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POTENTIAL BENEFITS OF INSECT PROTEIN
IN PREVENTING OVERWEIGHT AND OBESITY

Magdalena GANTNER®™

Warsaw University of Life Sciences — SGGW, Poland

Abstract: Obesity in children and adolescents is one of the most serious health challenges of the 21st century,
and the number of overweight and obese people is steadily increasing. In recent years, entomophagy, or the consumption
of insects, has been proposed as an alternative source of protein with economic and environmental advantages over
traditional meat production. Edible insects have high nutritional value. They are rich in protein, recommended fats,
vitamins, and minerals. Moreover, numerous animal studies show insect protein can slow weight gain, improve
the immune response, reduce inflammation, and benefit energy metabolism. Despite the challenges of promoting
and accepting insect protein, its health and environmental benefits may make it an essential part of a balanced
diet in the future. Including insects in the diet can help overcome obesity-related health problems, potentially help
control weight and reduce the risk of obesity-related diseases. However, further research, including clinical trials,
is needed to confirm the health benefits of insect protein. Educational campaigns can help break down cultural
barriers and increase the acceptance of entomophagy.
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INTRODUCTION

Obesity and overweight among children and adolescents are one of the most serious health challenges
of the 21st century. According to the World Health Organization (WHO), the number of overweight and obese
children and adolescents is on a clear upward trend. In 1975, the number of obese children was 11 million, while
in 2016, it had risen to 124 million. In Poland, the problem affects about 10% of young children (1-3 years), 30%
of early school-age children, and almost 22% of adolescents up to age 15 [1]. The increasing rate of overweight
and obesity among children represents a major public health challenge, influencing the development of numerous
physical and mental illnesses in childhood, which can persist into adulthood. Obesity increases the incidence
of comorbidities, such as stroke, atherosclerosis, myocardial infarction, cardiovascular disease, diabetes,
hypertension, and hyperlipidaemia [2].

Various obesity treatment regimens have been proposed, including physical activity, appropriate diet,
and medication to aid weight reduction. Most known anti-obesity drugs suppress the appetite, reducing
the absorption of components or energy sources, i.e., sugars or fats, and are often accompanied by adverse side
effects [3]. It is, therefore, extremely important to step up research to identify natural products that offer safe effects
to support therapy in the fight against being overweight. According to Sanyaolu et al. [4], obesity in childhood
and adolescence is caused by a mismatch between energy intake and expenditure, regardless of genetic factors.
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The daily diet’s amount and composition of macronutrients (carbohydrates, fats, and proteins) determines
the total energy expenditure. Proteins provide less energy than an equivalent amount of fats, and their percentage
contribution in a healthy, balanced diet is around 20%. In comparison, carbohydrates contribute 50% and fats
30% [5]. It is also important to remember that daily protein intake in childhood is essential for normal growth
and development and varies with age, sex and physical activity [6]. As shown in a study in mice [7], when diets are
low in protein energy, a mechanism known as protein leverage stimulates a compensatory increase in food intake
to achieve a specific absolute protein intake. Saner et al. [8] showed that small changes in protein intake may have
been a major contributor to the obesity epidemic in the USA between 1961 and 2013. A recent study by Larsen
et al. [9] found that high-protein and low-glycaemic-index diets were more effective in maintaining weight loss
and improving metabolic parameters than low-protein diets. In a study conducted by Saner et al. [8] on a group
of obese children and adolescents aged six to eighteen years, it was found that changing the amount of protein
in the diet could help reduce the total energy intake in obese adolescents. Hall’s (2019) population-based study
[10], which examined trends in macronutrient composition over the past four decades in the United States, found
a decrease in the percentage of energy intake from protein sources and an increase in total energy intake, increasing
BMI. One reason for this phenomenon is the increasing popularity of highly processed foods, which contain only
9.5% of energy from protein sources [13]. According to Hall [10], the consumption of large amounts of highly
processed foods is a major cause of the growing obesity epidemic. As shown by Saner et al. [8], only a balanced
macronutrient composition in the diet of children and adolescents can help combat the problem of obesity.

When discussing obesity, it is also worth mentioning the use of the satiety index [11] and the effect of individual
nutrients on the body’s satiety level, i.e. the feeling of fullness after a meal. A diet based on this index can be
an alternative to restrictive diets. Most studies on the effect of protein on satiety have found that protein has
a more significant effect on satiety than carbohydrates or fats. Current data suggest that increasing the protein
intake plays a key role in satiety [12].

Given the various proposals for using currently available foods, it is worth considering edible insects in the diet.
On the one hand, they can be a potential source of high-quality protein [13, 14, 15, 16], and on the other hand, they
can be an effective component of low-carbohydrate diets [17, 18, 19]. Of all food components, protein and dietary
fibre [20] have the strongest satiating properties. Protein is thought to release neurochemicals that suppress appetite
[21]. It is hypothesised that insect protein-induced satiety is mediated by the release of specific neurochemicals
and hormones that regulate appetite and food intake. Key neurochemicals involved in this process include
serotonin, dopamine, cholecystokinin (CCK), and glucagon-like peptide-1 (GLP-1). The mechanisms by which
insect protein induces satiety include stimulating these hormones and neurochemicals. Insect protein ingestion
triggers the release of CCK and GLP-1, which send signals to the brain to promote satiety and reduce appetite.
In addition, insect protein can affect the brain’s reward system by increasing dopamine levels, increasing satiety
and reducing food intake. These mechanisms suggest insect protein may effectively regulate appetite and control
weight [22, 23]. A high-protein meal increases the likelihood of reducing the energy content of the next meal by
up to 25%. In addition, carbohydrate reduction may also have a positive effect on satiety, as carbohydrates have
been cited as the ingredient with the lowest satiety potential [24, 25, 26]. Skotnicka et al. [21], based on a study
of insect food intake in 71 volunteers, found that pancakes with 30% flour from Alphitobius diaperinus and those
with 20% and 30% flour from the house cricket (Acheta domesticus) were the most satiating. They concluded that
protein content had the greatest effect on inducing satiety. The results support the hypothesis that insect-based
foods could be an ingredient in diets for treating obesity, for carbohydrate-restricted diets, and as alternative
protein sources [26].

Insects have been valued as a food source in many cultures for centuries. Although the topic has gained renewed
attention recently, Meyer-Rochow [27] proposed the consumption of insects as an alternative food and feed source
nearly 50 years ago. It is currently estimated that over 2 billion people regularly consume insects [28].

Insect protein offers several environmental benefits, making it a sustainable alternative to traditional meat
production. Firstly, insect farming requires significantly less water compared to conventional livestock farming.
For instance, producing 1 kg of insect protein requires about 1 litre of water, whereas producing the same amount
of beef protein requires approximately 22,000 litres. This drastic reduction in water usage makes insect farming
a more sustainable option. Insect farming also needs less land than traditional livestock farming. Insects can be
farmed in vertical systems, which allows for efficient use of space [15, 16, 24, 28]. This means that insect farming
can be conducted in urban areas and other locations where space is limited, further contributing to its sustainability.
Insect production also generates significantly fewer greenhouse gases compared to traditional meat production.
For example, insect farming’s methane and nitrous oxide emissions are much lower than cattle farming emissions
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[28]. This reduction in greenhouse gas emissions helps mitigate climate change and reduces the environmental
footprint of food production. Moreover, insects can be fed organic waste, reducing waste and improving resource
efficiency. For example, Housefly larvae (Musca domestica) can be fed kitchen waste, converting it into valuable
protein. This reduces the amount of waste that ends up in landfills and creates a sustainable source of protein.
Insects have a high feed conversion efficiency, meaning they convert a more significant proportion of their feed
into protein [15, 24, 28]. This efficiency makes insect farming a more resource-effective way to produce protein.

However, the introduction of insects for human consumption has met with resistance, particularly in Europe,
mainly due to cultural issues. While cultural issues are indeed relevant to the low consumption of insects in Europe,
they are not the only challenge. Legislative issues are also a significant barrier. The European Union has strict rules
for approving and marketing novel foods, including insects. The Novel Foods Regulation (EU) 2015/2283 requires
extensive safety assessments and authorisation procedures before insects can be marketed as food. While ensuring
consumer safety, this regulatory framework can be time-consuming and costly for producers, limiting the availability
and diversity of insect-based products on the market [15, 16]. In addition, there is a lack of harmonisation
of regulations across European countries, which can create additional barriers for producers wishing to enter
multiple markets. For example, some countries may have more lenient regulations while others impose stricter
controls, leading to inconsistencies and confusion in the industry [19]. In conclusion, while cultural issues are
important, regulatory challenges also play a key role in the low consumption of insects in Europe. Tackling cultural
and regulatory barriers is therefore essential to increase the acceptance and consumption of insect-based foods.

Edible insects have great potential as a food source. Their sustainability, nutritional value, economic viability,
and low environmental impact make them attractive for addressing global food security and sustainability challenges.
This review aims to synthesise and critically evaluate the current knowledge on the potential use of insect protein
in the prevention of overweight and obesity, and to identify gaps in the literature that require further research.

NUTRITIONAL VALUE OF EDIBLE INSECTS

The reasons for promoting insects as a source of nutrients in the diet are increasingly supported by a growing
body of scientific research. The number of publications on entomophagy increased from 16 in 2001-2010
to 49 in 2011-2015, and 50 articles were published between 2016 and September 2017. Given this trend,
it is reasonable to estimate that over 200 studies have been published from 2014 to 2024 [29].

Current research mainly focuses on edible insect species approved for consumption. This is due to food safety
considerations and legal regulations determining which insect species can be used as food. The most commonly
studied species in the scientific literature are Tenebrio molitor, Acheta domesticus, Hermetia illucens, Bombyx
mori, Imbrasia belina and Rhynchophorus phoenicis [30, 31].

Edible insects are rich in protein and beneficial fats, vitamins and minerals, making them a valuable dietary
component. Compared to traditional sources of protein, such as meat, insects can provide protein with high
biological value at a lower calorie load (Tab. 1). According to Zeng & Li (2021) [40], a higher protein intake,
including insect-derived protein, can affect the composition of the gut microbiome, which in turn can affect
metabolic health and weight control. The average amount of protein in edible insects ranges from 10%
to 70% of dry weight, which is higher than some plant products such as soya and lentils [24]. For example,
the protein content of fresh edible butterfly caterpillars and chicken meat is 28 g/100 g and 21 g/100 g fresh
weight, respectively [32]. The wide range of protein content in edible insects is due to the huge number
of species and their diversity, developmental stages (larvae, pupae, adult insects), culture conditions, processing
methods and analytical methods (Tab. 1). The content of essential amino acids varies depending on the species
and developmental stage of the insect. It ranges from 46% to 96% of the total amino acids [32].

Insect protein contains all 20 amino acids, fully meeting the adult human requirement for these components.
Insect protein is a good source of valine, histidine, phenylalanine and tyrosine, and in some species also tryptophan,
lysine and threonine, although in varying amounts depending on the species [40]. According to Malla et al. [41],
the tryptophan content ranges from 0.5% to 1.5%, and according to a study published in the International Journal
of Biological Macromolecules, the amino acid profile of insects may be deficient in it [42]. The amino acid
indices in edible insects such as Tenebrio molitor and Alphitobius diaperinus are comparable to those found
in soybeans and bovine casein [43]. An undoubtedly important feature is insect protein’s digestibility, which
is comparable to milk, soya, or casein, ranging from 54% for Tenebrio molitor to as high as 98% for some South
American insect species [40]. On average, these values are similar to those reported for egg white (95%) or beef
(98%), and higher than many plant proteins [44].
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Table 1. Chemical composition, nutritional value and vitamin content of selected edible insects and conventional protein sources.

Insect species Protein Fat Carbohydrates Fibre

and co.nventional %) %) (%) (%) Vitamins and minerals (mg/100g) Ref.
protein sources

Tenebrio molitor 47.0 30.0 6.0 5.0 Fe:5.0,Zn: 10.0, Ca: 20.0, Vit B12: 1.2, Vit A: 0.1 [30,26]
Hermetia illucens 42.0 35.0 7.0 6.0 Fe:4.5,7Zn: 8.0, Ca: 18.0, Vit B12: 2.3, Vit A: 0.2 [30,26]
Acheta domesticus 70.0 12.0 5.0 2.0 Fe:3.0,Zn: 9.0, Ca: 15.0, Vit B12: 5.4, Vit A: 0.3 [30,26]
Bombyx mori 55.0 28.0 8.0 4.0 Fe:6.0,Zn: 11.0, Ca: 22.0, Vit B12: 3.1, Vit A: 0.2 [30,26]
Schistocerca gregaria 62.0 17.0 10.0 3.0 Fe:4.0,Zn:7.0,Ca: 19.0, Vit B12: 1.8, Vit A: 0.1 [30,26]
Alphitobius diaperinus 60.0 18.0 6.0 5.0 Fe:4.0,Zn: 8.0, Ca: 16.0, Vit B12: 2.0, Vit A: 0.2 [33,26]
Locusta migratoria 504 19.6 4.8 1577 P:29.6,Ca: 2.2, VitB12: 1.5, Vit A: 0.1 [34,26]
Macrotermes nigeriensis ~ 20.4 36.8 18.8 152  Fe:95.6,7Zn: 4.2, Ca: 20.0, Vit B12: 0.9, Vit A: 0.1 [35,26]
Gryllus bimaculatus 60.0 23.0 5.0 2.0 Fe:3.0,Zn: 9.0, Ca: 15.0, Vit B12: 4.0, Vit A: 0.2 [36,26]
Musca domestica 57.0 25.0 6.0 40 Fe:5.0,Zn: 10.0, Ca: 18.0, Vit B12: 2.5, Vit A: 0.2 [37,26]
Protaetia brevitarsis 63.0 15.0 8.0 5.0 Fe:4.5,7n:8.0,Ca: 17.0, Vit B12: 3.0, Vit A: 0.2 [38,26]
Chicken 27.0 14.0 0.0 0.0 Fe:1.3,Zn:1.0,Ca: 11.0, Vit B12: 0.6, Vit A: 0.0 [31,39]
Beef 26.0 20.0 0.0 0.0 Fe:2.6,7Zn:4.0,Ca: 12.0, Vit B12: 2.5, Vit A: 0.0 [31,39]
Soybeans 36.0 20.0 30.0 9.0 Fe:15.7,7Zn: 4.9, Ca: 277.0, Vit B12: 0.0, Vit A: 0.0  [31,39]
Eggs 13.0 11.0 1.0 0.0 Fe:1.2,Zn:1.0,Ca:50.0, VitB12: 1.1, VitA: 0.3 [31,39]
Fish (salmon) 20.0 13.0 0.0 0.0 Fe:0.8,Zn: 0.6, Ca: 20.0, Vit B12: 3.2, Vit A: 0.1 [31,39]

Source: own elaboration based on [31, 39].

The fat content of insects ranges from 8 to 70% based on dry weight and varies considerably depending
on the species and stage of development. Butterfly larvae (Lepidoptera) and bugs (Heteroptera), have
a significantly higher fat content than other edible insects. In contrast, adult insects, compared to their
larvae or juvenile forms, are characterised by a fat content of less than 20% [45]. The fatty acid composition
is comparable to that of poultry and fish fat. It is characterised by a relatively high content of C18 fatty acids,
including oleic, linoleic and linolenic acids. It is high in many species and high in saturated fatty acids,
especially palmitic acid [44]. Mature insects are particularly valued for their rich content of polyunsaturated
fatty acids, exceeding traditional sources such as pork and beef. Insects belonging to the order Orthoptera, such
as the Locusta migratoria, are an exceptional source of linoleic acid. On the other hand, butterfly larvae have
a particularly high content of a-linolenic acid [45]. The higher fat content of butterfly and bug larvae is related
to their energy requirements during growth and metamorphosis. In contrast, adult insects have lower fat levels
because their main purpose is reproduction and flight [46].

Insects are not a rich source of carbohydrates. Their average content ranges from 6.71% in bugs to 15.98%
in cicadas, and is mainly found in the form of chitin, which is classified as a polysaccharide. As an exoskeleton
component, chitin is structurally similar to cellulose [47]. The content of chitin in different insect species can vary
considerably and it can be digestible by humans, thus having nutritional and health benefits beyond improving
gut health as a prebiotic [48]. Oliveira et al. [49] showed that chitin and its derivative, chitosan, exhibit fibre
properties that can act as prebiotics [50], selectively stimulating the growth and activity of beneficial bacteria
in the colon. In insects, chitin forms a complex mainly with proteins and lipids, affecting their digestibility
[49]. Chitin, a linear polymer consisting of N-acetylglucosamine units, and their derivative, chitosan, formed
by the deacetylation of chitin and containing a higher number of glucosamine units, exhibit important fibre
properties. The deacetylation process increases the solubility of chitosan in acidic solutions and gives it a higher
positive charge, which affects its ability to bind lipids in the human gastrointestinal tract [51].

Insects are also a source of micronutrients such as copper, iron, magnesium, manganese, phosphorus,
selenium and zinc. According to Zhou et al. [26], the Orthoptera and Coleoptera species contain higher levels
of chemically active calcium, copper, magnesium, manganese, and zinc than beef, with crickets, in particular,
having higher iron bioavailability. Some studies have confirmed that insect consumption can provide a high
percentage of humans’ daily recommended mineral intake, particularly for iron [49]. Macrotermes nigeriensis,
a genus of termites that is consumed in many parts of the world, especially in Africa, Asia, Australia and Latin
America [52], contains 95.6 mg of iron per 100 g of dry weight [49], which is much higher than the iron
content of pork loin on the bone (only 1 mg/100 g), veal shoulder (2.9 mg/100 g) or pork liver (18.7 mg/100
g) [53]. Termites are also a popular food source in Kenya, especially in rural regions. Research has shown that
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about 80% of respondents in Kenya have tasted termites, and 55% regularly buy termite food products such
as dried and roasted ones. Termite consumption in Kenya can range from a few times a month to several times
a week, depending on availability and culinary traditions [54].

Insects are a rich source of both water-soluble and fat-soluble vitamins, including significant amounts
of vitamin B12 (Tab. 1) For example, the vitamin B12 content ranges from 1.08 pg/100 g in whiteflies
to 13.2 ug/100 g dry weight in cockroaches (Blattodea) [40, 55].

OVERWEIGHT AND OBESITY-RELATED HEALTH EFFECTS OF CONSUMPTION OF SELECTED
INSECT SPECIES

The solution to obesity and overweight lies not only in reducing calorie intake but also in improving the quality
of the diet. As mentioned at the beginning of this article, the high protein content of insects promotes satiety,
which helps to reduce the overall food intake and control weight. Unlike the fats found in meat products,
insects are also a valuable source of unsaturated fatty acids. They are also low in carbohydrates, which, when
consumed in excess, can lead to weight gain and metabolic disorders. The nutritional profile of insects supports
muscle maintenance and growth, which is essential for metabolic health and effective weight management [45].

Numerous studies have shown (Tab. 2) that certain insect-derived substances regulate lipid metabolism
and blood lipid levels, with anti-obesity effects. In vivo studies using Tenebrio molitor larvae have shown
that they reduce lipid accumulation and triglyceride levels, leading to weight loss in obese mice [26]. Daily
administration of Tenebrio molitor larvae powder to obese mice fed a high-fat diet inhibited weight gain
and reduced visceral fat [56]. The powder also reduced hepatic steatosis and decreased plasma levels of liver
enzymes such as alanine aminotransferase and aspartate aminotransferase, which are indicators of liver damage.

