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Aims and Scope of the Series
The significance of food is undeniable, especially in light of the impending 
challenge facing humanity: ensuring there will be enough food to meet the ba-
sic needs of a population expected to reach approximately 10 billion by 2050. 
These food-related challenges align with some of the United Nations’ sustainable 
development goals, with a target to achieve them by 2030. One thing is certain: 
food should be not only nourishing and safe but also tailored to the diverse needs 
of individuals throughout their lifetimes, all while meeting consumers’ sensory 
expectations. Understanding the diverse chemical composition of food, often 
referred to as biodiversity, and how these components can contribute to human 
health by considering factors like bioaccessibility, bioavailability, and bioactivity 
at the organ level, is crucial for grasping and promoting a healthy diet. Thanks to 
the continuous evolution of analytical methods and interdisciplinary research, 
significant strides have been made in the field of food science and nutrition.
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Preface 

Food additives have played a fundamental role in the development of food systems, 
enabling the production of safe, stable, nutritious, and appealing foods for a growing 
global population. For decades, additives have contributed to food preservation, 
quality enhancement, and product innovation, supporting both consumer needs and 
industrial efficiency. However, consumer expectations have evolved significantly in 
recent years. Today, consumers seek foods that not only meet nutritional require-
ments but also align with broader concerns related to health, transparency, sustain-
ability, and environmental responsibility. As a result, the science and application of 
food additives are undergoing a profound transformation. 

This book explores the field of food additives, highlighting innovations, technolo-
gical advances, and regulatory considerations shaping the future of the food indus-
try. It brings together current knowledge on both traditional and emerging additives, 
providing readers with a comprehensive understanding of their functions, benefits, 
limitations, and applications. 

A central theme throughout the book is the growing shift toward clean-label and 
naturally derived ingredients. Increasing consumer demand for minimally processed 
foods has encouraged the development of alternatives to conventional additives, 
including plant-based antioxidants, natural sweeteners, and functional ingredients 
such as probiotics, prebiotics, and dietary fibers. These innovations not only help 
maintain food quality and extend shelf life but also contribute to improved health 
and well-being, reflecting the expanding role of food additives beyond preservation 
and sensory enhancement. 

Emerging developments in next-generation food additives are examined, highlight-
ing innovative compounds designed to enhance functionality and consumer accep-
tance. The growing importance of natural sweeteners as alternatives to conventional 
sugar and artificial sweeteners is also addressed, together with the role of plant-
derived antioxidants in improving food stability, extending shelf life, and contri-
buting to health-promoting properties. 

On the other hand, specialized applications are discussed, including additive-based 
wine tartaric stabilization strategies used in enology to maintain product quality and 
consumer acceptance. 

Another important focus of this book is the integration of food additives within 
innovative packaging systems. Smart packaging technologies represent a promising 
frontier in food preservation, combining active and intelligent components that 
enhance food safety, extend shelf life, improve traceability, and provide real-time 
information about product quality. 



The future of food additives lies not only in technological advancement but also in 
ethical responsibility. The next generation of additives will likely be more persona-
lized, sustainable, and derived from renewable or upcycled resources. Achieving 
these goals will require collaboration among scientists, food technologists, regulatory 
agencies, industry leaders, and consumers. Through such cooperation, it will be 
possible to develop innovative solutions that enhance food quality, promote health, 
reduce environmental impact, and contribute to more sustainable food systems. 

We hope that this book will serve as a valuable resource for understanding the 
innovation and responsibility that define food additives and inspire further research 
and development in this important field. 

Fernanda Cosme, Fernando M. Nunes and Miguel-Ribeiro 
Chemistry Research Centre - Vila Real, (CQ-VR), 

Food and Wine Chemistry Laboratory (FoodWin), 
University of Trás-os-Montes and Alto Douro, 

Vila Real, Portugal 
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Chapter 1

Next-Generation Food Additives: 
Innovations for Health, Clean 
Labels and Functional Benefits
Shahnaz Parvin Sweety and Tahsin Ahmed Rupok

Abstract

This chapter explores the recent innovations in food additives that align 
with changing consumer expectations and pressing industrial demands. With 
growing awareness of health, sustainability, and transparency, there is a shift toward 
clean-label additives – simple, natural ingredients that maintain food quality without 
excessive processing. The chapter delves into plant-based antioxidants, natural 
emulsifiers, and fermentation-derived biopreservatives, highlighting their role in 
meeting the clean-label movement. It also examines low-calorie sugar alternatives, 
potassium-based salt substitutes, and functional additives such as probiotics, 
prebiotics, and dietary fibers aimed at enhancing well-being. Additionally, the 
impact of nanotechnology, particularly nanoencapsulation, is discussed in the 
context of controlled nutrient release and improved stability. Finally, the chapter 
emphasizes the importance of safety and regulatory compliance, showcasing how 
innovation must align with strict standards. This chapter provides a foundation for 
understanding the future of food additive development in a rapidly evolving 
landscape.

Keywords: Clean-Label additives, food innovation, biopreservatives, sugar 
substitutes, functional ingredients, nanotechnology, probiotics, food safety, 
regulatory compliance

1. Introduction

Food additives have long played a pivotal role in the food industry, serving 
functions that range from preservation and texture modification to flavor 
enhancement and nutrient fortification. Historically, synthetic additives dominated 
food processing due to their efficacy, low cost, and scalability. However, a significant 
shift is now underway, driven by evolving consumer expectations, regulatory 
reforms, and scientific advancements. Consumers increasingly demand 
transparency, health-conscious choices, and sustainable practices – trends that have 
given rise to the clean-label movement and fueled innovation in food additive 
development [1, 2].
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The concept of a “clean label” encompasses ingredients that are natural, 
minimally processed, easily recognizable, and free from synthetic chemicals. 
This consumer-driven phenomenon has redefined how food companies 
formulate products, prompting a reevaluation of additive sources, functions, 
and long-term health effects [3]. In fact, market research reports indicate that 
over 70% of global consumers consider clean-label claims when making 
purchasing decisions, with natural preservatives, colors, and sweeteners being 
key focus areas [4, 5].

At the heart of this transformation are next-generation additives that provide 
health benefits while maintaining or enhancing food quality. Plant-derived 
antioxidants, for example, offer protection against oxidative spoilage while 
contributing to the nutritional value of the product. Extracts from rosemary, grape 
seed, green tea, and pomegranate are being extensively researched and applied due 
to their natural antioxidant and antimicrobial properties [6, 7]. Similarly, natural 
emulsifiers derived from plant proteins, saponins, and polysaccharides are replacing 
traditional synthetic emulsifiers, offering better compatibility with clean-label 
formulations [8, 9].

Biotechnological advancements have enabled the use of fermentation-derived 
biopreservatives such as nisin and natamycin, which inhibit spoilage 
microorganisms in dairy, meat, and beverage applications [10]. At the same time, 
public health campaigns promoting sugar and sodium reduction have accelerated the 
adoption of natural sweeteners like stevia, monk fruit, and rare sugars such as 
allulose, along with potassium-based salt substitutes [11, 12]. These alternatives 
allow food manufacturers to meet nutritional guidelines without compromising taste 
or shelf stability.

Functionality has also emerged as a key area of innovation. Probiotic and 
prebiotic additives are being integrated into diverse food matrices to support gut 
health, while dietary fibers are utilized not only for health benefits but also for 
improving texture and satiety [13, 14]. In parallel, nanotechnology has enabled 
controlled delivery of these functional ingredients through nanoencapsulation, 
which enhances stability, bioavailability, and sensory profiles [15, 16].

This chapter explores these developments in depth, highlighting the scientific 
rationale, technological applications, and regulatory considerations behind each 
innovation. With a focus on health, sustainability, and functionality, it provides for 
understanding of how food additives are being reimagined to meet the needs of 
a rapidly changing global food system. According to Figure 1. we saw the flowchart 
of Next-Generation Food Additives Innovation Strategy.

2. The clean label movement: Shifting consumer priorities

2.1 What is clean label?

The term clean label refers to food products made with minimal, natural, and 
easily recognizable ingredients – free from artificial colors, flavors, preservatives, 
and synthetic chemicals. Consumers are no longer passive; they now demand 
transparency in ingredient sourcing, processing methods, and health implications. 
This shift reflects broader societal trends toward wellness, environmental 
responsibility, and digital empowerment.
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According to a 2022 Global Data survey, 73% of consumers stated they are more 
likely to purchase products with fewer synthetic additives and simpler ingredient 
lists. Clean label is no longer a niche trend but a mainstream market force reshaping 
product development strategy across the food industry [17].

2.2 Drivers of the clean-label trend

The clean-label movement is being driven by a combination of health, ethical, 
and technological factors that are reshaping consumer expectations. Increasing 
health awareness, particularly due to the growing prevalence of non-communicable 
diseases such as obesity, type 2 diabetes, and cardiovascular disorders, has made 
consumers more cautious about what they eat. As a result, there is a strong 
preference for foods made with simpler, more natural ingredients rather than 
synthetic additives [18]. This trend is further reinforced by the rising incidence of 
food allergies and sensitivities, prompting individuals to avoid artificial substances 

Figure 1. 
Strategy of Next-Generation Food Additives Innovation.
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like monosodium glutamate (MSG), synthetic dyes, and sulfites that may trigger 
adverse reactions. Transparent and trustworthy labeling has thus become essential in 
helping consumers make safer food choices and reduce anxiety around hidden 
additives [18, 19]. Additionally, the digital era has introduced new tools for 
transparency – mobile applications such as Yuka and Open Food Facts allow users to 
instantly assess a product’s nutritional value, additive content, and organic status. 
This real-time access to information pressures manufacturers to reformulate 
products with cleaner, more consumer-friendly ingredients. Beyond health and 
transparency, ethical and environmental consciousness plays a significant role [20]. 
Younger generations, in particular, are aligning their food choices with values related 
to sustainability, animal welfare, and responsible sourcing. Consequently, plant- 
based and naturally derived products are gaining popularity as symbols of both 
personal wellness and environmental responsibility [18, 21].

2.3 Industrial implications

The clean-label movement is reshaping the food industry by driving 
manufacturers to reformulate products that balance functionality, safety, and 
consumer expectations. This transformation presents both challenges and 
opportunities across the food supply chain. One of the major challenges lies in 
reformulation itself. Replacing synthetic additives with natural alternatives often 
compromises shelf life, microbial stability, and sensory consistency. For example, 
removing artificial preservatives can accelerate spoilage, while eliminating 
synthetic colorants may reduce visual appeal. Achieving the same level of quality 
with natural substitutes demands significant research and development investment, 
particularly to maintain texture, flavor, and cost-effectiveness without the support 
of conventional synthetic agents [22].

At the same time, this trend is fostering innovation across the food and 
biotechnology sectors. The growing demand for natural alternatives has accelerated 
the development of plant-based extracts, microbial metabolites, and fermentation- 
derived compounds that can effectively mimic the roles of traditional additives. 
Notable examples include natural antimicrobials such as nisin and natamycin, 
colorants like anthocyanins and carotenoids, and enzymes or dietary fibers that serve 
as stabilizers and texturizers. Recent advances in biotechnology, nanotechnology, 
and green extraction technologies are further enhancing the scalability and 
efficiency of producing these natural compounds [23].

However, companies must also navigate complex regulatory and labeling 
frameworks to ensure transparency and compliance. Regulatory agencies such as the 
FDA (Food and Drug Administration), EFSA (European Food Safety Authority), 
FSSAI (Food Safety and Standards Authority of India), and JECFA (Joint FAO/WHO 
Expert Committee on Food Additives) define and monitor claims like “natural,” 
“organic,” and “additive-free” differently across regions, compelling manufacturers to 
balance marketing strategies with legal and ethical obligations [24]. Despite these 
hurdles, the clean-label trend presents substantial market opportunities. Consumers’ 
willingness to pay a premium for products perceived as healthier and more transparent 
has made clean-label foods a lucrative market segment. Moreover, reformulating 
products in line with clean-label principles not only meets consumer expectations but 
also strengthens brand differentiation and trust – factors that are particularly valuable 
in competitive categories such as beverages, dairy, and bakery products [1].
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The clean-label movement is reshaping the food industry by pushing 
manufacturers to reformulate products while balancing functionality, safety, and 
consumer expectations. This trend presents both challenges and opportunities across 
the food supply chain.

3. Innovations in natural additives

3.1 Plant-based antioxidants

Antioxidants are used to prevent oxidation, thus extending shelf life and 
preserving flavor, especially in fat-rich foods. Table 1 highlights four widely used 
natural antioxidants derived from plant sources, each containing potent bioactive 
compounds, including carnosic acid, catechins, proanthocyanidins, and curcumin. 
As shown in Table 1, these extracts are applied across diverse food categories, 
including oils, beverages, snacks, and health products, to enhance stability, extend 
shelf life, and provide added functional benefits. Natural antioxidants not only 
protect food but are also linked with health benefits, including reduced 
inflammation and oxidative stress [25–28].

3.2 Natural emulsifiers

Emulsifiers allow water and oil to blend, maintaining texture and stability in 
foods like mayonnaise, ice cream, and plant-based milks. Table 2 presents four 
emerging clean-label emulsifiers sourced from plants, including phospholipids, 
polysaccharides, proteins, and saponins. As shown in Table 2, each emulsifier offers 
specific functional advantages – such as viscosity, gel formation, allergen-free 
formulation, and foaming capacity – making them suitable for a wide range of food 

Natural antioxidant Bioactive compound Applications Ref.

Rosemary extract Carnosic acid, rosmarinic acid Oils, meats, snacks [29]

Green tea extract Catechins (Epigallocatechin gallate, EGCG) Beverages, bakery, dairy [26]

Grape seed extract Proanthocyanidins Chocolates, dressings, cereals [30]

Turmeric Curcumin Sauces, health drinks [31]

Table 1. 
The sources, bioactive compounds, and applications of natural antioxidants. 

Emulsifier Source Type Advantages Ref.

Lecithin Soy, sunflower Phospholipid Vegan, clean-label [32]

Chia seed mucilage Chia seeds Polysaccharide High viscosity, gel-forming [33]

Pea protein isolate Peas Protein Allergen-free alternative to soy [34]

Quillaja saponins Soapbark tree Saponin Foaming properties in beverages [35]

Table 2. 
The sources, types, and advantages of natural emulsifiers. 
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applications. These emulsifiers are biodegradable, functional, and compatible with 
vegan and allergen-free diets.

3.3 Fermentation-derived preservatives

Microbial fermentation can yield potent, safe preservatives. Table 3 summarizes 
three microbial-based preservatives, each derived from beneficial microorganisms 
and used to enhance food safety. As shown in Table 3, these compounds work 
through different mechanisms, such as pore formation, antifungal action, or acidity- 
driven antimicrobial effects, making them effective across diverse products like 
cheese, fermented vegetables, and bakery items. These additives align with clean- 
label values and are considered GRAS (Generally Recognized As Safe) by the FDA 
(United States Food and Drug Administration) [36–38].

4. Functional additives: Probiotics, prebiotics, and dietary fibers

Functional additives go beyond preservation – they enhance overall health, 
particularly gut health, metabolic function, and immune support.

4.1 Probiotics

Probiotics are live microorganisms that, when administered in adequate amounts, 
confer health benefits on the host [41]. Common probiotic strains include 
Lactobacillus rhamnosus, Lactobacillus acidophilus, and Bifidobacterium bifidum, each 
known for their ability to support digestive and immune health. These beneficial 
microbes are widely incorporated into various food products such as yogurt, kefir, 
functional beverages, and infant formulas. Beyond their nutritional role, probiotics 
help maintain a balanced gut microbiota, reduce intestinal inflammation, and 
prevent antibiotic-associated diarrhea. Their incorporation into everyday foods not 
only enhances the functional value of such products but also contributes to overall 
health promotion and disease prevention.

4.2 Prebiotics

Prebiotics are non-digestible food components, primarily dietary fibers, that 
selectively promote the growth and activity of beneficial bacteria in the gut. Common 

Preservative Microbial origin Mechanism Use case Ref.

Nisin Lactococcus lactis Pore formation in bacterial 
membranes

Cheese, sauces, canned 
soups

[39]

Natamycin Streptomyces 
natalensis

Antifungal Dairy, bakery [40]

Lactic acid Lactobacillus pH reduction, antimicrobial Pickles, fermented 
vegetables

[36]

Table 3. 
The microbial origin, mechanism, and uses of natural preservatives. 
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sources of prebiotics include inulin derived from chicory root, as well as 
fructooligosaccharides (FOS) and galactooligosaccharides (GOS), which are naturally 
present in various plant-based foods. These compounds are frequently incorporated 
into high-fiber cereals, energy bars, and functional beverages to enhance their 
nutritional and digestive value. The consumption of prebiotics supports improved 
digestion, enhances calcium absorption, and helps reduce gut inflammation, thereby 
contributing to overall gastrointestinal health and well-being [13].

5. Low-Calorie sugar alternatives and salt substitutes

Consumers seek sweet and savory flavors without compromising health. 
Innovations in sugar and salt reduction are reshaping processed food development.

5.1 Natural sweeteners

These natural sweeteners offer alternatives to traditional sugar, catering to 
various dietary needs and preferences. Table 4 provides an overview of three 
popular low-calorie and natural sweeteners, comparing their sweetness intensity, 
energy value, and functional properties. As shown in Table 4, Stevia and Monk Fruit 
offer exceptionally high sweetness with zero calories, while Allulose provides 
a sugar-like taste with very low caloric content and minimal impact on blood glucose.

5.2 Salt substitutes

Excess sodium is linked with hypertension and cardiovascular diseases. Table 5
highlights three clean-label salt substitutes, each offering a unique way to reduce 
sodium while maintaining flavor. As shown in Table 5, potassium chloride 

Sweetener Relative sweetness 
(vs. sucrose)

Caloric value 
(kcal/g)

Properties Ref.

Stevia ~200–300 × 0 Zero glycemic index; suitable for diabetics; may 
aid in blood glucose control.

[42]

Monk fruit ~100–250 × 0 Shows antioxidant activity; does not affect 
blood sugar levels.

[43]

Allulose ~70% ~0.2–0.4 Sugar-like taste; minimal effect on blood 
glucose.

[44]

Table 4. 
Some sugar alternatives along with their properties. 

Substitute Composition Key advantage Ref.

Potassium chloride KCl Lowers blood pressure, balances Na [45]

Seaweed extract Natural umami enhancers Adds flavor, minerals [46]

Yeast extract blends High in glutamates Savory taste, 30–40% salt reduction [47]

Table 5. 
The composition and key advantages of salt substitutes. 
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provides mineral balance, seaweed extract contributes natural umami and trace 
nutrients, and yeast extract blends deliver savory notes that enable up to 40% salt 
reduction.

6. Nanotechnology in food additives: Smart delivery and enhanced 
stability

6.1 Introduction to nanoadditives

Nanotechnology involves manipulating materials at the nanoscale (1–100 nm) to 
enhance physical, chemical, and biological functions. In the food industry, 
nanotechnology is a game changer in additive formulation, offering improved 
solubility, protection of sensitive compounds, controlled release, and better 
bioavailability [48]. Nanoencapsulation is the most widely applied method – 
encasing functional ingredients like vitamins, flavors, or antioxidants inside 
biodegradable carriers for targeted delivery and prolonged shelf life.

6.2 Applications of nanoencapsulation

Table 6 presents four nano-enabled delivery systems that improve the stability, 
absorption, and functionality of key bioactive ingredients in foods. As shown in 
Table 6, different nano carriers – such as liposomes, nano-emulsions, solid lipid 
nanoparticles, and alginate nanogels – help overcome challenges like oxidation, poor 
solubility, low uptake, and probiotic viability.

6.3 Safety and regulatory considerations

Despite the great potential of nano-additives in enhancing food quality and 
functionality, safety remains a major concern. The use of nanomaterials in food 
raises questions about possible risks such as unknown toxicity, bioaccumulation in 
tissues, and unforeseen interactions with biological cells that could affect human 
health [53, 54]. Recognizing these concerns, regulatory agencies around the world 
have established specific guidelines to ensure consumer safety. In Europe, the 
European Food Safety Authority (EFSA) requires a comprehensive toxicological 

Active 
ingredient

Nano carrier Functionality Application Ref.

