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Abstract

This review is an exhaustive analysis of the recent progress in the research of active
and biologically active additives/ingredients. Fast-developing innovations during the
last 3-5 years are included in every stage of their preparation from various resources,
with valorization of the by-products and waste, characterization, arising problems with
their applications, and an important role in the production of the advanced, high-
performance materials. The two main well-known classes as natural (bio)active additives
and nanoscaled active additives are discussed as it concerns, their types, classification,
characteristic mode of action, green extraction and preparation, green synthesis, supple-
mentary processing performed to achieve the suitable stability of the systems by micro-
/nanoemulsification/encapsulation, complexation, etc., importance of the composition—
activity relationships, biological effects, antimicrobial, antifungal, antioxidant potential,
controlled /targeting release of (bio)active agents, the mechanisms of action of antimicro-
bials, antifungal and antioxidants synthesized in vivo or derived from the human diet,
analytical methods for BACs characterization, degradation, toxicity concerns, a.s.o. The
combinations of the two kinds of active additives (including even natural additives pre-
pared at the nanosized level) are frequently used in research and scale-up production of
new materials as important innovative solutions and challenges in various application
fields, especially when their synergism appears, as will be detailed in the second part of
this review.

Keywords: active additives; biological active additives; natural extracts; essential oils;
nanoparticles; antimicrobial; antifungal; antioxidant; controlled /targeting release; green
extraction; green synthesis; encapsulation

1. Introduction

The two significant trends are in current research, industry, and the economy. The
“ReShaping Plastics” highlights, as an important necessity in the report issued in April 2022,
directed to develop efficient directions to assure the principles of the circular economy,
focuses on the three core principles: design out waste and pollution, keep products and
materials in use at their highest value, and regenerate natural systems in Europe. This can be
achieved by implementing policies that encourage long-lasting product design, promoting
reuse and repair over recycling, using new business models like product-as-a-service,
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and creating solutions for the participation of consumers in all stages. The development
of degradable and advanced biomaterials/polymers as a new direction includes active
ingredients/additives in their formulations able to control headspace composition, extend
the shelf life of polymers, and serve as sensors that detect/indicate the target species, such
as the indicators for contaminants of food quality and/or in other fields such as agriculture,
pharmaceutics, biomedicine, cosmetics, etc. [1-3]. The development of efficient directions to
assure the principles of the circular economy helps focus on the three core principles: design
out waste and pollution, keep products and materials in use at their highest value, and
regenerate natural systems in Europe. This can be achieved by implementing policies that
encourage long-lasting product design, promoting reuse and repair over recycling, using
new business models like product-as-a-service, and creating solutions for the participation
of consumers in all stages.

The first direction is focused on plastics used in large quantities (as in packaging, the
automotive industry, construction, etc.), generating huge amounts of waste, having very
negative environmental impacts on all ecosystems, and also affecting human health [4],
etc. Mechanical and chemical recycling of plastic waste must be improved [5,6], or new
solutions to obtain sustainable materials will be developed. Different food preservative
techniques like salting, dehydration, freezing, smoking, and irradiation are applied in the
food industry during processing and packaging [7].

A particular situation has been encountered during the COVID-19 pandemic period
when the various business activities and general consumption have been reduced, leading
to a decrease in emissions, also because consumers paid more attention to their personal
safety and health. This progress has been more due to the slowdown in economic growth,
and its impact was generally positive [8]. Recyclable or alternative materials that do not
generate microplastics, are biodegradable, and are impermeable are preferred and show a
huge market demand for packaging. There is also a growing interest in the use of such sus-
tainable and natural materials as preferred new solutions in agriculture, delivery systems,
and cosmetics. It was estimated in 2020, by the EC, that 56% of consumers are influenced
in their purchasing decisions by environmental concerns, and 67% prefer the products that
are better for the environment, even if such products are more expensive [9,10].

It could be concluded that new eco-friendly sustainable directions should be developed
based on novel natural products and derivatives as main components and also containing
selected active agents/additives showing antimicrobial, antifungal, antioxidant, and other
desired effects (i.e., accelerating treatments for cancer, diabetes, and other diseases) and
nanotechnology to obtain advanced functional materials useful in various application
fields such as agriculture, food preservation and packaging, biomedicine, cosmetics, etc.
Intensive studies possessing a very rich basis of interest are now included in academic
programs and research to find innovative new solutions to develop high-performance
materials. The latest release from the AntiBase Library-Wiley Identifier of Natural Products
as “A natural product database for compound screening and other applications in natural
compounds research” includes more than 105,300 compounds, with the latest release of
Natural Product Atlas with over 9500 more compounds [11,12].

To achieve such objectives, important changes must be introduced in the entire cycle
of the development of new sustainable materials with suitable properties, high perfor-
mance, and more; those that assure smart and sensory characteristics, functionality, and
biodegradability; and those that are recyclable and also should be obtained by easy, scalable
technologies, environmentally friendly procedures at low prices, etc.

Many reviews have been published on certain types of active additives or distinct
fields of interest, which have continuously increased, although natural bioactive agents
have been considered since ancient times because of their health benefits. Special topics and
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innovative solutions have been developed to solve problems, creating new materials, such
as the extended use of active compounds [13-19] as eco-friendly, (bio)active compounds
to replace the synthetic ones that affect humans and the environment, etc. New types
of phytochemicals, plant extracts, essential oils (EO), mushroom extracts, and /or marine
products, etc., have been identified [20-24], with different functions as antibacterials, an-
tioxidants [25], preservatives [26], natural pigments, edible coatings and films [27-29],
smart/intelligent packaging, materials revolutionizing biomedicine by using phytochemi-
cals or nanobiopolymers in human health [30,31], treatment of wounds [32], drug deliv-
ery [33], specific natural resources such as peppermint and menthol for pharmacological
and clinical applications [34], new cosmetic products [35], and many others.

Natural (bio)active additives together with/or active nanosized additives are new,
valuable options to obtain innovative, interesting new materials with large applications
in various fields. Both classes of active additives offer an opportunity through the deep,
detailed studies and the sustainable circular economy for a smarter, greener future, and,
according to the green chemistry principles of development, will be achieved. All aspects
related to resources, cultivation area, or synthesis procedures determine, to a large extent,
both characteristics of the active additives and, more importantly of the properties of
the materials containing them, useful for different applications. Important advances in
each domain of preparation/characterization/utilization have been registered in recent
decades for both kinds of additives. A continuous bibliographic documentation and the
methodology for identification/characterization by deep examination and critical analysis
of the bibliographic sources of relevant literature is necessary and pertinent to reveal the
increasing role of (bio)active compounds (BACs) as additives/ingredients in the various
research fields and daily lives of communities.

The aim of this review is to provide some new insights and innovative biobased/
sustainable solutions resulting from the incorporation of the natural (bio)active additives
and/or nanosized compounds as active additives in the development of new polymeric
materials. The review is based mainly on the 2022-2025 publications (for both types of
additives, and especially for nanosized ones), and it updates information useful for se-
lecting topics and materials suitable as active additives both for applications and also
for future research on natural and nanosized additives. It should be useful in (i) precise
and sustainable agriculture/farming, emphasizing on integration of nanotech solutions in
research and practice or the latest breakthroughs as nano-fertilizers and nano-pesticides,
with advanced nano-sensors; (ii) impact of nanotechnology in food preservation and
packaging, environmental sustainability through nanotechnology innovations to extend
food shelf life and safety, also in (iii) biomedicine to treat some diseases, (iv) in cosmet-
ics, a.s.0. One of the recent important research/scale-up directions is based on detailed
composition-activities relationships of the BACs, which led to the discovery of new compo-
nents/compositions/activities [36-38]; that is why the review starts with the presentation
of the main classes of the natural and nanoscale BAC types/components. As sources of BAC
and biopolymers are mentioned, especially by-products, residual materials, and waste from
various sectors to be processed and valorized by new efficient and sustainable processes
(emulsification, encapsulation, complexation), green syntheses of different nanoparticles
(NPs), etc. The recent considerations on the mechanisms of antimicrobial, antifungal,
antioxidant activities, controlled / targeting release of (bio)active agents, their detailed char-
acterization by analytical methods, toxicological issues, degradation behavior and recent
developments on the applications of the active (bioactive) natural additives/ingredients
and active NPs in various sectors are only mentioned in each section (these applications
will be the topic of the second part of this review).
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2. Types of (Bio)Active Additives/Ingredients

Most types of materials are produced using different additives. An additive is defined
in the Federal Food, Drug, and Cosmetic Act as “any substance the intended use of which
results or may reasonably be expected to result—directly or indirectly—in it becoming
a component or otherwise affecting the characteristics of any food/material”. A wide
variety of active agents/additives with various functionalities may be incorporated into the
advanced materials to provide the desired activity, such as preservatives, antimicrobials (e.g.,
natural extracts and essential oils (EOs), antimicrobial peptides, metal-organic frameworks
(MOFs), and many more), antifungals, antioxidants, insect repellents, absorbing / scavenging or
releasing /emitting properties (e.g., for oxygen, carbon dioxide, ethanol, ethylene, sulfur dioxide,
odors /flavors, moisture and liquids, and taste), pigments, colorants, etc. Table 1 and Figure 1.

Antimicrobial agents kill or destroy microorganisms or inhibit the growth of microbes
(as (micro) bacteriostatic agents); they may be antibacterial, which work against bac-
teria; antifungal, against fungi; or microbiocidal, which kill microbes or inhibit their
growth—inhibitors. Antioxidants, as a group of preservatives, prevent fats, oils, and the
foods containing them from becoming rancid or developing an off-flavor, protect fresh
fruits such as apples from turning brown when exposed to air, etc. Preservatives prevent
decomposition by microbial growth or by undesirable chemical changes in various prod-
ucts such as food, beverages, pharmaceuticals, drugs, paints, biological samples, cosmetics,
wood, and many other products. Natural pigments having enhanced stability are explored
as sensors of food properties in intelligent/smart packaging [17,39].