Table 2. Health effects of consumption of selected insect species in the context of overweight and obesity

Insect species Health effects related to overweight and obesity Ref.
Tenebrio molitor Reduced lipid accumulation, reduced triglyceride levels, improved blood lipid profile [57]
Hermetia illucens Reduced body weight, reduced visceral fat accumulation, improved lipid metabolism [58]
Acheta domesticus Increased feeling of satiety, improved lipid profile, lowered blood glucose levels [59]
Bombyx mori Regulated lipid metabolic processes, reduced fat accumulation, improved insulin sensitivity [60]
Schistocerca gregaria Lowered cholesterol levels, improved lipid profile, reduced body weight [61]
Alphitobius diaperinus Reduced fat accumulation, improved lipid metabolism, reduced blood glucose levels [62]
Locusta migratoria Reduced body weight, improved lipid profile, lowered blood glucose levels [63]
Macrotermes nigeriensis Reduced fat accumulation, improved lipid metabolism, reduced blood glucose levels [64]
Gryllus bimaculatus Increased feeling of satiety, improved lipid profile, lowered blood glucose levels [65]
Musca domestica Reduced fat accumulation, improved lipid metabolism, lowered blood glucose levels [66]
Protaetia brevitarsis Reduced body weight, improved lipid profile, lowered blood glucose levels [67]

Source: own elaboration based on [57, 58, 59, 60, 61, 62, 63, 64].

A study by Park et al. [68] confirmed these observations. Using Tenebrio molitor larvae powder in the diet
of mice, the authors reported reductions in body weight, subcutaneous and visceral fat volume, hepatic adipocyte
accumulation, adipocyte size, leptin levels, levels of adipogenesis-related genes and plasma concentrations of total
cholesterol, triglycerides and glucose. In another in vivo study in spontaneously hypertensive rats fed a diet based
on Tenebrio molitor, a slight reduction in fat mass was observed [69]. The reduction in visceral fat improved
hepatic insulin action and reduced the expression of inflammatory cytokines.

Allomyrina dichotoma larvae extract reduced the serum triglyceride and leptin levels in obese mice and reduced
body weight gain, organ weights and adipose tissue volume in a dose-dependent manner [70]. In a study in a rat
model fed a high-fat diet, it was observed that ethanolic extracts from Gryllus bimaculatus exhibited anti-obesity
properties. Rats that received the extract for two months showed a reduction in fat mass, especially abdominal fat
[71]. The peptides of the mulberry silkworm pupa have hypolipidemic effects, regulating lipid metabolic processes
in the body, inhibiting the formation of fat in preadipocytes and reducing lipid accumulation and adipocyte size,
which helps to combat obesity [72].

Other studies have shown that protein hydrolysate from silkworm larvae increases glucose uptake and reduces
fat accumulation by increasing leptin expression [72]. Ethanolic extract of Oxya chinensis locusts slows
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carbohydrate digestion and glucose uptake by inhibiting the activity of carbohydrate digestive enzymes, thereby
reducing postprandial hyperglycaemia induced by dietary carbohydrates [67]. It has been observed in mice that
a protein-enriched extract of housefly Musca domestica larvae reduces plasma triglyceride, total cholesterol
and low-density lipoprotein levels while increasing high-density lipoprotein levels [56].

Feeding rats a meal containing various amounts of house fly pupae reduced visceral fat [73]. These effects
were probably stimulated by the chitin, monounsaturated fatty acids, and bioactive compounds in house fly pupae
that have not been identified yet [73].

Chitosan isolated from Acheta domesticus has been shown to retain lipids. Its lipid-binding capacity
is comparable to shrimp chitosan [74], which has been shown to exert anti-obesity effects by controlling body
weight in pigs [46].

It has also been reported that cricket ethanol extract reduced body weight, intestinal fat and total cholesterol
in mice given a high-fat diet for 14 weeks [75]. A study by Huang et al. [76] confirmed a significant reduction
in food intake and fat accumulation in obese rats fed chitin, which prevented weight gain and significantly reduced
serum lipids such as total cholesterol, triglycerides and low-density cholesterol.

Administration of Protaetia brevitarsis larvae extract to mice with high-fat diet-induced obesity reduced body
weight, liver adipocyte count, and serum lipid levels [56]. A high-fat cricket-based diet in rats had beneficial
effects on lipid metabolism and body fat content [51].

Recent studies have continued to explore innovative solutions to this growing problem. For instance,
Rizou et al. (2022) [78] demonstrated that probiotic supplementation in the diet of Tenebrio molitor larvae
significantly improved their nutritional profile, increasing the protein content and reducing fat levels — factors
that may enhance their potential as a functional food ingredient in metabolic health. Additionally, Dreassi et al.
(2017) [79] showed that the fatty acid composition of 7. molitor can be modulated through dietary interventions,
improving the balance of polyunsaturated fatty acids, which are known to support lipid metabolism and reduce
inflammation. These findings support the use of mealworm protein as a promising dietary component in obesity
prevention and lipid profile improvement. Furthermore, Kang et al. (2023) [62] demonstrated that the inclusion
of Tenebrio molitor and Alphitobius diaperinus in a high-fat diet significantly altered the gut microbiota
composition in obese mice. These changes were associated with improved metabolic parameters, including
reduced body weight gain and enhanced lipid metabolism. This study highlights the potential of insect-based diets
to modulate host metabolism through microbiota-dependent mechanisms.

The few human clinical studies on the consumption of edible insects provide valuable information on their
impact on human health [29, 80]. These have shown, among other things, that the consumption of insect protein
can lead to increased post-meal amino acid levels, suggesting its high bioavailability and potential as an alternative
protein source. In addition, studies have shown that insect consumption can improve gut health by increasing
gut microbiota diversity and reducing inflammation. They further confirmed that supplementation with chitosan,
a chitin derivative, can lead to weight loss and improved lipid profile, which is important for preventing obesity
and metabolic diseases. Finally, studies on insect protein intake have shown that it can improve metabolic health
indicators such as blood glucose levels and lipid profile, suggesting its potential health benefits.

ADVOCATING INSECT PROTEIN AS A SUSTAINABLE AND EFFECTIVE STRATEGY FOR TREATING
OVERWEIGHT AND OBESITY

Insectproteinisincreasingly seenasagoodalternative and sustainable source. Despite the growinginterestinedible
insects, their promotion as a viable solution to combat obesity faces several challenges, especially in European
countries. One of the main problems is public acceptance and poor promotion of the potential of edible insect-
-based products [81]. Convincing consumers to change their eating habits takes time and education. Information
and education campaigns can help to break down cultural barriers and increase the acceptance of insect protein.
This acceptance of insect-based foods among children, the next generation of consumers, is particularly under-
-researched, as most studies have targeted adults.

Previous consumer research in European countries shows a low acceptance of edible insect-based products. Most
ofthese studies have been conducted in the Netherlands, Belgium and several other northern countries, where insect-
-based products have become commercially available in recent years [81, 82, 83]. The acceptance of insect-based
foods is largely determined by food neophobia, which is the tendency to avoid unfamiliar or new foods [84]. Food
neophobia plays a key role in accepting insects as food and the willingness to eat insect-based foods [86].
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A study by Ainslee et al. [87] of 181 school-aged children found that Danish children showed a moderate
willingness to try insect-based foods, suggesting potential in this segment of the population. In a study by
Dupont and Fiebelkorn [88] on the attitudes and acceptance of young people from Germany towards
the consumption of insects and farmed meat, the authors noted that of the children and adolescents who took
part in the study, 70.9% had already heard that insects could be used as food and knew what this meant, while
22.4% had heard of the possibility of eating insects, but did not know exactly what this meant. Only 6.7% did
not know that insects could be eaten. Of the respondents, 17.8% had eaten insects once and 5.3% several times.
Only 0.1% stated that they regularly ate insects. In addition, the study showed that the respondents were more
likely to eat burgers with lab-grown meat than burgers with insects.

Three focus group interviews conducted with children aged 4-5 years in a public kindergarten in Sweden
concluded that using children’s imagination and curiosity about new things, experimenting with insect-
based products and ingredients in familiar dishes and discussing different ways of eating insects can increase
children’s acceptance of eating insects [89].

A study by Marquis [89] discussed how exposure and familiarisation with edible insects can influence
adolescents’ attitudes towards entomophagy. The activity, which involved 662 Canadian high school students,
was shown to have a significant positive impact on the participants’ acceptance of edible insects. These results
can be used in promotional activities to accelerate the acceptance of edible insects. A study by Florence et al.
[90] found that people were more likely to consume food products containing insects than whole insects,
and the youngest were the most likely to consume insects. A study on the effect of educational interventions
on attitudes and the willingness to consume insect-based foods was conducted by Szczepanski et al. [91].
After an educational class on ‘Entomophagy and sustainability’, the authors reported a slight increase
in the willingness to consume insect-based foods. Attitudes appeared to be the strongest predictor of willingness
to consume, while knowledge had no significant effect. The type of insect, the order of tasting, and children’s
food neophobia had a significant effect on food acceptance.

Szlachciuk and Zakowska-Biemans [92] studied the perception, beliefs, and willingness to consume
insects among Polish consumers. The study included 1,000 respondents and found that dietary neophobia was
a key factor influencing beliefs and perceptions of the consumption of insects and insect protein products.
Respondents were more likely to consume insect protein products than visible insects. Sogari et al. [93]
examined the relationship between the willingness to try insects and food neophobia among young adults
in Italy. The study included 88 participants and found that males were more open to trying insects than females,
and food neophobia was negatively correlated with a willingness to eat insects. Kinyuru et al. [94] studied
the influence of food neophobia and socio-cultural factors on the consumption of edible insects in Uganda.
The study included three insect species: locusts, African termites, and wingless termites. The results indicated
that food neophobia and socio-cultural factors significantly impacted consumers’ willingness to consume insects.

CONCLUSIONS AND FUTURE PERSPECTIVES

Obesity and overweight in children and adolescents is one of the most serious health challenges of the 21st century,
and the number of overweight and obese people is steadily increasing, according to the World Health Organization
(WHO). In the search for sustainable solutions, entomophagy has been proposed as an alternative protein source
with economic and environmental advantages over traditional meat production. Insect protein is increasingly
being explored as a potential tool in the fight against obesity.

Edible insects such as crickets, mealworm larvae and grasshoppers are characterised by high levels of complete
protein, low carbohydrate contents and the presence of beneficial nutrients such as unsaturated fatty acids,
vitamins, minerals, and non-digestible polysaccharides like chitin. Numerous studies suggest insect protein can
effectively control body weight by increasing satiety and postprandial thermogenesis.

However, the introduction of insect protein into the diet faces several challenges, including social and cultural
acceptance. Despite growing interest, edible insect-based products are still not very popular in European countries.
Education and information campaigns are key to breaking down barriers and increasing consumer acceptance
of insect protein, especially among more receptive consumers such as children and teenagers.

In conclusion, insect protein has the potential to be a valuable tool in the fight against obesity and overweight.
However, its full potential requires further research, especially clinical studies, and educational and promotional
activities in primary, secondary, and higher education. Increasing consumer acceptance of insects as sustainable
food is key to promoting the regular consumption of insect-based foods.
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ASSESSMENT OF NUTRITIONAL KNOWLEDGE
AMONG PARENTS OF 6-YEAR-OLD CHILDREN:
FOOD ALLERGIES AND INTOLERANCES

Dawid MADEJ®

Warsaw University of Life Sciences — SGGW, Poland

Abstract: Correct nutrition in early childhood plays an important role in the development of the body
as the intensive process of physical and cognitive development continues. During this period, the parents
are primarily responsible for meeting nutritional requirements. However, this challenge is complicated
by the increasing incidence of food allergies and intolerances, which affect approximately 8% of children.
The aim of this study was to assess parents’ knowledge of nutrition, with a particular focus on food allergies
and intolerances. The study was conducted using an electronic questionnaire that included socio-demographic
questions about general and specific nutritional knowledge and food allergies and intolerances. The responses
of 240 parents of children aged six years who answered all the questions were included in the analysis.
The analysis showed that 71% of parents had very good general nutritional knowledge. However, parents
of children with allergies showed a significantly more detailed understanding of nutrition, especially in areas
related to allergen identification. Compared to parents of healthy children, they were also better at selecting
allergen-free foods. At the same time, the results of the study reveal significant gaps in the nutritional
knowledge of parents of healthy children, highlighting the need for nutritional education in this population

group.

Key words: nutritional knowledge, allergies, intolerances, children

INTRODUCTION

Proper nutrition in early childhood plays an important role in the appropriate development of the body,
as this is a time of intense physical, cognitive and emotional development. A balanced diet supports the proper
development of the, i.a., immune, nervous and motor systems, which has a direct impact on a child’s health
in both the short and long term [1, 2]. During this time, the primary responsibility for meeting a child’s nutritional
requirements lies with the parents, who must provide healthy meals that contain all the essential nutrients.
However, this challenge is becoming more complicated as the prevalence of allergies and food intolerances has
increased in recent years, particularly among children [3, 4].
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Food allergies are estimated to affect approx. 8% of children and 2% of adults worldwide, and lactose
and gluten intolerance are also common dietary restrictions in many regions [5]. These conditions require stricter
dietary adherence and constant vigilance, especially by parents [6]. These allergies can severely limit food choices,
so parents need to have sufficient knowledge about allergen elimination and be able to introduce safe alternative
foods that provide their child with all the necessary nutrients. In addition, the growing awareness of the risks
associated with food allergies and intolerances is forcing parents to plan their diets in greater detail, which can be
time-consuming but is crucial for the child’s proper development [7]. As a result, these parents often have a higher
level of nutritional knowledge than parents of children without dietary restrictions [8].

However, there is evidence that parents of children with food allergies may also have nutritional knowledge
gaps. While these parents may be able to avoid allergens, they may lack the knowledge to ensure that their
children are getting all the nutrients they need, particularly when dietary restrictions limit the intake of important
food groups [9]. Research suggests that such gaps in nutritional knowledge can have long-term consequences,
as children of parents with limited nutritional understanding may be more likely to develop poor eating habits or
nutrient deficiencies [10].

The number of gluten- and lactose-free products available has increased in recent years, while widespread
discussion of intolerances has contributed to greater public awareness of nutrition [11]. It is now easier for parents
of children with food allergies and intolerances to learn how to manage these conditions. However, popular-science
sources can contain misinformation that is not supported by scientific evidence. As a result, misconceptions are
common, with many adults believing that allergen-free products are healthier and should be included in the diet,
even when there is no medical justification for doing so [12].

Given the above information and the importance of the role of parents in the proper nutrition of their
children, the aim of this study was to assess their nutritional knowledge, particularly in relation to food allergies
and intolerances.

MATERIAL AND METHODS

A cross-sectional study was conducted using a questionnaire prepared in Google Forms and shared on social
media in open groups of public and private kindergartens. Inclusion criteria for the study were having a child aged
6 years and a parental declaration of no food allergies and intolerances or a food allergy and/or food intolerance
diagnosed by an allergist. Exclusion criteria for the study were having a child younger or older than 6 years
of age; reporting a food allergy and/or intolerance but not confirmed by an allergist; not answering all questions
about knowledge of food allergies and intolerances; incomplete or incorrectly completed questionnaires. The age
group (6 years) was chosen because this is the age at which children start school, and it is also the transition from
early to middle childhood, which can have a significant impact on eating habits and allergies [13]. Furthermore,
the choice of one age group ensured consistency and limited variability due to different developmental stages.

The sample for the study was selected using the voluntary response sampling method, which resulted
in the collection of 318 questionnaires. However, this did not provide a representative sample of the study
population. Of the total questionnaires collected, 240 questionnaires meeting the inclusion and exclusion criteria
were used for further analyses (Fig. 1). Of these, 102 were from parents of children with confirmed food allergies
or intolerances (group A+I), and 138 were from parents of healthy children (group non-(A+I)).

Data were collected using a self-administered questionnaire. It was designed in the Department of Human
Nutrition (WULS-SGGW) for a survey of adults and developed based on a review of the relevant literature
and previous experience to ensure that it covered the key variables. However, it is important to note that
the questionnaire has not been formally validated through methods such as reliability testing or validity assessment
in the context of this study.

Socio-demographic questions gathered information on the participants’ age, place of residence, education,
and socio-economic status. Lifestyle questions included self-reported data on physical activity levels, alcohol
consumption, smoking, use of dietary supplements, and the number of meals consumed per day. Parents assessed
their physical activity levels by selecting one of five predefined categories, which ranged from very low, low,
moderate, high, to very high. Each category included specific examples of exercise types and the corresponding
weekly duration to guide respondents in making an appropriate selection [14]. Respondents were given
a choice of three predefined frequencies of alcohol consumption, ranging from never, once a week or less,
to 2-3 times/week. The questions on current use of dietary supplements (yes, no, which ones) included a short
definition and gave some an example of them.
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The group of children with food allergies and intolerances was identified based on parental declarations.
Parents were specifically asked if their child’s condition had been diagnosed by an allergist, the type of allergy
and/or intolerance, and the child’s age at the time of diagnosis.

Parents’ nutritional knowledge was assessed using a questionnaire that included 30 questions in the following
categories:

» general nutritional knowledge — included five basic questions about dietary recommendations, the number
of meals consumed per day, the consumption of the main food groups such as vegetables and fruit, fish
and seafood, meat and processed meats, and water intake;

* detailed nutritional knowledge — included five specific questions on the role of selected nutrients (protein, fat, carbo-
hydrates, vitamin D, and iron), the effects of protein deficiency, and excessive consumption of simple sugars;

» nutritional knowledge of food allergies and intolerances — included twenty questions, (five questions in each
subcategory) about identifying common allergens (questions about food products that are particularly common
allergens), the occurrence of allergens in food products (questions about the most common sources of aller-
gens in processed foods and their identification on product labels), an indication of alternative food products
without allergens (questions to test knowledge of how to substitute products containing allergens), and dietary
rules for eliminating gluten and lactose (including knowledge of the exclusion of products containing even
traces of gluten or lactose).

Parents enrolled
n=318

Exclusion
- children < or > 6 years old

- reporting a food allergy and/or intolerance but not confirmed by an allergist
- no answers to food allergy and intolerance questions

- no answers to other questions

Parents qualified
n=240

Group A+1
Children with food

allergy or intolerance
n=102

Group non-(A+l)
Children without food
allergy or intolerance

n=138

Figure 1. Study population flow chart

Source: own elaboration.

Each correct answer was worth 1 point and each incorrect answer was worth 0 points. Points were then added
up within each category and subcategory. The maximum number of points that could be obtained in each category
and subcategory was 5, so 5 points was considered very good, 4 good, 3 average, 2 poor, while 1 or less was
considered very poor knowledge.

All survey procedures were conducted in accordance with the Declaration of Helsinki (1964) and its later
amendments. The study was also approved by the Ethical Committee of the Warsaw University of Life Sciences
(Resolution No. 25p/2018). The time required to complete the questionnaire was not burdensome and should not
have exceeded 30 minutes. Apart from the information obtained from the questionnaire, no informed consent was
required, as no other assignments were planned with the study participants.

Statistical analyses were performed using the Statistica software (version 13.4, StatSoft, USA). Characteristic
data were presented as mean values + standard deviation (SD) and as the percentage of parents. To determine
differences in baseline characteristics between parents of children with a food allergy or intolerance and parents
of children without these conditions, the Chi-square test was used for categorical variables. Based on the Shapiro-
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Wilk test, the hypothesis of normality of the numerical variables (age and nutritional knowledge scores) was
rejected; therefore, the Mann-Whitney U test was used to determine statistically significant differences between
groups. P-values <0.05 were admitted as statistically significant.

Results and discussion

The mean age of both study groups was similar: parents of children with allergies and intolerances (A+I) had
a mean age of 36.5 £2.7 years, while parents of healthy children (non-(A+I)) had a mean age of 34.4 £2.9 years
(Tab. 1). Most parents lived in urban areas (82% in the allergic group and 98% in the non-allergic group). Both
groups had similar levels of education, with higher education being the most common level observed (75%
and 77%, respectively). A significant proportion of parents in both groups reported having a ‘good’ or ‘very good’
socio-economic status. Importantly, there were no statistically significant differences between the groups in these
socio-demographic characteristics (p >0.05).