Vitamin D Liposomes, chitosan Protects from oxidation, 
enhances uptake

Dairy, beverages [49]

Omega-3 fatty 
acids

Nano-emulsions, 
cyclodextrin

Masks fishy odor, improves 
solubility

Infant formula, 
spreads

[50]

Curcumin Solid lipid 
nanoparticles

Enhances stability and 
absorption

Supplements, health 
drinks

[51]

Probiotics Alginate nanogels Increases viability in gut 
environment

Yogurt, functional 
bars

[52]

Table 6. 
The nano carrier system, functionality, and applications of different active ingredients. 
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evaluation and clear labeling of any engineered nanomaterials used in food products 
[55]. Similarly, in the United States, the Food and Drug Administration (FDA) has 
issued detailed guidance for nano-formulated food ingredients, emphasizing 
Generally Recognized as Safe (GRAS) evaluations and premarket reviews for new or 
modified uses [56].

7. Safety, compliance, and global regulations

Ensuring the safety of food additives is central to modern food policy, as these 
substances directly affect public health, consumer trust, and international trade. 
Food additives, whether synthetic or naturally derived, undergo stringent pre- 
market evaluations that assess their toxicological profile, metabolic fate, dietary 
exposure, and potential long-term effects [57, 58]. International regulatory 
authorities such as the FDA, EFSA, FSSAI, and JECFA have developed scientific risk- 
assessment frameworks to ensure only safe levels of additives are permitted in the 
food supply.

7.1 Why food additive safety matters

Food additives are essential for maintaining the quality, safety, and shelf life of 
modern food products; however, their improper use can lead to significant health 
concerns. Instances such as the restriction of certain synthetic colorants linked to 
hyperactivity in children and the European Union’s ban on titanium dioxide 
highlight the need for continuous regulatory vigilance. Ensuring food additive safety 
is crucial for three main reasons. First, health protection relies on rigorous safety 
testing to confirm that additives do not cause toxic, allergenic, carcinogenic, or 
metabolic effects when used within approved limits [57, 59]. Second, consumer 
confidence depends on transparent safety assessments and regulatory oversight, 
which have become increasingly vital in response to growing clean-label and natural 
product trends [57]. Finally, global trade benefits from harmonized safety standards 
that enable the international exchange of approved additives under Codex 
Alimentarius guidelines, promoting consistency and consumer protection across 
borders[60].

7.2 Regulatory authorities and guidelines

Table 7 outlines major global regulatory bodies responsible for ensuring the 
safety, assessment, and standardization of food additives across different regions. As 
shown in Table 7, organizations such as the FDA, EFSA, FSSAI, and JECFA play 
crucial roles in setting safety limits, issuing risk assessments, and establishing 
internationally recognized regulatory frameworks.

7.3 Risk assessment parameters

Risk assessment provides a systematic framework for determining the safe levels 
of food additive consumption. One of the key parameters is the Acceptable Daily 
Intake (ADI), which defines the maximum amount of a substance that can be safely 
consumed every day over a lifetime without posing health risks [65]. Another 
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important measure is the No-Observed-Adverse-Effect Level (NOAEL), 
representing the highest tested dose in animal studies that shows no detectable 
harmful effects [66]. Additionally, the Threshold of Toxicological Concern (TTC) 
offers a risk-based approach for evaluating substances that have very low exposure 
levels or limited toxicological data, ensuring safety even when comprehensive 
studies are unavailable [67]. A notable example of how these parameters guide 
regulatory action is the re-evaluation of titanium dioxide (E171). Between 2021 and 
2023, the European Food Safety Authority (EFSA) reassessed this commonly used 
whitening agent and, due to emerging evidence of potential genotoxicity, concluded 
that it could no longer be considered safe for food use. Consequently, titanium 
dioxide was banned across the European Union. This case highlights that risk 
assessment is not static but rather an evolving process that must adapt to new 
scientific findings and updated safety data [68].

8. Next-generation food additives: Clean label and functional innovation

The exploration of next-generation food additives signifies a major 
transformation in the global food industry – one that is increasingly driven by 
consumer priorities such as health, transparency, and sustainability rather than by 
cost or convenience alone. This shift reflects a broader reorientation toward clean, 
functional, and ethically sourced ingredients that align with the values of modern 
consumers.

A key aspect of this transformation lies in the comparison between natural and 
synthetic additives. Conventional synthetic additives such as Butylated 
Hydroxyanisole (BHA), Butylated Hydroxytoluene (BHT), Monosodium Glutamate 
(MSG), and artificial sweeteners like aspartame have long been favored for their 
cost-effectiveness, consistency, and strong functional performance. However, 
growing concerns regarding their long-term safety and negative consumer 
perception have prompted the industry to seek naturally derived alternatives. 
Natural additives sourced from rosemary, stevia, or lactobacillus-fermented 
products are increasingly gaining acceptance due to their perceived safety and health 
benefits, although they often pose challenges such as reduced shelf life or 
formulation instability [69]. In contrast, natural additives from rosemary, stevia, or 
fermented products are generally well-received, even though they may have shorter 
shelf life or require more advanced formulation technologies.

Regulatory body Region Key role Ref.

FDA (Food and Drug Administration) USA Oversees GRAS designation, labeling, 
safety reviews

[61]

EFSA (European Food Safety Authority) EU Publishes risk assessments and ADI 
levels

[62]

FSSAI (Food Safety and Standards Authority of 
India)

India Establishes permissible limits for food 
additives

[63]

JECFA (Joint FAO/WHO Expert Committee on 
Food Additives)

Global Develops international food additive 
standards

[64]

Table 7. 
The region and key role of different regulatory body. 
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Achieving clean-label compliance while maintaining product quality remains 
one of the most significant challenges for manufacturers. Natural emulsifiers, for 
instance, typically lack the emulsification strength of synthetic ones, while 
fermentation-based preservatives can introduce variability in flavor profiles. 
Similarly, natural sweeteners such as stevia often impart bitter or metallic aftertastes, 
requiring the use of masking agents to maintain palatability[70].

Despite these challenges, emerging technologies like nanoencapsulation, 
enzymatic modification, and artificial intelligence (AI)-driven flavor modeling are 
helping bridge the functional gap between natural and synthetic ingredients. These 
technological advances are enabling manufacturers to create clean-label products 
that meet both sensory and performance expectations [71].

Regional variations further illustrate the global evolution of the clean-label 
movement. In Europe, multinational corporations such as Nestlé and Unilever have 
taken a leading role by reformulating up to 80% of their food portfolios to meet 
clean-label standards by 2023 [72, 73]. In contrast, innovation in South Asia has been 
largely resource-driven, with startups in Bangladesh and India developing cost- 
effective and biodegradable starch-based emulsifiers derived from jackfruit and 
tamarind seeds [74]. Meanwhile, in the United States, companies like Chobani 
and Amy’s Kitchen have successfully positioned themselves in the market through 
strong branding and consumer trust in their additive-free and natural product 
lines [75, 76]. Collectively, these regional trends demonstrate that clean-label 
innovation flourishes when it aligns with local resources, consumer awareness, and 
supportive regulatory environments.

Consumer education and trust remain central to the success of next-generation 
food additives. Even the most advanced natural additive can face market rejection if 
consumers do not understand its source or function. For example, terms such as 
“fermentation-derived nisin” may appear unfamiliar or confusing to the average 
shopper unless clearly explained. Therefore, transparent labeling, public awareness 
initiatives, and third-party certifications such as Non-GMO, FOSHU (Foods for 
Specified Health Uses), and USDA Organic are critical tools for building consumer 
confidence and credibility in clean-label claims [77, 78].

Finally, environmental sustainability has emerged as an inseparable dimension of 
additive innovation. The upcycling of food waste – such as using citrus peels as 
natural antioxidants – not only provides a sustainable raw material source but also 
helps address global food waste challenges. Similarly, algae and seaweed are being 
explored as eco-friendly sources of natural salt substitutes, fibers, and stabilizing 
agents. As sustainability becomes increasingly integrated into food technology, next- 
generation additives must fulfill dual objectives: promoting human health and 
ensuring environmental responsibility. This convergence of science, sustainability, 
and consumer awareness marks a defining era for the future of clean and functional 
food systems.

9. Conclusion

This chapter explored how modern food additives are changing with the rise of 
health, transparency, and sustainability demands. Innovations such as plant-based 
antioxidants, probiotics, nanoencapsulation, and many other advance-based 
preservation methods are shaping a new generation of additives that are safer, 
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cleaner, and more effective. Although technical and regulatory challenges remain, 
the shift toward clean-label and health-focused foods continues to grow. Today’s 
consumers want food that not only nourishes but also supports overall well-being 
and reflects care for the environment. The future of food additives will rely on 
collaboration among scientists, food technologists, and data experts to develop 
products that are functional, safe, and sustainable. In the coming years, additives are 
expected to be more personalized, made from upcycled or eco-friendly sources. 
Overall, this transformation is not only scientific but also ethical – it reflects a new 
way of thinking about food and responsibility. By combining innovation with 
honesty and sustainability, the food industry can create additives that improve 
health while protecting the planet.
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Chapter 2

Natural Sweeteners: Consumer 
Interest and Safety of Natural 
Sweeteners
Victoria Mukuni

Abstract

Sweetness is a basic taste that influences food choice and the use of sweeteners by 
consumers. Modern technology has provided opportunities for the development of 
new types of sweeteners and the discovery of sugar alternatives. This chapter 
presents some of the most common natural sweeteners, their current usage around 
the world, consumer interest in these sweeteners, and their safety. The chapter 
utilizes existing literature to explore consumer perceptions and interest in natural 
sweeteners, as well as expert recommendations for their use. Overall, the literature 
indicates a growing demand for natural sweeteners among consumers with diabetes 
and other non-communicable diseases, as these individuals seek to regulate their 
sugar intake. Furthermore, minimal safety risks have been reported regarding the 
consumption of natural sweeteners. Nevertheless, regulatory bodies provide 
guidelines on how to properly use these sweeteners by providing acceptable daily 
intake (ADI) recommendations. Future studies can provide insight into long-term 
effects and benefits of their use, especially for consumers with sensitivities to 
nutritive sweeteners and other dietary restrictions.

Keywords: natural sweeteners, safety of natural sweeteners, sugar alternatives, non- 
caloric sweeteners, consumer interest in natural sweeteners, non-nutritive 
sweeteners

1. Introduction

Natural sweeteners are compounds that occur naturally and can be used for this 
purpose. They come in various forms, such as syrups or powders. Sweeteners, in 
general, have gained popularity due to their low caloric content [1]. The idea of what 
is considered natural is largely contested and lacks a singular definition in the 
literature. Furthermore, what is considered natural in one part of the world is not the 
same in another [2]. Despite the lack of definition, the literature still shows that 
consumers appreciate products that are labeled natural compared to those that are 
artificial. Noting what is considered natural provides insight into product 
formulation and consumer perceptions of such products [3]. Consumers desire 
products that they believe are minimally processed and healthy [4].
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Sweeteners and sugars have multiple functions in food. For example, they act as 
binding agents, stabilizers, colorants, and more. The most common type of 
sweetener found in foods is sucrose, a naturally occurring carbohydrate. Sucrose 
provides energy and sweetness in foods and is therefore considered a nutritive or 
caloric sweetener due to its chemical structure as a carbohydrate. These sugars can be 
further categorized as monosaccharides, disaccharides, oligosaccharides, and 
polysaccharides, which are different types of carbohydrates [5]. Not everything that 
tastes sweet is classified as a sweetener; it is the chemical structure or composition 
that determines what is considered a sweetener. Another category of sweeteners 
includes sugar alcohols or polyols. These are naturally occurring in fruits and 
vegetables and are typically synthesized through the hydrogenation of 
carbohydrates. Sugar alcohols tend to be poorly absorbed by the body, even though 
they provide fewer calories compared to other categories of sweeteners. Consuming 
these sweeteners in high amounts can have laxative effects [5].

Artificial sweeteners have become increasingly popular among consumers and 
food industry manufacturers. They can be used to sweeten foods, coat medicines, 
and serve other purposes. Artificial sweeteners are created through chemical 
processes. They were first introduced to the United States in the 1950s and have since 
grown in use and interest among US consumers [6]. As their name suggests, artificial 
sweeteners are man-made and differ from natural sweeteners in several ways. 
Artificial sweeteners tend to be much sweeter than caloric and/or nutritive 
sweeteners, such as sucrose. Due to the role of sweeteners in foods, artificial 
sweeteners are often used alongside other ingredients, like fillers and anticaking 
agents. Some studies [6–8] show that fillers, such as maltodextrin, are responsible for 
intestinal inflammation and changes to the microbiota in the gut. Regulatory 
agencies, such as the U.S. Food and Drug Administration (FDA), have provided 
guidelines on the use of artificial sweeteners and have issued a list of approved 
artificial sweeteners, which include Aspartame, Acesulfame potassium (Ace-K), 
Sucralose, Neotame, Advantame, and Saccharin [6].

This chapter specifically focuses on consumer interest and the safety of natural 
sweeteners. It also explores some of the most common types of natural sweeteners, 
how they differ from other sweeteners, technological challenges, and expert 
recommendations for their use.

2. Most common natural sweeteners and their sources

Natural sweeteners have gained popularity among US consumers and have been 
incorporated by the food industry into product formulations. Other countries have 
also guided the use of these natural sweeteners for industry personnel by providing 
approval or safety status, such as “Generally Recognized as Safe (GRAS),” “not 
approved,” or “not specified.” Table 1 provides a summary of some of the most 
common natural sweeteners, along with their common uses, sweetness levels, and 
their approval or safety status [1, 6].

2.1 Allulose

Allulose (see Figure 1), also known as psicose, is produced through the enzymatic 
conversion of fructose (a type of sugar often derived from fruits) to allulose in the 
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presence of the enzyme D-Allulose 3-epimerase. In nature, it is found in trace 
amounts in Itea (a type of flowering shrub), wheat, and some bacteria [9]. Allulose 
has 70% of the sweetness compared to sucrose (table sugar). Additionally, allulose 
typically browns faster than table sugar [10].

The low conversion yield of allulose during production negatively impacts the 
economic and technical yield of the sweetener. During the production of allulose, 

Name of 
a natural 
sweetener

Source Types of food 
commonly used in

Level of 
sweetness 
in 
comparison 
to sucrose

Approval status References

Allulose Enzymatic 
production 
of fructose

Dried fruits, sea
sonings, bev
erages, and baked 
goods

70% Approved in China and 
Japan. GRAS status in the 
United States

[9, 10]

Monk fruit Siraitia 
grosvenorii

Matcha powders, 
beverages

300 times Approved in the United 
States, Canada, Japan, and 
Australia

[15–18]

Thaumatin Plant protein 
(Katemfe 
fruit)

Chewing gum 2,000 to 
3,000 times

Approved in the European 
Union

[15, 21, 22]

Tagatose Some fruits 
and dairy 
products

Ice cream, cereals 90% GRAS status in the United 
States

[11, 14]

Stevia 
glycosides

Stevia 
rebaudiana

Sodas, water, ice 
cream, baked 
goods

Depends on 
the type of 
glycoside

Approved in the European 
Union and the United 
States

[18, 23, 30]

Trehalose 
glycyrrhizin

Fungi, algae, 
yeast, and 
other plants, 
Glycyrrhiza 
glabra

Baked goods, cer
eals, pasta, dairy 
products, season
ings, confection
ery, beverages

45%–50% GRAS status in the United 
States, approved in the 
European Union, 
Australia, Japan, and 
Brazil; GRAS status in the 
United States, approved in 
Japan, the European 
Union, and China

[25, 31, 32]

Table 1. 
Common natural sweeteners summary table. 

Figure 1. 
Chemical structure of allulose.
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about 30%–41% yield is attained from the Kiliani-acetonation sequence, a process 
used to synthesize new sugars [9].

Allulose has several physiological functions, including anti-hyperglycemic 
effects, anti-hyperlipidemic effects, anti-inflammatory effects, and neuroprotective 
effects. Some of the health benefits include enhancing insulin resistance, reducing 
body fat accumulation, and other antidiabetic effects. Allulose promotes gelling in 
foods and increases flavor while reducing the extent of oxidation during the Maillard 
browning process [9].

2.2 Tagatose

Tagatose (D-tagatose) is a low-calorie sweetener that is often used as an 
antidiabetic. Its natural occurrence has been observed in several sources, such as the 
gum exudates of Sterculia setigera, the oligosaccharides of lichen belonging to Rocella 
species, and, finally, in trace amounts in foods such as powdered milk, yogurt, and 
other dairy products [11]. Figure 2 shows the chemical structure of D-tagatose.

Tagatose is an excellent Maillard-reactive reducing sugar [12], which is beneficial 
for manufacturers and consumers preparing browned products, as it adds a rich 
brown color that is often observed in baked foods such as cookies, seared meats, or 
toasted bread. Tagatose also enhances flavor by producing flavor notes that are nutty 
or caramel-like [10]. However, excessive browning of tagatose can produce 
undesirable flavors and impact shelf-life over time [13]. D-tagatose can be 
chemically or enzymatically produced and has several uses, including as 
a humectant, a stabilizer, a texturizer, and a sweetener [12]. Tagatose, as 
a sweetener, also has probiotic benefits [14]. A literature review on the effects of 
D-tagatose on blood glucose showed that D-tagatose reduced postprandial blood 
glucose rise and glycosylated hemoglobin in patients with type 2 diabetes [15].

2.3 Monk fruit

Monk fruit (Siraitia grosvenorii) is a perennial herb cultivated in the Guangxi 
province of China [16, 17]. Monk fruit has a sweetness level of about 300 times that 

Figure 2. 
Chemical structure of D-tagatose.
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of sucrose. The sweetness of monk fruit comes from mogrosides, which have mogrol 
backbones and glucose units attached as glycosides [18], as illustrated in Figure 3.

Compared to other sweeteners, the availability of monk fruit is not as abundant, 
which impacts how it is processed for distribution to interested markets. Monk fruit 
extract has antioxidant and anti-inflammatory properties [17]. There is little 
evidence that monk fruit affects the gut microbiome. One study found that 
Mogroside V in monk fruit may have prebiotic potential, promoting the growth of 
beneficial bacteria in the digestive tract [19].

The stability of monk fruit extract is based on the type of extract and the pH of the 
storage environment. For example, Monk fruit-25%, Monk fruit-40%, Monk fruit- 
45%, and Monk fruit-50% were observed to remain stable at 25°C for six months, 
while Mogroside V in Monk fruit-25% was unstable at pH 1 and at 2°C–8°C [20].

Monk fruit extracts are not recognized by the body as carbohydrates, which 
means they do not trigger blood sugar or insulin release. A 2025 study found that 
monk fruit extract can reduce postprandial blood glucose levels by 10% to 18% and 
insulin response by 12% to 22% in humans [19].

2.4 Thaumatin

Thaumatin is a natural plant protein composed of Thaumatin I and Thaumatin II 
proteins, along with other plant constituents that often come from acidic, aqueous 
extractions of the aerial parts of the Katemfe fruit, native to the African plant 
Thaumatococcus daniellii [21]. Thaumatin is 2,000 to 3,000 times sweeter than 
sucrose [22].

Khayata et al. [15] found that thaumatin, when used for four consecutive weeks at 
half the average daily intake of sugar, did not cause significant effects on the short- 
or long-term glycemic response in individuals without diabetes. However, in 
individuals with type 2 diabetes, thaumatin indirectly decreased blood glucose 
significantly. The researchers concluded that thaumatin is a safe, natural sweetener 
that can benefit patients with type 2 diabetes. Figure 4 shows the chemical structure 
of thaumatin.

2.5 Stevia glycosides

Stevia glycosides are a group of plant-derived compounds that are often used in 
foods and beverages as sweeteners. Stevia Rebaudiana is a perennial shrub that is 
indigenous to South America. Indigenous peoples have long used the leaves of the 
Stevia plant to sweeten their foods. Stevia glycosides have been found to exhibit very 
potent antidiabetic activity [1, 23, 24]. Figure 5 illustrates the chemical structure of 
stevioside, a major Stevia glycoside.

2.5.1 Trehalose

Trehalose, a naturally occurring disaccharide, is composed of two glucose 
molecules, as shown in Figure 6. It is commonly found in plants, animals, insects, 
fungi, and bacteria. Due to the chemical structure of trehalose, the sugar does not 
brown in Maillard reactions because of the absence of free aldehyde groups that are 
often present in reduction reactions [25]. Trehalose shows limited impact on 
glycemic indices [26].
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Figure 3. 
Chemical structure of mogroside V.
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Figure 4. 
Chemical structure of thaumatin.

Figure 5. 
Chemical structure of stevioside, a major stevia glycoside.
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2.5.2 Glycyrrhizin

Glycyrrhizin, also known as licorice, is derived from the licorice plant, 
Glycyrrhiza glabra L. As shown in Figure 7, glycyrrhizin is a triterpene glycoside, 
joined to a disaccharide of glycyrrhizic acid [27].