The BAC addition to various products/materials improves their quality (antibrowning
agents), extends shelf life (antioxidants and antimicrobials), enhances sensory properties
(flavor, color, and texture), and adds health benefits. Nutritional constituents considered to
have a therapeutic or health benefit are nutraceuticals (prebiotics, probiotics, vitamins, and
minerals) or bioceuticals and nanonutraceuticals as micronutrients. Active additives can
also act as functional compounds, biologically active agents, and drugs for various diseases; barriers
to gases and vapors; preservatives; and protection against external factors such as UV radiation and
chemical reactions with food; or exhibit multiple effects, especially when some of their mixtures
are used- Selected additives depend on the application needs [40].

As different types of ingredients/additives exist, a special place is occupied by those
that are Generally Recognized as Safe (GRAS) by both the EC and the U.S. Food and Drug
Administration (FDA), such as thyme EO, ZnO as a food additive, and MgO NPs, an
interesting inorganic material [41]. “Food active ingredients” aim to extend shelf life and
increase the nutritional value of the packaged product [42,43], and in many advanced
materials for food packaging, medical devices, cosmetics, electronics, textiles, etc., they are
used to induce desired activities like antimicrobial, antifungal, and antioxidant activities
and controlled delivery and release of active compounds.

A bioactive compound (BC) has a biological activity related to its ability to modulate
one or more metabolic processes, promoting better health conditions, and as a food com-
ponent, it has an effect on the whole body or on specific tissues or cells. BCs are distinct
from nutrients because they are not essential, and, currently, there are no recommended
daily intake values. Bioactive natural compounds present large differences in their chemi-
cal structures (hydrophilic or lipophilic) and distribution in nature (specific to vegetable
species or ubiquitous) and are found in fruits, vegetables, and whole grains in a wide
concentration range; they exist both in foods and in the human body. All these explain their
possible variable site of action, the differences in bioaccessibility, bioavailability, bioactivity,
prebiotic effects, and their effectiveness against oxidative species, and the specificity of the
biological action [44].
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Table 1. (Bio)active agents used in advanced polymeric materials for agriculture, food preservation and packaging, biomedicine, cosmetics, etc. [39-47].

Antimicrobials/Antifungals Antioxidants/Stabilizers Oxygen Ethylene or Oxygen Carbon Dioxide Moisture Flavor Emitters Colorants Nanoscale Compounds
Scavengers Scavengers Scavengers Scavengers
Inorganic NPs
- Natural extracts - AgNPs
L1 . - AuNPs
- Essential oils and their
s (. basil - ZnONPs
:}(:mponen s (e.g., basil, - TiO,NPs
cinnarmon, clove - Cuand CUONPs
rosemar; )/ ’ - Feand Fe oxides NPs
- Enzvm i - Natural extracts as - Silica
ymes . hemp extract rich in - Carbon nanotubes
- Lysozyme and lactoferrin 1
L cannabidiol and - Graphene nanosheets
- Bacteriocins from ) Emitters
. . - cannabis chromene SR - Nanoclays:
microbial sources (nisin . . .
and natamycin) - Essential oils and - Sodium Fructose montmorillonite
4 . their components Curcumin MOFs . ! (MMT) NPs, kaolinite,
- Naturally occurring . . bicarbonate Cellulose, s
- Phenolic compounds Laccase Zeolites Citric Acid Some EOs From natural sources and silicate
polymers as - «-tocopherol Glucose Halloysite ) itric Act NaCl, Vanillin Mineral ores, nanoplatelets
polysaccharides (chitosan, . . - Ferrous carbonate Ca(OH),, ’
§ - Carvacrol oxidase Activated carbon 5 Allyl Plants, Insects, and Bionol NP
alginate, carrageenan, . L. X Zeolites . . . topotymer NI's
. Lo - Quercetin Gallic acid Metal oxides isothiocyanate Animals
and their derivatives), R . . ) .
- Catechin Ascorbic acid TiO, Scavengers R Citral Synthetic dyes - Starch nanocrystals
L X Montmorillonite . . A iy
M. charantia bioactive - Thymol Fe KMnOy4 Hallovsite Ethyl hexanoate Microbial pigments - Cellulose nanofibers
polysaccharides (MCPs) - Pectin Pd Nanotubes (HNTs) - Ca(OH) hano .l_}';b s and nanowhiskers
o ) - Lignin - NaCOs, - Chitosan and
- Antimicrobial peptides _  Silver - Mg(OH), - Chitin whiskers and
(pAMPs) - Copper nanofibers (electrically
- Metals (Ag, Au) - TO; conducting
- Metallic oxides (TiO,, - 7ZnO - Alginate NPs
o) . - Lignin NPs
- Orga‘ruc.amds (e..g.,-sorl:?lc, - Protein NPs (collagen,
propionic, and citric acid) gelatin, 3-casein, zein,
- Sodium benzoate, etc., and albumin)-
All approved to be used in Nanofibres
contact with food - Nanotubes (hollow

nanofiber) and
nanorods)




Polymers 2025, 17, 3139

6 of 78

B
e
8 M (2
co("ﬂ e\e’b eo\"‘co\x\)
SPC AN
\'\“«\ c\s" P‘.@,\\a
(7 2% g2
& %
LA SR
O M (o
R\ et
L N SIS
o \(P(\ ‘09}\ (\s\
S € S o
pS“ A O (W
RAPC PR
o .«\‘ ‘(\O
S 5o©
P o
«
W«
Chemical @ O
B &~ reaction
. o = Antioxidant with food @
& ¥ agents »
&£& W Ty
3, U Ton . Food
3 P e ey preservation
: a\ Modulated (T Py
k_. Antifungal release of  Antibacterial W3 &‘.Qﬁ
agents bioactive agents Mechanical resistance
~ compounds
= Control of
Barrier to gases TCROl:
Insect growth
and vapors repellent
agents N

Gases

___/Protection against

.. .Q\ E-(:ible’ biotc:legradable / o”o — m\ external fadori /
ilms, coatings, g) S =
® .Q’ Composites, biocomposites, f— o"'r,o -
— bionanocomposites, CR 3 s
systems for
pharmaceuticals; properties
depend on size, shape,

stability, distribution of NPs

Figure 1. Main effects of the (bio)active compounds on the physico-chemical and biological prop-
erties of polymeric materials, Have been written: some applications with red and activities with
black. [39-42,44,46-48].

It is very difficult to achieve simultaneous improvement in multiple structural func-
tions by using conventional structural materials. A multifunctional material that performs
multiple functions in a system due to its specific properties is preferred, as it is a multifunc-
tional packaging that delays food decay by retarding the ripening, dehydration, microbial
invasion, etc.

Microbial natural pigments offer a sustainable and economically viable alternative to
synthetic colorants; they are relatively non-toxic and exhibit significant health benefits;
therefore, the growing demand for such natural products appears. Emulsifiers, stabilizers,
and thickeners offer the texture and consistency to foods that consumers expect.

Food undergoes spoilage due to microbial contamination, enzymatic degradation, oxi-
dation, excess ethylene, uncontrolled temperature, undesirable moisture, and inadequate
pH. The oxidation process in food occurs by the generation of free radicals that accelerate
enzymatic browning and microbial proliferation, leading to food degradation [45]. Such
processes can modify the characteristics of the food, including color, flavor, aroma, texture,
and nutritional value, making the food unfit for consumption. Therefore, a food additive
should assure at least three cumulative requirements, such as preservative, coloring, and anti-
caking effects, as it has been defined in Regulation (EC) No 1333/2008. Preservatives such
as synthetic or natural antioxidant compounds have been incorporated into active packaging
systems to prolong shelf life [49]. Biopolymers with active biomolecules as internal coat-
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ings or external layers in biocomposites preserve the product freshness while upholding
structural integrity and fortifying barrier properties, thus shielding bread from moisture,
oxygen, and external influences [14,15,18,50,51].

Synthetic antioxidants/ preservatives such as butylated hydroxytoluene (BHT), buty-
lated hydroxyanisole (BHA), or tert-butyl hydroquinone (TBHQ), nitrates/nitrites, sulfites,
sodium benzoate, propyl gallate, and potassium sorbate are still used in the food industry,
but they show potential risks to human health (headaches, allergies, and cancer) [52,53]. By
replacing or reducing synthetic additives with the natural ones described here, the preser-
vation and microbiological safety of foods is improved, contributing to the sustainability of
the food industry.

Active compounds useful in foods, nutraceuticals, pharmaceuticals, etc., include ex-
tremely heterogeneous classes of compounds such as polyphenols, carotenoids, tocopherols,
phytosterols, organo-sulfur compounds, vitamins, omega-3 fatty acids, organic acids, nucle-
osides and nucleotides, and microelements; therefore, they showed a gaining interest also
due to health benefits, which can help to reduce the risk of certain chronic diseases [53,54].
Some biopolymers also act as active additives, mainly when they are at the nanosize level
(Table 1: starch, cellulose, lignin, chitosan, chitin, alginates, gelan, etc.) [55-57].

2.1. Natural Active Additives

The three main categories of natural active additives are phytochemicals, natural
extracts, and essential oils. Phytochemicals are a broad category of chemical compounds
found in plants, while natural extracts and essential oils are specific types of phytochemicals
as complex mixtures of compounds extracted from plants using particular procedures.
The main difference between essential oils and natural extracts is the obtaining process.
While both are extracted from different parts of the plant, the processes are very different.
Essential oils need to be extracted through distillation or steam distillation (commercially,
it is the most frequently used method), while extracts are soaked in a liquid to isolate the
flavor, so they are diluted with respect to EOs. Natural extracts can be used in higher
concentrations ranging from 3 to 20%. Phytochemicals contribute to color, smell, and
taste and provide health benefits, while essential oils are primarily used for their strong
aromas, flavors, and potent biological activities, such as antioxidant, anti-inflammatory,
and antimicrobial effects.

2.1.1. Phytochemicals

Phytochemicals from medicinal plants and herbs (derived from various sources such
as herb shoots, flowers and leaves, grains, seeds, fruits, vegetables, legumes, nuts, etc.)
are produced for the protection of their physiological functions. Plant-based bioactives
(biologically active compounds) (more than a thousand), possessing antioxidant and an-
timicrobial properties, show a significant impact on human health [31]. They have a
dosage-dependent effect on human health, demonstrated by in vitro and in vivo studies.
Phyto-nano-crystalline chemicals derived from various botanical sources have an increas-
ing potential as preservatives in foods labeled as GRAS, including essential oils, such as
those isolated from plants (such as clove EO from Syzygium aromaticum, basil EO from
Ocimum basilicum, black pepper EO from Piper nigrum, cannabis from Cannabis sativa, cit-
ronella EO from Cymbopogon nardus, and rosemary EO from Salvia rosmarinus), cinnamon,
oregano, thyme, ginger, lavender, eucalyptus (Eucalyptus globulus) [22,58], pomegranate
by-products [59], etc. They are listed in the natural additives/preservatives authorized
feed additives list for the European market [60].

