methodology and outlines the proposed
approach. Section 4 reports the illustrative example used to assess the applicability of
the new approach. Section 5 reports the results of implementing the two-step clustering
approach. Section 6 is dedicated to discussing the main findings and conclusions extracted
from the case study. In addition, this section provides recommendations and suggests
future research directions.

3. Methodology

Addressing methodological gaps identified in the literature, this study introduces
a new approach combining two well-known methods: feature selection and two-step
clustering (see Figure 1). The proposed methodology addresses several limitations of
traditional input-based models that focus solely on resource availability without linking
the composite index to food system outputs. By incorporating an input—output model,
the population’s nutritional status is added as a crucial output indicator, representing
the accessibility and availability of daily dietary needs. Furthermore, to improve the
interpretability of composite indices, elastic-net regression is employed to reduce the
dimensionality of the impact matrix, retaining only the most relevant indicators for food
system performance. This technique was chosen for its ability to handle multicollinearity, a
common issue in datasets with correlated predictors, ensuring that the selected indicators
remain statistically independent. Unlike alternative methods such as Principal Component
Analysis (PCA) or ridge regression, elastic-net regression allows for the simultaneous
selection of a subset of predictors while maintaining model interpretability, a key feature
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for understanding the relationships between indicators in the food security context. This
step aids in identifying and addressing the root causes of food insecurity.

Impact Matrix Generation Data Preparation and Description

Step ONE Step TWO Step THREE
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Figure 1. The outlines of the proposed approach.

Additionally, the study critiques the conventional single-score-based ranking system,
which often overlooks valuable information related to specific characteristics of entities,
such as geographical location, food system typology, and economic state. To overcome
this, a two-stage clustering method is proposed: first, group entities based on their overall
food security scores, and then, further, each cluster is analyzed through a second round of
clustering that considers key food system characteristics. This nuanced clustering approach
aims to provide stakeholders with actionable insights for targeted interventions, offering a
more comprehensive understanding of food security dynamics than traditional methods.

The proposed approach consists of seven steps that were sequenced in a way to ensure
a logical flow of computations and analysis as follows:

Steps 1-2: These initial steps involve identifying relevant food security indicators,
assessing their impact within each category, and then integrating them to construct the
initial impact matrix.

Step 3: Once the matrix is developed, its structure is examined for potential missing
data. In consultation with domain experts, an appropriate data imputation method is
selected to address any gaps and ensure data reliability.

Step 4: This step plays a pivotal role in the methodology by applying elastic-net
regression to identify the most influential indicators contributing to food security perfor-
mance. To enhance the accuracy and robustness of the results, the elastic-net regression is
fine-tuned using a widely accepted optimization technique, i.e., k-fold cross-validation. A
detailed explanation of this method is provided later in this section.
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Step 5: In this step, various weighting methods are explored, and the most suitable
approach is selected to compute relative weights for the indicators retained in the reduced
impact matrix.

Step 6: Once each entity’s food security score is calculated, two-step clustering is
applied to examine the relationships between food security performance and selected food
system characteristics.

Step 7: A sensitivity analysis is conducted to assess how variations in key methodolog-
ical choices, such as data imputation and dimensionality reduction, affect the performance
of the composite food security indicator. This step helps identify the composite indicator’s
robustness and highlights how methodological choices may lead to alternative rankings or
interpretations, informing more transparent and evidence-based decision-making.

Elastic-net regression assumes linearity in the relationship between the predictors
and the outcome variable, a common assumption in composite index modeling, where
relationships are typically additive. However, while this method assumes linearity, non-
linearities may be present but are not explicitly modeled in this framework. Additionally,
elastic-net regression requires the careful handling of outliers, as extreme values can impact
the regression results. To mitigate this, outlier detection and treatment are performed
before the application of the model. A key advantage of the elastic net is its ability to
handle multicollinearity by combining the strengths of both ridge and lasso, ensuring that
correlated predictors do not overly influence the model.

To introduce the elastic-net regression, we begin with the generalized linear model,
which describes the relationship between the dependent variable, y, and a set of indepen-
dent variables, x.

4
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where y; is the response variable, and ;€ R” are the coefficients of the regression model
associated with the jth independent variable. The term ¢; represents the error and is
assumed to be normally distributed. The regression coefficients can be found using the
following optimization problem [73-75]:

Bt = (y— XB) " (y — XB) + Pr(B) @)

where P, (B) is the elastic-net penalty function. Equation (2) can be also written as follows:
et T ¢ 3 2
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In Equation (3), the term A4 Z;;l ’ B j‘ corresponds to the /1 (lasso) penalty, which promotes

sparsity, and )\22;’:1 ,8]2 corresponds to the [5(ridge) penalty, which addresses multicollinear-
ity [57]. The tuning parameters A; > 0and A, > 0 control the strength of the respective
penalties. Notably, the elastic net has the advantage over other penalization methods
because it does not require n > p. However, the parameter A controls the penalization’s
strength. If A is equal to zero, the regression problem in Equation (3) will become a general
linear regression.

Numerous techniques for estimating the value of A are described in the literature. The
k-fold cross-validation (CV) technique is the most frequently used [75]. The initial dataset is
divided randomly into k equal-sized subsets. Then, one subsample is used as a validation
dataset, and the remaining datasets are used as training subsets. These procedures should
be repeated k times. The k results can be averaged to obtain a single estimate. Each
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recommended value of A and A; will be evaluated using the CV procedure. Finally, the
most accurate value of A is selected as the optimal for performing elastic-net regression.

4. Mustrative Example

This example details the implementation process for the new food security index.
Guidelines and relevant remarks will be provided under each step.

4.1. Food Security Indicators

This study utilizes the GFSI framework developed by the Economist Intelligence
Unit (EIU) and supported by Corteva Agriscience. The framework comprises four main
categories: food affordability (six indicators), food availability (seven indicators), food
quality and safety (five indicators), and natural resources and resilience (seven indicators).
Table 1 presents the details on the specific indicators within each category. Detailed
information regarding the indicators’ specific weights and units can be found on the GFSI
website [76].

Table 1. Structure of food security categories.

Category No. Indicators Symbol
1 Change in the food costs CFC
2 Proportion of population under the global poverty line PPUGP
e 3 Inequality-adjusted income index IAII
Affordability (AFF) 4 Agricultural import tariffs AIT
5 Food safety net programs FSNP
6 Market access and agricultural financial services MAAFS
7 Sufficiency of supply SOS
8 Agricultural research and development ARAD
9 Agricultural infrastructure AIS
Availability (AVA) 10 Volatility of agricultural production VOAP
11 Political and social barriers to access PASBA
12 Food loss FL
13 Food security and access policy commitments FSAAPC
14 Dietary diversity DD
Quality and safet 15 Nutritional standards NS
(YQ AS)S e 16 Micronutrient availability MA
17 Protein quality PQ
18 Food safety FS
19 Exposure E
20 Water 4
Nat 1 d 21 Land L
a u'rl.'? reso(tg;e&sdz;? 22 Oceans, rivers, and lakes ORL
restience 23 Sensitivity S
24 Political commitment to adoption PCTA
25 Demographic stress DS

This study focuses on 94 countries selected from the GFSI framework, based on
the availability of data on the “prevalence of undernourishment as a percentage of the
population”. This indicator acts as the food system output (response variable) in the study.

4.2. Impact Matrix Generation

This study uses the 2019 GFSI dataset, which can be accessed on https://impact.
economist.com/sustainability / project/food-security-index/ (accessed on 20 March 2022).
To ensure meaningful comparability across all indicators, the dataset was normalized
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column-wise (i.e., per indicator) using the Min—-Max (Feature Scaling) algorithm [77,78].
The Min-Max algorithm calculates the normalized scores using the following;:

xi‘_Mmin,‘ (al_aO) .
() — Main) .

X ;1=1,2,...,n,

norm — g +

i=12...,p ()
!/ (Mmax,j - Mmin,j)

where Xjj represents the original score of the ith country under the jth indicator, Minax,j
and M,;;, ; represent the maximum and minimum scores of the jth indicator, n represents
the number of countries (1 = 94), and p represents the number of indicators (p = 25). The
constants ag and a; (ap < ay) are predetermined min—-max values for the range of x//”""".
The 2019 GFSI dataset is normalized using ag = 0 and a; = 100, such that the highest possible
score is 100, while the smallest possible score is 0.

The correlation analysis is necessary for understanding the inter-relationship between
the indicators of the composite index; [29,71] have analyzed the correlation structure of the
GFSI, considering the first three categories. Consequently, we will dedicate our analysis
primarily to the fourth category, “Natural resources and resilience”. NR&R was first
introduced into the GFSI in 2017 and was used as one of the main categories in 2020.
This category consists of seven indicators, as shown in Table 1. The “Exposure” directly
quantifies the impact of the crisis brought on by weather-related changes. This indicator
may significantly impact countries in regions susceptible to frequent and severe climate
changes and crises. The indicators “Water”, “Land”, and “Oceans, rivers, and lakes”
describe the capacity of natural resources. It makes sense to include these three indicators,
as they are essential for local and worldwide food producers and suppliers. Lastly, the
“Political commitment to adoption” indicates the readiness for developing and executing
effective food security solutions.

Pearson’s correlation coefficient (r) is widely used in practice for measuring correla-
tion [52]. The r values range between —1 and 1, such that the higher the r;; value, the higher
the correlation levels between the ith and jth indicators. When the ith and jth indicators
are not significantly correlated, the r;; value will be near or equal to 0. The correlation
analysis among the NR&R indicators will be based on the normalized 2019 GFSI dataset.
The correlation coefficients for all possible indicator pairs are presented in Table 2.

Table 2. Pearson correlation coefficients between the indicators under the Natural Resources and
Resilience category and GFSI.

Variable GFSI NR&R E w L ORL S PCTA DS

GFSI 1.000 0.684 —0.036 0.531 0.315 —0.352 0.243 0.535 0.803

NR&R 0.684 1.000 0.135 0.694 0.428 —0.158 0.399 0.796 0.571
E —0.036 0.135 1.000 —0.061 0.064 —0.083 —0.016 —0.028 —0.199

w 0.531 0.694 —0.061 1.000 0.271 —0.098 0.038 0.390 0.385

L 0.315 0.428 0.064 0.271 1.000 —0.051 —0.075 0.094 0.227
ORL —0.352 —0.158 —0.083 —0.098 —0.051 1.000 —0.386 —0.306 —0.401

S 0.243 0.399 —0.016 0.038 —0.075 —0.386 1.000 0.317 0.426

PCTA 0.535 0.796 —0.028 0.390 0.094 —0.306 0.317 1.000 0.406

DS 0.803 0.571 —0.199 0.385 0.227 —0.401 0.426 0.406 1.000

Note: For the abbreviation details of variables, please refer to Table 1.

The r values in Table 2 show that W, PCTA, and DS have the highest correlation levels
(0.531, 0.535, and 0.803) with the 2019 GFSI scores. A two-sample t-test is applied to clarify
the linearity between these indicators and the 2019 GFSI scores. The two-sample t-test is
a statistical procedure used to determine if there is a significant difference between the
means of two independent datasets. Two hypotheses will be examined against each other.
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These are Hy: ¥ = 0 versus Hy: r # 0, where r is the slope measure. The test is initiated
by calculating the p-value. The decision in the {-test is made by comparing the p-value
with the significance level («), where « is a pre-defined threshold for rejecting the Hy. If the
p-value < a, we should reject hypothesis Hy and conclude that there is a linear relationship;
otherwise, if the p-value > a; we should accept hypothesis Hy and conclude that there is no
linear relationship between the compared pairs of datasets.

The three pairs of indicators (W; GFSI), (PCTA; GFSI), and (DS; GFSI) were tested,
and the t-test revealed p-values = 0.00001 when a« = 0.05. Since the three p-values < 0.05,
we should reject Hy and conclude that there is sufficient evidence of a linear relationship
between the 2019 GFSI scores and the tested indicators (W, PCTA, and DS). It is important
to remember that this decision is limited to the case when « = 0.05. Other values of « < 0.05
may reveal different decisions.

The pairwise correlations in Table 2 reveal that most indicators exhibit weak corre-
lations with each other, with values ranging from —0.016 to 0.426. However, the same
indicators exhibit slightly higher correlation values with the NR&R'’s score. The linearity
between the three top indicators, W, PCTA, and DS, has been examined using the two-
sample t-test. Similar to the previous t-test results, the three pairs of indicators (W; NR&R),
(PCTA; NR&R), and (DS; NR&R) revealed p-values = 0.00001 when « = 0.05. Hence, we
can conclude that there is a significant linear relationship between these indicators and the
NR&R'’s scores.

However, despite these findings highlighting the importance of including these in-
dicators in food security assessment, other data quality and availability factors should be
considered. The following section discusses one of the common data issues, mainly outliers
(or extremes), and examines their impact on the GFSI ranking scores.

4.3. Outliers Detection and Imputation

Data points that significantly deviate from most data points in the dataset are known
as outliers. Outliers can disrupt the proposed approach in two critical ways: (1) outliers
may significantly influence the results of the elastic-net regression, leading to improper
selection of the most relevant indicators, and (2) outliers may lead to an inflation of the
composite index, leading to misrepresentation of the actual contribution of indicators on
the food security scores of the corresponding country.

Several outlier detection methods exist in the literature, such as the Interquartile Range
(IQR), Z-scores, and winsorized methods. Each method offers unique advantages and
limitations, with the optimal choice depending on the data characteristics and analysis
goals. The winsorized method detects outliers and replaces them with less extreme values.
The authors of [29] examined this method to substitute the outliers in the 2016 GFSI dataset.
The study reported that the change in countries ranking with or without winsorized-based
replacement is not significant.

To expand the research context in this regard, this study uses the Z-score method to
identify potential outliers in the 2019 GFSI datasets. The outliers using the Z-score method

are defined as data points whose Z-scores fall outside the Kth standard deviation. First, we
gprm
mean and standard deviation of the jth indicator. Once the data have been converted, the

compute the Z-score for each x using (x?j"rm — ]/ti> /o;, where p;, and o} represent the
new dataset of the jth indicator is assumed to follow the standardized normal distribution
Z( yjz, (7].2 > 22 7Z(0,1); then, each Z-score is associated with each data point, x% , represents the
distance from the center in terms of (7]?10””. According to the Z-score approach, the outliers
are the countries whose absolute Z-score value is higher than the threshold Koj, where

K(7j=3.
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While the Z-score method with a threshold of £3 is widely adopted in the litera-
ture for detecting outliers in normally distributed data, we acknowledge that it assumes
approximate normality and may be sensitive to extreme values in skewed distributions.
Alternative approaches, such as the Median Absolute Deviation (MAD) method, are more
robust in the presence of skewed data or outliers, as they rely on the median rather than
the mean. However, preliminary data exploration showed that most indicators followed
approximately symmetric distributions after normalization, making the Z-score method
a suitable choice for this study. Additionally, using a £3 threshold ensures that only the
most extreme values (less than 1% in a normal distribution) are flagged as outliers, aligning
with related studies’ practices [79].

The Z-score test was applied to all the indicators, and the results showed that the 2019
GFSI dataset contains twelve outliers distributed across six indicators, accounting for 24%
of the indicators. The CFC and AIT each involve three outliers, accounting for 50% of the
outliers. However, there are two possible scenarios in practice for dealing with outliers.
These are outliers” exclusion or substitution. While excluding outliers is essential to have
outlier-free datasets, it is important to carefully investigate how the number of excluded
data points affects the credibility and applicability of the composite index.

Like [29], this study replaces the outliers with the nearest low /high non-outlier val-
ues. The calculations were performed, and the six indicators exhibited a pre- and post-
replacement skewness as follows: CFC {—1.90, —1.74}, AIT{—1.61, —0.96}, FL{—1.61, —0.57},
MA{—-1.00, —0.83}, E{—0.69, —0.47}, and W{1.45, 1.36}. The two-sample t-test was applied
to statistically check the significance of differences between the Z-scores of the six indi-
cators pre- and post-replacement. Let iy and pipost be the mean of the Z-scores of the
pre- and post-replacements, respectively. Then, the two hypotheses of the t-test are set as
Ho: pipre — ppost = 0 and Hy: prpre — ppost # 0. Table Al in Appendix A reports the settings
and outputs of the f-test conducted using « = 0.05. However, since the p-value = 0.517 > 0.05,
we fail to reject Hy and conclude that the means of the pre- and post-replacement Z-scores
are likely to have the same mean when o = 0.05.

For further investigation of the influence of the replacement method on the food
security rank, we compared the original GFSI ranking with its counterpart using the
nearest low /high non-outliers. As shown in Table 3, while 25% of countries experienced a
change in rank after outlier imputation, most of these shifts were limited to £1 position.
This aligns with previous findings by [29], where the winsorization of GFSI indicators
also led to minimal impact on rankings, with most countries shifting by only one or two
positions. Based on these findings, we can roughly conclude that the imputation method
utilized in this study has no significant effect on the 2019 GFSI ranking scores.

Table 3. Food security rank comparison based on the imputation method.

Rank Change Number of Countries Percentage, %
No change 70 75
+/— 1rank 17 18
+/— 2 ranks 6 6
+/— 3 ranks 1 1
+/— >4 ranks 0 0

Like many others, the nearest low-/high-imputation method can be influenced by
outlier characteristics such as the number, frequency, and distribution. Alternative ap-
proaches that account for these factors are often preferable. This is especially true in
high-dimensional indicator settings, where traditional methods might encounter serious
challenges, such as computational complexity and non-random patterns of missing values.
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4.4. Elastic-Net-Based Dimension Reduction

Elastic-net regression is utilized to reduce the dimension of the impact matrix only to
include indicators that significantly impact food security. To achieve an optimal outcome
in the elastic-net regression, the shrinkage parameters (A1 and A,) were optimized using
the k-fold cross-validation (CV) method. The CV was conducted using Statistical Package
for the Social Sciences (IBM®-SPSS® v29) software, a widely recognized tool for advanced
data management and statistical analysis.

Due to the moderate sample size (94 countries) and the structure of SPSS’s elastic-net
implementation, k = 3 was chosen to ensure sufficient data in each fold for coefficient
stability. Preliminary tests with higher k values (e.g., 5 or 10) did not enhance model
performance, supporting this choice. Similar practices have been recommended in the
literature for modest datasets to manage variance and ensure convergence [80,81]. Two
reduced models (M1 and M2) with dimensions (p = 15 and p = 9) were identified. How-
ever, given that the initial pool size of indicators is 25, we believe that 15 and 9 are still
significant numbers. The ranges of A1 and A; are set at (0.10 to 0.14) and (0.40 to 0.24),
respectively. These narrow intervals were selected after broader preliminary tuning experi-
ments showed that optimal performance was consistently obtained within these specific
bounds. Constraining the range improved model precision and reduced unnecessary
variability in parameter estimation.

Standard error (SE) is a widely used metric to assess the precision of regression models.
In the context of this study, the SE reflects the average variation between the predicted
prevalence of undernourishment, the % of the population (the dependent variable), and the
actual observed prevalence in the population for a given combination of indicators. Based
on the results presented in Table 3, one can say that M2 is a more optimized model for
predicting malnutrition prevalence. The M2’s lower SE implies that its predictions exhibit
less deviation from the actual prevalence data compared to M1.

Table 4 reports the reduced dimensions of the four food security categories and the
regression coefficients for the remaining indicators. The “Reduction/Category, %" and
“Average Reduction, %” columns display the percentage and average reduction in each
category’s original number of indicators.

Table 4. Elastic-net regression coefficients and reduced dimension.

Coefficient Estimators Reduction, % Average Reduction, %
Category Indicator
M1 M2 M1 M2
CFC -
s PPUGP 0.06 0.004
Affordability AIT 002 ) 50.00 66.67 58.34
FSNP 0.45 0.35
SOS —0.03 -
ARAD —0.05 -
Availability PASBA - —0.003 57.14 70.14 63.64
FL - -
FSAAPC 0.09 0.15
DD - -
NS —0.02 -
Quality and safety MA —0.13 —0.07 40.00 60.00 50.00
PQ 0.05 0.01
FS - -
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Table 4. Cont.

Coefficient Estimators Reduction, % Average Reduction, %
Category Indicator
M1 M2 M1 M2
E 0.06 0.08

L —0.34 —0.27

. ORL 0.02 -
Natural resources and resilience S —0.06 —0.01 28.57 57.14 42.86

PCTA —0.05 -
DS 0.06 -

The percentage of model reduction significantly plays a vital role in balancing the
information retained and the resulting model complexity. To understand the trade-off
between complexity and information content in the food security scores, we will compare
the changes in the GFSI ranking scores of the two reduced models.

4.5. Food Security Score Calculation

This section illustrates the calculations of the proposed food security index. However,
while reducing the number of indicators may appear initially advantageous, it can have
two significant consequences. First, it can hide important information regarding a country’s
food security performance. For example, removing indicators such as political and social
barriers to access (PASBA) or micronutrient availability (MA) could mask systemic access
issues or hidden forms of malnutrition. Second, it can impact the ability of decision
makers and stakeholders to understand the nature of the problem and develop effective,
targeted solutions. For instance, without indicators like market access and agricultural
financial services (MAAFS) or agricultural infrastructure (AIS), it becomes more difficult
to distinguish whether food insecurity stems from logistical, financial, or policy-related
barriers. Given that there is no specific metric for optimal dimensionality, this study
will evaluate the new index utilizing the M1 model, which we believe has an acceptable
dimension (p = 15) compared with M2 (p = 9) and is slightly larger than M2. However, the
M2 model will be utilized later to examine the impact of the dimension reduction on the
food security scores.

Also, while the regression coefficients in Table 3 provide clear insights into the direction
and strength of the relationships between the indicators and malnutrition prevalence, it is
essential to acknowledge that using these coefficients directly as weights remains an active
area of research, especially when the relationships between indicators and response variable
are not significantly linear. To avoid potential limitations associated with the regression
coefficient-based weighting, this paper will utilize the two weighting approaches used by
the existing GFSI: equal weighting and expert-based weighting.

The M1 model will be examined using two different weighting approaches: equal-
weighting (W1) and expert-based weighting (W2). In the following, the examined models
will be referred to as MIW1AA and M1W2AA, represented in Figure 2 using solid ar-
rows. The percentages in Figure 2 (100%, 40%, and 64%) represent the percentage of
remaining indicators.

4.5.1. Testing the Impact of the Weighting Method

This section will examine the impact of the weighting method on the GFSI scores
and rank of the reduced models. The M1 model will be examined under two different
weighting approaches: equal weighting (W1) and expert-based weighting (W2). In the
following, the examined models will be referred to as MIW1AA and MIW2AA, where AA
refers to accumulative aggregation.
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Figure 2. Models for calculating the elastic-net-based GFSI.

However, as the reduced model (M1) has fewer indicators (p = 15), the GFSI will
redistribute the weight of each category to the new dimension of indicators using the same
ratio. For instance, if a specific category has a weight equal to 0.3 and has three dimensions,
then each indicator will be assigned a weight value equal to 0.1. If this category’s dimension
is reduced to two indicators, then the weight of each indicator will be reassigned as 0.15.

The food security scores using the two models (M1W1AA; M1W2AA) were calculated
for 94 countries. The results indicated that these models’ means and standard deviations
are {61.58; 12.54} and {63.0; 15}, respectively. Another t-test was conducted to investigate
the significance of the difference between these models” means of food security score. The
t-test resulted in a p-value = 0.484. However, since the p-value > o = 0.05, we fail to reject
Hjp and conclude that there is no statistically significant difference between the means of
the food security scores of these models. Another rank change comparison examines how
the food security scores are sensitive to the weighting method (see Table 5).

Table 5. Food security rank comparison based on the weighting method.

Rank Change Number of Countries Percentage, %
No change 18 19.15
+/— 1rank 9 9.57

+/— 2 ranks 14 14.89
+/— 3 ranks 8 8.51
+/— >4 ranks 45 47 .87

Despite the lack of statistical significance in the mean scores, the results of this compar-
ison show that a substantial proportion of countries (80.83%) experienced changes in their
food security rankings when the weighting scheme was altered from equal (W1) to expert-
based (W2). Nearly half of the countries (47.87%) shifted by four or more ranks. These
findings illustrate the dual implications of weighting choices. On the one hand, the expert-
based method allows domain-specific priorities to shape the index, potentially giving more
weight to underemphasized but strategically essential indicators. On the other hand, this
approach can introduce subjectivity and increase the “judgment cost” for end-users who
must interpret or justify the resulting scores. In particular, when expert weighting amplifies
the influence of relatively minor indicators, rank shifts may reflect methodological deci-
sions rather than actual performance differences, potentially complicating interpretation
and reducing transparency. By contrast, equal weighting provides a neutral and easily
interpretable baseline, although it may oversimplify the relative importance of indicators
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and ignore interdependencies. These trade-offs underscore the importance of adopting
transparent, data-driven weighting strategies that balance interpretability, replicability, and
policy relevance.

It is important to note that direct comparisons between these models and the original
GFSI might be limited due to variations in indicator subsets and weights used by the GFSI.
However, the importance of MIW1AA and M1W2AA lies in their focus on a smaller set
of crucial indicators. This focus could benefit stakeholders and policymakers seeking to
address food insecurity challenges and develop practical solutions.

4.5.2. Testing the Impact of the Dimension Reduction

This section investigates the influence of dimension reduction on the rankings de-
rived from the food security scores. We will compare the performances of MIW1AA and
M2W1AA using the same weighting technique. Two key factors are expected to affect
model performance. These are the type and number of selected indicators. As shown in
Table 3, M1 and M2 share only eight indicators (PPUGP, FSNP, FSAAPC, MA, PQ, E, L, and
S). Notably, M1 utilizes eight additional indicators not included in M2. This difference in
indicator selection might lead to significant variations in the resulting food security scores
and rankings.

The food security scores were calculated for 94 countries using the two models. The
analysis revealed that the means and standard deviations for the food security scores of
these models were (61.58; 12.54) and (66.89; 14.25), respectively. A two-sample t-test was
conducted to statistically assess the significance of the difference in the mean food security
scores between the MIW1AA and M2W1AA models.

The t-test results showed that the p-value = 0.07 (>« = 0.05). This leads to the conclu-
sion that there is no significant difference between the means of the food security scores of
MI1W1AA and M2W1AA. In other words, there is no strong evidence of a substantial differ-
ence between the average food security scores produced by the two models. This finding
can be attributed to two key factors. First, applying dimension reduction techniques can
lead to different sets of indicators being included within the same food security category
across various models. Second, even if the weight assigned to a specific category remains
equal across all its indicators, variations in the indicator sets used by the compared models
can still result in different weights being assigned, even to common indicators. In other
words, the weight of a particular indicator on the food security scores and ranks can vary
significantly between models that utilize different dimensions. However, unlike the PCA
and FA, which aim to capture overall data variability through linear transformation reduc-
tion, elastic-net regression prioritizes selecting the most influential features. Consequently,
this finding may not necessarily generalize to other dimensionality reduction techniques,
which often prioritize capturing variance rather than feature selection.

5. Two-Step Cluster Analysis

The two-step cluster analysis represents a critical contribution to this paper. By
applying this method, we can comprehensively understand the relationship between
food security scores and food system characteristics. The two-step approach can help
identify clusters of countries with comparable food security performance and identify key
characteristics that most significantly contribute to a country’s performance.

The two-step cluster is a data clustering technique that can handle large sets of data,
and it uses both categorical and continuous variables to create data clusters. The objective
is to group similar observations based on data attributes. Utilizing two-step clustering can
help cluster countries not just on one basis but with different parameters, which allows
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Food Security Score

us to understand the nature of clusters better and, hence, understand the countries” food
security performance.

This two-step clustering will be applied to the MIW1AA model, using inputs of food
security scores, food system type, and economic state of the countries involved. The last
two inputs represent the characteristics of the food system. The food system type involves
five categories: emerging and diversifying, industrial and consolidated, informal and
expanding, modernizing and formalizing, and rural and traditional [82]. The economic
state is classified into four categories based on the gross national income (GNI) [83]. These
are low-income, low—-middle-income, upper-middle-income, and high-income.

5.1. Step One: Food Security Score-Based Clustering

In the first step, countries are grouped based on their food security scores to identify
clusters with similar performance levels. As shown in Figure 3, 14.9% of countries fall into
the low-performing cluster (Cluster 1), with an average score of 43.05. Meanwhile, 23.4%
belong to the high-performing cluster (Cluster 4), with a mean score of 73.73. The remaining
61.7% are distributed across Clusters 2 and 3, representing average-performing countries,
with scores of 54.89 and 66.45, respectively. While this initial clustering helps categorize
countries by performance, it does not reveal why such differences exist. Understanding
the underlying food system characteristics is essential for developing targeted strategies
and learning from better-performing peers. This motivation drives the second step of
the analysis.

80 EA S 35%
verage Score 287%
70 0 Countries% 33% —T 66.45 0
74.73 30%
60 54.89 25%
50 43.05
) 20%
23.4% —
40 ’
15%
30 14.9%
20 10%
10 5%
0 0%
Cluster 1 Cluster 2 Cluster 3 Cluster 4

Food Security Clusters
Figure 3. Food security clusters using the M1IW1AA model.

5.2. Step Two: Characteristic-Based Clustering

The second step assesses the relationship between food system type, economic status,
and food security outcomes. Based on these two characteristics, the clusters identified in
the previous step will be analyzed to understand how the food system type and economic
status may influence food security scores. This step explores how different combinations of
food system characteristics and economic status contribute to variations in food security
outcomes across the clusters.

Figure 4 shows that 92.9% of the countries in Cluster 1 adopt rural and traditional
food systems. These systems often face challenges, inefficient transportation networks,
financial shortages, and a lack of technological advancement, making them less secure than
other systems. However, while adopting rural and traditional food systems in low-income
countries may offer some environmental advantages, it might limit the capacity to maintain
food security.
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Figure 4. Food system characteristic-based grouping of Cluster 1.

Figure 5 reveals that 51.9% of the countries in Cluster 2 adopt informal and expanding
food systems. The remaining 48.1% of the countries adopt either emerging and diversifying
or rural and traditional food systems. Notably, although 33.3% of the countries in this cluster
adopted rural and conventional food systems, such as Tanzania, Kenya, and Bangladesh,
these countries demonstrated high security scores compared with Cluster 1. The economic
strength of these countries likely explains this finding. All the countries in Cluster 2
have lower-middle income levels, which offer limited but essential resources to mitigate
some food security challenges associated with rural and traditional food systems. This
underscores the crucial role of economic status in shaping food security outcomes.
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Figure 5. Food system characteristic-based grouping of Cluster 2.

Figure 6 shows that 45.2% of the countries within Cluster 3 adopt the modernizing
and formalizing food system type, while 35.5% adopt the emerging and diversifying food
system type. The economic situation regarding the countries” GDP in this cluster varies
between upper-middle (77.4%) and high income (22.6%). The rise in the income level of
the countries in Cluster 3 significantly contributes to improving the food systems of these
countries, such as Indonesia, Azerbaijan, and Thailand.
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Figure 6. Food system characteristic-based grouping of Cluster 3.

Figure 7 shows that 100% of the countries in Cluster 4 adopt industrialized and
consolidated food system types, including Switzerland, Germany, and Finland. These
systems are well known for utilizing advanced technology and automation to maximize
their productivity and efficiency, which are important for maintaining economic growth
and ensuring self-sufficiency in food and nutrition. The results also show that 100% of
these countries are classified as high-income countries. This finding is unsurprising, as
many jobs across various sectors, from manufacturing and engineering to logistics and
transportation, created by these systems likely contribute to their economic status.

100% ' '/
80% 100.0% 100.0%
60%
40%
20% 1 00%  00%  00%  0.0% 0.0%  00%  0.0%
. (1) . 0 . 0 . 0 . 0 . 0 . 0
0%
= o el o o Q Q Q [0}
g £ ££ §4 Exg g g g g
e~ —_—— [
:  EE P 2§ 35| 2 E 2 2
S é g on 5 N == 2 (3} o =
= L % g > EE 29 5 = = =
o £ = €A 3 = — = = T
= 3] < O v o
5 c® 30O 5 g
E = F > 2
= =y
= 3 =)
Food system type Income level of the country

Figure 7. Food system characteristic-based grouping of Cluster 4.

The two-step cluster analysis unveiled a significant correlation between food system
type, economic status, and food security level. This revelation is crucial for understanding
the dynamics of food security. While industrialized and consolidated food systems have
demonstrated adequate food security levels, rural and traditional food systems face serious
challenges. This is particularly true for countries with low income levels, underscoring the
importance of our research in shedding light on these critical issues.

Most of the existing food security analyses use traditional score-based ranking, which
does not consider the characteristics of the food system. Scores provide a single numeric
value, which can oversimplify the multifaceted nature of food security. They may not
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capture underlying issues and may even ignore context-specific factors like cultural food
preferences, regional disparities, and the impact of local policies, which are crucial for a
holistic understanding of food security. They also lack nuance in policymaking, wherein
relying solely on scores may lead to generic policy recommendations that may be ineffec-
tive for all regions or populations. Different areas might have similar scores but require
distinct interventions due to their unique challenges. For instance, despite similar food
security scores, i.e., 76, Poland and China require different food security strategies due
to distinct challenges, as they have different income levels and types of food systems,
too. Poland, a high-income country with an aging population and EU policy constraints,
should focus on agricultural innovation, rural development, and adapting EU policies for
competitiveness. Meanwhile, China, an upper-middle-income nation facing rapid urban-
ization, environmental degradation, and food safety issues, must prioritize sustainable
farming, stringent food safety regulations, and optimizing supply chains. These strategies
reflect each country’s unique socioeconomic and environmental contexts, highlighting the
need for tailored approaches to achieve food security. While different areas having similar
scores may need different interventions because of their unique challenges, vice versa also
holds true. Kenya was awarded a food security score of 47.4, while Cambodia could only
manage to secure a food security score 57.7. Both countries have rural and traditional food
systems and belong to the same “lower-middle income” category. Both countries need
investments in rural infrastructure and access to markets. Despite Cambodia’s higher score,
both face challenges related to rural poverty, underdeveloped infrastructure, and limited
market access. Interventions in road building, market access improvements, and rural
development programs would benefit both.

To assess the external relevance of the identified clusters, we compared our results with
country classifications from the 2019 Global Hunger Index (GHI) [84], a widely recognized
indicator of food insecurity severity. While our clustering framework was designed to
capture structural characteristics, namely food system typologies and economic status,
rather than outcome measures, this comparative analysis provides useful context.

The comparison revealed a notable alignment between our clusters and the GHI
categories. Countries grouped into Cluster 1, characterized by rural and traditional food
systems and low-income status, predominantly fall under the “Serious” or “Alarming” GHI
categories (e.g., Yemen, Madagascar, and Chad). In contrast, Cluster 4, composed mainly
of high-income countries with industrialized and consolidated food systems, corresponds
closely with countries categorized as “Low” in the GHI (e.g., Germany, Canada, and
Australia). Intermediate clusters (Clusters 2 and 3) include countries with lower-middle or
upper-middle income levels and a broader diversity of food system structures, reflecting a
wider spread across the “Moderate” to “Low” GHI categories.

This alignment suggests that while our typology does not directly mirror score-based
indices, it captures meaningful structural dimensions correlating with food security out-
comes. The results support the view that food insecurity is not only a matter of outcomes
but is also deeply rooted in systemic configurations, reinforcing the potential of structural
clustering approaches as complementary tools to traditional classification systems.

Relying solely on score-based rankings may result in misguided prioritization by
policymakers, as these scores often lack the nuance required to target specific needs. Identi-
tying the underlying drivers of food insecurity becomes challenging without incorporating
structural characteristics such as the food system type, income level, infrastructure, market
access, etc. Structural clustering, thus, presents a more comprehensive and actionable
framework for designing effective, context-specific interventions.
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6. Conclusions and Remarks

This study presented a new food security assessment approach that combines two
well-established methods, feature selection and two-step clustering, to address some of
the limitations of its existing counterparts and provide decision makers and stakeholders
with systematic procedures for making informed decisions and supporting food system
management. The new approach’s mathematical and operational procedures were assessed
using the EIU dataset of 94 food-producing countries. Below are valuable findings and
remarks extracted from this study.

The analysis reveals the influence of the food system typology and economic state
on the food security levels of the underlying countries. Countries with industrialized
and consolidated food systems, typically high-income economies such as Switzerland and
Germany, consistently demonstrate the highest levels of food security. In contrast, countries
with rural and traditional food systems and low-income status exhibited significantly
lower performance. For instance, 92.9% of the countries in Cluster 1 adopted rural and
traditional food systems and faced numerous challenges, including limited infrastructure
and technological capabilities.

The cluster-based output format of the proposed method enhances the interpretability
and practical utility of food security assessments. It enables policymakers to link aggregated
scores with underlying country characteristics and context-specific design interventions.
For example, countries in clusters dominated by rural and traditional food systems could
benefit from policies to improve transportation infrastructure, expand access to agricultural
finance, and foster agro-technological innovation. Development partners might prioritize
investments in areas such as farmer training, mobile extension services, and climate-resilient
crop systems. Conversely, in countries with industrialized food systems but persistent food
insecurity, policy efforts could focus on improving food distribution equity, supporting
smallholder inclusion, or reducing food waste. Tailoring interventions based on cluster
identity facilitates more efficient resource allocation and ensures that policy responses are
context-sensitive and impactful. Importantly, the study highlights that similar food security
scores can mask different underlying realities. For instance, although Kenya and Cambodia
received different food security scores (47.4 and 57.7, respectively), both share the same
income level and food system type, indicating similar policy needs. Conversely, despite
having comparable scores, countries like Poland and China require distinct strategies due
to differences in their economic profiles and food system typologies. These examples
underscore the added value of the clustering approach in uncovering policy-relevant
patterns that a single score cannot.

While clustering enhances interpretability and supports tailored policy design, it is
essential to acknowledge that typologies may not capture the full complexity of country-
specific contexts. Over-reliance on aggregated cluster identities risks overlooking unique
socio-political, cultural, or institutional dynamics influencing food security. Therefore,
while the clustering framework provides a helpful starting point for targeted intervention
design, policymakers are encouraged to complement it with country-level diagnostics and
stakeholder engagement to ensure relevance and effectiveness.

The new approach has shown appropriate applicability in assessing food security. By
adjusting the two shrinkage parameters of the elastic-net regression, the practitioner can
examine and analyze food security performance using different subsets of indicators and
dimensions. This feature can help to investigate how the inclusion of specific single or
multiple groups of indicators influences the overall performance of food system security.
Although the proposed approach effectively captures food security performance, some lim-
itations should be acknowledged. First, the analysis is based solely on cross-sectional data
from GFSI 2019, which limits the ability to track changes or trends over time. Expanding to
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multi-year datasets would allow for a more dynamic understanding. Second, relying on
a single data source may constrain indicator diversity and coverage; incorporating other
datasets could offer a more comprehensive view. Third, elastic-net regression assumes
linear relationships between predictors and outcomes, which may not fully capture the
complex nature of food systems. This limitation could be addressed using non-linear
models such as random forests or neural networks. Although missing data were handled
through imputation, some sensitivity to outlier handling and imputation choices persists,
and future work should systematically compare alternative methods. Finally, the clustering
relied on only two country-level features; involving experts to guide the inclusion of more
relevant characteristics could enhance the contextual relevance of the groupings. While
this study used country-level data for cross-sectional analysis, future work could test the
framework at the subnational level to better capture local disparities. Moreover, incorporat-
ing additional dimensions such as food system resilience or environmental stressors could
enhance the model’s capacity to inform targeted, region-specific interventions. Addition-
ally, while the method may not be immediately transferable to regions with limited data,
it provides a flexible framework that can be adapted over time. In low-data contexts, the
methodology can prioritize available key indicators and gradually improve its robustness
as more data becomes accessible, making it applicable to a broader range of settings.
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Abbreviations

Acronym Definition

IOR Interquartile Range

AHP Analytical Hierarchy Process

Ccv Cross-Validation

DEA Data Envelope Analysis

EIU Economist Intelligence Unit

FA Factor Analysis

FAO Food and Agriculture Organization

FIES Food Insecurity Experience Scale

GFSI Global Food Security Index

GHI Global Hunger Index

GNI Gross national income

IFPRI International Food Policy Research Institute
LASSO Least Absolute Squared Shrinkage Operator
NR&R Natural resources and resilience
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PCA Principal Component Analysis

SE Standard error

SPSS Statistical Package for the Social Sciences

TOPSIS Technique for Order of Preference by Similarity to the Ideal Solution

List of Mathematical Notations/Abbreviations

Symbol Description
y The dependent variable for the elastic-net regression
X The independent variables for the elastic-net regression
Bj The coefficients of the regression model
€ Normally distributed random error term
Py(B) Penalty function
r Pearson’s correlation coefficient
Iy and I, Penalty functions 1 and 2
A1 and Ay Shrinkage parameters
Xjj The original score of the ith country under the jth indicator
xm'?x’f and Represent the maximum and minimum scores of the jth indicator
min,j
Appendix A
Table Al. Two-sided t-test: two-sample Z-score.
Statistic Value
Difference (ppre — ,upost) —0.630
Observed t —0.658
Critical [t 2.074
Degrees of freedom 22
p-value (two-tailed) 0.517
Significance level (o) 0.05
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Abstract: Spent coffee grounds constitute a waste product that has attracted potential interest
as a rich source of secondary metabolites such as polyphenolic compounds with antioxidant
properties. In this work, aqueous extracts from samples of different spent coffee grounds
from Costa Rica were prepared and analyzed using ultra-performance liquid chromatography
coupled with high-resolution mass spectrometry using a quadrupole time-of-flight analyzer
(UPLC-QTOF-ESI MS). This allowed for the identification of twenty-one compounds, includ-
ing fourteen phenolic acids, three caffeoylquinic lactones, and four atractyligenin diterpenes.
In addition, using UPLC coupled with a diode array detector (UPLC-DAD), we quantified the
levels of caffeine (0.55-3.42 mg/g dry weight [DW]) and six caffeoylquinic and feruloylquinic
acids (0.47-5.34 mg/g DW). The highest value was found for the fine-grind sample (EXP),
both for phenolic acids and for total polyphenols (9.59 mg gallic acid equivalents [GAE]/g
DW), compared to 2.13 and 1.70 mg GAE/g DW for the medium-grind (GR) and coarse-grind
samples (PCR), respectively. The results obtained from the antioxidant evaluations using
the 2,2-diphenyl-1-picrylhydrazyl assay (ICsp 0.0964-6.005 g DW /L), the ferric-reducing an-
tioxidant power (PFRAP) analysis (0.0215-0.1385 mmol FeSO,/g DW), the oxygen radical
absorbance capacity (ORAC) assessment (45.7-309.7 pmol Trolox/g DW), and the Trolox
equivalent antioxidant capacity (TEAC) assay (3.94-23.47 mg Trolox/g DW) also showed the
best values for the fine-grind sample, with results similar to or higher than those reported in
the literature. Statistical Pearson correlation analysis (p < 0.05) indicated a high correlation
(R > 0.842) between all antioxidant analyses, the total polyphenols, and the phenolic acid
quantification using UPLC-DAD. These results show the potential for further studies aiming
to exploit this waste product’s bioactive properties, constituting the first detailed study of
spent coffee grounds from Costa Rica.