Table 1. Characteristics of the studied group

. Total A+l Non-(A+1
Variables (n = 240) (n=102) (n=13 8)) P-value *
Age (years) 35.143.9 36.542.7 344429 0.582
mean + SD
Residence (%)
urban area 96 82 98 0.541
suburban area 4 18 2
Education (%)
primary 4 3 4
secondary 14 18 11 0.221
vocational 6 4 8
higher 76 75 77
Socioeconomic status (%)
average 17 18 17
good 41 42 40 0.699
very good 42 40 43
Physical activity (%)
very low 0 0 0
low 16 15 17
moderate 66 67 65 0.511
high 18 18 18
very high 0 0 0
Drinking alcohol (%)
never 43 45 42
once a week or less 48 47 49 0.443
2-3 times/week 10 8 11
Cigarette smoking (%)
no 80 79 81 0.512
yes 20 21 19
Dietary supplements use (%)
no 57 54 59 0.336
yes 43 46 41
Number of meals/day (%)
<3 23 22 24
4 40 40 40 0.389
>5 37 38 36

Group A+ — parents of children with food allergies or intolerances; non-(A+1I) — parents of children without food allergies or intolerances. “P-values
were calculated using the Mann-Whitney’s test for continuous variables and the chi-squared test for categorical data.

Source: own elaboration.

Physical activity levels were also similar in both groups, with most volunteers reporting moderate activity.
Alcohol consumption was comparable, with the majority consuming alcohol ‘once a week or less’. Smoking
habits were nearly identical between the groups, and 43% of parents used dietary supplements. The largest
group of participants (40%) reported eating four meals a day. There were no statistically significant differences
in lifestyle factors between the groups (p >0.05).
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In group A+, the most common allergies in children, as declared by the parents, included egg white (39%),
peanuts (34%), fish and seafood (16%), and other allergens (11%), such as citrus fruits, tomatoes, strawberries,
and soy. Lactose intolerance was the most common (74%), while gluten intolerance was demonstrated less
frequently (26%). It should be emphasised that such a high proportion of individual allergies may be due
to the limitations of this study. Allergies were not diagnosed directly and were based on parental report — only those
questionnaires where parents confirmed the result obtained by a specialist were qualified. In addition, the sample
selection for the study was based on the voluntary response sampling method, so it is possible that the subsequent
lack of representativeness led to such a high proportion of individual food allergies and intolerances.

The majority of parents participating in the study (71%) demonstrated a very high level of general nutritional
knowledge, regardless of whether their children had a food allergy or intolerance (73% and 69%, respectively);
(Fig. 2). It is crucial for this group to have a high level of nutritional awareness, because they are responsible
for shaping their children’s dietary habits and behaviour. This increased awareness can be attributed to the many
educational campaigns and programmes implemented in recent years, as well as the widespread availability
of health and nutrition information [15]. Some researchers have observed a growing trend among adults to seek
nutrition information from Internet sources and social media [16, 17]. While the Internet and social media are
popular sources of nutrition information, it is important to note that they also carry the risk of disseminating
inaccurate and unverified data, which often lacks scientific backing [18]. It is therefore important to encourage
individuals to verify the information they receive from these sources, for example, by consulting a qualified
dietitian. Some researchers have also found that despite the high levels of knowledge about basic nutrition
principles, this knowledge does not always translate into healthier eating behaviours [19]. This phenomenon
is particularly common among adults without medical conditions or health problems that require dietary
restrictions [20]. A similar dependency has been observed in parents of children without food allergies or
intolerances [21].

General nutritional knowledge Detailed nutritional knowledge
80 50 3
71| 8 45
z 40
z 60 E
E E‘ 36
e 5 30 b
2 : ;
L
fg 0\2 20 2
ES 16| 16,
= 20 . 10 vl 4E
0 L0 il 1 10 L 10 g
1 2 3 4 5 1 2 3 4 5
knowledge level* knowledge level*

Total " A+l = Non-(A+])

Group A+l — parents of children with food allergies or intolerances; non-(A+I) — parents of children without food allergies or intolerances; a, b —
significant differences between the study groups, p <0.05 (Mann-Whitney test); *scale of knowledge, where 1 indicates very poor, 2 poor, 3 average,
4 good and 5 points indicates very good knowledge.

Figure 2. Results of the parents’ general and detailed nutritional knowledge assessment

Source: own elaboration.

A significant proportion of participants had very good (36%) or good (14%) detailed nutritional knowledge.
However, the A+l group had a statistically significantly higher level of very good knowledge (level 5)
than the parents of healthy children (p = 0.005). Many participants in this group gave correct answers about
the role of selected nutrients (protein, fat, carbohydrate, vitamin D, and iron) and the effects of protein deficiency
and excessive intake of simple sugars. Several studies also confirm that people with food allergies were more
motivated to learn about their diet [8, 22, 23]. They were significantly more likely to give correct information
about the effects of specific nutrients on bodily functions, assess the consequences of nutrient deficiencies,
and report that they frequently read labels and pay attention to the composition of the products they consume.
It is, therefore, understandable that parents of healthy children were more likely to increase their knowledge about
their children’s nutrition.

In contrast, some of the parents studied had average or poor nutritional knowledge. Several studies have
shown that people with food allergies and intolerances may be very knowledgeable about avoiding harmful
substances, but only sometimes very knowledgeable about nutrition [24, 25]. In addition, people without allergies
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or intolerances often have misconceptions about the nutritional benefits of foods without problematic ingredients
[26]. Many people without specific dietary needs mistakenly believe that allergen-free products are inherently
healthier when these products may lack essential nutrients needed for proper body function [25].

The A+I group were statistically significantly more knowledgeable at the very good level (level 5) in identifying
selected allergens compared to parents of healthy children (»p = 0.006) (Fig. 3). In contrast, the non-(A+I) group
was significantly more knowledgeable at the good level (p = 0.003). The vast majority of parents in the A+I group
correctly identified allergens in ingredients such as shellfish (82% correct answers), fish (76%), eggs (78%), nuts
(81%), soya (76%), as well as milk (85%) and hazelnuts (92%). An allergy or intolerance in a child often forces
parents to increase their understanding of allergens. Studies by other authors support these results; people with
food allergies or intolerances were more motivated to learn about allergen identification because of the direct
health risks involved [27, 28, 29].

Allergen identification* Knowledge of the occurrence of

allergens*
80 80

a

72 a
2 60 £z 60 &
g 2
5 50 9
£ 40 £ 40 4
220 =20

0 o ™ °H 9| 3
1 2 3 4 5 1 2 3 4 5
knowledge level ** knowledge level**
Correctness of the indication of Knowledge of lactose and gluten
allergen-free food alternatives intolerance
90 N 80
82
g z 60 s
260 H
£ 45 £ 40
= 30 6\2 20 23 24
15 i
0 57,2 8 0 2 ptontm o lede P Eleka
1 2 4 5 1 2 3 4 5

knowledge level**

knowledge level**

Total " A+l = Non-(A+I)

Group A+ — parents of children with food allergies or intolerances; non-(A+I) — parents of children without food allergies or intolerances. *Allergen
identification (questions about food products that are particularly common allergens); occurrence of allergens in food products (questions about
the most common sources of allergens in processed foods and their identification on product labels); a, b — significant differences between the study
groups, p <0.05 (Mann-Whitney test);**scale of knowledge, where 1 indicates very poor, 2 poor, 3 average, 4 good and 5 points indicates very good
knowledge.

Figure 3. Results of the parents’ nutritional knowledge of food allergies and intolerances assessment

Source: own elaboration.

At the same time, the A+I group had significantly better knowledge (at a very good level) than the parents
of healthy children (p = 0.002) about the sources of allergens and their presence in processed foods. The vast
majority of parents in the A+l group correctly identified the allergens on the labels of these foods (86% correct
answers). A study by other researchers confirms that people with allergies tend to be vigilant and cautious in their
food choices. They often showed better skills in reading labels and identifying potential allergens in food [30].
These individuals often become experts in identifying hidden allergens and understanding where potential cross-
contamination may occur during food production or processing. This is crucial to avoid accidental exposure,
especially when eating prepared meals in restaurants or canteens [7]. On the other hand, despite the increasing
public awareness of allergens, many people still find it difficult to correctly identify hidden allergens, especially
in processed foods [29, 31]. However, increasingly sophisticated allergen labelling systems are helping to make
allergen identification much easier [9].
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The studied parents of children with food allergies and intolerances (A+I group) had statistically significantly
higher knowledge at a very good level (level 5) in identifying allergen-free alternatives than the non-(A+I)
group (p = 0.004). Most parents of sick children correctly indicated that the substitutes must be completely
free of allergens (78%). They were also able to identify specific equivalents of products, replacing products
containing allergens correctly (average 86% correct answers). People with food allergies or intolerances often
have greater knowledge of such products because they actively seek safe substitutes for foods they cannot
consume. This includes familiarity with specific brands and products designed for allergen-sensitive consumers
[11, 32]. Developing specialised markets, such as gluten- or lactose-free products, has significantly improved
the availability and labelling, making it easier for people with allergies to identify foods that are safe for them
[31]. However, some researchers suggest that despite the increase in allergen-free products, their marketing
may mislead healthy individuals into believing that these products are healthier or necessary for everyone.
This misconception may lead to unnecessary dietary changes for those without allergies [6].

The awareness of lactose and gluten intolerance was similar in both groups and again the highest proportion
of participants had a very good level of knowledge (level 5). There has been a significant increase in public
awareness of these intolerances, linked to the increasing availability of gluten- and lactose-free products
and the increased presence of these issues in the media. Social media and marketing by manufacturers of these
types of foods play an important role [33, 34]. However, it is important to note that this awareness does not
always translate into an understanding of the medical necessity of such diets [10, 35]. Despite the high level
of awareness, many people follow gluten-free or lactose-free diets because of the perceived health benefits rather
than the actual need due to intolerance to these ingredients. This trend towards unjustified dietary restrictions can
lead to serious nutrient deficiencies [12].

The strength of the study was the participation of many parents, both parents of children with food allergies
or intolerances and parents of healthy children. The clear comparison between the two groups provided detailed
insight into how allergies and intolerances affect parents’ knowledge, particularly in identifying allergens
and product alternatives free of problematic ingredients. However, the study had several limitations. It was
based on a voluntary response sampling method, which prevented the collection of a representative sample. It
is important to note that, although the questionnaire was carefully designed to collect the necessary data, it was
not formally validated. In addition, information on the presence of food allergies and intolerances was obtained
only on the basis of the parents’ declaration of a medical diagnosis by a specialist, which may introduce a degree
of reporting bias. Another limitation of the study was the need to reduce the number of questions assessing
the knowledge about nutrition and food allergies and intolerances, as the longer questionnaire was met with
a negative response and a low number of completed responses. This limited the ability to use more advanced
statistical methods.

CONCLUSIONS AND FUTURE PERSPECTIVES

In summary, the results indicate that most parents, regardless of their children’s health status, had a high level
of general nutrition knowledge. Parents of children with food allergies or intolerances showed significantly higher
detailed knowledge, particularly in areas such as allergen identification and better identification of allergen-free food
alternatives. These results highlight the need for targeted education to improve nutritional knowledge, especially
among parents of children without food allergies or intolerances. A better understanding of the more specific issues
related to nutrition can have a significant impact on the proper nutrition and development of their children.
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ANALYSIS OF THE PHYSICOCHEMICAL PROPERTIES
OF MILK THISTLE SEED OIL AND EVALUATION
OF ITS BIOACTIVE POTENTIAL

Sina MAKOUEI, Jolanta MALAJOWICZ®, Joanna BRYS

Warsaw University of Life Sciences — SGGW, Poland

Abstract: Milk thistle (Silybum marianum L. Gaertn.) is the Asteraceae family’s extensively distributed
herbaceous plant. Its seeds are famous for their medicinal and industrial potential due to their lipid fraction,
richness in valuable fatty acids, and bioactive compounds, including silymarin and polyphenolics. The study
aimed to evaluate the chemical composition and antioxidant properties of commercial milk thistle seed
oil. The fatty acid profile, triacylglycerol distribution, thermal property, and antioxidant activity were
analysed. Research on the physicochemical properties of Polish cold-pressed oil from milk thistle seeds has
shown that this oil is a valuable source of unsaturated fatty acids, mainly linoleic (49.83 +0.02%) and oleic
(27.36 £0.11%). Beneficial nutritional and health values characterise it, but due to the high value acid number
(4.43 £0.14 mg KOH/g) and low polyphenol content (0.559 £0.004 mg GAE/g), it is unstable, quickly turns
rancid, and loses its sensory properties.

Key words: milk thistle seed oil, fatty acids profile, antioxidant properties, oxidative stability

INTRODUCTION

In recent years, oils derived from non-conventional seeds have gained increasing significance. These include oils
extracted from, among others, flaxseeds, safflower, pumpkin seeds, grape seeds, pomegranate seeds, and milk
thistle seeds [1]. The popularity of oils from unconventional oil seeds, especially those rich in health-promoting
ingredients [2], results from the increasing awareness of consumers, their care for their health, and disease
prevention through the proper selection and balance of dietary ingredients. The principles of healthy eating
are associated with limiting the consumption of saturated fatty acids, which is why there is growing interest
in alternative plant oils characterised by a high content of unsaturated fatty acids.

Milk thistle (Silybum marianum L. Gaertn.), a member of the Asteraceae family, is a herbaceous plant native
to the Mediterranean Basin, North Africa, and the Middle East [3—5], however, the plant is presently widespread
throughout the world. Poland is a significant European producer of milk thistle seeds. Currently, the domestic
variety, Silma, is cultivated on plantations and is characterised by a high yield of achenes (approx. 1.5 t/h) [6].

Sina Makouei — Institute of Food Sciences, Department of Chemistry, 02-787 Warszawa, 159C Nowoursynowska St.;

e-mail: sina_makouei@sggw.edu.pl; https://orcid.org/0000-0002-3137-9995

B Jolanta Matajowicz — Institute of Food Sciences, Department of Chemistry, 02-787 Warszawa, 159C Nowoursynowska St.;
e-mail: jolanta_malajowicz@sggw.edu.pl; https://orcid.org/0000-0001-5197-0187

Joanna Brys$ — Institute of Food Sciences, Department of Chemistry, 02-787 Warszawa, 159C Nowoursynowska St.;

e-mail: joanna_bry§@sggw.edu.pl; https://orcid.org/ 0000-0002-7852-3624

@) ovne |



22 TECHNOLC PROCESSING / POSTEPY TECHNIKI PR 50 1/2024

Milk thistle is commercially cultivated for its remarkable medicinal properties [7]. It is a safe and well-tolerated
herbal product with no known health risks or side effects. The leading pharmaceutical compound of milk thistle
is a mixture of at least six flavonolignans, popularly called silymarin. It consists mainly of silibinin, isosilibinin,
silychristin, isosilychristin, silydianin, and one flavonoid — taxifolin. Silibinin is the predominant compound
in silymarin and is considered to be the primary active ingredient [7-9]. According to Zheljazkov et al. [10],
the contents of individual active ingredients in milk thistle seeds are at the level of 0.26-0.36% for taxifolin,
0.69-0.99% for silydianin, 0.27-0.39% for isosilibinin and 1.31-1.78% for silibinin, respectively. In addition
to the flavonoid complex, milk thistle seeds contain quercetin, histamine, tyramine, phytosterols, tannins, organic
acids, and mineral compounds [11,12]. They also contain high concentrations of oil (20-30%), protein (25-30%)
and sugars (approx. 37%) [13—-15].

Since the oil must be removed from the seeds before the silymarin can be extracted, milk thistle seed oil
is an essential by-product worthy of attention. It has a high concentration of unsaturated fatty acids, which are
beneficial to human health in preventing arteriosclerosis, diabetes, and cancer [16]. Moreover, milk thistle seed
oil is recommended as a potential source of a natural antioxidant — vitamin E [17]. It also contains other valuable
ingredients, including micro and macro elements, at a significant level, such as calcium, potassium, and copper
(17 mg/g) [1,18]. In China, since 2014, the Chinese Ministry of Health has approved milk thistle seed oil as a new
source of edible oil, allowing its use except for infant food [19].

In recent years, many studies have been conducted to better demonstrate the benefits of milk thistle seed oil.
In Poland, milk thistle seeds and the oil that can be extracted from them have been becoming increasingly popular.
This research was aimed at assessing the physicochemical and health-promoting properties of Silybum marianum L.
seed oil extracted by cold pressing (at a temperature not exceeding 40°C), unrefined. This work shows the fatty
acid profile, triacylglycerol distribution, thermal property, antioxidant activity and health indicators of milk
thistle seed oil. These results contribute to a comprehensive understanding of the role of milk thistle seed oil
and complement the existing knowledge of its physicochemical properties.

MATERIAL AND METHODS

Materials
The research material was milk thistle seed oil. It came from the commercial offer of Biatystok PPHU JS Stodkie
Zdrowie company and Szamotuty SemCo Sp. z 0.0. (Poland).

It was cold pressed, unrefined oil. The oil was tested in the first month after pressing, within its declared
expiration date. The oil was stored in a refrigerator at approximately 10°C during the analysis. All reagents
and solvents, including hexane, ethanol, methanol, diethyl ether, potassium hydroxide, sodium carbonate, acetic
acid, and chloroform, were purchased from Sigma-Aldrich and were of analytical quality. The solvents used for
the spectrophotometric and chromatographic measurements were of HPLC grade

Determination of fatty acid composition

The compositions of fatty acids in the commercial milk thistle oils were determined using gas chromatography
(GC), with a capillary column and a flame ionisation detector. The EN ISO 5509:2001 standard [20] was applied
to determine the composition of fatty acids present in the oil. To generate volatile derivatives of fatty acids,
the studied samples of oil were applied to esterification with methanol, resulting in fatty acid methyl esters
(FAME). A gas chromatograph (YL6100 GC), equipped with a BPX-70 capillary column (0.25 pm film thickness,
60 m length, and 0.25 mm internal diameter), was used to analyse the samples. The carrier gas inside the column
was nitrogen. The FAME separation conditions were as follows: initial temperature of 70°C was maintained for
0.5 min, the temperature rise increment was 15°C/min within the range from 70°C to 160°C, then the temperature
rise increment was 1.1°C/ min within the range from 160°C to 200°C, and finally 30°C/min within the range
from 200°C to 225°C. The end temperature of 225°C was maintained for 15 min; the temperatures of the detector
and injector were 250°C and 225°C, respectively. Fatty acids were identified based on retention time values
compared with standards purchased from Sigma Aldrich, Supelco Analytical, Bellefonte, PA, USA [21].

Determination of triacylglycerol structure using enzymatic hydrolysis

The distributions of fatty acids in commercial milk thistle oils were determined with regard to their positions —
internal or external of triacylglycerols — in accordance with the methods described in papers by Brys et al. [21].
The analysed oils were subjected to enzymatic hydrolysis using pancreatic lipase, which breaks the ester bonds
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in the external positions of triacylglycerols. The resulting products were extracted with diethyl ether. Following that,
the products of enzymatic deacylation of triacylglycerols, dissolved in ether, were separated using preparative thin-
layer chromatography. Isolated sn-2 monoacylglycerols, together with a gel, were removed from chromatoplates,
followed by their elution with diethyl ether. The fatty acid composition of the obtained sn-2 monoacylglycerols was
determined by gas chromatography. Based on the compositions of isolated sn-2 monoacylglycerols and the starting
triacylglycerols, the composition of the fatty acid in the sn-1,3 positions was determined.

Determination of acid value and free fatty acid content

The degree of hydrolysis of the analysed oils was determined by the acid value according to the ISO 660:2009
method [22]. The acid value was determined using titration of oil samples dissolved in the mixture of diethyl
ether:ethanol (1:1, v/v) with 0.1 M ethanolic potassium hydroxide solution. The free fatty acids content was then
computed using the value of the molar mass of oleic acid and the acid value for the studied samples.

Determination of peroxide value
The content of the primary oxidation products of the oils was examined by the peroxide value according to the ISO
3960:2007 method [23]. The peroxide value was determined by the iodometric technique.

Determination of oxidation induction time

Pressure Differential Scanning Calorimetry (PDSC) was used to define the oxidative stability of milk thistle
oil. To determine the induction time for the oxidation reaction of the oils, experiments were carried out with
the help of a DSC Q20 apparatus (TA Instruments) linked to a high-pressure chamber. The weight of the oil used
in the test ranged from 3 to 4 mg. Oil samples were placed in small aluminium pans in an oxygen atmosphere
under a pressure of 1,400 kPa. Measurements were taken isothermally at 120°C. The oxidation induction time
was determined from the PDSC curves.