The bioactive compounds extracted from plants are very good as antimicrobial agents,
inhibiting the harmful activity of bacteria, fungi, and viruses, and are also very interesting
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not only for their biological activities and valuable therapeutic properties but also for their
biocompatibility, renewability, biodegradability, etc.

Antioxidant activity promotes cellular health by lowering oxidative stress responsible
for aging and the onset of chronic diseases. A diet rich in phytochemicals determines a
lower incidence of lipid peroxidation, cardiovascular disorders, cancer, and other illnesses.
The 3-glucans, as active compounds of Echinacea, stimulate immune responses, enhancing
the body’s ability to defend against infections and diseases.

Bioactive additives/agents’ role is imparted by their composition [61,62]. They are
selected according to the proposed application after a detailed investigation of their com-
position and activities. As an example, total phenolic content in fruits of P. fraternus ranged
from 26.69 to 61.48 mg GAE/gfw (milligrams of Gallic Acid Equivalent per gram of fresh
weight) and from 8.89 to 24.69 mg GAE/g fw in leaves of S. nigrum plants, and thus, these
plant parts are useful for pharmaceutical purposes and health benefits [63]. The biochemical
diversity of plant-derived chemicals determines their antimicrobial, antioxidant, etc., activi-
ties and selected potential applications in various fields of human life, including agriculture,
food and nutrition, nutraceutical industries, pharmaceuticals, cosmetics, etc. [21,31,64].

As phytochemical compounds, the main sub-classes are carotenoids, polyphenols, iso-
prenoids, phytosterols, saponins, terpenes and terpenoids, flavones, flavonoids, flavonols,
flavanones, isoflavonoids, anthocyanidins, phenolic acids, the stilbenes and the lignans,
phytoestrogens, limonoids, alkaloids, glucosinolates and cyanogenic glucosides (e.g., isoth-
iocyanate, phenylethylisocyanate, and idoles), polyacetylenes, lectins, tannins, phytosterols
and phytostanols, dietary fibers, and specific polysaccharides. The main bioactive con-
stituents of the phytochemicals are vitamins, peptides, enzymes, bactericides, unsaturated
fatty acids, minerals, etc. Detailed classification and sources of phytochemicals are given
in [31]. The main components of the phytochemicals and their concentration depend on
the source, conditions of the plant cultivation, such as climate and soil, and the extraction
method. Because of this wide variety of compounds and compositions, they differ sig-
nificantly in their bioavailability, structure, and biochemical properties. Medicinal plants
contain several phytochemicals and possess antimicrobial/antifungal, antiviral, antidiar-
rheal, anthelmintic, antiallergic, and antioxidant properties. They could also behave as
targeting specific receptors, interrupting disease pathways, and disrupting pathogenic
life cycles. Many diverse activities explain their significant interest as potential thera-
peutic agents with low toxicity and adverse effects in comparison with commonly used
chemotherapeutic or radiotherapeutic agents. Bioactive pigments (including chlorophylls,
betalains, carotenoids, phycocyanin, and anthocyanins) also show significant antimicrobial,
antioxidant, and immunologic properties, being of great interest in the pharmaceutical,
food, and other sectors.

The sensory properties of plants, such as taste, aroma, color, and flavor, have been
considered useful from ancient times [65-67]. During the plant’s metabolism, oxygen is
released into the environment, decreasing pollution. Phytochemicals are also powerful nu-
trients consumed in the form of whole fruits, purees, vegetables, prepacked fruits, and/or
vegetable products and supplements, and are associated with health benefits. Many phy-
topharmaceuticals have pharmacological activities as they can maintain the sound human
body functions. As an example, cannabidiol in industrial hemp is a promising functional
food ingredient with multivarious health benefits, including anticancer activity, antioxidant
activity, anti-inflammatory properties, and anxiolytic effects [68]. Another interesting active
additive is peppermint. It contains three main groups of phytochemical constituents, in-
cluding mainly menthol, flavonoids (such as hesperidin, eriodictyol, naringenin, quercetin,
myricetin, and kaempferol), and nonflavonoids as phenol carboxylic acids and it exhibits
antimicrobial, antioxidant, anti-inflammatory, immunomodulatory, anticancer, antiaging,
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and analgesic properties and may be effective in treating various disorders, including
gastrointestinal disorders (e.g., irritable bowel syndrome, dyspepsia, constipation, func-
tional gastrointestinal disorders, nausea/vomiting, and gallbladder stones). In addition,
peppermint has therapeutic benefits for psychological and cognitive health, dental health,
urinary retention, and skin and wound healing, as well as anti-depressant and anti-anxiety
effects, and it may also improve memory [34].

It is a continuous research interest to identify novel bioactive chemicals from medicinal
plants that could provide creative and easy methods to combat pathogenic microbes
due to the rising prevalence of drug-resistant infections and deliver AC in a controlled
manner [35,69,70].

2.1.2. Natural Extracts

Active extracts resulting from animals and plants having good antioxidant and an-
tibacterial properties are beneficial for human health, being ideal substitutes for synthetic
additives. Plant extracts are produced from various sources, such as fruits and vegetables,
herbs and spices, and flowers [20,71-77]. They are used as active additives in the food
and beverage industry, pharmaceutical industries, cosmetics, skincare preparations, etc.,
because they extend the shelf life of materials, maintaining their original mechanical, optical
and thermal properties and imparting new functions, and are very efficient in scavenging
free radicals [71,72], exhibiting antioxidant and anti-inflammatory activities depending
on the type of extract and its concentration (as crude extracts of Codigeum variegatum
stem) [73]. Bacteria, yeast, and molds survive during harvesting, slaughtering, processing,
and packaging, and also under adverse conditions applied for food preservation, such as
low temperature, modified atmosphere packaging, vacuum packaging, and conventional
pasteurization. Environmentally friendly methods are developed for the treatment of some
human diseases using the crude extracts of different parts of medical plants [78]. The
antifungal effect of leaf extracts from yarrow (Achillea millefolium L.), tansy (Tanacetum
vulgare L.), sage (Salvia officinalis L.), and wormwood (Artemisia absinthium L.) on fungi of
the genus Fusarium, major cereal pathogenic fungi such as Fusarium avenaceum, F. culmorum,
F. graminearum, and F. sporotrichioides, has been evaluated at a laboratory scale [79]. Plant
extracts from sage have the highest polyphenol contents (81.95 mg/mL) and flavonoids
(21.12 mg/mL), and consequently the highest antioxidant activity compared to other plant
extracts. The extracts of sage and tansy plants at a concentration of 20% exhibited a strong
inhibitory effect against the tested fungi. Several crude extracts (such as cinnamon, garlic,
basil, curry, ginger, sage, mustard, etc.) exhibit antimicrobial properties against both Gram-
positive and Gram-negative bacteria. Organic solvents such as ethanol, methanol, acetone,
and diethyl ether were used to extract turmeric. It has been found that the 75% ethanol
extract of is extremely active against Aspergillus flavus growth, while the highest aflatoxin
B1 production inhibition ratio was achieved using the 25% ethanol turmeric extract [80].

Biodegradable packaging materials with active antioxidant capability were fabri-
cated based on polyvinyl alcohol-corn starch integrated with beetroot stem waste extract
as a packaging material for oxygen-sensitive food products [81] or based on cellulose
acetate/potato peel starch as an alternative to petroleum plastics and with good biodegrad-
ability [82].

Sacha inchi oil, with a high content of linolenic and linoleic acid, acts as a moisturizing
agent of lipid source and as a preservative; also, it increases nutritional value when added
to food. Physico-chemical qualities of oils and extracts useful for food and cosmetics are
affected by cultivation area, seed chemical profile, extraction method, and working condi-
tions (temperature, pressure, drying, time, etc.) [83]. Dual synergistic-assisted extraction
presented a higher content of bioactive compounds and antioxidant activities compared
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with single-assisted extraction. The Cam rice bran could be considered as a source of
antioxidant and nutraceutical ingredients [84].

Farhadi and Javanmard [85] developed an active packaging system as fibrous casings
based on sugarcane bagasse waste from sugar factories coated with thyme and/or rosemary
extract (0-6%). Rosemary and thyme extracts have increased water vapor permeability of
the active films and improved sausage lipid oxidative stability. Therefore, fresh fruits and
vegetables are vectors for bacteria (such as Escherichia coli, Staphylococcus aureus, Listeria
monocytogenes, Salmonella, Bacillus, etc.), fungi (spoilage yeast, Aspergillus niger, Penicillium,
etc.), and viruses (norovirus, etc.). It has been found that the jujube extract in electrospun
PVA nanofiber is useful for strawberry preservation because it has an inhibiting effect on
bacteria and fungi (Bacillus subtilis, Escherichia coli, and Aspergillus fumigatus) [86].

The beneficial effect of olive leaf extract on human health is due to its good antioxidant
effect being rich in polyphenols, in particular oleuropein, hydroxytyrosol, and tyrosol
and it favors the dispersion in different food matrices, such as oils, meat, baked goods,
vegetables, and dairy products. It enhances the organoleptic and nutraceutical properties
of the products, reducing oxidative damage to fats and proteins [87].

Ethanol extract of propolis exhibits severe antimicrobial activities towards Gram-
positive cocci strains belonging to S. aureus types. Many pharmaceutical materials with
antibacterial, antifungal, antiviral, antiprotozoal, anti-inflammatory, antioxidant, anticancer,
and other activities have been prepared using propolis [88].

Natural extracts can replace some antibacterial, antifungal, and antiviral additives,
and also they are also currently used as antibiotics.