Glycyrrhizin is said to have antioxidant, anti-inflammatory, and 
immunosuppressive properties [28] and is also used for other purposes due to its 
medicinal properties, such as in cough syrup and in the treatment of stomach ulcers 
and constipation. With a sweetness level of 30–50 times that of sucrose, glycyrrhizin 
has no impact on the glycemic index. No acceptable daily intake (ADI) is currently 
established for it; however, the European Union has suggested a limit of 100 mg 
per day [29].

Table 1 provides a list of seven common natural sweeteners, their sources, the most 
common types of foods they are found in, their level of sweetness in comparison to 
sucrose, and their approval or safety designation in several countries and regions.

2.6 Classification of natural sweeteners as additives

Natural sweeteners are termed as such due to their source [33]. They can be 
further classified into other categories, such as “nutritive, including polyols, rare 
sugars, honey, maple syrup, agave, and nonnutritive, which include steviol 
glycosides, rebaudiosides, Luo Han Guo (Monk fruit), and thaumatin” [33]. Non- 
nutritive sweeteners (NNS) are usually used in place of refined sugar and can be 
sourced either naturally or artificially. Natural sweeteners tend to exhibit diverse 
physicochemical properties, which determine how they can be used. These 
properties can range from solubility and color to pH [34].

As food additives, natural sweeteners must be approved by authoritative 
organizations, such as the Food and Agriculture Organization (FAO), the Joint 
Expert Committee on Food Additives (JECFA), the European Food Safety Authority, 

Figure 6. 
Chemical structure of trehalose.
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the Food and Drug Administration (FDA), and other region or country-specific 
organizations. These organizations prescribe ADIs for each type of natural 
sweetener, or the amount that is acceptable with minimal risk [35].

2.7 Vegan or plant-derived sweeteners

Another category of sweeteners is vegan sweeteners, which are derived from 
plant sources rather than being synthesized by bacteria. Many natural sweeteners fall 

Figure 7. 
Chemical structure of glycyrrhizin.
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under the vegan category and can help reduce blood sugar spikes due to their low 
glycemic index. Additionally, they offer other health benefits, such as providing 
vitamins and minerals. These sweeteners are particularly beneficial for consumers 
who prefer vegan options. Some commercially available vegan sweeteners in syrup 
form include Manuka honey, yacon root syrup, maple syrup, brown rice syrup, date 
syrup, agave nectar, corn syrup, and palm syrup [36].

3. Food safety considerations of natural sweeteners

Food safety, like any edible product, is affected by factors such as storage 
conditions and methods of consumption. Food safety describes the scientific and 
methodological approaches that are used to ensure the safety of food and to prevent 
foodborne illnesses or any other adverse impacts on health [37]. Most regulatory 
authorities have established that there are minimal to no dangers associated with the 
consumption of natural sweeteners when they are consumed within the specified 
limits, that is, their ADIs [see 20, 22, 38].

While some sweeteners are approved for use in certain countries, they remain 
unapproved in others and are still under evaluation for consumer safety. In the 
United States, for example, several natural sweeteners have received the categorical 
label of “Generally Recognized as Safe” or GRAS to signal to food manufacturers 
(and consumers) that the sweetener can be used in product formulations pending 
additional research [39].

Consumers tend to have a positive outlook on natural sweeteners in foods. The 
less processed the food is, the better it is for a growing number of consumers around 
the world [40]. Other aspects are coming into play when it comes to foodstuffs, 
including the price and taste of a food. Safety concerns in the production or 
processing of natural sweeteners have been the number one hindrance in the move 
toward natural sweeteners in the food industry [40].

Many artificial sweeteners have been linked to causing adverse impacts on health, 
such as disruptions to the gut microbiome, laxative effects, and, more seriously, 
increasing the risk of carcinogenic effects [41, 42]. For consumers, these adverse 
effects from the consumption of artificial sweeteners may be translated to natural 
sweeteners and could affect market saturation due to negative perceptions of sugar 
alternatives. It is, therefore, significant for industry professionals to advocate for 
natural sweeteners, especially relying on the fact that these sweeteners are produced 
naturally and not artificially. Studies conducted to understand consumer perception 
and preference for natural versus artificial sweeteners show that “consumers have 
received natural sweeteners positively, especially consumers who use these 
sweeteners for health purposes. Consumers are eager to purchase products with 
natural ingredients and clean labels, preferably with further functional properties, 
but which do not compromise taste. To achieve this trend, food industries are now 
willing to reformulate their food products to include alternative natural sweeteners 
to sugar” [40].

From a safety perspective, several factors should be considered in 
understanding how consumers use sweeteners. Considerations such as how the 
sweeteners are stored, their shelf life or stability in different environments, 
consumption amounts, the individual consumer’s tolerance to sweeteners, the 
water activity [50], and other factors play an important role in determining how 
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safe they are. It is not merely the product formulation but also how the consumer 
uses the sweetener that determines the level of safety. However, the burden of 
safety is also on the manufacturers to utilize clear labeling on how to properly store 
these sweeteners and how to use them to prevent adverse impacts on health. Some 
consumers are sensitive or intolerant to certain types of sugars. This is due to the 
body’s inability to break down certain types of sugars or the maldigestion of 
carbohydrates [43]. Intolerances to table sugar, for example, can cause symptoms 
such as nausea, vomiting, bloating, and stomach pain [44]. Food manufacturers 
must be transparent about their formulations by listing the type of sweetener or 
sugar that is used in a product. It is therefore a safety concern for consumers and 
an important factor for manufacturers to list ingredients, along with other products 
that have been processed in the same facility as these sweeteners. Table 2
provides a list of common natural sweeteners and the recommended daily intake 
and/or the amount recognized as safe.

Generally, there are minimal adverse impacts on health from natural sweeteners. 
However, even specified amounts can cause minimal health issues. Tagatose, for 
example, is a malabsorbed sugar in the small intestine due to its structure [11]. 
This presents a considerable food safety risk for consumers, although it does not 
make the sugar dangerous for consumption. It also means that greater regulation is 
warranted on how tagatose is used in foods to protect consumers from the undue 
impacts of the sweetener on their small intestine and gut health in general. Table 2
shows information that should be readily available to consumers to mitigate the risk 
of gut inflammation due to natural sweeteners like tagatose, as growing interest, 
demand, and use of natural sweeteners in foods continue to increase [40].

4. Expert recommendations on the use of natural sweeteners

Organizations such as the World Health Organization (WHO) and country- 
specific organizations advise the use of natural sweeteners up to a particular level. 
The WHO recognizes the need to reduce obesity and body mass index, which have 
increased due to the growing number of people who are overweight around the 
world. Furthermore, the WHO states that noncommunicable diseases, such as 
cardiovascular diseases and type 2 diabetes, are some of the risk factors that are 
heightened due to obesity. High levels of free sugar intake are often associated with 

Natural sweetener Amount recognized as safe References

Allulose Not specified

Monk fruit Not specified

Thaumatin Not specified

Tagatose 45 g/day or 0.75 g/kg body weight/day [11]

Stevia glycosides 4 mg/kg body weight [38]

Trehalose 
Glycyrrhizin

Not specified 
Not specified

Table 2. 
Recommended intake of some natural sweeteners. Many natural sweeteners have been recognized as safe due to 
the body’s ability to absorb rather than digest these natural sweeteners [20]. 
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poor dietary quality. This has emphasized the importance of consuming sugar-free 
foods and non-sugar sweeteners to mitigate these risk factors [38].

The WHO published conditional recommendations for using non-sugar 
sweeteners as a means of achieving weight control or reducing noncommunicable 
diseases. The WHO includes several artificial sweeteners and natural sweeteners 
such as Stevia and Stevia extract. These recommendations were based on systematic 
reviews conducted to assess the overall health effects of consuming non-sugar 
sweeteners in individuals, including pregnant women [38].

Overall, the literature shows more statements by authoritative and scientific 
advisory boards on nonnutritive sweeteners of artificial origin than on natural 
sweeteners. The American Heart Association, for example, in 2012 made statements 
advising consumers on NNSs from both natural and artificial sources. Many times, in 
the literature, these NNSs are permissible, albeit through serving suggestions [42].

The International Sweeteners Association (ISA) states that sweeteners are some 
of the most intensively researched ingredients, and their safety has been confirmed 
by global food safety organizations, including the European Food Safety Authority, 
the U.S. FDA, and the JECFA of the FAO/WHO. The association asserts that the 
consumption of approved sweeteners is safe for all population groups based on 
extensive research [30, 45].

Regarding low- or no-calorie sweeteners, the association provides guidance for 
consumers in European countries on how to identify these sweeteners in food 
products. Food labels typically include the term “sweetener” along with an 
E-number, which indicates that the ingredient or additive is considered safe within 
Europe. To reassure consumers about the safety of no-calorie sweeteners, the 
association notes that certain NNSs, like aspartame, undergo reevaluation as part of 
a scientific risk assessment process to reconfirm their safety [30, 45].

5. Technological challenges and benefits of using natural sweeteners

Food industry professionals consider the following properties and others when it 
comes to using natural sweeteners in foods, including the sweetener’s ability to 
withstand diverse gradients and formulations, stability at different temperatures, 
lack of carcinogenic effects, high yield in the production process, and affordability, 
along with other properties. This is because replacing sucrose with a natural 
sweetener contributes to more than just sweetness in a product. Sucrose provides 
mouthfeel, bulking, freezing point depression, browning, antioxidation (in meats), 
curdling of milk, aroma, texture, color, and viscosity [45, 46]. Replicating the 
multifunctionality of sucrose presents several technological challenges in food 
formulations that use natural sweeteners. For example, while stevia glycosides, 
monk fruit extracts, and other sugar alcohols have been approved by regulatory 
agencies, there are still technological challenges associated with their use in food 
formulations. These sweeteners often cannot be used alone in food products and 
typically require a combination with other ingredients. For instance, stevia 
glycosides are known to have a bitter, licorice-like taste and a metallic aftertaste, 
particularly at high concentrations and in acidic combinations. Similarly, monk fruit 
extract may leave a persistent sweet aftertaste with a mild herbal undertone. 
Thaumatin, on the contrary, has a delayed onset, resulting in a prolonged sweetness 
that disrupts the overall flavor profile [47].
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Natural sweeteners are used not only in the food industry but also in the 
pharmaceutical industry to coat medications and pills. In the food industry, natural 
sweeteners are used in the preparation of desserts, candies, juices, chewing gum, and 
other food items [48].

With growing interest in sugar-free products, consumer interest in sugar 
substitutes is increasing [40]. Furthermore, the health benefits of sugar-free 
products have provided incentives for consumers to desire sugar-free products, 
especially consumers with diabetes and other noncommunicable diseases. However, 
consumers have expressed concern following previous links between sugar 
substitutes and cancer. Scientific evidence has dispelled some of these 
misconceptions through organizations such as the WHO and the U.S. FDA [38].

The Asian market is especially noteworthy, as many natural sweeteners are 
currently being used and/or have been approved for use by regulators [25, 49]. 
A major hindrance to the use of natural sweeteners in other parts of the world is the 
production expenditure of certain sugar substitutes, which have overall lower output 
during production [9]. The United States, South Korea, and Japan, for example, have 
seen a viable market for Allulose through its adoption in foods and beverages. China, 
however, has begun using Allulose as a healthier alternative sweetener in foods, 
making the market for Allulose greatest in China [49].

Another issue of concern for the market retainability of sugar substitutes is the 
functionality of natural sweeteners. Sugar, especially sucrose (table sugar), functions 
as a flavor enhancer, a texture preserver, and provides structural integrity to a food 
product. Replacing sugar does impact these components of a food, therefore 
requiring its use alongside other compounds, which can be expensive for food 
manufacturers [9]. Replacing sucrose in product formulations has technological 
implications related to functional properties such as bulking, texture, moisture 
retention, and browning. Not all natural sweeteners are able to replace these 
properties in foods. For food scientists, achieving desirable structural and 
physicochemical properties is a challenge, which in turn limits how consumers and 
manufacturers adopt alternative sweeteners [50].

Moreover, natural sweeteners and other sucrose replacements also affect various 
technological processes and sensory attributes in baked products. These include 
starch gelatinization, pasting behavior, and swelling properties. When these 
attributes are affected, they can impact the overall appearance and acceptability of 
the final product for consumers and manufacturers [51].

When it comes to sugar alcohols as types of natural sweeteners, they have notable 
physicochemical effects and cause changes in sensory attributes, especially during 
storage. One study on how the compositional properties of foods are affected by 
storage time showed that sensory attributes changed over time, including variations 
in color, slow degradation rates, and faster decomposition depending on the type of 
natural sweetener [52]. These physicochemical properties make it difficult for food 
manufacturers to develop product formulations that extend shelf life while 
minimizing sensory impacts on the products.

6. Conclusion(s)

Sweetness is one of the most basic flavors in the human diet. With the growing 
interest in consumer safety, both manufacturers and consumers have sought 
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alternatives to sugary foods, using artificial and natural sweeteners. However, 
researchers have found that artificial sweeteners may negatively impact consumers’ 
health by increasing the risk of cardiovascular diseases. In contrast, many natural 
sweeteners are considered to have minimal adverse impacts on health.

This chapter provides an overview of safety concerns regarding natural 
sweeteners, emphasizing ongoing research to evaluate their potential health impacts, 
while also discussing some of the most common natural sweeteners and their current 
usage by consumers and the food industry. Governing bodies around the world have 
offered guidance for their use by categorizing them as either approved or GRAS, 
which indicates their safety levels.

Consumers who are sensitive to specific sweeteners may want to know how these 
sweeteners are labeled, including their ADI values and any other ingredients used to 
stabilize or alter the texture of natural sweeteners. Therefore, it is important for 
labels to be accurate and clear to avoid putting consumers with sensitivities at risk. 
Further studies can explore the long-term effects of natural sweeteners on the health 
of consumers.
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Natural Preservation and Health 
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Abstract

Plant-derived antioxidants have gained significant attention in recent years due to 
their dual role in promoting human health and enhancing food preservation. This 
chapter explores the key natural sources of antioxidants, their mechanisms of action, 
and their effectiveness in extending shelf life and preventing spoilage in food 
systems. Emphasis is placed on the health-promoting properties of these compounds, 
including their role in mitigating oxidative stress, preventing chronic diseases, and 
supporting immune and cognitive functions. The chapter also examines modern 
extraction methods – such as ultrasound-assisted and supercritical fluid extraction – 
that influence antioxidant yield and stability. Regulatory considerations in the USA 
and EU are discussed, highlighting the importance of truthful labeling and safety 
standards. Finally, the chapter addresses challenges such as stability, standardization, 
and large-scale production, while outlining future trends involving biotechnology 
and nanotechnology. Overall, plant-derived antioxidants represent a sustainable and 
multifunctional approach to improving food safety and human health.

Keywords: functional foods, natural preservatives, oxidative stress, plant-derived 
antioxidants, polyphenols

1. Introduction

Plant-derived antioxidants have gained increasing attention for their ability to 
prevent oxidative damage in both food products and biological systems. Oxygen, 
though essential for metabolism, can lead to the formation of reactive oxygen species 
(ROS), reactive nitrogen species (RNS), and various free radicals, which trigger lipid 
oxidation in foods and oxidative stress in living cells [1–3]. These oxidative processes 
reduce food quality, promote rancidity, and contribute to the development and 
progression of chronic diseases such as diabetes, cardiovascular diseases, 
neurodegenerative disorders, and cancer [1–12]. Plant-derived antioxidants, 
naturally occurring in fruits and vegetables, neutralize free radicals and interrupt 
chain reactions involved in oxidative degradation [13]. While synthetic antioxidants, 
such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), have 
long been used in the food industry, growing safety concerns have led to a shift 
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toward natural alternatives, including vitamin C, vitamin E, lycopene, and various 
polyphenols [1, 13]. These compounds not only enhance food shelf life but also 
contribute to disease prevention, highlighting their value in functional foods.

Reactive species arise both exogenously, from environmental factors such as 
pollution, radiation, and diet, and endogenously, through regular cellular 
metabolism [2]. When their production exceeds the body’s antioxidant defenses, 
oxidative stress occurs, disrupting cellular signaling and function [2, 4, 5]. To 
counteract this, organisms have developed a three-line antioxidant defense system: 
first-line endogenous enzymes such as glutathione peroxidase (GPx), catalase 
(CAT), and superoxide dismutase (SOD) neutralize radicals directly; second-line 
low-molecular-weight dietary antioxidants such as glutathione, carotenoids, 
flavonoids, vitamin C, and vitamin E scavenge radicals and maintain redox 
homeostasis; and third-line repair/removal systems restore cellular function by 
eliminating or replacing oxidized biomolecules [2].

In addition to their biological roles, antioxidants are widely employed in the food, 
nutraceutical, and pharmaceutical sectors to prevent oxidative spoilage, preserve 
quality, and prolong shelf life [14, 15]. In vitro assays such as 2,2-diphenyl- 
2-picrylhydrazyl (DPPH), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS), ferric reducing antioxidant power (FRAP), cupric ion reducing antioxidant 
capacity (CUPRAC), and superoxide, hydroxyl, and nitric oxide radical scavenging 
assays are frequently used to assess antioxidant effectiveness [14, 15]. However, 
differences in sensitivity and specificity among these methods complicate 
comparisons across studies.

Despite advances, standardized and universally recognized methods for 
measuring antioxidant capacity remain lacking, making it challenging to assess 
effectiveness in complex matrices [14, 15]. Furthermore, while plant-derived 
antioxidants show strong radical scavenging in vitro, their clinical efficacy in 
humans is often limited by bioavailability, metabolic transformations, and 
interactions with other dietary components [2, 3]. More research is also needed to 
evaluate the safety, delivery methods, and long-term therapeutic potential of 
enzyme mimics and nanozymes, which remain underutilized [2]. A conceptual gap 
exists, as many reviews focus narrowly on antioxidant chemistry, biological 
functions, or measurement techniques without integrating information on natural 
sources, extraction processes, and quantification instruments, complicating the 
development of a comprehensive framework for antioxidant science [16].

In food systems, oxidative stress damages lipids, proteins, and other 
macromolecules, causing rancidity, off-flavors, discoloration, and reduced 
nutritional value [7]. This accelerates spoilage, particularly in animal-derived foods 
such as meat and milk. Diets rich in plant-derived antioxidants from fruits and 
vegetables can counteract oxidative stress, improve health outcomes, and reduce 
disease risk [5, 8–11, 17]. Growing consumer demand for clean-label and health- 
promoting foods has led the industry to replace synthetic additives with natural 
antioxidants from fruits, vegetables, herbs, and spices [18–23].

These natural compounds enhance food quality, extend shelf life, and offer 
potential health benefits. For example, radish leaf extracts and fruit flours improve 
antioxidant properties, texture, stability, and nutritional content in products like 
mayonnaise and meat substitutes [20, 24]. Other plant-derived antioxidants, 
including rosemary, citrus, oregano, and leafy greens, preserve the color, flavor, and 
safety of meat products, often matching or surpassing synthetic alternatives while 
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enhancing consumer acceptance [18, 19, 21, 23, 25, 26]. Numerous compounds, such 
as polyphenols, flavonoids, and vitamins, also exhibit antiinflammatory, 
antimicrobial, and immune-modulating properties [24, 27–30]. While in vitro and 
animal studies show promising results, health benefits in humans depend on 
metabolism and bioavailability, and some clinical trials yield contradictory findings 
[28, 29].

2. Mechanisms of antioxidant action

Antioxidants use several interconnected mechanisms to protect cells from 
oxidative damage. The most direct action is scavenging ROS and free radicals by 
donating electrons or hydrogen atoms, thus neutralizing these harmful molecules 
and preventing cellular injury [31–33]. Numerous antioxidants, including 
polyphenols and bioactive peptides, can also activate the Kelch ECH associating 
protein 1 (Keap1)-nuclear factor erythroid 2–related factor 2 (Nrf2) signaling 
pathway: this leads to the release and nuclear translocation of the Nrf2 transcription 
factor, which then upregulates genes encoding antioxidant enzymes like SOD, GPx, 
and others, boosting the cell’s own defense systems [34–38]. Some antioxidants can 
chelate metal ions (like Fe2+), reducing their ability to catalyze the formation of 
additional free radicals [33, 34]. Others, such as caffeine and its metabolites, 
participate in a cascade effect, not only scavenging radicals but also repairing 
oxidized biomolecules and regenerating other antioxidants [32]. Recent research has 
revealed novel mechanisms, such as the oxidation of hydrogen sulfide to polysulfides 
by polyphenols and anthocyanins, which generates secondary cytoprotective 
molecules and triggers further protective cellular responses [39, 40]. Additionally, 
the synergistic action of different antioxidants, for example, the combined effects of 
quercetin and catechin, can regulate microRNAs and inhibit negative regulators like 
BACH1, further amplifying antioxidant protection [38]. In summary, antioxidant 
action involves a combination of direct chemical neutralization of ROS, activation of 
endogenous defense pathways, metal ion chelation, repair of damaged molecules, 
and modulation of cellular signaling networks [31–40].