Keywords: spent coffee grounds; waste; polyphenols; caffeoylquinic acids; feruloylquinic acids;
atractylegenins; antioxidant activity
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1. Introduction

Coffee is one of the most consumed beverages in the world and is the second-most
traded commodity after petroleum, which highlights its immense global market share [1].
It has been estimated that roughly 2.25 billion cups of coffee are served every day and
that more than 80% of the world’s population consumes at least one caffeine-containing
beverage on a daily basis [2].

The growth of coffee consumption at the global level has in turn increased the volume
of spent coffee grounds (SCGs) generated as waste, therefore creating a challenge for waste
management [3]. A diversity of constituents including chlorogenic acids, pyrazines, furans,
alkaloids, melanoidins, and others are responsible for coffee’s organoleptic characteristics [4].

Despite being a waste material, SCGs’ chemical composition reveals them to be a rich
source of antioxidants and other high-value compounds [5]. SCGs have been identified as
a source of organic compounds such as fatty acids, lignin, cellulose, hemicellulose, and
other polysaccharides [6]. SCGs have also been explored for applications such as the
production of bioethanol [7], biodiesel [8], bio-adsorbents for water treatment [9,10], and
extracts of bioactive molecules such as polyphenols and caffeine [11,12].

In addition, the extraction of antioxidants from coffee waste has been applied in
cosmetic products and several food products and formulations as either a preservation
treatment or an enrichment step [13]. In the food industry in particular, considering the
adverse effects of synthetic antioxidants at high concentrations and their low thermal
stability in heat processing, there is a growing trend of substituting synthetic antioxidants
with natural ones [14].

Chlorogenic acids (CGAs) are the main phenolic compounds in coffee, formed by
the esterification of quinic acid with hydroxycinnamic acids, such as caffeic, ferulic, and
p-coumaric acids [15,16]. Their metabolism follows four main pathways: direct absorption,
absorption with or without hydrolysis followed by conjugation or further metabolism,
microbial catabolite absorption without alteration, and microbial catabolite absorption with
subsequent mammalian phase II metabolism [17,18].

Among the health benefits attributed to CGAs, their antioxidant capacity has been
widely studied. After donating hydrogen atoms, CGAs are oxidized to their respective
phenoxyl radicals, which are quickly stabilized through resonance. Evidence also indi-
cates that CGAs exhibit anti-inflammatory activity by downregulating pro-inflammatory
cytokines through the modulation of key transcription factors [19].

In vivo experimentation with animals has demonstrated that caffeoylquinic acid iso-
mers (CQAs), one subgroup of CGAs, are capable of decreasing various plasma and liver
lipids and improving glucose tolerance [20]. CQAs have also been evaluated for their ca-
pacity to decrease blood pressure, including the stimulation of NO production through the
endothelial-dependent pathway, the reduction of free radicals through inhibiting NAD(P)H
oxidase expression and activity, and the inhibition of angiotensin-converting enzyme [21].

Moreover, CQAs have been identified as a potential treatment for cancer and were
approved by the China Food and Drug Administration for phase I and II clinical trials in
glioma patients, which showed that CQAs function as a safe differentiation inducer for
solid tumors [22].

Other important but less explored CGAs present in coffee are feruloylquinic acid
isomers (FQAs), which have been reported to exhibit anti-inflammatory effects by inhibiting
LPS-induced NO production and IL-1f3, IL-6, iNOS, COX-2, and NF-kB expression in a dose-
dependent manner in RAW 264.7 cells [23]. Another study on the isomers of both CQAs
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and FQAs also described them as potent antioxidants with a greater capacity to scavenge
hydroperoxyl radicals in polar and lipidic media than other potential antioxidants [24].

In turn, coumaroylquinic acid isomers (CoQAs) have been identified as potential as-
tringent compounds [25] and also as compounds with antioxidant activity when evaluating
their hydroxyl radical-scavenging capacity [26]. A study dealing with the effect of in vitro
gastrointestinal digestion on the bio-accessibility of polyphenols showed that 3-CoQA
was easily released from food matrices after incubation with digestive fluids, contributing
to the antiproliferative activity against two models of human colon adenocarcinoma cell
lines [27].

On the other hand, atractyloside I, a diterpenoid glycoside that has been reported in
coffee beans [28], has been found to block ANT2 expression, promoting the activation of
adenosylate-activated protein kinase (AMPK), decreasing mTOR activity, and promoting
autophagy activation, thus accelerating the degradation of accumulated lipids in the liver
induced by high-fat-content diets [29].

In addition, treatment with atractyloside has been reported to reduce blood glucose,
possibly as a consequence of restored genes and pathways, providing evidence for a
new therapy for type 2 diabetes [30]. In turn, atractyligenin, the aglycone isolated from
coffee silverskin, has been shown to exhibit anti-photoaging effects by recovering the
altered fibroblast morphology induced by UV light and suppressing UVA-mediated matrix
metalloprotease generation via the MAPK and AP-1 signaling pathways [31].

Hence, the objective of this work was to obtain extracts of the most common types
of Costa Rican SCGs in order to characterize their main secondary metabolites through
ultra-performance liquid chromatography coupled with high-resolution mass spectrom-
etry using a quadrupole time-of-flight analyzer (UPLC-QTOEF-ESI MS) and to determine
their content using UPLC coupled with a diode array detector (UPLC-DAD). In addition,
this study aimed to evaluate antioxidant activity using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, the potassium ferricyanide-reducing antioxidant power (PFRAP) assay, the
oxygen radical absorbance capacity (ORAC) assay, and the Trolox equivalent antioxidant
capacity (TEAC) assay methods, applying a correlation analysis to the data obtained. This
assessment aimed to contribute to the potential application of this waste product based
on its bioactive properties. To the best of our knowledge, this is the first detailed study of
SCGs from Costa Rica.

2. Materials and Methodology
2.1. Reagents and Solvents

Solvents of ACS or HPLC grade, for instance, methanol and acetonitrile, were ac-
quired from Baker (Center Valley, PA, USA). Reagents such as gallic acid, DPPH, Folin—
Ciocalteu reagent, sodium carbonate, 2,2'-azinobis (3-ethylbenzothiazoline-6-sulphonate)
diammonium salt (ABTS), potassium ferricyanide, iron (III) chloride, and 2,2'-azobis
(2-amidinopropane) dihydrochloride (AAPH) were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Sample Preparation

The spent coffee samples corresponded to the three main types of coffee grind from
the most consumed brand in Costa Rica: fine-grind espresso (EXP) coffee, with a mean
particle diameter (MPD) of 0.42 £ 0.01 mm; medium-grind (GR) coffee, with an MPD of
0.58 £ 0.01 mm; and coarse-grind percolator (PRC) coffee, with an MPD of 1.18 + 0.02 mm.
For each of the three samples, 25 g was extracted with 200 mL of boiling water using a
coffee maker (Oster, Coahuila, Mexico) and a new cotton fabric filter (RCR Ruteo, Cartago,
Costa Rica). The extraction was repeated once, and the 400 mL of liquid was concentrated
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to 25 mL in a Rotavapor® R-100 with a vacuum pump V-100 rotary evaporator (Buchi, DE,
USA) at 40 °C and 35 mmHg. The humidity in the spent coffee samples was measured by
drying 3 g of the wet material in an oven at 50 °C until a constant mass was achieved.

2.3. UPLC-QTOF-ESI MS Analysis

The UPLC high-resolution mass spectrometry (UPLC-HRMS) system used to analyze
the composition of spent coffee extracts consisted of a Xevo G2-XS Q-TOF (Waters, Wilm-
slow, UK) coupled with an AQUITY H Class UPLC system with a quaternary pump. The
ESI source parameters were set to a capillary voltage of 2 kV, sampling cone of 20 eV, source
temperature of 150 °C, and source offset of 10 °C. The desolvation temperature was set at
450 °C, the cone gas flow at 10 L/h, and the desolvation gas flow at 900 L/h.

Measurements were performed in the MSe high-resolution negative mode using
an acquisition mass range from 100 m/z to 2000 m/z and a scan rate of 0.5 s, while
fragmentation was carried out using independent data acquisition with a collision energy
ramp with 20 V to 30 V stored in the high-energy function. Instrument calibration was
performed in the mass range of the measurements with sodium formate. Lock mass
correction was applied directly to the measurements using a leucine enkephalin infusion
measured every 30 s during the run. The data were analyzed using MassLynx V4.2 software
from Waters (Wilmslow, UK) and mzmine 3 from mzio.

Separation was carried out on a Luna RP-C18 column (150 mm x 4.6 mm i.d. X 4 um,
Phenomenex, Torrance, CA, USA). The solvents used in the mobile phase were water with
0.1% formic acid (A) and acetonitrile (B). In this step, 5 pL of the sample was injected with a
flow rate of 0.5 mL/min at 30 °C. The chromatographic gradient started at 5% B, changing
to 10% B at 12 min and holding it for 22 min, then changing to 30% B at 40 min, and finally
changing to 50% B at 45 min and holding it for 5 min.

2.4. Total Phenolics

The determination of the total phenolics was performed using a modified Singleton
and Rossi method, employing the Folin—Ciocalteu (FC) reagent, which is composed of
a mixture of phosphotungstic and phosphomolybdic acids. As previously reported [32],
the assay comprised mixing 10 mL of Na,COs (7.5%) and 0.5 mL of the FC reagent with
0.5 mL of the respective extract. Subsequently, the volume was completed to 25 mL with
water. A blank was prepared following the same procedure using 0.5 mL of H,O in place
of the extract. Both the extract mixtures and the blank were kept in the dark for 1 h,
and afterwards the absorbance was measured at 750 nm. The absorbance measurements
obtained were extrapolated in a gallic acid calibration curve to obtain the FC-reducing
capacity results, further expressed as the mg of gallic acid equivalents (GAE)/g of the
extract. Each determination was performed in triplicate.

2.5. UPLC-DAD Analysis

For quantification purposes, measurements were performed using a Thermo PDA
photo DAD coupled with a Thermo UltiMate U3000 UPLC system and a simple quadrupole
MSQ Plus instrument (Thermo Fisher Scientific, San Jose, CA, USA). A Luna RP-C18 column
(150 mm x 4.6 mm i.d. x 4 um, Phenomenex, Torrance, CA, USA) with a pre-column
filter (Phenomenex, Torrance, CA, USA) was used. Mobile phases A and B consisted of a
combination of 0.1% formic acid in water (v/v) and 0.1% formic acid in acetonitrile (v/v),
respectively. The gradient started at 5% B and increased to 8% B at 8 min, then to 9% B at
25 min, 30% B at 40 min, and finally 50% B at 45 min, holding it for 5 min. The PDA
acquisition was set at 275 nm for caffeine and 325 nm for phenol acids. Calibration curves
of caffeine (10-1000 ppm) and CGA (5-150 ppm) were prepared. In this step, 20 uL of
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the standard or sample was injected. The results were expressed as the mg of caffeine
equivalents or mg of CGA equivalents per gram of the extract.

2.6. Antioxidant Activity Evaluation
2.6.1. DPPH Analysis

A DPPH evaluation of the samples was conducted according to previously reported
methods [33]. In brief, a solution of DPPH (0.25 mM) was set in ethanol. A volume of
0.5 mL of this solution was mixed with 1 mL of the sample under evaluation at different
concentrations and incubated at 25 °C in the dark for 30 min. The DPPH absorbance
was measured at 517 nm. Blanks were prepared for each concentration, and the DPPH
absorbance was measured at 517 nm. The inhibition percentage was determined as follows:

. (Absblank - Abssample)
Inhibition percentage (%) = s * 100 (1)
blank

The percentage of the radical-scavenging activity of the sample was plotted against its
concentration to calculate ICsg, which corresponded to the amount of the sample necessary to
reach 50% radical-scavenging activity. Each sample was analyzed in three independent assays.

2.6.2. PFRAP Analysis

The PFRAP assay was conducted following a modified version of the protocol de-
scribed by Isil Berker et al. [34]. In brief, an aliquot of 1 mL of the sample at a correct
dilution was mixed with 0.2 mL of 1 mol/L HCI, 1.5 mL of 1% potassium ferricyanide,
0.5 mL of sodium dodecyl sulfate, and 0.5 mL of 0.1% iron (III) chloride. The volume was
completed to 10 mL with distilled water and incubated at room temperature for 30 min
prior to measuring the absorbance at 750 nm against a blank. Calibration curves of Trolox
(50-600 umol/L) and FeSO4 (35-1000 umol/L) were made. The results were expressed as
the umol Trolox equivalent or umol FeSO,4 equivalent per gram of the extract.

2.6.3. TEAC Analysis

For the TEAC analysis, Thaipong et al. [35]'s method was followed. In brief,
an equal volume of 7.4 mmol/L ABTS (2,2’-azinobis (3-ethylbenzothiazoline-6-sulphonate)
diammonium salt) and 2.6 mmol/L potassium persulfate were mixed 12 h prior to analysis
to form a solution of the radical cation ABTS**. Before the analysis, an aliquot of this
solution was diluted with distilled water to obtain a working solution with an absorbance
of approximately 1.1 mAU at 734 nm. A volume of 250 puL of the sample was mixed with
4750 pL of the working solution of ABTS** and incubated at room temperature in the dark
for 2 h. The absorbance was measured at 734 nm against a blank. The inhibition percentage
was calculated, and the result was interpolated in a calibration curve for Trolox (5-150 mg/L).
The results were expressed as the mg Trolox equivalent (TE) per gram of the extract.

2.6.4. ORAC Analysis

The ORAC analysis used to determine the antioxidant activity followed a previously
described method [32,36] using fluorescein as a fluorescence probe. The reaction was
performed in a 75 mM phosphate buffer (pH 7.4) at 37 °C. The final assay mixture consisted
of AAPH (12 mM), fluorescein (70 nM), and either Trolox (1-8 uM) or the extract at different
concentrations. The fluorescence was recorded every minute for 98 min in black 96-well
untreated microplates using a Fluoroskan Ascent plate reader (ThermoFisher Scientific,
San Jose, CA, USA) with 485-P excitation and 520-P emission filters. Ascent Software
version 2.6 (Thermo Labsystems, Helsinki, Finland) was used to measure the fluorescence.
Fluorescein was diluted from a stock solution (1.17 mM) in a 75 mM phosphate buffer
(pH 7.4), while the AAPH and Trolox solutions were freshly prepared. All the reaction
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mixtures were prepared in duplicate, and three independent runs were completed for
each extract. The fluorescence measurements were normalized to the curve of the blank
(no antioxidant). From the normalized curves, the area under the fluorescence decay
curve (AUC) was calculated. The net AUC corresponding to a sample was calculated
as the difference between the sample or Trolox and the blank. The regression equation
between the net AUC and the antioxidant concentration was calculated. The ORAC value
was estimated by dividing the slope of the latter equation by the slope of the Trolox line
obtained for the same assay. The final ORAC values were expressed as the mmol of TE/g
of the phenolic extract.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, was
applied to the polyphenol quantification values, and differences were considered significant
at p < 0.05. Pearson correlation analyses were performed (p < 0.05) for all four antioxidant
activities, the quantified metabolites, and the total polyphenols. R program version 4.4.2
(2024-10-31 ucrt) was used for statistical analysis.

3. Results and Discussion
3.1. UPLC-QTOF-ESI MS Analysis

The results of the UPLC-QTOEF-ESI MS analysis, performed as described in Section 2.3,
are summarized in Table 1, including the identified compounds, their molecular formulas,
the m/z of the [M-H] "~ ions, the main ms? fragments, and the respective retention times
(Rts) in the chromatogram. Figure 1 shows the ion extraction chromatograms (XICs) for

each compound.

Table 1. Main compounds in spent coffee extracts identified through UPLC-Q-TOF analysis.

No. Compound Rt (min) [M-H]~ l\;lolecular ms2 Fragments
ormula
1 Caffeolylquinic acid (isomer 1 of 4) 16.43 353.0876 C16H1709 201,191,179, 135
2 Caffeoylquinic acid (isomer 2 of 4) 20.96 353.0869 C16H1709 191
3 Coumaroylquinic acid (isomer 1 of 3) 22.69 337.0921 C16H170g 163
4 Caffeoylquinic acid (isomer 3 of 4) 24.86 353.0872 Ci16H1709 191
5 Feruloylquinic acid (isomer 1 of 3) 27.31 367.1026 C17H1909 193,173, 134
6 Caffeoylquinic acid (isomer 4 of 4) 27.84 353.0869 Ci6H1709 201, 191,179, 173, 135
7 Coumaroylquinic acid (isomer 2 of 3) 33.17 337.0923 C16H170g 191, 163
8 Feruloylquinic acid (isomer 2 of 3) 33.54 367.1025 C17H1909 191,173, 134
9 Coumaroylquinic acid (isomer 2 of 3) 33.61 337.0921 C16H170g 191, 173, 163
10 Caffeoylshikimic acid 34.78 335.0767 C16H1505 173,161, 135,133
11 Feruloylquinic acid (isomer 3 of 3) 35.08 367.1026 C17H1909 191,173,134
12 Caffeoylquinic lactone (isomer 1 of 3) 35.57 335.0766 C16H150g 161,135, 133
13 Caffeoylquinic lactone (isomer 2 of 3) 36.30 335.0763 C16H15054 161, 135, 133
14 Caffeoylquinic lactone (isomer 3 of 3) 36.71 335.0768 C16H150g4 161, 133
15 Atractyligenin-2-O-glucopyranoside 37.08 481.2448 Ca5H3709 301,119
16 Dicaffeoylquinic acid (isomer 1 of 3) 41.15 515.1190 Co5Hp3015 fgi” :f;g’ 191,179,173,
17 Dicaffeoylquinic acid (isomer 2 of 3) 41.89 515.1187 CosHy3015 375,353,191, 179, 135
18 Dicaffeoylquinic acid (isomer 3 of 3) 4291 515.1185 Co5Hp3015 353,191,179,173, 135
19 Atractyligenin 43.10 319.1903 C19Hy704 275,273
Atractyligenin-3’-O-glucopyranosyl-
20 2,_1803;1 egr . O_glu%; Opirgzosi e 45.24 7273541  CaeHssO15 643,625
AT
2 Atractyligenin-2'-isovaleryl-2-O- 47 46 565.3007 CaoHs010 473,3

glucopiranoside

104



Foods 2025, 14, 448

100 1
6
&

T T T T T T T T ;\\_/\\ T T T 1 Time
12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00
(a)

100
11
<
O T T T T T T T 1 Time
24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00
(b)
100 9
7,
°
LS A N S B S BUSLERI ‘“‘\““\““\““A“\““ T Time
22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00
(c)
100
10/ 12
X
? 14
T T T T T T T T e e Time
30.00 32.00 34.00 36.00 38.00 40.00
(d)
100
16
* 18
7
O T T T T T T T e T e T T R T e e Time
38.00 39.00 40.00 41.00 42.00 43.00 44.00 45.00 46.00 47.00 48.00
(e)

Figure 1. Extracted ion chromatograms (XICs) for the phenolic acids identified through the UPLC-
QTOE-ESI MS analysis of spent coffee extracts. (a) Isomers of caffeoylquinic acid, (b) isomers of
feruloylquinic acid, (c) isomers of coumaroylquinic acid, (d) caffeoylshikimic acid and caffeoylquinic
lactone isomers, and (e) isomers of dicaffeoylquinic acid.

As described, 21 different compounds were identified, including CQAs, FQAs, CoQAs,
and additional types of polyphenolic acids such as caffeoylshikimic acids and higher
molecular mass acids such as dicaffeoylquinic acids. Likewise, three caffeoylquinic lactones
and four diterpene atractyligenins were identified.
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Figure 2 shows the main fragmentations for peaks 1, 2, 4, and 6, with Rts of
16.43 min, 20.96 min, 24.86 min, and 27.84 min, respectively, which were identified as
isomers of caffeoylquinic acid which have previously been reported in the literature [37].
Indeed, these peaks had a pseudomolecular ion [M-H]~ = 353.0873 Da, which corresponded
to the molecular formula C16H1709. Also, a peak was observed at 707 Da corresponding to
the dimer [2M-H]~. The main fragments in these peaks were observed at 191 Da (quinic
acid), 179 Da (caffeic acid), and 135 Da, derived from carbonyl x-cleavage [38].

OH

OH

m/z=135 O m/7z=191

HO

HO m/z=179

Figure 2. Main fragmentations of caffeoylquinic acid isomers, peaks 1, 2, 4 and 6.

Figure 3 shows the main fragmentations for peaks 5, 8, and 11, with Rts of 27.31 min,
33.54 min, and 35.08 min, respectively, with the ion [M-H]™ = 367.1026 Da (C17H;90Oy)
corresponding to feruloylquinic acid isomers. This was confirmed by the presence of the
adduct [2M-H]™ at 735 Da, as well as by the fragmentation pattern, which included peaks
at 193 Da (ferulic acid), 191 Da (quinic acid), 173 Da for the loss of HyO from quinic acid,
and 134 Da for the loss of CHj in conjunction with carbonyl a-cleavage [38].

OH

OH

Q m/z=191

m/z=193

OH

Figure 3. Main fragmentations of isomers of feruloylquinic acid 5, 8, and 11.

Peaks 3,7, and 9 (Figure 4), with Rts of 22.69 min, 33.17 min, and 33.61 min, respectively,
and [M-H]™ = 337.0921 Da (C16H;703), were assigned as isomers of coumaroylquinic acid.
Accordingly, fragments at 191 Da (quinic acid) and 163 Da (coumaric acid) were observed [38].

Figure 5 shows the main fragmentations of peak 10 (34.78 min) with a mass
of [M-H]~ = 335.0767 Da (C14H503). This peak was identified as a caffeoylshikimic
acid isomer, with fragments at 173 Da due to shikimic acid, 161 Da from caffeic acid with
the loss of an additional H>O molecule, and 135 Da from carbonyl x-cleavage [39,40].
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Figure 4. Main fragmentations of isomers of coumaroylquinic acid 3, 7, and 9.

m/z=135

OH

OH -H,O0 =161 Da

Figure 5. Main fragmentations of an isomer of caffeoylshikimic acid, 10.

Figure 6 shows the main fragmentations of peaks 12, 13, and 14, for which
a mass of [M-H]~™ = 335.0765 Da (C14H150g) was observed, with Rts of 35.57, 36.30, and
36.71 min, respectively. These peaks were identified as isomers of caffeoylquinic lactones,
with a fragment at 135 Da due to carbonyl «-cleavage and at 161 Da from caffeic acid with
the loss of an additional H,O molecule, which in turn generated the fragment at 133 Da
due to the additional loss of CO, in line with the literature [39].

OH

OH
(@]

-H0 =161 Da
OH

Figure 6. Main fragmentations of caffeoylquinic lactone isomers 12, 13, and 14.

For peaks 16, 17, and 18, with Rts of 41.15 min, 41.89 min, and 42.91 min, respectively,
there was an observed ion [M-H]™ = 515.1187 Da (C5H30132), corresponding to dicaf-
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feoylquinic acid isomers (Figure 7). The main fragments were observed at 353 Da due to
the loss of one of the caffeoyl moieties, at 191 Da corresponding to quinic acid, at 179 Da
due to the caffeic acid fragment, and at 135 Da from carbonyl «-cleavage [38].

OH

‘ OH

o

N o

m/z=353
0
m/z=135 o CH
OH \
m/z=179D OoH
OH £ = a

Figure 7. Main fragmentations of isomers of dicaffeoylquinic acid 15, 16, and 17.

Figure 8 below shows the different ion extraction chromatograms (XICs) for the
atractyligenin-type diterpenes.

100+ 1
| 2
Q\o; 21
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OA ‘Time
34.00 36.00 38.00 40.00 42.00 44.00 46.00 48.00 50.00

Figure 8. Ion extraction chromatograms (XICs) for the actratylogenins 15, 19, 20, and 21 identified
through the UPLC-QTOF-ESI MS analysis of spent coffee extracts.

Peak 19 at 43.10 min had an ion [M-H]~ = 319.1903 Da, which corresponded to the
formula C19H704 (Figure 9). This peak was assigned to the atractyligenin aglycone, with
fragments at 275 Da and 273 Da due to the loss of the acid group in the form of CO; and
HCO,H, respectively [41,42].

Peak 15, at 37.08 min, had an [M-H] ~ ion at 481.2448 Da (Cy5H370y), corresponding
to atractyligenin-2-O-glucoside (Figure 10), with the main fragment at 301 Da due to the
loss of the glycoside along with an additional H,O molecule [41,43]. Peak 20 (45.24 min,
[M-H]~ =727.3541 Da, C3¢Hs55015) was assigned to atractyligenin-3'-O-glucopyranosyl-2’-
isovaleryl-2-O-glucopyranoside, with fragments at 643 Da due to the loss of the isovaleryl
group and at 625 Da from the additional loss of a molecule of H,O [42,43].
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Figure 9. Main fragmentations for the aglycone atractyligenin, 19.
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Figure 10. Structure and main fragmentation for attractyligenin glycosides 15, 20, and 21.

Finally, peak 21 at 47.46 min was assigned to atractyligenin-2'-O-isovaleryl-2-O-
glucopyranoside, with [M-H]~ = 565.3007 Da (C30H4501¢) and characteristic fragments at
463 Da due to the loss of isovaleryl and an additional HO molecule and at 301 Da from
the cleavage of the glucoside along with a molecule of H,O [42].

The presence of these metabolites makes SCGs a valuable material for food ap-
plications with potential health advantages. For instance, lipid-lowering and glucose-
modulating effects have been reported for the CGAs identified in this study [20,21], indi-
cating their potential application in functional foods targeting metabolic health, such as
weight management or diabetes-friendly products. Additionally, their antihypertensive
and anticancer properties further broaden their potential in designing therapeutic foods or
supplements [22]. In turn, the atractyligenins identified in this work have been reported
to offer novel opportunities for creating functional ingredients that support liver health,
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glucose regulation, and skin protection [28-31], aligning with consumer trends for holistic
wellness solutions. These bioactive compounds exemplify the potential of spent coffee-
derived ingredients in addressing health concerns through functional and therapeutic food
innovations.

3.2. Total Polyphenols

The Folin—Ciocalteu (FC) method is widely used to quantify the total polyphenols
in a sample. The method consists of reducing a complex of phosphomolybdic acid and
phosphotungstic acid through the donation of electrons made by phenolic groups. Due to
the mechanism by which the reaction occurs, the FC method is a single electron transfer (SET)
method, which is why it is also considered a means of analyzing the antioxidant capacity [44].

Section 2.4 describes the procedure used in this study, and Table 2 summarizes the
values obtained.

Table 2. Total polyphenols of spent coffee samples EXP, GR, and PRC.

Sample Total Polyphenols Total Polyphenols
P (mg GAE/g Extract) 12 (mg GAE/g Dry Weight) 12
EXP 8812 +£3.8 9.592 £0.42
GR 70.0% +09 2135 +0.03
PRC 53.1¢+0.5 1.70 € £ 0.01

! Values are expressed as average = standard deviation. ? Different superscript letters in same column indicate
significant differences (p < 0.05) using one-way analysis of variance (ANOVA) with post hoc Tukey test as statistical
analysis test.

The above results showed that the polyphenol content of the GR and PRC samples
was significantly lower than that of the EXP sample. The EXP sample had a similar value to
that found by Wu et al. [45], who reported 9.44 mg GAE/g dry weight (DW), and a higher
value than those reported by Mussatto et al. [46], which ranged from 6.0 to 7.4 mg GAE/g DW.
Other references using spent coffee beans” hydroalcoholic extracts indicated slightly higher
values of the polyphenolic content [37,47,48].

3.3. UPLC-DAD Analyses

A UPLD-DAD analysis was conducted as described in Section 2.5. The results for the
quantification of caffeine in the spent coffee samples are presented in Table 3.

Table 3. Caffeine quantification using UPLC-DAD on samples of spent coffee.

Sample Concentration Concentration

P (mg/g Extract) 12 (mg/g DW) 12
EXP 31.4352 £+ 0.012 3.4201 2 + 0.0014
GR 18.040 ® + 0.008 0.5496 b 4+0.0002
PRC 54.020 € 4 0.065 1.7294 € £ 0.0021

1 Values are expressed as average =+ standard deviation. ? Different superscript letters in same column indicate
significant differences (p < 0.05) using one-way analysis of variance (ANOVA) with post hoc Tukey test as statistical
analysis test.

The caffeine content of the EXP sample was higher than that of the GR and PRC
samples. In fact, the EXP content showed a value within the range of 2.5-7.9 mg/g DW
reported by Cruz et al. [49] for spent espresso coffee. Other previous results obtained for
extracts in aqueous ethanol showed a wider range of 0.3-20 mg/g DW [48], which include
the values obtained in the present work.

A UPLC-DAD analysis was also carried out to quantify the phenolic compounds, as
described in Section 2.5. Table 4 shows the results obtained for the spent coffee samples
EXP, GR, and PRC.
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As shown in Table 4, the fine-grind sample (EXP) had the highest content of CQAs,
(peaks 1, 4, and 6) corresponding to 87% of the total quantifiable phenolic acids, while
FQAs (peaks 5, 8, and 11) accounted for 13% of the total. This result differs from that of
the medium-grind sample (GR), which showed a similar content of both types of acids,
with 56% CQAs and 44% FQAs. Meanwhile, CQAs and FQAs accounted for 36% and 64%,
respectively, in the coarse-grind sample (PRC).

Table 4. Quantification of caffeoylquinic and feruloylquinic acids in spent coffee samples using UPLC-DAD.

Concentration Concentration
12 12
Compound No. (mg/g Extract) (mg/g DW)
EXP GR PRC EXP GR PRC
1 12026 £0.026 54952 +0.036 1.8547 £ 0.060 130857 £0.0026  0.1674 £ 0.0014  0.0593 2 + 0.0024
4 18.101° 4+ 0.13 3.800° +0.033 1.8612 £0.016 1.9695 " + 0.0141 0.1158® + 0.0012 0.0596 # & 0.0006
5 1.617 © £ 0.003 4.098 © 4 0.001 3.742° 4 0.043 0.1760 € £ 0.0003 0.1249 © £ 0.0001 0.1198 ® +0.0017
6 12.768 4 + 0.070 4.127 © +£0.010 1.554 ¢ £ 0.013 1.3893 4 4+ 0.0070 0.1257 € £ 0.0004 0.0497 € £ 0.0005
8 2.697 € +0.022 3.0019 +0.017 2.628 9 4+ 0.042 0.2934°¢ £0.0022  0.09144 +0.0006  0.0842 4 4+ 0.0016
11 1.859 f 4+ 0.039 3.524 ¢ 4+ 0.021 2.897 € 4 0.068 0.2023 f + 0.0039 0.1074 ¢ £ 0.0008 0.0927 € £ 0.0008
Total 49.068 24.045 14.536 5.3390 0.7326 0.4653
! Values are expressed as average + standard deviation. 2 Different superscript letters in same column indicate
significant differences (p < 0.05) using one-way analysis of variance (ANOVA) with post hoc Tukey test as statistical
analysis test.
Compared with the literature, the total concentration of phenolics obtained in the
GR and PRC samples was within the range of results previously reported for spent coffee,
ranging between 0.21 and 0.77 mg/g DW [46,49], while the EXP sample had significantly
higher values than these reports. Angeloni et al. [40] reported one sample of Costa Rican
spent coffee with a phenolic content of 1.64 mg/g DW in a hydroalcoholic extract, which is
lower than the value obtained in our study for the EXP sample. Another study reported a
methanolic extract with a phenolic content of 0.58 mg/g DW [50], which is similar to the
values we found for the GR and PRC samples.
3.4. Antioxidant Activity Determination
Table 5 summarizes the results obtained from analyzing the antioxidant activities of
the different SCG extracts.
Table 5. Antioxidant activities measured for extracts of spent coffee samples.
DPPH PFRAP ORAC TEAC
Sample 12 1,2 mmol FeSO,/g umol Trolox/mg 12
IC50 (mg Extract/L) mg Trolox/g Extract Extract 12 Extract 12 mg Trolox/g Extract
EXP 105 £0.4 158.12 £1.7 1.273 % £ 0.020 2.847 2 +0.087 21573 +£1.2
GR 781° 4+ 1.0 106.6° +2.1 0.921° 4 0.025 1590 + 0.033 1522° +24
PRC 1922+ 3.3 785°£0.5 0.672 € £ 0.006 1.427° +0.012 1231+ 04

1 Values are expressed as average + standard deviation. 2 Different superscript letters in same column indicate
significant differences (p < 0.05) using one-way analysis of variance (ANOVA) with post hoc Tukey test as statistical
analysis test.

The above results are discussed for each antioxidant methodology in the following
sections. Table 6 summarizes the data in relation to the dry mass of the spent coffee samples.
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Table 6. Antioxidant activities measured for samples of spent coffee, expressed per gram of dry weight.

Sample DPPH PFRAP ORAC TEAC
ICso (g DW/L) 12 mg Trolox/g DW 12 mmol FeSO,/g DW 12 pmol Trolox/g DW 12 mg Trolox/g DW 12
EXP 0.096 @ + 0.003 17202 £ 0.19 0.1385 @ 4 0.0022 309.72+9.4 23472 +0.14
GR 2.562° +0.034 3.25° £ 0.06 0.0281° = 0.0008 484° £ 1.0 4.64° +0.07
PRC 6.005 © £ 0.104 2.51¢+0.02 0.0215 © £ 0.0002 457 +04 3.94°¢+0.01

! Values are expressed as average = standard deviation. 2 Different superscript letters in same column indicate
significant differences (p < 0.05) using one-way analysis of variance (ANOVA) with post hoc Tukey test as statistical
analysis test.

3.4.1. DPPH

DPPH analysis uses the free radical 2,2-diphenyl-1-picrylhydrazyl. In this test, the
intensity of the purple color produced by the DPPH* radical, which decreases due to the
action of antioxidant compounds, is quantified using spectrophotometry. The mechanism
of the reaction is mixed, being carried out by both electron transfer (SET) and hydrogen
atom transfer (HAT) [44]. As previously mentioned, the results are expressed as the
ICsp value, which indicates the sample concentration that produces a 50% inhibition of the
DPPH* free radical.

The results showed a lower ICsg value for the fine-grind EXP sample compared to
the GR and PRC samples, again indicating an antioxidant value that surpasses those of
previous reports in the literature for spent espresso coffee, which range between 0.4 and
1.4 g DW/L [37,45]. The present findings are consistent with the literature for both coffee
and spent coffee extracts, with a higher polyphenol content aligning with a better result
regarding the antioxidant activity [46,51].

3.4.2. PFRAP

The PFRAP method is an analysis that employs the SET mechanism and is based on
the reduction of an iron (IIT) complex to iron (II) to form Prussian blue, which is observed
through the formation of an intense blue color measured using spectrophotometry. Unlike
the other antioxidant analyses carried out, PERAP does not involve radicals, which is why
it constitutes a complementary technique in the evaluation of antioxidant activity [44].

As with the previous tests, the PFRAP results revealed the EXP sample as having
the highest antioxidant activity compared to the GR and PRC samples. The EXP sample
also showed similar values to those reported in the literature, which range from 0.20 to
0.22 mmol FeSO4/g DW [46] when using the similar FRAP (ferric-reducing antioxidant
power) technique.

3.4.3. ORAC

The ORAC assay is performed by measuring the kinetics of fluorescence at a known
concentration of sodium fluoresceinate. The radicals are peroxide groups emitted by the
AAPH reagent, which react with fluorescein, and then the loss of fluorescence is recorded.
This loss is inhibited in the presence of an antioxidant compound, which reacts through a
HAT mechanism with the peroxyl radicals, allowing the fluorescence signal to last longer [52].

In this analysis, the GR and PRC samples’ results were similar, with the GR being
slightly higher in its antioxidant capacity, while the EXP sample gave a significantly higher
value, following a similar trend to the antioxidant activity evaluations described above.
In the literature, a value of 735-823 umol Trolox/g DW was reported for coffee fruits [53],
indicating that the EXP spent coffee sample retained nearly half of its antioxidant activity
in the ORAC assay.
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3.4.4. TEAC

In TEAC analysis, the intensity of the coloration of the blueish-green ABTS** radical
is measured using spectrophotometry. This radical is formed by the reaction between an
ABTS solution and an oxidant such as potassium persulfate. In the presence of antioxidants,
these react with ABTS** radicals and cause the discoloration of the solution, which is then
compared against a curve prepared using Trolox as the standard [54].

In this analysis, the GR and PRC samples showed similar results to those obtained by
Panusa et al. [43] for coffee silverskin, with values ranging from 6.14 to 15.63 mg Trolox/g D.
The fine-grind EXP sample in our study showed higher values, which aligned with the
58.62 mg Trolox/g DW reported by Panusa et al. for a green coffee bean sample. Again, these
results show that the EXP spent coffee sample retained almost half of its antioxidant activity.
Finally, a Pearson correlation study was performed to evaluate the relationship between the
polyphenolic content and the antioxidant activity evaluations. The results are summarized
in Table 7 and Figure 11.

Table 7. Pearson correlation values (p < 0.05) obtained for the quantification of polyphenolic acids

and antioxidant activity evaluations.

HPLC-DAD P DPPH PFRAP ORAC

TP 0.962
DPPH —0.920 —0.975
PFRAP 0.995 0.981 —0.950
ORAC 0.984 0.920 —0.842 0.967
TEAC 0.998 0.973 —0.936 0.999 0.977
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Figure 11. Correlations between phenolics content and antioxidant activity evaluations: (a) UPLC-
DAD quantification and PFRAP antioxidant values, (b) UPLC-DAD quantification and ORAC
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As can be observed in Table 7, significant positive correlation values (p < 0.05) were
obtained for the relationship between the antioxidant activities as indicated by the ORAC,
TEAC, and PFRAP and the total polyphenols evaluation (using the FC method) and the
quantification of polyphenolic acids using HPLC-DAD. This finding aligns with previous
studies showing that the phenolic compounds content correlates with the antioxidant
activity [55,56].

Likewise, significant negative correlation values (p < 0.05) were found between the
results of the DPPH assay and the other antioxidant activities, as well as between the
TP values and the polyphenolic acid quantification results. This negative correlation is
due to the DPPH method’s measurement of an inhibition value, which means a lower
numerical result implies a better antioxidant capacity, thus cohering with a higher amount
of phenolics [57].

These promising results on the phenolic content and antioxidant potential align with
previous reports on other natural Costan Rican products [58] that call for further phyto-
chemical and bioactivity studies of these types of extracts. CGAs and related compounds
in coffee hold significant potential for innovative food applications due to their diverse
bioactive properties. As natural antioxidants, CGAs can enhance the shelf life and stability
of food products by reducing oxidative damage, while their anti-inflammatory effects offer
functional health benefits [15-19], appealing to the growing demand for nutraceuticals.
FQAs and CoQAs, with their potent antioxidative and anti-inflammatory capacities [23-27],
could enhance the nutritional profile of beverages, snacks, or dietary supplements.

However, while in vitro antioxidant assays provide valuable insights, they do not
fully represent the bioavailability, metabolism, and physiological effects of the compounds
in vivo. Therefore, other studies are needed to capture the full spectrum of bioactive
compounds present in SCGs. Moreover, the nature of the spent coffee, for instance the
variability in the polyphenol content based on the coffee type, grind size, and processing
conditions, may impact the consistency in food formulations. In addition, large-scale
extraction and processing methods for SCG utilization must address compliance with food
safety regulations, the cost effectiveness, and infrastructure limitations [59]. Therefore,
despite the importance of the present results, further work is crucial to fully assess the
potential and viability of these SCG extracts for commercial applications.

4. Conclusions

This work constitutes the first comprehensive report on extracts of spent coffee
grounds from Costa Rica, with a total of twenty-one compounds tentatively identified using
UPLC-QTOF-ESI MS, including fourteen phenolic acids, three caffeoylquinic lactones, and
four atractyligenin diterpenes. The sample with the highest value for the total polyphenols,
the fine-grind spent coffee, also showed a higher UPLC-DAD phenolic acid content and
better performance in the DPPH, PFRAP, TEAC, and ORAC antioxidant evaluations com-
pared to the medium-grind sample, the coarse-grind sample, and even previous reports
in the literature. Even though these are promising results, further studies are needed to
determine the potential of this waste material and its antioxidant properties.
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Abstract: Avoiding food waste has become an important global issue. Given the global
impact of food waste and the profound influence of Generation Z on future development,
it is crucial to guide them in cultivating awareness and behaviors to reduce food waste,
thereby promoting sustainable development. Considering young consumers’ specific
characteristics and consumption environment, this study extended the Theory of Planned
Behavior (TPB) framework by adding two constructs of moral self-identity and scarcity
mindset. An online survey was conducted, receiving 417 valid responses, and the data
were analyzed using structural equation modeling. This study shows that subjective norms,
attitudes, and perceived behavioral control positively influence Generation Z’s intentions
to avoid food waste. Meanwhile, moral self-identity remarkably positively influences
attitudes and perceived behavioral control, which in turn affects intention to avoid food
waste. Moreover, the positive moderating role of scarcity mindset is verified. This study
refines the exploration of food waste within the realm of the Generation Z group, and the
findings are beneficial for relevant stakeholders to further develop personalized promotion
strategies for Generation Z.

Keywords: avoid; food waste; Generation Z; scarcity mindset; TPB

1. Introduction

Food waste has become a critical global issue, with far-reaching implications for re-
source depletion and environmental pollution [1,2]. The United Nations Environment
Programme (UNEP) and WRAP’s 2021 Food Waste Index Report highlight that approxi-
mately 17% of food available to consumers worldwide is wasted [3]. This phenomenon
not only reflects an enormous waste of resources, but also underscores the critical issue of
global food insecurity. According to the 2023 Global Food Crisis Report, over 250 million
people faced severe hunger in 2022, with seven countries at risk of famine [4]. Furthermore,
UNEP’s 2024 report points out that more than one billion tons of food are wasted annually,
while 783 million people continue to suffer from hunger [5]. This stark contrast between
waste and need drives home the urgent need for sustained efforts to combat food waste
and its impact on global sustainability [6].