The global plant extracts market size has been estimated at USD 34.4 billion in 2022,
and it is projected to reach USD 61.5 billion by 2027, recording a Compound Annual
Growth Rate (CAGR) of 12.3%. The increased demand for plant extracts is explained
by the changes in the lifestyle of consumers and their preferences for organic products
containing natural ingredients with additional functional properties. Various plant extracts
have been incorporated in different types of polymer-based biomaterials, including films,
hydrocolloids, sponges, foams, hydrogels, and nanofibers, and these have been widely
applied in the biomedical, tissue engineering fields, and wound dressings due to their
excellent biocompatibility, antibacterial and anti-inflammatory properties, and low side
effects [76].

2.1.3. Essential Qils (EOs)

The EOs are considered the most widely traded products. It is appreciated that
300 EOs have commercial significance, their global production exceeding 70,000 tons an-
nually and potentially exceeding USD 15 billion by 2025 [89], with the global production
being dominated by the USA, Brazil, India, and China. Essential oils, such as secondary
metabolites of herbs and spices, as liquid extracts are obtained as volatile compounds from
various parts of plants and rhizomes. Each EO has its own unique characteristics. Their
chemical composition has been determined by coupling different methods (Folin-Ciocélteu
method, GC-MS, and flame ionization detectors, respecting the AFNOR/ISO standard
limits), and they have been FDA approved as GRAS for food use [90]. EOs from different
plant species contain more than 200 volatile and non-volatile constituents as complex
mixtures of numerous volatile substances (20-80), including terpenes (hydrocarbon group),
sesquiterpenes, terpenoids, and non-terpene compounds (oxygenated group). All kinds
of EOs contain two or three major components (20-70%), which define their characteris-
tics, while the other components are present in trace amounts. The volatile compounds
account for >80-90%. Due to their rich chemical and unique composition, especially in
specific aromatic compounds, EOs have many interesting properties and often impart
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a characteristic aroma and taste to foods. They have efficient antimicrobial, antibiofilm,
antioxidant, and antifungal properties and could be a solution for novel preventive and/or
antibiotic-independent therapeutic measures [91-94]. EOs have a hydrophobic nature and
lower density than water, being lipophilic, and they are soluble in organic solvents. For
example, in Origanum species, the essential oil contains 30% carvacrol and 27% thymol
as major components. Composition of EOs and of many other properties of the products
resulting from biomass also depends on many factors, such as the type of the bioresources
(crops, wood, vegetal, microbial biomass, etc.), plant organ, age, cycle stages of plant
life, soil composition, climate change, geographical area, harvest season, habitat, drying
processes of plant raw material, extraction techniques and methodology, storage time and
conditions, etc. [95,96]. The main functions of the EOs are antimicrobial and antioxidant
activity, immune function, empowerment, and insect repellents. EOs have also been tested
to control fungal diseases in cereal grains [97]. These functions determine their use in
agriculture as feed additives, the food industry as preservatives, as suitable alternatives
to conventional preservatives, the pharmaceutical industry, the cosmetic industry, health
care, etc. The biological, biocidal, and antioxidant properties of EOs are related to the
presence of phenolic or terpenoid compounds in their composition [37]. Each essential
oil has a different biological activity, physico-chemical properties, and aroma; thus, it is
important to select the most appropriate one or combination for each specific application
or type of food [29]. Their feasible applications are mainly restricted to disposable food
wrappers for fast foods that do not require improved water barrier properties. Their use
brought an important development in novel intelligent and active packaging because these
preserve foods by keeping temperature, moisture level, and microbial and quality control
of the food, releasing antioxidant and/or antimicrobial agents, increases in the UV barrier
properties, and surface hydrophobicity [28,98-100].

Functionalization reactions are sometimes applied to achieve desired high-performance
properties, which can be successfully performed by in situ reactive extrusion using natural
phenolic compounds such as pyrogallol exhibiting antioxidant and antimicrobial proper-
ties [101]. The obtained products are divided into adsorbent and releasing systems (e.g.,
oxygen scavengers (used in packaging pasta, milk powder, biscuits), ethylene scavengers,
liquid and moisture absorbers, taste and odor absorbers or releasers, antimicrobials, etc.).
The incorporation of essential oils significantly increases elongation at break and enhances
UV barrier properties.

The migration of the active ingredient as EOs (clove oil, grapefruit oil, and tea tree oil)
from the films into the acetic acid solution did not exceed 10 mg/kg, which is an acceptable
value according to the European Union restrictions. Moreover, the antimicrobial agent is
slowly released from the sachet, maintaining the freshness of the packaged food.

Antimicrobial food packaging presents a strategic defense against spoilage and pathogens
as a solution for the need for sustainable food security and waste reduction. Some of these
compounds show stronger antimicrobial effects in the vapor phase than in the liquid phase;
this quality makes them good candidates as non-contact preservatives. A solution to ex-
ploit the antimicrobial activity of the EOs at reduced doses consists of consideration of the
volatile bioactive compounds. Some EOs are particularly suitable for applications such as
air disinfection and other related fields [102]. The essential oils” effects also include those of
anticancer, anti-inflammatory, and anti-viral agents; wound healing as a potential thera-
peutic option for cutaneous wound management; an alternative to conventional antibiotics;
use in animal feed; and use as food preservatives, because of their antimicrobial action
against many types of bacteria. Tea tree oil with hesperidin-loaded lipid nanoparticles
exhibits a superior therapeutic potential option for cutaneous wound management and
wound-healing capabilities with sustained release and superior synergistic efficacy [103].
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EOs from M. alternifolia and C. nardus show the greatest fungicidal effect (>90%). The
combined use of the different EOs indicated a synergistic effect against F. graminearum
and A. flavus and an antagonistic effect against other isolates. C. nardus EO is effective
in the control of storage pathogens, and by combining with other EOs, it can improve
their antifungal effects [104,105]. As it concerns the antioxidant activity (determined by
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2"-azino-bis-3-ethylbenzthiazoline-6-sulfonic
acid (ABTS) methods), it has been established that the clove oil exhibits the highest activity
because of its high phenolic content. Therefore, essential oils are suitable alternatives to
chemical additives, satisfying the consumer demand for naturally preserved food products
and providing good food safety.

2.1.4. Composition Properties/Activities Relationship

Phytochemicals, natural extracts, EOs, and other natural additives are complex mix-
tures, with some chemical components being prevalent, and finally, these determine their
activities and biological effects, as evidenced in Table 2. Some correlations have been
established by the determination of the composition. For practical applications, gas chro-
matography/mass spectroscopy (GC-MSD) methods must be essential methods to test
their quality and that of other natural additives as complex mixtures. By the contact
and volatilization bioassays, minimum inhibitory concentration (MIC) and sporulation
have been established. Testing of their biological actions against food-borne pathogens
or on various kinds of spoilage fungi, etc., is also useful. A clear demonstration of the
composition—activity relationship is absolutely needed to obtain reproducible results when
a phytochemical, natural extract, or essential oil is scaled up for current practical applica-
tions. The composition properties/activities correlations have been established both for
EOs and natural extracts. Their antimicrobial and antifungal activities have been tested
against different types of spoilage fungi, such as Fusarium graminearum, Penicillium cory-
lophilum, and Aspergillus brasiliensis, and potential pathogenic food bacteria, Staphylococcus
aureus, Escherichia coli, and Listeria monocytogenes, using the disk diffusion method. The EO
components of thyme, marjoram, and sage were analyzed by their phytochemical profile.
It has been established that C. nardus and C. citratus, or C. schoenanthus combinations,
exhibited a synergistic effect against Aspergillus flavus and Aspergillus, respectively. The
combination of the antifungal agent, voriconazole, and the essential oil of Pinus sylvestris
L. (C. citratus and C. schoenanthus) completely inhibited the production of the four aflatox-
ins [106]. This combination has the greatest antifungal activity against Microsporum canis in
comparison with components tested alone [107]. The thyme EO has the highest inhibitory
effect in comparison with clove and tea tree EOs, and they can be used as antimicrobial
agents against fungi and bacteria.

The EOs used after nanoencapsulation, nanoemulsions, and nanocomposites showed
an enhanced antibacterial and antioxidant performance [108].

The antioxidant properties of the samples were evaluated using total antioxidant pa-
rameters (such as total antioxidant capacity (TAC), ferric reducing power (FRP), antioxidant
activity (AOA) towards 2,2-diphenyl-1-picrylhydrazyl (DPPH.), and total phenolics by the
Folin-Ciocalteu method. The FRP was 46-321-fold lower than TAC, and they are dependent
on the contents of phenolics identified in the samples. Terpenes, isopropylmethylphenols,
and eugenol are the major components of all essential oils. The thyme essential oil had
the highest antioxidant parameters, while sage showed the weakest antioxidant proper-
ties [109]. A study on the antifungal, antiaflatoxin, and antioxidant potential of the EOs
extracted from Mentha pulegium, Myrtus communis, and Mentha piperita showed efficacy as
a preservative, from which 387 fungal species have been isolated. The EOs inhibited the
aflatoxin B1 production at lower concentrations [110]. The major components identified for
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the essential oil extracted from M. alternifolia are x-pinene (21.64%), y-terpinene (21.09%),
terpinen-4-ol (17.31%), limonene (9.37%), and o-cymene (6.54%) [111]. This essential oil
showed the highest antifungal activity on Aspergillus niger, followed by Aspergillus fumigatus,
Aspergillus flavus, and Penicillium notatum, respectively. The MIC values vary in large limits
depending on EO composition and target microorganism (50 ppm for turmeric/Bacillus
coagulans or 0.6 pL/mL lemongrass/E. coli to 45.0 mg/mL sweet marjoram/E. coli). The
ratio of MIC/minimum fungicidal concentration (MFC) values of M. alternifolia essential
oil varied between 1.05 and 1.68 mg/L, showing that this oil has a lethal effect on all of the
mold species.

The most common EOs that have been studied/tested in the last 5 years as active
agents in polymeric materials include cinnamon (cinnamaldehyde) [112], rosemary [113],
eugenol and ginger, oregano [114], citrus [115], thyme [116,117] Zataria Multiflora EO [118],
eugenol and clove oil as stabilizers for rubber [119], and many others. Some correlations
between composition and properties have been evidenced.