3. Major classes of plant-derived antioxidants and their natural sources

Plants produce a wide range of secondary metabolites that are not directly involved 
in plants’ growth, development, or reproduction. However, they are essential for 
plant defense, ecological balance, and human health (Table 1). Many secondary 
metabolites, such as flavonoids, alkaloids, and terpenoids, show strong antimicrobial 
and antiviral activities, including potential action against pathogens like SARS-CoV-2 
and bacteria. For instance, molecular docking studies of 4,704 plant secondary 
metabolites revealed that triterpenoids, flavonoids, anthocyanidins, and flavonol 
glycosides strongly interact with key SARS-CoV-2 proteins involved in viral entry and 
replication, indicating potential antiviral roles for these compounds [41]. Another study 
found that flavonoids such as dalpanitin and vicenin-3, isolated from Derris scandens, 
showed notable antimicrobial activity against Staphylococcus aureus, E. coli, and 
P. aeruginosa, with minimum inhibitory concentrations (MICs) as low as 23 μg/mL, 
further validating the therapeutic potential of plant-derived secondary metabolites [42]. 
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The coumarin compound daphnetin significantly reduced virulence in Ralstonia 
solanacearum by inhibiting extracellular polysaccharide (EPS) production and biofilm 
formation, indicating its role as a natural antivirulence agent [43]. Similarly, various 
alkaloids, including ungeremine, lycorine, and others isolated from Crinum glaucum, 
demonstrated antibacterial properties, with ungeremine showing the most potent 
activity (MIC = 8 μg/mL) against Enterococcus faecalis and Pseudomonas aeruginosa [44]. 
Finally, methanol and dichloromethane extracts of Capparis spinosa revealed the 
presence of 21 secondary metabolites (e.g., flavonoids, glucosinolates, alkaloids, 
triterpenes) that exhibited strong antioxidant and enzyme inhibition activities, 
supporting its traditional use and potential for novel bioactive drug development [45].

Many of these secondary metabolites also act as antioxidants, helping to 
neutralize harmful free radicals. Plant-derived antioxidants are a diverse group of 
compounds that help protect cells from oxidative damage. Phenolic compounds, 
especially flavonoids, are potent antioxidants found in a wide range of plants. This 
has been supported by several studies. One study highlighted that fruits, vegetables, 
seeds, and nuts accumulate phenolic compounds with significant reducing capacity, 
confirmed through Folin-Ciocalteu and other antioxidant assays, and identified 
flavonoids such as flavonols and flavanones as key contributors [47]. In another 
investigation, methanolic extracts of Capparis spinosa were found to contain high 
levels of phenolics and flavonoids, which strongly correlated with radical scavenging 
activity and other bioactive properties [44]. Research on bamboo revealed the 
presence of 97 flavonoids and emphasized their dietary significance, illustrating the 
widespread distribution of these compounds in the plant kingdom [50]. 
Furthermore, a study using Solidago nemoralis hairy root cultures demonstrated that 
nanoharvested polyphenolic flavonoids exhibited strong antiradical (antioxidant) 
activity, confirming their biological functionality [46]. Lastly, although primarily 
focused on anticancer activity, a study on Origanum vulgare characterized its extract 

Class of 
metabolite

Subtypes Natural sources Biological functions Reference

Phenolics Flavonoids, phenolic 
acids, tannins

Fruits, vegetables, 
and medicinal plants

Antioxidant, antimicro
bial, antiinflammatory

[44, 
46–51]

Alkaloids Lycorine, ungeremine, 
ambelline

Medicinal plants (e.g., 
Crinum glaucum)

Antimicrobial, therapeutic [44, 45]

Terpenoids Triterpenoid, monoter
penes, sesquiterpenes

Herbs, roots, leaves Antiviral, antiinflamma
tory, aromatic properties

[41, 44, 
49]

Coumarins Daphnetin Various plants Plant defense against 
pathogens; antimicrobial

[43]

Glucosinolates Various glucosinolate 
derivatives

Capparis spinosa, 
Brassicaceae family

defense mechanisms, 
health benefits

[44, 52]

Quinones Alkannin, shikonin, 
asperpentyn

Roots of 
Boraginaceae, 
endophytes

antimicrobial, wound 
healing

[53, 54]

Steroids and 
saponins

β-sitosterol, saponins Medicinal plants antimicrobial, health- 
promoting activities

[44, 45]

Table 1. 
Major classes of plant secondary metabolites, their examples, natural sources, and biological functions. 
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as rich in plant secondary metabolites and demonstrated its safety and bioactivity, 
supporting the therapeutic relevance of such compounds [51].

Secondary metabolites are the basis for many traditional medicines and are being 
explored for drug discovery and therapeutic applications. This is exemplified by 
studies on ethnopharmacologically important plants, such as those used in Sri 
Lankan traditional medicine, where bioactivity-guided screening identified potent 
antimicrobial flavonoids like dalpanitin and vicenin-3 from Derris scandens, 
demonstrating measurable antibacterial effects against pathogens, including 
Staphylococcus aureus and E. coli [42]. Likewise, Capparis spinosa L. extracts, rich in 
flavonoids and phenolics, exhibited strong antioxidant properties alongside enzyme 
inhibition relevant to neurodegenerative and metabolic diseases, validating its 
traditional use and highlighting its potential in drug design [44]. In Alkanna 
tinctoria, alkannin and shikonin – secondary metabolites with antimicrobial, 
antitumoral, and wound-healing properties – were shown to be influenced by 
beneficial root endophytes, suggesting the promise of biotechnological enhancement 
of therapeutic compound production [54]. Transcriptome analysis of the endangered 
medicinal plant Nardostachys jatamansi revealed high expression of genes involved in 
phenolic and terpenoid biosynthesis, with environmental factors modulating 
metabolite levels linked to therapeutic effects, offering sustainable approaches to 
medicinal compound production [49]. Further, bioactive metabolites from the 
fungal endophyte Curvularia sp., isolated from Sapindus saponaria L., demonstrated 
antioxidant and enzyme inhibitory activities, identifying (-)-asperpentyn as 
a compound of pharmaceutical interest [53]. Investigations of Crinum glaucum leaf 
extracts revealed potent antibacterial alkaloids like ungeremine with low MIC values 
against pathogens, scientifically validating its traditional medicinal applications 
against infections [45]. Lastly, a hydroalcoholic extract of Origanum vulgare 
L. showed selective anticancer activity by inducing apoptosis and necroptosis in 
melanoma cells without toxicity to healthy cells, underlining the therapeutic 
potential of plant secondary metabolites in cancer treatment [51]. Collectively, these 
findings underscore the critical role of plant and microbe-derived secondary 
metabolites in traditional medicine and their expanding utility in modern 
pharmacology and drug discovery. The production of secondary metabolites is often 
regulated by environmental factors, plant-microbe interactions, and specific genetic 
pathways, such as those involving transcription factors in Salvia miltiorrhiza or 
endophytic bacteria in Alkanna tinctoria [48, 49, 54].

4. Major classes of plant-derived antioxidants: Natural sources, 
functional roles, and food industry applications

Plant-derived antioxidants, including polyphenols, flavonoids, phenolic acids, 
carotenoids, and other secondary metabolites, are among the most extensively 
studied natural compounds due to their proven ability to stabilize foods, inhibit 
oxidative reactions, and enhance overall shelf life [55, 56]. Their antioxidant activity 
is primarily governed by hydrogen atom transfer (HAT) and single electron transfer 
(SET) mechanisms, through which these compounds neutralize free radicals and 
ROS, thereby interrupting oxidative chain reactions in biological and food systems 
[55, 56]. Phenolic compounds form the largest and most diverse category of such 
antioxidants and include subclasses such as flavonols, flavones, anthocyanins, 
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biflavonoids, hydroxybenzoic acids, and hydroxycinnamic acids – each contributing 
distinct radical-scavenging properties [55, 56]. Numerous studies have demonstrated 
strong correlations between total phenolic content (TPC), total flavonoid content 
(TFC), and antioxidant capacity assessed using widely applied assays such as DPPH, 
ABTS, FRAP, oxygen radical absorbance capacity (ORAC), and CUPRAC, which 
rely on HAT and/or SET reaction principles [55, 56]. Similar approaches using DPPH, 
ABTS, iron-reduction capacity, hydroxyl radical scavenging, and LDL oxidation 
inhibition assays have been applied to Lamiaceae herb extracts (oregano, rosemary, 
sage, and thyme), showing assay-dependent variations in antioxidant activity and 
highlighting the important role of specific phenolics, such as rosmarinic acid, in 
radical scavenging [57]. The consistency of these findings across plant extracts 
highlights the central role of phenolics and related metabolites in antioxidant 
defense, while also suggesting that the activity may not always be fully predicted by 
TPC alone [55–57].

For instance, Ficus carica latex from different cultivars exhibited high TPC that 
corresponded directly with increased DPPH, ABTS, and FRAP values, confirming 
the key contribution of phenolics to antioxidant capacity [58]. This trend is 
consistent with results from Taraxacum officinale, Eryngium foetidum, Trifolium 
pratense, T. repens, Ensete superbum, multiple wild edible species, and Lamiaceae 
herbs such as oregano, rosemary, sage, and thyme, whose extracts showed strong 
antioxidant activities as determined by validated analytical methods, including 
Folin–Ciocalteu, FRAP, DPPH, ABTS, UPLC-ESI-MS/MS, and LC–MS/MS [59–62]. 
Similarly, Astragalus armatus extract, rich in rosmarinic and chlorogenic acids, 
demonstrated strong antioxidant activity across multiple assays (CUPRAC, reducing 
power, beta-carotene, hydroxyl radical) and highlights its potential application in 
food, cosmetics, and pharmaceutical industries [63]. These findings collectively 
support the established relationship between phenolic concentration, phenolic 
composition, and antioxidant efficacy across diverse plant sources.

These antioxidant activities are closely associated with the presence and 
structural characteristics of hydroxybenzoic and hydroxycinnamic acids, flavonols, 
anthocyanins, flavones, biflavonoids, and related polyphenolic compounds [64–66]. 
Their antioxidant capacity is strongly influenced by the number and configuration of 
hydroxyl groups, which determine their radical-scavenging and reducing abilities 
[65]. Beyond their chemical properties, these natural antioxidants play a crucial role 
in biological systems, protecting against oxidative damage and supporting cellular 
antioxidant defenses [64, 66].

Importantly, plant-derived antioxidants have demonstrated broad applicability 
as natural food additives and preservatives. Citrus aurantium and C. limon peel, Rosa 
canina seed, and various herbs (Sideritis spp., Hypericum perforatum, Origanum 
dictamnus, Mentha pulegium, Melissa officinalis, Mentha spicata, Lavandula 
angustifolia) have been successfully incorporated into dairy products such as yogurt, 
kefir, cream cheese, and vegan yogurt, maintaining acceptable sensory 
characteristics while increasing antioxidant capacity [64]. Fermented dandelion 
extracts have shown enhanced flavonoid content and antioxidant activity, 
highlighting fermentation as a valuable tool for developing functional food 
ingredients [59]. Other promising plant sources, including Eryngium foetidum [60], 
Ficus carica [58], red and white clover [61], wild banana (Ensete superbum) [62], and 
wild edible species [67], also provide natural antioxidant compounds that can be 
used for food fortification, preservation, and nutritional enhancement. Additionally, 
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Antioxidant 
class/subtype

Plant source/ 
species

Observed 
antioxidant/ 
biological 
activity

Method/assay Food 
application

References

Polyphenols 
(flavonoids, 
phenolic acids)

Citrus auran
tium peel, 
C. limon peel, 
Rosa canina 
seed; herbs: 
Sideritis spp., 
Hypericum 
perforatum, 
Origanum 
dictamnus, 
Mentha pule
gium, Melissa 
officinalis, 
Mentha  
spicata, 
Lavandula 
angustifolia

Strong antioxi
dant activity; 
bioavailability 
4–68%

Folin–Ciocalteu, 
FRAP, mass 
spectrometry

Fortification of 
dairy products 
(yogurt, kefir, 
cream cheese, 
vegan yogurt); 
improved sen
sory acceptability 
(~3/5)

[64]

Flavonoids Taraxacum 
officinale 
(dandelion), 
fermented

Enhanced flavo
noid content 
(183.72 mg/g) 
and antioxidant 
activity com
pared to 
unfermented

UPLC-ESI-MS/MS, 
Response Surface 
Methodology

Functional food 
additive: poten
tial for fermented 
foods

[59]

Phenolic  
compounds 
(chlorgenic 
acid, others)

Eryngium  
foetidum 
leaves

ROS and RNS 
scavenging 
(IC50 45–1,000  
µg/mL); high 
antioxidant 
potential

Ultrasound- 
assisted extraction; 
in vitro ROS/RNS 
assays

Natural antioxi
dant additive for 
foods and 
nutraceuticals

[60]

Polyphenols Ficus carica 
latex (18 
cultivars)

Antioxidant 
activity (DPPH, 
ABTS, FRAP): 
highest in 
“White Genoa”

Maceration, ultra
sound-assisted 
extraction (UAE), 
Folin–Ciocalteu

Food supple
ments, natural 
additives, drug 
synthesis 
potential

[58]

Polyphenols Red clover 
(Trifolium 
pratense), 
White clover 
(T. repens)

High antioxi
dant potential; 
increased anti
oxidant enzyme 
activity in cell 
cultures

DPPH, FRAP, 
Spectrophotometry

Functional food 
supplement; 
improves oxida
tive stress 
response in cell 
cultures

[61]

Polyphenols, 
anthocyanins, 
flavonols, fla
vones, biflavo
noids, phenolic 
acids

Ensete 
superbum 
(wild 
banana) peel, 
seed, flower, 
bract

DPPH IC50 
21.97 µg/mL; 
ORAC: 207.97  
µM TE/g; high
est cellular anti
oxidant in bract 
aqueous extract

RP-HPLC, LC/MS- 
ESI-TOF; in vitro 
and ex vivo models

Bract aqueous 
extract is most 
effective; it has 
potential as 
a functional food 
ingredient and 
for pharmaceuti
cal use.

[62]
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Antioxidant 
class/subtype

Plant source/ 
species

Observed 
antioxidant/ 
biological 
activity

Method/assay Food 
application

References

Polyphenols, 
flavonoids

28 wild edible 
plants from 
the Loktak 
Lake wetland 
ecosystem

Antioxidant 
capacity: 1.71– 
263.7 μM TEAC/ 
g; highest in 
Jussiaea repens, 
Gynura 
cusimbua.

DPPH, ABTS, 
FRAP assays

Source of natural 
antioxidant addi
tives, nutritional 
supplements, and 
functional foods

[67]

Polyphenols 
(rosmarinic, 
protocatechuic, 
chlorogenic 
acids; hypero
side, hesperi
din, luteolin, 
quercetin, nar
ingenin, and 
kaempferol)

Astragalus 
armatus

Strong antioxi
dant activity; 
AChE inhibi
tion: 40.25 ±  
1.41 µg/mL; 
neuroprotective 
effects

UAE, LC–MS/MS, 
CUPRAC, beta- 
carotene, reducing 
power, hydroxyl 
radical, molecular 
docking

Applications in 
cosmetics, food 
additives, phar
maceuticals; 
drug-like 
polyphenols

[63]

Table 2. 
Major classes of natural antioxidants: their examples, sources, antioxidant functions, and food industry 
applications. 

Astragalus armatus, rich in rosmarinic and chlorogenic acids, has demonstrated 
strong antioxidant and neuroprotective effects, supporting its potential in both food 
and nutraceutical applications [63].

The practical use of these natural antioxidants improves oxidative stability, 
extends shelf life, enhances nutritional value, and contributes positively to the 
sensory quality of food products. Their bioavailability, effectiveness, and 
compatibility with food matrices make them promising candidates to replace 
synthetic antioxidants in modern food systems. A comprehensive summary of the 
antioxidant classes, plant sources, biological activities, analytical methods, and food 
applications is presented in Table 2.

5. Application of plant-derived antioxidants as preservatives and food 
additives

Natural antioxidants are increasingly used in food preservation to extend shelf 
life, prevent spoilage, and maintain nutritional quality by inhibiting oxidation and 
microbial growth. Oxidative degradation of lipids, proteins, and pigments 
significantly reduces food quality, leading to rancidity, discoloration, and nutrient 
loss. Synthetic antioxidants, including BHA, BHT, tert-butylhydroquinone (TBHQ), 
and propyl gallate, are efficient but are increasingly limited due to safety 
concerns [68].

Plant-derived antioxidants from spices and herbs [69, 70], citrus peels [71], 
edible flowers [72], fruits [73], and wild plants [74] inhibit lipid oxidation and 
enhance oxidative stability in food systems. Spices and herbs, rich in phenolic 
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compounds such as flavonoids, terpenoids, lignans, polyphenolics, carotenoids, 
coumarins, and other bioactive constituents, have long been used to enhance flavor, 
color, and aroma while effectively preventing oxidative rancidity in foods [75]. Their 
antioxidant forms, including ground spices/herbs, extracts, emulsions, and 
encapsulated preparations, help retard lipid oxidation and preserve food quality [75].

Moreover, plant-derived compounds such as essential oils (from Litsea cubeba, 
clove, basil, and thyme), polyphenols (from pomegranate, orange, and banana peels), 
and polysaccharides (from seaweed like Porphyra haitanensis) have demonstrated 
strong antioxidant and antimicrobial activities, making them effective natural 
preservatives [70, 76–84]. These substances can be incorporated directly into foods, 
used in edible films, or encapsulated to improve stability and sensory properties. For 
example, essential oils and peel extracts have been shown to inhibit the growth of 
foodborne pathogens and spoilage bacteria, reduce lipid and protein oxidation in 
meat products, and maintain food quality during storage [70, 77–80, 82–84]. 
A practical example of plant-based preservatives is provided by a study on basil 
(Ocimum basilicum) essential oil [70]. The authors reported that incorporating 
0.2–0.3% basil essential oil into chicken nuggets significantly reduced lipid oxidation 
(lower thiobarbituric acid reactive substances (TBARS) values) while maintaining 
good sensory acceptability. Likewise, clove essential oil extracted from Syzygium 
aromaticum buds, dominated by eugenol (66%), exhibited significant antioxidant 
and antimicrobial activity when incorporated into millet starch edible films, where 
increasing concentrations from 1–3% (w/w) enhanced both antioxidant capacity and 
microbial inhibition, with the 3% formulation showing the strongest effects [79]. 
Similarly, Litsea cubeba essential oil demonstrated strong practical preservative 
potential, with vapor-phase applications inhibiting microbial growth on apples, 
pears, potatoes, and kohlrabi, and concentrations of 1.46–3.52 µL/mL producing 
potent antimicrobial effects, while 500 µL/mL suppressed over 50% of tested 
bacteria and yeasts [80].

Such findings support the growing shift toward natural antioxidants, which not 
only address consumer concerns about the safety of synthetic preservatives but also 
allow the valorization of food industry by-products, such as fruit peels [78]. In this 
context, pomegranate peel extract, rich in punicalagin, has shown strong antioxidant 
and lipid-protective activity in multiple assays, indicating its potential use as 
a natural preservative to reduce lipid oxidation in food products [76].