Health indicators of oil
The composition of fatty acids was used to calculate health indicators. The hypocholesterolemia/
hypercholesterolemia (h/H) ratio was obtained using Eq. 1, and the atherogenicity index (Al) and thrombogenicity
index (TT) were obtained using Eq. 2 and 3, respectively.

(cis-C18:1+ " PUFA)

WH = Ciz0+ C1a0 + C160) )

_ (C12:0+ (4 x C14:0) + C16:0)
- (X PUFA)

2

(C14:0 + C16:0 + C18:0)
Tl = ] 3)

(0.5x X MUFA + (0.5x ¥ n-6PUFA) + (3xXn-3PUFA) +

Determination of total phenolic content

The phenolic content in the samples was quantified using Folin-Ciocalteu’s reagent. One gram of each Silybum
marianum L. seed oil was dissolved in 5 ml of n-hexane and extracted with 5 ml of methanol by vortexing at ambient
temperature. After centrifugation, the methanolic layer was separated from the lipid phase. Subsequently, 0.5 ml
of the methanolic layer was diluted in water, and then 0.5 ml of Folin-Ciocalteu’s reagent and 1 ml of a sodium
carbonate solution (20%) were added. The absorbance was measured at 760 nm after 60 minutes with the samples
kept in the dark. The total phenolic content in the sample was determined using a standard curve plotted for gallic
acid (y = 8086x + 0.0237; R> = 0.9952). The results were expressed as milligrams of gallic acid equivalent (GAE)
per gram of oil.

DPPH scavenging activity

The antioxidant power was estimated by the DPPH (2,2'-diphenyl-1-picrylhydrazyl) test. The DPPH solution
was prepared by dissolving 10 mg of DPPH in 100 mL of methanol. 50 uL of the methanolic solutions of the oil
sample was added to 2.95 mL of the methanolic solution of DPPH. The mixture was shaken vigorously and left
at room temperature in the dark for 30 minutes. Then the absorbance of the resulting solution was measured
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at 517 nm using a spectrophotometer (RAYLLEIGH UV-1601). The inhibition of the free radical DPPH
as a percentage [1(%)] was calculated as follows (Eq. 4):
Inh (%) =100 —(A"l“““A A““‘"‘e), )
blank
where:
A, . —the absorbance of the control (containing all reagents except the test compound),

blank
A — the absorbance of the test compound.

sample
Data analysis
All the analyses were performed in triplicate and the results were expressed as mean values +standard deviations
(SD). The statistical analysis was performed using the Statistica software, version 13.3 (StatSoft, Krakow, Poland).
Analysis of variance (ANOVA) was used. A p-value of <0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Fatty acid profile in milk thistle seeds oil

The composition of fatty acids is a crucial characteristic of edible oil, which has a huge influence on its
physicochemical and nutritional properties. Their composition in the tested cold-pressed milk thistle seed oils
is shown in Table 1. In the oil samples studied, 11 types of fatty acids were identified based on GC analysis.
Linoleic (C18:2, 49.83 £0.02%; 48.97 +1.02), oleic (C18:1, 27.36 +0.11%; 27.06 +0.09), palmitic (C16:0,
8.47 £0.02%; 10.39 +1.35) and stearic (C18:0, 6.23 £0.11%; 5.33 +0.02) were the most predominant fatty
acids, which accounted for more than 90% of the total fatty acids. Polyunsaturated acids ware present in more
than twice the concentration of monounsaturated acids, and the ratio of unsaturated to saturated was approx.
4.31 +0.22 and 3.95 +0.02, respectively, for Biatystok PPHU JS Stodkie Zdrowie and Szamotuly SemCo
Sp. z 0.0. company.

Table 1. Fatty acid composition of commercial milk thistle seeds oils

Fatty acids composition [%]

Fatty acid thistle seeds oils from thistle seeds oils from
Biatystok PPHU JS Stodkie Zdrowie company Szamotuly SemCo Sp. z 0.0. company
Cl4:1 0.10+0.01° —
C16:0 8.47 +0.02° 10.39 +£1.35°
Cle6:1 0.06 £0.01° 0.04 +£0.01°
C18:0 6.23 £0.11° 5.33 £0.02°
C18:1 n-9 27.36 £0.11¢ 27.06 +£0.09°
C18:2 n-6 49.83 +£0.02¢ 48.97 £1.02¢
C18:3 n-3 0.20 £0.01° 0.11 £0.07*
C20:0 3.76 £0.03* 428 £0.12°
C20:1 1.11 £0.02* 2.88 £0.08°
C20:4 n-6 2.51+0.17* 1.21 £0.12¢2
C24:0 0.40 +£0.04° 0.32 +£0.08°
SFA 18.85 +0.05 20.32 +£0.03
MUFA 28.62 +£0.03 29.98 £0.10
PUFA 52.54 +0.10 50.29 +£0.09
uU/S 4.31+0.22 3.95 +£0.02

Note: Results presented in the table are the mean =+ standard deviation (n = 3). Values in the same row with different letters are statistically significantly
different (p <0.05). SFA — saturated fatty acid; MUFA — monounsaturated fatty acid; PUFA — polyunsaturated fatty acid; U/S — unsaturated fatty acid/
saturated fatty acid.

Source: own elaboration.

The results for the percentage of fatty acid composition of milk thistle seed oil in this study differ slightly from
published data. Meddeb et al. [4] analysed the fatty acid composition of oil from three varieties of milk thistle
seeds from different areas in Tunisia (Bizerte, Zaghouan, and Sousse). Among the fatty acids, linoleic acid was
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the most abundant, accounting for 57.0% to 60.3%. The content of oleic acid was 15.5-22.4% and palmitic acid
was 5.5-11.4%. Hassanein et al. [24] reported 53.3% for linoleic, 20.8% for oleic, 9.4% for palmitic, and 6.6% for
stearic acid in the milk thistle seed oil native to Egypt. In addition, Fathi-Achachlouei and Azadmard-Damirchi
[3] observed 49.7-53.6% for linoleic, 22.8-28.9% for oleic, 7.3—8.4% for palmitic, and 4.6—6.8% for stearic acid
present in Iranian milk thistle seed oil. The differences indicate that the fatty acid composition of milk thistle seed
oil depends on the geographical location and genotype. The presence of more linoleic and less oleic acid in milk
thistle seed oil makes it valuable in terms of its nutritional value, but more susceptible to oxidation processes
compared to the popular rapeseed or sunflower oil.

Physicochemical characterisation of cold pressed milk thistle seed oil

In order to more fully characterise the milk thistle seed oil, further research determined the acid and peroxide
values, oxidation induction times (Table 2) and the composition of fatty acids in the external (sn-1,3) and internal
(sn-2) positions of triacylglycerols (Table 4).

The acid value is an indicator of the degree of fat hydrolysis. It is defined as milligrams of KOH needed
to neutralise the free fatty acids present in 1 g of oil. According to the Codex Alimentarius, the acid value
in edible oil should not be higher than 4 mg KOH/g of oil. The conducted research shows (Table 2) that
Polish commercial milk thistle oil is characterised by a quite high acid value — 4.43 +0.14 mg KOH/g and thus
exceeds the permissible normative value. An increased acid value is associated with an increased content
of free fatty acids. The oil contained approximately 2.23% of free fatty acids, which were formed as a result
of enzymatic hydrolysis by lipases, which could have occurred during the storage of seeds and oil. Therefore, it
is recommended that seeds should be processed without long storage times, and seeds and oil should be stored
at low temperature and low humidity [25]. Additionally, it is worth noting that FFAs are more susceptible
to oxidation than the fatty acids that are present in the triacylglycerol molecules. Hence, the higher the level
of FFAs in the seed oil, the higher the risk of oxidation. This phenomenon causes the oil to become rancid,
which negatively affects its sensory value.

Table 2. Acid value (AV), free fatty acid (FFA) content, peroxide value (PV) and oxidation induction time (OIT) of analysed oils

Specification AV FFA PV OI.T
[mg KOH/g] [%] [meq O, /kg] [min]

Thistle seeds oil from Biatystok PPHU JS Stodkie Zdrowie 4.43 £0.14 2.23 £0.07 24.16 £4.22 31.54 £1.99

Thistle seeds oil from Szamotuly SemCo Sp. z 0.0. 6.02 £0.11 3.45+0.23 22.1143.02 28.72 +0.13

Source: own elaboration.

An indicator of the content of primary oxidation products is the peroxide value. It is defined as the number of ml
of standard sodium thiosulphate solution needed to titrate the iodine separated from a potassium iodide solution
as a result of the action of the peroxides contained in 1 g of oil. Peroxide value is expressed in milliequivalents
of oxygen per kg of oil. The peroxide value for cold-pressed oils in accordance with the Codex Alimentarius
should not exceed 15 meq O,/kg and, according to the PN-EN ISO 3960:2017-03 [26] standard — 10 meq O,/kg.
Research on the peroxide value in the tested oils (Table 2 — PV over 24 meq O, /kg oil) showed that the content
of primary oxidation products significantly exceeded both the Codex Alimentarius standard and the ISO standard.
The peroxide value of the tested oil differs significantly from the value of this parameter determined in milk thistle
oils from other parts of the world. The acid and peroxide values of the various milk thistle seed oils characterised
by other scientists were very low, even lower than those determined by the Codex Alimentarius [4, 27,28].
Comparing the results obtained in this study with the results of other researchers examining freshly pressed oil, it
can be concluded that the oils immediately after pressing were characterised by a lower content of peroxides than
commercial oils [4, 27]. The higher acid and peroxide values of the tested milk thistle seed oil indicate that this
type of oil, cold pressed, without refining should be consumed in a short time. The acid and peroxide values may
also have been exceeded due to poor storage of the oil or poor quality of the seeds intended for pressing, as well
as an incorrect pressing process itself.

In order to provide a more complete characterisation of the analysed oil, samples were also tested using
Pressure Differential Scanning Calorimetry (PDSC). The PDSC tests conducted at an isothermal temperature
of 120°C showed an average 30.13-minute oxidation induction time for the tested oil (Figure 1).
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Figure 1. PDSC curves of commercial milk thistle seeds oil where: a) — PDSC curve for thistle seeds oils from Biatystok
PPHU JS Stodkie Zdrowie; b) — Thistle seeds oils from Szamotuty SemCo Sp. z o.0.

Source: own elaboration.

This value was slightly lower compared to milk thistle oil (about 33 min), which was the subject of research
by Brys et al. [21] on a human milk fat substitute obtained from mixtures of lard and milk thistle oil. Scientists
also tested lard using the same method, for which the induction time was over 45 minutes. In general, oils
contain a high concentration of unsaturated fatty acids, which are characterised by short induction times and,
consequently, worse oxidative stability. Therefore, special attention should be paid to oils such as milk thistle oil
during processing and storage, as they are very susceptible to oxidative changes and partial loss of quality.

Analysis of health indices for tested commercial milk thistle seeds oil

Specific health indicators of hypocholesterolemia/hypercholesterolemia, atherogenicity and thrombogenicity
provide information on the impact of the fatty acids present in oils on human health in terms of the risk
of atherosclerosis and the likelihood of thrombosis. The oils recommended for consumption are characterised
by a high hypocholesterolemia/hypercholesterolemia (h/H) index and low atherogenicity (Al < 1.0)
and thrombogenicity (TI < 0.5) indices. Consumption of products with a lower Al is associated with a reduction
in total cholesterol levels and low-density lipoprotein (LDL) cholesterol in human plasma, while consuming
products with a lower TI and a higher h/H ratio may be beneficial in the prevention of cardiovascular heart disease
[29]. The analysed oil was characterised by a low atherogenicity index (Al = 0.16) and a bit high thrombogenicity
index (TI=0.90); (Table 3). Milk thistle oil, which is the subject of this research, is also characterised by the highest
h/H index value (9.44). Summarising the obtained results, it can be stated that the tested oil is characterised by
very beneficial nutritional and health values.
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Table 3. Health indices for tested commercial milk thistle seeds oil

Health indices
AT* TI h/H
0.161 0.899 9.438

Note: Al — atherogenic index; TI — thrombogenic index; h/H — hypocholesterolaemic/hypercholesteraemic index.

Source: own elaboration.

Analysis of fatty acid composition in external and internal positions of triacylglycerols

Based on enzymatic hydrolysis and chromatographic analysis of the products, the structure of the triacylglycerols
in the tested oil was also examined. Taking into account the obtained results (Table 4, Figure 2), it can be
concluded that in the tested oil, saturated fatty acids such as palmitic acid (C16:0) and stearic acid (C18:0) are
found mainly in the external positions of triacylglycerols, because their share in the central TAG position is very
small. However, unsaturated acids such as oleic (C18:1) and linoleic (C18:2) acids occupy mainly the internal
TAG position, as their share in this position is over 80% (Figure 2).

The structure of triacylglycerols is responsible, among other things, for the proper absorption of fats and oil
from food. It also prevents the formation of insoluble calcium salts. This is because pancreatic lipase is an enzyme
that selectively hydrolyses fatty acids in the sn-1,3 positions, producing free fatty acids and 2-monoacylglycerols.
Palmitic acid in the form of monoacylglycerol is better absorbed than free palmitic acid, because the latter can
bind calcium and magnesium ions, among others creating insoluble salts excreted in the faeces. From this point
of view, the TAG structure of milk thistle oil is not suitable because palmitic acid is present mainly in the external
positions of the TAG. However, this fatty acid does not occur in significant amounts in this oil [30,31].

Table 4. Distribution of the most important fatty acids in the external (sn-1,3s) and internal (sn-2) triacylglycerols (TAG) positions

Fatty acids sn-2 [%] sn-1,3 [%]
C16:0 1.16 12.12
C18:0 1.17 8.18

C18:1 n-9 28.12 26.98

C18:2 n-6 67.91 40.79
C20:0 0.64 5.32

C20:4 n-6 0.37 3.58

Source: own elaboration.
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Figure 2. Percentage of a given fatty acid in sn-2 position of TAG of milk thistle seeds oil

Source: own elaboration.

Analysis the Total Phenolic Content (TPC)

The level of total phenolic content in the analysed commercial seed oils from Silybum marianum L. was on
average 0.559 +0.004 mg GAE/g. This value is lower than those reported by Parry et al. [32] and Dabbour
et al. [33] for cold-pressed milk thistle seed oil (3.07 mg GAE/g and 1.16 mg GAE/g, respectively). The content
of phenolic compounds in the tested oil was also significantly lower than oil pressed from several varieties
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of seeds grown in Tunisia, where the TPC ranged from 3.59 to 8.12 mg GAE/g [4]. According to Meddeb et al. [4],
differences in TPC may be due to differences in the climate and plant growing conditions, such as soil, irrigation,
and temperature. The content of phenolic compounds is correlated with the oxidative stability of the tested
oil. A low TPC content (0.559 +£0.004 mg GAE/g) contributes to its low oxidative stability. This relationship
is confirmed by research by Aparicio et al. [34], where the authors indicate a significant contribution of phenolic
compounds (51%) to oxidative stability.

Antioxidant activity of milk thistle seed oil

The antioxidant activity of milk thistle seed oil was assessed using the DPPH method. Its value was approx.
19.13 £1.60%. In general, the high antioxidant activity of vegetable oil could be attributed to its abundance
of endogenous antioxidant ingredients such as tocopherol/tocotrienol, phytosterols, polyphenol, carotenoid,
flavonoid, etc., which are able to scavenge free radicals and active oxygen. Zhang et al. [19] suggest that
tocotrienol might play an important role in preventing milk thistle seed oil from oxidising.

CONCLUSIONS AND FUTURE PERSPECTIVES

Milk thistle is a plant with promising utility potential. Research on the physicochemical properties of milk thistle seed
oil has shown that this oil is a valuable source of essential fatty acids, mainly linoleic and oleic. The ratio of unsaturated
to saturated acids was approximately 4.31 +0.22 and 3.95 +0.02. The determined indicators of hypocholesterolemia/
hypercholesterolemia (h/H = 9.438) as well as atherogenicity (Al = 0.161) and thrombogenicity (TI = 0.899)
showed that this oil is characterised by beneficial nutritional and health values and can be an attractive food product.
The research carried out complements the existing knowledge of the physicochemical properties of this type of oil
and can constitute a basis for further experiments using more advanced techniques.
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INFLUENCE OF TEMPERATURE AND BREWING TIME
ON THE TOTAL POLYPHENOL CONTENT IN TEA
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Abstract: Tea is a crucial source of antioxidant compounds — polyphenols — in a standard daily diet. On average,
Poles drink 2-3 cups of tea daily. Its regular consumption may prevent cardiovascular and metabolic disorders.
The objective of the study was to compare the total polyphenol content (TPC) in various types of tea infusions
prepared at different temperatures (7= 70/100°C) and brewing times (z = 2/10 minutes). Organic and conventional
black and green teas were tested. The TPC was measured using the Folin-Ciocalteu spectrophotometric method
and expressed as gallic acid equivalents (mg GAE/g of the sample). Each tea extract was assayed three times
independently. In the organic types of teas, the highest TPC was found in green tea (95.65 £3.96 mg GAE/g)
brewed at 100°C for 10 minutes, while the lowest in black tea (51.65 +2.39 mg GAE/g) brewed at 70°C for 2
minutes. Among the conventional teas, the highest TPC was also noted in green tea (91.83 £2.29 mg GAE/g)
brewed at 100°C/10 minutes and the lowest in black tea (48.88 +2.20 mg GAE/g) at 70°C/2 minutes. Longer
brewing times increased TPC in organic teas (in both black and green) and in conventional black tea (p <0.05),
whereas higher temperature increased TPC only in organic teas (black and green); (p <0.01).

Key words: antioxidant properties, black tea, brewing time, green tea, infusion, total polyphenol content

INTRODUCTION

Oxidation-reduction processes occur continuously within all living cells [1]. During some of these reactions, free
radicals — reactive oxygen species — are formed. These can lead to the modification and damage of cell structures,
including proteins, lipids and nucleic acids. Antioxidants are involved in reducing the production of excessive free
radicals [2]. One group of compounds that possess antioxidant properties is polyphenols [3]. These natural substances,
which are stored in various parts of plants, constitute an essential component of the standard daily diet [4]. The most
important subgroups of polyphenols include phenolic acids and flavonoids. Among the phenolic acids, notable examples
are caffeic acid, vanillic acid, 3,4-dihydroxybenzoic acid, 4-hydroxybenzoic acid, and gallic acid. On the other hand,
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flavonoids constitute a broad class of compounds, which can be further divided into subgroups such as flavonols
(e.g., kaempferol, quercetin), flavones (e.g., apigenin), and flavanols, which include catechin and epicatechin [5].

Tea, as the most widely consumed beverage, is a significant source of polyphenols in the standard diet [6].
They demonstrate robust antioxidant properties that exert a protective effect against cardiovascular diseases
and neurodegenerative disorders. They are also attributed to the ability to lower blood pressure, cholesterol
and glucose levels in the blood. Regular polyphenol consumption may reduce the risk of cardiovascular disease
due to their antioxidant effect on low-density lipoprotein (LDL). Additionally, some studies suggest that these
compounds may protect the skin from the harmful effects of UV radiation [7, 8, 9].

Data indicate that the average Pole consumes approximately 2-3 cups of tea per day [10]. Tea consumed
without the addition of sugar and milk does not provide calories and plays an important role in maintaining
the body’s hydration [11].