Cinnamon oils (CEO) and extracts [112], because of their major components eugenol and
cinnamaldehyde, possess antimicrobial effects on both Gram-negative and Gram-positive
bacteria like Salmonella enterica, E. coli, and Listeria monocytogenes. They act by degradation
of the cell membrane of bacteria and also show significant inhibitory effects against fungi,
such as Laetiporus sulphurous, Coriolus versicolor, Eurotium spp., Penicillium, and Aspergillus
spp- Such EOs are useful in the food and cosmetic industries. The incorporation of
medicinal herbs/plants in a polymer matrix has been investigated due to their antibacterial
and wound-healing properties. The CEO decreased the moisture content, solubility in
water, water vapor permeability, and elongation at break of chitosan films, suggesting a
cross-linking effect of CEO components within the chitosan matrix.

Garlic EOs have strong antimicrobial activity towards foodborne pathogens, being an
effective preservative for vegetables, meat products, fish, rice, fruits, and dairy products.
A combination of chitosan (CS) and chondroitin sulfate into hydrogels through the freeze
gelation process and enriched with garlic (Gar) by soaking the hydrogels in garlic juice
led to faster wound healing and resistance to microbial growth at the wound surface and
promoted tissue regeneration [120].

A study of the therapeutic effect of garlic extract evidenced diverse effects on mam-
malian cells, being either cytotoxic for them, especially for cancer cells, or protecting against
oxidative stress. It induces the oxidative changes in the erythrocytes, thiol, and hemoglobin
oxidation [121]. Polyethylene glycol (PEG)-coated nanoparticles loaded with garlic EO
show insecticidal activity against Tribolium castaneum. Encapsulating garlic essential oil
into solid lipid nanoparticles (SLNs) by the ultrasonic-solvent emulsification technique
enhanced its insecticidal activity against potato tuber moth larvae, Phthorimaea operculella
(Zeller) (Lepidoptera: Gelechiidae), effectively controlling these larvae.

EOs and extracts from Coriandrum sativum L. (C. sativum) provide antifungal, antibac-
terial, and antioxidative activities, having an indispensable role as a preservative and
flavoring ingredient to prolong the shelf life of foods, and it is known by its therapeutic
action as a pharmaceutical compound and is a component of the perfumes (lotions and
fragrances) [122].

The essential components identified in the various oregano essential oils (OEO)
are thymol and carvacrol, which produce a characteristic odor, antioxidant and an-
tifungal antimicrobial activities, and lipid peroxidation in fatty foods, and also have
antidiabetic characteristics.

Thyme EO, as a white crystalline substance with a pleasant aromatic odor and strong
antiseptic properties, is useful as an aroma/flavor ingredient for culinary effects and also
is an antioxidant, antimicrobial, antitussive, antitumoral, and spasmolytic ingredient for
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medicinal and cosmetic applications. Seven volatile compounds represent 98.838 + 0.99%
of the total [123-125]. The bioactive compounds from thyme EO are linalool, x-terpineol,
camphor, caryophyllene, and y-terpinene. The thyme EO has bacteriostatic and bacterici-
dal effects, with both liquid and vapor phases being biodegradable and renewable, and
environmentally friendly for use in indoor sanitation, the volatile compounds being very
efficient. Thyme EO drastically reduces or even eliminates the presence of microorgan-
isms typically found in bioaerosols and irreversibly affects the growth of the foodborne
pathogens S. enterica, Y. enterocolitica, and L. monocytogenes [126]. Thyme EO improves
bioaerosol levels and sanitizes surfaces. The MBC/MEC values of thyme EO 100% are
significantly lower than positive controls (NaClO 3%, H,O, 3%, gentamicin, vancomycin,
amoxicillin, and tioconazole). The effect is mostly equivalent to or superior to chemical
disinfectants [127]. Thyme EO is a promising candidate for use in nutraceuticals and
pharmaceuticals. Thymol and carvacrol, due to their multifunctionalities and properties
(antioxidant, anti-inflammatory, antiseptic, anticancer, antimicrobial, antibacterial, antifun-
gal, antibiofilm, and antiviral) and antiparasitic (insecticidal, antimalarial, antiacaricidal
(antimite and antitick), antitoxoplasmosis, and antileishmaniasis), are promising additives
not only for the entire food chain but also for various applications [128]. Encapsulation
helps to keep and improve their activities [129].

Clove oil (Syzygium aromaticum), with main components eugenol, eugenol acetate,
caryophyllene, and a-humulene that contribute to its biological activity, is one of the
most useful and beneficial spices used in agricultural, food, pharmaceutical, and cosmetic
industries [130]. It exhibits extraordinary antibacterial activity against a huge number of
microorganisms, being found very efficient. A combination of clove (40%), basil (20%),
and thyme (40%) oil has a synergistic effect [131], reducing the doses required, costs,
toxicity, etc.

An increasing interest for certain polysaccharides, metal-organic frameworks (MOFs),
bioactive or active peptides (AMPs), enzymes, etc., with particular properties/activities to
be used as BACs has recently become evident.

Polysaccharides found predominantly in plants (pectin, starch, and cellulose), aquatic
animals (heparin, hyaluronic acid, chitosan, chitin, and chondroitin sulfate), and microor-
ganisms (those from Ganoderma lucidum, xanthan gum, and alginate) exert antibacterial
activity and have biological properties, such as immune-stimulating and anticancer prop-
erties, being useful in the food and medical industries as candidates for the creation and
application of novel antibiotics. Microbial polysaccharides are essential to the development
of vaccines for preventing infectious illnesses [132]; some of them have demonstrated
superior immobilization performances [133,134].

Due to their antioxidant, antitumor, antidiabetes, antibacterial, immunomodulatory,
neuroprotection, and organ protection activities, the M. charantia bioactive polysaccharides are
the key functional ingredients. Momordica charantia L. of the family Cucurbitaceae, widely
grown in Asia, Africa, and the Caribbean for its edible fruit, is a well-known medicine
because of its high pharmaceutical and nutritional values; it has been used in various Asian
and African herbal medicine systems [135-137].

Metal-organic frameworks (MOFs) as porous hybrid supramolecular materials are devel-
oping as active agents/additives to extend food shelf life and maintain food safety. Some
examples of MOFs are cyclodextrin-based [138], single-walled nickel [139], electrospun
pullulan/polyvinyl alcohol nanofibers incorporated with porphyrin [140], copper anti-
iterephthalate [141], etc. Chemically stable MOFs contain such metals in their structure:
aluminum, iron, zirconium, titanium, copper, and zinc. In active packaging, the MOFs act
as host—guest systems and active agents as oxygen scavengers, antimicrobials, moisture
absorbers, and ethylene scavengers. MOFs serve as host molecules for controlled release of
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active organic molecules such as 1-methyl cyclopropene, hexanal, ethanol, etc. [142,143],
also being potential candidates as gas absorbers and to create high-performance antibacte-
rial materials. Pathogenic microorganisms pose significant challenges in food preservation,
leading to postharvest losses, economic losses, and health risks. An effective strategy was
developed for antibacterial food packaging using a multifunctional MOF nanocomposite
composed of zeolitic imidazolate framework, tannic acid, and chitin nanofiber that inhibits
pathogenic microorganisms” growth and maintains fruit integrity, extending their shelf
life [144].

Bioactive or active peptides are found in abundant natural primary origin sources (e.g.,
animals, plants, and marine) and in the edible insects (Schistocerca gregaria, Tenebrio molitor,
and Gryllodes sigillatus). The research on insect-derived peptides is relatively new. They are
extracted through various techniques, and they are mainly applied in the food industry
to obtain functional and nutraceutical foods or can be used as additives to enhance solu-
bility, emulsification, foaming, and water/oil binding capacity. Bioactive peptides show a
variety of properties, such as antioxidant, anti-inflammatory, antidiabetic, antimicrobial,
antihypertensive, and angiotensin-converting enzyme inhibitory activities [145]. In the
composition of biodegradable packaging materials, such as the alginate-based films, the
bioactive proteins positively affect the safety of food, prevent the development of oxidative
and hydrolytic reactions during the storage of food products, and inhibit the growth of
microorganisms and bacterial pathogens [146].

Bioactive peptides have no antimicrobial or antidiabetic properties. They are ideal
ingredients in cosmetic formulations due to their potential to enhance skin health and
beauty because of their various biological activities [147].

Enzymes are proteins that act as biological catalysts by accelerating biochemical re-
actions. The major sources of enzymes are microorganisms as bacteria, yeasts, and fungi,
which produce a large number of enzymes used in food production, biofuel develop-
ment, etc. Glucose oxidase is useful in different industrial processes in the production
of biosensors, and in the food industry, it ensures the improvement of the properties of
baking products, replacing chemical additives. Its stability is achieved by encapsulation
and drying in certain conditions [148].

Rennet is an indispensable additive in cheese production [149]. Saponins play a vital
role in the health benefits and biological activities [150]. Asparagus saponins are an effective,
natural, beneficial ingredient in functional foods.

A short summary of the studies related to the composition—activity relationship for
natural additives that is strongly dependent on the prevalent amount of certain components
is presented in Table 2.

Terpenes and terpenoids, or isoprenoids, are the largest class of compounds (more than
30,000 compounds) responsible for the aromas, flavors, and colors depending on the vegetation
types. They are simple unsaturated hydrocarbons (CsHg)n (such as pinene, myrcene,
limonene, terpinene, p-cymene, etc.), while terpenoids are modified terpenes with different
functional groups as alcohols, aldehydes, or ketones, and oxidized methyl groups present
in their chemical structure. Plants create terpenes to protect themselves from predators
or to lure the pollinators. The most important are monoterpenes, sesquiterpenes, and
monoterpene alcohols. Two isomers of 3-citronellol are abundant in cannabis and many
other plants, fruits, and herbs. They show inhibitory effects on Candida (C. albicans and C.
tropicalis). 3-citronellol acts on the cell membrane of the fungi, but not on the wall. Carvone
is used in anti-infective therapy. Ketones and aldehydes are commonly found in plants,
including ionone, zingerone, cinnamaldehyde, citral, and perillaldehyde. Cinnamaldehyde,
as an antibacterial agent, has a broad spectrum. The encapsulation of these compounds into
inorganic nanocarriers, such as nanoclays, prolongs the release and protects the compounds
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from harsh processing conditions [151]. Due to their antioxidant behavior, terpenes protect
against different diseases, including neurodegenerative and cardiovascular diseases, cancer,
diabetes, and aging processes [152-155]. Therapeutic potential for inflammatory diseases
has also been demonstrated [156]. They interact with biological targets, being promising
molecular scaffolds for chemical applications [157]. Eugenol and cinnamaldehyde, as
terpenoids present in essential oils of several plants, are active against a wide spectrum
of pathogens. Thymol exhibits synergistic activity toward all tested species of Candida in
combination with fluconazole. Thymol and carvacrol, in addition to eugenol and menthol,
are good alternatives to synthetic fungicides in food industries due to their potent and
wide antifungal activity that can be used to protect agricultural crops from microbial
infections [158]. Several terpenoid derivatives exhibited antimycobacterial activity, as the
limonene-modified cellulose fiber-polylactic acid (PLA) composites demonstrated long-
term antioxidant release activity. Eco-friendly additives are useful to develop sustainable
biodegradable polyesters [159].