Building on their functional roles in food preservation and safety, several plant- 
derived antioxidants have also been authorized as food additives, with regulated 
limits for use in various food products. For instance, yellow pigment extracted from 
turmeric (Curcuma longa) rhizomes demonstrates strong antioxidant and 
antimicrobial activities, with oil-soluble pigment at 0.2% (w/w) improving oxidative 
stability in soybean oil, and water-soluble pigment at 3% (w/w) enhancing color, 
flavor, and sensory attributes in chicken breast fillets while reducing microbial load 
and extending shelf-life up to 39 days when combined with gamma irradiation [85]. 
Curcumin (E100), another natural colorant, has been shown to confer color while 
exhibiting bioactivity, and different formulations such as water-dispersible and 
nanoencapsulated curcumin improve its stability and applicability in hydrophilic 
foods like yogurt [85]. Similarly, Indigofera tinctoria leaf extract (ITLE), 
encapsulated with maltodextrin, has been successfully incorporated into ice cream at 
levels of 0–1.8%, with 1.2% providing optimal sensory acceptance [86]. The addition 
of ITLE increased TPC and antioxidant activity, improved color parameters, and 
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influenced textural properties, demonstrating its practical application as a natural 
antioxidant and colorant in food products. In addition, natural indigo dyes derived 
from Indigofera tinctoria have been evaluated for food applications [87]. Analyses 
using UV-Vis spectrophotometry and FTIR showed stable color properties at 
concentrations of 0.002–0.008 mg/mL, with maximum absorption at 550–700 nm 
and strong staining ability at pH ~ 9. FTIR spectra confirmed characteristic 
functional groups, indicating that indigo can be used as a stable natural blue dye in 
foods and beverages, potentially reducing reliance on synthetic dyes [87].

In addition to natural indigo dyes, chamomile (Matricaria recutita L.) essential oil 
has been evaluated as a natural food additive [88]. When incorporated into cakes at 
0.05–0.15%, chamomile essential oil demonstrated significant antioxidant and 
antimicrobial activity, reducing lipid oxidation and inhibiting yeast and mold growth 
over 75 days of storage [88]. While its activity was slightly lower than that of 
synthetic antioxidants and preservatives (TBHQ and potassium sorbate), chamomile 
essential oil maintained sensory quality and offered a safe, natural alternative 
without adverse health effects [88]. Complementary studies using chamomile flower 
powder in broiler diets (1 kg per 100 kg feed) reported improved growth 
performance, enhanced feed efficiency, and reduced mortality, highlighting its 
bioactive richness and safety [89]. Together, these findings indicate that 
chamomile – whether as essential oil or flower powder – possesses functional 
antioxidant and antimicrobial properties that support its application as a natural 
food additive or preservative.

Further supporting the role of plant-based additives, steviol glycosides from 
Stevia rebaudiana – a calorie-free natural sweetener rich in bioactive compounds – 
have undergone extensive safety evaluation by the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) and the Scientific Committee on Food (SCF) 
[90]. An acceptable daily intake (ADI) of 4 mg/kg body weight/day (expressed as 
steviol equivalents) has been established, with toxicological assessments 
demonstrating no carcinogenic, genotoxic, or reproductive/developmental risks 
within this limit [90]. Although steviol glycosides are widely used as natural 
sweeteners and functional ingredients, exposure assessments indicate that the ADI 
may be exceeded at maximum proposed use levels, emphasizing the need for 
controlled formulation in food applications [90].

Overall, these findings demonstrate that many plant-derived compounds – 
ranging from pigments and essential oils to steviol glycosides – are not only effective 
natural antioxidants and colorants but also meet established safety standards, 
supporting their broader use as regulated, clean-label food additives.

6. Natural antioxidant extraction methods, their effects on function and 
stability

Natural antioxidants are extracted from plants and other natural sources using 
a variety of methods, each of which affects yield, purity, and stability. Extraction 
parameters – such as temperature, solvent type, extraction time, and liquid-to-solid 
ratio – are critical for optimizing both yield and antioxidant potency [91–97].

Modern extraction techniques, such as ultrasound-assisted extraction (UAE), 
microwave-assisted extraction (MAE), pressurized-liquid extraction (PLE), and 
supercritical or subcritical CO2 extraction, are favored for their efficiency, 
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sustainability, and ability to maximize antioxidant content compared to 
conventional solvent extraction [91–93, 98–104]. The use of natural deep eutectic 
solvents (NADES) has emerged as a green alternative, improving polyphenol yield 
and antioxidant activity while reducing environmental impact [93, 94, 98, 105–109].

Practical studies have shown that different extraction techniques applied to black 
pepper, Withania somnifera, or seaweed produce different outcomes for extract 
yield, phytochemical content, and antioxidant activity, demonstrating that “best 
yield” and “best activity” do not always correspond to the same extract [96, 97, 99]. 
Predictive modeling approaches, such as response surface methodology (RSM), 
enable optimization of extraction conditions, standardization of protocols, and 
industrial-scale applications [99]. Advanced techniques, such as pressurized hot 
water extraction (PHWE), subcritical water, ionic liquids, and electrohydrodynamic 
methods, show promise for efficient recovery of antioxidants and thermosensitive 
compounds, although they may face challenges in scale-up and cost [100]. Green 
extraction technologies, including ultrasound- and microwave-assisted methods, 
improve efficiency, reduce solvent use, and enhance sustainability, bridging 
laboratory-scale research to industrial applications [101].

Regarding stability, phenolic compounds and anthocyanins can degrade under 
high temperatures, prolonged storage, or extreme pH, although some antioxidant 
activity may remain stable after moderate heat treatment [102]. Strategies such as 
encapsulation, edible films, and careful control of processing conditions can help 
maintain the stability of natural antioxidants in food, supplement, and cosmetic 
applications [98, 103, 110]. Collectively, the choice of extraction method, parameter 
optimization, and postextraction handling are critical to obtaining high-quality, 
stable, and sustainable natural antioxidants suitable for commercial and 
industrial use.

7. Health benefits and functional role

Natural antioxidants, found in a wide range of foods such as fruits, vegetables, 
mushrooms, and even certain bacteria, play vital roles in promoting health and 
preventing disease. Their primary functional role is to neutralize harmful free 
radicals and reduce oxidative stress, which is linked to aging, neurodegenerative 
diseases, diabetes, and chronic inflammation [66, 103–104, 110–116].

In addition to antioxidant activity, several plant-derived natural products exhibit 
antimicrobial and antiviral properties, contributing to host defense against 
pathogenic microorganisms and viral infections, as demonstrated in multiple in- 
vitro and in-vivo studies. For example, compounds like caffeoylquinic acids, 
astaxanthin, and polyphenols can protect cells from lipid peroxidation, inhibit 
protein glycation, and support the body’s own antioxidant enzyme systems, such as 
SOD and CAT [66, 103, 104, 111, 113].

Similarly, in vitro studies have demonstrated antimicrobial and antigenotoxic 
properties of certain plant products: essential oils and phenolic constituents of 
Achillea millefolium (yarrow) showed antimicrobial activity against Candida 
albicans, Staphylococcus epidermidis, Escherichia coli, and Klebsiella pneumoniae, 
although with relatively high minimal inhibitory concentration (MIC) values 
(>1.5 mg mL⁻1), indicating modest potency [117]. Additionally, Baccharis trimera 
extracts exhibited antioxidant and antigenotoxic effects in cellular assays [118].

Plant-Derived Antioxidants: Natural Preservation and Health Benefits 
DOI: http://dx.doi.org/10.5772/intechopen.1015090

1147



Natural antioxidants also show promise in supporting cognitive function and 
protecting against neurodegenerative diseases like Alzheimer’s by reducing 
inflammation, modulating signaling pathways (such as Nrf2 and Janus kinase 2/ 
signal transducer and activator of transcription 3 [JAK2/STAT3]), and preventing 
the buildup of toxic proteins [112, 114, 116]. Beyond neuroprotection, these 
compounds frequently exert immunomodulatory and antiinflammatory effects by 
regulating cytokine production and oxidative signaling pathways, reinforcing their 
systemic protective roles. Some, like polysaccharides from Dendrobium officinale, not 
only enhance antioxidant defenses but also boost immune function [111].

Limited human clinical trials, such as a randomized study on licorice pastille, 
indicate symptom improvement and good tolerability, supporting potential 
complementary use in humans [119]. In vivo evidence from animal models further 
supports systemic benefits: Baccharis trimera extracts reduced oxidative stress, 
improved liver and cardiovascular function, and mitigated damage in hypertensive 
and dyslipidemic rats [120], while Bauhinia forficata leaf preparations relaxed rat 
aortic rings via nitric oxide and potassium channel–dependent pathways, 
demonstrating cardiovascular benefits [121].

Consistent with this multifunctionality, Nigella sativa (black seed) has been 
reported to possess antioxidant, antiinflammatory, immunomodulatory, and 
antiviral activities, with potential benefits in managing viral infections such as 
Langya henipavirus through supportive and symptom-targeted mechanisms [122].

However, safety and efficacy are dose- and context-dependent, as animal studies 
have shown that certain extracts may exert both protective and adverse effects 
depending on the concentration and biological target.

Additionally, natural antioxidants can help prevent complications of diabetes by 
inhibiting the formation of advanced glycation end-products and protein 
aggregation [66]. Their safety, availability, and multifunctional benefits make them 
attractive for use in functional foods, supplements, and even targeted therapies for 
specific organs, such as the liver [104, 115].

These broad pharmacological properties highlight their potential as 
complementary agents alongside conventional therapies, particularly where 
treatment options remain largely supportive. Overall, natural antioxidants 
contribute to health maintenance, disease prevention, and improved quality of life 
through their diverse biological activities.

8. Regulatory status and labeling

Common antioxidants such as ascorbic acid (vitamin C), tocopherols (vitamin E), 
BHA, BHT, TBHQ, and gallates are widely used in food and feed, and many have 
achieved generally recognized as safe (GRAS) status in the USA, allowing their use 
without premarket approval when used within established limits [123]. In the 
European Union (EU), the European Food Safety Authority (EFSA) authorizes 
antioxidants as food or feed additives, assigning E-numbers and setting maximum 
permitted levels, but the regulatory process can be more restrictive, especially 
regarding claims about in vivo efficacy and health benefits [124]. Regulatory approval 
and permitted uses can differ between regions, so an antioxidant approved in the USA 
may not automatically be allowed in the EU or other markets [123, 124]. For labeling, 
both the Food and Drug Administration (FDA) and EFSA require that antioxidant 
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claims be truthful and not misleading; products can only make “antioxidant” claims if 
they contain recognized antioxidant nutrients at significant levels and if the claim 
is supported by scientific evidence [123, 124]. Labels must typically list the 
antioxidant by its common or chemical name and, in some cases, its function (such as 
“to preserve freshness”). Health claims related to disease prevention or treatment are 
more strictly regulated and generally require preapproval based on substantial 
scientific substantiation [124]. The regulatory landscape is designed to ensure that 
antioxidants used in foods and feeds are safe, properly labeled, and that any health- 
related claims are evidence-based and not misleading to consumers [123, 124].

9. Challenges and future trends

Ensuring the stability and standardization of natural antioxidant extracts is 
a persistent challenge, as antioxidant activity can vary significantly depending on 
extraction methods, plant species, and the specific assay used, making it difficult to 
guarantee consistent quality and compare results across studies [125–127]. The cost 
and availability of plant materials further complicate large-scale production, 
especially as demand for sustainable and high-quality sources rises. Biotechnology 
and fermentation are emerging as promising trends, enabling the production of 
antioxidant compounds through engineered microbes or optimized fermentation 
processes, which can reduce reliance on agricultural resources and improve yield 
consistency. Nanotechnology is also advancing the field, with nanoformulations and 
nanozymes (nanomaterials with enzyme-like antioxidant activity) being developed 
to enhance delivery, bioavailability, and functionality of antioxidants in food and 
agricultural applications [128]. However, the use of nanomaterials introduces safety 
and regulatory concerns, as their effects can shift from beneficial to harmful 
depending on dose and exposure route, and excessive concentrations may even 
induce oxidative stress rather than prevent it [128]. Future directions will likely 
focus on more precise extraction and quantification methods, improved 
standardization, and innovative production and delivery systems, while balancing 
safety, cost, and sustainability [125–128].

10. Conclusion

Plant-derived antioxidants are vital bioactive compounds with significant 
applications in both food preservation and human health. Their ability to neutralize 
ROS, chelate metal ions, and modulate cellular defense mechanisms underpins their 
protective roles against oxidative damage. As natural alternatives to synthetic 
preservatives, these compounds enhance food shelf life, maintain nutritional quality, 
and meet consumer demand for clean-label products. Their use spans dairy products, 
functional foods, beverages, and supplements, providing safe and functional 
alternatives to synthetic additives. Advances in extraction technologies, 
encapsulation, and sensory optimization improve the stability, bioavailability, and 
acceptability of these antioxidants, supporting their integration into a wide range of 
foods. However, challenges remain, including variability in antioxidant content due 
to plant sources and extraction methods, regulatory hurdles, and the need for 
standardized assays to accurately measure antioxidant capacity. Emerging 
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approaches, such as biotechnology-driven production and nanotechnology-based 
delivery systems, offer promising solutions. Continued interdisciplinary research 
and harmonized regulatory frameworks will be essential to fully realize the potential 
of plant-derived antioxidants in sustainable food systems, functional foods, and 
health promotion.
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Tartaric Instability in Wine: 
Mechanisms and Additive-Based 
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Abstract

Tartaric acid is usually the main organic acid in wine; however, it readily forms 
poorly soluble salts that can precipitate as crystals. The presence of crystalline 
precipitates in bottled wine is frequently perceived by consumers as a quality defect. 
These precipitates result from tartaric instability, a natural physicochemical 
phenomenon mainly driven by the crystallization of potassium bitartrate and, to 
a lesser extent, calcium tartrate in supersaturated wine systems. The occurrence of 
tartrate crystallization is influenced by several physicochemical factors, including pH, 
temperature, alcohol content, ionic composition, and natural colloids. Consequently, 
tartaric stability is a key quality parameter in wine production, and controlling it is 
essential in winemaking. In response to economic, technological, and environmental 
pressures, the wine industry has increasingly adopted additive-based strategies for 
tartaric stabilization. These treatments inhibit crystal nucleation and growth without 
removing wine constituents. This chapter provides an overview of the mechanisms 
underlying tartaric instability in wines, including its chemical basis and 
physicochemical factors influencing crystal nucleation and growth. It also reviews 
methods used to assess tartaric stability prior to bottling, including traditional cold 
tests, the conductimetric minicontact test, and spectroscopic techniques based on 
Fourier transform infrared (FTIR) spectroscopy combined with multivariate analysis. 
Particular attention is given to additive-based tartaric stabilization strategies 
authorized for enological use, such as metatartaric acid, carboxymethylcellulose, 
mannoproteins, potassium polyaspartate, and gum arabic. Their mechanisms of 
action, technological effectiveness, interactions with wine components, and sensory 
implications are discussed Regulatory frameworks governing their use and legal limits 
established by international authorities are also addressed.

Keywords: tartaric instability, potassium bitartrate, calcium tartrate,  
enological additives, carboxymethylcellulose, metatartaric acid,  
potassium polyaspartate, mannoproteins, gum arabic, conductimetric tests
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1. Introduction

The visual limpidity of a wine is the consumer’s first point of contact with its 
perceived quality. While slight cloudiness may be acceptable in certain artisanal 
styles, the presence of crystalline precipitates is frequently misinterpreted by 
consumers as glass fragments or chemical contamination [1]. These crystals arise 
from tartaric instability, a natural physicochemical phenomenon primarily involving 
the precipitation of potassium bitartrate (KHT) and, to a lesser extent, calcium 
tartrate (CaT) [2, 3].

Tartaric acid is the key organic acid of the grapevine (Vitis vinifera), providing 
essential structural acidity and pH control that are critical for microbial stability and 
sensory balance in wine [4]. However, wine is a complex hydroethanolic solution that is 
often supersaturated with respect to tartrate salts [2]. As wine ages or is exposed to low 
temperatures during transport and storage, this supersaturation can reach a critical 
threshold, triggering the nucleation and growth of tartrate crystals. For decades, the 
industry-standard approach to preventing this phenomenon has been “cold 
stabilization,” a subtractive process in which wine is chilled to near-freezing 
temperatures to induce tartrate precipitation before bottling. Although effective, cold 
stabilization is energy-intensive and time-consuming and may, in some cases, lead to 
losses of aromatic compounds or a reduction in color intensity [3].

In contrast to KHT, the initial nucleation of CaT is not effectively triggered by 
temperature reduction or by increasing the degree of supersaturation in the wine 
matrix. Consequently, cold stabilization is generally ineffective for CaT 
stabilization [5].

Enology practices and research have increasingly explored additive-based 
stabilization as an alternative strategy. Unlike subtractive methods, these additives 
act as “crystallization inhibitors” or “protective colloids,” interfering with crystal 
nucleation and growth. This approach allows wine to maintain visual stability under 
adverse conditions without the need for extreme refrigeration [6].

This chapter provides a comprehensive overview of additives used for tartaric 
stabilization in wine (see Figure 1). It begins with an examination of the chemical 
and technological mechanisms underlying tartaric instability, followed by a review 
of the analytical techniques employed to evaluate stabilization requirements. The 
core of the chapter focuses on the principal additives authorized for tartaric 
stabilization [7], including metatartaric acid (MTA) [8, 9], carboxymethylcellulose 
(CMC) [10, 11], mannoproteins (MP), potassium polyaspartate (KPA) [12–14], and 
gum arabic (GA) [6, 14–16]. Particular attention is given to their mechanisms of 
action, technological effectiveness, and sensory impact. The regulatory frameworks 
governing their use and the legal limits established by international authorities are 
also discussed. Finally, the chapter considers emerging trends in sustainability and 
innovation, highlighting the role of additive-based stabilization in supporting 
environmentally responsible winemaking practices and shaping future 
developments in this field.

2. Tartaric instability in wine

Tartaric acid is the major organic acid in grapes, grape must, and wine, with 
typical concentrations ranging from 2 to 10 g/L [4]. In wine, tartaric acid exists in 
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three chemical forms: free tartaric acid (H2T), hydrogen tartrate (HT⁻), and tartrate 
(T2⁻), whose relative distribution depends primarily on pH but is also influenced 
by temperature, ionic strength, and ethanol concentration [20]. Higher alcohol 
content, lower temperature, and higher pH result in decreased KHT solubility [1]. 
Within the usual wine pH range, HT⁻ predominates, accounting for approximately 
50–70% of the total tartaric acid.

H2T↔HT−þHþ↔T2−þHþ ð1Þ

2.1 Crystallization mechanisms and tartaric instability in wine

Tartaric instability in wine arises from the formation of insoluble tartrate salts, 
primarily KHT and CaT. The formation of tartrate crystals is a complex 
physicochemical process involving crystal nucleation followed by crystal growth. 
Nucleation may occur through homogeneous mechanisms, whereby crystal-forming 
ions spontaneously associate in a supersaturated solution through electrostatic 
interactions, or through heterogeneous mechanisms, in which suspended solid 
particles act as nucleation sites [21]. Once stable nuclei are formed, crystal growth 
proceeds through the diffusion and incorporation of ions onto the crystal surface, 
ultimately leading to the precipitation of tartrate salts.

From a thermodynamic perspective, tartrate precipitation is governed by the 
solubility equilibria of KHT and CaT. When the concentrations of tartaric acid 
and cations, such as potassium (1.5–2.5 g/L) and/or calcium (40–170 mg/L), exceed 
their respective solubility products, the wine becomes supersaturated, creating 
favorable conditions for crystallization [3, 22]. The dissociation and precipitation 
equilibria of these salts can be described by the following reactions:

KHT sð Þ⇌HT− aqð Þ þ Kþ aqð Þ ð2Þ

CaT sð Þ⇌T2− aqð Þ þ Ca2þ aqð Þ ð3Þ

The solubility product constant (Ksp) defines the equilibrium between the solid 
phase and dissolved ions. For KHT, Ksp = [HT⁻][K⁺] = 3.8 × 10⁻⁴ at 18 °C, whereas for 
CaT, Ksp = [T2⁻][Ca2⁺] = 7.7 × 10⁻⁷ at 25 °C. When the ionic product equals Ksp, the 
system is at saturation, and no crystallization occurs. Under undersaturated 
conditions, additional solute can dissolve; however, when the ionic product exceeds 
Ksp, the system becomes supersaturated, triggering nucleation and subsequent 
crystal growth, which ultimately results in tartrate instability [23].

Crystal formation proceeds through three sequential stages: supersaturation, 
nucleation, and growth. Supersaturation is a necessary but not sufficient condition 
for nucleation, as the formation of stable nuclei requires overcoming a significant 
energetic barrier. Primary nucleation occurs spontaneously in highly supersaturated 
wines or may be induced by external factors such as temperature reduction, 
generally producing fewer but larger crystals and exhibiting longer induction 
times. Secondary, or induced, nucleation may occur homogeneously through the 
presence of crystals of the same chemical nature already present in the wine or 
intentionally added, or heterogeneously via solid particles of different composition 
acting as nucleation sites [4].