As the world’s largest developing country, China faces rising economic growth along-
side growing food production [7]. However, food waste remains a significant issue that
cannot be overlooked [8]. According to the 2023 China Food and Nutrition Development
Report, China’s food loss and waste rate stands at 22.7%, with an economic loss of RMB
1.88 trillion in 2022, accounting for nearly 22.3% of the country’s agricultural output [9].
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Notably, food waste behaviors are particularly pronounced in urban areas, where rising
incomes, large portion sizes, and evolving consumption habits contribute to significant
waste. In fact, approximately 9.4% of food waste in China occurs at the consumption
level, making it the largest contributor compared to food production or retail waste [9].
The expansion of the middle class and urban population has driven higher consumption,
leading to challenges in managing food waste effectively. To mitigate global food shortages
and reduce environmental impact, China must focus on addressing waste at the consumer
level, offering valuable insights for other nations striving to meet sustainable development
goals. Addressing food waste behavior at the consumer level, particularly among young,
urban populations, could serve as a critical strategy for curbing waste and promoting
sustainability in China.

Generation Z (born between 1995 and 2009) is rapidly becoming a key consumer
group, and their behaviors related to food waste are crucial for both global and Chinese
sustainability efforts [10]. Compared to previous generations, Generation Z is more socially
responsible and environmentally conscious, often choosing brands that emphasize sus-
tainability and ethical practices [11,12]. According to the 2023 China Food and Nutrition
Development Report, a significant portion of food waste in China occurs at the consump-
tion level, and Generation Z is the primary demographic group involved in this behavior [9].
With China’s rapid urbanization and rising income levels, the consumption behaviors of
Generation Z are expected to have a profound impact on national strategies to reduce
food waste and promote sustainability. Recent studies show that younger generations,
particularly Generation Z, are increasingly focused on sustainability and the principles
of the circular economy. This growing concern has been seen in multiple sectors, with
Generation Z demonstrating a preference for eco-friendly products and practices, making
them more likely to support brands that prioritize environmental sustainability. These
emerging trends reflect the increasing environmental awareness that drives Generation
Z’s attitudes and behaviors in both food waste and consumption patterns [13,14]. Existing
studies have paid limited attention to the food waste behavior of Generation Z. Only a
few studies [15,16] have explored their food waste behaviors, and there is still a lack of
sufficient in-depth research on the underlying mechanisms and interventions that influence
the food waste behaviors of Generation Z. This research gap is particularly prominent in
China. Research on effective strategies to prevent food waste is of significant importance.
Not only will it help reduce resource waste and alleviate environmental pressure, but it will
also contribute to achieving sustainable development goals [17]. By exploring the psycho-
logical mechanisms, attitudes, and intentional behaviors of Generation Z that prevent food
waste, this research can provide a theoretical basis for more targeted policies and social
interventions, ultimately resulting in long-term social and ecological benefits. Therefore,
there is an urgent need for research to understand how to prevent food waste behavioral
intentions among Generation Z.

Various theories can be applied to explain individual behavior. Among these, the
Theory of Planned Behavior (TPB), introduced by Ajzen [18], has been widely and success-
fully applied in food consumption studies [19-21]. However, the TPB has faced criticism
for several reasons, particularly regarding its insufficient consideration of other important
variables. It has been suggested that these variables evolve and adapt in different contexts
and behavioral scenarios [22]. To better understand Generation Z’s behavior of avoiding
food waste, it is crucial to consider potential factors that could play an interesting role.
Given the complexity of the ethical issues surrounding the problem of food waste [23],
there is a clear need for more in-depth exploration. In addition, the impact of scarcity
cannot be ignored, whether in the form of the actual availability of food resources in
certain regions or in the sense of scarcity created by factors such as population growth
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and changing consumption patterns. Scarcity fundamentally changes the way people
view food waste. It instills a sense of urgency and value and makes people more aware
of the consequences of their actions [24,25]. Moral self-identity, reflecting a strong sense
of responsibility, is particularly prominent among Generation Z, who are more socially
conscious and environmentally aware [26]. This is because they are more exposed to
social and environmental education in school and through various media platforms, which
has cultivated their sense of moral obligation. They are more likely to internalize moral
values related to sustainability. This identity could influence their attitudes and behaviors
toward food waste [27,28]. Meanwhile, scarcity mindset, which is the belief in the limited
availability of resources, also plays a crucial role for Generation Z. Growing up in an era
of digitalization and resource scarcity, Generation Z tends to be more concerned about
resource sustainability [29,30]. Therefore, this study integrates these two factors into the
TPB framework to better understand Generation Z’s behavior of avoiding food waste and
inform targeted interventions to promote sustainable consumption.

This study aims to construct a suitable framework to explain the key factors influenc-
ing Generation Z consumers’ intentions to avoid food waste. To achieve this, the study
is based on the TPB, extracting variables from the TPB model (i.e., intention, attitude,
subjective norm, perceived behavioral control), with a special consideration of moral self-
identity and scarcity mindset, to build an extended framework. This study conducts a
fit analysis to verify the applicability of the extended model in the context of food waste
among Generation Z in China and uses path analysis and moderation tests to examine
the implementation of each construct. This research fills the gap in the study of food
waste prevention among Generation Z, a specific group. The findings provide valuable
insights for psychological interventions to reduce food waste behaviors in Generation
Z, contributing to the development of food waste prevention strategies. Moreover, the
significance of this study also lies in providing empirical support for social and policy-level
interventions, helping policymakers to design more effective public education approaches
and interventions to encourage Generation Z to adopt sustainable consumption habits. By
gaining a deeper understanding of the psychological motivations and behavior patterns of
Generation Z, this research offers valuable insights for the food industry and environmen-
tal organizations, contributing to the global goals of promoting green consumption and
sustainable development.

2. Theoretical Framework and Development of Hypotheses

2.1. Development of Hypotheses
2.1.1. Variables from the TPB Model

The Theory of Planned Behavior (TPB) posits that behavioral intention directly in-
fluences individual behavior, and that the three elements of attitude, subjective norms,
and perceived behavioral control (PBC) collectively affect behavioral intention [18]. As a
well-established social psychological theory, the TPB effectively explains rational behaviors
that are not fully controlled by individual will, and has broad applicability in the field
of individual behavior research [31-34]. The strengths of the TPB include the following:
identifying perceptions of the behavior under study and continuously assessing the impor-
tance of its components; being considered as one of the most effective models for behavior
intervention; and offering a flexible structure, where additional variables can be added to
extend the theory [31]. In food waste research, scholars have utilized the TPB to explore
behavior, incorporating contextual factors like motivation and financial attitudes [35], or
integrating it with other behavioral theories for a comprehensive approach [36].
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e  Attitude

Attitude refers to a persistent predisposition of liking or disliking that an individual
holds toward a particular object or behavior. It can also be understood as the positive
or negative feelings or evaluations that an individual has about a specific behavior. Ac-
cording to the Theory of Planned Behavior (TPB), a person’s attitude toward a particular
behavior influences their behavioral intentions. It has also been suggested that attitude
is often the most powerful predictor of behavioral intention [37]. Generation Z, known
for their strong environmental awareness [38], tends to embrace and practice a zero-waste
lifestyle [39], which suggests that they hold a more positive attitude toward reducing food
waste. The intention to avoid food waste is largely influenced by Generation Z’s attitude
toward it. When Generation Z holds a more positive attitude toward avoiding food waste,
their intention to do so becomes stronger. Thus, the following hypothesis is proposed in
this study:

Hypothesis 1 (H1): Attitude has a significant positive effect on intention to avoid food waste.

e  Subjective Norms

Subjective norms refer to the perceived pressure from significant others to support or
oppose a behavior, shaped by normative beliefs and motivations to conform. Preferences
of family [40], peers [41], and social media influencers [42] can subtly guide consumer
decisions. For example, in China, family members often emphasize cultural values like
frugality and respect for food, encouraging reductions in food waste. Similarly, peers and
influencers on platforms like Weibo and Douyin (TikTok) have become key sources of
normative influence. Previous research highlights the significant role of subjective norms
in shaping behavioral intentions, such as promoting eco-friendly purchases [43], though
some studies suggest their impact on green behaviors may vary [44]. In China, Generation
Z, influenced by campaigns like “empty plate,” experiences greater pressure to adopt
sustainable behaviors, strengthening their intention to avoid food waste. Based on this, the
following hypothesis is proposed in this study:

Hypothesis 2 (H2): Subjective norms have a significant positive effect on intention to avoid
food waste.

e  Perceived Behavioral Control (PBC)

Perceived behavioral control (PBC) refers to an individual’s perception of the ease or
difficulty in performing a behavior, influenced by control beliefs and their strength. Unlike
attitude and subjective norms, PBC reflects objective factors such as experience, time, and
available resources. For Generation Z, elements like food storage facilities, convenience
of food takeout services, and time management skills influence their PBC. For instance,
limited storage space or busy schedules can hinder their ability to avoid food waste. When
individuals perceive fewer obstacles and more resources, their confidence in reducing food
waste increases, thus enhancing their intention to do so [45]. Previous research, such as Jia
Li et al.’s study on college students, has identified PBC as a key determinant of food waste
reduction intentions [46]. Accordingly, the following hypothesis is proposed in this study:

Hypothesis 3 (H3): PBC has a significant positive effect on intention to avoid food waste.

2.1.2. Incorporating Additional Constructs in the TPB
e  Moral Self-identity
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Moral self-identity refers to an individual’s recognition of their moral qualities, re-
flecting how central moral values are to their self-concept [26]. Those with a strong moral
self-identity feel a responsibility to act in alignment with their values [47], making them
more likely to view reducing food waste as a personal moral responsibility [48]. They expe-
rience guilt and responsibility toward wasteful behaviors, which motivates them to adopt
positive attitudes and enhances their perceived behavioral control (PBC) in food waste
avoidance [49]. Conversely, weaker moral self-identity may result in less motivation to act
responsibly. This concept has been widely recognized as a reliable predictor of pro-social
behavior [50], influencing both intentions and actions [51]. Additionally, individuals with
a strong moral self-identity prioritize their internal moral code over external influences like
convenience, which drives them to reject wasteful behaviors and feel they have the respon-
sibility and ability to make the right choices [52,53]. This moral self-discipline enhances
PBC, reinforcing their motivation to act in ways consistent with their values [54]. Based on
this, the following hypotheses are proposed in this study:

Hypothesis 4 (H4): Moral self-identity has a significant positive effect on attitude.
Hypothesis 5 (H5): Moral self-identity has a significant positive effect on PBC.

e  Scarcity Mindset

In traditional economics, resource scarcity refers to objective actual scarcity, but Mul-
lainathan and others suggest it is a relative concept, where individuals feel they have
fewer resources than needed for survival and development, which is known as the scarcity
mindset [29]. Previous studies offer various definitions of the scarcity mindset. For instance,
Hamilton et al. (2019) describe it as a state where an individual’s ability to meet their needs
is threatened due to limited resources [55]. Tripathi et al. define it as a perception of having
a fixed and finite amount of resources to meet demands [56]. In the context of food waste
avoidance, this study adopts the definition by Mehta et al., where individuals perceive
that the supply of resources is insufficient to meet their normal growth needs [57]. The
scarcity mindset significantly influences individuals” affective, cognitive, and behavioral
styles. Research shows that a scarcity mindset leads to valuing behaviors, compensatory
behaviors, and convergent behaviors [58]. Specifically, individuals with a scarcity mindset
are more likely to increase their effective utilization of resources. Gao et al. demonstrated
that activating the scarcity mindset can reduce food waste behavior [59]. Based on this, the
following hypotheses are proposed in this study:

Hypothesis 6 (H6): Scarcity mindset plays a positive moderating role in the influence of attitudes
(H6a), subjective norms (H6b), and PBC (Hé6c) on the intention to avoid food waste.

2.2. Theoretical Framework

Based on the TPB model, this study proposes a new framework by adding
two variables: moral self-identity and scarcity mindset. To better present the hypothe-
ses proposed in this study, the research structure is illustrated in Figure 1.
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Figure 1. Conceptual model.

3. Materials and Methods
3.1. Data Collection

This study collected data to analyze the proposed conceptual framework through
an online questionnaire posted on a professional survey platform (www.wenjuan.com).
Recognizing that living habits may vary across regions, which could lead to differences
within Generation Z, the survey was conducted in China, utilizing online platforms and
social media channels popular among Generation Z. This approach helps mitigate the
potential bias caused by geographical factors, ensuring the sample’s representativeness and
universality. Before the official launch, a pre-test was conducted with 30 randomly selected
young consumers to refine the questionnaire and improve its clarity. This study specifically
targeted Chinese Generation Z, and thus, an age selection question was included at the
beginning of the survey to ensure only participants meeting the age criterion could proceed.
In total, 470 questionnaires were collected, and 53 invalid responses were removed after
data cleaning and logical consistency checks, leaving 417 valid responses (a response
rate of 88.7%). According to Kline’s recommendation [60], at least 10 valid responses
per parameter are required for valid empirical analysis. With 25 measurement items, the
minimum sample size needed was 250 usable responses, making the 417 valid responses
sufficient for the subsequent data analysis.

3.2. Measures

This study is based on reliable previous research scales and selected measurement
items from them. The content of the scale refers to established Chinese-English bilingual
scales to ensure the accuracy of the expression to the content of the measurement items.
The questionnaire includes two parts. The first part is questions on attitude, subjective
norms, PBC, moral self-identity, and scarcity mindset. Items were measured using a five-
point Likert-scale approach, divided into five levels (level 1 for strongly disagree and level
5 for strongly agree) for measurement. The specific items of the questionnaire and the
sources used for them are shown in Table 1. The second part counted the demographic
characteristics of the respondents to the questionnaire with five items.

Table 1. Questionnaire items and their source of adoption.

Variable Item Measurement Item Adopted From
IAFW1 I try to avoid wasting food in my life.
Intention to Avoid Food . . . -
Waste (IAFW) TAFW2 To avoid food waste, I will be careful to order in moderation. [46,61]
IAFW3 I'll make a point of packing my leftovers.
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Table 1. Cont.

Variable Item Measurement Item Adopted From
SN1 No one important to me is in favor of over-ordering.
Subjective Norms (SN) SN2 Many of my friends around me::;;ec zefsg)oo;ieaitt: the “empty plate” campaign to [46,61,62]
SN3 Most people in my family would be careful to avoid wasting food.
AT1 There are still many hungry people in the world and it is immoral if we waste food.
Attitude (AT) AT2 Avoiding food waste is a smart move. [39,62,63]
AT3 It makes me sad when I see food being wasted.
PBC1 I think food waste can be avoided.
Perccei)\;etilolft(eg;\éi)o ral PBC2 If I want to save food, I can always reach my goal. [61]
PBC3 It’s not difficult to order as much as I eat when I eat out.
MS1 It makes me feel good to be a person who has qualities like these.
Moral Self-identity (MS) MS2 I'am actively engaged in activities that reflect these qualities. [64]
MS3 It’s important to me to be a person who possesses these qualities.
SM1 In our modern society with increasingly scarce resources, I tend to avoid food waste.
Scarcity Mindset (SM) SM2 I'll try to avoid food waste due to fear of food shortages. [65]
SM3 When my money is tight, I tend to try to avoid food waste as much as possible.

3.3. Data Analysis

In this study, the data were analyzed using Analysis of Moment Structures (AMOS)
version 29 and Statistical Package for the Social Sciences (SPSS) version 29. Initially, we

applied SPSS for descriptive analysis to observe the characteristics of the participants.
Then, we used AMOS to conduct structural equation modeling (SEM) analysis in two steps.

Firstly, validated factor analysis (CFA) was used to test the reliability and validity of the
measurement model. Secondly, p-value, t-value, and standardized regression coefficient
(B) were used to measure the complete structural model. Thus, model fit effects and
hypothesized relationships could be assessed.

4. Results
4.1. Profile of the Respondents

The demographic characteristics of the respondents are presented in Table 2. The
platform data indicated that the respondents came from 29 different provinces and regions
across China, with the largest numbers originating from Shandong, Guangdong, and
Henan. In terms of gender distribution, 67.8% of the respondents were female and 32.2%
were male. The majority of participants were over 20 years old and had a high level of
education. Specifically, 32.2% had completed high school or vocational education, while
64.1% held advanced degrees, including bachelor’s or master’s degrees. The level of
monthly disposable income was relatively consistent across different subregions.

Table 2. Demographic characteristics of the sample (n = 417).

Demographic Variables Frequency Percent (%)
4 Female 283 67.8
Gender Male 134 322
15-19 50 11.9
Age 20-24 194 46.6
25-29 173 415
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Table 2. Cont.

Demographic Variables Frequency Percent (%)
Elementary school and below 3 0.7
Junior high school 13 3.0
. Senior high school 84 20.2
Education Technical secondary school 50 12.0
University 239 57.3
Master’s or above 28 6.8
<RMB 2000 109 26.1
RMB 2000-3000 65 15.7
Monthly Disposable RMB 3001-5000 77 18.5
Income RMB 5001-8000 78 18.8
RMB 8001-10,000 52 12.4
>RMB 10,000 35 8.5

4.2. Measurement Model: Reliability and Validity

Table 3 presents the reliability and validity analysis of each measure. The results
of the analysis showed that the Cronbach’s coefficients of intention to avoid food waste,
subjective norms, attitudes, PBC, moral self-identity, and scarcity mindset were 0.785,
0.809, 0.783, 0.786, 0.794, and 0.823. Cronbach’s coefficients of the whole questionnaire
reached above 0.7, which indicated that the data of the sample had good reliability. The
KMO test assessment value (0.91 > 0.5) showed the adequacy of the sample taken, and
Bartlett’s spherical test determination (p < 0.05) confirmed the statistical significance of the
correlation matrix between the variables, indicating that the data collected were suitable for
use in conducting factor analysis. The results of the confirmatory factor analysis showed
that the loadings of the items ranged from 0.714 to 0.804; these results were better than the
5% significance level and the benchmark of 0.4 for a sample size of 200 or more. The test
items all had significant unidimensionality and good model fit. Table 4 demonstrates the
square root of AVE for each construct, all of which are greater than the Pearson correlation
coefficient values for each latent variable, indicating that the discriminant validity of the
data is good.

Table 3. Measurement model: reliability and validity.

Constructs Factor Loadings Cronbach’s « AVE CR
IAFW1 0.737
IAFW2 0.768 0.785 0.551 0.786
IAFW3 0.721
SN1 0.74
SN2 0.764 0.809 0.588 0.810
SN3 0.792
AT1 0.754
AT2 0.732 0.783 0.546 0.783
AT3 0.733
PBC1 0.745
PBC2 0.717 0.786 0.552 0.787
PBC3 0.765
MS1 0.714
MS2 0.767 0.794 0.564 0.795
MS3 0.77
SM1 0.751
SM2 0.804 0.823 0.608 0.823
SM3 0.784

Note. IAFW: intention to avoid food waste; SN: subjective norms; AT: attitude; PBC: perceived behavioral
control; MS: moral self-identity; SM: scarcity mindset; AVE = Average Variance Extracted (AVE = } SMC/
(SMC + ) standard measurement error); SMC = Squared Multiple Correlation (i.e., squared value of correlation
between the constructs); CR = Composite Reliability.
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Table 4. Correlation matrix for discriminant validity.

INT N ATT PBC SE SRM
IAFW 0.742
SN 0.487 *** 0.767
AT 0.444 *** 0.499 *** 0.739
PBC 0.395 *** 0.417 *** 0.452 *** 0.743
MS 0.34 *** 0.433 ** 0.460 *** 0.396 ** 0.751
SM 0.216 *** 0.244 *** 0.253 *** 0.230 *** 0.209 *** 0.78

Note. *** and **, respectively, represent 0.001 and 0.01 levels of significance. Diagonal elements show square roots
of AVE; off-diagonal elements represent correlations between constructs; IAFW: intention to avoid food waste; SN:
subjective norms; AT: attitude; PBC: perceived behavioral control; MS: moral self-identity; SM: scarcity mindset.

4.3. Structural Model: Goodness-of-Fit Statistics

Table 5 shows the goodness-of-fit indicators of the structural model. The data anal-
ysis shows that the theoretical framework proposed by the study has a good model fit
(X?/df = 1.281; RMSEA = 0.026; RMR = 0.042; GFI = 0.95; NFI = 0.95; CFI = 0.985) and all
the indices meet the criteria. The model is acceptable and has a satisfied ability to explain
behavioral intentions.

Table 5. Summary of fit indices from confirmatory factor analysis.

Fit Indices Model Recommended Value Results
X2 /df 1.281 >1 and <5 * Satisfactory
RMSEA 0.026 <0.08 * Satisfactory
RMR 0.042 <0.05* Satisfactory
GFI 0.95 >09* Satisfactory
NFI 0.95 >09* Satisfactory
CFI 0.985 >09* Satisfactory

Note. * Source: Bagozzi and Yi [66]; RMSEA: Root Mean Square Error Approximation; RMR: Root Mean Square
Residual; GFI: Goodness-of-Fit Index; NFI: Normative Fit Index; CFI: Comparative Fit Index.

4.4. Hypothesis Testing

Table 6 tests and demonstrates the proposed substantive impacts of the hypothetical
paths. The results showed that attitudes ( = 0.248, t = 3.703, p < 0.001), subjective norms
(B =0.382,t=5.640, p < 0.001), and PBC (p = 0.197, t = 3.095, p < 0.01) towards Generation
Z avoiding food waste in China significantly and positively influenced the extended TPB
modeling on the intention to avoid food waste, as supported by H1 and H3. The moral
self-identification of Generation Z significantly and positively affects attitudes and PBC
(B =0.681,t=9.517, p < 0.001; B = 0.596, t = 8.532, p < 0.001), as suggested by H4 and H5;
thus, H4 and H5 are supported.

Table 6. Hypotheses test results.

Hypothesized Path Standardized Path Coefficients t-Value Result
H1: AT—IAFW 0.248 3.703 *** Support
H2: SN—IAFW 0.382 5.640 *** Support

H3: PBC—IAFW 0.197 3.095 ** Support
H4: MS— AT 0.681 9.517 *** Support
H5: MS—PBC 0.596 8.532 *** Support

Note. IAFW: intention to avoid food waste; SN: subjective norms; AT: attitude; PBC: perceived behavioral control;
MS: moral self-identity; ** p < 0.01; *** p < 0.001.

Hypothesis H6 of this paper proposes that scarcity mindset plays a positive moderat-
ing role in the relationship between attitudes (H6a), subjective norms (H6b), PBC (Hé6c),
and the intention to avoid food waste, i.e., scarcity mindset strengthens the effects of sub-
jective norms, attitudes, and PBC on the intention to avoid food waste. In order to further
test the hypothesis, this paper adopts a three-step test of hierarchical regression analysis
and uses the interaction term of the variables to test the moderating effect of information
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cognition, which means that if AR? is significant when the interaction term is added, then a
moderating effect exists.

The specific results of the test are shown in Tables 7-9. The empirical results of Model
1 in Table 7 show that attitude has a significant positive effect on the intention to avoid
food waste, which further validates hypothesis H1. Model 2 in Table 7 shows that both
attitude and scarcity mindset have a positive effect on the intention to avoid food waste,
with regression coefficients of 0.41 (p < 0.001) and 0.104 (p < 0.05), respectively. Meanwhile,
the results of Model 3 in Table 7 show that the regression coefficient of the interaction term
is 0.246 (p < 0.001) and AR? = 0.063 (p < 0.001). Thus, scarcity mindset plays a positive
moderating role in the effect of attitude on the intention to avoid food waste. Similarly, we
analyzed the empirical results in Tables 8 and 9, and all regression coefficients and AR?
results met the test requirements. So, Hypotheses H6a, H6b, and Héc are established.

Table 7. Hé6a test results.

IAFW
Variables

Model 1 Model 2 Model 3
Constant Term 2222 *#* 1.888 *** 1.017 ***

Gender 0.08 0.076 0.056

. Age 0.137 0.133 0.105
Constant Variables Education —0.094* —0.089 * ~0.083*
Career —0.067 —0.06 —0.043

Monthly Disposable Income 0.043 0.04 0.044
Independent Variables AT 0.436 *** 0.41 *** 0.475 ***
Moderator Variables SM 0.104 * 0.241 ***
AT x SM 0.246 ***

Interaction Terms R? 0.215 0.225 0.288
AR? 0.215 *** 0.01* 0.063 ***

Note. * p < 0.05; *** p < 0.001; IAFW: intention to avoid food waste; AT: attitude; SM: scarcity mindset.

Table 8. H6b test results.

IAFW
Variables

Model 1 Model 2 Model 3
Constant Term 2.247 *** 1.923 *** 1.113 ***

Gender 0.067 0.064 0.038

. Age 0.106 0.104 0.112
Constant Variables Education —0.122% —0.115* —0.116*

Career —0.019 —0.015 —0.021

Monthly Disposable Income 0.021 0.02 0.032
Independent Variables SN 0.466 *** 0.444 *** 0.547 ***
Moderator Variables SM 0.097 * 0.210 ***
SN x SM 0.321 ***

Interaction Terms R? 0.257 0.265 0.345
AR? 0.257 *** 0.009 * 0.080 ***

Note. * p < 0.05; ** p < 0.01; ** p < 0.001; IJAFW: intention to avoid food waste; SN: subjective norms; SM:
scarcity mindset.

Table 9. Héc test results.

IAFW
Variables
Model 1 Model 2 Model 3
Constant Term 2.377 *** 1.953 *** 1.410 ***
Gender —0.016 —0.014 0.023
R Age 0.077 0.076 0.074
Constant Variables Education —0.087 ~0.082 —0.084
Career —0.044 —0.037 —0.045
Monthly Disposable Income 0.047 0.044 0.041
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Table 9. Cont.

IAFW
Variables
Model 1 Model 2 Model 3
Independent Variables PBC 0.418 *** 0.387 *** 0.449 ***
Moderator Variables SM 0.130 ** 0.188 ***
PBC x SM 0.227 ***
Interaction Terms R? 0.168 0.183 0.225
AR? 0.168 *** 0.015 ** 0.041 ***

Note. ** p < 0.01; *** p < 0.001; IAFW: intention to avoid food waste; PBC: perceived behavioral control; SM:
scarcity mindset.

5. Discussion

The issue of food waste has become increasingly critical in contemporary society,
with urgent attention needed to address its consequences. In particular, Generation Z is
emerging as a significant force driving social change, particularly in terms of consumption
habits, environmental awareness, and social responsibility. This study explores the factors
influencing the food waste avoidance intentions of Chinese Generation Z from a psy-
chosocial perspective. Building on the TPB, two additional constructs—moral self-identity
and scarcity mindset—were incorporated into the framework, offering a comprehensive
explanation of the factors avoiding Generation Z’s food waste behavior.

Through questionnaire research and data analysis, we found that attitudes, subjective
norms, and perceived behavioral control (PBC) derived from the TPB model had a positive
and significant effect on Generation Z’s intentions to avoid food waste, supporting find-
ings from previous studies [35,36,67]. Notably, subjective norms had a stronger influence
than both attitudes and PBC. This aligns with the findings of Russell et al. [36], who also
observed a significant role of social influence in shaping pro-environmental behaviors. One
possible explanation for this is the unique socio-cultural context and group characteristics
of Generation Z, which amplify the role of subjective norms. In the unique socio-cultural
context of China, collective values and peer influence are deeply rooted in decision-making
processes [68,69]. This is especially true for Generation Z, who grew up in a highly social-
ized and digitalized environment and are therefore more easily driven by social influences
and external expectations [70]. Online media and national campaigns, such as the “empty
plate” initiative, serve as key channels reinforcing the social norms surrounding food waste
avoidance, amplifying their influence on Generation Z’s behavioral intentions [71,72]. Ad-
ditionally, Generation Z values group identity and belonging, driven by a stable material
life and life stage characteristics that heighten their need for social connection, respect,
and self-fulfillment. As a result, they are more inclined to conform to social behavioral
norms [73,74]. In contrast, attitudes and PBC are more shaped by personal experience
and internal beliefs, making their influence comparatively smaller. Attitudes are more
shaped by personal beliefs and experiences, which may vary greatly among individuals.
Previous research has shown that PBC is influenced by environmental constraints [75].
For Generation Z in China, many individuals reside in dormitories or shared apartments,
where limited access to food storage and reuse facilities is common. This living situation
reduces their perceived control over food waste, as practical constraints hinder their ability
to implement waste-avoidance strategies effectively. However, it should be noted that
although the influence of attitudes and PBC is relatively weaker, they still play an important
role in the overall behavior intention formation process.

Meanwhile, the results of this study indicate that moral self-identity has a significant
positive impact on attitudes and PBC, which is consistent with the results of previous hu-
man behavioral studies [52,53,71]. Therefore, relevant stakeholders, such as policymakers
and educators, can consider promoting food waste avoidance by strengthening Generation
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Z’s moral self-identity. By reinforcing moral education and public awareness, various
sectors of society can provide opportunities for Generation Z to engage in moral practices,
thereby stimulating their sense of moral responsibility to reduce food waste. Additionally,
businesses can build a positive brand image by actively participating in food waste reduc-
tion initiatives and advocating for environmental protection, which may help gain the trust
and goodwill of Generation Z [72]. Furthermore, this study finds that scarcity mindset
positively moderates the relationship between subjective norms, attitudes, PBC, and in-
tention to avoid food waste [68]. This suggests that Generation Z’s inclination to avoid
food waste may grow significantly in the future. As a result, governments and marketers
should capitalize on this opportunity to enhance Generation Z’'s awareness of conservation.
Through targeted advertisements and promotional sales of food nearing expiration, mar-
keters can raise awareness about the food waste issue, guide consumers in developing a
food conservation mindset, and attract greater consumer attention and support.

6. Conclusions

This study explores the food waste avoidance behaviors of Chinese Generation Z, a
key demographic shaping the future, through an extended TPB model. By integrating
moral self-identity and scarcity mindset into the TPB framework, this research highlights
the significant roles of attitude, subjective norms, PBC, moral self-identity, and scarcity
mindset in influencing food waste avoidance intentions. The contributions of this study,
both theoretical and practical, can be summarized in three key areas. First, the introduction
of moral self-identity and scarcity mindset expands the TPB model and deepens our
understanding of the psychological mechanisms underlying food waste avoidance among
Chinese Generation Z. The findings underscore the growing importance of these variables,
particularly in the post-pandemic era, where their positive impact on food-saving behaviors
is especially pronounced. Second, our empirical analysis confirms the robustness of the
TPB model, revealing complex relationships between the variables and demonstrating the
significant moderating effects of moral self-identity and scarcity mindset. These findings
not only validate the TPB model, but also highlight the importance of considering emerging
social influences on Generation Z’s behavioral intentions in specific contexts.

In addition, policymakers and educators can play a key role in enhancing the moral
self-identity of Generation Z by incorporating food waste awareness into moral education
curricula and public events. For example, community service events such as food drives or
educational seminars can encourage young people to engage in practices that reinforce the
moral responsibility to reduce food waste. Businesses can also utilize ethical messages in
their marketing campaigns to emphasize shared social and environmental responsibility.
In addition, the moderating effect of the scarcity mentality suggests that raising awareness
of resource limitations can increase the willingness of Generation Z to avoid food waste.
Governments and organizations can design targeted interventions, such as food expiration
awareness campaigns, to highlight the consequences of food waste and encourage behav-
iors such as purchasing discounted items that are nearing their expiration date. Grocery
stores and food delivery platforms can also offer incentives for choosing imperfect or
excess food, aligning individual behaviors with conservation goals. Finally, addressing
practical barriers is critical, as PBC is often influenced by environmental constraints. For
example, equipping dormitories and apartments with better food storage facilities, such
as community refrigerators or portioned food sharing platforms, could allow Gen Z to
manage food more effectively.

7. Limitations

This study has several limitations that warrant further exploration in future research.
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First, it focused only on Generation Z’s intentions to avoid food waste, rather than
their actual food waste avoidance behavior. Given the well-documented intention—-behavior
gap [76], this study’s findings may not fully reflect real-world practices. Future research
should extend this model to examine actual food waste behaviors, using observational
methods or longitudinal designs to better capture the relationship between intentions
and actions.

Second, the study was conducted solely within the Chinese Generation Z population.
Due to China’s unique socio-cultural conditions, including the prevalence of only-child
families and the resulting heightened expectations on this generation [77], the findings
may have limited generalizability. Research has shown that subjective norms” impact on
behavior varies significantly across national contexts. Therefore, cross-national compar-
isons involving Generation Z from diverse cultural backgrounds could uncover important
differences in food waste attitudes and behaviors, offering valuable insights for developing
globally effective policies and interventions.

Third, the inclusion of a pathway from TPB constructs to moral self-identity (MSI)
could complicate the model without a strong theoretical foundation, potentially diluting
the study’s focus. While this pathway was not incorporated in the present study, we
recognize its potential to provide valuable insights into behavioral mechanisms. Future
research could consider exploring these interactions to further enrich the understanding of
Generation Z’s food waste behaviors.

Fourth, this study relied on self-reported data, which introduces potential biases such
as social desirability bias and recall errors. Future research could incorporate objective
measures, such as food diaries or waste tracking technologies, to validate and supplement
self-reported findings. These methods would enhance the scientific rigor of studies on food
waste behaviors.

The insights gained from addressing these limitations can contribute significantly to
the ongoing efforts to promote sustainable consumption and global food conservation.
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Abstract: Coffee is one of the most consumed and popular beverages worldwide, and it produces a
significant quantity of waste. Spent coffee grounds (SCGs) are one of the major waste products that
can be used as an ingredient for creating novel foods. Therefore, the effect of incorporating varying
percentages of spent coffee grounds (SCGs) on the quality properties of bakery products and pasta is
reviewed. Chemically, SCGs alter protein, fat, fiber, ash, and bioactive compound levels in bakery and
pasta products, improving nutritional value and promoting health benefits. The impact of SCGs on
the physical characteristics of baked goods depends on factors like SCG concentration and processing
methods, which influence product texture and structure. Sensory properties are vital for consumer
acceptance. SCGs can add unique flavors and colors to baked goods, but more attention is needed
to optimize the SCGs’ incorporation concentration for a better consumer appeal. In conclusion,
integrating SCGs into bakery products and pasta offers nutritional enhancement, sustainability, and
sensory improvement opportunities. Optimizing product quality allows manufacturers to leverage
SCGs’ potential in the food industry.

Keywords: coffee; spent coffee grounds; bioactive components; quality properties; bakery products

1. Introduction

Coffee stands out as one of the most widely consumed and favored beverages globally,
the second most traded commodity globally, just after petroleum, highlighting its significant
influence and dominance in the global market [1-3]. The latest data from the International
Coffee Organization (ICO) reveal that global coffee consumption reached 170.3 million
60 kg bags in 2021/2022 [4]. While coffee has energizing and uplifting benefits, it is crucial
to consider the waste produced [5]. The amount of waste the coffee industry creates is
anticipated to rise in the coming years due to the steady growth in coffee production and
consumption [2]. The waste includes husks, pulp, mucilage, silverskins, and SCGs, which
are produced on the farm and finished in the coffee shops [3]. SCGs are the primary waste
material produced during processing, accounting for 0.6 tons per ton of coffee beans [1,6,7].
To adhere to current national regulations, waste management programs must be effective.
The SCGs produced are often gathered by specialist organizations and sold for various
uses, such as gardening, composting, bioenergy production, and mushroom cultivation [7].

There is much evidence of coffee’s health-promoting properties, which include anti-
allergic, anti-inflammatory, anti-diabetic, anti-mutagenic, anti-cancer, antioxidant, and
antimicrobial properties [2,8-11]. In addition, there is an inverse relationship with several
illnesses, including Parkinson’s, Alzheimer’s, depression, fatty liver, and metabolic disor-
ders [6,9,12]. Protective effects on various nervous, skeletal, reproductive, immune, and
cardiovascular systems have also been reported [9,12]. The rich phytochemistry of coffee
and its by-products, which comprise elements like caffeine and other physiologically active
components primarily from the polyphenol and alkaloid groups, is responsible for these
health advantages [2,6,8,9,12].
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A key initiative in enhancing nutrition is raising the production of widely consumed
items with substantial nutritional and biological significance. Proper nutrition plays
an important role in treating and preventing many diseases [13]. SCGs are a source
of macro-nutrients (carbohydrates, insoluble fiber, lipids, and protein), micro-nutrients
(magnesium, sodium, potassium, and iron), and bioactive compounds (tannins, caffeine,
and polyphenols) [5,6]. The upcycling of SCGs supports the development of functional
foods and helps create a circular economy by repurposing waste materials. However,
the impact of reducing environmental pollution may be limited for a few reasons. First,
the global consumption of coffee results in a massive volume of SCGs, and while their
application in food production can mitigate some waste, the scale at which SCGs can be
incorporated into food products is relatively small compared to the total waste generated.
Furthermore, there are challenges related to the sensory qualities (e.g., taste and texture) of
SCG-enriched products, which may limit consumer acceptance and market scalability. In
addition, there is a concern regarding the potential contamination by mycotoxins produced
by certain molds, particularly under improper storage conditions [14-17].

Nonetheless, integrating SCGs into food production aligns with sustainable waste
management practices by promoting the reuse of by-products, reducing landfill waste,
and potentially lowering the demand for virgin agricultural inputs. This is particularly
significant as it offers a more environmentally friendly alternative to conventional waste
disposal methods, such as incineration or landfilling, which contribute to greenhouse gas
emissions. While it may not drastically lower overall pollution, this approach supports
broader sustainability goals by contributing to resource efficiency and waste minimiza-
tion [6,7,11,18,19].

Bakery products are widely consumed and accepted [20,21], appealing to a broad
range of age groups due to their widespread availability, convenience, and universal
enjoyment [20]. Also, they are an essential source of nutrients (carbohydrates, proteins,
vitamins, and minerals) [22-24]. However, these products have come into several issues
in today’s world. Firstly, bakery products contain excessive levels of sugar and fat, which
can lead to weight gain as well as the development of non-communicable diseases like
diabetes, cardiovascular disease, and obesity [25]. The second issue is product deterioration,
encompassing chemical, physical, and microbiological changes in baked goods [25,26].

Since SCGs contain bioactive compounds, including antioxidant dietary fibers and
phenolic compounds, it can be expected that using this material in the formulation of
bakery and pasta products assists in overcoming these issues [7,27]. On the other hand,
using SCGs in baking products has been shown to improve the sensory, physical, and
chemical properties of these products [18,28-32].

The innovation of this review lies in the comprehensive evaluation of SCGs as a
sustainable food ingredient. While previous studies have explored various aspects of SCG
utilization, this review focuses on their specific impact on bakery products and pasta,
addressing gaps in the existing literature by integrating findings from different fields. This
review is new in compiling and presenting past research data regarding the effects of
incorporating SCGs into the chemical, physical, microbiological, and sensory properties of
bakery products. Moreover, it promotes the environmental benefits of incorporating SCGs
into food products, such as reducing food waste and promoting circular economy practices.
By exploring these dual benefits, we aim to contribute to the growing body of research that
seeks sustainable solutions within the food industry.

2. Methods of Review

A comprehensive search was conducted using the following reputable databases:
Google Scholar, ScienceDirect, PubMed, Springer, and Wiley, to find related peer-reviewed
published research. Studies were selected using the keywords “spent coffee grounds”

(SCGs), “grain-based products”, “bakery products”, “bread”, “cakes”, “biscuits”, “cookies”,
4 i“" s

“wafers”, “muffins”, “crackers”, and “pasta”. They were thoroughly read to ensure that the
chosen papers addressed the research topic. The authors, the year of publication, the goals,
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the methodology, and the findings were among the data assessed. Compatibility with
the primary topic and readability were the two requirements for inclusion. The exclusion
criteria included animal studies, literature reviews without full text, and incompatibility
with the core theme.

After searching the databases for the literature, classifying and analyzing the out-
comes, and investigating the studies, 21 studies were found to integrate this review. Then,
the papers’ full texts were examined to ensure they addressed the topic of the current
investigation. The chosen literature was published from 2012 onward.

3. Results and Discussion

Out of the 21 works of literature that were assessed, 47.61% of the studies produced
cookies (n = 10), 14.28% made bread (n = 3), 14.28% made biscuits (n = 3), 9.52% (n = 2)
made cakes, 9.52% (n = 2) made mulffins, and 4.76% (n = 1) made pasta that contained
SCGs. Among these studies (n = 21), 95.23% conducted chemical analyses (n = 20), 80.95%
conducted physical analyses (n = 17), 19.04% conducted microbial analyses (n = 4), and
76.19% conducted sensory analyses (n = 16).

The research that examined bakery products and pasta prepared with SCGs is dis-
played in Table 1. A massive variation was seen in the amount of SCGs incorporated into
baked products. Studies involving cookies found a minimum of 0.05% and a maximum
of 30.0% SCGs incorporation. The amounts for breads and biscuits ranged from 2.0% to
11.0%, while the contents for pasta and cakes varied from 1.0% to 10.0%. Muffins showed
the greatest variation in SCGs incorporation, with the minimum amount being 1.0% and
the maximum being 61.0%. Of the studies, 66.66% (n = 14) also mentioned the variety of
coffee they had used: “‘Arabica’ and/or ‘Robusta’.

Table 1 is instructed to precisely present the impact of the inclusion of SCGs or SCG
derivatives on the chemical, physical, and sensory properties of baked products.

3.1. Bakery Products’ Chemical Properties
3.1.1. Cookies

In terms of moisture content, Aguilar-Raymundo et al. [27] noted that cookies contain-
ing 10.0%, 17.5%, and 25.0% SCGs demonstrated a reduced moisture content compared
to the control cookies that did not include SCGs. The decrease in moisture levels may be
attributed to the elevated fiber content present in SCGs, which can absorb water. This
phenomenon could contribute to an enhanced shelf life of cookies by lowering their water
activity. Similarly, Oliviera Batista et al. [32] reported a decrease in moisture in gluten-free
cookies due to the inclusion of SCGs. Azuan et al. [29] presented divergent results, indi-
cating that cookies supplemented with SCG extract from Arabica coffee beans exhibited a
higher moisture content. This suggests that the impact of SCGs on moisture may depend
on the type of coffee bean and processing method. Desai et al. [33] also observed that
adding roasted green spent coffee grounds flour (RGCSF) and unroasted green spent coffee
grounds flour (UGCSF) to cookies increases the moisture content of this product. Tra
et al. [18] conducted a study on cookies incorporating SCGs derived from Robusta coffee
beans, revealing a marginal rise in moisture content. However, the variations noted were
minimal compared to the findings reported by Azuan et al. [29].