Leaves of the tea plant are characterised by their dark green colour and hard texture, while the flowers are
soft and white. There are many varieties of tea. A typical example is the Chinese-origin Camellia sinensis var.
sinensis, which demonstrates resistance to drought and cold. It is the most prevalent tea variety and the longest
used in production [12, 13]. The raw materials to produce tea can be harvested up to several times a year, or even
throughout the year in areas such as southern India, Ceylon and Indonesia. The traditional approach to harvesting
involves laying the leaves on a surface such as a flat basket, bamboo mat or the floor. This is usually done under
conditions of fresh air, sunlight (which provides additional stimulation and increases the number of catechins due
to UV radiation) or in a ventilated room with a controlled temperature. The period of leaf wilting lasts between
three and twelve hours, during which their moisture is reduced by 30-50%. Water loss facilitates leaf rolling [14].
At the time that the leaf is plucked from the tea branch, the oxidation in the leaf is already underway. It occurs
gradually and without human intervention. The process is halted by the enzymes that initiate the oxidation, which
are then deactivated [15]. The next point of production is rolling, during which the leaves are appropriately
shaped and flattened. Most of these steps are now mechanised. However, high-quality tea is still twisted by hand.
This stage influences the prolongation of the tea’s shelf life. Next, the tea is sorted, classified, and packaged [16].

Worldwide, tea consumers prefer to drink black tea (76—78%), and next green tea (20—22%). Black tea undergoes
the most extensive oxidation and fermentation processes compared to other types of tea. During the oxidation
of black tea, catechins are transformed into theaflavins and thearubigins, which retain their antioxidant properties.
These compounds, often referred to as tannins, contribute to the characteristic dark colour of black tea. Tannins
may exhibit therapeutic effects on gastric and intestinal disorders. Green tea is particularly rich in catechins,
which are a subclass of flavanol monomers, a type of flavonoids. The catechins in green tea comprise epicatechin
(EC), epigallocatechin (EGC), epicatechin-3-gallate (ECG), and epigallocatechin-3-gallate (EGCG). Apart
from these antioxidant compounds, green tea also contains a small amount of vitamin C. The constituents of tea
demonstrate antioxidant, antimutagenic, and anticarcinogenic properties. Regular consumption of green tea may
prevent several types of cancer (lung, colon, oesophagus, oral cavity, stomach, small intestine, kidney, pancreas
and mammary glands). Numerous epidemiological studies and clinical trials have indicated that green tea,
and in some ways also black tea, may reduce the risk of various chronic diseases [17, 18, 19, 20].
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Figure 1. Do the type of tea, brewing time and temperatures influence the total polyphenol content in tea infusions?

Source: own elaboration.
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It seems that the conditions under which the tea is brewed determine its antioxidant potential and the amount
of antioxidative compounds in its infusion. The objective of the study was to compare the total polyphenol
content (TPC) in organic and conventional types of tea infusions, prepared at different temperatures and brewing
times (Fig. 1).

MATERIAL AND METHODS

This study included black and green tea in both options, organic and conventional. The organic tea, produced
by Dary Natury, exhibited the requisite labelling indicative of organic certification. Conventional black tea
(produced by Oriental Delight) and conventional green sencha (produced by Sencha Classics) were obtained from
the same entity, Basilur Tea. The tea was provided in sachet form. The TPC of the tea was quantified according
to the Folin-Ciocalteu (FC) spectrophotometric method [21] and expressed as mg of gallic acid equivalent per
gram of the sample (mg GAE/g of the sample) using the equation obtained from the gallic acid calibration curve
(R*>0.99); (Fig. 2). Determination of the TPC using this method is based on the reversible reaction of the reduction
of molybdenum (VI) by polyphenols in an alkaline medium to molybdenum (V) contained in the FC reagent.
The blue-coloured product formed shows an absorption maximum at A = 745+750 nm.
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Figure 2. Calibration curve for a standard solution of gallic acid for determination of total polyphenol content

Source: own elaboration.

To prepare aqueous extracts, 1 g of tea was weighed into glass beakers (250 ml), which were then filled
to a volume of 100 ml with demineralised water. The tea was infused with the water at temperatures (7)) of 70°C
and 100°C (immediately after boiling) for two different durations (¢): 2 and 10 minutes. Each tea was brewed
under four condition configurations:

e 70°C for 2 minutes,

e 70°C for 10 minutes,

* boiling water for 2 minutes,
* boiling water for 10 minutes.

After the designated brewing time, the infusions were decanted. The resulting extracts were then transferred
to new beakers, taking 5 ml of the sample from each infusion.

In brief, 5 ml of the sample with 2 ml of distilled water was mixed with 50 pl of the tea extract and 250 pl
of Folin-Ciocalteu solution. After 3 minutes, 750 ul of Na,CO, solution was added and vortexed. The blank was
prepared using the same process but with 50 pl of distilled water instead of the sample. The tubes were covered
with aluminium foil and placed in a water bath at 40°C for 30 minutes. After incubation, the absorbance was
measured at a wavelength equal to 735 nm using a UV-Vis spectrophotometer (Pharmacia LKB Ultrospec I1I).
Each measurement was repeated three times independently [22].

Statistical analysis was performed using the Statistica 13.3 software. Analysis of variance (ANOVA) was
conducted to evaluate the influence of the different temperatures and tea brewing times on the TPC. To assess
the significance of differences between the individual samples of tea, post-hoc tests were used. The significance
level was set at p <0.05.
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RESULTS AND DISCUSSION

The results of the TPC determinations are presented in Figures 3 and 4.
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Figure 3. Comparison of total polyphenol content in organic tea brewed for 2 and 10 minutes at temperatures of 70°C
and 100°C. Results are presented as mean + standard deviation, * — p <0.05, 1 — p <0.01

Source: own elaboration.
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Figure 4. Comparison of total polyphenol content in conventional tea brewed for 2 and 10 minutes at temperatures of 70°C
and 100°C. Results are presented as mean + standard deviation, * — p <0.05

Source: own elaboration.

Of the organic tea varieties, the highest TPC was found in the green tea, amounting to 95.65 £3.96 mg GAE/g
of the sample, when brewed at 100°C for 10 minutes. In contrast, the lowest TPC was recorded in the black tea,
with a value of 51.65 +£2.39 mg GAE/g of the sample, under brewing conditions of 70°C for 2 minutes (Fig. 3).
Tea brewed with boiling water (for both times: 2 and 10 min) showed a higher TPC than those brewed at 7= 70°C.
Tea steeped for 10 minutes (in both 7: 70°C and boiling water) had a higher TPC compared to those brewed for
a shorter time across all organic tea types: black and green.

In the conventional types of tea, the highest TPC was also identified in green tea, reaching
91.83 £2.29 mg GAE/g of the sample, when brewed at 100°C for 10 minutes. Conversely, the lowest TPC was
found in black tea, with a value of 48.88 +£2.20 mg GAE/g of the sample, brewed at 70°C for 2 minutes (Fig. 4).

When analysing the differences in polyphenol content in conventional tea (depending on brewing temperature
and time), it was found that conventional green tea had the highest polyphenol content (under conditions
of 7= 100°C, ¢ = 10 minutes), while conventional black tea had the lowest (at 7= 70°C, ¢ = 2 minutes). Both
conventional black and green tea brewed with boiling water had higher polyphenol contents compared to those
brewed at 70°C.

Green tea (both organic and conventional) exhibited a higher TPC compared to black tea. The longer brewing
time (¢ = 10 minutes) increased the TPC in organic tea (in both black and green) and in conventional black tea
(p <0.05), whereas the higher temperature increased the TPC only in the organic teas (black and green) (p <0.01).

As stated above, according to the statistics on tea consumption among people in Poland, on average, 2-3 cups
of tea are consumed daily. Based on our results, we can conclude that drinking three cups (we assumed that 1 cup
is defined as 1.5 g of tea brewed with about 150 ml of water) of organic green tea daily (brewed for 2 minutes
at 70°C) will provide the organism with 290.7 mg of polyphenols daily. If the same tea is brewed with water



34 TECHNOLC PROCESSING / POSTEPY TECHNIKI PR 50 1/2024

at 100°C for 10 minutes, the supplied amount of polyphenols increases to 430.4 mg. If the individual usually
drinks organic black tea (brewed for 10 minutes at 100°C), they may consume 316.4 mg of polyphenols.

The polyphenol contents of black and green teas reported in the literature are within very wide limits.
Comparison of the results obtained is hampered by the use of different solvents (water, methanol), the use of various
methods for measuring polyphenols, but also various methods for presenting the results in terms of gallic acid or
catechin equivalents per 1 g of tea dry weight or volume of 100 or 200 cm?. It is also necessary to take into account
the variability resulting from the specific characteristics of different tea cultivars, production, and storage conditions.

The Folin-Ciocalteu method used in this study is the most widely applied and convenient international standard
method (ISO 14502-1:2005) to determine the total phenolic content in foods, herbs, and other plant extracts [23].
The disadvantage of this method lies in the fact that it is based on the oxidation of -OH groups in tea polyphenols,
which can easily oxidise some non-tea polyphenol compounds, making the theoretical result higher than the actual
value. More accurate quantitative analysis of functional constituents in tea is possible with near-infrared (NIR)
spectroscopy with non-destructive detection and electrochemical sensor technology capable of rapid on-site
detection. Moreover, enhanced liquid chromatography (LC) and high-resolution mass spectrometry (HRMS) are
used for the simultaneous determination of multiple polyphenols and the identification of new polyphenols [24].
Although the latter methods are characterised by high sensitivity, precision and resolution, they are more costly
and require specialised, expensive equipment.

In the study conducted by Cody [24], the polyphenol content of ten different tea infusions was determined
using Matrix-Assisted lonisation in Vacuum (MAIV) mass spectrometry (MS). The analysis encompassed nine
infusions derived from Camellia sinensis, including three green teas, two black teas, two oolong teas, jasmine tea,
and white tea, as well as one rooibos infusion. The polyphenol content in tea infusions ranged from 19.2 to 108.6
mg/100 mL across the different tea types, with green teas generally exhibiting higher polyphenol concentrations
compared to black teas. These findings align with our results, where both the organic and conventional green teas
showed the highest TPC.

In the study by McAlpine et al., eight types of tea were characterised in terms of TPC and antioxidant capacity
with respect to brewing time [25]. As in the present study, the TPC in the tea infusions was determined using the F-C
method. Tea samples were brewed for durations ranging from 1 to 10 minutes, in 1-minute intervals and the TPC was
subsequently measured, which increased with longer brewing times; however, most of the polyphenols observed after
10 minutes were already extracted within the first 5 minutes, regardless of the type of tea. Green teas demonstrated
higher TPC values than black ones, similar to the findings of the current study. For instance, in the referenced study,
the TPC for sencha (a type of green tea) brewed for 2 minutes was 52.42 +6.90 mg GAE/g of tea, while for 10
minutes it was 112.37 £3.03 mg GAE/g. Similarly, in the current study, the TPC for organic green tea increased with
the longer brewing time, reaching, for example, 64.59+8.49 mg GAE/g of the sample at 7= 70°C for ¢ = 2 minutes,
and 85.79 +1.44 mg GAE/g after 10 minutes of brewing. A comparable trend was observed for black teas.

The study by Vinci et al. investigated the influence of various brewing parameters (type of water, brewing
time, temperature, and pH) on the TPC and antioxidant activity of green and black tea infusions [26]. An increase
in the TPC was observed with longer brewing times for each type of water. As in the present study, higher TPC values
were consistently recorded for green tea. Black tea demonstrated a comparable trend to green tea, with a higher TPC
observed in infusions brewed at 7= 100°C compared to 7 = 80°C (in our study, 7 = 70°C). The parameters that had
the most significant impact on the TPC were the brewing time and the type of water used for infusion preparation.
Similarly to our findings, the brewing time had a significant effect on the TPC levels in the tea samples.

In the study by Mehrabi et al., the impact of various tea preparation techniques on the content of bioactive
compounds, antioxidant capacity, antibacterial properties, and polyphenol bioavailability in green, black,
and oolong tea infusions was compared [27]. All tea types demonstrated an increase of TPC over longer brewing
times. Consistent with our findings in this study, higher TPC values were reported for green tea, regardless
of the preparation method, compared to black tea. The study highlighted the significant influence of the oxidation
process on the tea’s properties. Microwave-assisted brewing was identified as the most effective technique for
maximising the bioactive compound content and bioavailability, which was attributed to rapid and uniform
heating, which facilitates efficient extraction while minimising degradation. While all preparation methods
showed a positive correlation between the TPC and antioxidant and antibacterial activities, the traditional
steeping method resulted in the highest release of phenolic and flavonoid compounds after 10 minutes of brewing.
This suggests that the brewing parameters, such as time and temperature, significantly influence the extraction
efficiency of phenolic compounds, emphasising the importance of optimising these factors for maximising health-
related benefits from tea infusions.



A Polish study by Dmowski et al., also using the Folin-Ciocalteu method, assessed the impact of the steeping time
and the degree of fragmentation of black tea on its antioxidant properties [22]. The tea was brewed at approximately
90°C. The results presented in the study indicated that steeping time affected the level of polyphenolic compounds.
Infusions brewed for 15 minutes exhibited higher values (average content in the analysed samples was 239.57 mg
GAE/100 ml) compared to those brewed for 3 minutes (67.70 mg GAE/100 ml). Furthermore, it was noted that
the degree of fragmentation and the brand of tea were not statistically significant factors. In the present study,
the steeping time also influenced the polyphenol content. In this study, the teas steeped for 10 minutes contained
more polyphenols than those steeped for 2 minutes (for instance, in organic black tea, the polyphenol content after
10 minutes of brewing was higher at 70.30 £2.74 mg GAE/g of the sample, compared to 63.92 +6.72 mg GAE/g
of the sample for the 2-minute infusion, both at a constant brewing temperature of 7= 100°C).

The antioxidant properties of four green teas, depending on the extraction temperature, were compared
in the study by Ramirez-Aristizabal et al. [28]. Various methods were employed for the measurements, including
the Folin-Ciocalteu method. The brewing time for the tea was set at 5 minutes. Higher temperatures (80°C) for
tea brewing, compared to lower (in this case, it was at room temperature, 25°C), resulted in a greater polyphenol
content (for example, in one of the green teas, the TPC at 7 = 80°C was 55.06 +£1.03 mg GAE/g of sample,
whereas at 7= 25°C it was 14.63 £0.53 mg GAE/g of the sample). In our study, higher brewing temperatures
also resulted in an increase in the TPC. The TPC of organic green tea brewed for 2 minutes at 70°C was 64.59 mg
GAE/g of the sample, whereas, at 100°C, the TPC increased to 88.94 mg GAE/g of the sample.

In contrast, a study by Pinta¢ et al. compared the phenolic profiles and antioxidant activities expressed as real
serving concentrations of the most popular plant-based drinks: coffee, tea, and wine [29]. Similar to our study,
the TPC of green tea reached higher values than black tea. For example, looking at teas from the same manufacturer:
green tea contained 340 £26.2 mg GAE/serving, while black tea contained 164 +£0.42 mg GAE/serving. All three
categories of beverages demonstrated a substantial concentration of phenolic compounds, exhibiting significant
antioxidant potential. Nevertheless, the green tea infusions displayed markedly superior antioxidant activity.
Based on the findings, moderate consumption of coffee and red wine may also be recommended as a valuable
source of polyphenols. In our study, conventional green tea brewed for 2 minutes at 70°C achieved a TPC of 79.56
mg GAE/g of the sample, while conventional black tea, under the same brewing conditions, exhibited a TPC
of 48.88 mg GAE/g of the sample.

Our study provides interesting information regarding the amount of polyphenol in tea and influencing factors, but
it is not free from some limitations. Further studies should involve a larger number of samples in order to confirm
the present findings. Other, more accurate, modern methods could be used to carefully assess the contributions
of individual polyphenols to the TPC. Chromatographic techniques, particularly High-Performance Liquid
Chromatography (HPLC), remain the standard for the qualitative and quantitative analysis of individual polyphenolic
compounds in tea, while spectrophotometric techniques continue to be widely employed. These methods, when
used in combination, would provide a more comprehensive evaluation of the polyphenolic profile in tea, supporting
researchers in understanding the relationship between tea’s composition and its potential health benefits.

Despite the increasing adoption of advanced methods, such as near-infrared spectroscopy and electrochemical
sensors, the Folin-Ciocalteu method remains the most commonly used approach for determining TPC. As noted
by Sun et al. [24], this method is favoured for its stability, reliability, and simplicity. Other comparative studies
between various organic and conventional teas from different producers would also be desired.

CONCLUSIONS AND FUTURE PERSPECTIVES

A higher brewing temperature resulted in an increased polyphenol content in infusions from both organic (green
and black) teas, as well as from conventional teas. However, a longer tea brewing time led to an increase in polyphenol
levels, but only in the case of organic tea (both black and green). It is worth paying attention not only to the brand
of tea but also to its brewing parameters, which certainly translates into the amount of polyphenols in the daily diet.
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SCIENCE AND TECHNOLOGY PARTNERSHIP:
APPLICATION OF COMPUTATIONAL FLUID DYNAMICS
TO PREDICT THE TURKEY MEAT PROTEIN DENATURATION
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Abstract: In the current era marked by increased consumer awareness and advancements in food technology,
the quality of turkey meat has emerged as a focal point, particularly in promoting healthy diets for children
and adolescents. As parents seek nutritious and appealing food options for younger consumers, understanding
protein denaturation becomes critical for enhancing meat texture, juiciness, and overall sensory experience.
This study explores the application of Computational Fluid Dynamics to predict and optimise the denaturation
of turkey meat proteins during thermal processing. By utilising CFD, this research models the heat and mass
transfer dynamics involved in cooking turkey meat, providing insights that can optimise the cooking conditions
to preserve nutritional value while improving the sensory qualities. The results indicated optimal thermal
treatment conditions — 161.28°C, 61.31% humidity, and 17.58 rpm fan speed. Laboratory validations confirmed
that the predicted denaturation of myosin and actin aligned closely with experimental results, underscoring
the efficacy of CFD as a predictive tool. Moreover, no statistically significant discrepancies were observed
in collagen denaturation between the predicted and experimental results (P >0.05), further demonstrating
the accuracy of the model. Overall, this work illustrates the potential of CFD in food science, enabling
the development of high-quality, safe, and sustainable turkey meat products that fulfil the nutritional needs
of children and adolescents.

Key words: Computational Fluid Dynamics (CFD), Protein Denaturation, Turkey Meat Processing, Healthy
Diet for Children, Thermal Process Optimisation, Nutritional Quality in Meat
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INTRODUCTION

Understanding the quality of turkey meat is crucial for promoting healthy diets, particularly for children
and adolescents. Turkey meat is valued for its lean protein content and health benefits, making it a recommended
component of balanced diets for younger consumers. However, achieving high standards of nutritional quality,
sensory appeal, and safety in turkey meat requires an in-depth understanding of the thermal processes that
influence protein denaturation during cooking. This phenomenon significantly impacts the meat texture, juiciness,
and overall appeal, which are critical factors in encouraging healthier eating habits [1-3].

Computational Fluid Dynamics (CFD) offers an innovative approach to modelling and optimising the thermal
processing of turkey meat. By simulating heat and mass transfer, CFD provides insights into how temperature
and cooking time affect protein structure and quality. This technology enables precise control over heat distribution
and minimising protein degradation while preserving nutritional value and sensory qualities [4, 5]. Optimising
these processes not only ensures high-quality meat products but also aligns with dietary guidelines for children
and adolescents by maintaining digestibility and reducing the content of undesirable compounds [6].

CFD also supports sustainability and food safety initiatives. By optimising the cooking conditions, it reduces
energy consumption, minimises waste, and ensures uniform cooking, which helps eliminate the risks associated
with undercooked meat while maintaining its sensory attributes [7, 8]. These advancements demonstrate
the potential of CFD to enhance the quality and healthfulness of turkey meat, contributing to broader goals
of promoting sustainable and nutritious food options for younger generations [9, 10].

This study aims to explore the application of CFD in predicting and optimising the denaturation process
of turkey meat proteins during thermal processing. It also examines potential benefits of this technology
in enhancing food safety, sustainability, and energy efficiency, supporting dietary and environmental objectives.

MATERIAL AND METHODS

The experiment was carried out in several phases:

* in the first step, an experimental model was developed using the Design-Expert program,
* the second phase was a simulation of the heat treatment process using CFD,

* the third stage was roasting optimisation using RSM (response surface methodology),
 the final stage was verification of the predicted results using laboratory tests.