Once nucleation has occurred, crystal growth is controlled by the diffusion and 
incorporation of K⁺ and HT⁻ ions or Ca2⁺ and T2⁻ ions onto active sites on the crystal 
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surface. Owing to the higher affinity of K⁺ ions relative to HT⁻ ions, crystal surfaces 
tend to acquire a net positive charge, favoring the adsorption of negatively charged 
colloidal particles. The accumulation of such colloids on the crystal surface can 
hinder further growth and modulate precipitation kinetics [24]. Crystal growth 
continues until thermodynamic equilibrium is restored and the ionic product falls 
below the solubility threshold.

Because potassium concentrations in wine are typically an order of magnitude 
higher than those of calcium, KHT is the dominant crystalline precipitate observed in 
wines, making it the principal contributor to tartaric instability under most 
winemaking conditions [25].

2.2 Factors affecting tartaric stability in wine

2.2.1 Ionic composition and tartrate species

The concentrations of potassium (K⁺), calcium (Ca2⁺), and the conjugate bases 
of tartaric acid (HT⁻ and T2⁻) play a central role in tartrate equilibrium. Potassium 
and calcium ions interact with hydrogen tartrate and tartrate ions to form KHT and 
CaT, respectively. When wine reaches a supersaturated state, excess tartrate 
precipitates and crystallizes. Conversely, a decrease in the concentration of any of 
these ions shifts the equilibrium toward dissolution, reducing the likelihood of 
precipitation [26]. Therefore, controlling the ionic composition is a key strategy for 
managing tartaric stability.

2.2.2 Colloidal substances

Wine contains numerous colloidal components, often referred to as protective 
colloids, including proteins, phenolic compounds, and polysaccharides, which 
significantly influence tartrate crystallization behavior [1]. These compounds exert 
an inhibitory or retarding effect on the crystallization of KHT and CaT by limiting 
ion migration toward crystal nuclei and by adsorbing onto crystal surfaces, thereby 
blocking the incorporation of additional ions and slowing crystal growth [27, 28].

Proteins are particularly effective at inhibiting crystal growth due to their ability 
to adsorb onto tartrate crystal faces and form a protective layer. At typical wine pH 
values, partial protein unfolding increases the number of exposed binding sites, 
enhancing this inhibitory effect. However, protein–tannin interactions introduce 
additional complexity. At low protein-to-tannin ratios, protein–tannin aggregates 
may precipitate, diminishing the protective action of proteins and facilitating 
tartrate crystallization. At higher tannin concentrations, tannins can interact directly 
with crystal surfaces through hydrogen bonding; nevertheless, electrostatic 
repulsion at low pH may weaken these interactions, reducing their stabilizing 
effectiveness [29].

Polysaccharides such as pectic substances, rhamnogalacturonans (RG-I and  
RG-II), arabinogalactan proteins, and MPs also contribute significantly to tartrate 
stability. Uronic acid–rich polysaccharides, particularly RG-I, are among the most 
effective inhibitors of CaT precipitation due to their ability to chelate Ca2⁺ ions and 
delay nucleation. The RG-II exhibits a similar but less pronounced effect, while MPs 
generally show limited inhibitory activity at wine pH due to their reduced calcium- 
binding capacity. The lower concentration of such polysaccharides in white wines 
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partly explains their higher susceptibility to tartrate precipitation compared with red 
wines [30, 31].

2.2.3 Organic acids

Several organic acids naturally present in wine play an important role in 
modulating tartaric stability by competing with tartaric acid for potassium (K⁺) 
and calcium (Ca2⁺) ions, thereby inhibiting tartrate nucleation. Among these, citric 
and malic acids are particularly effective inhibitors of CaT crystallization, whereas 
lactic and succinic acids exhibit weaker effects. This distinction is particularly 
relevant during alcoholic and malolactic fermentation, as microbial metabolism 
progressively converts malic and citric acids into lactic and succinic acids, 
resulting in a net reduction in cation-complexing capacity.

During malolactic fermentation, the conversion of malic acid to lactic acid is 
accompanied by an increase in wine pH and a decrease in the concentration of 
effective crystallization inhibitors. These combined effects promote enhanced 
supersaturation with respect to tartrate salts and increase the risk of tartrate 
precipitation in finished wines. This phenomenon is especially critical in sparkling 
wines and full-bodied white wines, where the lower abundance of protective colloids 
further exacerbates tartaric instability. In contrast, red wines generally achieve 
tartaric stability more readily, owing to their higher content of phenolic compounds 
and other protective colloids that mitigate crystal nucleation and growth [3, 32].

2.3 pH

pH strongly influences the dissociation state of tartaric acid and, consequently, 
tartrate stability. As pH increases, the relative proportions of HT⁻ and T2⁻ change, 
affecting the availability of species involved in salt formation. Wines with higher pH 
values generally exhibit increased concentrations of ionic tartrate species, which 
enhances the risk of tartrate precipitation [20].

2.3.1 Temperature

Temperature exerts a strong influence on the solubility and crystallization behavior 
of tartrate salts in wine. Increasing temperature enhances the solubility of KHT and 
CaT, favoring crystal dissolution, whereas decreasing temperature reduces solubility 
and promotes crystallization. However, the solubility of CaT exhibits markedly 
lower temperature dependence than that of KHT. Although low temperatures can 
accelerate crystallization kinetics, cooling alone, even to temperatures approaching the 
freezing point of wine, does not necessarily induce CaT precipitation.

In many cases, despite increased levels of CaT supersaturation, crystal nucleation 
does not occur, indicating that supersaturation is a necessary but insufficient 
condition for CaT crystallization [20, 33]. In contrast, KHT crystallization is more 
readily promoted by cooling, particularly in the presence of suitably sized 
particles, as crystal growth and precipitation are strongly influenced by surface area 
effects. Particles smaller than 50 μm have been shown to be especially effective in 
facilitating KHT precipitation [34]. This differential temperature sensitivity 
underpins the widespread use of cold storage and cold stabilization treatments to 
selectively induce tartrate precipitation prior to bottling.
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2.3.2 Alcohol content

Alcohol content plays a critical role in the solubility and stability of tartrate salts 
in wine. This behavior is primarily attributed to the lower polarity of ethanol 
compared to water, which reduces the solvent capacity of the hydroalcoholic 
medium for polar and ionic compounds, including tartrate salts. As a result, KHT 
exhibits significantly lower solubility in alcoholic solutions. For example, in wines 
containing 12–13% (v/v) ethanol, approximately half of the tartrate salts may 
precipitate relative to their initial dissolved content, reflecting the reduced 
solubilizing capacity associated with higher alcohol levels.

Consistently, experimental studies have shown that increasing ethanol 
concentrations raises the saturation temperature of tartrate salts and 
intensifies precipitation tendencies, thereby reducing overall tartrate stability in 
wine [23, 29].

3. Analytical methods for assessing tartaric stability

Evaluating the tartaric stability of wine is essential for managing stabilization 
practices and assessing the effects of additives. Some analytical methods have been 
developed to estimate the risk of tartrate precipitation prior to bottling, ranging from 
empirical crystallization tests to predictive approaches based on spectroscopic 
analysis and conductimetry.

The cold test has traditionally been used as a reference method for assessing 
tartaric stability. In this approach, wine samples are stored at a low temperature, 
typically around −4 °C, for several days to promote KHT crystallization. Instability is 
then evaluated either by visual observation of precipitates [35] or by quantitative 
methods, such as gravimetric determination or measurement of tartaric acid loss after 
cold filtration, often using high-performance liquid chromatography (HPLC) [26]. 
The cold test is time-consuming and frequently considered overly severe, as wines 
deemed unstable by this method may remain clear under long-term storage at higher, 
commercially relevant temperatures [36]. Moreover, it reflects both primary 
nucleation and secondary crystal growth phenomena, limiting its ability to isolate 
specific mechanisms of instability.

To obtain faster and more operational assessments, minicontact or conductivity 
tests have been developed to reproduce tartaric precipitation through induced 
secondary crystallization. These methods involve the addition of KHT crystals to 
wine under controlled temperature and agitation. The extent of crystallization can be 
monitored by weight loss [37], potassium depletion, or changes in electrical 
conductivity [22], the latter being particularly practical for routine analysis. Among 
these, the degré d’instabilité tartrique (DIT) test measures the conductivity drop 
over four hours at −4 °C after the addition of 4 g/L KHT crystals, with stability 
thresholds initially set at 3% and later increased to 5% [38]. This conductimetric 
approach was originally designed to estimate the target conductivity value for 
tartaric stabilization by electrodialysis; however, it has proven unsuitable for 
evaluating residual tartaric stability after such treatment.

To address this limitation, the critical stability index (ISTC50) was introduced 
[39]. In this method, 0.5 g/L KHT is dissolved in wine under stirring at 36 °C, 
followed by a controlled decrease to 4 °C, while conductivity is continuously 
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monitored. The degree of tartaric instability is determined from the induction time 
preceding the abrupt conductivity drop associated with crystal formation.

A methodological advancement within this framework was proposed by Bosso et al. 
[40], who developed and validated a rapid minicontact conductimetric test for 
evaluating wine tartaric stability. This method measures the conductivity drop in wine 
maintained under stirring at 0 °C for a short contact period following the addition of 
a standardized dose of micronized KHT crystals. By systematically optimizing 
temperature, crystal dose, contact time, and crystal size, the method significantly 
improves repeatability and reproducibility. It allows rapid discrimination between 
stable and unstable wines and establishes distinct stability thresholds for white and red/ 
rosé wines, reflecting compositional differences that influence crystallization kinetics.

In parallel with empirical crystallization tests, thermodynamic and compositional 
approaches have been proposed to estimate tartaric stability based on parameters 
such as alcohol content, pH, ionic strength, and potassium and tartaric acid 
concentrations [20, 34]. Other methods determine the saturation temperature of 
KHT as an indicator of supersaturation [34]. However, these approaches often fail to 
accurately predict actual precipitation behavior, as they do not account for the 
inhibitory effects of wine colloids, including proteins, polysaccharides, and 
polyphenols, which can induce metastable supersaturated states [41].

More recently, Fourier transform infrared (FTIR) spectroscopy combined with 
multivariate statistical analysis has been proposed as a rapid, nondestructive method 
for predicting tartaric instability. Malacarne et al. [42] developed predictive models 
based on FT-IR spectra of wines using partial least squares regression and artificial 
neural networks calibrated against reference methods such as the minicontact test and 
the cold test. This approach enables reliable classification of wines according to their 
risk of tartrate precipitation for both white and red wines, while considerably reducing 
analysis time and sample manipulation. The method extends previous applications of 
infrared spectroscopy in wine analysis to the specific prediction of tartaric instability 
and represents a promising alternative to conventional empirical testing [42, 43].

4. Authorized additives for wine tartaric stabilization

The use of additives to prevent tartrate crystallization has gained increasing 
interest as a simple, effective, and economically viable alternative to conventional 
tartaric stabilization techniques [44]. Compared with other stabilization methods, 
the use of protective colloids to stabilize tartrate salts in commercial wines is 
economically advantageous, as it involves low energy consumption and does not 
require specialized equipment [3]. These approaches, approved by the International 
Organization of Vine and Wine (OIV), include MTA, carboxymethyl cellulose 
(CMC), MPs, KPA, and GA (see Figure 1) [7, 45]. The application of these additives 
must be carefully adjusted according to several factors, including wine type, 
intended shelf life, and the degree of tartaric instability determined through stability 
testing (see Figure 2).

4.1 Metatartaric acid

Metatartaric acid (E353) is produced through the thermal polymerization of 
tartaric acid under vacuum at high temperatures (150–170 °C), involving 
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intramolecular dehydration and esterification reactions. This process yields 
a polymeric, yellowish-brown material with no well-defined chemical structure and 
an esterification index of approximately 30–40% [8, 9]. After grinding to 
appropriate particle sizes, MTA is commercialized in various formulations for wine 
stabilization. Nevertheless, the production process also generates additional 
compounds, such as ditartaric monoester and diesters in variable proportions, 
nonesterified tartaric acid, pyruvic acid, and low amounts of polyester acids [7]. 
Consequently, commercial MTA products may vary considerably in their degrees of 
esterification and may contain considerable amounts of monomeric tartaric acid. 
Furthermore, the maximum permitted dosage of MTA in wine is limited to 100 mg/ 
L, and such compositional variations can significantly influence its stabilizing 
effectiveness [8].

MTA is highly soluble in water and ethanol, and its hydrolysis is strongly 
temperature-dependent. Hydrolysis occurs rapidly at high temperatures but is 
significantly slowed at lower temperatures, thus preserving its stabilizing effect 
during cool storage [9, 45].

In winemaking practice, MTA is typically applied after final filtration and 
immediately prior to bottling [45]. At this stage, it acts as an effective inhibitor of 
KHT and CaT crystal formation, preventing their precipitation while exerting 
minimal impact on the sensory characteristics of the wine. Additionally, MTA is easy 
to apply and relatively inexpensive to produce [8].

Despite its broad applicability across different wine types, MTA exhibits limited 
long-term stability. It provides short- to medium-term protection against tartrate 
instability, which is generally sufficient for white wines intended for rapid market 
release. However, its effectiveness declines during prolonged storage because MTA is 
gradually hydrolyzed to tartaric acid in wine. The rate of hydrolysis depends on both 

Figure 2. 
Decision-making flowchart summarizes the use of additives for tartaric stabilization according to wine type, 
intended shelf life, and degree of instability.
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pH and temperature and may range from approximately one week at 30 °C to up to 
two years at 0 °C, while at typical cellar temperatures (10–18 °C), it generally ranges 
from about one year to 18 months [3]. Nevertheless, studies have shown that in red 
wines stored at 20 °C, the stabilizing effect may be lost after approximately five 
months due to MTA hydrolysis, whereas white wines remained stable for up to 12  
months under the same conditions [46]. Therefore, MTA is most suitable for wines 
with short commercial lifespans and rapid market release, particularly when low 
storage temperatures are maintained.

4.2 Carboxymethyl cellulose

Carboxymethyl cellulose, a plant-derived polymer, is synthesized through a two- 
step process: the alkali treatment of wood cellulose to form an alkali–cellulose 
complex, followed by etherification with monochloroacetic acid [11]. Its low 
production cost, reduced energy consumption, and ease of application align well 
with the requirements of low-carbon processes [3]. The CMC was authorized for 
enological use by the OIV in 2009. In 2023, the maximum permitted dose was 
updated to 200 mg/L for white, rosé, and sparkling wines [7, 45]. According to OIV 
Resolution OIV/OENO 366-2009, CMC used for enological applications must be 
produced exclusively from wood cellulose [7, 45].

Its structural characteristics are defined by the degree of substitution (DS), which 
corresponds to the proportion of glucose units substituted with carboxymethyl 
groups, and the degree of polymerization (DP), which represents the average 
number of glucose units per polymer chain [6]. For enological use, DS must range 
between 0.60 and 0.95, and DP must range between 80 and 1,500 [7]. With a pKa of 
approximately 4.3, CMC is partially dissociated at wine pH, and a fraction of its 
carboxymethyl groups are negatively charged in solution.

CMC enhances tartaric stability by inhibiting both nucleation and crystal growth 
through a protective colloidal effect. At wine pH, it behaves as a negatively charged 
polymer that adsorbs onto KHT crystal surfaces, reducing their growth rate and 
modifying crystal morphology. It can also interact with K⁺ (and Ca2⁺) ions, 
decreasing the concentration of free cations available for crystallization [47–49]. 
Higher DS values generally improve its effectiveness by increasing the number of 
available cation-binding sites [6, 50].

Several studies have demonstrated the positive effect of CMC on tartaric 
stabilization in wine, showing that its addition provides a stabilizing effect 
comparable to that of MTA [49, 51, 52]. Furthermore, CMC has been shown to 
maintain its inhibitory efficiency for up to two months after exposure to 30 °C, 
unlike MTA, which undergoes hydrolysis under the same conditions [53]. CMC is 
considered economically viable, easy to apply, and chemically stable, remaining 
effective during extended storage periods, even at elevated temperatures [47, 49]. 
No significant changes in pH have been reported compared with treatments using 
MTA [54]. Sensory studies indicate that, at the maximum dose authorized by the 
OIV, CMC does not affect taste or aroma, and even substantially higher 
concentrations have shown no detectable sensory impact [55].

Currently, its use is restricted to white, rosé, and sparkling wines [7, 45], as its 
effectiveness in red wines may be reduced and, in some cases, has been associated 
with color loss or turbidity [3, 39, 56, 57]. Color changes in red wines appear to be 
linked to interactions with proteins involved in turbidity formation [57] or with 
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phenolic compounds[56]. Although CMC can inhibit KHT crystal growth in red 
wines, certain wine matrices may develop protein haze [57]. Some studies suggest 
that color loss requires the presence of proteins, possibly due to anthocyanin 
precipitation mediated by protein bridging [58]. Nevertheless, other reports indicate 
that CMC can improve tartaric stability in red wines without significantly affecting 
phenolic composition, sensory attributes, or color stability, depending on wine 
composition [10, 11].

4.3 Mannoproteins

Mannoproteins are complex glycoconjugates located in the outer layer of yeast 
cell walls and are composed of mannose-rich polysaccharide chains covalently linked 
to a protein backbone. During alcoholic fermentation and aging on lees, 
Saccharomyces cerevisiae releases small amounts of these macromolecules into wine as 
a result of enzymatic autolysis and cell wall remodeling. Although their natural 
concentration in finished wines remains relatively low, MPs have attracted 
considerable interest in enology because of their technological properties, 
particularly their contribution to wine tartaric stabilization [59].

Unlike traditional cold stabilization, which removes tartrate salts from wine, MPs 
generally act through a crystallization–inhibition mechanism. They may adsorb onto 
crystal nuclei and block active growth sites, thereby limiting further crystal 
development [60]. Their amphiphilic structure can also provide colloidal protection, 
helping to maintain salts in a metastable supersaturated state and reducing the 
likelihood of aggregation. As a result, wines can remain clear even under cold storage 
conditions that would normally induce crystallization [61].

The stabilizing efficacy of MPs depends largely on both dosage and the composition 
of the wine matrix. In white wines, additions of around 250 mg/L have been reported 
to minimize potassium loss and provide high tartaric stability [57], whereas in red wines, 
the effect is often less pronounced due to the natural abundance of protective colloids 
such as polyphenols and polysaccharides [60]. Furthermore, fining agents commonly 
used in red winemaking, including bentonite and gelatin, can remove MPs from the 
wine, thereby reducing their stabilizing effectiveness. For this reason, MPs are mainly 
applied to improve tartaric stability in white and rosé wines [62].

In practical winemaking applications, MPs are generally added after fermentation 
or before bottling, often following filtration. White and rosé wines are particularly 
suitable candidates because their relatively low phenolic content makes them more 
susceptible to tartrate precipitation. Appropriate additions can provide stability 
comparable to conventional chilling treatments while preserving wine composition 
[63]. Aromatic varieties such as Sauvignon Blanc or Muscat may particularly benefit 
from this approach because cold stabilization can lead to losses of volatile 
compounds through co-precipitation and subsequent filtration, whereas MPs help 
preserve aromatic intensity while ensuring stability [64, 65].

Compared with conventional stabilization techniques, MP addition offers several 
advantages. Because tartrate salts remain dissolved rather than removed, the natural 
acidity and overall balance of the wine tend to be preserved. These benefits are 
consistent with current trends toward sustainable and low-intervention 
winemaking. In addition to tartaric stabilization, MPs may also contribute positively 
to mouthfeel and overall sensory quality, further supporting their technological 
value in enology [65, 66].
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4.4 Potassium polyaspartate

Potassium polyaspartate is synthesized through the thermal polymerization of 
L-aspartic acid, which leads to the formation of polysuccinimide, an insoluble 
intermediate with a relatively low molecular weight. This intermediate is 
subsequently hydrolyzed and neutralized with potassium hydroxide under 
controlled conditions to produce KPA [7, 45]. Commercial KPA is supplied as a light- 
brown, odorless powder containing approximately 90% dry matter. It is highly 
soluble in water (>1,000 g/L) and insoluble in organic solvents (<5 g/L), with a shelf 
life of up to four years at room temperature [7, 45].

This polymer contains a high number of carboxyl groups that are negatively 
charged at wine pH. These functional groups enable KPA to interact electrostatically 
with potassium ions. Through this mechanism, KPA inhibits the nucleation and 
growth of KHT crystals, thereby preventing tartrate precipitation without removing 
wine constituents [13, 14].