Table 2. Short summary on studies related to the composition-activity relationship for natural active
additives.

Active Compounds Activity and Application Refs

Protect plants from predators or lure

the pollinators.

Carvone is used in anti-infective therapy; thymol,
carvacrol, eugenol, and menthol are good
alternatives to synthetic fungicides in the food
industries due to their potent and wide antifungal
activity, protecting agricultural crops from
microbial infections.

Therapeutic effects in neurodegenerative and [151-159]
cardiovascular diseases, cancer, diabetes, and
aging processes.

Terpenoid derivatives exhibit antimicrobial
activity; composites demonstrated long-term
antioxidant release activity. The antioxidative
biocomposites are used in active protective
packaging of both food (fruits) and

cosmetic products.

Terpenes and
terpenoids

Phenols and polyphenols Antibacterial activity, in vitro and in vivo animal

(vanillin, gallic acid, eugenol,
ferulic acid, carvacol, thymol)

tests demonstrated that they have antioxidant,
anticancer, antibacterial, and antidiabetic capacity
and health-promoting properties.

[152-154,160-171]

Flavonoids: flavonols, flavan-3-ols
(catechins), flavones, and
isoflavones, anthocyanins, with
different heterocyclic structures

Strong antimicrobial action against a wide range of
pathogenic microorganisms,

Robust antioxidant and biological activities; useful
in the pharmaceutical and health care industries.

[172,173]

Anthocyanins

Natural water-soluble colorants/pigments applied

as safe food colorants; multifunctional properties

such as excellent antioxidant, antimicrobial, and
pH-sensitive properties; useful as pH colorimetric
film indicators; potential health-promoting

properties as antidiabetic and anticancer activities,
and in cardiovascular and neuroprotective prevention.

[25,174-180]

Sulfur-containing compounds
(allicin, ajoene, dialkenyl, dialkyl
sulphides, S-allyl cysteine and
S-allyl-mercapto cysteine,

and isothiocyanates)

Antibacterial action against both Gram-positive
and Gram-negative bacteria.

[181]
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Table 2. Cont.
Active Compounds Activity and Application Refs
Chemical defense against predators, pathogens,
and insects.
Strong antibacterial action against S. aureus,
Salmonella typhi, Enterobacter cloacae, and
Enterobacter aerogenes.
Potential therapeutic agents against several human
diseases, anti-inflammatory, anticoagulant,
Coumarins antibacterial, antifungal, antiviral, [182,183]
antihypertensive, antituberculous, anticonvulsant,
antiadipogenic, anticancer, and antihyperglycemic.
Pharmacological activities, vasodilator, estrogenic,
anticoagulant, analgesic, sedative and hypnotic,
hypothermic, antihelminthic, antioxidant, and
dermal photosensitizing activity, and
neuroprotective actions.
Water-soluble polyphenolic biomolecules.
Tannins Applications as coagulants, adhesives, flotation [184,185]
agents, tanners, dyes, additives, or biomolecules
Antimicrobial agents in packaging and textiles,
antioxidants, adhesives, biosurfactants, reinforcing
Lignins agents, compatibilizers, hydrggels, adhesives, [186,187]
anticorrosion agents, carbon fibers or carbon black,
phenolic resins, flame retardants, foam composites,
new biomedical materials, and cosmetics.
Alpha-tocopherol Vitami'n E subcla.sses. A type of lipid is a naturally [188-190]
occurring antioxidant.
Carotenoids (>600): -carotene,
lutein, astaxanthin, bixin, Preclinical, clinical, and epidemiological studies
norbixin, capsanthin, lycopene, showed their efficacy on cancer, obesity, type 2
canthaxanthin, 3-Apo-8-carotenal,  diabetes, cardiovascular diseases, osteoporosis, [191-193]
zeaxanthin, neurodegenerative disease, mental health, eye, and
[-apo-8-carotenal-ester, skin health.
etc.)
. L . A broad spectrum of antimicrobial activity and
All.<alo.1 ds (p ‘perne, berberine, diverse bigactivities, such as bacteriostatiz and
qumol'me,.reserpme,' . bactericidal effects, are interesting for the food, [194,195]
sanguinarine, tomatidine, . .
. . pharmaceutical (drugs for therapeutic
chanoclavine, squalamine) A . .
applications), and cosmetic industries.
Antimicrobial At?tive agair}st a broad s.pect'rum of ‘
. microorganisms (bacteria, viruses, fungi, [196,197]
peptides

and protozoa).

Phenols and polyphenols can be divided into different classes, depending on the chemical
nature, such as phenols, phenolic acids (e.g., hydroxybenzoic acids and hydroxycinnamic
acids), coumarins, flavonoids, quinones, tannins, lignans, lignins, and stilbenes [160-164],
while from medicinal and edible sources many types of phenolic compounds have been
obtained, such as flavonoids, bioflavonoids, phenylpropanoids, curcuminoids, coumarins,
stilbenes, chalconoids, chromones, tannins, lignans, neolignans, phenolic acids and their
glycosides, anthraquinones, quinones, xanthones, etc. Polyphenols are among the most
significant bioactive by-products of the agri-food chain. Monophenolic, polyphenolic, and
phenolic acid compounds from plants, foods, spices, insects, fungi, lichens, algae, and
mammals inhibit or attenuate the initiation, progression, and spread of cancers in cells.
Cinnamic and caffeic acids are simple phenols and phenolic acids with a single substituted
phenolic ring, with one or more hydroxyl groups. Vanillin, gallic acid, eugenol, ferulic
acid, carvacol, and thymol, found in plants, exhibit antibacterial activity attributed either
to inhibition of critical microbial enzymes by reaction with sulfhydryl or other functional
groups on the enzyme surfaces or to disruption of membrane integrity, altering the mi-
crobial metabolism, and inactivation of essential substrates required for microbial growth.
In vitro and in vivo animal tests demonstrated their antioxidant, anticancer, antibacterial,
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and antidiabetic capacities, etc. Such health-promoting properties are studied for both
research and commercial purposes, being active in the prevention of cardiovascular dis-
eases. Dietary foods rich in phenolics proved to be protective against the development of
osteoporosis and neurodegenerative diseases, etc. [165,166]. Some phenolic BACs, such as
resveratrol, baicalein, biochanin A, formononetin, myricetin, quercetin, p-coumaric acid,
curcumin, taxifolin, etc., play an important role in enhancing antibiotic activity against
resistant pathogens.

Polyphenols as bioactive compounds exist in a wide variety of marine organisms,
including algae, fish and crustaceans [167].

The antioxidant activity of polyphenols can be attributed to direct reaction with free
radicals (primary antioxidants) or through reaction with chelating free metals (secondary
antioxidants). Many phenolics can inhibit oxidative changes (such as lipid, phospholipid, or
protein oxidation) due to their metal chelating and free radical scavenging properties [168].
Polyphenols and plant extracts rich in polyphenols have food applications to control
oxidation processes in different food matrices [169]. Tea polyphenols are extensively used
in antibacterial and antioxidant food packaging as in active films [170,171].

Polyphenols from fruits and vegetables are employed to create additives, additional
foods, and supplements like natural preservatives and functional food ingredients due to
their antioxidant and antimicrobial properties in the food, cosmetic, and pharmaceutical
industries. In some cases, nanocarriers have been used to protect polyphenols during food
processing, to solve the issues related to low water solubility, to transport them to the site
of action, and to improve their bioavailability.

Flavonoids are abundantly found in edible and inedible plants, in both aglycosylated
and glycosylated forms. Based on their level of oxidation and unsaturation, they have been
classified into various groups as anthocyanins, flavonols, flavan-3-ols (catechins), flavones,
and isoflavones, with different heterocyclic structures, etc. [172,173]. As secondary plant
metabolites synthesized in response to microbial infection, they have a strong antimicrobial
action against a wide range of pathogenic microorganisms and also have robust antioxidant
and biological activities, being useful in the pharmaceutical and healthcare industries. Many
flavonoids generate reactive oxygen species (ROS) (such as epicatechin, epigallocatechin
gallate, and quercetin) that can damage important cellular processes.

Anthocyanins, as natural water-soluble colorants/pigments (may appear red, pur-
ple, blue, or black), which belong to the plant-based chemicals called flavonoids (e.g.,
6000 flavonoids contain six main types of anthocyanins), have attractive features [25,174].
The color of flowers, fruits, and vegetative organs of many plants is explained by the
presence of anthocyanins. Anthocyanins exhibit multifunctional properties and are applied
as safe food colorants, excellent antioxidants, antimicrobials, and pH-sensitive properties
as diverse colors at varying pHs, with biocompatibility being useful as pH colorimetric film
indicators for stability under different storage conditions [175,176] and potential health-
promoting properties as antidiabetic and anticancer activities and in cardiovascular and
neuroprotective prevention [177]. Anthocyanins exhibit strong antibacterial activity against
food-borne pathogens (e.g., Salmonella enteritidis, Vibrio parahaemolyticus, Staphylococcus
aureus, and Listeria monocytogenes). Unfortunately, they can undergo oxidative degradation,
thermal degradation, degradation caused by exposure to light, a change in pH, and enzyme
activity. Stability of anthocyanins can be enhanced by the functionalization with acyl
groups on the sugar moiety, the presence of metal ions, self-association, copigmentation,
and encapsulation.