Experiment design

Three design variables — temperature, humidity, and fan rotation speed — were chosen as quantitative independent
factors to evaluate their effects on the denaturation levels of myosin, collagen, actin, and cooking loss. These variables
were tested in the following ranges: temperature from 120°C to 200°C, humidity from 0% to 75%, and fan rotation
speed from 0 to 1,400 rpm. The parameter ranges were established through a combination of literature review
and preliminary experiments [4]. To assess the outcomes, the Design-Expert version 11 software (Stat-Ease, Inc.,
USA) was employed, generating 20 experimental runs (as shown in Table 1). A quadratic equation was used to model
the interactions between variables and responses, with the model’s central point repeated six times for validation.

Table 1. Experimental design used for CFD simulations

Heat treatment parameters Heat treatment parameters

Run Temperature Humidity Fan rotation Run Temperature Humidity Fan rotation

[°C] [%] [rpm] [°C] [%] [rpm]
1 120 0 0 11 160 0 700
2 200 0 0 12 160 75 700
3 120 75 0 13 160 37.5 0
4 200 75 0 14 160 37.5 1,400
5 120 0 1,400 15C 160 37.5 700
6 200 0 1,400 16 C 160 37.5 700
7 120 75 1,400 17C 160 37.5 700
8 200 75 1,400 18C 160 37.5 700
9 120 37.5 700 19C 160 37.5 700
10 200 37.5 700 20C 160 37.5 700

C — central points
Source: own elaboration
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Heat treatment process using CDF simulation. CFD Description and Implementation

The Ansys v.19.0 software was utilised to develop a three-dimensional model of the testing apparatus and to simulate
the thermal treatment process. This simulation followed the methodology described by Szpicer et al. (2022),
with some modifications made for the study [11]. The scheme of the studied system is shown in Figure 1. Key
factors affecting the thermal properties of food products include their fundamental composition, which consists
of'the amounts of protein, fat, carbohydrates, and ash. The conduction coefficient (A) and specific heat (Cp) of the raw
material are critical in determining these properties. The basic composition of turkey breast meat can vary due
to factors such as age, developmental stage, and activity levels [12—15]. The thermophysical properties of turkey
meat, such as the thermal conductivity (L), specific heat (Cp), and density, were treated as temperature-dependent
variables. These properties were calculated using the equations proposed by Choi and Okos (1986), with adjustments
based on the meat’s composition. Furthermore, water evaporation during cooking was modelled using Fick’s law
of diffusion, and its impact on the local thermal conductivity and specific heat was incorporated into the simulation [16].

Heat Transfer Coefficient

heated_walls

I 300.0

-225.0
150.0

75.0

0.0
W mA-2 KA-1]

0.080 (m)

Figure 1. Scheme of the studied system

Source: own elaboration.

For the simulation, input data were sourced from the composition analysis conducted by Gantner et al. (2017), which
reported the following values: 77.03 £0.21% water, 1.98 £0.49% fat, 19.03 +0.23% protein, 1.46 £0.45% connective
tissue, and 1.61 +£0.03% ash [17]. The objective of this research was to determine the thermal penetration coefficient
to calculate the denaturation extent of individual proteins and the resulting cooking loss. Temperature and enthalpy
data for each protein type were gathered using differential scanning calorimetry (DSC): myosin at 61.5°C, collagen
at 67°C, and actin at 80.5°C, with corresponding enthalpies of 3.85 J/gK, 3.84 J/gK, and 3.93 J/gK, respectively [15].
For the simulation, a 3D model of a combi steamer (CPE 110, Convect-Air Professional, Kiippersbusch, Germany)
was created following the methodology specified by Szpicer et al. (2024) [18]. The model incorporated a heat source
(heater), fan, steam generator, and GN container rack. A cube of turkey breast meat (50 X 50 x 50 mm) was placed
on a GN % tray (530 x 325 x 20 mm) inside the oven. The simulated roasting duration was established at 2,000
seconds, assuming the turkey breast meat had a homogeneous microstructure and isotropic properties regarding
mass and heat, without accounting for transport and fat loss. The forced convection was characterised by the global
heat transfer coefficient, and water diffusion was modelled using Fick’s law of diffusion with a global diffusion
coefficient. Cooking loss from water squeezing was considered, while thermal contraction and shape changes were
neglected, keeping the sample volume constant throughout the roasting process [10, 11 ,19].
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NUMERICAL MODEL

Analysed space

The model comprised three distinct domains. The initial domain encompassed the fluid surrounding the sleeve-
-shaped rotor, which operated at a designated rotational speed. This configuration facilitated the simulation
of the rotor’s rotation within the chamber, with the blades represented as surfaces. The second domain represented
the chamber area where air circulation was induced by the rotating rotor. Lastly, the third domain included two
solid components: the sample insert and the support plate.

Mesh

A hexa structural mesh was applied to the rotor space, incorporating surface compaction for the rotor blades to enhance
the representation of the flow. For the chamber, a tetra/prism mesh was utilised, with prismatic elements strategically
placed, such as along the meat and plate walls, for heat transfer analysis. A hexa mesh was chosen for the turkey breast
meat and plate. The model specifications were as follows: rotor space — 152,880 hexes and 177,702 nodes; chamber —
339,867 tetras, 100,385 prisms and 120,714 nodes; meat and plate — 64,372 hexes and 73,325 nodes.

Materials
In the computations, the materials used included a blend of air and water vapour, turkey meat as the used material,
and stainless steel (AISI 304). The initial temperature of the solids was set at 23°C.

MATERIAL DATA

Turkey breast meat
The determination of the conduction coefficient (A) relied on Eq. (1) following the description by Choi and Okos,
considering the essential composition of the sample [16].

A=0.205x +0.20x +0.175x,+0.135x_+0.61x (1)
where:
x —mass fraction of the food ingredient,
indexes:
¢ — carbohydrates,
p — proteins,
f — fat,
a — ash,
W — water.

The computation of specific heat (C)) was derived from Eq. (2) following the explanation provided by Singh
and Heldman, considering the fundamental composition of the samples [20].

C,=1.424x +1.549x +1.675x,+ 0.837x +4.187x 2)
where:
x —mass fraction of the food ingredient,
indexes:
¢ — carbohydrates,
p — proteins,
f — fat,
a—ash,
w — water.

Stainless steel (AISI 304)

Conduction coefficient (A) — 60.5 W/mK
Specific heat (Cp) — 434 J/kgK.

Air — Air Ideal Gas:
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The ideal gas equation of state can be applied for the computation of different gas properties according to Eq. (3).
pV =nRT 3)

where:

p — absolute pressure of the gas,

V — volume of the gas,

n —amount of substance of gas (also known as number of moles),

R —ideal, or universal, gas constant, equal to the product of the Boltzmann constant and the Avogadro constant,
T — absolute temperature of the gas.

Water vapour — Redlich-Kwong Dry Steam:
Pressure and molar volume of dry steam were calculated using the Redlich-Kwong equation (Eq. 4)
to accurately model heat and mass transfer conditions in the CFD simulations [21]:

~RT a
V.—b ﬁvm <Vm +b)
where:
p — gas pressure,
R — gas constant,
T — temperature,
V_ —molar volume (V/n),
a — constant that corrects for the attractive potential of molecules,
b — constant that corrects for the volume.

p “)

The gas used in the experiment was a blend of steam and air, with the mixture’s composition determined by
the mass fractions of its individual components.

Humidity

| T

Ts')—l)+ 8.1328x107 (10

11 .344[ -3.49 149[&

loge’ =—7.90298(%—1]+5.02808log(%j—l 3816x107 (10 T) —1)+10ge; 5
where:

log refers to the logarithm in base 10,

e* — saturation water vapour pressure (hPa),

T — absolute air temperature in Kelvins,

T, — steam-point (i.e. boiling point at 1 atm.) temperature (373.15 K),

e*  — e* at the steam-point pressure (1 atm = 1,013.25 hPa).

Using Eq. (6), the mass fraction of water vapour in the mixture was established by considering the saturation
pressure at the provided temperature and the designated humidity.

X=6202—9Ps (6)
1013.25+0Ps
X

H,0=——

S

Definition of the solver

The SST turbulence model solver parameters were configured with a convergence criterion of 10e-4 and 600
iterations. Before finalising the mesh size and solver parameters, a mesh independence study was conducted
to ensure the robustness of the model. Several mesh configurations were tested, gradually increasing the number
of elements, while observing the impact on the key output parameters, such as the temperature distribution, heat
transfer coefficients, and protein denaturation levels. The selected mesh (152,880 hex elements for the rotor space,
339,867 tetrahedral elements for the chamber, and 64,372 hex elements for the meat and plate) provided a balance
between computational cost and accuracy. Further refinement resulted in negligible changes to the output
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parameters (<1%). In addition, an adaptive time-stepping approach was configured, with a range of 0.1 to 10
seconds and 2-5 iterations per step. This setup was chosen to address the transient nature of the heat treatment
process. Smaller time steps were applied during periods of rapid temperature changes, such as the initial heating
phase, while larger steps were used when temperature gradients had stabilised. This approach ensured numerical
stability, accurate results, and optimised computational efficiency.

The solver work type was designated as Double Precision. The choice of the Shear Stress Transport (SST)
turbulence model was based on its flexibility, effective handling of boundary layers, relatively low computational
complexity, and widespread use in the field of CFD. For the transient state solver definition, the adaptive time
step was established with 2—5 iterations per step, a time step range of 0.1-10 seconds, and a process duration
of 2,000 seconds.

Validation of the Computational Model

In this study, a detailed validation of the Computational Fluid Dynamics (CFD) model was conducted to confirm
its reliability in predicting temperature distributions within turkey breast samples during thermal processing.
This step was crucial for ensuring the model’s ability to accurately simulate protein denaturation, which is driven
by temperature changes.

Experimental Setup

To validate the model, turkey breast samples (50 x 50 x 50 mm) were thermally treated in a combi-steam
oven (Kiippersbusch CPE-110, Germany) at: 160°C, 37.5% humidity, and 1,400 rpm fan speed. Temperature
measurements were taken using Type-K thermocouples (Ellab TrackSense Pro, Denmark) placed at three key
locations within the sample:

» Core: Geometric centre of the meat cube.

» Midpoint: Halfway between the core and the surface.

» Surface: Outermost layer of the sample.

Measurements were recorded at 10-second intervals over a 2,000-second roasting period. Three biological
replicates were conducted to ensure repeatability and reliability.

Predicted and Measured Temperature Comparisons

The CFD model provided temperature predictions at the same locations and time points as the experimental
measurements. Table 2 summarises the predicted and experimentally measured temperatures (£SD) at 500, 1,000,
1,500, and 2,000 seconds.

Table 2. Validation of the Computational Model

Core temperature Midpoint temperature Surface temperature
Time [s] [°C] [°C] [°C]
CFD Prediction Experimental CFD Prediction Experimental CFD Prediction Experimental
500 423 £1.1 43.0+1.4 58.7+0.9 57.8+1.3 68.2 £1.2 68.5+1.6
1,000 57.5+1.3 56.9£1.2 69.4 £1.0 70.2 £1.5 79.3+1.4 78.6 £1.7
1,500 68.7£1.2 68.4£1.5 76.3 £1.1 77.0+1.4 85.5+1.3 85.1 +1.8
2,000 74.2 £1.0 74.5£1.3 81.6 £0.8 81.9+£1.6 89.1 £1.5 88.7 £1.7

Statistical Validation

A Student’s t-test was performed to evaluate the differences between the predicted and measured temperatures
at each location and time point. The results showed no statistically significant differences (P >0.05) between
the predicted and experimental temperatures, confirming the model’s accuracy. The maximum observed error
was less than 2%, which is within an acceptable range for CFD applications in food processing. The validation
results demonstrate that the CFD model provides highly accurate predictions of temperature distributions during
thermal treatment. The alignment between the predicted and experimental temperatures at all measured points
confirms the model’s capability to capture the heat transfer dynamics and their impact on protein denaturation.
The core temperature predictions exhibited minimal deviation, with a maximum difference of 0.9°C at 500
seconds. The surface temperature predictions consistently matched the experimental measurements within 0.5°C,
indicating precise modelling of boundary heat transfer.
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Stages of CFD Analysis

The CFD analysis was conducted in two phases, necessitated by the fluctuating output parameters during heat
treatment and the model’s size. The initial stage encompassed a steady-state analysis, yielding actual heat transfer
coefficients on the surfaces of the meat sample and the GN container. In the subsequent phase, the outcomes
from the first stage were used in modelling the solids (meat and GN container), and transient simulations were
executed to capture the temperature variations of the samples over time. The initial phase focused on determining
penetration coefficients, while the second phase involved simulating protein denaturation and water loss.

Roasting optimisation using RSM

In this experiment, the influence of three factors on the denaturation of myosin, collagen and actin, and mass loss
was examined. The variables considered were the temperature within the furnace, air stream speed (fan speed),
and humidity level. To interpret and characterise the relationship between these variables and the measured
parameters, a quadratic equation was used. The central point was replicated six times in the model. Using Design-
Expert version 11 (Stat-Ease, Inc., USA), the heat treatment was optimised concerning the denaturation of myosin,
collagen and actin, and the cooking loss based on the model. The final step involved optimising the thermal
treatment parameters using a mathematical model and experimental validation of the calculated response values.

Verification of the predicted results using laboratory tests

Materials

Turkey breast fillets (Pectoralis major) for analysis were obtained from a BIG 6 turkey acquired from
a commercial market (INDYKPOL S.A., Olsztyn, Poland). The fillets were taken for further processing (1,954
+174 g). The fillets were transported to the laboratory in cooling boxes, maintaining chilled conditions at 4+1°C.
Cube-shaped samples (50 x 50 x 50 mm) were cut from turkey breasts according to Figure 2.

Figure 2. Preparation of turkey sample (50 x 50 x 50 mm) from breast fillets (Pectoralis major) for verification stage

Source: own elaboration.

Basic composition evaluation

The basic composition of turkey breast meat samples was evaluated using the near-infrared (NIR) spectrometry
method as outlined by Stelmasiak et al. (2019) [22]. The analysis was conducted using a NIRFlex N-500 spectrometer
with a solids module (Biichi Labortechnik AG, Switzerland) in reflectance mode, covering a spectral range
of 12,500-4,000 cm™', and using a Biichi Art. N. N555-501. This analysis occurred at an accredited NIR laboratory
(Polish Centre for Accreditation FT-NIR — Accreditation No. AB 1670). Homogenised meat samples, each weighing
100 g, were placed on a Petri dish and subjected to measurements. The assessment of the basic composition,
encompassing water, fat, proteins, CTP (collagen protein total) and ash, was conducted in triplicate for each sample
to ensure the precision and reliability of the results (three technical replications). Measurements were taken for each
of the three independent biological replications (three different batches) involving distinct raw materials.
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Heat treatment

The turkey meat cubes were thermally processed in accordance with the optimised parameters based on RSM data
in a Kiippersbusch CPE-110 combi-steam oven (Kiippersbusch Convect-Air Professional, Germany). The process
parameters were controlled using wireless temperature and humidity recorders (TrackSense Pro; Ellab, Denmark).

Protein denaturation level

Protein denaturation levels were assessed through differential scanning calorimetry (DSC 1 from Mettler Toledo,
Schwerzenbach, Switzerland) [11]. Prior to the experiment, the device underwent calibration with pure zinc
and indium. Both untreated and heat-treated samples were examined. A BUCHI B-400 homogeniser was used for
the uniform mixing of each sample. Subsequently, 10.0 0.1 mg of meat samples were deposited into a standard
40 pl aluminium pan (No.: ME-51119870) and hermetically sealed with an aluminium lid (No.: ME-51119871)
using a Mettler Toledo Crucible Sealing Press.

Under an argon atmosphere (100 cm®/min), the DSC analysis was conducted at a rate of 10°C/min ()
within the temperature range of 10°C to 100°C. The resultant thermograms were scrutinised using the STARe
software to identify the initial (T ), maximum (T _ ), and final (T, ) temperatures, along with the enthalpy (AH).
The degree of denaturation for myosin, collagen, and actin was ascertained based on the thermograms, using
the methodology outlined by Agafonkina et al. (2019) [15]. The denaturation percentage for each protein was
calculated by comparing the enthalpy of denaturation between the untreated and heat-treated samples, using
equation (7).

. H_  —H

Denaturation % :rawH—mstedX 100 (7)
where:
H_ — enthalpy of protein denaturation in raw meat prior to heat treatment (J/g),
H ., — enthalpy of protein denaturation in roasted meat following heat treatment (J/g).

The evaluation of the degree of denaturation was conducted thrice for each sample to assure the precision
and dependability of the outcomes (three technical replicates). Measurements were carried out across three
independent biological replicates (three separate batches) using distinct raw materials for each.

Protein Denaturation Modelling Based on Temperature Predictions

To establish the connection between the temperature predictions from the Computational Fluid Dynamics (CFD)
simulations and the extent of protein denaturation in the turkey breast meat, a detailed modelling approach was
implemented. This section describes the methodology used to calculate the protein denaturation based on spatial
and temporal temperature distributions.

Temperature Thresholds for Protein Denaturation

The Differential Scanning Calorimetry (DSC) data were used to identify the denaturation thresholds for
the primary proteins in the turkey meat. The specific denaturation temperatures (£5D) and enthalpy values (AH)
used in the model were as follows (Table 3):

Table 3. Denaturation thresholds and enthalpy changes (AH) for key turkey meat proteins

. Denaturation Onset Enthalpy Change
Protein [T, °C} [ AII-)I),I Jg] g
Myosin 61.5+0.8 3.85+0.12
Collagen 67.0 +0.1 3.84 +£0.15
Actin 80.5 £0.9 3.93 +0.10

Source: own elaboration.

These thresholds represent critical points at which the respective proteins undergo irreversible structural
changes, impacting the texture and functionality. The enthalpy data were integrated into kinetic equations to model
the protein denaturation.
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Spatial and Temporal Modelling of Protein Denaturation
1. Temperature Data from CFD Simulations:
o The CFD model provided a three-dimensional grid of the turkey meat sample, with each grid element
representing a localised region.
o For each grid element, the transient temperature profile was extracted over the simulated roasting period
(2,000 seconds).
2. Kinetic Model for Protein Denaturation:
o Protein denaturation was modelled using a first-order kinetic equation:
da
m k(T)-(1-a)
where:
a(t) — degree of denaturation at time t,
k(T) — temperature-dependent rate constant, calculated using the Arrhenius equation:
“E,
k(T)=A-e*™
with:
A — pre-exponential factor [1/s],
Ea — activation energy [J/mol],
R — universal gas constant (8.314 J/mol-K),
T — absolute temperature [K].
3. Spatial Variation in Denaturation:
o Using the temperature data for each grid element, the degree of denaturation was calculated iteratively for
each time step.
o The enthalpy changes (AH) associated with each protein were incorporated into the calculations to adjust
for localised thermal effects.
o The resulting denaturation values were mapped across the 3D grid to visualise the spatial variation of pro-
tein denaturation within the meat sample.
4. Aggregation of Results:
o The overall denaturation of each protein was determined by integrating the localised denaturation values
across the entire sample. This approach ensured that spatial heterogeneity in heat transfer and protein
response was accounted for.

Validation of Predicted Denaturation

Laboratory experiments were conducted to validate the predicted protein denaturation levels. Differential Scanning
Calorimetry (DSC) was employed to measure the actual denaturation percentages for myosin, collagen, and actin
in the samples subjected to the optimised roasting parameters. Table 4 compares the predicted and experimental
results for protein denaturation and cooking loss:

Table 4. Comparison of CFD-predicted and experimentally measured protein denaturation and cooking loss

Parameter Predicted value [+SD]  Experimental value [+SD] P-value
Myosin Denaturation [%] 99.41 £1.03 99.18 £0.72 >0.05
Collagen denaturation [%] 88.37 +1.02 87.67 £0.75 >0.05
Actin denaturation [%] 20.70 +0.78 19.21 £0.32 >0.05

Source: own elaboration.