Regarding lipid stability, Koay et al. [7] found that adding SCG powder to shortbread
improved lipid stability due to its high dietary fiber and antioxidant properties. The
findings indicate that incorporating SCGs resulted in an enhancement of both, which has
the potential to enhance the nutritional value of baked goods, in addition to prolonging
their shelf life through lipid stabilization. Meerasri et al. [34] similarly illustrated that
substituting butter with oil derived from SCGs in cookie formulations enhanced the total
phenolic content (TPC) and antioxidant activity while preserving moisture levels. This
suggests that SCG oil is a viable alternative to butter, offering enhanced lipid stability. Also,
Sérioa et al. [35] investigated the antioxidant activity of cookies containing SCG extracts
with 1.0%, 2.0%, and 3.0% concentrations. They demonstrated that the increase in the
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amount of SCG extract enhanced the antioxidant activities of cookies. SCGs contain a
variety of bioactive compounds, including phenolics, chlorogenic acid, and caffeine, which
play a significant role in their antioxidant capabilities. Sharma et al. [36] investigated the
impact of roasted spent coffee grounds (RSCGs) and spent coffee ground residue (SCGR) on
the composition of cookies, revealing that RSCGs provided notably greater concentrations
of bioactive compounds in comparison to SCGR. Roasting SCGs appears to increase the
accessibility of phenolic compounds and various antioxidants, thereby enhancing lipid
stability and prolonging the shelf life of the goods.

In terms of nutritional quality, Aguilar-Raymundo et al. [27] observed that cookies
fortified with SCGs demonstrated elevated concentrations of fat, crude fiber, and ash in
comparison to the control cookies, whereas the protein content was diminished. The
enhancement of fiber content, especially in the form of crude fiber, represents a significant
nutritional advantage of cookies enriched with spent coffee grounds (SCGs). Fiber is crucial
for supporting gastrointestinal health and may decrease the risk of chronic conditions,
including cardiovascular disease and obesity [37,38]. Azuan et al. [29] also observed
improvements in ash, fat, and protein content when extracts from SCGs were incorporated
into cookies. Desai et al. [33] conducted a comparative analysis of the nutritional effects
of roasted and unroasted spent coffee grounds incorporated into cookies. Their findings
indicated that RGCSF significantly increased the protein, ash, and soluble dietary fiber
levels, whereas UGCSF was more effective in enhancing the insoluble dietary fiber content.
This suggests that roasting may alter the fiber profile and nutrient retention in SCGs,
making roasted SCGs a more suitable choice for increasing protein and soluble fiber in
cookies. Oliveira Batista et al. [32] conducted a study on the incorporation of SCGs into
gluten-free cookies, revealing that elevated levels of SCGs corresponded with enhanced
concentrations of protein, lipids, ash, and fiber. The findings align with Aguilar-Raymundo
et al. [27] and Azuan et al. [29], who documented an increase in fiber and ash content in
cookies supplemented with SCGs. Koay et al. [7] further illustrated that the incorporation
of SCG powder into shortbread resulted in a decrease in the caloric value of the cookies
while simultaneously enhancing their nutritional characteristics. The elevated dietary fiber
content of SCGs contributed to a reduction in the glycemic index of the baked products. In
addition, Castaldo et al. [39] reported higher antioxidant activity in cookies enriched with
5.0% SCGs, confirming the antioxidant benefits of SCGs.

The studies consistently show that SCGs, whether in extract, flour, or powder form, sig-
nificantly improve cookies” antioxidant activity, TPC, and fiber levels [33-35,39]. There is a
general trend of increased ash, fat, and protein content with SCGs inclusion, with variations
in moisture content depending on the SCGs processing method and bean type [27,29,32].
The roasting of SCGs enhances bioactive compounds and antioxidants, while SCG oil can
effectively replace butter in cookie formulations [33,34,36]. Overall, SCGs” high fiber con-
tent and antioxidant properties make them a valuable functional ingredient for improving
the nutritional profile of cookies, potentially extending shelf life by reducing moisture and
enhancing health benefits, such as improved gastrointestinal health, reduced risk of cardio-
vascular diseases, and weight management [37,38,40]. The findings indicate that SCGs offer
versatile benefits, particularly in gluten-free and low-calorie cookie formulations [7,32,41].

3.1.2. Breads

Daniel et al. [42] assessed the effect of adding SCGs at concentrations of 2.0%, 4.0%,
6.0%, 8.0%, and 10.0% on the chemical features of bread. They observed that bread with
10.0% SCGs had the highest protein level. Fat content varied among samples containing
coffee grounds, possibly influenced by the amount of oil used. Also, the coffee brewing
process affects the fat content because a considerable portion of the unsaponifiable fat com-
pounds is eliminated during this process [43]. Bread with 10.0% SCGs had the highest ash
content, which indicates a higher amount of inorganic elements in SCGs than regular white
wheat flour. The fiber level of all breads containing SCGs was also noticeably enhanced
compared to white bread, with the highest level found for the sample containing 10.0%
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SCGs. Total carbohydrates were higher in samples with 2.0% and 4.0% SCGs, suggesting
that SCGs-enriched bread could be a beneficial energy source. SCG-supplemented breads
also showed higher levels of total phenolics and flavonoids, likely due to the high content
of these compounds in SCGs [42].

Chau [44] examined the chemical properties of white bread formulated with 2.0%
and 4.0% SCG varieties of Robusta and Arabica (data are not published). The study
found that adding both varieties of SCGs into bread enhanced the level of resistant starch
and reduced digestible starch content. Both types of SCGs enhanced the total phenolic
value and antioxidant capacity in breads. Bread with 2.0% Robusta SCGs had a slightly
higher phenolic content and antioxidant capacity than bread with 2.0% Arabica SCGs,
while 4.0% Robusta SCGs bread showed significantly higher values than 4.0% Arabica
SCGs bread. Differences in phenolic content may be attributed to SCGs source and coffee
extraction parameter variations [45]. The study suggests that SCGs could serve as a
potential antioxidant source in bread, potentially protecting against oxidative damage and
inhibiting starch-digesting enzymes [42].

Both studies provide valuable insights into the chemical properties of SCG-enriched
bread, demonstrating improvements in protein, fiber, mineral content, phenolic compounds,
and antioxidant capacity [42,44]. SCGs show promise as a functional ingredient, offering
potential health benefits such as improved gut health, better glycemic control, and enhanced
antioxidant activity [37,38,42]. However, further studies are needed to explore the sensory
and consumer acceptability aspects, as well as the long-term health impacts of incorporating
SCGs into bakery products. The variations in the chemical composition of bread due to
differences in SCGs concentration and source emphasize the need for careful optimization
when formulating SCG-enriched bread for commercial purposes [42,44].

3.1.3. Biscuits

Martinez Saez et al. [30] compared the level of amino acids in biscuits formulated with
3.50%, 3.64%, 3.77%, 3.94%, 4.24%, and 4.40% of SCGs from Robusta coffee beans with
commercial biscuits. They reported a significant difference between biscuits containing
4.24% and 4.40% SCGs and commercial biscuits. The level of amino acids in commercial
biscuits was significantly lower than in biscuits containing 4.24% and 4.40% coffee grounds.
This finding suggests that the inclusion of SCGs at these concentrations enhances the
nutritional profile of biscuits by increasing their amino acid content, which is essential for
improving the nutritional value, particularly for protein quality. This could be linked to the
bioactive compounds and residual proteins in SCGs, which enhance the overall protein
quality in biscuits and could be valuable for creating more nutrient-dense bakery products.

Ali et al. [46] investigated the effect of SCGs with levels of 2.0%, 4.0%, and 6.0%
inclusion on the chemical composition of biscuits. Their results indicated that although
the inclusion of SCGs reduced protein content, other beneficial changes were observed.
Specifically, the fiber, ash, and moisture content increased with higher concentrations
of SCGs, enhancing the biscuits” overall nutritional value, particularly the dietary fiber,
which plays a critical role in digestive health. The absence of significant differences in fat
content suggests that SCGs do not substantially alter the lipid profile of biscuits, which
could be an advantage for maintaining a consistent texture and mouthfeel. This study
highlights that while there is a trade-off with reduced protein content, the increased fiber
and mineral content from SCGs may offer functional and health benefits that make these
biscuits appealing from a nutritional standpoint.

Campos-Vega. [47] evaluated the chemical composition of biscuits containing 7.77%
SCGs (added with fructooligosaccharides; SCG-FOS) and 11.11% SCGs antioxidant dietary
fiber (SCF). Their findings revealed that the SCF biscuits exhibited the highest protein levels,
while the SCG-FOS biscuits had the highest lipid content. Notably, the SCF biscuits also
had the most total dietary fiber, suggesting that SCGs, especially in combination with other
dietary fiber sources, significantly improve the fiber content of biscuits. However, while
the total phenolic content remained similar across all biscuits, the extractable antioxidant
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capacity varied, with traditional biscuits (TBs) exhibiting the highest antioxidant capacity.
This discrepancy could be attributed to differences in the bioavailability of phenolic com-
pounds in SCGs and their interactions with other biscuit ingredients. Interestingly, despite
the enhanced nutritional properties, no significant differences in the carbohydrate content
were noted, indicating that incorporating SCGs and other functional ingredients does not
drastically alter the energy content of the biscuits. This study highlights the potential for
SCGs to enhance specific nutritional attributes, such as protein and fiber content. However,
further optimization is required to retain or boost the antioxidant capacity.

In summary, the inclusion of SCGs in biscuits presents both nutritional benefits and
certain limitations [30,46,47]. Studies have shown that while SCGs can enhance dietary
fiber and mineral content, they may reduce protein content, depending on the formula-
tion [46,47]. Furthermore, the antioxidant capacity of SCG-enriched biscuits may vary,
possibly due to the interactions between SCGs and other ingredients [47]. Overall, SCGs
offer potential as a functional ingredient in biscuits, contributing to enhanced fiber and
nutrient density [46,47]. However, further research is necessary to optimize formulations
for improved antioxidant properties and protein retention.

3.1.4. Cakes

The protein, fat, dietary fiber, and ash levels of sponge cakes containing SCGs (2.0%,
4.0%, and 6.0%) were studied by Hussein et al. [31]. Their results revealed that adding
SCGs did not significantly change the protein and fat content compared to the control
sample, suggesting that SCGs do not interfere with the stability of protein or fat in baked
products. However, a notable rise in the dietary fiber and ash content was observed as the
SCG concentration increased. This suggests that SCGs can enhance the fiber content of
cakes, improving their nutritional profile for consumers looking for fiber-enriched products.
The increase in ash indicates a higher mineral content in the cakes, which could provide
additional health benefits.

Similarly, Ahmad et al. [28] investigated the impact of incorporating SCGs (1.0%, 2.0%,
and 3.0%) into sponge cakes. Their study emphasized the potential functional and nutri-
tional improvements that SCGs offer. While the control sponge cake had the highest dry
matter value, cakes enriched with SCGs showed increased ash, crude fiber, and minerals
levels, especially at the 3.0% concentration. These results indicate that SCGs can enhance
the mineral and fiber content in cakes, offering a more nutrient-dense product. Moreover,
SCG-enriched cakes also demonstrated elevated levels of total phenolics, tannins, and
antioxidant activity, highlighting SCGs’ ability to impart bioactive compounds into the
product. The higher antioxidant activity could be particularly appealing from a health per-
spective, as antioxidants play a crucial role in neutralizing free radicals and may contribute
to reducing the risk of chronic diseases.

These studies collectively suggest that SCGs can be a valuable ingredient in cakes,
maintaining their elemental macronutrient composition (e.g., protein and fat) and enhanc-
ing their functional and nutritional properties, especially regarding fiber, minerals, and
antioxidants. The use of SCGs could cater to health-conscious consumers seeking cakes
with added health benefits, particularly in terms of dietary fiber intake and antioxidant
capacity [28,31].

3.1.5. Muffins

Severini et al. [48] evaluated the chemical properties of muffins supplemented with
15.0% and 30.0% SCGs from Arabica coffee beans. They observed that adding SCGs
to muffins increased the antioxidant capacity, phenolic compounds, and dietary fiber.
The authors suggest that SCGs supplementation could serve as a functional ingredient,
providing added health benefits.

Beninca et al. [49] examined the antioxidant properties of muffins supplemented with
1.0%, 16.0%, 31.0%, 46.0%, and 61.0% of SCGs from Arabica coffee. They reported that
adding SCGs increased antioxidant activity, total phenolics, caffeine, chlorogenic acid
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(5-CGA), and trigonelline contents. These bioactive compounds are well known for their
potential health benefits, such as reducing oxidative stress and improving cardiovascular
health. The dose-dependent relationship observed in this study emphasizes the potential
of SCGs as a valuable addition to muffins.

These studies highlighted that incorporating SCGs into mulffins is a promising strategy
for enhancing the nutritional profile of bakery products. The increase in antioxidant
capacity, phenolic compounds, and dietary fiber suggests that SCGs could be used to
develop functional foods with added health benefits [48,49].

3.1.6. Pasta

Sugianto [19] studied the moisture value of pasta containing 0.0%, 4.0%, 8.0%, and
10.0% SCGs from Arabica coffee beans. They did not observe any noticeable differences
in the moisture value between the samples enriched with 4.0%, 8.0%, and 10.0% SCGs
compared to the 0.0% SCGs pasta. One possible explanation for the lack of differences
in moisture content could be the relatively small quantity of added SCGs. The fibrous
nature of SCGs may also limit their interaction with water molecules compared to other
ingredients. Furthermore, the drying temperature is crucial in regulating moisture loss,
and it is possible that the SCG-enriched pasta behaved similarly to the control sample
under the same drying conditions. This suggests that the drying process may have a more
dominant effect on moisture content than the addition of SCGs. In addition to moisture
content, Sugianto noted the potential impact of SCGs on non-enzymatic browning reactions.
Moisture levels play a crucial role in browning processes, where a higher moisture content

generally limits the extent of Maillard reactions and caramelization during drying.

This study provides valuable insight into the moisture behavior of SCG-enriched pasta.

The results indicate that the inclusion of up to 10.0% SCGs does not significantly affect
moisture retention during drying [19].

Table 1. The impact of SCGs or SCG’s derivative inclusion on chemical, physical, and sensory

properties of baked products.

SCGs or SCGs Derivatives

Product Concentrations (%) Chemical Physical Sensory References
Increased fa’t,a CS?de fiber, and Al the treatments were soft, o "I;T:ﬁlgfiﬁ SrCes;red o
10.0, 17.5, and 25.0 g crumbly, and lacked pore p [27]
Decreased moisture and L terms of impact on hardness,
. elasticity. .
protein. granularity, flavor, and taste.
Improved spread ratio and
specific volume. o o - .
Increased protein, ash, lipid, Led to higher mass loss at q Ther10 o an? 12)(1) /zrllrlciﬁlonfs
10.0, 20.0, and 30.0 and fiber contents. 10% inclusion rate. we eﬂaccep a de © 1 so [32]
Decreased moisture content. Decreased hardness at a 20% avorand genera
o/ . acceptance.
and 30% inclusion rate.
Color shifted to dark brown.
Enhanced a* and decreased The highest appearance
Increased moisture, ash, fat, L* and b*. scores were related to the 0%
0.27,0.53, 0.80, 1.07, and 1.33 protein, crude fiber, calories, Significant impact with the extract. [29]
antioxidant activity, and TPC. inclusion of 0.80%. The brightest score was
Enhanced fracturability. related to the 0.53% extract.
. The 10% and 12% were
.. Increased diameter and -
Increased water activity and P preferred in color,
X : spread ratio with RGCSE.
3.0, 6.0,10.0, and 12.0 moisture content with . . appearance, aroma, taste, [33]
UGCSF and RGCSE Reduced L¥, %, and b* with crispiness, and general
' UGCSF and RGCSE. piness, anc g
acceptability.
Increased moisture, fat, ash, Iner dd h hardn
total phenolic contents, and 1; e;se d Oél}% [ardness. Steady general consumer
0.05, 0.10, 0.15, 0.20, and 0.25 antioxidant activity. educed adnesveness, acceptance for concentration [18]

Decreased total carbohydrate
and starch content.

cohesion, and springiness.
Caused darker color.

ranged from 0.05% to 0.20%.
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Table 1. Cont.

SCGs or SCGs Derivatives

Product Concentrations (%) Chemical Physical Sensory References
Increased calorle,‘ moisture, Reduced water loss.
ash, crude protein, crude Reduced L* and b* values but
Cookies/ fiber, total phenolic contents, . Preferred 10% inclusion in
2.0,4.0,6.0,8.0, and 10.0 L .. enhanced the a* value. [7]
shortbread and antioxidant activity. terms of aroma and hardness.
Increased hardness at lower
Decreased carbohydrate and .
. concentrations.
peroxide values.
Lower flavor rating scores for
. 20% and 30% inclusion.
Increased phenolic content Increased the diameter. No significant differences in
10.0, 20.0, and 30.0 L - Remained unchanged in the g [34]
and antioxidant activity. thickness the attributes of color,
. hardness, crumbness, and
odor scores.
Enhanced antioxidant Impact on color: preferred at
1.0,2.0,and 3.0 activity. - lower levels. (351
The treatment with 7%
RSCGs had a higher
. hardness, whereas the
Inclusion of RSC.GS and treatment with 10% SCGR The 7.0% SCGR treatment
SCGR, enhanced fiber level, A X
5.0,7.0, and 10.0 total phenolics, and had a higher hardness was preferred in terms of [36]
1P v Both treatments had similar texture and taste.
antioxidant activity. a1s
fracturability values.
Enhanced a* and decreased
b* color values.
50 Enhanced ‘ar.1t10x1dant } : 139]
activity.
Increased protein, total
phenolics, antioxidant
activity, and total flavonoid
Preferred color, aroma,
levels. Reduced water loss. texture. and seneral
2.0,4.0,6.0,8.0,and 10.0 Highest ash, mineral, and Higher loaf volume at a 2.0% acce tabilit’ werge for a 2.0% [42]
fiber content for a 10% inclusion rate. pta 1 A e
inclusion rate. inclusion rate.
Higher carbohydrate for 2.0
and 4.0% inclusion rates.
Enhanced resistant starch, Darker and redder crumb
Bread 2.0 and 4.0 total phenolics, and and crust color. - [44]
antioxidant activity
Decreased hardness,
springiness, elasticity, and
cohesiveness.
40 } Reduced resilience, Preferred in terms of aroma 150]
. brightness, redness, and and taste.
yellowness.
Heavier loaf and a lower
specific volume.
Increased the color scores at
3.50%, 3.64%, and 4.24%
3.50, 3.64,3.77,3.94, 4.24, and Increased amino acid No significant differences in inclusion. 30]
4.40 contents. texture. Similar overall acceptance for
3.50%, 3.64%, and 4.24%
inclusion rates and control.
No significant difference in
Enhanced fiber, ash, and Reduced the L* and b* values, 2102 f,m.d taste at 2.0% and
L R 4.0% inclusion rates.
Biscuit 2.0,4.0, and 6.0 moisture content. and L . . [46]
. " No significant difference in
Reduced protein content. Enhanced the a* value.
texture and overall
acceptance.
The highest protein and fiber
were related to the SCF, while
7.77 and 11.11 the highest lipid was related : . [47]

to the SC-FOS.
Total phenolic content was
higher in SCF.
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Table 1. Cont.

SCGs or SCGs Derivatives

Product Concentrations (%) Chemical Physical Sensory References
Intensified browning in both
the crust and crumb.
Increased a* and b* values.
Increased dough water
absorption and development
time. Color, taste, smell, texture,
. . Decreased dough stability. appearance, and general
Sponge Cake 2.0,4.0,and 6.0 Increased dietary fiber and Improved mixing tolerance acceptability were preferred [31]
ash contents. . i .
index. for 2.0% and 4.0% inclusion
Increased weight and specific rates.
volume.
Improved baking quality.
Increased adhesiveness.
Decreased hardness,
gumminess, and chewiness.
Reduced the dry matter. Decreased L* value of the
Enhanced crude fiber, all crust and crumb. Negatively impacted the
1.0,2.0, and 3.0 minerals (e>_<cept Na), as}_l, No notable change in a appearance, shell color, 28]
total phenolics, total tannin value. crumb color, texture, taste,
contents, and antioxidant Decreased b* value for both and smell.
activity. crust and crumb.
s o . Received high sensory scores
Enhanced antioxidant Reduced the specific gravity. in terms of appearance, color
5.25,and 10.5 activity, total phenolics, and Reduced the L*, a* and b* pp 4 4 [48]
. N odor, taste, softness, and
total dietary fiber. color values.
overall acceptance.
Muffins Increased the L* value and
hardness.
Increased the total phenolic Reduced the a* and b* color
1.0,16.0,31.0, 46.0, and 61.0 content, antioxidant activity, values. : [49]

caffeine, chloro-genic acid
(5-CGA), and trigonelline.

No significant difference in
elasticity, chewiness, and

cohesiveness across various
concentrations.

3.2. Bakery Products” Physical Properties
3.2.1. Cookies

Aguilar-Raymundo et al. [27] studied the effect of adding SCGs at 10.0%, 17.5%, and
25.0% on the textural properties of cookies using a texture analyzer. Despite varying
SCGs percentages, no significant differences were observed in the samples’ cohesiveness,
hardness, and springiness. Hardness values ranged from 33 to 51 N, while cohesiveness
and springiness remained relatively low, ranging from 0.08 to 0.11 and 11.9% to 19.4%,
respectively. Overall, the cookies were characterized as soft, crumbly, and lacking elasticity.

Azuan et al. [29] evaluated cookies’ color and textural properties supplemented with
0.25%, 0.53%, 0.80%, 1.07%, and 1.33% SCG extracts. These researchers used the Konica
Minolta color measuring system and the texture analyzer to check the color and texture
properties of the cookies. The researchers observed changes in cookies’ color and textu-
ral properties when incorporating SCGs extracts. The increase in the amount of added
SCG extract in cookies resulted in decreasing lightness (L*) and yellowness (b*) while
redness (a*) increased. These color changes are attributed to the Maillard reaction during
baking and the SCG extract’s original dark color [31,37]. Regarding hardness, there was
no notable variation between the samples enriched with the SCG extract and the control
sample. However, in terms of fracturability, there was a notable variation between the
samples enriched with the SCG extract and the control sample. The samples’ fracturability
rose when the SCG extract was incorporated; adding a 1.33% SCG extract gave the maxi-
mum fracturability value of 40.03 mm, while the control sample’s fracturability value was
38.43 mm [29].

Desai et al. [33] investigated the effect of adding RGCSF and UGCSEF (3.0%, 6.0%, 10.0%,
and 12.0%) on the physical features of cookies. These researchers used the colorimeter and
the texture analyzer to check the color and texture attributes of the cookies. They indicated
that cookies with 10.0% UGCSF were heavier than control cookies, likely due to the higher
dietary fibers in UGCSF that retain moisture during baking. Conversely, cookies with 12.0%
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RGCSF were lighter than controls. RGCSF increased the cookie diameter and spread ratio,
indicating desirable quality traits that consumers prefer. Cookies with 10.0% UGCs had the
lowest weight and maximum spread ratio. Thickness varied, with cookies containing 10.0%
and 12.0% UGCSF being the thickest, while those with 10.0% RGCSF were the thinnest.
Increasing UGCSF and RGCSF concentrations led to reduced lightness (L*), redness (a*),
and yellowness (b*) parameters, attributed to the darker RGCSF and caramelization of
sugars in UGCSF during baking.

Meerasri and Sothornvit [34] studied the physical characteristics of cookies made
with 10.0%, 20.0%, or 30.0% SCG oil. These researchers used dynamic oscillatory tests to
determine the rheological features of dough. The diameter was measured as an average
value when placing four cookies edge to edge. Thickness was measured using a vernier
caliper by taking the average of stacking four cookies on top of each other. The spread
ratio was calculated by dividing the average value of the diameter by the average value
of the thickness of the cookies [51]. They also used a texture analyzer and a spectro-guide
spectrophotometer to measure the texture and color characteristics. They exhibited that
cookies made with 10.0%, 20.0%, and 30.0% SCG oil exhibited reduced storage modulus (G’)
and loss modulus (G”) values as opposed to cookies made with butter. The addition of SCG
oil weakened the dough microstructure and reduced the viscosity. The cookies” diameters
increased when using SCG oil, likely due to the weaker microstructure, allowing easier
spreading during baking. However, the thickness and spread ratio remained unaffected by
the SCG oil substitution. A substantial reduction in hardness was observed in cookies with
higher SCG oil content, suggesting altered texture due to increased softening of the dough
microstructure. In addition, the color parameters showed minimal differences, but when
30.0% SCG oil was used, the lightness (L*) and yellowness (b*) notably decreased [39].

In another study, Sharma et al. [36] examined the effect of 5.0%, 7.0%, and 10.0% RSCGs
and SCGR on the texture and color of cookies using a texture analyzer and a LabScan XE
spectrophotometer, respectively. The control treatment had a fracturability of 14.99 mm and
a hardness of 4.74 N. Cookies with 7.0% RSCGs and 10.0% SCGR showed texture profiles
similar to the control regarding hardness and fracturability. Cookies with 7.0% RSCGs had
a hardness of 3.15 N and a fracturability of 13.23 mm, while those with 10.0% SCGR had a
hardness of 4.80 N and a fracturability of 13.2 mm. SCG-enriched cookies appeared darker
due to the presence of melanoidins, unlike SCGR cookies. RSCGs and SCGR-added cookies
exhibited increased redness but decreased yellowness compared to the control.

Tra et al. [18] studied cookies containing SCGs (0.0%, 0.10%, 0.15%, 0.20%, and 0.25%).
They used a texture analyzer and Konica Minolta color system to evaluate texture and
color features. These researchers observed that the hardness of cookie dough increased
with higher concentrations of SCGs in the formulation. At the same time, adhesiveness,
cohesion, and springiness decreased marginally. Higher SCGs concentrations reduced
cookie brightness and increased AE values, indicating a darker color and reduced red and
yellow tints.

Oliviera Batista et al. [32] assessed the physical characteristics of gluten-free cookies
enriched with SCG concentrations of 10.0%, 20.0%, and 30.0%. The spreadability was
determined using the ratio between the diameter and thickness values of the cookies
after baking. The specific volume was expressed using the apparent volume (millet seed
displacement method) and cookie mass after baking. The hardness of the gluten-free
cookies was obtained using a TA.XT2 texture analyzer. Findings showed that incorporating
10.0% or 20.0% SCGs into gluten-free cookies improved their physical characteristics,
including a better spread ratio and specific volume, compared to the control. However,
the cookies with 10.0% SCGs exhibited a higher mass loss, while 30.0% SCGs did not
affect these metrics. The higher fiber content in 20.0% and 30.0% SCGs cookies may have
competed for water during baking, reducing the water availability for sugar dissolution and
increasing viscosity, thereby decreasing the spread ratio [33,52]. SCGs” higher lipid level and
larger particle size may have also contributed to the increased spread ratio [52]. Hardness
remained unchanged at 10.0% SCGs but decreased at 20.0% and 30.0% SCGs [30], likely
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due to the enhanced water retention and softer texture from high fiber and lipid levels [27].
Moreover, items with higher lipid levels might have resulted in a softer texture [51]. SCGs
improved textural characteristics, potentially making gluten-free cookies more robust than
regular cookies [53]. In terms of color, the gluten-free cookies without SCGs were lighter
in color, whereas the gluten-free cookies incorporated with SCGs presented a dark brown
color [32]. These color shifts could be related to the dark hue of SCGs and the sugars’
caramelization during baking [37].

Koay et al. [7] investigated the effect of 2.0%, 4.0%, 6.0%, 8.0%, and 10.0% SCGs on
shortbread dimensions, color, and texture. Diameter and thickness were measured with
a digital vernier caliper, and the spread ratio was calculated by dividing the diameter by
the thickness. Additionally, the Konica Minolta color measuring system and the texture
analyzer were applied to investigate the color and texture attributes of the cookies. They
found noticeable changes in diameter and thickness before and after baking. These changes
were consistent across samples with different SCGs incorporation levels. However, there
was a significant reduction in water loss in SCG-containing samples, likely due to the water-
retaining properties of SCGs fibers. Despite minimal differences in weight and spread,
baking caused a slight decrease in both parameters for all samples due to moisture loss [37].
Regarding color, SCGs incorporation resulted in darker shortbread with lower brightness
(L*) and yellowness (b*) values, attributed to SCG’s dark color and enzymatic browning
during baking. However, the redness (a*) value increased with higher SCGs levels, likely
due to non-enzymatic browning reactions during baking. Texturally, the hardness of
shortbread varied with the SCGs content. While the hardness initially increased with low
SCGs levels, it gradually decreased with higher SCGs contents. This was attributed to the
substitution of flour with SCGs. Higher SCG contents increased moisture in the shortbread,
leading to a softer texture over time [7].

3.2.2. Breads

Daniel et al. [42] evaluated the impact of adding SCGs in concentrations of 2.0%, 4.0%,
6.0%, 8.0%, and 10.0% on the physical features of bread. The highest loaf volume was
associated with the sample containing 2.0% SCGs. Loaf volume was measured 50 min.
after the loaves were removed from the oven using the rapeseed displacement method. The
baking loss is obtained by subtracting the loaf weight (g) from the initial dough weight. In
terms of baking loss, bread baked with a 10.0% SCGs concentration lost less water (9.29%),
resulting in a higher weight for the bread. This could be due to fiber, a component of SCGs,
having a high water retention capacity.

Rwubatse et al. [50] studied the physical attributes of whole wheat bread formulated
with 4.0% SCGs. These researchers used a texture analyzer and a color reader to evaluate
texture and color properties. Additionally, the specific volume and density were determined
by an AACCl-approved technique 10-05-01 [54]. They stated that bread enriched with
SCGs exhibited lower hardness compared to the control bread, indicating a softer texture.
Prolonged dough fermentation combined with SCGs led to decreased springiness, or the
bread’s ability to rebound after compression, suggesting reduced elasticity [55]. Moreover,
the addition of SCGs decreased cohesiveness, making the bread more prone to breaking
or crumbling. Combining SCGs with whole wheat flour further reduced the resilience
associated with bread staleness [50]. SCG-enriched bread also displayed lower values
of lightness (L*), redness (a*), and yellowness (b*) compared to the control, attributed to
SCG’s antioxidant properties mitigating non-enzymatic browning reactions [30]. SCG-
enriched bread was heavier than the control, especially when fermented for extended
periods, and had a lower specific volume due to SCGs fiber decreasing the gluten network
essential for gas retention [50,56]. Furthermore, SCGs incorporation decreased bread
density by enhancing dietary fiber content. Breads fermented for different durations
exhibited variations in density, with SCG-enriched bread from shorter fermentation periods
being denser compared to those from longer fermentation times [50].
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Chau [44] evaluated the effect of incorporating SCGs from Arabica and Robusta vari-
eties at 2.0% and 4.0% levels on the physical properties of bread (crust, crumb color, specific
volume, density, and texture). A chromameter was used to assess the crust and crumb
color. Specific volume and density were measured using the AACC 10-05.01 rapeseed
displacement technique [54]. Furthermore, texture parameters were determined using
a texture analyzer [44]. The crumb of SCG-enriched bread showed a darker and redder
color due to the high polyphenol and melanoidin content resulting from the Maillard
reaction during coffee roasting [7,32]. Higher SCGs concentrations led to darker crusts
and crumbs [44]. Arabica SCGs had no significant effect on specific volume or density,
whereas Robusta SCGs reduced specific volume and increased density. This was attributed
to the phenolics and dietary fiber in the SCGs competing with wheat flour proteins for
water, which hindered gluten network formation and reduced gas retention during fer-
mentation [57,58]. Bread hardness increased with SCGs incorporation, alongside a trend
toward increased gumminess, attributed to the reduced yeast and dough enzymatic ac-
tivity [59,60]. Cohesiveness and resilience decreased with SCGs addition, resulting in a
crumbly texture. However, the differences between the SCG-enriched and control bread
diminished over storage time [44], suggesting potential benefits in extending shelf life by
delaying staling [61,62].

3.2.3. Biscuits

Ali et al. [46] examined the impact of incorporating SCGs into the color characteristics
of biscuits at concentrations of 2.0%, 4.0%, and 6.0%. A spectro-colorimeter was used
to measure the biscuits” color. They observed that with the increase in the amount of
dark SCGs, the L* value indicated that the biscuits” lightness decreased. The a* value,
representing redness, increased with higher SCGs levels, while the b* value, indicating
yellowness, decreased compared to the control. This contradicted expectations based on
the Maillard reaction, where increased a* and b* values typically correlate with heightened
redness and yellowness [63]. The discrepancy suggests that the brown hue from SCGs might
be too dark to be visually perceived, complicating interpretation [64]. Therefore, these
findings do not indicate the browning reaction’s progression during SCGs incorporation
into biscuits [46].

3.2.4. Cakes

Hussein et al. [31] investigated the physical properties of sponge cakes containing
2.0%, 4.0%, and 6.0% SCGs. A tristimulus colorimeter with the CIELAB color space
was used to measure color factors. The farinogram characteristics of dough blends were
assessed to measure rheological attributes according to AACC guidelines [65]. The volume,
weight, and specific volume of samples were measured using the AACC technique [65]. A
testing system equipped with a cylinder probe was used to evaluate texture parameters.
The findings indicated that adding SCGs intensified browning in both crust and crumb
compared to the control cakes. Initial nonenzymic browning led to increased redness
(a*) and yellowness (b*). Regarding the rheological features of cake dough, adding SCGs
increased water absorption and the dough development time. In addition, dough stability
decreased with SCGs inclusion, indicating a weaker dough. The primary component of
SCGs, fibers, significantly influences the rheological characteristics of the resulting sponge
cake. Regarding baking quality, cakes containing SCGs showed an increase in specific
volume and weight compared to the control. In terms of textural characteristics, cakes with
SCGs had lower hardness but higher adhesiveness and lower gumminess and chewiness
compared to the control [31].

Ahmed et al. [28] studied the impact of supplementing sponge cakes with SCG powder
at 1.0%, 2.0%, and 3.0% levels. Color properties were analyzed using the Minolta calorime-
ter. These researchers reported that these additions did not significantly affect the cakes’
weight, height, and specific volume compared to the control sample. In terms of color
properties, the crust’s brightness (L*) decreased in products with higher SCGs, except for
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sponge cakes with 1.0% SCGs. There was no notable change in redness (a*) across samples.
Yellowness (b*) decreased significantly in all coffee-supplemented cakes. Additionally, the
crumb’s brightness (L*) decreased in all samples, while the cake containing 1.0% SCGs
showed no significant change in redness (a*). The increase in redness (a*) in other samples
suggests the initiation of the Maillard reaction [66]. Yellowness (b*) remained unchanged
across all SCG-supplemented cakes.

3.2.5. Muffins

Severini et al. [48] evaluated the effect of adding SCGs at concentrations of 15.0% and
30.0% on the physical characteristics of muffins. A digit CAL SI caliper, colorimeter, and
texture analyzer were used to assess the muffins” dimensions, color, and texture profile,
respectively. The results indicated no significant difference in the overall dimensions
of muffins containing SCGs and the control treatment. However, there were notable
differences in how the pores were distributed throughout each portion. In terms of color
attributes, the integration of SCGs led to a reduction in color factors (L*, a*, b*). In terms of
texture, adding SCGs to muffins did not cause significant changes in textural parameters
such as hardness, springiness, cohesiveness, chewiness, and gumminess.

Benincad et al. [49] conducted a study investigating the impact of SCGs at various
concentrations (1.0%, 16.0%, 31.0%, 46.0%, and 61.0%) on the color and texture of muffins.
These researchers used a colorimeter and a texture analyzer, respectively, to check the color
and texture attributes of the muffins. The addition of SCGs resulted in significant differences
in color characteristics, with lower L* values found in muffins with higher concentrations of
SCGs, which could be due to the Maillard reaction producing melanoidins. SCG-enriched
mulffins had lower a* and b* values than control muffins. Texture analysis revealed greater
hardness in SCG-enriched muffins. However, parameters like elasticity, chewiness, and
cohesiveness did not significantly differ between control and SCG-enriched muffins up
to 61.0%, indicating that SCGs substitution for wheat flour did not alter the textural
aspects. The study concluded that the addition of SCGs of up to 61.0% maintained the
mulffin structure while enhancing hardness, suggesting potential applications in product
development.

3.2.6. Pasta

Sugianto [19] investigated the cooking quality (optimal cooking time, water uptake,
cooking loss, and swelling index), hardness, and pasta color, containing 4.0%, 8.0%, and
10.0% of SCGs. The optimal cooking time for pasta was measured by boiling 10 g of pasta
in 100 mL of water. Starting at 5 min, a piece was removed every minute and compressed
between glass plates to check for a white core. The time was recorded when no white core
remained. Fifteen grams of pasta were placed in a stainless-steel strainer and submerged in
300 mL of boiling water for 9 min to assess the cooking quality, including water uptake,
cooking loss, swelling index, and hardness. After cooking, the pasta was rinsed under
cold water, shaken to remove excess water, and left to drain for 5 min before weighing. To
measure the swelling index, cooked pasta was dried at 105 °C until a constant weight was
reached [67]. The swelling index was calculated as the ratio of the cooked product weight
to its dried weight. In terms of the optimal cooking time, pasta containing SCGs tended
to break more easily than commercial pasta when cooked, suggesting that the optimal
cooking time for SCG-containing pasta might be lower than what was instructed by the
pasta manufacturer due to the fiber weakening the gluten matrix [68]. Pasta with SCGs
showed a higher water uptake compared to the control, possibly due to the differences
in drying techniques affecting the moisture content and higher fiber content disrupting
the protein—starch matrix. SCG incorporation reduced the pasta swelling index [19], likely
due to the presence of fiber and protein forming cohesive networks that impede water
flow and starch gelatinization [66,69,70]. Uncooked pasta with SCGs, particularly at higher
concentrations, exhibited greater hardness, indicating a potential impact of SCGs on pasta
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texture [19]. Cooked pasta with SCGs retained its shape and exhibited color differences,
with SCGs contributing to darker coloration [19].

The findings indicate that including SCGs in baked goods affects various physical
characteristics, including texture and color [19,28,29,36,44,46,49,50]. SCGs consistently
improve features in cookies, bread, and cakes, primarily through the Maillard reaction,
which darkens the color and alters the textural properties [7,29,31,32,44,50]. A common
trend across products is the reduction in lightness and an increase in hardness, although
specific effects vary by formulation [18,29,44,46,49]. For instance, SCGs increase cookie
fracturability [29] but may decrease bread cohesiveness [50], illustrating product-specific
differences. On the other hand, the impact of SCGs on the texture, color, and cooking quality
of food products—while differing based on the specific product and the concentration of
SCGs—underscores their potential to contribute to the development of healthier and more
innovative food options [44,49].

3.3. Bakery Products” Microbiological Properties

Desai et al. [33] investigated the impact of adding UGCSF and RGCSF flour (3.0%, 6.0%,
10.0%, and 12.0%) on the microbiological characteristics of cookies. The study demonstrated
that the UGCSF had a microbial load of less than 80 CFU/g for endospores, while yeast,
mold, and aerobic bacteria were undetected. The absence of mold in UGCSF undoubtedly
lowers the possibility of ochratoxin exposure. It is evident that the UGCSF has outstanding
microbiological quality and, as a result, has the potential to be a food ingredient that is safe
and rich in nutraceuticals. RGCSF had less than 10 CFU/g. The microbial burden was safe
across all cookies examined for this research.

Sharma et al. [36] evaluated the probiotic features of cookies supplemented with 5.0,
7.0, and 10.0% RSCGs and SCGR. The results showed that both cookie types had a similar
probiotic viable cell count.

Martinez Saez et al. [30] counted aerobic microorganisms, endospores, mold, and yeast
in biscuits enriched with 3.50%, 3.64%, 3.77%, 3.94%, 4.24%, and 4.40% of SCGs. Findings
showed that adding SCGs did not influence the number of microorganisms in the biscuit
formulation and complied with the national microbiological requirements for biscuits (RD
1124/82, 1982). Also, the total aerobic microorganisms were reported to be 104 CFU/g,
while endospores, mold, and yeasts were lower than 102 CFU/g for the biscuit containing
4.24% SCGs.

Ahmed et al. [28] investigated the microbial properties of sponge cakes containing
SCGs at 1.0%, 2.0%, and 3.0% stored for 0, 7, and 14 days. The total bacterial count, mold,
and yeast number elevated significantly in the control cake and in cakes supplemented
with used SCGs at 7 and 14 days of storage compared to cakes stored for 0 days. However,
sponge cakes supplemented with varying levels of SCGs demonstrated a noticeable reduc-
tion in the total bacterial count, total mold, and yeast compared to sponge cake without
SCGs during each storage period, indicating the positive impact of SCGs on the microbial
quality of the cakes.

Incorporating SCGs into baked goods does not compromise microbiological safety [28,33].
The studies indicate that SCGs can be safely utilized as a nutritious ingredient in various
baked goods, ensuring their quality and safety for human consumption [28,30,33,36].

3.4. Bakery Products’ Sensory Properties
3.4.1. Cookies

Aguilar-Raymundo et al. [27] used a nine-point hedonic scale to rate the sensory
characteristics of cookies containing concentrations of 10.0%, 17.5%, and 25.0% SCGs. In
addition, they studied the sensory parameters (hardness, granularity, flavor, and taste) of
cookies using a Just-About-Right scale (JAR) method. The findings indicated that cookies
with 17.5% SCGs were the favorites among consumers, followed by those with 10.0% SCGs.
However, no significant difference in overall liking was noted across the formulations.
While over 56% of participants found the cookies’ coffee taste acceptable, most found the
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hardness low, and about 50% thought the coffee aroma was insufficient. The study suggests
that SCGs concentrations between 17.5% and 25.0% might be optimal, as higher levels of
SCGs could make the coffee taste overwhelming. Overall, cookies with SCGs were enjoyed,
but those with 17.5% SCGs were preferred in terms of sensory attributes like hardness,
granularity, flavor, and taste.

In another study by Sérioa et al. [35], the effect of adding 1.0%, 2.0%, and 3.0% of the
SCG extract on the sensory properties of cookies was tested. The participants were reported
to prefer samples with fewer incorporated extracts.

Azuan et al. [29] evaluated the sensory parameters of cookies supplemented with
0.27%, 0.53%, 0.80%, 1.07%, and 1.33% SCG extracts from Arabica coffee involving
40 untrained assessors using a nine-point hedonic scale. There was no discernible dif-
ference in the scores for the appearance of the SCG extract-supplemented and the control
samples. Nonetheless, the control sample indicated the highest appearance score, followed
by samples containing 0.53%, 0.80%, 1.07%, 1.33%, and 0.27% SCG extracts. The sample
supplemented with 0.53% SCG extract demonstrated the highest color score in lightness,
followed by samples containing 0.80%, 1.33%, and 1.07% SCG extracts, the control, and
0.27% SCG extract.