Phenolics, iridoids (a type of monoterpenoid in the general form of cyclopentanopy-
ran), amino acids, alkaloids, and some polymers possess copigmentation ability. Copig-
mentation phenomena relate to the non-covalent interaction between anthocyanins and
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organic molecules (co-pigments) that produce hyperchromic and bathochromic shifts. It has
been established that the non-covalent interactions protect the anthocyanin molecules from
nucleophilic attack by water, while the copigmentation extends the m-conjugated systems,
responsible for favoring 7—m stacking interactions and hydrogen bond donor/acceptor
groups such as -OH and C=0O groups [178]. To avoid their inherent instability against cer-
tain environmental conditions, various cellulosic materials are used. The matrix/carriers,
as anionic cellulose-derived polymers, can act as an electrostatic binding site for positively
charged freshness biomarkers, being used as colorimetric food freshness indicators for
meat, fruits, and milk [179,180].

Sulfur-containing compounds (e.g., S-allyl cysteine and S-allyl-mercapto cysteine, isoth-
iocyanates, allicin, ajoene, dialkenyl, and dialkyl sulfides) exert antibacterial activities
against both Gram-positive and Gram-negative bacteria [181]. Sulfur, as an essential plant
macronutrient, has a pivotal role in plant disease resistance. Sulfur-containing amino acids
(cysteine, methionine), glutathione, etc., have also been identified. The development of
the concepts of sulfur-induced resistance (SIR) and sulfur-enhanced defense (SED) proved
their roles.

Coumarins are chemical compounds in the benzopyrone class, found in many plants
(>1300) such as cinnamon, vanilla, strawberries, cherries, apricots, green tea, peppermint,
carrots, and celery, acting as a chemical defense against predators, pathogens, and insects
and exhibiting strong antibacterial activity (e.g., against S. aureus, Salmonella typhi, Enterobac-
ter cloacae, and Enterobacter aerogenes). They appear as a colorless or white crystal form or
flakes. Coumarin has a pleasant and fragrant vanilla odor with a bitter, aromatic, burning
taste and is the precursor for the warfarin drug because of its anticoagulant properties
similar to vitamin K. The MIC varied from 5 to 125 pg/mL. Coumarin and its derivatives
are potential therapeutic agents against several human diseases (such as anti-inflammatory,
antihypertensive, antituberculosis, anticonvulsant, antiadipogenic, anticancer, and antihy-
perglycemic pharmacological activities, vasodilator, estrogenic, anticoagulant, analgesic,
sedative and hypnotic, hypothermic, antihelminthic, antioxidant, and dermal photosensi-
tizing activity, and neuroprotective actions). These are explained by selectively binding
to proteins involved in various cellular processes with a beneficial impact on human
health [182,183].

Tannins are water-soluble polyphenolic biomolecules, such as hydrolysable tannins,
condensed tannins (the most dominant ones in the world market), and proanthocyanidins
found in legumes, leaves, bark, fruits, and roots (herbaceous and woody plants), grapes,
etc. [184]. Ellagitannins are bioactive polyphenols present in pomegranate. They form
complexes with proteins, cellulose, and minerals. In hydrolysable tannins like gallotannin,
hydroxyl groups are esterified with gallic acid or ellagic acid, whereas condensed tannins
(proanthocyanidins) are composed of oligomers of the flavan-3-ols and other related fla-
vanol residues. Major applications of tannins are in the leather, food, 3D printing, food
supplement, biomedical, and health care industries, being used as coagulants, adhesives,
flotation agents, tanners, dyes, additives, or biomolecules [185].

Lignins: Natural polyphenols, such as lignin, lignan, and tannins, are important
structural materials to support tissues of plants, having a fundamental role in different
stages of plant life. Lignins protect plants against attacking organisms. In industries, the
lignins have a wide range of applications, such as adhesives, biosurfactants, antimicrobial
agents in packaging and textiles, antioxidants, reinforcing agents, hydrogels, adhesives,
anticorrosion agents, carbon fibers or carbon black, components of some phenolic resins,
flame retardants, polyurethanes, foam composites, compatibilizers, and new biomedical
materials, and they are also important in cosmetics [186,187].
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Vitamins: Tocopherols (alpha-tocopherol-vitamin E), ascorbic acid (vitamin C), and
carotenoids are important natural antioxidants in various fruits and vegetables. Encap-
sulated into biodegradable polymer matrices, they offer increased antioxidant and an-
tibacterial activities for active food packaging films or to achieve the controlled drug
release [188-190].

Carotenoids are pigments in plants, algae, and photosynthetic bacteria that produce
different colors in plants, vegetables, fruits, archaea, and fungi. There are more than
600 different types of carotenoids. As BACs with antioxidant properties, they are of broad
interest in food applications and human health [164,191]. They are either composed only of
carbon and hydrogen as carotenes (e.g., lycopene and (3-carotene) or oxidized carotenoids,
xanthophylls (e.g., lutein), that have substituent groups with oxygen, such as hydroxyl, keto,
and epoxy groups [192]. It has been demonstrated that the carotenoids (such as {3-carotene,
lutein, astaxanthin, bixin, norbixin, capsanthin, lycopene, canthaxanthin, 3-apo-8-carotenal,
zeaxanthin, and (3-apo-8-carotenal-ester) are potential ingredients in various fields such as
food, feed, nutraceuticals, and cosmeceuticals. Preclinical, clinical, and epidemiological
studies showed their efficacy on cancer, obesity, type 2 diabetes, cardiovascular diseases,
osteoporosis, neurodegenerative disease, mental health, eye and skin health.

B-carotene-containing bioactive coatings into biodegradable polymer matrices (as CS—
gelatin/starch nanocrystals; soy protein isolate/PVA) have been elaborated [193] to obtain
reinforced nanocomposites for food packaging. Practical use is limited due to high cost,
low aqueous solubility, and the propensity to chemical degradation during food process-
ing and storage. PLA films containing carotenoids ([3-carotene, extracted from carrot),
tomato (lycopene), and annatto seeds (bixin) showed better UV protection and oxygen
barrier properties.

Alkaloids are heterocyclic nitrogenous compounds such as codeine and morphine.
The most studied alkaloids are piperine, berberine, quinoline, reserpine, sanguinarine,
tomatidine, chanoclavine, and squalamine, exhibiting a broad spectrum of antimicrobial
activity by disrupting the microbial membranes. They have diverse bioactivities, such as
bacteriostatic and bactericidal effects, which are interesting for the food, pharmaceutical
(drugs for therapeutic applications), and cosmetic industries. The antibacterial properties
of plant alkaloids are explained by their intercalation into the cell wall or DNA within
microbial cells, inhibiting the adenosine triphosphate-dependent transport of compounds
across the cell membrane, leading to impaired cell division and cell death. In Gram-
negative bacteria, squalamine interacts with the negatively charged phosphate groups in
the bacterial outer membrane, which leads to the disruption of the membrane [194,195].

Lectins, peptides, and polypeptides: Lectin structures have specificity for carbohydrates
and the ability to bind other carbohydrates, being promising antiviral agents [196].

Antimicrobial peptides (AMPs) are low molecular weight peptides (<10 kDa) of
8-100 amino acids of cationic and amphiphilic nature (see above). They are produced
by plants in response to external stresses and infections, being active against a broad
spectrum of microorganisms (bacteria, viruses, fungi, and protozoa) [197]. Membrane
disruption occurs by interaction of the lipid components in microbial cell surfaces, or
cationic polypeptides, by electrostatic interactions with anionic microbial cell membranes.

Scleroprotein / Keratin: Animal by-products (defined by the European regulation EC
No. 1069/2009) (e.g., non-edible tissues, feathers, wool, hooves, horns, claws, beaks, pig
bristles, bovine hide hairs, and fish scales) are keratin-containing. Scleroprotein keratin,
both in humans and animals, is the most abundant protein after collagen. Extraction of
the keratins from animal by-products is achieved by chemical methods (such as acidic
or alkaline hydrolysis, oxidation, reduction, and solvation in ionic liquids), biological
methods (microbial and enzymatic), and new methods (such as ultrasounds, pulsed electric
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fields, high pressures, microwave-assisted extraction, deep eutectic solvents, steam flash
explosions, etc.).

Keratin has a variety of functions, such as cohesion and structuring of tissues, wa-
terproofing, temperature regulation, wound healing, nerve repair, cushioning to protect
the deeper tissues against mechanical shocks and infection, and excretion of wastes and
toxins from the integumentary system, etc. The applications of the keratin are as follows:
agricultural products (e.g., biostimulants and coatings for fertilizers), functional foods (e.g.,
fiber analogs), bioplastics (anti-fire and antimicrobial coatings, edible casings), biomaterials
(e.g., tissue and nerve repair and regeneration), pharmaceuticals (e.g., drug coatings for
controlled release, anti-inflammatory products), cosmetics (e.g., hair and skin care), and
textiles (e.g., functionalized wearables) [198].

Fatty Acids: Vegetable oils rich in unsaturated fatty acids are prone to oxidation, which
produces free radicals [199,200].

Tocopherols, phenols, carotenoids, and chlorophyll derivatives exhibiting a bioactive
effect have been identified in the composition of various oils. Agave sisalana can be con-
sidered to be a real alternative to the chemical plasticizers because it is biocompatible and
biodegradable [201].

Polymers, both synthetic and natural, especially biopolymers, play important roles in ad-
vanced materials to enhance their properties and activities as both matrices and also as
active additives/ingredients, offering a wide range of solutions in various applications.
They can exhibit both already mentioned functions (antimicrobial, antioxidant, antifun-
gal, therapeutic effects, etc—Table 1, and also they can be designed/functionalized (by
incorporating functional groups or other additives/ingredients) to show specific functions,
such as optical, thermal, magnetic, conductive, or specific biomedical properties, etc. Their
versatility allows them to be used in diverse fields, including agriculture, food packaging,
medicine, environmental protection, energy storage, etc. Development of the advanced
functional polymer materials is being driven by the fast-growing demand for new specific
materials that can be used in innovative technologies to develop luminescent polymers,
photovoltaic polymers, other electronic and optical polymers, biorelated polymers (par-
ticularly those for biomedical applications), supramolecular polymers, stimuli-responsive
polymers, shape-memory polymers, separation polymer membranes, energy storage poly-
mers, and covalent organic framework polymers. They are incorporated into a polymer
matrix in order to improve processing, mechanical, thermal, electrical, and esthetic charac-
teristics and can also provide antioxidants, anti-degradants, and antimicrobial activities,
while some specialized compounds impart specific functionalities to the final product.