KPA provides a tartaric stabilization efficiency comparable to that of other 
additives, while exhibiting greater persistence over time. Bosso et al. [12] 
demonstrated that KPA is a highly effective and durable stabilizer against KHT 
precipitation in both white and red wines. Unlike MTA, its stabilizing effect remains 
effective over extended storage periods without negatively affecting turbidity, color, 
or phenolic composition. Overall, KPA represents a reliable alternative for tartrate 
stabilization, particularly suited to wines requiring long-term stability.

In white wines, experimental trials conducted at different storage temperatures 
(4 °C and 16 °C) have shown that KPA addition positively influences wine quality by 
significantly reducing unstable protein fractions by up to 92% and improving protein 
stability . Neither KPA addition nor storage temperature adversely affected the 
volatile aroma profile, as confirmed by principal component analysis (PCA) [13].

As reported by Wang et al. [14], five dry red wines were analyzed to compare 
different tartrate stabilization approaches. Cold stabilization was found to 
effectively achieve tartrate stability but also significantly altered color and phenolic 
profiles, particularly when the treatment duration was extended. In contrast, 
tartrate-stabilizing agents containing KPA, GA, and sulfur dioxide, as well as those 
containing GA and sulfur dioxide, demonstrated superior performance by ensuring 
tartrate stability while better preserving color and phenolic compounds.

4.5 Gum arabic

Gum arabic is a complex polysaccharide obtained from the exudates of Acacia 
senegal and Acacia seyal trees. Structurally, GA is a highly branched polysaccharide 
composed of a galactose backbone linked to arabinose and galactose residues 
(arabinogalactan), with terminal residues typically consisting of rhamnose or 
glucuronic acid. Besides the glycan fraction, GA may contain a minor protein 
component known as arabinogalactan protein (AGP), which is characterized by 
serine and hydroxyproline-rich polypeptide chains [17].

Comparative studies indicate that GA generally exhibits lower stabilization efficiency 
than other tartrate-stabilizing additives [6, 15]. Guise et al. [6] reported that GA can 
enhance tartaric stability; however, its stabilizing effect was not consistent across all wine 
types and was strongly influenced by both the composition of the wine matrix and the 
degree of tartrate instability prior to treatment [6]. These findings suggest that GA is best 
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suited for wines exhibiting low to moderate tartrate instability. Furthermore, evaluations 
of two distinct GA preparations revealed significant differences in performance, 
indicating that structural characteristics play a critical role in determining its 
effectiveness. GA interacts with tartrate molecules to form a polymeric coating that 
creates a hydrophilic layer around particles. This layer enhances the solubility of tartrates 
in wine, inhibits the formation and growth of crystal nuclei, and helps maintain the 
wine in a metastable state where crystals do not easily precipitate. Typically, it is added 
shortly before filtration and bottling. However, its use is not recommended for wines 
intended for aging or long-term storage, as it interferes with the natural formation of 
sediments that normally occur during long-term aging [59].

The action of GA is generally described as stabilizing rather than clarifying [58]. It 
functions as a protective colloid by adsorbing onto the surface of hydrophobic 
colloidal particles, thereby preventing their aggregation and subsequent 
precipitation. Uronic acid moieties have traditionally been considered responsible 
for electrostatic interactions with other wine components, such as potassium and 
calcium ions. Nevertheless, Nigen et al. [67] demonstrated that the protein fraction 
of AGP plays a dominant role in the electrostatic binding of Ca2+, in contrast to the 
previously assumed primary contribution of uronic acids.

Despite its moderate standalone effectiveness, GA can be used in combination 
with other additives like CMC or KPA, where synergistic effects have been observed. 
This combined use is particularly valuable in red wines, as GA helps prevent color 
precipitation and improves mouthfeel, ensuring both partial tartaric stability and the 
long-term preservation of chromatic attributes without compromising overall 
stabilization performance [12, 14, 16].

5. Regulatory framework and legal limits

The use of enological additives in wine stabilization is strictly regulated to ensure 
product safety, technological necessity, and the preservation of wine authenticity. At 
the international level, the OIV establishes reference standards through the 
International Enological Codex and the International Code of Enological Practices. These 
standards are widely adopted or adapted within national and regional regulatory 
frameworks, including those of the European Union and Mercosur. Among the 
stabilizing agents most commonly used today are MTA, CMC, MPs, KPA, and GA.

Within the European Union (EU), Commission Delegated Regulation (EU) 2019/ 
934 on authorized enological practices is fully aligned with OIV standards and 
establishes identical maximum limits for the use of tartaric acid stabilizers [68]. In 
the United States, authorization and conditions of use are defined by the Alcohol and 
Tobacco Tax and Trade Bureau (TTB), in coordination with the Food and Drug 
Administration (FDA). In Australia, regulation is overseen by Food Standards 
Australia New Zealand (FSANZ) under the Food Standards Code. Table 1
summarizes the maximum permitted concentrations of tartrate stabilizers.

Metatartaric acid is authorized in the EU and Australia [69, 70], but is not 
permitted for use in the United States [71]. According to OIV practices, its 
application is limited to a maximum dose of 0.1 g/L [7, 45]. This restriction reflects 
its temporary effectiveness and susceptibility to hydrolysis over time, which may 
reduce tartrate stability and, if overdosed, potentially compromise wine clarity [59].
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For CMC, OIV regulations establish a maximum concentration of 0.2 g/L for 
white, rosé, and sparkling wines [7, 45]. This relatively low limit is related to its 
strong interactions with wine colloids and its potential to induce turbidity, 
particularly in protein-rich wines [71]. In the United States and Australia, its use 
must be limited by good manufacturing practice (GMP) [69, 70].

Mannoproteins occupy a distinct regulatory position. No numerical maximum 
limit is specified by the OIV [7, 45], as MPs are naturally occurring components of 
wine, and their residual concentrations can vary widely depending on winemaking 
practices. In contrast, both the United States and Australia impose a maximum 
addition level of 0.4 g/L of wine [69, 70].

KPA represents a more recent tartrate stabilizer. It is authorized by the OIV with 
a maximum dosage of 0.1 g/L [7, 45]. Exceeding this concentration may, in some 
cases, lead to increased wine turbidity. Notably, KPA is the only tartaric stabilizing 
agent for which there is broad consensus among international regulatory authorities 
regarding permitted usage levels [69].

Under OIV regulations, the maximum permitted dose of GA varies according to 
wine type. The limit is set at 0.8 g/L for red liqueur wines and 0.3 g/L for other wines 
[7, 45]. These differentiated limits reflect the higher phenolic content of liqueur 
wines, in which sensory quality is less affected by GA addition than in other wine 
styles. By contrast, the TTB permits its use up to 1.9 g/L [70], while in Australia, no 
specific maximum limit has been established [69].

Overall, the regulatory framework governing the use of enological additives 
reflects a careful balance among technological functionality, consumer protection, 
and respect for the natural composition and authenticity of wine.

6. Conclusions

Tartaric instability remains one of the most significant physicochemical 
challenges in winemaking, directly affecting wine limpidity, commercial quality, and 
consumer acceptance. The precipitation of KHT and CaT depends on pH, 
temperature, alcohol content, ionic composition, and natural colloids. Although 
supersaturation is a prerequisite for crystallization, the kinetics of nucleation and 
crystal growth are strongly modulated by wine matrix components such as proteins, 
polysaccharides, and phenolic compounds.

Additive OIV USA Australia Reference

Metatartaric acid 0.1 Not authorized GMP* [7, 45, 69, 70]

Carboxymethyl cellulose 0.2 GMP* GMP* [7, 45, 69, 70]

Mannoproteins GMP* 0.4 0.4 [7, 45, 69, 70]

Potassium polyaspartate 0.1 0.1 0.1 [7, 45, 69, 70]

Gum arabic Red liqueur wines: 0.8;  
other wines: 0.3

1.9 GMP* [7, 45, 69, 70]

*For additives with no specific numerical maximum limit set, their use must be limited by GMP.

Table 1. 
Authorized maximum levels of tartaric stabilizers in wine (g/L). 
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Analytical tools, ranging from traditional cold tests to rapid conductimetric and 
spectroscopic methods, support the evaluation of tartaric instability before bottling. 
At the same time, authorized additives, such as MTA, CMC, MPs, KPA, and GA, 
provide practical alternatives to cold stabilization, each with specific advantages and 
limitations related to their mechanism of action, wine compatibility, and regulatory 
requirements.

Ultimately, effective tartaric stabilization requires an integrated approach that 
combines scientific knowledge, accurate analytical evaluation, regulatory 
compliance, and consideration of the sensory and compositional integrity of the wine.
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Chapter 5

Smart Packaging Additives: 
Bridging Post-Harvest Loss 
Control and Consumer Appeal
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Gowtham Manoharan

Abstract

Food packaging systems are designed to preserve freshness and structural integrity. 
Recent advancements have led to the development of novel packaging systems 
collectively referred to as smart packaging technology. This chapter explores the growing 
role of smart packaging additives in minimizing post-harvest losses and meeting modern 
consumer expectations. It highlights two key types: active additives (e.g., oxygen 
scavengers, ethylene absorbers, and antimicrobial agents), which preserve product 
quality, and intelligent additives (e.g., time–temperature indicators, freshness sensors, 
and radio frequency identification [RFID] tags), which provide real-time information on 
food safety and handling. It also discusses their applications across fruits, vegetables, 
dairy, meat, and ready-to-eat products, emphasizing how they extend shelf life, improve 
traceability, and enhance consumer trust. Furthermore, the market drivers, like the 
clean-label movement and sustainability, are discussed, along with challenges related to 
cost, regulation, and waste management. Overall, it provides a comprehensive overview 
of how these innovations can bridge the gap between industrial preservation needs and 
the rising demand for freshness, transparency, and safety in food systems.

Keywords: active packaging, consumer demand, food safety, intelligent packaging, 
post-harvest loss, smart packaging, supply chain, sustainability

1. Introduction

Post-harvest losses, especially in perishable commodities like fruits, vegetables, dairy, 
and meat, are a significant concern globally. Traditional preservation methods are no 
longer sufficient to meet modern consumer demands for freshness, minimal processing, 
clean labels, and traceability. Fruits and vegetables have the highest share of food wastage 
at around 45% [1], which highlights the urgent need to reduce the generation of food 
waste and develop multifunctional packaging systems. Recent advancements in food 
packaging systems have paved the way for creative packaging techniques known as 
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“smart packaging technology,” which include mechanisms to accurately track the 
alterations occurring within the food product [2]. This chapter discusses in detail both the 
active and intelligent packaging additives and their principles. The classification of smart 
packaging systems is shown in Figure 1. In recent years, smart packaging additives like 
oxygen scavengers, moisture regulators, ethylene absorbers, and antimicrobial agents 
have emerged as an innovative option to enhance preservation efficiency and extend 
shelf life [3, 4] and are highlighted in the subsections of this chapter. These additives 
actively interact with the packaged product or environment, helping to inhibit microbial 
growth, delay ripening, and maintain optimal physicochemical conditions.

However, intelligent packaging transforms traditional containers into responsive 
systems that monitor, detect, and communicate changes in product quality or 
environmental conditions [5], thus promising a solution that extends shelf life, reduces 
spoilage, and enhances consumer trust. The subsequent sections explore how 
intelligent packaging additives, such as time–temperature indicators (TTIs), freshness 
indicators, and radio frequency identification (RFID)/near-field communication 
(NFC) tags with embedded sensors, address specific post-harvest challenges.

Consumer preferences increasingly drive food packaging innovations, 
emphasizing clean-label products, transparency, convenience, and sustainability [6]. 
The following subsections examine the significance of these key market drivers 
within the food sector. These factors shape the development of smart and functional 
packaging solutions that align with modern market demands.

2. Active packaging additives

2.1 Oxygen scavengers

The presence of oxygen inside food packaging initiates oxidative reactions and 
promotes the growth of specific microorganisms. This can lead to spoilage or quality 
degradation, causing foul odors, undesirable color changes, off-flavor formation, 

Figure 1. 
Classification of smart packaging systems [2].
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loss of nutritional value, and other defects. The use of oxygen scavengers can prevent 
these issues [2]. Oxygen scavengers are materials embedded within food packaging 
that actively remove residual oxygen from the surrounding environment. It is an 
active packaging approach designed to remove dissolved oxygen or oxygen present 
in the headspace, thereby helping to enhance the shelf life of the product. Oxygen 
scavengers function by chemically or enzymatically reacting with oxygen, thereby 
preserving the quality and shelf life of packaged foods – particularly in high-fat or 
protein-rich foods like meat, cheese, and nuts [7]. Some of the common oxygen 
scavengers are discussed below.

2.1.1 Iron powder sachets

This is the most commonly used oxygen scavenger in the food industry, typically 
incorporated as pads or sachets containing metallic reducing agents like powdered 
iron oxide, ferrous carbonate, or metallic platinum. These systems depend on 
moisture to initiate oxygen absorption via iron oxidation, thereby limiting their 
effectiveness in dry food products [8].

2.1.2 Ascorbic acid systems

Ascorbic acid is a six-carbon compound. It works on the principle of ascorbate 
oxidation to dehydroascorbic acid, which is relatively harmless. Metal ions, like iron, 
accelerate the oxidation of ascorbic acid, converting it into dehydroascorbic acid [9].

2.1.3 Enzymatic solutions

Enzymes are utilized to consume oxygen, thereby reducing or eliminating it from 
the environment and protecting sensitive products from oxidation. The most 
commonly used enzymatic oxygen scavenging systems involve glucose oxidase 
(GOD). It is used to remove oxygen by converting glucose to gluconic acid and 
water. Other commonly used enzymes include laccase and ethanol oxidase [10].

These systems are especially useful in vacuum-sealed or modified atmosphere 
packaging (MAP), where even minimal oxygen can accelerate spoilage. By actively 
binding and removing oxygen molecules from the package, these scavengers help 
maintain the product’s freshness and nutritional quality, thereby extending its shelf 
life. They are used for the preservation of all types of packaged foods, foods 
containing oils or fats, rice, bakery products, juice, meat, milk products, 
pharmaceuticals, and fruits and vegetables [10, 11]. They have enhanced the storage 
life of fish by effectively controlling fat oxidation and inhibiting the growth of 
microorganisms [8].

2.2 Moisture regulators

Moisture regulation is essential to protect both high-moisture and dry food 
products from the accumulation of excess moisture, which can lead to quality 
degradation of the food as well as deterioration of the packaging. Moisture 
accumulation inside food packaging can arise from several sources, including natural 
respiration of fresh produce, fresh meat, fish, poultry, condensation or sweating, and 
accumulation of humidity due to the metabolism of biomolecules [12]. The 
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application of moisture regulators can remove accumulated moisture and maintain 
the quality of both food products and packaging. Additionally, it lowers water 
activity and reduces microbial deterioration in high-water-activity foods such as 
fruits, vegetables, and meats. For this reason, moisture regulators are incorporated 
into active packaging technology. This aids in controlling the moisture levels inside 
the package by either absorbing or releasing excess water, thereby maintaining 
optimal relative humidity [13].

Packaging that incorporates desiccants such as silica gel or calcium chloride helps 
maintain optimal relative humidity within the package. Silica gel is among the most 
widely used desiccants in food packaging due to its high moisture-adsorbing 
capacity, non-toxic nature, chemical stability, and high relative humidity tolerance 
[14]. It is a porous, granular form of silicon dioxide (SiO2). The large surface area and 
presence of millions of tiny pores enhance the moisture absorption capacity of silica 
gel. Depending on the relative humidity within the packaging, silica gel can adsorb 
up to 40% of its weight in moisture [15]. Calcium chloride can absorb a significant 
amount of water from the surrounding environment relative to its weight. It absorbs 
moisture through deliquescence (a process by which a solid material absorbs 
sufficient moisture from the atmosphere to dissolve into a liquid solution), which 
forms liquid brine once it absorbs enough water [16]. These are particularly 
important for bakery products, snack foods, and powdered items, where excess 
moisture can lead to microbial growth, clumping, or textural loss. A comparison 
between silica gel and calcium chloride is given in Table 1.

In contrast, humectant-based additives may be used to retain moisture in 
products like fresh produce, preventing dehydration and wilting during extended 
shelf life. They function by attracting and binding water molecules and by 
preventing food from losing water. Being hygroscopic, they absorb moisture from 
the surrounding environment or the food itself, thereby preventing it from drying 
out [18, 19]. Furthermore, by lowering water activity, they help suppress the growth 
of microorganisms and extend the shelf life of food products. Humectant-based 
additives maintain the desirable qualities of food, like softness and pliability. The 
commonly used humectants include glycerol, sorbitol, propylene glycol, sugars like 
sucrose, honey, salt, fruit juices, and certain polysaccharides [19–21] (see Figure 2).

Food products utilizing humectants include baked goods, confectionery, meat 
products, dried fruits, cereals, dairy products, and snacks [18, 22, 23]. Humectants 
help maintain freshness and softness in baked goods and dried fruits by preventing 
excessive drying. In meat products, they can be used to improve moisture retention 
and texture [20, 24, 25]. They help maintain crispiness in cereals and snacks, and 
they also prevent candies and chocolates from becoming hard [22].

Properties Silica gel Calcium chloride

Moisture capacity Moderate Very high

Type of reaction Adsorptive Deliquescent

Speed of moisture absorption Slower Faster

Reusability Reusable after drying Not reusable

Source: Study by Flórez-Méndez and López [17].

Table 1. 
Comparison between silica gel and calcium chloride. 
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2.3 Ethylene absorbers

Storage of climacteric fruits is difficult because they continue to ripen even after 
harvesting due to ethylene production. Ethylene (C2H4) is a natural plant hormone 
that increases the respiration rate and accelerates ripening and senescence in 
horticultural products such as fruits, vegetables, and flowers [26]. Ethylene is 
beneficial in many cases, such as inducing flowering, enhancing color development, 
stimulating root growth, contributing bitter flavor, aiding seed germination, and 
supporting stress response, but in many horticultural situations, it is necessary to 
remove ethylene or suppress its negative effects. Ethylene absorbers in active 
packaging regulate ethylene levels, thereby prolonging the shelf life of fresh 
produce [27].

Ethylene absorbers incorporated into packaging are available in various forms, 
such as sachets placed inside the package, coatings on packaging material, or as 
ethylene-scavenging active films [3]. Commonly used ethylene absorbers are in the 
form of sachets containing potassium permanganate (KMnO4), activated carbon, or 
zeolites. This helps adsorb or neutralize ethylene, thus slowing the ripening 
process [15].

Ethylene absorbers function through various mechanisms as shown in Figure 3.

2.3.1 Potassium permanganate

It is a widely used chemical agent in food packaging to absorb and oxidize 
ethylene gas. It chemically reacts with ethylene and converts ethylene into carbon 

Figure 2. 
Humectants in food packaging [19–22].

Smart Packaging Additives: Bridging Post-Harvest Loss Control and Consumer Appeal 
DOI: http://dx.doi.org/10.5772/intechopen.1014936

589



dioxide (CO2) and water (H2O) by the oxidation process [28]. For bananas, KMnO4 
is the most commonly used ethylene absorber [27].

2.3.2 Activated carbon

Due to its high surface area and porous structure, it can trap and hold ethylene 
molecules, thus preventing the ripening process [29]. Activated carbon has been 
widely used to lower ethylene concentrations and preserve the quality of various 
fruits and vegetables during storage, including tomatoes and broccoli [30].

2.3.3 Zeolites

It is a highly porous natural mining material. Its adsorption mechanism involves 
both physisorption and chemisorption (a type of adsorption where the surface of one 
material (adsorbent) and another substance (adsorbate) form strong chemical 
bonds, like covalent or ionic), with exchanged zeolites exhibiting enhanced 
chemisorption for improved trace ethylene removal [28].

The mechanism of ethylene absorbers is depicted in Figure 4. Ethylene absorbers 
are especially useful for climacteric fruits like bananas, apples, kiwifruits, apricots, 
cucumbers, avocados, tomatoes, and mangoes, which continue to ripen after 
harvest, and vegetables such as carrots, potatoes, and asparagus [31]. Such additives 
are crucial in long-distance transport and export packaging, where ethylene build-up 
can lead to over-ripening and significant post-harvest losses.

2.4 Antimicrobial agents

Antimicrobial packaging involves the inclusion of substances that inhibit or 
destroy pathogenic and spoilage microorganisms. Antimicrobials prolong the lag 
phase of microbes or inactivate them, thereby slowing their growth rate and 
reducing their population. These may include naturally derived antimicrobials like 
nisin, lysozyme, chitosan, or essential oils (e.g., oregano, thyme), as well as silver 
nanoparticles (Ag NPs) or organic acids [32].