Desai et al. [33] assessed the effects of UGCSF and RGCSF in cookies at amounts
of 3.0%, 6.0%, 10.0%, and 12.0% using a seven-point scale. They reported that cookies
containing 10.0% and 12.0% RGCSF had more favorable sensory properties in terms of
color, appearance, aroma, taste, crispiness, and overall acceptability.

Meerasri and Sothornvit [34] examined the impact of the inclusion of 10.0%, 20.0%,
and 30.0% extracted oil from SCGs on the sensory attributes of cookies. These researchers
used a nine-point hedonic scale to examine these attributes. No significant differences were
found for color, hardness, crumbliness, and odor scores between cookies that contained
SCG oil and thee control. On the other hand, the cookies with 20.0% or 30.0% SCG oil
received lower flavor rating scores. The higher contents of SCG oil caused the cookies to
smell like cooked coffee o0il and impacted the mouthfeel when consumed.

Sharma et al. [36] investigated the sensory features of cookies supplemented with
5.0%, 7.0%, and 10.0% SCG residue (RSCG) using a nine-point hedonic scale. Cookies
supplemented with 7.0% RSCG had the highest general acceptance rate in terms of texture
and taste. At the same time, an enhancement in RSCG content gave the cookies an extra
bitter taste and negatively impacted their texture and overall acceptance. SCG oil has a
strong smoky smell associated with bitterness and astringency; thus, it cannot be utilized
to bake cookies.

Tra et al. [18] studied the sensory characteristics of cookies enriched with 0.05%, 0.10%,
0.15%, 0.20%, and 0.25% of SCGs using a nine-point hedonic scale. They reported that the
general acceptance of the SCG-enriched cookies remained unchanged when the SCGs ratio
increased from 0.05% to 0.20%. However, the sensory score of cookies with 0.25% SCG
dropped, which most likely resulted from the product’s significantly greater hardness.

Oliveira Batista et al. [32] proposed developing gluten-free cookies with SCGs (10.0%,
20.0%, and 30.0%). These researchers used a nine-point hedonic scale to evaluate sensory
properties. The flavor and general acceptability of the cookies declined when higher
concentrations of SCGs (30.0%) were used in the cookies’ formula. There were no variations
in the assessed formulations’ acceptance of texture and appearance. Scores of samples
enriched with SCGs ranged from 5.95 to 6.87 across the analyzed qualities, indicating that
consumers found some samples to be neither very appealing nor very objectionable. The
cookies” acceptability parameters revealed that the formulations containing 10.0% and
20.0% SCGs were acceptable and suitable for commercialization.

Koay et al. [7] evaluated the effect of SCGs at levels of 2.0%, 4.0%, 6.0%, 8.0%, and
10.0% on the sensory parameters of cookies using a nine-point hedonic scale. In terms of
color, the control group scored highest (7.15), with the acceptability decreasing as the SCGs
levels increased due to the darker color of SCGs. Interestingly, the 10.0% SCGs shortbread
ranked second in color preference, likely because panelists found the darker hue more
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prosperous. In terms of aroma, SCGs levels significantly influenced aroma, with 10.0%
of SCGs receiving higher scores. However, there was no significant difference between
the 6.0% and 8.0% SCGs shortbreads, likely due to the loss of volatile aromatics during
coffee brewing. In terms of taste, no significant difference was observed in the taste of 2.0%
to 8.0% of SCGs shortbreads. However, the control sample outperformed the 10.0% SCG
shortbread, possibly due to the presence of bitter compounds like caffeine. In terms of
hardness, the 10.0% SCGs shortbread was comparable to the control in hardness, while
lower SCG concentrations showed significant differences from the control. Regarding
fracturability and oiliness, SCGs incorporation did not affect the shortbread’s crumbliness.
The oiliness of the 10.0% SCGs inclusion in shortbread was comparable to the control in
acceptability. The control sample scored highest in general acceptability, followed by 10.0%
SCGs shortbread. Thus, SCGs can be incorporated into shortbread without negatively
impacting sensory qualities.

3.4.2. Bread

Daniel et al. [42] investigated bread’s sensory parameters (color, taste, aroma, and texture)
enriched with 2.0%, 4.0%, 6.0%, 8.0%, and 10.0% SCGs using a nine-point hedonic scale. There
were noticeable color variations between the control and SCG-enriched breads. The color
acceptance of bread decreased as the amount of added SCGs increased. The aromas of white
and bread with 6.0%, 8.0%, and 10.0% SCGs incorporations did not change significantly. The
acceptability of the texture of the bread diminished with the addition of SCGs.

Rwubatse et al. [50] tested the sensory properties of whole wheat bread formulated
with 4.0% SCGs using a seven-point hedonic scale. The findings indicated that customers
were satisfied with the aroma and taste of whole wheat bread containing SCGs.

3.4.3. Biscuit

Martinez Saez et al. [30] studied the sensory characteristics of biscuits containing
3.50%, 3.64%, 3.77%, 3.94%, 4.24%, and 4.40% SCGs compared to commercial biscuits using
a seven-point hedonic scale. The findings showed that biscuits containing 3.50%, 3.64%,
and 4.24% of SCGs had the highest scores for color. Regarding the texture and taste, no
significant difference was reported between biscuits containing 3.64% and 4.24% SCGs
with commercial biscuits. Also, the overall acceptance was similar for biscuits, with 3.50%,
3.64%, and 4.24% SCGs compared to commercial biscuits.

Ali et al. [46] evaluated the effect of SCGs (2.0%, 4.0%, and 6.0%) on sensory parameters
(aroma, taste, color, texture, and overall acceptance) of biscuits. The authors stated that no
significant differences were found in the aroma and taste between biscuits containing 2.0%
and 4.0% SCGs and the control. However, adding 6.0% SCGs caused a significant diminish
in respected characteristics. In terms of color, a significant difference was observed between
the samples containing SCGs and the control sample, and with the enhancement in the
level of SCGs, the color score diminished. On the other hand, no substantial difference was
observed between the samples containing SCGs and the control sample.

3.4.4. Cakes

Hussein et al. [31] examined the sensory parameters (color, taste, smell, texture,
appearance, and general acceptability) of sponge cakes enriched with 2.0%, 4.0%, and 6.0%
SCGs. The findings showed a noticeable difference between the sponge cakes enriched
with SCGs and the control sponge cake. The color, taste, smell, texture, appearance,
and general acceptability of sponge cake incorporated with 2.0% and 4.0% SCGs were
significantly higher than those of the samples with 6.0% SCGs. Reduced glycemic sugars
significantly influence the acceptability of smell and taste, presumably due to their roasted,
sweet, and caramel flavors, which are regarded as the primary and most favorable sensory
characteristics. Notably, the texture of samples containing SCGs seems to be almost equal
to or even better than that of the control group. This could be attributed to the high
emulsifying activity and emulsion stability of SCGs.
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Ahmed et al. [28] investigated the sensory parameters (appearance, crust color, crumb
color, texture, taste, smell, and overall) of sponge cakes supplemented with 1.0%, 2.0%, and
3.0% SCGs using a ten-point numeric scale. They stated that all the sensory parameters
decreased significantly in all baked cakes that contained SCGs.

3.4.5. Muffins

Severini et al. [48] studied the sensory characteristics, including appearance, color,
odor, off-odor, taste, softness, and overall acceptance, of muffins enriched with 5.25% and
10.50% SCGs using a five-point hedonic scale. In terms of general acceptance, appearance,
and color, samples containing 10.50% SCGs scored higher than those containing 5.25%
SCGs. There was no difference in the odor, taste, and softness of coffee samples, while
the sample containing 10.50% SCGs had more off-odor than other samples. Overall, these
researchers reported that the sensory characteristics of muffins gained higher scores (3.5)
than average on a five-point scale, which indicates a good level of acceptance among the
consumers.

The sensory assessment of baked goods enhanced with SCGs demonstrates a variety of
results among cookies, bread, biscuits, cakes, and muffins [27,28,30,35,48,50]. Formulations
with intermediate SCGs concentrations (about 10-20%) are frequently chosen in cookie
studies due to their well-balanced flavor, color, and texture [27,32,33]. Nevertheless, higher
SCGs levels may cause bitterness and strong coffee flavors, which would have a detrimen-
tal effect on acceptance [36]. Regarding bread, enhanced SCGs levels tend to diminish
color acceptability, but the aroma remains largely unchanged [42]. Whole wheat bread
containing 4% SCGs showed good acceptance in terms of taste and aroma [50]. Similarly
to commercial biscuits, biscuits with SCGs ranging from 3.5% to 4.4% scored highest in
sensory measures, suggesting that moderate SCGs additions have no discernible effect
on texture or flavor [30]. Low amounts of SCGs (2-4%) improve the texture and flavor of
cakes by imparting roasted and caramel-like characteristics. However, the sensory appeal
of cakes with 6% SCGs decreases [31]. Finally, even though higher SCGs concentrations
resulted in increased off-odor, muffins enhanced with 5.25% or 10.5%, SCGs demonstrated
widespread acceptance [48]. Moderate amounts of SCGs can be added to bakery goods to
improve sensory aspects without compromising taste or texture, making them acceptable
to consumers.

4. Study Limitations

Analyses were conducted on the chemical, physical, microbiological, and sensory
characteristics of baked goods (cookies, bread, biscuits, cakes, muffins, and pasta) that
contained SCGs. The following problems were identified in various papers:

In some studies, the variety of coffee was not specified [7,27,31,35,36,46], and a few
studies checked the microbiological properties of the baked goods [28,30,33,36]. Only
one study was performed on pasta [19]. Some studies used small sample sizes or lacked
diversity in participants or experimental conditions, potentially limiting the robustness
and applicability of their results [28,38,47,50]. Some studies were relatively short and
only provided a snapshot of the effects of SCGs incorporation [30,35,47]. Different storage
conditions in studies affect the stability and sensory characteristics of cooked products
containing SCGs [7,27,28,34,35,47,50]. Various processing methods used in different stud-
ies, such as differences in mixing, fermentation, and baking parameters, affected the final
quality characteristics of baked products [7,29,33,34,50]. Differences in sensory evaluation
methods, such as panel selection, training, and evaluation criteria, led to conflicting find-
ings regarding consumer acceptance and preference [28,29,31,48,50]. The comparison of
chemical, physical, microbiological, and sensory properties was also influenced in certain
research reports by the standardization of the studies.
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5. Conclusions

Incorporating spent coffee grounds (SCGs) into bakery products and pasta presents
an opportunity to enhance their nutritional and sensory qualities. The chemical changes
induced by SCGs’ inclusion contribute to increased protein, fat, fiber, ash, and antioxidant
content, thereby improving the overall nutritional value of baked goods. Furthermore,
SCGs can positively impact the physical properties of bakery items, although these effects
depend on factors such as SCGs’ concentration, coffee variety, and processing methods.

Importantly, studies have shown that incorporating SCGs into bakery products does
not compromise their microbial safety, ensuring the quality and safety of these goods
for human consumption. To optimize the sensory properties of baked goods, careful
consideration must be given to factors including SCGs’ concentration and the type of
baked product. Sensory properties encompass how food is perceived by the senses of taste,
aroma, appearance, and mouthfeel, which are crucial for consumer acceptance. Optimizing
these properties requires finding the right balance of SCGs in the recipe. Too much SCGs
can overpower the flavor, while too little may not sufficiently enhance the taste or aroma.
Different types of baked goods respond to SCGs uniquely due to their distinct structures
and textures. For example, cookies, which have lower moisture and a higher density
than bread or cakes, may benefit more from adding SCGs in terms of flavor and aroma
enhancement. Moreover, storage conditions, such as temperature and humidity, are critical
in maintaining sensory quality over time. SCGs can affect the shelf life, flavor retention, and
freshness of baked goods, which is essential for ensuring continued consumer enjoyment
even after extended storage.

From an economic perspective, upcycling SCGs supports a circular economy model
by diverting coffee waste from landfills, thus contributing to significant waste reduction
and minimizing the food industry’s environmental footprint.

Compared to other food supply chain applications, such as animal feed, biofuel
production, and composting, the use of SCGs in bakery products adds value through human
nutrition while still contributing to sustainability goals. This highlights the versatility of
SCGs as a functional ingredient, offering benefits beyond other common applications.

In conclusion, utilizing SCGs in bakery products holds substantial promise for creating
innovative, nutritious, economically viable, and sustainable food formulations. Further
research is needed to refine optimal formulations and processing techniques to fully harness
the potential of SCGs incorporation into bakery applications, ensuring maximum benefits
in terms of nutrition, sensory quality, and environmental impact.
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Abstract: In an era of escalating environmental challenges, converting organic residues
into high-value bioactive compounds provides a sustainable way to reduce waste and
enhance resource efficiency. This study explores the potential of the circular bioeconomy
through the valorization of agricultural byproducts, with a focus on the antioxidant prop-
erties of specific chestnut burr cultivars. Currently, over one-third of food production is
wasted, contributing to both humanitarian and environmental crises. Through circular
bioeconomy, we can transform biological waste into valuable products for use in fields
like food innovation and sustainability. The antioxidant effects of three chestnut cultivars,
Bastarda Rossa, Cecio, and Marroni, were assessed through in vitro assays, highlighting their
potential to combat oxidative stress—an important factor for health-related applications.
The characterization of the three cultivars showed the major presence of ellagic acid and
gallic acid in the extract, renowned for their antioxidant activity. In vitro assays evalu-
ated the phenolic and flavonoid content, as well as the antioxidant activity of the three
extracts, confirming the cultivar Cecio as the richest in these bioactive compounds and the
most performative in antioxidant assays. In vitro antioxidant and oxidative stress recovery
assays on SaOS-2, fibroblast, and chondrocyte cell lines displayed a strong antioxidant
activity. Furthermore, the cytotoxicity assay demonstrated the safety of all three extracts in
the tested human cell lines. In silico docking simulations further validated the biological
relevance of these compounds by predicting strong hydrophobic and polar interactions
with oxidative stress-related protein targets. Overall, this study demonstrates the antiox-
idant properties of chestnut byproducts. The findings contribute to the development of
functional foods, nutraceuticals, and other applications, underscoring the role of chestnut
cultivars in advancing circular bioeconomy practices.

Keywords: circular bioeconomy; antioxidant activity; bioactive compounds; waste;
oxidative stress; food innovation; sustainability; docking simulation; NMR

1. Introduction

The chestnut tree, considered for timber and fruit, has been seeing a notable increase
in global production in the last years. Italy is the European Union’s largest chestnut
producer and contributes 38% of the European chestnut supply, with an annual yield of
approximately 52,356 tons (FAOSTAT, accessed 18 October 2024). Chestnut cultivation
has long been fundamental to Italian agriculture, especially in the mountainous regions
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where it once served as both a primary food source and an economic staple. In Tuscany,
chestnut trees—easily recognizable by their serrated leaves and characteristic flowers—
grow in specific areas, such as Piancastagnaio in Siena, which became synonymous with
chestnut cultivation. These trees, which thrive in the distinctive microclimates of Mount
Amiata, supported local livelihoods for generations, reinforcing the cultural and economic
identity of the region. Numerous chestnut genotypes and cultivars were cultivated to meet
both local and broader economic needs, increasing their significance to the communities
surrounding Mount Amiata.

In addition to the historical significance, chestnut is long recognized for its health
benefits, particularly in Chinese traditional medicine and more recent applications in
cosmetics in Korea [1]. These uses mirror the chestnut’s bioactive potential as chestnut-
derived byproducts are known to contain bioactive compounds, including phenolics, that
provide health benefits through their antioxidant and radical-scavenging properties [2-5].

Variability in the phytochemical concentration of chestnut fruits, influenced by the
cultivar and growth conditions, underscores the importance of selective breeding to opti-
mize yield and nutritional quality for functional food applications [6]. Such efforts aligned
with the rising trend of utilizing natural sources—flavonoids, polyphenols, and other
phytochemicals—as replacements for synthetic additives, particularly in the food and
nutraceutical industries. These natural antioxidants are renowned for their broad spec-
trum of health benefits, which include anti-cancer, anti-inflammatory, antimicrobial, and
cardioprotective effects [7-9].

In recent years, the growing environmental crisis caused by pollution and the waste
of natural resources has become a major global concern. The increasing generation of
biological waste, particularly agricultural residues, exacerbates this issue. However, these
byproducts offer an untapped potential for sustainable applications. Specifically, plant-
based waste, such as chestnut peels [10], is rich in bioactive compounds that can be
harnessed for a variety of purposes, including antimicrobial and antioxidant uses. Despite
the potential, there remains a gap in research regarding the effective repurposing of such
waste materials into valuable, eco-friendly products that can address both environmental
and health challenges. By investigating the antioxidant properties of Castanea sativa peel
extracts, this study aims to contribute to closing this gap, providing an innovative and
sustainable solution to the dual problem of waste management and public health.

The chestnut processing industry generates approximately 7000 tons of processed
chestnut products annually, producing significant waste, with burrs and shells accounting
for roughly 10% of the total chestnut weight. Historically, the management of chestnut burrs
involved burning them to clear the land for optimal tree growth, a practice that, although
effective in the short term, is costly, time-consuming, and environmentally detrimental due
to CO, emissions [10].

The urgent need for more sustainable and economically viable approaches led to
a growing interest in the valorization of these byproducts. Burrs are rich in tannins,
ellagic acid, gallic acid, and other antioxidant biomolecules, which demonstrate significant
antimicrobial, anti-carcinogenic, and cardioprotective properties [6,10-13].

This strategy followed the broader setting of the circular bioeconomy, which presents a
valid alternative to the wasteful practices of the linear economy. While the linear economic
model ultimately led to global resource depletion and contributed to environmental crises,
the circular economy focuses on sustainable practices, encouraging resource reuse and
recycling. In the case of chestnut burrs, rather than being discarded through dangerous
practices like burning, these byproducts can be repurposed as valuable bioactive com-
pounds for a variety of applications, from nutraceuticals to natural preservatives in food.
This transition from a linear to a circular model is not only a matter of environmental
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sustainability but also offers the potential for economic growth, especially within the
agri-food sector.

In fact, the circular bioeconomy has already made significant inroads in several indus-
tries. Food waste, once relegated to animal feed or discarded altogether, is now increasingly
being seen as a valuable source of bioactive compounds [14,15]. Biorefineries, for example,
are exploring ways to convert food waste into renewable energy, while the textile industry
began utilizing natural dyes, such as those extracted from pomegranate seeds, to replace
synthetic alternatives [16,17]. In the case of chestnut byproducts, including burrs, research
revealed their potential to support the development of sustainable products such as natural
antioxidants, antimicrobials, and even materials for use in textiles or biodegradable plas-
tics. These bioactive compounds have the potential to be incorporated into food products,
helping to combat oxidative damage, which is linked to chronic diseases like cancer, cardio-
vascular disease, and neurodegenerative disorders [5,9]. These extracts can also benefit the
nutraceutical industry, particularly in supplements designed to address oxidative stress
and inflammation. Moreover, their antimicrobial properties position chestnut extracts as
valuable components for functional foods that promote gut health and food preservation,
offering natural alternatives to synthetic preservatives [7,18-21]. Additionally, the bioactive
compounds in chestnut extracts could be used in skincare products, offering protection
from oxidative stress caused by pollutants and UV radiation [22,23].

Thus, this research addresses the critical knowledge gap on how to repurpose chestnut
waste, particularly burrs, within circular bioeconomy, to yield value-added products with
biological applications. By tackling the dual challenges of waste management and resource
valorization, this study contributes to the development of sustainable solutions in the food
and nutraceutical sectors.

As the world is facing dramatic environmental, economic, and social challenges,
driven in part by the unsustainable practices of the linear economy, the circular economy
offers a transformative solution [18,19]. By rethinking how natural resources, particularly
agricultural byproducts, are used and valued, it is possible to create more sustainable,
resilient, and resource-efficient systems. In this context, chestnut burrs exemplify the
potential of agro-industrial waste to contribute to the circular bioeconomy, providing both
environmental and economic benefits while offering innovative solutions for the food and
health sectors [1,2].

This study aimed to dig into value-added applications for chestnut waste in the
food and nutraceutical sectors. We analyzed and compared the chemical composition of
hydroalcoholic extracts from three domestic cultivars certified under Indicazione Geografica
Protetta (PGI) from Mount Amiata: Bastarda Rossa (RB), Cecio (RC), and Marroni (RM). These
extracts showed significant phenolic contents, and ellagic and gallic acid were detected as
the two most abundant compounds in all three extracts (mostly RC). Given the deep-sitting
antioxidant properties of polyphenols, the total and cellular antioxidant capacities of these
extracts were evaluated in vitro, along with their cytotoxicity on fibroblast, chondrocyte,
and SaOS-2 cell lines. These were selected as highly relevant models: fibroblasts are critical
in studying tissue repair [20,24], chondrocytes are involved in cartilage degeneration linked
to oxidative damage [21,25], and SaOS-2 cells provide insights into oxidative stress in bone
health [26].

All extracts demonstrated safety for cell lines and enhanced cellular recovery from
oxidative stress, particularly RC and RB, which exhibited over a 50% recovery rate. The
in vitro findings were supported by docking simulations, which indicated that the com-
pounds could spontaneously bind to their predicted targets, initiating strong hydrophobic
and polar interactions with key residues of the target.
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Together, these findings underscore the potential of chestnut waste as a source of
bioactive compounds for food innovation, and for nutraceutical development, advancing
the chestnut sector’s role in sustainable food production and supporting bioeconomy goals.

2. Materials and Methods
2.1. C. sativa Shells

The shells from C. sativa Mill were sourced from the PGI (Protected Geographical
Indication) Castagna del Monte Amiata area, a renowned chestnut-producing region in
Italy. These shells, from the Bastarda Rossa, Cecio, and Marroni cultivars, were directly
peeled from the plant. Following peeling, the shells were collected, weighed (to determine
fresh weight), dried, and weighed again to determine dry weight. After drying at room
temperature, the samples were homogenized using a laboratory mill and stored in dark,
sealed plastic bags at —80 °C until extraction.

2.2. C. Sativa Shell Extract Preparation

The extraction process was carried out as follows: 100 mL of a 70/30 ethanol/water
solution (v/v) was combined with 10 g of chestnut burr powder (1:10 solid-to-solid ratio).
This solvent mixture was chosen for its efficiency in extracting phenolic compounds from
chestnut burrs. Ethanol (Sigma-Aldrich, St. Louis, MO, USA), being polar, dissolves a wide
range of bioactive compounds, including polyphenols and tannins, while the addition of
water enhances the solvent’s penetration and increases the yield of these compounds. The
1/10 w/v ratio was selected to optimize the extraction of phenolics and tannins, ensuring
a sufficiently concentrated extract without sacrificing practicality [27,28]. A thermostatic
mantle stirred the mixture for 3 h at 80 °C. The extraction chamber was connected at
the top to a net water-cooled bubble condenser, to allow the reflux of the evaporated
solvent. Afterward, the mixture was centrifuged (30 min, 4000 rpm), and the supernatant
was separated and filtered. The organic solvent was removed using a rotavapor, and the
aqueous residue was freeze-dried to obtain the dry extract.

2.3. Total Phenolic Content (TPC)

The total phenolic content (TPC) was determined using the method introduced by
Folin and Denis in 1912 and later modified by Folin and Ciocalteu in 1927 [29]. A calibration
curve was established with gallic acid (GA) (Sigma-Aldrich, St. Louis, MO, USA) solutions.
CSB samples were diluted from a stock solution (1 mg/mL) in milli-Q water. Standard and
sample solutions were mixed with 1 mL of 1N FC reagent (Sigma-Aldrich, St. Louis, MO,
USA) and incubated for 3 min. Subsequently, 1 mL of Na2CO3 (Sigma-Aldrich, St. Louis,
MO, USA) and 7 mL of milli-Q water were added. The tubes were incubated for 90 min
at room temperature, shielded from light. Absorbance was measured at 725 nm, with a
blank solution serving as a control. The TPC was expressed as milligrams of GA equivalent
(GAE) per 100 g of fresh material.

2.4. Total Flavonoid Content (TFC)

TFC was measured using the NaNO,-Al(NOs3)3; method with slight modifications [30].
In brief, 1 mL of a sample was combined with 0.3 mL of 5% NaNO, (Sigma-Aldrich,
St. Louis, MO, USA) solution, and after 6 min, 0.3 mL of 10% AI(NOj3)3 (Sigma-Aldrich,
St. Louis, MO, USA) and 4 mL of 4% NaOH (Sigma-Aldrichm St. Louis, MO, USA) were
added. The total volume was adjusted to 10 mL with distilled water, and the solution was
gently shaken. Absorbance was read at 418 nm. The calibration curve was constructed
using quercetin (Sigma-Aldrich, St. Louis, MO, USA), and the TFC was expressed as
Quercetin Equivalents (QEs) per 100 g of fresh material.
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2.5. Antioxidant Activity Evaluation
2.5.1. FRAP Assay

The antioxidant capacity was determined using the FRAP (Ferric Ion-Reducing Antiox-
idant Power) assay with minor modifications [31]. An aliquot of 1 mL containing different
extract concentrations (25-400 pg) was mixed with 2.5 mL of 0.2 M phosphate buffer
(pH = 6.6) and 1% potassium ferricyanide solution (Sigma-Aldrich, St. Louis, MO, USA).
The mixture was incubated at 50 °C for 20 min. Afterward, 2.5 mL of 10% trichloroacetic
acid (Sigma-Aldrich, St. Louis, MO, USA) and 2.5 mL of distilled water were added,
followed by 0.5 mL of 0.1% ferric chloride solution (Sigma-Aldrich, St. Louis, MO, USA).
Absorbance was recorded at 700 nm. Results were expressed as Ascorbic Acid Equivalent
(AAE) per 100 g of fresh material.

2.5.2. DPPH Free Radical-Scavenging Activity

DPPH free radical-scavenging activity was assessed by mixing the extract solution
with a freshly prepared DPPH (Sigma-Aldrich, St. Louis, MO, USA) solution [32]. The
mixture was incubated for 20 min in the dark at room temperature, and absorbance was
measured at 517 nm. Ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) was used
for calibration. Radical-scavenging activity (RSA) was calculated using the formula
%RSA =100 x (A0 — As)/A0, where As is the absorbance of the sample and A0 is the
absorbance of the control solution.

2.6. NMR Analysis

NMR samples were prepared by dissolving 50.0 mg of a dry extract in 0.5 mL of DMSO-
d6 (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA). TSP (3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid, Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA)
was incorporated as an internal standard, reaching a final concentration of 0.3 mM.
The spectra were recorded using a Bruker Advance III 600 spectrometer operating at 14.1 T.
Metabolite quantification was conducted with the deconvolution feature of Chenomx 10
(Edmonton, AB, Canada). For 1H NMR, an NOESY 1D pulse sequence was employed with
a 100 ms mixing time and a spectral width of 9600 Hz, digitized over 16K points. A total of
256 transients were collected with a 9 s repetition delay. Peak assignments for gallic and
ellagic acids were confirmed by spiking in pure substances (Merck KGaA, Darmstadt, Ger-
many). For 13C NMR, a 1D pulse sequence with WALTZ16 decoupling was used, covering
a spectral width of 40,000 Hz and digitized over 64K points. A total of 4096 transients were
accumulated with a repetition delay of 9 s, with the DMSO peak as the reference.

2.7. Cell Line Isolation and Culture

Primary human fibroblasts (available in our laboratory) were sourced from femoral
cartilage fragments of arthropathy patients undergoing hip replacement surgery. Informed
consent was obtained from the patients, and the study was approved by the Local Ethics
Committee, following the guidelines of the Declaration of Helsinki (64th, 2013). Chon-
drocytes were isolated promptly post-surgery as previously outlined [33]. Cartilage was
minced under sterile conditions and subjected to three rounds of enzymatic digestion:
1 mg/mL hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) (30 min), 5 mg/mL pronase
(Sigma-Aldrich, St. Louis, MO, USA) (1 h), and 2 mg/mL collagenase (Type I, Sigma-
Aldrich (St. Louis, MO, USA, 1 h) at 37 °C. The resulting cell suspension was filtered
twice through 70 um nylon meshes, washed, and centrifuged at 1500 rpm for 10 min. The
pellet was resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich,
St. Louis, MO, USA), supplemented with 2% penicillin/streptomycin (P/S) (Sigma-Aldrich,
St. Louis, MO, USA) and 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO,
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USA), and seeded into 10 cm Petri dishes. Cells were cultured at 37 °C in a humidified
atmosphere with 95% air and 5% CO,.

Primary human chondrocytes (from our laboratory) were collected from four male
individuals (ages 42-50) undergoing abdominoplasty. The study was approved by the
Local Ethics Committee and was conducted according to the principles of the Declaration
of Helsinki (64th, 2013). Immediately after surgery, skin samples were excised and cut
into 1-2 mm pieces (explants), which were placed in washing DMEM containing 10 times
the usual antibiotic/antimycotic dose, plus gentamicin. These explants were minced
using iris scissors, centrifuged at 200 rpm for 10 min to remove the supernatant, and
then incubated with a collagenase solution (DMEM + 10% collagenase type II + 10x
antibiotics/antimycotics) in a 60 mm dish at 37 °C with 5% CO, for 21 h. Afterward, the
explants were washed twice with PBS. For the next 1-3 days, the explants were cultured in a
dish with an explant medium containing 20% heat-inactivated FBS and the usual antibiotic
dose. Once collagenase was removed, the cultures were observed daily under a microscope
to monitor cell migration around the explants. The explants were then transferred to a
culture flask.

Once the fibroblast cultures reached confluence, they were expanded further. The
medium was discarded, and the cultures were washed three times with PBS. In the
second and third passages, keratinocytes were removed by brief trypsinization (0.1%
trypsin/EDTA, Sigma-Aldrich St. Louis, MO, USA). The volume was adjusted for the ves-
sel size (e.g., 1.0 mL of 0.1% trypsin/EDTA for T75 flasks), and the cultures were incubated
at 37 °C. After 2-3 min, fibroblasts detached from the flask surface, as keratinocytes and
fibroblasts exhibit different attachment properties, allowing for their separation.

Primary human sarcoma osteogenic cells (SaOS-2) (ATCC-HTB-85) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in
DMEM (Dulbecco’s Modified Eagle Medium) enriched with L-glutamine (Sigma-Aldrich,
St. Louis, MO, USA) and 10% FBS and 1% antibiotics (penicillin/streptomycin). Growth
occurred as mentioned above.

2.8. Cytotoxicity Assay

Shell extract cytotoxicity was determined on human primary fibroblasts, chondro-
cytes, and SaOS-2 cells. Cells were cultured with the supplementation of different con-
centrations (range: 31.5-500 pg/mL) of shell extracts. Cell viability was evaluated at
sub-confluence in 96-well plates (Thermo Fisher Scientific, Seoul, Republic of Korea) by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny]l tetrazolium bromide) method, as previ-
ously described [34].

2.9. Protective Effect Under Oxidative Stress Conditions

Shell extracts were evaluated for their potential to prevent oxidative stress in 0.2 mM
H,O,-treated cells. After cells reached total confluence in 96-well plates, previously filtered
(0.2 um) shell extracts (range: 3.125-100 pg/mL) were added for 24 h. Subsequently,
0.2 mM H,O, (Sigma-Aldrich, St. Louis, MO, USA) was added, and incubation occurred
for 2 h. The protective effect of shell extracts was evaluated by the MTT assay as SaOS-2
cell viability compared with untreated control.

2.10. Statistical Analysis

Data are presented as the means =+ standard deviation (SD) of at least three indepen-
dent experiments performed in triplicate. The statistical analysis was performed using
Student’s t-test and one-way ANOVA, and differences were considered significant at
p <0.05and p <0.01.
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2.11. Structural Optimization and Resources

To further investigate the antioxidant activity observed in the C. sativa extract, in silico
studies were conducted to identify the potential biological target for ellagic and gallic acids,
the extract’s two primary compounds.

First, “PASS protein prediction” was used to retrieve the list of potential targets, sorted
by confidence [35]. For both ellagic and gallic acid, the target with the highest confidence
was selected, and its involvement with oxidative stress was checked from the DrugBank
“target section” (typing in the words “oxidative stress”) [36], which consists of 212 targets
associated with cellular oxidative stress, either directly or indirectly.

The 3D structures and FASTA sequences of the validated targets were generated with
AlphaFold and retrieved from the UniProt database [37], respectively.

The potential missing side chains and steric clashes in the 3D structures reported in
the PDB files were addressed and resolved through molecular modeling using MODELLER
v.9.3, implemented in PyMOD3.0 (PyMOL2.5 plugin) [38]. The 3D structures were analyzed
and validated with PROCHECK v.3.5.4 [39,40]. To minimize high-energy intramolecular
interactions before docking simulations, GROMACS 2019.3 [41] with the CHARMM36
force field [42] was employed. All parameters for the biological targets and ligands were
assigned using CHARMM-GUI v.3.8 [43].

In detail, prior to conducting further simulations, the starting conformation sequence
was aligned with its primary structure, allowing for the addition of any missing side chains.
Loop modeling in MODELLER v.9.3 was then used to optimize the initial orientation
of each loop. The structures were subsequently validated using PROCHECK, where a
Ramachandran plot (assessing the backbone ¢ and 1 angles) and Chil-Chi2 plots for side
chains confirmed the validity of the starting conformations. Energy minimization was then
performed on each structure using GROMACS 2019.3 with the CHARMMS36 force field,
aiming to eliminate steric clashes and optimize energy values.

The optimized structures were then placed in a cubic box filled with TIP3P water
molecules, and the system was neutralized by adding counterions. Simulations were
conducted under periodic boundary conditions. Energy minimization was carried out for
5000 steps using the steepest-descent algorithm, reaching a minimum energy with forces
less than 10 kJ/mol/nm. A short 25 ns classic molecular dynamics (cMD) simulation was
performed to further relax the system. During the cMD simulations, each time step was
integrated with a 2 fs step size. The temperature was maintained at 300 K using a Nose—
Hoover thermostat, while the system pressure was regulated at 1 atm with a Parrinello—-
Rahman barostat, using a damping coefficient of 1 ps—1. Bond lengths involving hydrogen
atoms were constrained with the LINCS algorithm [41,44].

2.12. Docking Simulations and Interaction Network

Docking simulations were then performed to further unravel the interactions between
ellagic and gallic acid with their respective targets as described in our previous works [5,7].
For greater consistency in docking results, the exhaustiveness was adjusted from 8 to
32 and only binding poses with an RMSD within 2 A of the optimal docked pose were
accepted; all other parameters were kept as default. The 3D structures of gallic acid and
ellagic acid were obtained from the PubChem database [44,45], with compound IDs 370
and 5281855, respectively, and downloaded in SDF format. A box was configured around
the residues previously shown to be involved in interactions with their inhibitors using
DockingPie2.0 [46] integrated into PyMOL 3.0, with AutoDock Tools v.4.2 [36,47].

The AutoDock/VinaXB v.1.1.2 tool performed docking simulations [48]. Protein
and ligand files were converted using MGLTOOLS v.1.5.7 scripts, while Gasteiger partial
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charges were added with OpenBabel v.3.1.0 [49]. The 3D structures of gallic acid and ellagic

acid were obtained from the PubChem database (CID: 370 and 5281855, respectively) [44].
The interaction networks were analyzed using the PL.LP. v. 2.3.0 tool [50], and sequence

alignments to identify key target residues were conducted with ClustalW v.2.1 [51,52].

3. Results
3.1. C. sativa Extracts’ Total Phenolic Contents

The extraction yields for the three chestnut cultivars and their total phenolic contents
were evaluated and shown in Table 1. The total phenolic contents of the cultivars varied
from 7.041 (RC) to 1.893 (RM) GAE/100 g fresh material (GAE, gallic acid equivalent).
The cultivar Cecio (RC) showed the highest total phenolic content of 7 GAE/100 g fresh
material, followed by the cultivar Bastarda Rossa (RB) with 4.8 GAE/100 g fresh material of
total phenolics. The lowest phenolic content was reported for the cultivar Marroni (RM),
with 1.8 GAE/100 g fresh material.

Table 1. Total Phenolic Content of the three analyzed cultivars: Bastarda Rossa (RB); Cecio (RC);
Marroni (RM).

Samples Extraction Yield (%)  GAE/mg of Extract GAE/100 g of Fresh Material

RB 16.64 0.292961609 4.866
RC 20.84 0.338665448 7.041
RM 7.6 0.257312614 1.893

These values confirmed that the mixture EtOH:H,O at 70:30 is optimal for the extrac-
tion of phenolic compounds, indicating the potential of Cecio and Bastarda Rossa chestnut
shell extracts to formulate nutraceuticals or cosmetics as natural antioxidants.

3.2. C. sativa Extracts’ Flavonoid Contents

The flavonoid content of the extracts of the three cultivars was evaluated and reported
in Table 2. The total flavonoid content varied from 319.2 (RM) to 1000 (RC) quercetin/100 g
fresh material.

Table 2. Flavonoid Content of the three analyzed cultivars: Bastarda Rossa (RB); Cecio (RC); Marroni (RM).

Samples Extraction Yield (%) QE/mg of Extract QE/100 g of Fresh Material
RB 16.64 0.0483 798.7
RC 20.84 0.0508 1000
RM 7.6 0.0425 319.2

Cecio (RC) showed the highest value, followed by the cultivar Bastarda Rossa (RB)
and then Marroni (RM). These findings would suggest that the total flavonoid content in
the three cultivars follows the line of TPC and contributes to the antioxidant power of
the extracts.

3.3. C. sativa Extracts’ Antioxidant Activity

The total antioxidant activities of three different chestnut cultivar shell extracts were
evaluated by the FRAP assay. As shown in Table 3, the highest total antioxidant activity
was found in cultivar Cecio (RC) with the value of 146.5 AAE/100 g fresh material, followed
by Bastarda Rossa (RB) and Marroni (RM), with the values of 91.5 and 34.9 AAE/100 g fresh
material, respectively. These data align with previous findings that Cecio and Bastarda Rossa
are the best cultivars for their antioxidant power.
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Table 3. Antioxidant activity of three cultivars analyzed by FRAP assay: Bastarda Rossa (RB); Cecio
(RC); Marroni (RM).

Samples Extraction Yield (%) mmol AAE/mg Extract ~ AAE/100 g of Fresh Material
RB 16.64 5.530995 91.520
RC 20.84 7.037723 146.5
RM 7.6 4.564747 34.96

3.4. C. sativa Extracts’ Antiradical Activity

The DPPH colorimetric assay is based on the ability of reducing molecules to scavenge
the 2,2-diphenyl-1-picrylhydrazyl synthetic radical dissolved in an alcoholic solution, thus
obtaining its neutral form. The process is monitored following the conversion of the violet-
colored radical into a pale-yellow solution at 517 nm, and the antiradical activity is reported
at a percentage decrease in such absorbance. The antiradical activity was evaluated by the
DPPH assay and the results are shown in Figure 1 and Table 4. Even in this case, the cultivar
Cecio was the most effective in terms of antiradical activity with a 76.6% Abs decrease.
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Figure 1. DPPH assay. Absorbance decrease in three cultivar extracts analyzed compared to control,
ascorbic acid (AA). Antioxidant activity (expressed as %AA) of chestnut varieties was measured at
varying extract concentrations (0-500 ug/mL). (A—-C) represent cultivars Bastarda Rossa, Cecio, and
Marroni, respectively.

Table 4. Antiradical activity of three cultivar extracts analyzed by DPPH assay. Results are expressed
as Abs decrease (%) at 517 nm. Bastarda Rossa (RB); Cecio (RC); Marroni (RM).

Samples Extraction Yield (%) % Abs Decrease, 517 nm
RB 16.64 61.11
RC 20.84 76.6
RM 7.6 52.8

Combining the results obtained from the DPPH colorimetric assay and FRAP assay,
information was gathered about the redox properties and radical-scavenging activity
induced by electron and hydrogen transfer, which are key processes related to tannins’
antioxidant capacity.

The antioxidant activity of the three cultivar extracts and their TPC values were
positively correlated (antioxidant capacity vs. TPC: p = 0.009159382; antiradical power
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vs. TPC: p = 0.012930563), implying that the measured antioxidant capacity is reasonably
attributable to the phenolic compounds present in the extracts. Additionally, Cecio and
Bastarda Rossa cultivars represented better sources of bioactive antioxidant molecules than
the Marroni cultivar.

3.5. Phenolic Compound Determination by NMR Analysis

Bioactive compounds of Bastarda Rossa, Cecio, and Marroni shells were elucidated by
the NMR metabolomics approach. Indeed, the metabolite profiling associated with the
antioxidant potential of chestnut shell extracts of the three main cultivars of Monte Amiata
PGI represents an important step in the bioactive compound’s characterization due to the
chestnut biodiversity in this region.

Through the analysis of 1H NMR spectra, gallic and ellagic acid were identified as the
main components in the aqueous extracts of the shells from the three cultivars (see Figure 2).
As shown in Table 5, NMR quantification indicates that Bastarda Rossa (RB) had the highest
concentration of ellagic acid, followed by Cecio (RC) and Marroni (RM). In contrast, RC had
a greater gallic acid concentration than both RB and RM. Overall, Marroni was found to
have the lowest levels of these compounds.

B

2.0 ppm 7.8 7.4 7.0

Figure 2. (A) The 1H NMR spectrum of an aqueous extract. (B) The aromatic region of the spectrum
shows signals of gallic acid (*) and ellagic acid (+) for the cultivar Bastarda Rossa (RB, blue), Cecio (RC,
red), and Marroni (RM, green). Signal integration allowed for polyphenol quantification, reported
in Table 5.

Table 5. The concentration of (+) ellagic and (*) gallic acid reported as mg/100 mg extract in the three
cultivars determined by 1H NMR spectroscopy. Bastarda Rossa (RB); Cecio (RC); Marroni (RM).

Sample RB RC RM
(+) ellagic acid 0.61 £0.12 0.56 £ 0.11 0.49 £0.10
(*) gallic acid 0.41 +0.08 0.56 +0.11 0.22 +0.04

The screening conducted using 13C NMR spectroscopy provided a quantitative profile
of the phytochemicals present in each material, as shown in Figure 3 and Table 6. This study
demonstrated that 1D 13C data improve the identification of metabolites and facilitate the
better separation of groups for comparison. The 13C NMR spectrum of the hydroalcoholic
shell extracts from the three cultivars revealed signals in the 140-160 ppm region, indicating
the presence of carbons derived from phenolic compounds. Additionally, alkoxy carbons
were identified in the region from 50 to 110 ppm, likely associated with sugars such as
glucose. In the Marroni (RM) cultivar, these sugars appear to be more abundant than in
the other cultivars (refer to Table 6). This could be attributed to the fact that Marroni is a
cultivated variety selected for specific nut qualities and consumer uses, such as candying,
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roasting, boiling, and drying, which require a sweeter flavor. Furthermore, the Marroni
tree has more specific growing requirements and is generally less productive in terms of
the number of chestnuts produced per tree compared to ordinary chestnuts. The findings
regarding phenolic compounds are consistent with previous data and indicate that the
Cecio (RC) cultivar is the richest in phenolic content.