The predicted values from the CFD model showed strong agreement with the experimental results, with no
statistically significant differences (P >0.05) for all parameters. These results confirm the reliability of the model
in predicting protein denaturation and cooking loss during thermal processing.

Cooking Loss

For the assessment of cooking loss, the sample underwent weighing before entering the oven and promptly after
extraction. The percentage of cooking loss was computed by evaluating the disparity in mass between the raw
and heat-treated meat using Equation (8).
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: (Mraw _Mroasled)
Cooking loss% =——--x100 (8)
Mraw
where:
M, —mass of the raw sample prior to heat treatment (g),
wasieg — Mass of the roasted sample following heat treatment (g).

The evaluation of the cooking loss was conducted three times for each sample to guarantee the accuracy
and reliability of the findings (three technical replicates). Measurements were carried out across three independent
biological replicates (three distinct batches), using varied raw materials for each batch.

Statistics

The experimental design was executed using the Design-Expert v. 11 software (Stat-Ease, Inc., USA),
as outlined in Table 1. An examination of the impact of temperature, humidity, and convection intensity
on individual responses was conducted following the programmed experimental model. The significant terms
within this model were identified through analysis of variance (ANOVA) for each response, assessing a lack
of fit, coefficients of determination (R?), and coefficients of variation (CV) to ensure model accuracy. 3D charts
were constructed based on the analysis results, and quadratic equations describing the model were used
for further studies.

In the prediction analysis using RSM, the maximum desirable degree of myosin and collagen denaturation was
determined, with the minimisation of actin denaturation and mass loss selected as parameters.

The final stage of the experiment involved optimising and validating the heat treatment technology. Predicted
response values were then compared with experimentally determined values. Instrumental technique analyses
were conducted using raw materials from various production batches in three independent biological replicates.
Following optimisation, Student’s #-test at P <0.05 was applied to ascertain differences between two sets
of values: predicted and measured properties in the laboratory experiments. Statistical analyses were performed
using the Design-Expert software, and the results were presented as mean (X) + standard error (SD).

RESULTS AND DISCUSSION

Table 5 summarises the regression coefficients of the quadratic polynomial models predicting myosin, collagen
and actin denaturation, and cooking loss. The models exhibited high adequacy (R* = 0.746-0.997). Myosin,
collagen, and actin denaturation achieved the highest R? values (0.933, 0.984, 0.997), while cooking loss was
the least predictive (R* = 0.746). Finding all lack-of-fit p-values confirmed satisfactory model fits (» >0.05).

Table 5. Regression coefficients of the predicted quadratic polynomial models for the physical values of the of myosin,
collagen and actin denaturation, and cooking loss.

Factor Denatured myosin [%] Denatured collagen [%] Denatured actin [%] Cooking loss [%]
Intercept 96.27 86.39 17.76 20.32
Temp 2.71%%* 17.00%** 24.01%** 2.96%*
Hum 2.68%** 3.71%%* 6.20%%* 0.26
Fan 1.12* 1.71* 4. 12%** 2.18*
Temp x Hum —2.56%*** —1.40 2.66* —-0.10
Temp x Fan —0.66 —-1.00 3.31H** —-0.75
Hum % Fan -0.56 -0.23 —2.76* -0.10
Temp? -0.38 —77.75%** 26.44%** 0.67
Hum? —-0.63 0.40 -1.31 0.37
Fan? 0.56 1.00 0.89 -0.43
R 0.933 0.984 0.997 0.746
Lack of fit 0.261 0.289 0.281 0.081

Temp — Temperature, Hum — Humidity, Fan — Fan rotation speed, R? — square coefficient of the fitting model, Lack of fit — p-value of lack of fit.
* — Significant at P <0.05; ** — Significant at P <0.01; *** — Significant at P <0.001.

Source: own elaboration.
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Optimisation of heat treatment parameters

RSM was used to assess the influence of temperature, humidity, and fan speed on the heat treatment of turkey
breast fillets (Pectoralis major). This modelling technique made it possible to observe trends in the outcomes
as the independent variables were altered. The regression coefficients outlined in Table 5, along with the 3D plots
depicted in Figures 3 and 4, demonstrated that all three independent variables exerted a statistically significant
effect on the denaturation levels of individual proteins, encompassing myosin, collagen, actin, and cooking loss

in the meat samples. However, the extent of this impact varied depending on the specific response and the level
of the independent variable.
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Figure 3. 3D surface charts generated using the RSM model at a humidity of 37.5% illustrate the impact of factors and their
interactions on output data: a — myoglobin denaturation [%], b — collagen denaturation [%], ¢ — actin denaturation
[%], and d — cooking loss [%]

Source: own elaboration.

The degree of myosin denaturation was significantly influenced by temperature and humidity in linear terms
(P <0.001), with a similar linear effect observed for fan rotation speed (P <0.05). However, quadratic effects
of these parameters were not significant (P >0.05), nor were the interactions involving fan speed with temperature
or humidity (P >0.05). The strong linear relationship between temperature and myosin denaturation aligns with
previous studies, indicating that muscle proteins, including myosin, are highly sensitive to heat. High temperatures
disrupt hydrogen and hydrophobic bonds, leading to structural changes that impact protein functionality
and digestibility [23]. Similarly, the role of humidity in accelerating denaturation highlights the need for precise
humidity control during thermal processing to maintain optimal texture and nutritional quality [24]. The observed
linear effect of fan speed suggests that enhanced air circulation facilitates heat transfer and protein denaturation
by promoting water evaporation from the meat’s surface [25]. The significant interaction between temperature
and humidity (P <0.001) underscores the necessity of balancing these factors, as low humidity combined with high
temperatures can adversely affect meat quality [26]. These findings confirm that the primary factors influencing
myosin denaturation operate in a linear fashion, with a limited impact of more complex interactions.
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Figure 4. Desirability plots and contour graphic solutions of RSM optimisation

Source: own elaboration.

The investigation into collagen denaturation in turkey breast fillets revealed that temperature, humidity,
and fan rotation speed significantly influenced collagen denaturation in linear terms (P <0.001, P <0.001,
P <0.05, respectively). Among these, temperature emerged as the most critical factor, with both significant linear
and quadratic effects (P <0.001). Conversely, humidity and air movement speed did not exhibit statistically
significant quadratic effects (P >0.05). Interaction effects between temperature x fan rotation speed, temperature x
humidity, and humidity x fan rotation speed were also not statistically significant (P >0.05). These findings align with
previous studies on myosin denaturation and other muscle proteins, emphasising temperature as the primary driver
of protein denaturation. For instance, computational fluid dynamics (CFD) simulations in pork and beef confirm
temperature’s dominant role, while humidity and airflow typically play secondary roles [10, 15]. The quadratic effect
of temperature reflects the non-linear progression of denaturation at higher temperatures, where collagen breakdown
becomes more pronounced. Similar trends have been reported in studies on other meats, such as Atlantic salmon,
where environmental factors like air circulation showed limited interactive effects compared to temperature [18].
The results underscore the importance of precise temperature control during meat processing, especially for products
intended for children and adolescents, where maintaining protein integrity and nutrient retention is critical for
a healthy diet.

All the analysed factors — temperature, humidity, and fan rotation speed — exhibited statistically significant
effects on actin denaturation in linear terms (P <0.001). Interactions among these factors, such as temperature x
x humidity and temperature x fan rotation speed, also had significant impacts (P <0.05, P <0.001, respectively).
However, humidity and fan speed did not show significant quadratic effects (P > 0.05), whereas temperature
did (P <0.001). Temperature emerged as the most critical parameter, influencing actin denaturation both linearly
and quadratically (P <0.001). Actin, a heat-sensitive protein, begins denaturing around 66°C, with further increases
in temperature accelerating the process, as confirmed by CFD simulations and studies on other meats. Elevated
temperatures drive moisture loss and textural changes, aligning with findings on pork loin and other muscle foods
[10]. Humidity significantly impacted actin denaturation in linear terms, likely due to its role in moisture retention
within the meat matrix. Although its quadratic effects were negligible, maintaining optimal humidity is essential
to balance moisture retention with heat for effective denaturation. Fan speed influenced denaturation indirectly,
primarily through enhanced heat distribution, as shown in the CFD models. However, its effects plateau beyond
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certain levels, reflecting findings from similar studies [27, 28]. In summary, temperature dominates the dynamics
of actin denaturation in turkey meat, with humidity and fan speed playing secondary but complementary roles,
particularly in linear interactions.

The study investigated how temperature, fan speed, and humidity influence cooking loss during the roasting
of turkey breast fillets. Temperature and fan speed significantly affected cooking loss in a linear manner (P <0.01
and P <0.05, respectively), while chamber humidity showed no significant effect (P >0.05). No significant interaction
effects between temperature, fan speed, and humidity were observed, nor were there significant quadratic effects
for any factor (P >0.05). Temperature emerged as the dominant factor influencing cooking loss, aligning with
established research indicating that higher temperatures expedite protein denaturation and collagen shrinkage,
leading to increased water release and weight loss [29]. Similarly, fan speed’s significant but smaller effect was
attributed to enhanced surface evaporation, which is consistent with studies demonstrating the role of air velocity
in drying rates [30]. Interestingly, the lack of a significant impact of humidity (P >0.05) on cooking loss is contrary
to findings in certain studies, where high humidity environments during roasting have been reported to slow down
moisture evaporation and reduce overall weight loss [31]. Contrary to some findings, humidity did not mitigate
weight loss under the tested conditions, possibly due to the specific temperature and fan speed settings. These results
reinforce the importance of temperature and air circulation in optimising roasting conditions to minimise cooking
loss while maintaining product quality. Prior studies, such as those by Biyikli et al. and Gal et al. [23, 32], corroborate
that processing temperature and time influence the weight loss, texture, and sensory properties. For example, higher
temperatures paired with shorter processing times were associated with lower weight losses and improved sensory
qualities, highlighting the interplay between the thermal conditions and meat characteristics. These findings provide
valuable insights for designing healthier cooking methods tailored for children and adolescents [23, 32].

VERIFICATION OF HEAT TREATMENT PARAMETERS

The final step of the experiment involved validating the results of the RSM model by comparing them with
laboratory tests. The maximal desirable denaturation of myosin and collagen was determined, while actin
denaturation and mass loss were minimised. According to the RSM optimisation model, the ideal processing
conditions for turkey breast meat are a temperature of 161.28°C, humidity of 61.31%, and a fan speed set
at 17.58 rpm. The predicted values for the output parameters (X +SD) were as follows: myosin denaturation
at 99.41 £1.03%, collagen denaturation at 88.37 £1.02%, actin denaturation at 20.70 +0.78%, and cooking loss
at 18.93 £0.13%. The results of the optimisation and verification process are presented in Table 6, indicating that
the laboratory test outcomes were consistent with the predictions of the RSM model. There were no statistically
significant differences observed between the predicted and laboratory test values.

Table 6. Verification of the RSM model with laboratory tests (X +SD)

Design factors Optimum heat treatment parameters
Temperature [°C] 161.28

Humidity [%] 61.31

Fan rotation [RPM] 17.58

Responses Predicted values Laboratory tests values
Myosin denaturation [%] 99.41 +£1.03 99.18 +£0.72
Collagen denaturation [%] 88.37 £1.02 87.67 £0.75
Actin denaturation [%] 20.70 +£0.78 19.21 £0.32
Weight loss [%] 18.93 +0.13 16.24 £0.15

*Letters (A, B) show the significant differences between predicted and laboratory tests values (P <0.05).

Source: own elaboration.

CONCLUSIONS AND FUTURE PERSPECTIVES

The work presents the innovative use of the CFD method to predict protein denaturation in turkey breast meat
and optimise heat treatment processes. Using mathematical models, the optimal thermal treatment conditions were
determined, which were 161.28°C, 61.31% air humidity, and the fan speed set at 17.58 rpm. The denaturation
of various proteins and losses during the baking process was assessed. During the verification of the laboratory
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results, it was found that the denaturation of myosin and actin, as well as the losses during the cooking process, did
not differ significantly from the values predicted on the basis of the response surface model developed based on
simulation data. The study proves that the CFD method can be a valuable tool for predicting protein denaturation
and losses in the cooking process of turkey breast meat, which can improve the quality and efficiency of products
in the food industry.
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Abstract: The number of children diagnosed with autism spectrum disorder (ASD) is increasing worldwide.
Children with ASD often have impaired detoxification capacity, gastrointestinal problems and food intolerances.
A well-balanced diet based on organic foods can play a significant role in alleviating both metabolic
and psychological symptoms. The aim of this study was to explore the opinions and attitudes of parents
of children with ASD towards organic foods. The study was conducted between June 2021 and May 2022
using a survey method, among 96 respondents. Those who were more knowledgeable about proper nutrition
(19% of respondents) and those who used special diets for their children (45%) were more likely than the other
respondents to believe that organic foods could improve the functioning of children with ASD. These parents
were also characterised by better knowledge of organic food (definition, labelling). The most important factors
when choosing organic food were health considerations, chemical content and simple product composition.
The main source of information about organic food was the Internet (88%) and the most common place to buy
was a specialist shop (43%). Parents who purchased organic food most frequently chose vegetables and fruit
(69%) and eggs (65%). The main reasons respondents gave for not purchasing organic food were the high price
and a lack of trust towards producers and certification bodies. In light of the collected data, it seems justified
to take actions aimed at raising parents’ knowledge of proper diet and nutrition, which could result in increased
consumer awareness of organic food.

Key words: organic food, autism, diets, nutrition, knowledge, consumer preferences

INTRODUCTION

The number of children diagnosed with autism spectrum disorder (ASD) is increasing worldwide [1].
The cause of these disorders has not yet been established. The etiology is believed to be multifactorial,
involving genetic predisposition, environmental factors, as well as factors related to immune system response
and gastrointestinal function [2]. Children with ASD have impaired detoxification capacity and are particularly
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vulnerable to chemical contaminants from the environment, food, water and air. Correlations have been
observed between the severity of autistic symptoms and the presence of heavy metals in the bodies of children
with autism, as well as glutathione deficiency, which hinders detoxification processes [3—5]. A diet based on
raw and organic products should be recommended for this group of patients. Organic food of plant origin
is usually less frequently contaminated with pesticide residues when compared to the conventionally cultivated
crops. Controls conducted in the European Union in 2018 showed that 44.5% of conventional food samples
contained residues of one or more pesticides, and 1.2% of samples exceeded the maximum pesticide residue
limits for more than 100 pesticides. In the case of organic products, 6.5% of the samples analysed contained
residues of one or more pesticides, and only 3 samples (0.2%) exceeded the maximum residue limits for
3 pesticides [6].

Children with ASD are more likely than their neurotypical peers to experience gastrointestinal problems
and abnormal eating behaviours. Sensory disorders, as well as the use of elimination diets, can contribute
to a poorer diet, leading to insufficient intake of nutrients and their deficiencies [7]. Many studies indicate that
children with ASD consume less than the recommended daily intake of calcium, iron, zinc, and vitamins A, E,
K, D, C, B, B,,, and folic acid [8,9]. The intake of vitamins and compounds with antioxidant properties may be
important due to coexisting metabolic disorders in children with ASD, including elevated blood levels of oxidative
stress markers, which can affect the functioning of the central nervous system [10]. Numerous studies comparing
the content of minerals and biologically active substances in plants from organic versus conventional farming
indicate that organic food contains higher levels of certain nutrients, such as iron, magnesium, phosphorus,
potassium, calcium, vitamin C, and polyphenols [11-13]. A diet enriched with calcium is particularly important
for children with autism on a dairy-free diet, as this group has been observed to have lower bone mineral density
and lower blood vitamin D levels than neurotypical children of the same age [14]. Milk produced in the organic
system, compared to milk from conventionally raised cows, has a higher nutritional value: it contains more dry
matter, fat, calcium, as well as vitamin C and a-tocopherols [13].

Children with autism are at risk of deficiencies in n-3 polyunsaturated fatty acids, which may lead
to developmental disorders of the central nervous system, contributing to dyslexia, dyspraxia, hyperactivity,
and reduced concentration. Studies on the effects of omega-3 supplementation indicate overall health
improvements in children with ASD, including better sleep patterns, enhanced cognitive and motor skills,
improved concentration, eye contact, social behaviours, as well as a reduction in stereotypies, anxiety, aggression,
and hyperactivity [15]. Consuming organic food could potentially help improve these areas of functioning in this
group of children. Organic milk and dairy products contain more health-promoting omega-3 unsaturated fatty
acids and a better ratio of these acids to omega-6. Similarly, organic meat products, compared to conventionally
raised meat, contain higher concentrations of polyunsaturated fatty acids (PUFAs), especially n-3 PUFAs [16, 17].

The results obtained so far indicate that children with ASD are more at risk of obesity than their healthy
peers, and that the prevalence of overweight and obesity is higher in children with autism [18]. Human studies
suggest that regular and frequent consumption of organic food may help reduce the incidence of conditions
such as overweight and obesity, as well as allergic and cancerous diseases [13]. A well-balanced diet based on
nutrient-rich, contaminant-free food can play a significant role in treating and alleviating digestive-metabolic
and psychological symptoms in children with ASD.

Parents of children with autism are often actively engaged in seeking knowledge about a healthy lifestyle
and alternative methods to support their children’s development. The organic food market can be a place for them
to fulfil their pro-health and pro-environmental values. Understanding their motivations will help tailor marketing
and educational efforts to the specific needs of this group of consumers.

The aim of the study was to explore the opinions and knowledge of parents of children with autism spectrum
disorders (ASD) regarding organic food. The study also examined their consumer preferences concerning
the purchase and consumption of organic food products.

MATERIALS AND METHODS

The study was conducted between June 2021 and May 2022. It received approval from the Ethics Committee
for Scientific Research Involving Humans at the Institute of Human Nutrition Sciences, Warsaw University
of Life Sciences (SGGW), under Resolution No. 20/2021. The CAWI survey method was used with a custom
questionnaire consisting of 32 questions concerning, among others things, the general characteristics
of the respondents, the use of an elimination diet for their child/children with ASD, knowledge and opinions
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about organic food, as well as the motives, frequency, and places of purchasing organic products. The question
regarding respondents’ nutritional knowledge included elements from the KomPAN questionnaire for
assessing dietary beliefs and habits [19]. The questionnaire included single- and multiple-choice closed
questions, closed questions with an open-response option, and open-ended questions. To assess respondents’
opinions on the factors influencing their decisions to purchase organic food, a 5-point Likert scale was
used, where 5 indicated ‘very important” and 1 ‘not important’. Respondents also had the option to choose
‘no opinion’. The study targeted parents of underage children diagnosed with autism spectrum disorders
(ASD) living in Poland. The sample was selected using the snowball method and voluntary sampling.
The invitation to participate in the study was shared via email, social media, and online platforms focused
on parents of children with ASD.

In the analysis of the results, the percentage share of individual responses was presented, and to determine
the statistical significance of the relationship between the variables, Pearson’s correlation coefficient was
calculated using the STATISTICA program.

Actotal of 96 respondents participated in the study (Table 1), of which more than 87% were women. The majority
were between the ages of 30 and 50 (91%). Responses were collected from residents of all Polish provinces, but
the largest groups were from the Mazowieckie province (38.5% of respondents) and the Matopolskie province
(27.1%). 69% of respondents lived in large or medium-sized cities, while over 18% lived in rural areas. The largest
group of respondents had a university degree (80.2% of those surveyed). The highest percentage of respondents
(about 20%) reported an average monthly income per household member in the range of PLN 1001-2500, while
the lowest percentage (about 3%) declared an income of PLN 1000 or less. More than 36% of respondents did
not wish to disclose income information. Considering the subjective assessment of material conditions, over
half of the 96 respondents stated that they were very satisfied or satisfied (8.3% and 44.8%, respectively) with
their financial situation. About one-third (34.4%) gave a neutral response, saying they were neither satisfied
nor dissatisfied, while 12.5% expressed dissatisfaction with their financial situation. None of the respondents
described their financial situation as ‘very dissatisfied’.