Figure 3. 
Mechanisms of ethylene absorbers [28].
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2.4.1 Nisin

Nisin is effective in controlling Gram-positive bacteria, including some 
foodborne pathogens. It can be incorporated into multiple packaging materials, 
including edible films, to serve as a barrier against microbial contamination [33].

2.4.2 Lysozyme

It is an enzyme obtained from egg white that breaks down the peptidoglycan 
layer in the cell walls of Gram-positive bacteria, causing cell lysis and ultimately 
bacterial death [15].

2.4.3 Chitosan

This is a natural polymer derived from chitin, which is a cationic polymer with 
antimicrobial activity. It can be applied as a coating material to protect fresh produce 
from fungal degradation, thereby enhancing its shelf life [34].

Chicken drumsticks wrapped in multilayer low-density polyethylene (LDPE) 
active film containing chitosan were effective in inhibiting total aerobic mesophilic 
bacteria, coliforms, molds, and yeasts compared with the normal LDPE–Polyamide– 
LDPE bags [35].

2.4.4 Essential oils

They are a good source of volatile terpenoids and phenolic compounds, which 
give them strong activity against a wide spectrum of microorganisms. Essential oils 
can be directly incorporated into packaging materials or used in combination with 

Figure 4. 
Mechanism of ethylene absorbers (Adapted from the study by Gaikwad and Negi [27]).
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encapsulation techniques to develop active packaging systems. Examples include 
oregano oil and thyme [34].

2.4.5 Silver nanoparticles

Ag NPs demonstrate broad-spectrum antimicrobial activity, acting against 
various pathogens, including bacteria, fungi, and certain viruses. Ag NPs have the 
ability to disrupt microbial cell membranes, interfere with DNA replication, inhibit 
enzyme activity, and can be incorporated into different packaging materials [15].

2.4.6 Organic acids

Organic acids reduce the pH of foods and suppress the growth of unwanted 
microorganisms. They occur in both dissociated and undissociated forms, but only 
the undissociated molecules can penetrate microbial cell walls, where they disrupt 
metabolism and exert their inhibitory action. Acids like lactic acid, sorbic acid, 
benzoic acid, and propionic acid can be used in food packaging as antimicrobial 
agents [12]. Sorbic acid is among the least harmful antimicrobial agents used in food 
products. The shelf life of bread and cheese wrapped with LDPE films containing 
benzoic acid can be significantly improved [34].

Antimicrobial agents are widely applied in the packaging of meat, poultry, 
seafood, and fresh-cut produce, where microbial spoilage poses a major safety and 
quality challenge. Among food packaging technologies, antimicrobial packaging has 
gained significant attention due to the wide range of materials used, the various 
application methods available, and its suitability for protecting diverse food 
products [36].

3. Intelligent packaging additives

In contrast to active packaging discussed in the previous section, intelligent 
packaging does not interact with the product or package; instead, it transforms 
traditional containers into responsive systems that monitor, detect, and 
communicate changes in product quality or environmental conditions [5]. Intelligent 
packaging additives are components incorporated into packages that facilitate the 
package in monitoring, detecting, or recording changes in the condition of a product 
or its environment, such as quality, freshness, temperature, humidity, or spoilage 
[37]. These additives provide the packaging with intelligent functionalities, 
transforming it from a passive barrier into an informative system, without 
necessarily interacting directly to preserve the product [38]. They do not directly 
preserve the product but provide real-time information that enhances safety, 
traceability, and consumer confidence.

3.1 Time–temperature indicators

TTIs are smart labels that visually reflect the cumulative exposure of a product to 
temperatures above its safe threshold. These indicators typically change color based 
on a chemical or enzymatic reaction that correlates with time and temperature 
exposure. A TTI may be defined as a device that integrates the thermal exposure over 
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time, accumulating the effects of such exposures and displaying a visible change, 
typically a color shift or other irreversible physical alteration, to indicate the 
product’s thermal history [39]. Figure 5 shows a schematic representation of TTI. 
TTIs are especially valuable for frozen and chilled food products such as seafood, 
dairy, and vaccines, where any deviation in the cold chain can compromise product 
integrity.

The working of a TTI is as described below [40, 41]:

(1) Activation: Some TTIs need an initial activation step, such as a physical 
trigger or exposure to UV light, to start working. Such TTIs begin time– 
temperature monitoring and recording of temperature changes only after 
activation.

(2) Temperature sensing: There are different types of TTIs.

● Diffusion-based: Heat causes a dye to migrate along a strip; the distance 
correlates with the exposure time and temperature.

● Polymer-based: Chemical reactions cause a visible color change due to 
polymerization.

● Enzyme-based: Enzymatic degradation alters pH, triggering a color shift.

Figure 5. 
Time–temperature indicator (adapted from the study by Vasuki et al. [2]).
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● Microbial-based: Microbial growth leads to dye changes, indicating spoilage.

(3) Color change: When there is temperature abuse over time, an irreversible 
color change occurs. The extent of the color change corresponds to the 
cumulative time–temperature exposure.

(4) Indication: The final color of the TTI indicates the accumulated 
time–temperature history of the product. A full color change indicates 
spoilage of the product due to temperature abuse for a crucial duration. 
A partial color change indicates that the product was subjected to 
unfavorable temperature but can still be consumed, as that exposure was 
within the acceptable limit in terms of quality and safety.

These indicators are especially valuable in cold chain logistics for seafood, dairy, 
and vaccines. Some TTIs can even record the temperature history, helping identify 
where in the supply chain a breach occurred [42].

3.2 Freshness indicators

Freshness indicators detect spoilage-related changes, such as gas emissions 
(e.g., ammonia, hydrogen sulfide) or pH shifts [43]. They provide a visual cue, often 
a color change, that reflects the actual condition of the food rather than relying solely 
on expiry dates.

A colorimetric strip used in fish packaging changes from green to red as spoilage 
progresses due to amine release, as illustrated in Figure 6.

In meat or dairy, sensors may respond to microbial metabolites or changes in 
acidity.

Figure 6. 
Colorimetric strip in fish packaging (adapted from the study by Azeredo and Correa [44]).
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These indicators equip consumers with the information needed to make informed 
decisions, thereby reducing unnecessary food wastage.

3.3 RFID/NFC tags with embedded sensors

RFID and NFC technologies facilitate wireless communication of real-time 
product data, including temperature, humidity, and movement during transport. 
RFID tags use electromagnetic fields of radio frequency to store and communicate 
product information in real time for their identification and traceability [45, 46]. 
Figure 7 shows a schematic diagram depicting the working principle of RFID.

The working of RFID is as follows:

(1) Initiation: The reader emits a signal to activate the tag.

(2) Activation: After receiving a radio signal, the RFID tag gets activated.

(3) Tag response and data transmission: The tag transmits stored data, and the 
information is sent to the reader.

(4) Processing: Data is analyzed for action.

(5) Automation: Triggers alerts or system responses (e.g., alarms, door 
controls).

These technologies support traceability, authenticity, and real-time monitoring, 
which are especially useful for high-value perishables and export commodities 
[45, 46].

Figure 7. 
Schematic diagram illustrating the working of RFID (adapted from the study by Azeredo and Correa [44]).
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4. Consumer expectations and market drivers

Modern consumers demand packaging that is safe, sustainable, and informative. 
Smart additives play a key role in meeting these expectations [4].

4.1 Clean-label movement

Consumers prefer packaging made from natural, recognizable ingredients. This 
preference has led to a spike in biodegradable and edible packaging materials like 
chitosan [47], which offers antimicrobial properties and can be enhanced with 
essential oils or polyphenols [48, 49]. Numerous studies have demonstrated the 
effectiveness of such composite films in extending the shelf life of fresh and 
processed foods, including meats, seafood, and produce, without the use of synthetic 
preservatives [50]. These systems reduce reliance on synthetic preservatives while 
maintaining safety and shelf life.

4.2 Transparency and trust

Smart packaging builds consumer trust by offering visual or digital confirmation 
of product integrity. TTIs, freshness indicators, and traceability labels reassure 
buyers by offering visual or digital confirmation that a product has not been exposed 
to unsafe conditions during storage or transport [51, 52]. This aligns with global food 
safety regulations and traceability initiatives.

4.3 Convenience

Modern lifestyles demand food that is not only safe but also easy to use and assess. 
Intelligent packaging that offers visual freshness cues or mobile-based scanning options 
(via NFC/RFID) adds to the convenience factor. In this context, intelligent packaging 
systems that offer enhanced convenience through freshness indicators, quick-response 
(QR) codes, and mobile-based scanning technologies like NFC and RFID are gaining 
widespread acceptance [53, 54]. This supports better meal planning and reduces wastage.

4.4 Sustainability

Eco-conscious consumers favor packaging that is biodegradable, compostable, 
and non-toxic. Natural additives like turmeric, green tea extract, and essential oils 
are being incorporated into starch- or cellulose-based films to create functional, 
sustainable alternatives to plastic [55, 56]. Starch-based films containing turmeric 
extract have demonstrated effective antimicrobial activity while also being fully 
biodegradable, offering a promising alternative to petroleum-based plastics [56]. 
Brands that embrace such green technologies find greater acceptance among eco- 
conscious buyers, especially in premium retail segments.

5. Challenges and future outlook

Despite the promise of smart packaging technologies, several challenges need to 
be addressed to facilitate their widespread adoption in food systems.
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5.1 High cost

Smart packaging systems, especially those incorporating sensors, indicators, or 
bioactive compounds, can increase packaging costs by 10%–20% compared to 
conventional materials. This is a significant barrier for low-margin commodities. 
However, the long-term benefits – reduced spoilage, extended shelf life, and enhanced 
product value – often justify the investment, particularly in premium supply chains. As 
manufacturing scales up and technologies mature, costs are expected to decline [57].

5.2 Consumer awareness

Many consumers remain unfamiliar with smart packaging concepts. Studies show 
that only 17% recognize the term “smart packaging.” At the same time, consumers 
expressed gaining knowledge in the area of novel packaging and showed willingness 
to adopt the technology [1]. Misconceptions about chemical additives, 
misunderstanding of how indicators work, or fear of synthetic components can 
hinder widespread adoption. Beyond cost considerations, consumers expressed 
concerns about the potential risks associated with smart packaging materials, along 
with hesitation toward sudden changes in their purchasing habits. Therefore, 
educational efforts, transparent labeling, and consumer engagement campaigns are 
essential to build awareness and acceptance of these innovations, particularly in 
emerging markets [57].

5.3 Regulatory hurdles

Smart packaging additives must comply with food safety regulations, which vary 
across regions. Approvals from agencies like the Food Safety and Standards 
Authority of India (FSSAI), the Food and Drug Administration (FDA), or the 
European Food Safety Authority (EFSA) are required before commercial use. 
Additives involving nanomaterials, synthetic agents, or embedded electronics face 
stricter scrutiny due to migration risks. Manufacturers need to conduct rigorous 
safety testing to confirm that packaging components do not contaminate food and 
that the packaging remains safe under normal use. Harmonization of global 
standards and evidence-based safety assessment are critical for industry growth [58].

5.4 Waste management

Smart packaging often includes multilayer films, sensors, or electronic 
components that complicate recycling. These materials may not be biodegradable or 
compatible with existing waste systems. To address this, researchers are developing 
compostable smart films and circular packaging models. QR codes and freshness 
indicators can also guide consumers on proper disposal or reuse, reducing 
environmental burden [59].

6. Smart packaging additive systems in the post-harvest supply chain

Smart additives play a transformative role across the post-harvest supply 
chain, from farm to fork, enhancing quality, safety, and consumer engagement. 
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They include active and intelligent packaging that monitors the internal and 
external changes occurring in the product during storage and transport. These 
additives respond on the external surface by either electrical or optical 
means [60].

6.1 Harvest to sorting

Microbiological, physiological, and biochemical changes frequently cause the 
rapid decay of many high-moisture foods, particularly fresh herbs, fruits, and 
vegetables. They begin to undergo physiological processes like respiration, ripening, 
transpiration, senescence, and microbial destruction as soon as they are harvested. 
At this point, quality degradation can be considerably slowed down by the early 
application of additive-based treatment [61].

Precooling is done to remove the field heat from fresh fruits and vegetables, 
which slows down the biochemical and physiological activities of the produce [61]. 
For instance, ripening is postponed, and the microbial load is reduced by using pre- 
harvest or post-harvest sprays that contain natural antimicrobials or anti-ethylene 
compounds (such as potassium permanganate or 1-methylcyclopropene [1-MCP]). 
By ensuring the product enters the chain in ideal condition, these interventions 
lessen the strain on packaging additives and provide a cleaner, more stable platform 
for further processing [62].

6.2 Smart packaging (active and intelligent additives)

Food products are packaged with materials that have functional additives, such as 
coatings that release natural antimicrobials, sachets that absorb moisture or 
ethylene, or films built in with oxygen scavengers [63].

The purpose of active packaging is to extend the shelf life of the product and 
preserve the quality of the food in the pack by absorbing or releasing specific 
components from the packed food product or nearby foods [63].

The goal of antimicrobial food packaging materials is to improve shelf life while 
maintaining product quality and safety by extending the lag phase and inhibiting 
microbial growth [64].

TTIs, spoilage sensors, and freshness color strips are some of the intelligent 
components that are simultaneously placed outside the pack. These methods allow 
for external monitoring while preserving the quality of food. The packaging at this 
node serves as a dynamic system that not only works as a physical barrier but also 
actively interacts with the food and its surroundings in order to ensure safety and 
extend shelf life [65].

These systems provide external cues for monitoring while interacting with the 
environment and product to preserve quality. Compared to traditional methods like 
canning or MAP, smart packaging offers freshness, flexibility, and reduced reliance 
on chemical sterilants [65].

6.3 Cold chain transport and distribution

Temperature control is critical during the transportation and distribution stage, 
particularly for frozen or cold commodities. Food quality might be harmed, or 
spoilage can result from even minor differences. RFID and NFC tags embedded with 
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sensors monitor temperature, humidity, and shock in real time. Data can be 
uploaded to cloud dashboards, enabling proactive quality control and immediate 
response to breaches in the cold chain [66].

6.4 Retail display

The retail display serves as a communication channel between the product and 
the customer by using intelligent additives that provide both protection and 
information. This encourages consumers to make educated decisions and minimizes 
wastage from the premature disposal of still-edible goods. TTIs and freshness 
indicators provide visual assurance of product integrity. Transparent films with 
antimicrobial coatings protect the product while showcasing its quality. These 
features reduce premature disposal and encourage informed consumer choices [67].

6.5 Consumer purchase and use

Consumers can scan NFC tags or QR codes to access detailed product 
information, such as harvest date, storage history, and safety status, through 
smartphones. This digital connection is especially crucial for consumers who are 
health-conscious, since it promotes a sense of transparency and control. Freshness 
indicators help reduce food wastage by showing whether a product is still safe to 
consume. Functional additives continue to protect the product during storage, 
ensuring safety and nutrition until consumption [68].

7. Additive benefits across the chain

7.1 Reduced spoilage

By using oxygen scavengers, antimicrobials, and ethylene absorbers, smart 
packaging actively delays spoilage, allowing food to remain fresh and safe for a 
longer duration. It also enhances the product’s attributes, including its appearance, 
taste, flavor and aroma. This reduces food wastage during storage and transportation 
and helps to maintain a proper supply chain. Consequently, it helps consumers by 
providing food that maintains its freshness and quality until it reaches their 
table [69].

7.2 Extended shelf life

Smart packaging helps maintain food freshness and actively inhibits spoilage, 
thereby prolonging shelf life. Functional additives – including antimicrobials, 
ethylene absorbers, oxygen scavengers, and moisture regulators – when 
incorporated into packaging systems, actively inhibit microbial growth and reduce 
oxidation, thereby delaying quality degradation [13]. Controlled-atmosphere 
packaging environments can delay ripening, spoilage, and senescence by creating 
optimal storage conditions through the regulation of oxygen, carbon dioxide, and 
humidity levels. Smart packaging plays a prominent role in the preservation of fruits 
and vegetables. These techniques not only increase the shelf life of perishables but 
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also enable longer marketing windows, which is advantageous for export and e- 
commerce platforms [70].

7.3 Traceability

Integration of traceability technologies in smart packaging offers a range of 
benefits across the supply chain, such as safety, minimization of wastage, and 
consumer trust. By using technologies like smart sensors, RFID, and QR codes, smart 
packaging can monitor real-time, end-to-end product tracking, enabling quick 
problem detection and direct consumer engagement. Smart sensors can measure and 
record environmental conditions, like temperature, humidity, or gas levels, inside 
the storage and transport units. RFID tags are sophisticated data information 
carriers, enabling quick tracing of a product’s origin, processing, and movement 
without direct contact. QR codes offer detailed product information, such as batch 
numbers, certifications, and handling instructions, and allow both sellers and 
consumers to scan packages and access this information. Together, these 
technologies create a farm-to-fork chain of custody and add value in regulated or 
premium markets [71].

7.4 Clean-label compliance

The incorporation of natural, plant-based, or biodegradable smart packaging 
additives into products makes them safer and healthier and gives them fewer side 
effects compared to synthetic additives. Eco-conscious consumers claim that such 
additives are environmentally friendly, naturally obtained, and reduce synthetic or 
plastic waste. Health-aware consumers trust natural and plant-based additives more. 
Also, innovative and appealing packaging strongly impacts what consumers decide 
to buy. This helps brands align with clean-label trends, builds trust, and broadens 
appeal in today’s conscious marketplace [72].

7.5 Consumer trust

Smart packaging, integrated with additives and technologies such as QR codes 
and sensors, enhances transparency and traceability from farm to table, ensuring 
product safety and authenticity, and thereby building consumer trust. Visible 
indicators, freshness cues, and digital transparency tools can identify spoilage, 
indicate freshness, trace the product’s entire journey, and provide data on 
manufacturing processes and nutritional value, which foster a greater sense of 
confidence among buyers, reinforcing brand reliability and enhancing customer 
loyalty. However, introducing new technologies may require education and 
demonstration for consumers to understand smart packaging and ensure their 
willingness to use it [57].

8. Conclusion

As discussed throughout this chapter, smart packaging is an innovative 
technology impacting the quality, safety, integrity, and sustainability of food 
products. These systems significantly strengthen the post-harvest supply chain by 
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enhancing transparency from harvest to consumption. Active packaging 
incorporates components such as antimicrobials, antioxidants, and gas scavengers to 
actively preserve food quality, extend shelf life, and reduce spoilage. It goes beyond 
passive protection by interacting with the food or its environment, improving safety 
and consumer confidence. Conversely, intelligent packaging employs sensors, 
indicators, or communication technologies such as TTIs, freshness indicators, RFID, 
and so on to track food quality, freshness, or storage conditions in real time. Unlike 
active packaging, it does not directly modify the food but provides valuable 
information to consumers and supply chain stakeholders to enhance safety and 
minimize wastage.

In the context of finite resources and a growing population, efficient utilization of 
available resources is imperative. These innovative technologies bridge the gap 
between ever-changing customer preferences and supply chain efficiency. Through 
their active and intelligent functionalities, smart packaging solutions extend shelf life, 
enhance product safety, and improve overall supply-chain efficiency. Although smart 
packaging additives help in minimizing wastage and ensuring transparency and 
traceability, there are some challenges. Cost, environmental impact, consumer trust, 
and regulatory approval are some of the main constraints limiting the widespread 
adoption of these technologies. Introducing new technologies may require educating 
consumers and providing demonstrations to foster understanding and encourage the 
adoption of smart packaging. Future research integrating science, industries, and 
consumer demands will be essential to fully utilize the potential of smart packaging.
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Edited by Fernanda Cosme, 
Fernando M. Nunes and Miguel Ribeiro

This book provides an overview of contemporary developments in food additives, 
bridging scientific principles, real-world applications, and regulatory frameworks. It 

explores key innovations such as clean-label ingredients, plant-based antioxidants, 
natural sweeteners, wine tartaric stabilizers, and advanced technologies, including 
nanoencapsulation and smart packaging systems. Special attention is given to the 

role of food additives in enhancing nutritional value, extending shelf life, improving 
food safety, and reducing waste across the supply chain. By examining both emerging 

technologies and their practical implementation, the book highlights the scientific, 
technological, and market-driven factors shaping the future of food additives, ensuring 
a balanced understanding of both opportunities and challenges in this rapidly evolving 

field. An essential resource for graduate and doctoral students, researchers, food 
scientists, technologists, and industry professionals seeking to understand the future 
direction of food additives, this book offers valuable insights into the field’s evolving 

landscape and its global impact.

Maria Rosário Bronze,  
Food Science and Nutrition Series Editor
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