Figure 3. 13C NMR normalized spectra of Bastarda Rossa (RB, blue), Cecio (RC, red), and Marroni
(RM, green).

Table 6. Phytochemicals present in the three cultivars obtained by 13C NMR spectroscopy. (Quantities
were normalized to 100 in relation to the internal calibrant peak.) Bastarda Rossa (RB); Cecio (RC);

Marroni (RM).
Calkyl Caikoxy Caromatic Cphenolic Cearboxyl/carbonyl
(0-35 ppm)  (50-100 ppm)  (100-140 ppm) (140-160 ppm) (160-215 ppm)
RB 2.5 47.0 63.2 5.5 41
RC 34 38.5 54.13 79 1.9
RM 14.5 60.7 81.2 7.0 6.3

3.6. Citotoxicity of C. sativa Shell Extracts

The cytotoxic effect of the three extracts was assessed in the SaOS-2 cell line, primary
chondrocytes, and human primary fibroblasts.

Cells were treated with increasing concentrations of the three different extracts (31.5-
500 ug/mL) for 24 h and 48 h and the cytotoxic effect on cell viability was assessed by the
MTT assay (Figure 4).

Results showed that for all cultivars, no cytotoxic effect was observed in SaOS-2 or
primary chondrocytes and human primary fibroblasts for concentrations ranging from 31.5
to 250 pg/mL, whilst extracts reduced the viability at 500 pug/mL. A cytotoxic effect on the
viability of SaOS-2 cells was observed at 24 h at 500 pg/mL only for the cultivar Marroni,
but the extract did not affect the viability until the concentration of 250 pug/mL also at 48 h.
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Figure 4. Cytotoxicity of chestnut extracts (RM: Marroni, RB: Bastarda Rossa, RC: Cecio) on SaOS-2
cells at varying concentrations (31.5-500 ug/mL) after 24 h (top panel) and 48 h (bottom panel)
of treatment. Cell viability was measured using the MTT assay, and the results are expressed as a
percentage of the untreated control group (CTR). Extract concentrations ranged from 31.5 to 500 pug/mL,
with bars representing the mean =+ standard deviation from three independent experiments.

The three extracts were safe even on primary human chondrocytes, in concentrations
ranging from 31.5 to 250 ug/mL (Figure 5).
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Figure 5. Cytotoxicity of chestnut extracts (RM: Marroni, RB: Bastarda Rossa, RC: Cecio) on chondrocyte
varying concentrations (31.5-500 pg/mL) after 24 h (top panel) and 48 h (bottom panel) of treatment.
Cell viability was measured using the MTT assay, and the results are expressed as a percentage of
the untreated control group (CTR). Extract concentrations ranged from 31.5 to 500 pg/mL, with bars
representing the mean =+ standard deviation from three independent experiments.
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In human primary fibroblasts (Figure 6), the three extracts showed a similar trend,
being the three cultivars cytotoxic at the concentrations 250-500 pg/mL, but safe at minor
concentrations. According to the obtained results, the extract did not decrease the cell
viability in the range of 31.5-250 ng/mL in both cell types, supporting their potential safety
in human cells at appropriate concentrations.
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Figure 6. Cytotoxicity of chestnut extracts (RM: Marroni, RB: Bastarda Rossa, RC: Cecio) on fibroblasts at
varying concentrations (31.5-500 pg/mL) after 24 h (top panel) and 48 h (bottom panel) of treatment.
Cell viability was measured using the MTT assay, and the results are expressed as a percentage of
the untreated control group (CTR). Extract concentrations ranged from 31.5 to 500 pg/mL, with bars
representing the mean =+ standard deviation from three independent experiments.

3.7. Evaluation of Antioxidant Power of Three Cultivar Extracts

Strong evidence states that oxidative stress is responsible for the pathophysiology
of the aging process and may also be involved in the pathogenesis of atherosclerosis,
neurodegenerative diseases, cancer, and diabetes. Epidemiological evidence indicated
a link between dietary intake of antioxidants and bone health and metabolism, while
numerous studies showed the health-promoting properties of polyphenols, providing
additional mechanisms through which they promote skeletal health by reducing resorption
caused by high oxidative stress [8,53].

In this study, chestnut shells were used to obtain bioactive compounds given their
richness in phenolic compounds with antioxidant power, responsible for biological effects
that contribute to benefits in human health and potential food applications in the develop-
ment of functional foods. The three cultivar extracts were also assessed for their ability to
counteract the ROS effects on cultured human cells, thereby legitimizing their use in the
alimentary field. Briefly, SaOS-2 cells, human primary chondrocytes, and human primary
fibroblasts were exposed to HyO, (0.2 mM), which, in preliminary experiments, reduced
cell viability by 50% (Figure 7).

For SaOS-2 cells, all three extracts showed a viability increase, compared to treated
controls, in the range of 3125 to 25 pg/mL, reaching a recovery of over 50% with Bastarda
Rossa (RB) and Cecio (RC). Results on primary chondrocytes were particularly interesting,
with a viability recovery over 50% for RC at the concentration of 2.5 pg/mL. The same
recovery was found for RM in the range of 6.25-50 pg/mL. RB was a little less efficient, but,
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at12.5 pg/mlL, it allowed for recovery of approximately 25% of the viability compared to the
stressed control. On human primary fibroblasts, all the tested extracts showed a noticeable
ability to recover from oxidative stress. The RC extract was the best for antioxidant ability
on cells, showing a higher percentage of viability recovery (Figure 7). Overall, for every
extract, a recovery of cell viability was assessed from 30 to 50% for RC on chondrocytes
and Sa0S-2, and 25% for human primary fibroblasts. In total, 6.25 and 12.5-25 pug/mL are
the ranges of better concentrations presenting the highest protective effect in all the tested
extracts in the SaOS-2 cell line, and in chondrocytes and fibroblasts, respectively (Figure 7).
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Figure 7. Oxidative stress recovery in various cell lines treated with chestnut extracts. RM = Marroni;
RB = Bastarda Rossa; RC = Cecio. (A) SaOS-2; (B) chondrocytes; and (C) fibroblasts, at different
concentrations (3.125-100 ug/mL). Oxidative stress was induced in cells using hydrogen peroxide
(Hy0O,), with untreated stressed cells (CNS) and untreated non-stressed cells (CS) serving as controls.
Cell viability was measured using MTT, and results are expressed as a percentage of the untreated
non-stressed control (CS). Data represent the mean =+ standard deviation from three independent

experiments.

These results further contributed to evaluating the high potential of this chestnut
byproduct as a new source of antioxidant compounds to be used in various fields, such as
developing functional foods and nutraceuticals.

3.8. In Silico Results
Target Identification and Docking Simulations

In silico studies were meant to confirm the in vitro-observed antioxidant activity by
predicting the biological targets for the two most abundant compounds within the extracts
(ellagic acid and gallic acid) and evaluating their interactions at the molecular level.

To identify potential targets of the two most abundant compounds within the extract,
namely ellagic and gallic acid, a ligand-based virtual screening was conducted through the
“PASS Protein Prediction” [35], which, for each compound, sorted the predicted targets by
confidence. The most confident target was then checked for its presence in the complete ox-
idative stress target network, identified using the DrugBank database “target section” [36],
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which consists of 212 targets associated with cellular oxidative stress, either directly or
indirectly. The individuated targets were serine/threonine-protein kinase NEK6 for ellagic
acid and carbonic anhydrase III for gallic acid, respectively, displaying 77% and 87% con-
fidence. For each target, its primary sequence was retrieved from the UniProt database
(serine/threonine-protein kinase NEK6, UniprotKB entry: Q9HC98; carbonic anhydrase
III, UniprotKB entry: P07451). AlphaFold generated the targets” 3D structure, further
optimized through molecular modeling to solve structure gaps and steric hindrances.

Gallic acid and ellagic acid were then evaluated against their targets using docking
simulations (Figure 8). Two strategies were employed to select the top complexes: (i) select-
ing compounds with a binding free energy (docking score) lower than —6 kcal/mol and
(ii) assessing the compound’s ability to form strong interactions with consensus binding
residues of the target. The results indicated a docking score of —6.9 kcal/mol for the
complex ellagic acid/NEK®6, and a docking score of —5.7 kcal/mol for the complex gallic
acid/carbonic anhydrase III.
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Figure 8. An overview of the target/ligand complexes. (A) is ellagic acid in complex with the NEK6

kinase 3D structure; (B) is gallic acid in complex with the carbonic anhydrase III 3D structure. The
enlarged pictures display the interaction network established among the target-binding residues
and the ligand. The binding residues involved in hydrogen bonds, salt bridges, and hydrophobic
interactions are labeled cyan, yellow, and gray, respectively. Hydrogen bonds and salt bridges are
pictured as orange and blue dashed lines, respectively.

The potential inhibitory effects of ellagic and gallic acid on their targets were further
explored by analyzing the interaction networks, showing wide polar and non-polar interac-
tions between each compound and its target that were identified. Specifically, ellagic acid
formed a broad interaction network with key NEK6 residues, such as Phe-179 (hydrophobic
interaction), Lys-174 (hydrogen bond), and Lys-74 (salt bridge) [54]. Likewise, gallic acid
established hydrophobic interactions with carbonic anhydrase III critical residues, that is,
Arg-67 and GIn-92 [55].

Our findings suggest that these compounds exhibit binding capabilities with their
targets in key residues, which may result in the potential inhibitory activity displayed
in vitro. Overall, computational studies confirmed the in vitro results and provided ad-
ditional insights on the mechanism of action of the extracts’ major compounds, through
which they exert their activity.
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4. Discussion

Natural sources like plants have long presented promising alternatives for the de-
velopment of bioproducts with healthy properties. This is a field of growing importance,
especially within the food and nutraceutical industries, where demand for natural, sus-
tainable ingredients has risen. For centuries, natural compounds derived from plants have
been foundational in traditional medicine systems, including traditional Chinese medicine.
These compounds offer therapeutic effects by influencing crucial biological processes such
as cell proliferation, angiogenesis, survival, and apoptosis. Additionally, plant-derived
bioactive molecules are valued for their strong antioxidant and anti-inflammatory proper-
ties, which make them integral to therapeutic practices aimed at combating oxidative stress
and chronic inflammation [56]. This knowledge of plant bioactive molecules laid the foun-
dation for a transition toward the use of sustainably derived natural compounds to develop
health-focused products. This shift is particularly evident in the food and nutraceutical
sectors, where sourcing effective bioactive molecules from natural, plant-based materials
became a priority. As consumers are becoming more healthy and environmentally aware,
there is an increasing demand for sustainable products. This growing interest might open
new routes for innovation, especially in the creation of functional foods and natural health
supplements that promote wellness through diets [57-59].

One of the most reliable sources of such bioactive compounds is chestnut (Castanea
sativa), a tree species whose cultivation is deeply rooted in Italian agricultural traditions.
However, in recent years, chestnut cultivation has lowered, particularly due to the dimin-
ishing economic viability of traditional chestnut-based products, and, while the decline
in chestnut cultivation poses challenges, adopting a holistic approach that combines eco-
nomic, environmental, and technological strategies can ensure sustainability. By leveraging
chestnut byproducts and promoting eco-friendly practices, it is possible to sustainably
obtain antioxidant-rich extracts while supporting the revival of this valuable crop [60]. This
decline urged the need to explore new applications for chestnut byproducts, which account
for approximately 10-15% of the total chestnut weight. These byproducts, often discarded
as waste, in fact contain a wealth of valuable bioactive compounds that could contribute
significantly to food sustainability and nutraceutical innovation [61,62]. This approach
would also reduce pollution and CO, emissions from burning the chestnut burrs to ensure
optimal tree growth [17].

This study investigates the underexplored potential of chestnut shells as a rich source
of bioactive compounds like tannins, phenolic acids, and flavonoids, which are known for
their antioxidant, anti-inflammatory, and antimicrobial properties. The two most abun-
dant compounds found by NMR from this study were ellagic acid and gallic acid, both
presenting a sustainable alternative to synthetic antioxidants in food systems. Specifically,
chestnut shell-derived antioxidants can be incorporated into food products to combat
oxidative damage, a contributing factor to chronic diseases such as cancer, cardiovascular
disease, and neurodegenerative disorders [5,7,63]. Additionally, chestnut extracts could
be used in the nutraceutical industry for supplements targeting oxidative stress and in-
flammation [19,20]. Beyond health, their antimicrobial properties make them valuable for
developing functional foods that promote gut health and food preservation, potentially
replacing synthetic preservatives with natural alternatives by combating both food-borne
and health-threatening pathogens [7,21]. Furthermore, these bioactive compounds could
be harnessed in skincare products, offering natural protection from oxidative stress due to
environmental pollutants and UV radiation [22,23].

Importantly, the use of chestnut burrs aligns with the principles of the circular bioe-
conomy by reducing food waste while creating high-value products [64].
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As part of this study, the hydroalcoholic extracts from three Monte Amiata PGI chest-
nut cultivars—Bastarda Rossa (RB), Cecio (RC), and Marroni (RM)—were biochemically
characterized for phenolic, flavonoid, and antioxidant content.

The FRAP and DPPH assays were selected due to their ease of use and proven
reliability for assessing antioxidant activity. These methods are widely recognized for
their straightforward protocols, adaptability to a high-throughput analysis, and consistent
reproducibility. They effectively provide foundational antioxidant profiles, enabling the
quick evaluation of the potential of various plant-based compounds. Furthermore, their
robust nature makes them suitable for initial screening and comparative studies, offering
valuable insights into the efficacy and bioactivity of the extracts under investigation [65—
67]. These assays provide a straightforward method to compare the radical-scavenging
capacities of various extracts, and they are particularly useful for establishing preliminary
antioxidant profiles, guiding the selection of extracts for more comprehensive studies.

RC showed the highest concentration of bioactive compounds such as gallic acid,
ellagic acid, and flavonoids, and consequently, its potential application in the nutraceutical
field. RM, with a milder profile of these molecules due to selective breeding, appeared
more suited for food consumption, aligning well with evolving consumer behavior toward
functional foods [22-24]. Then, the three cultivars’ extracts were assessed for cytotoxicity
and protection from oxidative stress in three different cell lines: SaOS-2, fibroblasts, and
chondrocytes. Although a slight variation in the cell model viability response used in this
study was noted upon treatment with the three cultivar extracts, none of the considered
extracts yielded a toxic effect in the cultured cells in a wide range of concentrations. The
variations in cellular responses to the extracts could be attributed to the distinct biological
characteristics of each cell type. SaOS-2 cells, an osteosarcoma cell line, are typically more
sensitive to oxidative stress and reactive oxygen species (ROS) due to their heightened
metabolic activity. As shown in several studies, osteosarcoma cells can exhibit significant
reductions in viability when exposed to high concentrations of plant extracts that induce
oxidative damage [68]. Fibroblasts, on the other hand, tend to be more resilient to oxidative
stress. They have evolved efficient antioxidant defense mechanisms, allowing them to better
tolerate prolonged exposure to potentially harmful compounds. Studies have demonstrated
that fibroblasts can endure higher concentrations of bioactive compounds without a drastic
decrease in cell viability [69]. Chondrocytes exhibit slower metabolic activity and lower
antioxidant capacities, making them more vulnerable to oxidative stress. This characteristic
makes chondrocytes more sensitive to prolonged exposure to high concentrations of plant
extracts, as evidenced by similar findings in other studies on cartilage cells [70]. These
inherent differences in cellular resilience to oxidative stress and metabolic activity explain
the observed differential responses in cell viability across the different cell types used
in this study upon treatment with the chestnut extract. In regards to the cytoprotective
activity, the Cecio and Bastarda Rossa extracts demonstrated strong cytoprotective effects
against HyO,-induced oxidative stress in all cell lines, likely due to their elevated levels of
gallic acid, ellagic acid, and flavonoids, which may modulate oxidative stress pathways or
stimulate cellular repair mechanisms (as shown by cell viability percentages compared to
the untreated controls). According to the literature body, all these bioactive compounds
display well-documented protective activities against oxidative stress [19], underlining the
prospects of chestnut byproducts to support food waste, adding value through innovative
applications in food sustainability and nutraceuticals.

To elucidate more the possible mechanism of action of the extracts’ bioactive com-
pounds, in silico studies were conducted. The potential targets for ellagic acid and gallic
acid, the two most abundant compounds within the extracts, were pinpointed as the
serine/threonine-protein kinase NEK6 and carbonic anhydrase III. The following docking
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simulation provided useful insights into the potential interaction between each ligand with
its target. As a result, ellagic acid and gallic acid both exhibited a high binding free energy
score, triggering hydrogen bonds, salt bridges, and hydrophobic interactions with key
target residues [54,55]. Altogether, these simulations strongly strengthened the experimen-
tal evidence provided in our study and demonstrated the potential ability of the extracts’
bioactive compounds to interfere with the target biological function by interacting with
critical target residues.

This study found that the three analyzed chestnut shell extracts from Cecio, Bastarda
Rossa, and Marroni cultivars could significantly contribute to food system innovation as
naturally innovative sources of antioxidant compounds.

Given the promising bioactivity of the chestnut burr extracts, particularly the presence
of phenolic compounds such as ellagic acid and gallic acid, there is potential for translating
these findings into practical applications within the food and nutraceutical industries [8-13].
These compounds are well known for their antioxidant and antimicrobial properties,
making them ideal candidates for incorporation into functional foods, natural preservatives,
or supplements. For instance, ellagic acid demonstrated potential in reducing oxidative
stress and inflammation, which could be leveraged in formulating health supplements
aimed at supporting cardiovascular or anti-cancer benefits [19,20,22,23]. Additionally,
the antimicrobial properties observed in these extracts could lead to their application as
natural preservatives in food products, offering an eco-friendly alternative to synthetic
preservatives [7,21].

Harnessing these byproducts from chestnut processing not only supports circular
bioeconomic goals but also aligns with global efforts to enhance food sustainability, reduce
food loss, and potentially improve food security by creating value-added health-promoting
solutions from otherwise discarded resources.

However, while we value the importance of investigating the stability, bioavailability,
dosages, and practical applications of the three extracts within food systems, this study
primarily focuses on the antioxidant potential of chestnut burr extracts at the in vitro level.
These aspects might be explored in future studies, as they represent an essential next
step in understanding how such bioactive compounds can be incorporated into food or
nutraceutical formulations. This work serves as a foundation for future research aimed at
harnessing the benefits of chestnut-derived compounds in sustainable food production and
health-related products [19].

5. Conclusions

Our study was conducted alongside a circular bioeconomy framework, aiming to
repurpose chestnut shells for their valuable biological properties. By focusing on three
cultivars of Castanea sativa shells—Cecio, Bastarda Rossa, and Marroni—the antioxidant
potential and phenolic content of their hydroalcoholic extracts were investigated. Findings
from this study demonstrated that the shell extracts from the Cecio and Bastarda Rossa
cultivars showed notably higher antioxidant activity and concentrations of key bioactive
compounds, including ellagic acid, gallic acid, and flavonoids. Fundamentally, ellagic
and gallic acid were the two most abundant metabolites to be found. The biochemical
characterization further confirmed that Cecio and Bastarda Rossa are particularly promising
cultivars as their extracts exhibit strong cytoprotective and antioxidant effects in cellular
models under oxidative stress. HyO,-induced cytotoxicity and oxidative damage were
significantly reduced in human cells, underscoring the protective potential of their phe-
nolic compounds against aging-related oxidative stress, representing valuable sources of
bioactive compounds with potential applications in nutraceuticals, food innovation, and
food sustainability.
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To further investigate the potential antioxidant activity of the cultivars’ extracts,
in silico studies were performed to identify the target for the two majorly represented
compounds in the extracts, namely ellagic acid and gallic acid. Their interaction with the
target was explored through docking simulations and an interaction network analysis,
displaying a range of interactions, which would potentially justify the inhibitory effect of
the ligands on their respective targets.

Ellagic and gallic acid were selected as the most abundant compounds in the ex-
tracts. In silico findings indicated their potential bioactivity against their predicted targets,
warranting further investigation. Importantly, this study was not focused on proposing
potential target inhibitors, rather to highlight the importance and the innovation to align
the circular bioeconomy principles by identifying natural wastes as antioxidant sources,
reducing time, and costs, and minimizing environmental pollutants. Exploring the extracts’
potential within a sustainable, integrated bioprocessing approach offers an eco-friendly
pathway to assess the biological activity of plant byproduct compounds. However, further
investigations are needed to explore their stability, bioavailability, dosages, and potential
uses in nutraceuticals or functional foods.
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Abstract: The scourge of food waste (FW) is a significant global challenge, impacting climate change,
food security, and the sustainability of agrifood systems. The objective of this paper is to iden-
tify, analyze, and understand the factors influencing household consumer behaviors in Romania
regarding the reduction of FW. Three primary research objectives were established to assess food
consumption behaviors within households, to explore attitudes toward FW, and to understand
the motivations for reducing FW along with the measures implemented by households to address
this issue. Methodology: Data were collected through an online self-administered questionnaire,
designed to investigate consumer behaviors related to the avoidance of FW. A descriptive statistical
analysis was performed, and a linear regression model was developed to evaluate a composite index
measuring Romanian consumers’ behavior towards FW reduction. Results: The resulting model
identifies key predictors that drive concrete actions to minimize FW, including the desire to mitigate
the environmental impact, household conversations about FW and strategies to reduce it, established
food routines, the influence of one’s social circle, individual ecological and social responsibility, and
the effectiveness of awareness campaigns addressing the consequences of FW. Practical and social
implications: The findings highlight the necessity of education and awareness initiatives to shift
attitudes and behaviors concerning FW. Future research is warranted to deepen understanding and
enhance interventions. Originality: This study represents a pioneering and innovative inquiry into
FW behavior in Romania, filling a gap in the existing literature and contributing to the broader

discourse on this pressing environmental issue.

Keywords: food waste; consumer behavior; food waste avoidance; composite index for measuring

food waste avoidance; Romania

1. Introduction

Food waste (FW) refers to food discarded by retailers, consumers, or other sectors
of the food supply chain. The Food and Agriculture Organization (FAO) estimates that
around 14 percent of the world’s food (valued at USD 400 billion per year) continues to
be wasted after it is harvested and before it reaches the shops. At the same time, UNEP’s
Food Waste Index Report shows that a further 17% of our food is wasted in retail and by
consumers, particularly in households [1] (UNEP Food Waste Index Report 2021 | UNEP—
UN Environment Programme). The FAO estimates that the food that is wasted could feed
1.26 billion hungry people every year [2].
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Statistical data published by Eurostat conclude that the level of food waste in the EU
in 2021 was 58 million tons of fresh food, of which approximately 54% was generated by
the household consumer sector. For the same year, the level of FW per capita reached
131 kg. Misniakiewicz et al., (2024) show that around 65% of the food waste generated in
Europe comes from five countries [3]. These include Germany (10,922,321 tons), France
(8,764,999 tons), Italy (8,291,265 tons), Poland (4,281,212 tons), and Spain (4,260,845 tons).
At the opposite pole are Malta (79,589 tons) and Luxembourg (83,622 tons) [4]. A report
published by EUFIC states that losses and waste are more carbon-intensive for processed
products that encompass many additional resources accumulated along the supply chain.
The carbon footprint of FW differs according to the category of food that generates food
waste, with a direct impact on the environment [5].

According to the FUSIONS (Food Use for Social Innovation by Optimizing Waste
Prevention Strategies), a project with 21 partners from 13 EU countries, an estimated
100 Mtons of food waste is produced each year in the EU and the FW which can be avoided
represents an average economic cost of EUR 595 per household per year [6].

FW waste can occur at various stages of the supply chain due to factors such as ineffi-
ciencies in production, transportation, storage, distribution, consumer behavior, cosmetic
standards, and expiration dates [7-11]. FW contributes to environmental degradation
through greenhouse gas emissions from decomposing organic matter in landfills, deforesta-
tion, water wastage, and energy consumption associated with production and transporta-
tion [12,13]. From a social and economic point of view, FW represents a missed opportunity
to alleviate hunger and food insecurity, especially in regions where food access is limited.
It also translates into economic losses for producers, processors, transporters, retailers, and
consumers [14-16].

The forecasts related to the numerical growth of the population throughout the world
show that humanity will reach approximately 9.8 billion people in 2050. Numerous authors
claim that halving FW in the agri-food chain by the year 2030 will meet the current and
future food needs of humanity, by the United Nations’ Sustainable Development Goal
12.3 [17,18]. This reduction can only be achieved under the joint efforts of all interested
stakeholders [19]. The methods used to estimate the level of food waste must be relevant,
representative, and reliable [20].

At atime of rising global hunger and surging food prices, various countries have devel-
oped national strategies and action plans to address the FW issue [2,21]. Also, organizations
and businesses are implementing multiple strategies to tackle FW [22,23]. These include
improving storage and transportation infrastructure, enhancing supply chain efficiency
through planning, promoting consumer awareness and behavior change, redistributing
surplus food to those in need, preventing FW through feeding animals, and developing
innovative technologies and digital apps [24] and tools [25] for food preservation and waste
reduction [26-31].

In households, FW is closely related to dietary behavior acquired throughout life [17]
and depends on motivational factors, skills, and opportunities as well as current personal
food management practices [32,33]. FW in households is produced in three stages, starting
from purchasing food, storage, and consumption [34]. All these are closely related to the
category of food [35], the purchasing place [36], the production system of food, and eating
habits [37]. Household food consumption habits, frequency of cooking and consumption
of home-prepared meals, preferences for different places of food purchase, type of diet,
and preference for food produced in different farming systems (conventional, traditional,
or organic), are an integral part of a responsible food behavior with direct effects on the
protection of resources, the avoidance of FW, and the minimization of the negative impact
on the environment.

Consumers play a crucial role in reducing FW by making mindful purchasing deci-
sions by buying only the necessities, properly storing and using food items, minimizing
overeating, and supporting initiatives that redistribute surplus food to vulnerable popula-
tions [38—41].
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Key aspects of the research on FW in Romania

Removing the scarcity of studies regarding FW in Romania is an important objec-
tive, considering the FW’s negative impact on the economy, the environment, and food
security. In Romania, FW research is mostly coordinated by governmental institutions,
non-governmental organizations, and academic research institutions. According to the
report published in 2024 by UNEP regarding the Food Waste Index, Romania is the only
member state that did not report data in this regard to Eurostat [42].

National-wide studies: These are carried out by the National Institute of Statistics (INS)
or the Ministry of Agriculture and Rural Development. They aim to assess the extent and
characteristics of food waste along the entire agri-food chain [43].

Sector analyses: Research often focuses on specific sectors, such as agricultural produc-
tion, food processing, distribution, and retail, to identify vulnerabilities and opportunities
to reduce FW [44].

Multiple data sources: Researchers use a variety of data sources, including official statis-
tics, sector organization reports, market studies, and field surveys to gain a comprehensive
picture of the FW phenomenon [45-47].

Economic and social impact assessment: Studies analyze the impact of food waste on the
national economy, including financial costs for producers, processors, and consumers [48,49],
as well as the social implications for food security and social inclusion [50,51].

Identifying effective solutions and interventions: Research proposes strategies and poli-
cies to reduce food waste, including legislative measures, technological innovations [52],
education and awareness programs [53], and collaborative initiatives between different
stakeholders [54,55]. Some authors show that to reduce food waste, the understanding
of the social value of religion and environmental behavior [56] must also be taken into
account [57]. Other authors emphasize the need to develop digital technologies that en-
courage sustainable eating habits, efficiency, and sustainability of the food system [58], and
contribute to a national culture of avoiding FW [31].

Monitoring and evaluation: After interventions and policies are implemented, research
continues to monitor and evaluate progress in reducing food waste and identify new
challenges and opportunities [59].

The analysis of the Romanian consumer’s behavior, regarding FW, highlights the main causes:
There has been insufficient attention related to the shelf life of food, improper storage [60],
behavioral differences due to gender [61], residence [62], and income [63]. Other causes
that have been reported are a lack of sustainable food strategies [64], responsible food
behavior, different moral attitudes towards FW, the perception of self-control over one’s
behavior [65], and the purchase of excessive quantities because of retail discounts and
promotions [66]. A recently published study identified five clusters of food consumption
patterns in Romanians closely related to FW [67].

This study complements the specialized literature on Romanian consumer behavior
about avoiding FW. The main aims are to identify, analyze, and understand the factors
that influence consumer behavior regarding the avoidance of FW, to inform policymakers,
guide investment, and mobilize action to reduce FW in Romania.

The article is structured as follows: Section 1: Introduction, where the problem ad-
dressed is presented and reference is made to the state of knowledge on this subject
internationally and also in the Romanian context; Section 2: Materials and Methods, in which
the study design, research objectives, data about the study sample, and the methods used
for statistical analysis are presented; and Section 3. Results and discussions, which presents
the results of the descriptive statistics for both the dependent and independent variables
concerning FW avoidance behavior. A composite index has been developed to facilitate
an objective measurement of FW avoidance behavior among consumers. The validity of
this composite index was evaluated through a stepwise linear regression analysis, which
aims to elucidate the impact of various determinants on the propensity to avoid FW in
Romania. Discussions also include a comparative analysis with results documented by
researchers in other countries. This comparison serves to highlight the nuances of FW
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avoidance behavior across different cultural and socio-economic settings, thereby enriching
the comprehension of the multifaceted elements influencing consumer attitudes toward
FW; Section 4: Conclusions.

2. Materials and Methods
2.1. Study Design

The article is based on survey-type research in which an online self-administered

questionnaire was used, employing a non-probability sample from Romania. The data were
collected in 2024, and the total sample size was 369 consumers. They were informed about
the purpose of the study and data protection, and by completing the questionnaire they
agreed to participate. The questionnaire was distributed online to the authors” knowledge
network and students, and through them, to people responsible for purchasing and cooking
food in their families. The study participants were 18 to over 65 years old. The thematic
questionnaire was specifically constructed for this research and was based both on the
specialized literature and on original research ideas designed to explore these topics in a
national context where there is not yet a tradition of FW research. Most of the questions
included a Lickert-type scale for registering responses and the questionnaire collected
standard socio-demographic information. For data processing, we used the IBM SPSS
26 software package.

The general and specific objectives of the study are represented in Figure 1.

¢0.1. Identification of food consumption
behavior in the household;
/ ¢0.2.Identifying attitude towards FW;
Main research ¢0.3.Identifying the motivation to reduce FW
and the measures applied in this sense in the

objectives household

©0.1.1.The preparation of the food and the
location of its serving;

©0.2.1. Subjective norms;
©0.3.1. The motivation why people believe they
should make efforts to reduce FW in the
Secondary research household;

objectives ©0.3.2.Actions applied in consumer households
to reduce FW.

] used to cook at home and eat the cooked food with my family

*Most people important to me disapprove of food being thrown away
in the household

*Reducing the negative impact on the environment
*Taking social responsibility through food consumption to reduce
. global food problems
.. *Have you applied any of the measures below to reduce food waste?
- 1. Reusing leftovers from the fridge
Research 2. Cooking smaller portions
3. Menu planning
4. Making a shopping list
5. Checking and prioritizing the use of food according to the period of
validity
6. Proper food storage
7. Giving surplus food to vulnerable people
8. I carefully read the expiration date of the food and consumed it at the
right time
9. Purchase of food in smaller quantities
10. Discounted purchase of expired food

questions/statements

Figure 1. Study design. Source: Developed by the authors.

2.2. Participants

The questionnaire was completed by 376 people residing in 27 counties, out of the

41 counties and the municipality of Bucharest existing in Romania. Of these, only 369 people
sent complete answers. Out of the total number of respondents, 221 people (59.89%) lived
in Sibiu County. Other socio-demographic data of the sample are shown in Tables 1 and 2.
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Table 1. Data of respondents.

Specification Frequency % Specification Frequency %
Male 121 32.79 18-20 99 26.8
Gender Female 248 67.21 21-30 140 37.9
Total 369 100 Age groups 31-40 42 114
Urban 253 68.56 (years) 41-50 56 152
Domicile Rural 116 31.44 Above 50 32 8.7
Total 369 100 Total 369 100
Source: Authors ‘own calculation.
Table 2. Level of education, income, and number of people in the respondents” household.
Specification Frequency % Specification Frequency %
Education level Under
below tertiary 199 53.9% 1000 Tei 86 23.30
education Monthly
The highest level expenditure of the 357 o000 Jej 182 14932
of education Tertiar family for the -
completed € . Yy purchase of food * 2001-3000 lei 75 20.33
P educatl(in lzvel 170 46.1% Above
t
compsete 3001 lei 26 7.05
Total 369 100
Total 369 100 1 15 4.06
Under 2500 lei 15 4.06 2 85 23.04
2501-5000 lei 91 24.67 ) 3 93 25.20
- Persons in
Family income * 5001-7500 lei 100 27.10 Household 4 111 30.08
7501-10,000 lei 85 23.04 5 25 6.78
Above 10,001 lei 78 21.13 Above 6 40 10.84
Total 369 100 Total 369 100

*1 euro = 4.98 lei on 1 June 2024. Source: Authors’ own calculation.

From the above table analysis, it is shown that approximately 67% of the respondents
were female, approximately 69% lived in urban areas, and approximately 76% of them were
young, aged between 18 and 40. Regarding the level of education of the respondents, more
than half of them were high school graduates (53.9%), and 46.01% had completed university
studies (bachelor’s, master’s, and PhD). In general, as expected, the household structure
included 3—4 people (55.28%). More than half of the respondents’” families (50.14%) had
an average monthly income between 5001-10,000 lei (1000-2000 EUR). For 49.32% of the
respondents, the monthly expenses for purchasing food necessary for the household were
between 1001 and 2000 lei (200-400 EUR).

2.3. Statistical Analysis

The dataset allowed us to build a composite index for assessing self-declared behav-
iors for food waste avoidance at the individual level. This index type obtains an overall
representation of a concept or construct that cannot be directly measured by a single item.
The procedure of the summative index is a composite measure created by summing the
individual scores of multiple items further described in this paper’s section of analyses.
The composite index was also tested by employing a factor analysis, a statistical technique
to uncover latent structures underlying the relationships among a set of observed vari-
ables. The primary goal of factor analysis is to reduce the dimensionality of data and
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identify clusters of correlated variables that can be represented by a smaller number of
underlying factors.

While we employed descriptive analyses to describe and summarize the characteris-
tics of the variables included in the analyses (mean and standard deviation), we further
designed a stepwise linear regression model to test the relationships between the variance
of the summative index (dependent variable) and a set of predictors explained in the
section of analyses. Even though the fact that the sample is not representative of the entire
population of Romania and does not allow us to generalize the conclusions, the stepwise
linear regression model enabled us to test the type and the significance of the relationships
between certain variables at the sample level and to draw meaningful conclusions about
FW waste avoidance.

3. Results and Discussions
3.1. Descriptive Analyses
3.1.1. Dependent Variable

The dependent variable was a composite index reflecting individual self-assessment
regarding ten FW avoidance behaviors (Table 3). For each of these, study participants
were asked to rate on a scale from 1 to 7 the frequency with which they engaged in
these behaviors (where 1 represents never, and 7 always). To maintain the relevance and
interpretability of the index, we opted to calculate the individual-level mean with a formula
as follows: sum of individual values from il to i10 divided by 10 [Index = X (i1: i10) =+ 10].
At the sample level, concerning the 10 indicators introduced in the analysis (Table 3), we can
say that the most frequent FW avoidance behaviors were “Proper food storage” (M = 5.58)
and “Reading food expiration dates carefully and consuming them on time” (M = 5.18). In
contrast, the least frequent behaviors were related to “Donating excess food to vulnerable
individuals” (M = 3.89). All other measured behaviors fell between these extremes of the
scale and registered mean values in the range between 4 and 5.

Table 3. List of indicators included in the composite index for measuring FW avoidance (ranked by
the mean value recorded at the sample level).

Behaviors Mean Std. Dev.  Variance Coe.fﬁ-cient of
Variation (%)

il Proper food storage 5.58 1.49 221 26.71

i2 Reading food expiration dates carefully and consuming them on time 5.18 1.61 2.60 31.05

i3 Checking and prioritizing the use of food based on expiration dates 4.96 1.65 2.72 33.24

i4 Making a shopping list 4.72 1.76 3.08 37.34

i5 Cooking smaller portions 4.69 1.47 2.15 31.34

i6 Purchasing food in smaller quantities 4.66 1.54 2.35 32.98

i7 Reusing leftovers from the fridge 4.20 1.82 3.30 43.33

i8 Meal planning 4.18 1.68 2.81 40.18

i9 Purchasing discounted food nearing its expiration date 415 1.85 3.42 44.58

i10 Donating excess food to vulnerable individuals 3.89 1.72 297 4419

Source: Authors” own elaboration.

The calculated mean scores, the standard deviation, the variance, and the coefficient
of variation resulting from individual self-reports on ten food waste avoidance behaviors
are shown below.

The coefficient of variation had values between 26.71% and 44.58%, below 35% in the
case of 5 self-declared behaviors regarding the avoidance of FW. To verify if the indicators
could be grouped into a one-dimensional index, we conducted a factor analysis with princi-
pal component extraction (Figure 2). This showed factors clustering on one dimension, and
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the Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO) coefficient was 0.905 (the
detailed results are presented in Supplementary Materials File S1). At the same time, the
statistical analysis indicated excellent reliability of the instrument used, suggesting that the
items were consistent and that the constructed assessment had an adequate foundation
(Cronbach’s Alpha coefficient of 0.88).

10

Y - Frequency (no. of individuals)

1.00 2,00 3.00 4.00 5.00 6.00 7.00
X - Values of the index for measuring FW (on a scale from 1 to 7)

Figure 2. Histogram—Frequency (DV: The composite index for measuring food waste avoidance).
Mean = 4.62; Std. Dev. 1.154; N = 369; (Authors’ own representation).

3.1.2. Independent Variables

To understand the variation in FW avoidance behaviors, we considered it useful to
analyze the influence that a set of social values, consumption behaviors, and individual
characteristics may have. In this regard, we selected the variables in Table 4 and some
descriptive statistics.

Table 4. List of independent variables.

Indicators Mean (M) Std. Dev. (SD) Min Max

The individual usually cooks at home (scale 1 to 5) 4.30 0.86 1 5

Reducing the negative environmental impact is an important motivation for

making an effort to reduce food waste (scale 1 to 5) 3.93 0.97 1 >

Taking social responsibility through food consumption to alleviate global
food issues is an important motivation for making an effort to reduce food 3.97 1.01 1 5
waste (scale 1 to 5)

Most of the important people in individual’s life disapprove of food being

wasted (scale 1 to 5) 2.82 1.30 1 5
The individuals had discussions in their household about food waste and

. 0.83 0.37 0 1
ways to reduce it (yes = 1)
The individuals heard about information campaigns or news that raise 0.62 0.49 0 1
awareness about food waste and offer tips for reducing it (yes = 1) ’ ’
Gender (male) 0.33 047 0 1
Age (number of years) 30.22 12.91 18 73

Source: Authors” own elaboration.
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The descriptive statistics revealed participants’ behaviors and attitudes towards FW
reduction. The results showed a strong inclination towards cooking at home, as indicated
by a high mean score of 4.30 with an SD of 0.859, signifying consistency. Motivations
such as environmental impact (M = 3.93, SD = 0.969) and social responsibility (M = 3.97,
SD = 1.013) were somewhat lower but still significant, exhibiting varying opinions among
respondents. Participants noted perceived disapproval of FW by important individuals
(M =2.82,SD =1.304), reflecting diverse views. Household discussions on FW (M = 0.83,
SD = 0.374) and awareness of information campaigns (M = 0.62, SD = 0.487) were reported,
with varying levels of exposure among respondents. The sample included more female
respondents and the mean for males was 0.33 and SD of 0.470. The average age was
30.22 years (SD = 12.909), indicating diversity in age ranges. These findings provide insights
into the sample specificity although the sample does not represent the entire population.

3.2. Linear Regression Model

Firstly, the adjusted R square values (Table 5) increased from 0.184 to 0.270 with the de-
velopment of the model and this indicates that the final model (M6) explains approximately
27% of the variance in the behavior of avoiding food waste. This means that there are
other factors not accounted for in the model that may also influence the behavior, but our
results provide meaningful explanations regarding individuals’ behaviors in this register.
From the total of IV included in the model, six factors were in statistically significant
relationships with the dependent variable (DV). At the same time, gender, age, education,
number of persons in the household, and household earnings were excluded from the list of
variables and had no statistically significant influence within this model (their coefficients
are presented in Supplementary Materials File S2). Looking at the coefficients of each IV
maintained in the analysis, we can see how each variable relates to the (DV), the composite
index for measuring food waste avoidance. A recently published study shows that the
number of household members influences the amount of waste produced in the household,
while other variables such as age, education level, or family income do not significantly
influence the level of FW [68]. Other studies show that demographic features such as
age and gender do not considerably influence food waste avoidance within the studied
sample. The specialized literature reports the influence of consumers’ socio-demographic
characteristics on sustainable food behavior [69], while food waste avoidance behavior
does not depend on these characteristics [70].

Reducing the negative environmental impact (IV1) was the first and, in relative terms,
the most important predictor for the index of FW avoidance within the model. It had
a strong statistically significant relationship with the DV (p < 0.001) and a standardized
coefficient 0.304. In a regression model that included multiple predictors, the fact that
reducing the negative environmental impact was the most important factor indicates a very
strong connection between individuals’ concerns for environmental conservation and the
adjustment of their own consumption behaviors in this direction.

The second predictor included in the statistical model was related to household-level
discussions about food waste and ways to reduce it (IV2). The predictor is in a positive and
strong statistically significant relationship with the DV (** p < 0.01) and its standardized
coefficient of 0.157 indicates that people who approached this issue in discussions within
their household have higher values in terms of behaviors of FW waste avoidance.

This indicates that FW avoidance behaviors emerge as a result of a family environment
in which the individual becomes aware of this issue and feels the need to take a stance by
engaging in conversations. Encouraging discussions at the household level seems to be a
direction worth considering, and in the longterm, it can have a significant spillover effect
through the socialization of new generations in this spirit.
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Table 5. Results of the stepwise linear regression model: DV—The composite index for measuring
food waste avoidance.