According to previous studies [20-23], this type of consumer should be interested in organic food. This type
of food is primarily purchased by residents of large cities who are high-school or university educated and consider
their financial situation good.

Table 1. Participant characteristics

Number of respondents

Socio-economic characteristic %

(n=96)
women 83 87.4
Gender
men 13 12.6
18-30 1 1
Age ( ) 31-40 56 58.3
e (years
gl 41-50 35 36.5
above 50 4 4.2
village 18 18.8
. town up to 40,000 inhabitants 11 11.5
Place of residence - : ;
city up to 100,000 inhabitants 12 12.5
city over 100,000 inhabitants 55 57.3
primary 1 1
. vocational 4 4.2
Education ;
high school 14 14.6
university 77 80.2
1,000 or less 3 3.1
Household 1,001-2,500 20 20.8
net income 2,501-3,500 10 104
(PLN) 3,501-5,000 13 13.5
per person/month above 5,000 15 15.6
no declaration 35 36.5

Source: own elaboration.
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RESULTS AND DISCUSSION

It is assumed that individuals with a higher level of education possess greater knowledge about proper nutrition
and are more inclined to purchase organic food. The questionnaire included a request for self-assessment of one’s
knowledge in the area of proper diet and nutrition. The largest group consisted of parents who rated their nutritional
knowledge as sufficient (44 responses — 45.8% of respondents). Nearly one-third of the surveyed individuals
believed that their nutritional knowledge was at a good level, while over 18% gave themselves a failing grade.
Only 5% of parents rated their knowledge in this area as very good.

After analysing the respondents’ answers to the questions concerning selected issues of proper nutrition, it was found
that over 36% of the respondents rated their level of knowledge accurately, nearly 47% overestimated their knowledge,
and just over 16% assessed their knowledge as being lower than the actual level. It should be emphasised that no
significant correlation was found between self-assessed knowledge of proper diet and nutrition and the knowledge
assessment assigned to respondents based on their answers to the questions in this area (» = 0.125).

Since, as mentioned, the cause of autism has not been diagnosed, standards of treatment for this group
of patients have not yet been established. Parents of children with autism spectrum disorders (ASD), facing their
children’s developmental challenges, include various forms of therapy in their therapeutic efforts. Several studies
have shown that younger children are more likely to receive dietary interventions (restrictive diets and dietary
supplements) as well as educational and behavioural interventions. Pharmacological interventions are more
widely used among adolescents [24]. The most commonly used dietary intervention is the gluten-free and casein-
free diet (GFCF) [25]. The study found that some parents (43 individuals — 44.8% of the respondents) also made
changes to their child’s and family members’ diets (Table 2). The most frequently implemented diets were gluten-
free (GF), dairy-free (casein-free CF), and those restricting simple sugars and sucrose (sugar-free — SF).

Table 2. Types of elimination diets introduced by respondents in children with ASD

. hildren
Type of diet with §3Dd (3 — 43)
elimination of allergens and intolerance 4
dairy-free (CF) 5
sugar-free (SF) 1
gluten-free (GF) 2
dairy-free (CF) + sugar-free (SF) 4
gluten-free (GF) + dairy-free (CF) 3
gluten-free (GF) + dairy-free (CF) + sugar-free (SF) 17
gluten-free (GF) + dairy-free (CF) + sugar-free (SF) + other: low FODMAP (3), soy- and starch-free (1) 4
vegetarian 2
ketogenic

Source: own elaboration.

It was assumed that individuals introducing an elimination diet in their families would seek to educate
themselves on proper nutrition and thus have greater knowledge of organic food. Research conducted among
Polish consumers [20, 26] indicated that factors such as interest in diets and proper nutrition influenced a greater
openness to organic products. For this reason, the understanding of issues related to organic food (definition,
labelling of organic products) was assessed, taking into account the respondents’ level of knowledge about proper
diet and nutrition, as well as their use of special diets (Table 3).

The study found that the majority of respondents (77 responses — 80.2%) recognised the correct definition
of organic food. However, as many as 62.5% of respondents (multiple answers were allowed) indicated that organic
food is ‘food produced without synthetic fertilisers and pesticides’. This is an incorrect answer, even though it refers
to production methods in organic farming. Most parents knew which terms on a product guaranteed that it came
from organic farming. The most recognised label was EKO (65.6% of responses), while the least recognised was
‘organic’ (19.8% of selected responses). Some respondents confused the concept of organic food with healthy food
(16.7% of responses) or preservative-free food (11.5% of responses). This may result from insufficient consumer
knowledge and/or unfair practices of traders that misuse terms associated with organic food. Knech and Gurwin [21]
also note the issue of inconsistency in the messages delivered to customers. The consequence of such actions is poor
product identification and, subsequently, the inability to distinguish organic food from conventional food.
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Table 3. Structure of respondents’ answers based on their level of knowledge about proper nutrition and the use of a special
diet for a child with ASD

Structure of responses regarding knowledge and opinions
about organic food [%]
assessment of the level of knowledge diet for a child with
about proper nutrition ASD
insufficient adequate good yes no
n=42 n=34 n=18 n=43 n=>53

Question

Definition of organic food*

Any natural, unprocessed food 31 19.4 16.7 18.06 28.30
Food produced by organic farming methods 66.7 86.1 94.4 86.05 75.47
Any food bought directly from a farmer or at a market 7.1 0 5.5 4.65 3.77
Food produced without synthetic fertilisers and pesticides 47.6 72.2 66.7 67.44 58.49
Any food produced without the use of genetically modified organisms 23.8 22.2 5.5 13.95 26.42
Any food without preservatives and artificial additives 333 222 11.1 13.95 35.85
Labels for organic products*

healthy food 14.3 22.2 11.1 11.63 20.75
BIO (biological) 52.4 63.9 66.7 72.09 50.94
straight from nature 4.8 2.8 5.6 2.33 5.66
country/farmhouse 2.4 0 0 0 1.89
EKO (ecological) 54.8 61.1 88.9 67.44 60.38
organic 9.5 19.4 44.5 23.26 16.98
natural 11.9 0 5.6 0 11.32
preservative-free 19.1 8.3 0 4.65 16.98

The organic farming symbol **

73.8 83.3 72.2 76.74 79.25

Do you believe that organic food can play a role in improving the health and well-being of a child with ASD?

yes 66.67 55.56 77.78 79.07 45.28
no 16.67 25.0 16.67 16.28 22.64
It’s hard to say, I have no opinion 14.28 13.88 5.56 4.65 32.08
Have you noticed a correlation between consuming organic food and improved well-being for you and your child/children?***
yes 42.86 19.44 11.11 48.866 16.98
no 33.0 69.44 61.11 46.51 52.83
It’s hard to say, I have no opinion 9.52 0 16.67 11.63 9.43

* The number of responses does not add up to 100% because respondents could choose more than one answer; ** Respondent could choose only one
P p P P y
answer; *** The number of responses does not add up to 100% because not all respondents provided an answer.

Source: own elaboration.

The symbol established by the European Commission, known as the ‘Euro-Leaf’, which guarantees that
a given product comes from a certified organic farm, was recognised by the overwhelming majority of respondents
(78.1% of those surveyed). It is possible that its distinctive shape, which appears prominently on the product
packaging, or its presence in media advertisements contributed to this recognition. In a study conducted in 2016
among consumers visiting the ‘Zielony Targ’ market in Poznan (Poland), the highest number of respondents
recognised the ‘Euro-Leaf” among organic labels [27].

In the survey conducted by Wos et al. [28], nearly 85% of mothers with young children living in the eastern
regions of Poland were able to identify the organic food logo. However, the authors of the study emphasised
that only the survey sheets from respondents who indicated the correct definition of organic food were included;
therefore, the group of surveyed women had greater knowledge about organic food than the average woman
in Poland, which may have been related to a higher-than-average interest in this type of food. Similarly, in a group
of 89 mothers with preschool-age children, a significant portion of the participants had correct knowledge about
organic food (97%) and its labelling (76%) [29]. Undoubtedly, the arrival of a child in the family increases
concern about nutrition, and parents may navigate the food market more consciously. However, in the IMAS
study (2017), which included 518 Polish respondents, the familiarity with the logo of the organic food production
certificate was very low (33%) [22].
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The study confirmed that better knowledge of proper nutrition issues influences consumer awareness regarding
organic food. Similarly, making changes in the diet of family members (e.g., special diets, avoiding allergens) can
encourage parents to gain a deeper understanding of the food market. The vast majority of respondents belonging
to the aforementioned groups believed that organic food could have a beneficial impact on people’s well-being
and improve the functioning of children with autism spectrum disorders (ASD) (Table 3).

Responses to the question, ‘Have you noticed a correlation between consuming organic food and improved
well-being for you and your child/children?’ varied. Parents whose children were on an elimination diet more often
than other respondents perceived a connection between improved well-being and the inclusion of organic products
in their diet. Many people felt that it was difficult to assess whether the improvement in their child’s functioning
was solely due to proper nutrition, as children with ASD undergo multifaceted therapy (psychological, educational,
pharmacological, etc.). Some respondents indicated that such an assessment would be possible after a longer period
of regular consumption of organic food; however, they did not have sufficient financial resources for this.

The economic situation and the price of products are among the most important factors influencing consumers’
purchasing decisions. When asked how much higher a price the respondents were willing to pay for an organic
product compared to the same non-organic one, the largest number of respondents answered that it was
a maximum of 10-20% (Table 4). The structure of responses varied and did not depend on the household income
of the respondents or their level of satisfaction with their financial situation. The individual views of parents
regarding organic food likely influenced this. Confirmation of this can be seen in the distribution of statements
such as ‘I will buy an organic product regardless of the price’, where the highest percentage of respondents
providing such an answer were individuals with lower or medium incomes. This is justified by parents’ concerns
for their children’s health and the desire to instil good eating habits in them. As can be seen, this is a strong
motivation that partially offsets the significance of a family’s weaker financial status.

In the study by Kulyk and Michatowska [30], involving a group of 302 randomly selected respondents
from the Lubuskie province of Poland, 38% of those surveyed expressed no willingness to pay a higher price
for organic food. In contrast, those who declared a willingness to pay a higher price (102) were ready to incur
an expense higher by 5-10%. Only a small percentage of individuals (4%) were willing to accept a higher price
in the range of an extra 41-45% [30]. Although fruits and vegetables are the best-selling organic food products
in Poland, the overall acceptance of price increases for organic apples in the study by Kazimierczak et al. [31] was
about 20% (89% of responses). Similarly, in the study by Hermaniuk, the price difference accepted by the largest
number of respondents between organic and conventional food was 20% [32]. The willingness to pay a higher
price for organic food varies between countries, for instance, consumers from Germany and the United Kingdom
are willing to pay up to 50% more, while Italians are even willing to pay up to 100% more [30].

The price of food also did not have a significant impact on the purchasing decisions of the surveyed parents
regarding the choice between a foreign product with an organic certificate and a domestic non-organic one
(Table 4). The respondents’ decisions were largely dependent on the type of product and its origin: a large
percentage of respondents would choose food produced in Poland.

The authors indicated [26, 33] that for Polish consumers, the idea of organic food production is closely
related to the concept of traditional food production and is associated with the desire to shorten the production
and distribution chain. The place of sale, product origin, and the structure of the assortment are important.
Similarly, in a study conducted in Spain, consumers valued regionally produced tomatoes the most, especially
ribbed organic tomatoes, provided they were produced on a national scale, taking into account a short supply chain
[34]. Other studies have shown that for some consumers, geographical proximity (localness) is more important
than the organic production system [35, 36].

An attempt was made to investigate the significance of various factors influencing respondents’ purchase
of organic food (Table 5). A Likert scale was used for this purpose, where 5 indicated very important, 4 — important,
3 — minimally important, 2 — neither important nor not important, and 1 — not important. For all parents, regardless
of their level of knowledge about proper nutrition or the use of elimination diets for their children, the most important
factors considered when purchasing organic food were health concerns and the safety of such food, which respondents
associated with a low content of chemicals. The respondents were interested in products with simple ingredients,
low levels of processing, and the nutritional content of the food they purchased. The positive impact of organic
food on health as a key motivation for purchasing organic products is confirmed in the literature. Numerous studies
conducted among various groups of respondents indicate that health benefits are the most important rationale for
purchasing organic food [27-29, 32, 33, 37-39].
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Concerns about the natural environment and animal welfare were of lesser importance to parents as motivations
for making consumption decisions regarding organic products (median 3 or 4) (Table 5). A similar consumer
profile emerges from research conducted by Hansen et al. [40]: egoistic motivations, such as concern for health,
have a greater influence on the purchase of organic food than altruistic motivations focused on environmental
values. According to Srednicka-Tober et al., social issues have a minimal impact on consumers’ decisions
regarding the purchase of organic food products [20].

Regarding the relationship between respondents’ level of knowledge about proper diet and nutrition
and the assessment of the importance of various factors influencing their purchasing decisions (such as concern
for health, chemical content, safety, absence of GMOs, degree of processing, taste/smell/appearance, concern for
the environment, concern for animal welfare, medical recommendations, fashion/trends, and curiosity), a weak
but noticeable negative correlation was found between respondents’ knowledge (both in terms of self-assessed
knowledge:  =-0.291, and the score achieved by respondents in the knowledge test: » =—0.278) and the importance
placed on medical recommendations. Conversely, a high level of correlation was found between the importance
attributed to nutritional ingredients and the assessment of the significance of taste/smell/appearance (r = 0.586),
concern for animal welfare and concern for the environment (r = 0.726), as well as curiosity and fashion (» = 0.695).

Parents participating in current study had the opportunity to indicate other factors that were important to them
when purchasing organic food. Among the responses provided by the participants were comments regarding
supporting producers of high-quality food, particularly local producers: ‘I am happy if I can buy something
of good quality locally’. Some parents raised issues of trust in the seller, the brand of the product, the organic
certification, and also pointed to the necessity of using eco-friendly food packaging.

The organic food market has significant potential; however, there are many factors that prevent consumers
from fully understanding the high value of organic food. A major influence on this phenomenon is the asymmetry
of knowledge and information regarding production, certification, and the identification of such food. Table 6
presents the opinions of respondents on the aforementioned topics and the related reasons for not purchasing
organic food.

Table 6. Barriers to purchasing organic food

X . . L Number of responses
If you do not purchase organic food or purchase it rarely, please indicate the reasons. P

%*
The price is too high 61
I don’t believe that farmers and producers actually follow the principles of organic production completely 41
I don’t trust the organisations that certify producers 23
I don’t see a difference in the quality and taste of such food compared to conventional food 18
I have limited access to organic food 17
I don’t understand why organic food is more expensive than conventional food 11
I cannot distinguish organic food from conventional food 6
[ don’t know where I can buy it
I am not interested in organic food 3

* The number of responses does not add up to 100% because the respondent could select more than one answer.

Source: own elaboration.

The main reason why respondents do not buy organic food or buy it infrequently is definitely the price.
The price difference between organic and conventional products, in some cases reaching up to 200%, is one
of the main obstacles to the popularisation of such products in Poland and worldwide [30-32,37,41]. In a study
by Bryta involving 1,000 Polish consumers, both low-income and high-income respondents cited high prices
as a barrier to purchasing organic food [38].

A large percentage of surveyed parents indicated a lack of trust in those responsible for the various stages
of organic product production (‘From farm to table’), including the certification process (Table 6). Issues with
trust and a sceptical attitude towards control systems in organic farming are more noticeable in developing
countries than in those with higher economic status. In a study involving respondents from Kosovo, certification
was the factor most strongly influencing their attitudes towards organic food [39]. Acceptance of certification
by consumers is crucial for building trust and consuming organic food products, as many attributes of food that
consumers seek and are willing to pay a premium for are not visible. The identification and validation of such
food products are possible only by reducing the information asymmetry between producers and consumers, which
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can be achieved by ensuring certification by the appropriate certifying body. For consumers in Kosovo [39],
an independent international certifying body was considered more credible than a national one.

More than 30% of parents do not appreciate the beneficial properties of organic food, which is likely due
to insufficient knowledge about it (Table 6).

Respondents were asked about their sources of information regarding organic food, their purchasing locations,
and shopping preferences (Table 7). The main source of knowledge for the surveyed parents is the Internet,
followed by advice from doctors or dietitians. Interpersonal relationships also play an important role in providing
information. The study indicates that respondents take into account the opinions of family and friends. This may
be because they are more interested in learning about products recommended by trusted individuals. Other authors
also highlight the dominant role of the Internet as a source of knowledge about organic food [29,33,43].

Table 7. Selected dietary behaviours of respondents related to organic food consumption (% of responses)

Analysis category Verified Options % of responses *
Internet 88.5
doctor, dietitian 29.2
family, friends 24.0
Explored sources of information about television, radio programs 15.6
organic food advertising campaigns 12.5
press 12.5
food fairs 11.5
sellers 4.2
organic food store 42.7
online store 38.5
. supermarket 36.5
Place of purchase for organic food market, bazaar 300
organic farm 21.9
I do not purchase organic food 22.9
fruits and vegetables 68.8
eggs 64.6
grain products (bread, groats, pasta, cereal) 44.8
seeds, grains, nuts 354
meat, meat products 344
milk, dairy products or dairy alternatives 33.3
Selected groups of organic food pro- fats 31.3
ducts spices 24.0
fruit and vegetable preserves 21.9
spreads and flavoured butters 18.8
beverages and juices 15.6
fish and fish products 14.6
baby food 12.5
confectionery 6.3

* The number of responses does not add up to 100% because the respondent could select more than one answer.

Source: own elaboration.

The surveyed parents make purchases of organic food in various places, most often in stores specialising
in the sale of such products, but also in brick-and-mortar supermarkets and online stores. One-fifth of respondents
chose direct contact with organic producers, and nearly one-third make purchases at markets. However, there
is a question about whether food bought in such places (markets, bazaars) is truly organic, or whether respondents,
due to a lack of sufficient knowledge, mistakenly identify the purchased products as organic.

Among organic food products, respondents most often include vegetables and fruits, eggs, and grain products
in their shopping baskets (Table 7). The frequency of purchasing certain products such as meat and meat products,
milk and dairy products, seeds and nuts, as well as edible fats is at a similar level (around 30%). These choices
are not surprising, as these groups of products form the basis of a human diet. Moreover, certain organic products
may be more or less available. Parents least frequently buy confectionery products, which is likely due to health
concerns, or they may prepare such products at home. Other authors present similar purchasing preferences for
organic products [20, 27, 29-32].
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CONCLUSIONS AND FUTURE PERSPECTIVES

The aim of the study was to analyse the perception of organic food by parents of children with autism spectrum
disorders. A higher level of awareness regarding the beneficial properties of organic food and the ability to identify
it is noticeable among respondents with greater knowledge about proper nutrition and those following elimination
diets compared to other parents. The most common reason for interest in organic products remains health-related
concerns, while the main barrier to consuming organic food is its high price and lack of trust in organic food
producers and the certification system. Environmental motivations are considered less important to consumers
than health-related impulses, and the willingness to pay a higher price for organic products mainly depends on
the type of product and its origin.

In light of the collected data, it seems reasonable to undertake actions aimed at raising parents’ knowledge
regarding proper nutrition and organic food production. When a child receives a diagnosis of an autism spectrum
disorder, parents should receive extensive support and care. This support should include, among other things,
guidance on the child’s therapeutic activities, opportunities to strengthen parents in a new and challenging
situation (e.g., where to seek psychological and psychiatric help or join parental support groups), and raising
awareness — particularly crucial for children with autism — about the role of proper nutrition and food quality.

Initiatives to enhance knowledge about proper nutrition, diets, and the benefits of organic food should target
the entire society, encompassing all age groups, from preschool to university students, as well as individuals
who have already completed their education. Therefore, the government’s decision to introduce a new subject —
health education — in Polish schools starting in September 2025 is very timely. Students will learn about mental
and physical health protection, proper nutrition, and sexual education, among other topics.

Additionally, marketing efforts should focus on clearly highlighting the distinguishing features of organic
products compared to conventional ones, which would mitigate the perception of their high price. Furthermore,
building proper communication and a trustful atmosphere between consumers and producers is essential.
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