Standardized Coefficients (Beta)

Predictors
_ M1 M2 M3 M4 M5 M6

IV1. Reducing the negative environmental impact is
an important motivation for making an effort to 0.432 *** 0.416 *** 0.414 *** 0.425 *** 0.302 *** 0.304 ***
reduce food waste

IV2. The individuals had discussions in their

*%% %% *%% %% *%
household about food waste and ways to reduce it 0.198 0-184 0.182 0171 0.157

IV3. The individual usually cooks at home 0.138 ** 0.138 ** 0.129 ** 0.122 **

IV4. Most of the important people in an individual’s

_ *% _ *o% _ s
life disapprove of food being wasted 0123 0125 0-126

IV5. Taking social responsibility through food
consumption to alleviate global food issues is an

* *
important motivation for making an effort to reduce 0169 0-170
food waste
IV6. The individuals heard about information
campaigns or news that raise awareness about food 0.102 *
waste and offer tips for reducing it
Adjusted R Square 0.184 0.221 0.238 0.251 0.262 0.270

Notes: * p < 0.05; ** p < 0.01; *** p < 0.001 (please see Supplementary Materials File S2 for the complete results of
the stepwise linear regression analysis). Source: Authors” own elaboration.

The individuals who usually cook at home (IV3) had a standardized coefficient of
0.122, indicating that this behavior correlated to food waste avoidance (p-value < 0.01).
This result is important because it indicates how cooking at home empowers individuals
and contributes to food waste reduction in Romanian society. The obtained result agrees
with the one highlighted by Bobeica et al., (2024), which shows that routine and individual
behavior in the household is important for reducing FW [71].

The fourth predictor included in the model was linked to the individual’s social circle.
Within our sample, those who have important people in their lives disapproving of food
waste (IV4) registered a negative standardized coefficient of —0.126 and the relationship
was statistically significant (p < 0.01). Food waste avoidance behaviors have a negative
relationship with the social circle in which individuals live. This can indicate that those who
exhibit such behaviors perceive themselves more as exceptions about important people in
their lives. This result may seem counterintuitive, but it shows that in Romania, there is not
yet a culture of food waste avoidance. This may be the result, as other authors show, that
most people expect actual measures to avoid food waste to be taken on different levels [71].

In a similar fashion to reducing the negative environmental impact, people motivated
to shape their behaviors by taking social responsibility through food consumption to
alleviate global food issues (IV5) registered higher values of the FW index. It was a positive
coefficient of 0.170 and the relationship was statistically significant at p-value < 0.05. This
suggests that individuals who are environmentally and socially responsible are more
inclined to exhibit behaviors of avoiding food waste.

Last but not least, individuals” awareness of information campaigns about food waste
(IV6) had a standardized coefficient of 0.102, which means that individuals who were
exposed to information about food waste were more likely to exhibit behaviors of avoiding
food waste. This relationship was statistically significant with a p-value < 0.05. This shows
that such communication programs are effective, and it is important for public authorities
to make efforts to communicate on this issue or to support social initiatives in this direction.

For a significant impact on the environment and in the area of social responsibil-
ity related to FW reduction, a comprehensive approach is needed, which integrates all
stages of the food supply chain, consumer education, effective collaboration between vari-
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ous civil society organizations and the private sector [72], implementation of innovative
and sustainable production and consumption practices [35,60,73-75], sustainable energy
production [76], expansion of national food bank branches [77], fueling innovations (tech-
nological, organizational, or marketing) [78], application of blockchain technology [79],
the conversion of agri-food waste into innovative bioproducts [80,81], and the use of food
waste in animal feed [82]. As Biggi et al. (2024) show, corporate social responsibility and
legislative measures can have a synergistic effect on environmental management and FW
reduction [83]. However, the need to create a societal culture to avoid and reduce FW was
also reported internationally [84].

Environmental and social responsibility exhibit stronger positive associations with
food waste avoidance, emphasizing the impact of individuals” values on their waste
reduction behaviors. Household discussions about food waste and exposure to information
campaigns enhance food waste avoidance tendencies.

An overview on the variables that do not significantly influence the DV can be also
informative. At the sample level, there were no statistically significant differences between
men and women regarding the reporting of certain behaviors associated with FW. Similarly,
with respect to age groups, the findings were not markedly different, using the reference
category of the youngest individuals in the sample (20 years or below). Perhaps more
surprisingly, the completion of tertiary education programs did not significantly influence
FW behaviors. This may be attributed to the fact that such subjects are not covered in
the university curriculum in Romania, and extracurricular programs of this nature aimed
at students are lacking. The number of individuals in the household did not statistically
impact the value of the FW index. Furthermore, income levels did not have a statistically
significant relationship with the FW index. The lack of statistical significance in some
relationships within this context may be influenced by the nuances already captured by
the previously presented attitudinal-value model. The absence of a clear demographic
and socio-economic profile regarding FW may also be relevant because, in Romania, there
has not yet been sufficient time for such behaviors to crystallize solely within certain
segments of the population. It is more likely that multiple directions of influence exist at
both generational and socio-economic levels. For instance, some behaviors may still bear
the imprint of the significant food shortages experienced during the Communist period
of the country or the consumerism developed during the transition to a market economy
since 1989. Nevertheless, in the absence of representative national studies, our research
opens important niches for further investigation.

The issue of FW is complex and requires multiple and timely interventions along the
food supply chain [85,86]. In the final stage of the chain, information campaigns and the
need to educate household consumers, especially young people regarding the need to avoid
and reduce FW is highlighted in numerous research papers [3,46,87]. Food literacy is an
important determinant of dietary behavior [86]. Education in this direction must be carried
out in the context of the three pillars of sustainability (social, economic, and environmental),
within each generation and between generations, emphasizing an understanding of the
resources involved in food production [87].

4. Conclusions

The present paper is an exploratory study on the behavior of domestic consumers
in Romania regarding FW. The results have determined a composite index that measures
concrete actions to avoid FW. The determined composite index assesses self-reported
food waste avoidance behaviors at the individual level. A concept or construct that
cannot be directly measured was thus represented. The model was tested using the
stepwise linear regression model. According to the resulting model, the main predictors
that determine concrete actions to avoid FW are the desire to reduce the negative impact on
the environment; discussions about FW held at the household level and ways to reduce it;
household food routines, especially regarding cooking at home; social circle; ecological and
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social responsibility of individuals; and awareness campaigns regarding the environmental,
social, and economic impact of FW, carried out in all stages of the agri-food chain.

The social values and personal beliefs formed through an appropriate education for
each generation can be used to promote a culture of avoiding food waste, which must be
created and consolidated in Romania. A national culture of avoiding FW and sustainable
FW management is essential in sustainable development, the current need for action is to
mitigate the effects of climate change and ensure food safety and security.

Informing and educating conscious and responsible generations is the key to tackling
this problem. Education and awareness efforts with the support of all stakeholders, fol-
lowed by FW monitoring, are essential to changing attitudes and behaviors regarding this
issue. Public awareness campaigns, school programs, and community initiatives can help
promote a culture of less wasteful food consumption. In this context, the recommendations
for politicians and government institutions refer to the need for education and awareness
efforts, which are essential to change attitudes and behaviors regarding FW in Romania.

The research has some limitations related to the number of respondents. The findings
offer a comprehensive image of the current FW behavior based on an online survey and a
self-administered questionnaire, which does not necessarily represent the entire population
of Romania.

Further studies are necessary regarding the Romanian consumer behavior related to
FW, to obtain a general picture of this behavior at the national level. The research will
be extended to the other links of the food supply chain (producers, processors, traders,
and HoReCa).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods13203313/s1, File S1: Factor analysis-FW index, File S2:
Stepwise regression model.
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Abstract: Cereal wastes such as rice bran and cereal dust are valuable yet underutilised by-products
of grain processing. This study aimed to bio-convert these wastes into bacterial cellulose (BC),
an emerging sustainable and renewable biomaterial, via an inexpensive solid-state fermentation
(SSF) pre-treatment using three mould isolates. Medium substitution by directly using untreated
rice bran or cereal dust did not significantly increase the yield of bacterial cellulose produced by
Novacetimonas sp. (NCBI accession number PP421219) compared to the standard Hestrin-Schramm
(HS) medium. In contrast, rice bran fermented with Rhizopus oligosporus yielded the highest bacterial
cellulose (1.55 + 0.6 g/L dry weight) compared to the untreated control (0.45 £ 0.1 g/L dry weight),
demonstrating an up to 22% increase in yield. Using the SSF process, the media production costs
were reduced by up to 90% compared to the standard HS medium. Physicochemical characterisation
using SEM, EDS, FTIR, XPS, XRD, and TGA was performed to gain insights into the internal struc-
ture, morphology, and chemical bonding of differently produced BC, which revealed comparable
biopolymer properties between BC produced in standard and waste-based media. Hence, our find-
ings demonstrate the effectiveness of fungal SSF for transforming abundant cereal waste into BC,
providing a circular economy solution to reduce waste and convert it into by-products to enhance the
sustainability of the cereal industry.

Keywords: bacterial cellulose; biopolymer; solid-state fermentation; rice bran; cereal dust; cereal
waste; Novacetimonas

1. Introduction

Bacterial cellulose (BC) is an emerging biopolymer with unique properties such as
a high purity, crystallinity, and mechanical strength, making it superior to plant-derived
cellulose for various applications [1,2]. Various genera within acetic acid bacteria (AAB),
including Gluconacetobacter, Acetobacter, and Komagateibacter, are known for their ability to
produce cellulose. Acetobacter, commonly found in vinegar, is a heterotrophic bacteria capa-
ble of converting glucose, glycerol, sugars, and other organic compounds into cellulose [3].
Although several bacteria that generate bacterial cellulose have been identified, much
research has concentrated on model organisms like Gluconacetobacter xylinus. This species
is particularly notable for its ability to utilise a wide variety of carbohydrates, making it the
most important cellulose-producing bacteria [4].

BC and its derivatives are in high demand due to their extensive commercial applica-
tions across various industries, such as biomedical, pharmaceutical, cosmetics, packaging,
electronics, and food. The global market for BC is projected to expand at a compound an-
nual growth rate (CAGR) of 12.6% from 2019 to 2027, potentially reaching USD 771.76 mil-
lion. With an estimated annual production of 1012 tons of this biopolymer, the strong
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market demand ensures a consistent supply of renewable and biodegradable BC raw mate-
rials [5]. However, the scaling of industrial BC manufacturing remains restricted by the
high costs of conventional culture media [2]. Solid-state fermentation (SSF) has emerged
as a promising strategy to enhance the nutritional potential of carbohydrate-rich waste
streams, offering advantages such as a reduced reactor volume, lower energy requirements,
and simplified downstream processing [6].

Rice bran and cereal dust, abundant waste of grain processing, represent promising
yet underutilised substrates for BC production. Annually, rice bran production exceeds
29 million tonnes globally, while cereal dust constitutes approximately 2-3% of grain
weight during milling [7,8]. These materials are rich in complex carbohydrates, proteins,
and essential nutrients, potentially supporting microbial growth and metabolism [9-11].
Previous studies have demonstrated the feasibility of using rice bran as an alternative
nitrogen source for BC production, with yields increasing up to 2.4-fold compared to the
standard medium [8]. Substrates such as cereal grains have been explored, but there is
a noticeable gap in the existing literature regarding the use of cereal dust specifically to
produce bacterial cellulose. Limited research has been conducted in this area, making this
study particularly novel and impactful. However, the fibrous architecture of these residues
can limit nutrient accessibility without preprocessing, and to address that, SSF was used as
an approach.

SSF has emerged as an optimal bioprocessing strategy to enhance the nutritional
and functional potential of carbohydrate-rich waste streams from cereal milling and rice
production [12]. SSF offers advantages such as being suitable for tiny effluent amounts and
simple substrates, being cost-effective, and having no extra considerations for standard
procedure control. This technique is usually applied to agro-industrial waste resources [13].
SSF utilises filamentous fungi perfectly adapted to solid substrates in nature to break down
complex-matrix polysaccharides through secreted enzyme cocktails into readily assimilable
sugars, proteins, and metabolites. Aspergillus niger, A. oryzae, A. parasiticus, Acremonium
crysogenum, and Rhizopus oryzae are some of the microorganisms which have been explored
for the SSF of rice bran, wheat bran, and other agricultural wastes and by-products [13-18].
The literature confirms that SSF significantly increased the protein accessibility of rice
bran by unlocking nutrients entrapped within fibrillar networks using natural enzymatic
biocatalysts [19].

SSF is particularly advantageous for bioprocessing agro-industrial waste streams,
as it operates with a low moisture content (typically < 70%), making it well-suited for
materials with low water activity, such as lignocellulosic biomass. The technique offers
several economic and sustainability benefits, including a reduced reactor volume, lower
energy requirements for aeration and mixing, and simplified downstream processing
compared to submerged fermentation. SSF also allows for the direct use of unfractionated
solid substrates, minimising the need for costly pre-treatment steps. Moreover, the low
water activity in SSF helps prevent bacterial contamination, allowing for a semi-sterile
process without the need for strict aseptic conditions. These advantages have made SSF
an attractive bioprocessing strategy for the valorisation of agro-industrial wastes into
value-added products like enzymes, organic acids, and biofuels [12,13,17,20].

To address the challenge of producing BC sustainably and at a reduced cost, this study
aimed to develop an SSF-based bioprocess for valorising rice bran and cereal dust into BC
using three fungal strains: Rhizopus oryzae, Pleurotus ostreatus, and Rhizopus oligosporus. The
specific objectives were to (a) assess the impact of SSF pre-treatment on nutrient bioavail-
ability and BC production potential, (b) compare the yield and physicochemical properties
of BC produced from untreated and SSF-treated waste streams, and (c) characterise the
resulting BC materials using a suite of analytical techniques such as SEM, EDS, FTIR,
XRD, and TGA. Additionally, we conducted a preliminary cost analysis to assess the eco-
nomic feasibility of our approach. By addressing these objectives, this study provides a
proof-of-concept for the sustainable valorisation of agro-food wastes into high-value BC
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biomaterials, potentially paving the way for cost-effective and eco-friendly BC production
processes (Figure 1).
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Figure 1. Summarised representation of bacterial cellulose production from solid-state fermented
cereal wastes [21].

2. Materials and Methods
2.1. Microorganisms and Preparation of Inoculum

A novel Novacetimonas sp., an acetic acid bacterium isolated from apple cider vine-
gar, was used in this study [21]. The isolation process involved screening multiple fer-
mented liquid samples by subculturing them in Hestrin-Schramm (HS) medium to test
for consistent bacterial cellulose pellicle formation. This isolate from apple cider vinegar
demonstrated stable BC production in repeated subcultures. An initial characterisation
through biochemical testing revealed that this isolate belongs to the acetic acid bacteria
group. The genomic DNA extraction was carried out using an in-house buffer solution
containing Tris-HCl, EDTA, and SDS. Genomic DNA samples were amplified using 27F:
5-AGAGTTTGATCCTGGCTCAG-3' and 1492R: 5'-TACGGTTACCTTGTTACGACTT-3
16S rRNA universal primers [22]. Further identification was performed using 165 rRNA
gene sequencing, which identified that the isolate belongs to the Novacetimonas genus with
a 99% similarity to known sequences. The 165 rRNA sequence was submitted to NCBI
with the accession number PP421219. Gram staining and electron microscopy illustrated
the rod-shaped morphology characteristic of this species [21]. The growth profile analysis
exhibited an extended exponential phase, faster cell growth in agitated cultures, and higher
BC production in static cultures [21]. This isolate represents a promising candidate for BC
production due to its robust growth and cellulose-synthesising capabilities. Comparative
genomic analyses are currently ongoing to identify this novel isolate down to the species
level and to characterise its BC biosynthetic and secretion pathways.

The isolate was grown in HS culture medium for two weeks at 28 °C in a Thermoline
Refrigerated Incubator (Model Number TRISLH-495-1-SD, Sydney, Australia) by the static
cultivation method to prepare the inoculum. After the incubation period, the flask used
to prepare the inoculum was shaken vigorously each time to let the bacterial cells detach
from the BC pellicle and mix with the HS inoculate culture medium. This cell suspension,
adjusted to 0.1 OD, served as the inoculum. A 10% (v/v) inoculum concentration was used
for all experiments.

2.2. Waste Materials Used for the Reformulation of Bacterial Cellulose Media

Stabilised rice bran was sourced from SunRice, Yanco, New South Wales, Australia.
The bran stabilisation process, which involves heat treatment to deactivate lipase enzymes
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while preserving nutritional value, uses a proprietary and confidential commercial method.
Cereal dust was obtained from Rex James Stockfeed Ltd., Nathalia, Victoria, Australia.
Proximate analyses of both the rice bran and cereal dust substrates were conducted by
certified commercial testing laboratories to determine their carbohydrate and protein
content for media reformulation purposes. The results of these analyses are presented
in Supplementary Table S1. This approach ensures the accuracy and reliability of the
compositional data used in our study.

2.3. Reformulation of HS Culture Medium Using Agro Wastes for BC Production

Based on a proximate analysis, the standard HS bacterial cellulose production medium
was reformulated by substituting key carbon and nitrogen sources. The reformulated media
composition is presented in Supplementary Table S2.

2.4. Solid-State Fermentation of Rice Bran (RB) and Cereal Dust (CD)

The solid-state fermentation of rice bran and cereal dust was carried out using three
fungal species: Rhizopus oryzae (RO) from NATURITAS, Barcelona, Spain; Pleurotus osteratus
(PO) from Urban Spores, Queensland, Australia; and Rhizopus oligosporus (T) from Nourish
Me Organics, Victoria, Australia. The pre-treatment of RB and CD using SSF was carried
out in 5 L Erlenmeyer flasks for a better surface area and controlled aeration during the
treatment. For each substrate, 200 g of material was evenly distributed at the bottom of
the flask. The samples were moistened with distilled water prior to sterilisation. Each
flask was inoculated with a fungal spore suspension containing 4.0 x 10° spores medium,
which was prepared using a haemocytometer [23]. The flasks were covered with sterile
gauze to allow ventilation and incubated at 25 °C for 14 days in a Thermoline Refrigerated
Incubator (Model Number—TRISLH-495-1-SD). After incubation, the fermented samples
were sterilised at 121 °C for 16 min to decontaminate the fungal spores. The treated
substrates were then oven-dried (LABEC) at 60 °C for 48 h until moisture-free, ground into
a fine powder, and used as culture media components for BC production [13].

2.5. BC Production from Treated and Untreated Waste Substrates

Small-scale and large-scale experiments compared BC production using treated and
untreated rice bran (RB) and cereal dust (CD) against standard HS medium. For small-
scale trials, 50 mL tubes contained waste media formulations substituting HS carbon
and nitrogen sources. SSF-treated and untreated substrates were used in equal amounts.
The media were sterilised, adjusted to pH 6.2 (Mettler Toledo SevenEasy S20 pH Meter,
Australia), and inoculated with Novacetomonas sp. (0.1 OD). The cultures were incubated
statically at 28 °C for 14 days. BC pellicles were harvested, purified, and weighed after
oven-drying and lyophilisation. On the other hand, large-scale production used 1L Schott
bottles to increase the surface area, following the same protocol. This approach was based
on studies showing BC yield is proportional to vessel surface area [24,25]. Inoculum size,
pH, temperature, incubation period, and processing methods remained consistent with the
small-scale trials.

2.6. Characterisation of BC Produced from SSF-Treated Substrates

Analytical techniques such as Fourier-transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffrac-
tion (XRD), thermogravimetric analysis (TGA), and derivative thermogravimetry (DTG)
were used to study and evaluate the comparable properties of BC produced from SSE-
treated waste media. The physico-chemical characterisations of these BC films were com-
pared to the BC films generated from HS medium taken as a control, nata de coco as a
commercially available BC control, and untreated BC samples (RB and CD). The comparable
properties of these BC films generated from different waste media formulations were also
studied based on two drying techniques: oven-drying (OD) in a hot air oven at 60 °C for
8 h and freeze-drying (FD) by lyophilising the samples at —80 °C for 6 h and moving them
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to freeze dryer (LABCONCO FreeZone 4.5 Plus, Australia) at a condenser temperature of
—120 °C and vacuum pressure of 0.5 mbar until the weight remained constant. Following
are the methods used for the preparation and analysis of BC films for each characterisation
performed.

2.7. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

A field-emission scanning electron microscope (Zeiss Supra 40 VP, Jena, Germany)
was used to observe the structural morphology of the ultrafine fibre network. BC pellicles
obtained after the oven and freeze-drying were cut into small pieces and coated with a
thin layer of gold onto the sample by a sputter coating device for 15 s, followed by the
attachment of double-sided conducting carbon tape to the slide for better conductivity.
The coated samples were viewed at different magnifications. Energy-dispersive X-ray
spectroscopy (EDS) (Oxford Inca Energy 200, Thornleigh, Australia) was also performed
simultaneously on the samples coated for SEM analysis.

2.8. Fourier-Transformed Infrared Spectroscopy (FTIR)

The infrared spectra of the BC were recorded using FTIR-VERTEX 70, Burker, Australia.
BC samples were prepared as films to analyse, performing over the range of 400-4000 cm !
with a resolution of 16 cm~! and averaged over 200 scans. The spectrum line was baseline-
corrected and optimised on the generated IR spectra using Quasar 1.7.0 and Origin 2023
software to compare and study the spectra of BC film samples from different reformulated
media and drying methods.

2.9. X-ray Diffraction (XRD)

The bacterial cellulose crystal structure was analysed using an X-ray diffractometer
(Bruker D8 Advance, Bruker, Australia) 5-80, 0.02, 0.5 s, 0 rpm, 10 x 10 mm variable slit,
automatic air scatter (32 min). The oven- and freeze-dried samples of BC were prepared as
thin and flat layers using glass slides and mounted on the sample stage. The samples were
scanned at the rate of 0.5 s per step. The X-ray diffractogram was analysed and processed
using Origin 2023 Peak Analyser Software.

The crystallinity index (CI) was calculated from the obtained diffractogram using the
following equation [26]:

Crystallinity Index (CI) = (Ino2 — Iam/Ioo2) x 100

The Igo represents the highest intensity of the 26 peak, which is to say around 22.5°
corresponds to the crystalline region, and Iap represents the intensity of the peak situated
between the (110) and (200) peaks, that is, 18° corresponds to the amorphous region.

2.10. Thermogravimetric Analysis (TGA)

The analysis of the phase transitions and decomposition behaviours of the BC films
were performed using a Mettler Toledo TGA analyser, Melbourne, Australia. Around
20-30 mg of finely cut dried BC samples were used. The sample’s weight was continuously
monitored while subjected to a controlled temperature increase from 30 °C to 800 °C.

3. Results

This study demonstrated the successful production of bacterial cellulose (BC) from
rice bran and cereal dust pre-treated by SSF using R. oryzae, P. osteratus, and R. oligosporus
(Figure 1). SSF pre-treatment enhanced the BC yield compared to untreated substrates,
with rice bran fermented by R. oligosporus producing the highest yield. The BC produced
from SSF-treated substrates showed a comparable nanostructure to that produced in
standard HS medium and commercial nata de coco. Both the choice of fungal strain for
SSF and the drying method (oven drying vs. freeze drying) significantly influenced the
BC nanostructure, fibre diameter, and morphology. The physicochemical properties of
BC, including crystallinity, thermal stability, and surface chemistry, were affected by the
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substrate type and processing conditions. Lastly, a cost analysis revealed that using SSF-
treated agro-food wastes could reduce BC media costs by up to 90% compared to the
standard HS medium. These results highlight the potential of SSF-treated agro-food wastes
as sustainable and cost-effective substrates for BC production. The following subsections
will discuss these findings in detail, including the characterisation of BC properties through
various analytical techniques.

3.1. Solid-State Fermentation of Rice Bran and Cereal Dust

After 14 days of SSF, extensive fungal growth was observed on all samples (Supple-
mentary Figure S1), with all three strains (R. oryzae, P. osteratus, and R. oligosporus) effectively
colonising the rice bran (RB) and cereal dust (CD) substrates. These samples were autoclaved
and decontaminated before harvesting the treated substrates. After the decontamination step,
the samples were oven-dried and ground into a powder to mimic the substitutes for C and
N sources in the HS medium. Visual inspection indicated successful bioconversion of the
substrates by the fungal strains, as evidenced by the visible mycelial growth and changes
in substrate texture (Supplementary Figure S1). The RB samples exhibited a more compact
and darker appearance post-fermentation, while the CD samples showed a lighter, more
friable texture. These observations suggest that SSF effectively altered the physicochemical
properties of the substrates, improving nutrient accessibility for subsequent bacterial cellulose
production. The use of different fungal strains resulted in subtle variations in the fermented
substrates, which may influence their efficacy as culture media components.

The SSF process was completed without the addition of harsh chemicals or energy-
intensive treatments, relying solely on the native enzyme systems of the fungal strains to
modify the substrates. This approach aligns with green chemistry principles and potentially
reduces processing costs. Other pre-treatments, such as enzymatic hydrolysis and alkali
treatment, have also been investigated to improve the nutritional quality of rice bran.
However, these methods are more expensive and often involve the use of harsh chemicals,
making them less favourable compared to SSF [27].

3.2. Media Substitution Using SSF-Treated Rice Bran and Cereal Dust

Substituting the carbon and nitrogen sources in the HS medium with SSE-treated
rice bran (RB) and cereal dust (CD) significantly enhanced bacterial cellulose (BC) yields
compared to the untreated substrates. This was demonstrated through both small-scale
and large-scale experiments. Small-scale screening revealed that rice bran fermented with
Rhizopus oryzae (RB-RO) yielded the highest BC (0.5 g/L), matching the conventional HS
medium and surpassing untreated RB (Supplementary Figure S2). This improvement can be
attributed to the action of fungal lignocellulolytic enzymes and proteases, which increased
the bioavailability of nutrients. Large-scale experiments in 1L Schott bottles confirmed these
findings, with rice bran fermented with Rhizopus oligosporus (RB-T) yielding the highest
BC (1.5 £ 0.6 g/L dry weight), surpassing even the HS medium (Figure 2). This scale-up
demonstrated the potential for industrial-scale production using SSF-treated agricultural
wastes.

The superior performance in larger vessels aligns with previous studies reporting the
influence of surface area to volume ratio on BC yield [25,28-30]. The wet weight BC yields
obtained are comparable to or higher than those reported for other pre-treated agro-wastes,
such as rice bark (2.4 g/L), oat hulls (2.2 g/L), wheat straw (8.3 g/L), and potato peel
waste (4.7 g/L) [10,31,32]. These findings underscore the promise of combining SSF with
the biosynthetic capabilities of Novacetomonas sp. for cost-effective and sustainable BC
production from abundant waste streams.
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Figure 2. Large-scale BC production yield from untreated and treated waste media formulations. The
(A) wet and (B) dry weight were determined on different waste formulations: Hestrin—-Schramm
(HS), rice bran (RB), cereal dust (CD), rice bran fermented with R. oryzae (RB-RO), rice bran fermented
with R. oligosporus (RB-T), rice bran fermented with P. osteratus (RB-PO), cereal dust fermented
with R. oligosporus (CD-T), cereal dust fermented with P. osteratus (CD-PO), cereal dust fermented
with R. oryzae (CD-RO). The error bar represents the standard deviation. Different letters represent
significant differences.

3.3. Comparative Analyses of the BC Produced from SSF-Treated Rice Bran and Cereal Dust
3.3.1. Scanning Electron Microscopy (SEM)

SEM analysis revealed distinct differences in BC nanostructure based on both the
substrate source and drying method. Figure 3 compares the nanostructure of BC produced
in HS medium with commercially available nata de coco, while Figure 3 and Supplementary
Figure S3 show BC derived from SSF-treated cereal dust and rice bran, respectively.

Figure 3. SEM images of commercially available nata de coco cellulose and cellulose produced from
Novacetomonas sp. in HS culture medium. The (A,C) freeze-(FD) and oven-dried (OD) nata de coco,
(B,D) freeze-(FD) and oven-dried (OD) cellulose from Novacetomonas sp. (scale bar—200 nm).

Across all samples, freeze-dried (FD) BC exhibited a more open, porous structure with
visible spaces between fibre bundles, while oven-dried (OD) samples displayed a dense,
interconnected network of nanofibers (Figure 3). This trend was consistent for BC produced
from HS medium, nata de coco, and SSF-treated agricultural wastes. The effect of the
substrate source on the BC nanostructure was evident in the comparison of cereal dust- and
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rice bran-derived BC (Figure 3 and Supplementary Figure S3). BC from CD fermented with
Pleurotus osteratus showed a particularly dense and interconnected network, similar to that
observed by Mohammadkazemi et al. (2015) in BC produced from mannitol and sucrose
media [33]. Samples pre-treated with Rhizopus oryzae and Rhizopus oligosporus exhibited
slightly more varied fibre arrangements.

A fibre diameter analysis (Figure 4 for cereal dust and Supplementary Figure S4 for
rice bran) revealed that OD samples consistently produced smaller average fibre diameters
(around 30 nm) compared to FD samples (40-50 nm for rice bran, 30-80 nm for cereal dust).
This trend aligns with observations by Du et al. (2018), confirming the influence of drying
methods on BC nanostructure across various production conditions [34]. Interestingly,
the effect of the fungal strain on fibre diameter was less pronounced in the RB samples
compared to cereal dust, suggesting that substrate composition may interact with fungal
pre-treatment to influence the final BC nanostructure (Figure 5).

Figure 4. SEM micrographs of BC samples produced from fermented rice bran, using P. osteratus,
R. oryzae, and R. oligosporus for SSE. The (A) oven-(RB-PO-OD) and (D) freeze-dried (RB-PO-FD)
samples using P. osteratus, the (B) oven-(RB-RO-OD) and (E) freeze-dried (RB-RO-FD) samples using
R. oryzae, and the (C) oven-(RB-T-OD) and (F) freeze-dried (RB-T-FD) samples using R. oligosporus
(scale bar—200 nm).
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Figure 5. Fibre diameter graphs of BC produced from fermented rice bran, using P. osteratus, R. oryzae,
and R. oligosporus for SSF. The (A) oven-(RB-PO-OD) and (B) freeze-dried (RB-PO-FD) samples using
P. osteratus, the (C) oven-(RB-RO-OD) and (D) freeze-dried (RB-RO-FD) samples from R. oryzae, and
the (E) oven-(RB-T-OD) and (F) freeze-dried (RB-T-FD) samples using R. oligosporus. The curve
represents the mean value of the fibre diameter.

199



Foods 2024, 13, 3052

These results collectively emphasise the importance of both substrate choice and
processing conditions in determining BC nanostructure. The ability to fine-tune fibre
dimensions and network morphology through substrate selection, fungal pre-treatment,
and drying method offers a versatile toolkit for engineering BC with specific properties
suited to various applications [33-39].

3.3.2. Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

EDS analysis revealed that BC produced from SSF-treated rice bran and cereal dust
primarily consisted of carbon and oxygen, confirming the preservation of cellulosic compo-
sition (Table 1). BC from SSF-treated rice bran showed a higher carbon content (65-69%)
compared to cereal dust (53-64%), while cereal dust-derived BC exhibited a higher oxygen
content (35-46% vs. 31-35% in rice bran-derived BC). These differences were consistent
across oven-dried and freeze-dried samples. The higher oxygen content in cereal dust-
derived BC suggests a greater presence of O-containing functional groups, potentially
influencing fibre interactions and network compactness. The observed variations in C/O
ratios between substrates and fungal treatments indicate that the choice of waste substrate
and SSF conditions can influence the BC surface chemistry. These findings align with
previous studies showing that BC composition can be affected by bacterial strain, growth
conditions, and carbon source [40,41]. Importantly, EDS analysis confirmed that SSF pre-
treatment did not introduce detectable contaminants, demonstrating the potential of this
method for producing pure BC from agricultural wastes.

Table 1. Elemental composition of C and O in BC produced from fermented rice bran and cereal dust

in OD and FD samples.
Oven-Dried Freeze-Dried
Samples
C (0) C (0]

Rice bran 68.0% 32.0% 75.1% 24.9%
Rice bran (Pleurotus osteratus) 68.7% 31.3% 63.7% 36.3%
Rice bran (Rhizopus oryzae) 67.0% 33.0% 57.6% 42.4%
Rice bran (Rhizopus oligosporus) 65.2% 34.8% 59.6% 40.4%
Cereal dust 65.4% 34.6% 59.8% 40.2%
Cereal dust (Pleurotus osteratus) 64.3% 35.7% 57.1% 42.9%
Cereal dust (Rhizopus oryzae) 63.2% 36.8% 53.8% 46.2%
Cereal dust (Rhizopus oligosporus) 59.9% 40.1% 53.8% 46.2%

3.3.3. Fourier-Transformed Infrared Spectroscope (FTIR)

FTIR analysis of BC produced from SSF-treated rice bran and cereal dust revealed
characteristic cellulose peaks, confirming the preservation of a cellulose type I structure
(Figure 5). The key spectral peaks included O-H stretching (3300 cm™ ), C-H stretching
(2900 cm 1), adsorbed water (1640 cm™~!), CH, bending (crystallinity band, 1427 cm™ ),
C-H bending (1350 cm 1), C-O-C stretching (1160-1110 cm '), and C-O stretching (1060
cm~1). These peaks are consistent with those reported for BC produced from conventional
media [42,43]. Some rice bran-derived samples (RB-FD, RB-PO-OD, RB-PO-FD, RB-RO-FD)
showed an additional peak around 1700 cm ™!, potentially indicating a slight oxidation of
surface hydroxyls. In general, the FTIR spectra confirm that BC produced from SSF-treated
agricultural wastes maintains the essential chemical structure of pure cellulose, with minor
variations that may offer opportunities for tailoring physicochemical properties. It is worth
noting that no characteristic lignin peaks were observed in the FTIR spectra, confirming
the purity of the bacterial cellulose produced. This is consistent with the known ability
of our Novacetimonas sp. strain to synthesise pure cellulose. These findings align with
previous studies using other waste substrates for BC production [31,44,45] demonstrating
the versatility of RB and CD wastes as feedstocks for BC synthesis (Figure 6).
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Figure 6. FTIR spectra of oven- and freeze-dried BC synthesised from SSF-treated cereal dust using
P. osteratus, R. oryzae, and R. oligosporus during SSF. BC synthesised from SSF-treated cereal dust with
(A,B) P. osteratus (CD-PO-OD/FD), R. oryzae (CD-RO-OD/FD), and R. oligosporus (CD-T-OD/FD). BC
synthesised from SSF-treated rice bran with (C,D) P. osteratus (RB-PO-OD/FD), R. oryzae (RB-RO-
OD/FD), and R. oligosporus (RB-T-OD/FD).

3.3.4. X-ray Diffraction (XRD)

XRD patterns of BC produced from SSF-treated RB and CD revealed characteristic
peaks at 20 = 14.9°, 16.5°, and 22.8°, corresponding to the typical cellulose I structure
(Figure 6A-D) [46-48]. These peaks were consistent across all samples, including the nata
de coco and HS medium controls, confirming the preservation of BC’s crystalline structure
(Figure 7). However, some subtle differences were observed between samples. The BC from
SSFE-treated substrates showed additional broad peaks centred at 30° and between 40 and
50°, not present in the control samples. The freeze-dried rice bran samples exhibited a sig-
nificant peak at 30°, corresponding to the (122) plane, which was absent in most oven-dried
samples. Lastly, the freeze-dried rice bran samples generally showed broader peaks, indi-
cating a lower crystallinity compared to the oven-dried samples. These variations suggest
that both the SSF pre-treatment and drying method influence the crystalline structure of
the produced BC. The presence of additional peaks and changes in peak intensity indicate
potential modifications in cellulose arrangement and crystallinity, which could affect the
material properties of the resulting BC. A similar study used heat-pre-treated molasses
culture media for BC production and made similar observations in the XRD peaks of the
BC films generated from waste, which had peaks identical to the HS medium and showed
the characteristic peaks of the crystalline form of cellulose I [1].
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Figure 7. X-ray diffraction patterns of BC synthesised from SSF-treated cereal dust and rice bran.
BC samples from (A,B) cereal dust (CD) and (C,D) rice bran (RB) using P. osteratus (PO-OD/FD),
R. oryzae (RO-OD/FD), and R. oligosporus (T-OD/FD) compared to nata de coco and HS medium,
oven-dried (OD) and freeze-dried (FD).

The crystallinity index (CI) of the BC samples is presented in Supplementary Table S3,
calculated based on the intensity of peaks at 20 = 22.5° and 18.5°, corresponding to the (110)
and (200) planes of the crystalline form of cellulose I [1]. It was revealed that the BC from
cereal dust showed a high CI (94-99%), with oven-dried samples reaching ~99%. In contrast,
the BC from rice bran exhibited a lower CI, particularly in freeze-dried samples (69-79%).
In terms of drying, oven-dried samples consistently showed a higher CI than freeze-dried
samples for both substrates. Lastly, the SSF treatment with different fungi had a minimal
impact on the CI for cereal dust but affected rice bran samples more noticeably. These
results align with the XRD patterns, where sharper, more defined peaks correlate with a
higher crystallinity. The high CI of cereal dust-derived BC suggests a well-ordered cellulose
structure, while the lower CI in rice bran-derived BC, especially freeze-dried samples,
indicates increased amorphous regions. The variations in CI between substrates and
drying methods demonstrate the potential to modulate BC crystallinity through feedstock
selection and processing conditions. Higher crystallinity generally correlates with improved
mechanical properties, while lower crystallinity may enhance properties such as swelling
and drug-loading capacity. These findings suggest opportunities for tailoring BC properties
for specific applications by controlling its crystallinity through waste media substrate
choice and processing methods.

3.3.5. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis of BC samples produced from untreated and SSF-
treated cereal dust and rice bran revealed distinct thermal degradation profiles (Figure 8).
The initial mass loss for most samples occurred around 250 °C, indicating the onset of
thermal degradation. The BC from SSF-treated cereal dust (CD-T-OD) showed the highest
thermal stability, with only ~60% mass loss at 600 °C (Figure 8A). Additionally, the freeze-
dried samples generally exhibited lower thermal stability compared to their oven-dried
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counterparts. Moreover, the BC from SSF-treated rice bran (RB-T-OD) maintained its
structure up to 290 °C, showing improved thermal stability compared to the untreated
samples (Figure 8C). In contrast, HS medium-derived BC, particularly freeze-dried (HS-
FD), showed the lowest thermal stability, with degradation starting at 150 °C. It was also
observed that the SSF treatment generally improved the thermal stability of BC from both
RB and CD media compared to the untreated samples and control BC (nata de coco and HS
medium). These results suggest that both the substrate type and SSF treatment influence
the thermal properties of the resulting BC. The enhanced thermal stability of SSF-treated
samples indicates potential improvements in BC structure and composition, which could
be beneficial for applications requiring heat resistance.
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Figure 8. Thermogravimetric analysis of BC samples produced in untreated and treated cereal dust
and rice bran using R. oligosporus (T) for SSE. (A) BC samples produced using cereal dust (CD),
oven-(OD) and (B) freeze-dried (FD). (C) BC samples produced using rice bran (RB), oven-(OD) and
(D) and freeze-dried (FD).

Derivative thermogravimetry (DTG) analyses revealed distinct thermal degradation
profiles for BC samples produced from SSF-treated and untreated cereal dust and rice
bran (Figure 9). The SSF-treated cereal dust BC (CD-T-OD) showed an improved thermal
stability with a lower mass loss rate (10%) at 300 °C compared to untreated samples
(14%) (Figure 9A). The freeze-dried SSF-treated cereal dust BC (CD-T-FD) exhibited the
lowest mass loss rate (9.8%) at 290 °C among the cereal dust samples (Figure 9B). The
SSF-treated rice bran BC (RB-T-OD) showed a higher mass loss rate (16%) at a higher
temperature (320 °C) compared to untreated samples (11% at 280 °C) (Figure 9C). Lastly,
the freeze-dried rice bran BC (RB-FD) demonstrated the lowest mass loss rate (7%) at
320 °C among all samples (Figure 9D). These results indicate that SSF treatment generally
enhances the thermal stability of BC, with the effect more pronounced in cereal dust
samples. The improved thermal properties likely result from increased crystallinity and
better-organised cellulose structures, as suggested by XRD analysis (Figure 6 and Table S3).
Our findings align with the previous studies, which showed enhanced thermal stability in
BC produced from agricultural wastes [33]. The enhanced thermal stability of SSF-treated
BC samples suggests potential applications in areas requiring heat-resistant materials,
such as biomedical devices or electronics. Furthermore, the ability to modulate thermal
properties through substrate selection and processing conditions offers opportunities for
tailoring BC for specific applications.
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Figure 9. Derivative thermogravimetry (DTG) analysis of BC samples produced in untreated and
treated cereal dust and rice bran with using R. oligosporus (T) for SSE. (A) BC samples produced using
cereal dust (CD), oven-(OD) and (B) freeze-dried (FD); (C) BC samples produced using rice bran (RB),
oven-(OD) and (D) freeze-dried (FD).

3.3.6. Cost Analysis of Growth Media Input

A detailed comparison of the production costs of bacterial cellulose (BC) based on
the input resources used for the culture media has shown significant cost savings when
alternative SSF-treated substrates are employed (Table 2). Replacing carbon and nitrogen
sources in HS medium with unfermented RB and CD lowers the cost by up to 40%. Mean-
while, using the SSF process to ferment these wastes has not only increased the yield of BC
but also reduced the cost of media by around 90%. Table 2 shows the cost analysis of the
conventional HS medium with unfermented and fermented RB and CD.

Table 2. Cost analysis of bacterial cellulose produced from HS medium vs. unfermented and
fermented rice bran (RB) and cereal dust (CD) in g/L.

Hestrin-
Price Schramm Rice Bran/L Cereal Dust/L e Skl b
. RB/L CD/L
Media/L
Media Unit AU AU Quantit Cost Quantit Cost Quantit Cost Quantit Cost Quantit Cost
Composition $/Unit $/g (g) ($/g) (g) ($/g) (g) ($/g) (g) ($/g) (g) ($/g)
Glucose 1kg 63.5 0.06 20 1.2 0 0 0 0 0 0 0 0
Yeast extract 1kg 360 0.36 5 1.8 0 0 0 0 0 0 0 0
Peptone 500 g 210 0.42 5 2.1 0 0 0 0 0 0 0 0
Di-sodium hydrogen phosphate 500 g 93.13 0.19 2.7 0.51 2.7 0.51 0.51 0.51 2.7 0.51 2.7 0.51
Citric acid monohydrate 1kg 185 0.18 1.85 0.33 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
Magnesium sulphate heptahydrate 1kg 287 0.28 0.5 0.14 0.5 0.15 0.15 0.15 0.5 0.15 0.5 0.15
Ethanol 1L 117 0.11 31(1)3 11 100 11 0 11 0 0 0 0
Rice bran 10 kg 0 0 0 0 76.9 0 0 0 76.9 0 0 0
Cereal Dust 5kg 0 0 0 0 0 0 58.5 0 0 0 58.5 0
Total cost 17.08 13.51 13.51 2,51 2.51

The BC (dry weight) produced from SSF-treated RB and CD costs around AUD 2.51
per gram compared to untreated RB and CD, which is AUD 13.51 per gram. In contrast, BC
produced using standard HS medium costs around AUD 17.08 per gram. For reference,
the approximate cost of commercially available BC in the market is around AUD 29.00 per
gram. This substantial decrease in cost is attributed to the dual benefits of using low-cost,
abundant waste materials and enhancing the process efficiency of SSE. The cost reduction,
coupled with the improved BC yield, suggests that SSF-treated agricultural wastes could be
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a highly economical and sustainable approach for large-scale BC production. These findings
have significant implications for industrial-scale BC production, potentially lowering
barriers to entry for BC-based products in various sectors. Moreover, this approach aligns
with circular economy principles by valorising agricultural waste streams. Future studies
should focus on scaling up this process and conducting a full life-cycle assessment to
comprehensively evaluate its environmental and economic impacts.

4. Discussion

This study demonstrates the successful production of bacterial cellulose (BC) from
rice bran and cereal dust pre-treated by SSF, representing a significant step towards sus-
tainable and cost-effective BC production. The use of this abundant agricultural waste
addresses two critical challenges: the high cost of conventional BC production media and
the environmental impact of agro-industrial waste. SSF pre-treatment effectively enhanced
the bioavailability of nutrients in rice bran and cereal dust, resulting in improved BC yields
compared to untreated substrates. Notably, rice bran fermented with Rhizopus oligosporus
produced the highest BC yield (1.52 g/L dry weight), surpassing even the standard HS
medium. This finding aligns with previous studies showing the potential of SSF to unlock
nutrients from complex biomass and extends this approach to BC production [13,19]. On
the other hand, it was also shown that the surface area of a vessel is an important parameter,
especially in a static cultivation setting, as it impacts the oxygen transport in the medium
for BC production [25,30].

A comprehensive physicochemical characterisation revealed that BC produced from
SSF-treated substrates maintains the fundamental nanostructure and chemical identity of
cellulose, with some variations that could be advantageous for specific applications. SEM
analysis showed that both the choice of fungal strain for SSF and the drying method (oven
drying vs. freeze drying) significantly influenced the BC nanostructure, fibre diameter,
and morphology. These structural differences could be leveraged to tailor BC properties
for various applications, from tissue engineering scaffolds to filtration membranes [49].
FTIR and XRD analyses confirmed the preservation of a cellulose I structure in BC from
SSF-treated substrates, with some samples showing additional peaks that suggest slight
modifications to surface chemistry or crystallinity. These subtle changes could potentially
enhance specific properties, such as thermal stability or reactivity, without compromising
the essential cellulose structure. The observed variations in crystallinity index between sub-
strates and drying methods demonstrate the potential to modulate BC properties through
feedstock selection and processing conditions. On the other hand, thermogravimetric
analysis revealed that SSF treatment generally improved the thermal stability of BC from
both rice bran and cereal dust media. This enhanced thermal resistance could expand the
potential applications of BC to areas requiring heat-stable materials, such as biomedical
devices or electronics components [33].

Perhaps most significantly, the cost analysis revealed that using SSF-treated agro-food
wastes could reduce BC media costs by up to 90% compared to the standard HS medium.
This dramatic cost reduction, coupled with the valorisation of agricultural waste streams,
presents a compelling case for the industrial adoption of this approach, aligning with
current trends in circular bioeconomy strategies. The potential for significant cost savings
while maintaining or improving BC quality could be advantageous for the large-scale
production of this versatile biopolymer.

The findings of this study have broad implications for both sustainable material pro-
duction and waste management in the agro-food industry. By demonstrating the feasibility
of using minimally processed agricultural wastes for high-value biopolymer production,
this research contributes to the growing body of work on circular bioeconomy strategies.
The approach developed here could be extended to other types of agro-industrial wastes,
potentially revolutionising the production of bio-based materials while simultaneously
addressing waste management challenges. Moreover, the ability to modulate BC properties
through substrate selection, SSF conditions, and drying methods offers new avenues for
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tailoring this material for specific applications. This versatility could expand the use of BC
across various sectors, from biomedical applications to advanced materials for electronics
and environmental remediation [50]. Hence, this study provides a proof-of-concept for
the sustainable valorisation of agro-food wastes into high-value BC biomaterials. These
improvements in yield, cost-effectiveness, and potential for property customisation pave
the way for scaled-up, environmentally friendly BC production processes.

Future research should focus on optimising SSF conditions for different waste streams,
exploring the full range of attainable BC properties, and developing specific applications
that leverage the unique characteristics of waste-derived BC. Life-cycle assessments and
scaled-up production studies are needed to fully evaluate the environmental and economic
impacts of this approach. Hence, future work should include a comprehensive mass balance
study of the entire process, from SSF pre-treatment to BC production. This will involve
a detailed quantification of all input materials (cereal wastes, fungi, bacteria) and output
streams (BC, residual biomass, metabolites) at each stage of the process. Such a study
will provide crucial insights into the process efficiency, nutrient utilisation, and potential
for further optimisation. Additionally, it will allow for a more accurate assessment of the
environmental impact and sustainability of this BC production method.

5. Conclusions

The use of solid-state fermentation with fungi has proven to be highly effective in
improving the digestibility and bioavailability of agricultural waste material, which in turn
has led to a significant increase in bacterial cellulose production up to double the usual yield.
Specific enzymes in this process have led to the breakdown of the complex structures within
these waste materials, releasing essential nutrients without damaging the fundamental
nanostructure or chemical properties of cellulose. Additionally, the drying process used
in this method plays a crucial role in controlling the final structure of BC, allowing the
precise customisation of the material’s properties. This includes adjusting features such
as the width of the nanofibers and the size of the pores, which can be tailored to meet
biofunctional needs. A detailed spectroscopic, microscopic, and thermal analysis confirmed
the synthesis of signature bacterial cellulose I nanoparticles with commercially comparable
properties. Materials characterisation revealed tunability in the thermal stability, surface
traits, and nanostructure based on nutritional and drying variations. A cost analysis based
on the resources used for the culture medium shows that producing BC from fermented
agricultural by-products like rice bran and cereal dust is nearly 90% cheaper than using the
traditional Hestrin-Schramm medium. Hence, this research demonstrates a new, integrated
approach to converting cereal crop waste into valuable cellulose, offering a solution that
is both economically viable and environmentally sustainable, while also allowing for the
customisation of the final product’s properties.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/foods13193052/51, Figure S1: Solid-state fermentation set up for rice bran
(RB) and cereal dust (CD) in 5L Erlenmeyer flasks; Figure S2: Small-scale BC production yield from
untreated and treated waste media formulations, Hestrin-Schramm (H-S), rice bran (RB), cereal dust
(CD), rice bran fermented with Rhizopus oryzae (RB-RO), rice bran fermented with Rhizopus oligosporus
(RB-T), rice bran fermented with Pleurotus osteratus (RB-PO), cereal dust fermented with Rhizopus
oligosporus (CD-T), cereal dust fermented with Pleurotus osteratus (CD-PO), cereal dust fermented with
Rhizopus oryzae (CD-RO) showing (A) wet and (B) dry weight yield (g/L). The error bar represents
standard deviation. Different letters represent significant differences; Figure S3: SEM micrographs of BC
produced from fermented cereal dust, with Pleurotus osteratus, oven-dried (A) (CD-PO-OD), freeze-dried
(D) (CD-PO-FD), Rhizopus oryzae oven-dried (B) (CD-RO-OD), freeze-dried (E) (CD-RO-FD), Rhizopus
oligosporus oven dried (C) (CD-T-OD), freeze-dried (F) (CD-T-FD) (scale bar- 200 nm); Figure S4: Fibre
diameter graphs of BC produced from fermented cereal dust, with Pleurotus osteratus, oven-dried (A)
(CD-PO-OD), freeze-dried (D) (CD-PO-FD), Rhizopus oryzae oven-dried (B) (CD-RO-OD), freeze-dried
(E) (CD-RO-FD), Rhizopus oligosporus oven dried (C) (CD-T-OD), freeze-dried (F) (CD-T-FD). The curve
represents the mean value of the fibre diameter. Table S1: Total carbohydrate and protein content
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of wastes used for formulating the waste media for BC production; Table S2: Reformulated media
compositions using rice bran and cereal dust (untreated / treated) compared to HS media used for BC
production; Table S3: The crystallinity index of the oven and freeze-dried samples of unfermented and
fermented rice bran and cereal dust.
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Abstract: The purpose of this research is to evaluate the feasibility, acceptability, and preliminary
efficacy of a household food-waste prevention and minimization intervention, titled the Culinary
Home Empowerment for Food Waste Prevention and Minimization (CHEF-WPM), which consists
of a culinary education video series for home cooks. The specific aims are to (1) assess the effects
of the intervention at a population level across process (feasibility, usage, acceptability, satisfaction)
and preliminary efficacy (motivation, opportunity, ability) metrics and (2) assess the effects of the
intervention at a community level across process (feasibility, usage, acceptability, satisfaction) and
preliminary efficacy (motivation, opportunity, ability, household food waste, sustainable dietary
practices) metrics. The intervention includes eight modules, each containing three to five brief videos,
as well as downloadable recipes and worksheets. The evaluation will explore the effects of the
program through two distinct investigations, namely (1) voluntary access to the intervention content
in a population-based setting and (2) intensive delivery of the intervention content as part of a remote
class in a community setting. Evaluation of the intervention in the population-based setting will
use a single-arm, quasi-experimental post-test only study design. All home cooks who access the
videos will be invited to answer a five-question post-video survey about acceptability, satisfaction,
and potential implementation of the learning. A separate sample of individuals will be recruited
to participate in a more in-depth evaluation (pre- and multiple post-test survey). Evaluation of
the community-based intervention will use a mixed methods study design. Findings from the two
distinct evaluation studies will be jointly discussed and triangulated to support larger conclusions
about the intervention’s desirability, impact on motivation, opportunity, ability, and food waste, and
the potential directions for further improvement.

Keywords: food loss and waste; sustainable development; pedagogy; kitchen literacy; culinary
education; public health; community based; consumer

1. Introduction

As the global population grows, the demand for food is projected to increase by
over 50% in the next 50 years, assuming current eating patterns remain unchanged [1].
According to the United Nations Environment Programme (UNEP), one-third of all food
produced worldwide is lost or wasted annually [2]. Food waste is the largest component of
landfills and incineration streams [3], with the majority occurring at the consumer level [2].
In the U.S., over 60% of food waste occurs at the consumption stage, including households
and restaurants [3]. This significant amount of wasted food presents opportunities to
combat food insecurity, save energy, and address environmental damage and climate
change [3].
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Food waste in high-income countries is primarily attributed to consumer behavior and
policy. The National Academy of Sciences (NAS) has identified 11 consumer-level drivers
of food waste based on the Motivation-Opportunity—-Ability (MOA) framework [4]. These
drivers include consumer knowledge and skills, goals related to food and nutrition, food
preferences and diet, psychological distance from food, food environments, and relevant
policies and regulations [4].

Block et al.’s four stages to consumer decisions align closely with the NAS’s consumer-
level drivers to food waste, as each stage is significantly influenced by consumer knowledge,
skills, and food environments [5]. For example, in the pre-acquisition stage, consumer knowl-
edge regarding the safe handling and culinary use of blemished produce can determine
whether it will be purchased and used or discarded. Similarly, in the acquisition stage,
consumers” ability to accurately calculate purchase amounts helps prevent overbuying
food products. During the consumption stage, household food environments influence
opportunities to avoid food waste by practicing proper food and leftover storage. Finally,
in the disposition stage, consumer knowledge of food conservation and sustainable practices
can reduce a household’s food-waste impact [4,6].

1.1. The Consumer Food-Waste Paradox

Despite expressing a dislike for wasting food, consumers often engage in behaviors
that result in food waste. To explore this paradox, Le Borgne et al. evaluated consumer
concern for food waste and its impact on adopting “waste-prevention routines” [7]. They
identified two dimensions of consumer concern: “individual/interpersonal concern”,
which strongly influenced waste-prevention behaviors, and “global concern”, which did
not have a significant effect. Their findings suggest that effective strategies to reduce house-
hold food waste should focus on enhancing individual/interpersonal concerns through
economic concerns, food involvement, and food education. Similarly, Romani et al. em-
phasized the importance of “routine food management” behaviors in preventing food
waste and highlighted the potential of targeted educational programs to promote sus-
tainable food practices [8]. Their research indicates that daily food practices (shopping,
cooking, and eating) and key behaviors (over-purchasing, poor meal-planning, and im-
proper food storage) significantly contribute to household food waste and should be the
focus of educational interventions.

1.2. Theoretical Underpinnings of Household Food-Waste Prevention

The Theory of Planned Behavior (TPB) [9] and Triandis” Theory of Interpersonal
Behavior (TIB) [10] have been used to study consumer and household food-waste behaviors.
TPB posits that behavior is driven by attitudes (e.g., a belief that wasting food is bad for the
environment), subjective norms (e.g., societal expectations about food waste), and perceived
behavioral control (e.g., self-efficacy in being able to reduce food waste). Triandis” TIB
expands on TPB by integrating habit (e.g., habitual over-purchasing of food), emotions
(e.g., guilt associated with wasting food), and facilitating conditions (e.g., availability of
food storage facilities). By integrating these theories into a comprehensive framework,
interventions can address both the rational and habitual aspects of food-waste behavior.

The Motivation-Opportunity—Ability (MOA) Model has been viewed as an integration
of the Theory of Planned Behavior with Triandis” Theory of Interpersonal Behavior [11].
The MOA Model offers a targeted framework for understanding and influencing consumer
behavior by considering motivation, an individual’s desire or willingness to engage in a
behavior (e.g., household food-waste prevention); opportunity, external circumstances that
enable or inhibit the behavior (e.g., access to tools and resources that make it easier to
reduce food waste, such as meal planning tools, food storage containers, kitchen utensils);
and ability, an individual’s capacity to perform the behavior (e.g., skills and knowledge
to reduce food waste in the kitchen) (Figure 1) [11]. Adoption of the target behavior
builds self-efficacy and reinforces ability and motivation, creating a positive feedback
loop. A signature feature of the MOA Model is its integration of motivational, habitual,
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and contextual factors into a single model that can be used to explain pro-environmental
behavior [11].

Motivation Ability
Belief Habit, task, .
evaluations X knowledge .
Attitude
towards
behavior
Intention
T »| Behavior |
Social norm T
Opportunity
Situational
conditions

Figure 1. The Motivation-Opportunity—Ability Model.
1.3. Cooking Education as a Tool for Reducing Household Food Waste

Cooking education is a crucial tool for reducing household food waste. It enhances
individuals’ food agency—the ability to purchase and prepare food within their social,
physical, and economic environments—empowering them to achieve their food-related
goals [12]. Studies have shown that cooking interventions promote good nutrition and
sustainable food practices [13-16]. Countries like Finland and Australia have incorporated
home economics into educational curricula to mitigate food waste and enhance household
sustainability [17]. Home economics educates consumers to be thrifty and mindful with
food, make informed decisions about resources, and understand the environmental impact
of their actions [18].

1.4. Specific Aims

While the NAS study provides a host of suggestions to reduce household food
waste [4], translating the aforementioned findings into practice at the population and
community levels is beyond the scope of most studies. Hence, the protocol described
herein tests an approach to translating promising scientific findings into consumer-facing
food-waste prevention and minimization lessons. The purpose of this protocol paper is
to detail the design and methodology of a household food-waste prevention and mini-
mization intervention titled Culinary Home Empowerment for Food Waste Prevention and
Minimization (CHEF-WPM). Consistent with a protocol paper, this paper was submitted
before data collection and, as such, does not present results or statistical analysis. Follow-on
papers after data collection will do so [19]. The intervention consists of a culinary education
video series for home cooks. The aims of the study are to:

Aim 1: assess the effects of CHEF-WPM at a population level across process (feasi-
bility, usage, acceptability, satisfaction) and preliminary efficacy (motivation, opportunity,
ability) metrics;

Aim 2: assess the effects of CHEF-WPM at a community level across process (feasibility,
usage, acceptability, satisfaction), preliminary efficacy (motivation, opportunity, ability,
household food waste), and exploratory (sustainable dietary behaviors) metrics.

It is valuable to study outcomes from both online exposures to the videos and outcomes
from a more intensively implemented community-level delivery to gain insights into the
effects of different types of deployment. Such insights could shape future motivation—
opportunity-ability-oriented efforts using these or other videos.
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2. Methods

The evaluation will explore the effects of the program through two distinct investi-
gations, namely (1) when the intervention content is accessed voluntarily in a population-
based setting (population CHEF-WPM) and (2) when the intervention content is accessed
through intensive delivery as part of a remote class in a community setting (community
CHEF-WPM). The population CHEF-WPM investigation will include two types of evalua-
tions, and the community CHEF-WPM will include one type of evaluation. The subsequent
sections in this report, as applicable, will be divided into the following three sections for
clarity: Population Intervention 1, Population Intervention 2, and Community Intervention. This
protocol is reported in accordance with SPIRIT (Standard Protocol Items: Recommenda-
tions for Interventional Trials) guidance. A completed SPIRIT checklist is available in
Additional File 1. Additionally, Table 1 displays an overview of the objectives and methods

for the three distinct evaluation components of the CHEF-WPM intervention.

Table 1. Overview of CHEF-WPM methodology.

Specific Aim Setting Study Design Sample Size Exposure Outcomes
Aim 1: Assess the effects Population Single-arm N > 1068 All home cooks who Satisfaction,
of CHEF-WPM at a intervention 1 post-test only access the videos engagement, and
population level across study design. will be invited to comprehension.
process and preliminary answer a brief
efficacy metrics. post-video survey.
Population Single arm, quasi- N =500 Three specific food Feasibility, usage,
intervention 2 experimental pre- waste videos that are acceptability,
and multiple embedded in satisfaction,
post-test study surveys. motivation,
design (3- and opportunity, and
6-month ability.
follow-up).
Aim 2: Assess the effects Community Mixed method N =60 All eight modules of ~ Feasibility, usage,
of CHEF-WPM at a intervention evaluation with the CHEF-WPM acceptability,
community level across baseline, intervention will be satisfaction,
process, preliminary post-8-week presented in motivation,
efficacy, and intervention, and sequence, over an opportunity,
exploratory metrics 6-month follow-up eight-week period,  ability, household

assessments.
Qualitative data
will be collected

after 8-week

intervention

facilitated by a
chef-instructor.

food waste, and
sustainable dietary
behaviors.

2.1. Intervention

The overall goal of the CHEF-WPM intervention is to increase consumers’ motiva-
tion, perceived opportunity, and ability to reduce food waste using home-based culinary
techniques. The intervention will include eight modules, each containing three to five
brief (4-8 min) videos, as well as downloadable recipes and worksheets. CHEF-WPM is
designed to be used a la carte or as a self-paced online course.

The eight module topics include:

My whole plate: Meal Planning & Kitchen Management with a ‘No Food Waste” Lens;
Veggies: Roots to Stem;

Fruit: Fresh or Bruised;

Meat- & Plant-Based Proteins;

Fish & Seafood: Sear It, Don’t Fear It;

Bread, Grains, Snacks, Sweets;

Cooking Liquids & Dairy;

Leftovers Are My Jam.

PN A LN
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Each module focuses on improving the motivation, opportunity, and ability to reduce
food waste using home-based culinary techniques. The modules will highlight motivations,
including saving money, avoiding waste, confidence, setting an example for children, and
improving nutrition, pleasure, and environmental benefits. The modules will also focus
on perceived opportunity and illustrate ways to shift contextual factors, such as time and
schedule, kitchen arrangement and food storage, and technologies, among other aspects.
Ability will be addressed via sharing techniques, recipes, and tricks to prevent and minimize
food waste at home and problem-solving strategies for challenges to food waste prevention.
Adapted from the work of 6lander and Thdgersen [11], Figure 2 displays the conceptual
framework guiding the CHEF-WPM program.

Ability
Motivation Techniques
Saving money ) bl 4
Confidence Waste-reduction tricks
Setting an example enlvi ]
for children Problem-solving strategies
e
Improving nutrition i
o _ | Reducing
Avoiding waste ” | household food
T waste
Pleasure
Environmental Opportunity
i Time and schedule

Kitchen arrangement
Food storage

Assistive technologies

Each module in the CHEF-WPM program will focus on improving motivation, opportunity, and
ability to reduce food waste using home-based culinary techniques. Conceptual framework
adapted from Olander and Thorgersen, 1995.

Figure 2. Conceptual framework of CHEF-WPM program [11].

The content will be developed and filmed at Drexel’s College of Nursing and Health
Professions’ Food and Hospitality Management Space, and in the kitchen studio of the
food-waste educator. The developed content will be hosted on a freely accessible website,
Kajabi (http:/ /kajabi.com; accessed on 1 July 2024). The CHEF-WPM program will be built
and delivered to key audiences as an online course on Kajabi. Kajabi is an “all-in-one”
platform that we will use to build our program, engage with learners (participants), and
collect feasibility and preliminary efficacy metrics. The videos will also be disseminated
via social media (i.e., X [FKA Twitter], Instagram, TikTok) and through partnerships with
food-security organizations, retailers, nutrition education programs, and others.

2.2. Population Intervention 1
2.2.1. Overview

The evaluation of Population Intervention 1 will use a single-arm post-test only study
design. All home cooks who access the videos will be invited to answer a brief post-video
survey about acceptability and satisfaction (1 = 1068).

2.2.2. Study Population and Recruitment

Potential participants will be 18 years or older, responsible for at least half of their
household food preparation, prepare meals at home at least twice each week, have access
to the internet, and understand English. The following groups will be excluded: adults
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unable to consent, individuals who are not yet adults (infants, children, and teenagers),
and prisoners. Participants will be recruited through Drexel Food Lab networks and in
partnership with community and national organizations. Recruitment methods will include
digital and paper advertisements, email advertisements, QR codes, and other methods,
such as shelf-tags at local libraries. QR codes and email links will direct individuals to the
CHEF-WPM videos. At the end of each video, the viewers will have the opportunity to
“opt-in” to complete a short survey to assess satisfaction, engagement, and comprehension.
Our goal is to recruit a minimum of 1068 individuals to participate in that brief survey,
providing 95% power to detect an effect size of 0.3. However, we will collect and analyze
data from all of the participants who complete the 5-question survey. In other words, we
will not cease recruitment once we obtain a sample size of 1068 quality answers.

2.2.3. Data Collection and Outcomes

As described, all home cooks who access the videos will be invited to answer a brief
post-video survey about acceptability and satisfaction. At the end of each video, viewers
will have the opportunity to “opt-in” to complete a short survey to assess satisfaction,
engagement, and comprehension. If they agree, they will be redirected to a study infor-
mation sheet and screening questionnaire. If they fit the study’s inclusion criteria, they
will proceed to a brief survey via Qualtrics that will assess satisfaction, engagement, and
comprehension of the video content. The brief survey will take less than 2 min to complete.

2.3. Population Intervention 2
2.3.1. Overview

The second type of evaluation in the population-based setting will use a single arm,
quasi-experimental pre- and multiple post-test study design. A sample (n = 500) of partici-
pants will be recruited to participate in a ~10 min survey to evaluate three specific videos
across process (feasibility, satisfaction, engagement, comprehension) and preliminary out-
come (motivation, opportunity, ability) metrics. The participants will be recontacted again
at 3 and 6 months to complete follow-up surveys about longer-term outcomes.

2.3.2. Study Population and Recruitment

The inclusion and exclusion criteria are the same for both population-level interven-
tions. Potential participants should be 18 years or older, responsible for at least half of their
household food preparation, prepare meals at home at least twice each week, have access
to the internet, and understand English. The following groups will be excluded: adults
unable to consent, individuals who are not yet adults (infants, children, and teenagers),
and prisoners.

We will recruit participants for this evaluation by utilizing ResearchMatch and Build
Clinical. ResearchMatch is a website that connects potential participants with researchers
by emailing individuals with a recruitment message that explains the basic details of the re-
search study. If individuals are interested in participating in the study, they will be directed
to a screening questionnaire. Build Clinical will run an online advertisement campaign on
online and social media websites, such as Facebook, Instagram, and X (formerly Twitter).
When individuals press on these digital advertisements, they will be redirected to a landing
page where they can learn more about the study and fill out a screening questionnaire.

If the interested individual from either platform is eligible for the study, a research
assistant will call the individual and further explain the goals and procedures of the
intervention. After this phone call, the research assistant will send the individual an email
with a link to the information sheet for exempt research. Proceeding to the survey will
serve as a proxy for written consent. Participants will be offered a USD 10 incentive for
completion of the pre- and post-video surveys, and an additional USD 5 incentive for
completion of each follow-up assessment (3 and 6 months; USD 10 for completion of both;
USD 20 for completion of the entire study).
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A sample size of 500 is sufficient to provide 95% power to detect an effect size of 0.43.
Participants will be purposively sampled by age, race/ethnicity, gender, and income to
optimize the diversity of our sample. Our goal is for our sample to mirror the US census
demographic composition of the most recent census (Gender—Male: 49.6%, Female: 50.4%,
Non-binary: natural fallout; Race—White: 76%, Black/AA: 14%, Asian or Pacific Islander:
6%, American Indian/Alaskan Native/Other: 2%; Hispanic Ethnicity—Hispanic: 19%,
Non-Hispanic: 59%).

2.3.3. Data Collection and Outcomes

A structured survey (~10-min pre-post survey) will evaluate specific educational
videos across process (feasibility, usage, acceptability, and satisfaction) and preliminary
outcome (motivation, opportunity, and ability) metrics. The enrolled participants will
also complete 3- and 6-month follow-up surveys. The structured survey will ask about
demographic characteristics and will obtain baseline information about motivation, oppor-
tunity, and ability as they relate to food-waste prevention. The survey will also contain
three embedded food-waste prevention videos for the participants to view. After viewing
each video, the participants will be asked to answer questions about the content to assess
video satisfaction, engagement, recall, and comprehension of information, in addition
to questions about motivation, opportunity, and ability. The 3- and 6-month follow-up
surveys will primarily focus on motivation, opportunity, and ability to reduce household
food waste.

2.3.4. Data Analyses for Population Interventions 1 and 2

Descriptive characteristics of our study sample will be calculated as means + standard
deviations, frequencies, chi-square contingency analyses, and standardized residuals,
unless otherwise noted. Changes in motivation, opportunity, and ability will be analyzed
as continuous or categorical variables. Mixed factorial analyses of covariance (ANCOVA)
with repeated measures will be used to determine whether mean differences exist in
participant satisfaction, engagement, and comprehension after controlling for the influence
of socio-demographic- (age, race and ethnicity, marital status, education, and income)
and household-related characteristics measured at baseline. Differences will be estimated
for all categorical variables using McNemar’s exact significance probability testing for
paired nominal data. All quantitative statistical analyses will be accomplished using IBM
SPSS Statistics.

2.4. Community Intervention
2.4.1. Overview

All eight modules of the CHEF-WPM intervention will be presented in sequence
over an eight-week period, facilitated by a chef-instructor with assistance from culinary
students. The course will include synchronous discussions and group viewing of the
CHEF-WPM video series hosted on Kajabi. Evaluation of the remote community-based
intervention will use a mixed methods evaluation study design. The objectives of this mixed
methods evaluation are to assess (1) intervention implementation (fidelity), satisfaction,
engagement, and comprehension; (2) intervention outcomes (motivation, opportunity,
ability, and household food waste); and (3) exploratory outcome (sustainable dietary
behaviors). A maximum of 60 participants will be recruited in partnership with local
community organizations for quantitative data-collection activities. Quantitative data
collection will occur pre- and post-8-week intervention and at 6 months follow-up. A
purposive sample of 20 participants will be recruited to participate in in-depth interviews
at 8 weeks post-intervention. Food waste will be measured via self-report methods among
the participants (n = 60) at pre- and post-intervention and 6-month follow-up.
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2.4.2. Study Population and Recruitment

Potential participants will be 18 years or older, responsible for at least half of their
household food preparation, prepare meals at home at least twice each week, have access
to the internet, and understand English. The following groups will be excluded: adults
unable to consent, individuals who are not yet adults (infants, children, and teenagers),
and prisoners. Individuals who express interest in participating in the 8-week CHEF-WMP
program will be screened for eligibility via telephone or a brief Qualtrics survey.

A convenience sample of 60 participants will be recruited for the community-level
intervention, drawn primarily from a lower-income population in Philadelphia (3 cohorts
of 20 individuals per cohort). This population includes a higher percentage of Black, Indige-
nous, and people of color than the US population. For the qualitative evaluation (in-depth
interviews), a purposive sample (n = 20) of intervention participants will be recruited.
Purposive sampling helps ensure sample diversity across age, income, educational attain-
ment, household size, and baseline pre-disposition for food waste prevention. Participants
will be recruited through university networks and in partnership with community orga-
nizations. Participants will be recruited via phone calls and/or email, digital and paper
advertisements, and QR codes. These organizations together generally attract participants
reflecting the city’s diverse urban demographics, namely 44% Black, 13% Latino, 7% Asian;
46,000 median household income; and 20% poverty rate.

OR codes and email links will direct individuals to a Qualtrics screening questionnaire.
If they qualify, they will proceed to a study information sheet that describes participation
in detail. If they are still interested after learning more about participation, they will be
asked to submit their contact information and a research assistant will contact them with
further details about participation. Participants will be compensated a total of USD 150 for
completing the evaluation activities (quantitative measures) and an additional USD 40 for
completing an interview.

2.4.3. Data Collection and Outcomes

The participants will complete a pre-intervention survey and measure their household
food waste before beginning the 8-week intervention. At the completion of the intervention,
participants will complete a post-intervention survey and again measure their household
food waste. A purposive sample of participants, six from each cohort, will be recruited
to complete in-depth interviews at the end of the intervention. We will follow up with
all the participants 6-months after the intervention, where they will complete a 6-month
post-intervention survey and measure their household food waste. These measures are
described below.

For the pre- and post-intervention surveys, after viewing the study information page
for exempt research, the participants will proceed to a structured survey that will ask
about demographic characteristics and will obtain baseline information about motivation,
opportunity, and ability as they relate to food-waste prevention. To the extent possible, the
evaluation questions were replicated from existing surveys and tailored to this intervention,
including the specific content of each media asset. After completing the pre-intervention
survey, the participants will be provided a scale and food-waste diary and given a brief
training by a study researcher on measuring their home food waste. They will keep a
one-week food-waste diary, as described below. The participants will be asked to complete
a brief satisfaction survey after each program session.

The post-intervention assessment will occur at the end of the 8-week program. A sur-
vey that includes the baseline survey questions and additional post-intervention questions
will be sent to participants during the one-week period after their last intervention session.
In this post-intervention survey, the questions will assess program satisfaction, engagement,
recall, and comprehension of information, participants’ level of implementation of steps
recommended in the videos, further engagement with and shares of videos, reactions to the
intervention, and intention to continue engaging in food-waste prevention activities. Partic-
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ipants will again receive instructions on how to measure their food waste for one week. The
6-month follow-up assessment will include a similar survey and food-waste measurement.

For household food waste, the participants will measure their household food waste for
one week via self-report before and after participating in the remote community-based
class. The participants will be given a Taylor compact digital scale and trained on how to
measure their food waste. Our team will create a training video and instructions for how
to measure food waste at home and will provide visual reminders for key aspects of the
measurement, such as what to classify as “avoidable” vs. “unavoidable”. The participants
will be given a diary form and instructed that, before they or a household member discards
any household food waste to any destination including the sink and whether it is trim from
meat or produce, plate waste, prepared leftovers, spoiled food, etc., they should weigh the
food, describe what it is (fruit, vegetable, cooked grain, etc.), and indicate its type (trim
from cooking, spoiled food, leftovers, plate waste, or other), as well as their impression of
whether the food waste was unavoidable (example, fish innards) or avoidable (example,
spoiled milk from overbuying) through a simple coding system, taking a minute or less.
This requires discussion and buy-in from household members. The participants will again
be asked to participate in the food-waste assessment at the 6-month follow-up.

For sustainable dietary practices, at pre- and post-intervention, and the 6-month follow-
up, the participants will be asked to complete a brief dietary assessment to measure the
overall sustainability of their dietary practices. This assessment will be conducted using
Diet ID via their metric called Dietary Impacts on Environmental Measures (DIEM). The
DIEM metric helps us understand the environmental footprint of participants’ diets. Diet ID
is a novel pattern-recognition-based method that facilitates fast, user-friendly, and scalable
dietary assessment [20]. Participants will be prompted with two photos of diets and asked
which of the two is more like what they usually eat. Once they have chosen, the participants
will be prompted with another two photos and asked the same questions. Participants will
answer questions about their gender, height, weight, age, dietary restrictions/allergies,
and general physical activity level (low, moderate, high) before completing the dietary
assessment. No identifiable information will be collected by Diet ID.

For qualitative data collection, a purposive sample (n = 20) of intervention participants
will be recruited to maximize diversity across age, income, educational attainment, house-
hold size, and baseline pre-disposition for food-waste prevention. They will participate in
in-depth interviews after intervention completion to evoke priorities, values, and wisdom
related to food-waste prevention; reactions to the intervention; and effects on motivations,
opportunities, and abilities, as well as barriers and facilitators for continued engagement in
food-waste prevention behaviors, and potential co-benefits for other outcomes as well as
undesired tradeoffs and spillovers. Interviews will be led by an experienced qualitative re-
searcher, will be conducted on HIPPA-compliant Zoom, will last approximately 3045 min,
and will be audio-recorded and transcribed verbatim.

2.4.4. Data Analyses

Descriptive characteristics of our study sample will be calculated as means - standard
deviations, frequencies, chi-square contingency analyses, and standardized residuals,
unless otherwise noted. Changes in food-waste prevention behaviors, discards, motivation,
opportunity ability, potential economic and nutrition-related savings, and DIEM score will
be analyzed as continuous or categorical variables. Mixed factorial analyses of covariance
(ANCOVA) with repeated measures will be used to determine whether mean differences
exist in participant satisfaction, engagement, comprehension, changes in knowledge and
planned behaviors, and food-waste variables based on socio-demographic (age, race and
ethnicity, marital status, education, and income) and household-related characteristics
measured at baseline. Differences will be estimated for all categorical variables using
McNemar’s exact significance probability testing for paired nominal data. All quantitative
statistical analyses will be accomplished using IBM SPSS Statistics. As the purpose of proof-
of-concept studies is to determine whether the intervention merits more costly testing using
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a randomized controlled trial design, small sample sizes are acceptable because clinical,
not statistical, benefit is sought.

For qualitative data, the interviews will be analyzed using content analysis based
on a deductive-inductive approach. First, interview segments related to the drivers of
food-waste prevention (motivation, opportunity, and ability) will be identified. For each
driver, themes will be identified inductively.

In this study, once the quantitative and qualitative data are analyzed separately, the
data will then be merged together to have a greater understanding of the effects of the
intervention. This will allow discongruence and congruence between both sets of data to
emerge. We will report the mixed methods results with joint displays.

2.4.5. Community Advisory Board

A community advisory board has been recruited from our community partners to
provide input into the design, content, guest-chef representation, and recipes of the videos.
The advisory board will meet quarterly via Zoom and in-person (hybrid model), and each
member will be paid an incentive for their participation.

2.5. Withdrawal

The study team does not anticipate circumstances under which participants would
need to be withdrawn from the research without their consent. Participants may elect to
leave the study at any time with no penalty. If a withdrawn participant completed the
study survey, their data may still be included in our analysis. Additionally, if participants
withdraw from the study before the end of data collection, they will not be compensated.

3. Potential Benefits and Risks of Study Participation

As with any study involving the collection of data, there is a risk of harm resulting
from a breach of privacy and/or confidentiality. If information linking participants to their
responses is inadvertently disclosed, we do not anticipate any significant harm to result
to participants. However, we will still secure the information we collect (as outlined in
the data-protection section) to minimize the probability of this risk. We will also maintain
feedback and discussion data in separate folders without individual identifiers. Once the
research study is complete and individually identifiable information is no longer necessary,
the key linking individuals to their responses will be destroyed, further reducing the
magnitude of this risk.

During the interviews, it is possible that some activities or questions will lead to
momentary embarrassment, discomfort, or unease. The probability and magnitude of
discomfort are not expected to be greater than participants would ordinarily encounter in
their everyday lives and will be disclosed during the informed consent process. We do not
anticipate any costs to participants for taking part in this study. We do not expect any of
our procedures will carry unforeseen risks to participants or individuals not participating
in the research.

There may be no direct benefit to participants of this research study, though they
may value the opportunity to participate in the class. The information collected may
benefit society by developing a novel intervention to enhance participants” motivation,
opportunity, and ability to reduce consumer food waste. There are minimal risks associated
with this study. The probability and magnitude of discomfort are not expected to be greater
than participants would ordinarily encounter in their everyday lives and will be disclosed
during the informed consent process. The study procedures, particularly the food-waste
tracking, require an investment of time and effort.

4. Data Monitoring

The principal investigators will monitor and review the study progress, participant
safety, and the accuracy and security of the emerging data. All information collected in this
study will be kept confidential as required by law. Names will not be attached to the study
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participants and a master list, and the data elements and survey responses will be kept in
a secure and encrypted database, which can only be accessed by research team members.
Due to the low-risk nature of the intervention, a Data and Safety Monitoring Board has not
been formally established. All adverse events will be reported to the principal investigators
and reviewed by the study team to determine whether the study should be discontinued
due to participant safety. Quality assurance procedures will be implemented, including
rigorous attention to manual data cleaning, generation of monthly query reports, and
ranges and data validation checks.

5. Ethics and Dissemination
5.1. Consent

The consent process for each of the three types of evaluations will be the same. The
participants will complete a screening questionnaire to determine study eligibility. If
eligible, they will be directed to a study information sheet for exempt research. After
reading the information sheet for exempt research, proceeding to the survey will serve
as a proxy for informed consent. In the information sheet, the research team’s contact
information will be provided to the participant. Participants are encouraged to contact the
research team if there are any questions and will be given the opportunity to discuss the
study with their surrogates or think about it prior to agreeing to participate. They may
withdraw consent at any time throughout the study. A copy of the information sheet will
be emailed to participants for their records.

5.2. Confidentiality

Participant confidentiality is strictly held in trust by the investigators, study staff,
and the sponsor and their agents. The study protocol, documentation, data, and all
other information generated will be held in strict confidence. No information concerning
the study or the data will be released to any unauthorized third party without prior
written approval of the sponsor. The study monitor or other authorized representatives of
the sponsor may inspect all study documents and records required to be maintained by
the investigator.

Confidentiality will be protected by including only information needed to assess study
outcomes, minimizing to the fullest extent possible the collection of any information that
could directly identify participants, and maintaining all study information in a secure
manner. To ensure participant privacy and confidentiality, a unique study identifier will be
assigned to each participant. The data and records will be kept locked and secured, with
any computer data password protected. Protected health information (PHI) will not be
collected in this study. Therefore, we are requesting a waiver of HIPAA authorization. To
ensure privacy, all interviews will be conducted via HIPAA-compliant Zoom technologies.
Links to Qualtrics surveys will be encrypted. To protect the confidentiality of participant
responses, the data will be de-identified and unique identification numbers will be assigned
to participants.

5.3. Dissemination

We will disseminate the study findings through conference presentations and publica-
tions in peer-reviewed international journals. Only aggregate data without individually
identifiable information will be published. As this study is a feasibility study, the results
will be used to inform and develop a larger, adequately powered, randomized controlled
trial, if appropriate.

6. Results

This research investigates a highly scalable solution to strengthen consumers’” mo-
tivation, opportunity, and ability to reduce food waste at the locus where most wasted
food occurs by adapting professional culinary education interventions to the home kitchen.
This interdisciplinary project combines knowledge from the fields of culinary arts and
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science, education, consumer behavior, nutrition, environmental science, and public health
to provide low-friction interventions and flexible access to content that will resonate with
consumers. Rather than teaching home cooks through an overbearing and expensive
didactic approach, this intervention empowers home cooks to prevent and minimize food
waste in a way that is convenient, accessible, culturally appropriate, and scalable. This in-
tervention offers home cooks the opportunity for professional-level culinary education in a
way that saves money, utilizes cultural flavors, provides nutrition background information,
and builds confidence, all while reducing food waste.

This research also includes multiple innovative features, addressing critical research
gaps and pioneering new approaches:

1. Cooks as consumer educators, reflecting the NAS report highlighting the need to use
such influencers [4];

2. Bite-size videos, adapting food waste education to a social media-friendly modality
that many people use to learn about cooking today. This allows us to create or support
new or existing influencers, whose reach and appeal are hard to match through more
traditional research interventions;

3. Innovative application and assessment of motivation, opportunity, and ability (MOA)
metrics [11];

4. Innovation in a longer timeframe of follow-up and in comparing and contrasting the same
intervention in both community and population settings;

5. Direct measurement of waste.

7. Discussion

Wasted food is the largest component of the landfill and incineration stream [3], and
most of the waste generated remains at the consumer level [2]. Hence, the purpose of this
research protocol is to evaluate the feasibility, acceptability, and preliminary efficacy of
a household food-waste prevention and minimization intervention, which consists of a
culinary education video series for home cooks. The specific aims of this protocol are to
(1) assess the effects of the intervention at a population level across process (feasibility,
usage, acceptability, and satisfaction) and preliminary efficacy (motivation, opportunity,
and ability) metrics and (2) assess the effects of the intervention at a community level
across process (feasibility, usage, acceptability, and satisfaction) and preliminary efficacy
and exploratory (motivation, opportunity, ability, household food waste, and sustainable
dietary practices) metrics.

The evaluation seeks to understand intervention effects both when accessed voluntar-
ily in a population-based setting, and via a more intensive delivery as part of a program in
a community setting. Findings from the two distinct evaluation studies will be jointly dis-
cussed and triangulated to support larger conclusions about the intervention’s desirability,
impact on motivation, opportunity, ability, and food waste, and the potential directions for
further improvement. The intervention’s benefits may be both short and long term because
the skills and attitudes presented can shape ongoing kitchen practices and norms.

Final Considerations

Consistent with the protocol paper format, this paper does not present data but rather
the methodology (protocol) that will be used to investigate the stated aims. We anticipate
that the data analysis will help identify aspects of the intervention that are promising to
prevent and minimize wasted food on a larger scale and will inform policy and funding for
program interventions. Future publications will present the data and analysis from this
protocol, and future protocols will test additional promising interventions, as suggested by
our analysis in this study. If successful, the intervention will provide an affordable, scalable,
and highly adaptable component that could be integrated into a national food-waste
prevention campaign and other communication activities.
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