As it is well-known, the additives for polymeric materials can be divided into four
categories: (1) functional additives (e.g., stabilizers that can ensure protection against
weathering agents (UV radiation, oxygen and thermal stabilizers), antistatic agents, flame
retardants, plasticizers, lubricants, etc.); (2) colorants for esthetic appearance of finished
products (e.g., pigments, dyes): (3) fillers (e.g., CaCOsg, talc, etc.): and (4) reinforcements
(e.g., glass fiber, carbon fiber, plant-based fibers, etc.). The most commonly used additives
in polymers are plasticizers, flame retardants, antioxidants, acid scavengers, UV lubricants,
pigments, impact resistance, antistatic agents, and slip agents. Compatibilization agents for
polymer blends also have importance in the processing and recycling of plastic materials.

Current trends in using polymers for food, water, and beverage applications consist
of the design and preparation of the active packaging, bearing active ingredients in their
formulation, and delivering chemical species such as antioxidants and antimicrobials that
are released (or not) from the package to protect the goods inside and to extend their
shelf life. Some polymers can serve as sensory polymers to detect contaminants as food
quality indicators. In such cases, the interaction between the target species and polymer
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produces a measurable signal (change in color, shape, hydrophilicity, conductivity, etc.).
An interesting trend is the use of edible polymers or biopolymers for food packaging for
environmental reduction of waste. Edible films prepared from milk proteins (such as casein,
lactoferrin, or whey protein) and polysaccharides are biodegradable, not toxic, and proven
to be a promising alternative to polymers derived from oil and used in food packaging.
Active packaging is based on natural polymers such as gelatin, starch, and chitosan, which
are the most relevant environmentally friendly, biodegradable polymers obtained from
natural resources, or synthetic polymers, such as poly(lactic acid) (PLA) or PP. In many
systems, the modification of polysaccharides and other natural polymers, introducing
different active additives in their formulations, is applied to improve their mechanical and
thermal properties, decrease the permeability to water vapor, and increase antimicrobial
properties, etc. Incorporation of the active agents onto material, surface modification,
coating, immobilizing, etc., are efficient methods used to obtain high-performance materials
with applications in various fields.

Chitosan is a biodegradable polysaccharide with antibacterial and antifungal properties,
is marine-available, and is biocompatible. Natural additives rich in phenolic compounds are
often included in the chitosan matrix in order to intensify the antioxidant properties of the
obtained films. Chitosan nanoparticles (CS NPs), based on their different derivatives, were
proposed as antioxidant and antimicrobial additives for active bioplastic packaging. Its
antimicrobial activity, non-toxicity, and ability to form films make it suitable for enhancing
food preservation and extending shelf life.

Cellulose, the most abundant natural polymer, is a good precursor for advanced func-
tional materials due to its unique properties and versatility, especially as a nanomaterial.
It’s being explored for applications in energy storage, flexible electronics, and biomedicine
because of its renewability, mechanical strength, and tunable chemistry.

Starch acts as an “active” additive with antioxidant or antibacterial properties; when
modified by oxidation, esterification, and etherification, it can prolong the food shelf life,
serve as a carrier for bioactive compounds, or improve the functionality of edible films
and coatings.

2.2. Nanoscale (Bio)Active Additives

Nanoparticles (NPs), nanostructures, and nanomaterials, because of their dimensions as
small as 1-100 nm, are characterized by special physical and chemical properties, including
particle size, shape, a high surface-to-volume ratio, high surface activity, particle-particle
interaction, zeta potential, and molecular weight. Nanoparticle shapes are particulates,
blades, platelets, spheres, cylinders, bricks, rods, wires, ribbons, tubes, scaffolds, beads, or
sheets and fibers [202]. As it concerns the composition of the NPs as active additives, the
following two types are known as inorganic and organic ones [203]:

(I) ~ The inorganic active additives are nanoparticles (NPs) made from inorganic substances as:
(i) metallic, such as silver, gold, or copper; (ii) metal oxides, such as ZnO, TiO,, SiO,,
copper oxides (CuO, Cuy0), MgO, Al,Os, and iron oxides (e.g., Fe304, «-Fe;Os3
hematite, yFe;O3 maghemite, FeMnO3); (iii) nanocarbon-based, including graphene,
graphene oxide, carbon nanotubes (CNTs), fullerene, and quantum dots; (iv) nanoclays
(mesoporous silica, nanoparticles of layered mineral silicates such as montmorillonite
(MMT), cloisite, bentonite, kaolinite, hectorite, halloysite, laptonite, sepiolite, and
organically modified nanoclays, etc. [204]).

(I) The organic NPs are: polymeric nanocapsules, micelles, liposomes, dendrimers, and
nanobiopolymers such as cellulose nanowhiskers or nanofibers [205], starch nanocrys-
tals, chitosan NPs and nanofibers, lignin NPs, DNA nanoparticles, and recently devel-
oped [206] two-component biopolymer NPs as sustainable lignin/chitosan. These are



Polymers 2025, 17, 3139

23 0f 78

effective food coatings, promoting eco-friendly packaging, reducing waste quantity,
and offering advanced bio-based solutions for food technology [207], etc.

The control of the nanoparticle properties is of great importance in many fields to
test/keep reproducibility of the products and to improve their quality by reducing energy
consumption and environmental pollution. As an example, such control is necessary for
many pharmaceuticals (i.e., fat emulsions, liposomes, vaccines, hydrogels, etc.) to optimize
the stability of dispersions and emulsions, thus improving the appearance, taste, and
mouthfeel, and also to prolong the products’ shelf life, to guarantee the efficacy and safety
of the formulations containing protein and polypeptide drugs (lysozyme, human serum
albumin, immunoglobulin G, etc.), and to reduce and/or avoid immunological reactions
and toxicity. Decreased size of NPs results in increased bioavailability or increased strength
of a drug with the decreased dosage amount. Moreover, drug-loaded NPs show lesser
toxicity and enhanced delivery, being suitable agents for the delivery of the functional
nutrients to humans [208,209].

Plant-derived nanostructures and nanoparticles (based on proteins, polysaccharides,
lipids, etc.) with diversified resources, and also inorganic NPs, are increasingly exploited for
production and have applications in numerous fields. Nanoparticles from easily degraded
materials, particularly liposomes, have been utilized for the COVID-19 vaccine in the
delivery of sensitive mRNA. The delivery of the phytochemicals by nanocarriers is a
candidate for targeted and bio-friendly therapy [210-212].

Nanobiomaterials, because of their impressive qualities, such as good biocompatibility,
biodegradability, and high efficacy, are easily taken up by cells participating in normal cel-
lular activities as biologically active molecules, assuring bio-renewability and sustainability
of the useful nanostructures.

Nanostructures and nanoparticles promote the developments in various fields, such
as (a) sustainable/precise agriculture, including improved crop yield, disease resistance,
and nutrient uptake; (b) food and feed science, ensuring food preservation, packaging
and the development of bioactive/smart packaging; (c) biomedical science, pharmaceutics,
health care, nanostructured delivery systems for bioactive compounds, drug-gene deliv-
ery, cosmetics, textiles, food, adhesives, plastics, paper, (d) environmental applications,
environmental remediation, environmental health, renewable energies [213,214], and so
on. Moreover, their combination with inorganic nanoparticles opens interesting direc-
tions of study/application, because the synergistic effect leads to an improved technical
performance of conventional bio-based materials, a.s.o. After coating cellulose nanocrys-
tals (CNCs) with ZnO NPs, a significant increase in antimicrobial properties has been
obtained. This could be a promising solution to obtain antimicrobial pharmaceuticals
and natural food preservatives [215]. The other interesting results have been obtained by
the combination of the thiol-bearing microcrystalline cellulose with Ag(NHj)," its use
as a substrate for colorimetric detection of urinary cysteine, while AgNPs-impregnated
bacterial cellulose with antibacterial Moringa oleifera leaf extract has been applied as an an-
tibacterial dressing [216]. Cellulose nanocrystals and edible hydroxypropyl cellulose-based
photonic materials encompassing the underlying self-assembly processes are developing
green technology toward commercial application in a wide range of sectors [217].

3. Sources for (Bio)Active Compounds and Biopolymers

(Bio)active compounds (BACs) and biopolymers can be obtained from natural re-
sources such as plants, animals, bacteria, fungi, microorganisms, and algae in aquatic
mediums, including also seashell waste, seaweed, and eco-friendly and biocompatible
by-products and biowaste from various processes [218].
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By-products and biowaste of animal origin are buffalo horn, bovine Achilles tendon
collagen, bovine hemoglobin hydrolysate, rainbow trout viscera, salmon fish, herring fish,
poultry, etc. By-products and biowaste from fruits are grape peel and seeds, pomegranate
seeds, pineapple peel powder, banana peels, banana inflorescence bracts, wine pomace,
skin and seed extracts, orange by-products, wine pomace extracts and flour, pear stones,
and vine-winery by-products; from vegetables, male flower Musa paradisiaca, soy milk, tiger
nut milk, tomato by-products, overly ripe berries, and pomegranate peel; and from cereals,
rice bran, while those of dairy origin are whey protein (such as whey casein)/water-soluble
vitamins, lactose, etc.

Food biowastes resulting from global food processing industries are recognized as
serious environmental and socio-economic issues when they are not properly managed,
since these are prone to microbial spoilage. Usually, they are thrown into landfills or
burned. They could release toxic pollutants and also create other ecological hazards, such
as leachate production.

The existing global climate crisis, particularly in recent years, has led humanity to
seek alternative ways to mitigate the disastrous environmental phenomena encountered
and to search for solutions for biomass generated by human activities, considering it as an
important resource for technological applications and the benefits resulting from biomass.
The European Commission has elaborated an action plan to reduce food waste, integrating
it into circular economy principles as a key strategy for the reduction, reuse, recovery,
and recycling of materials and energy. Eco-friendly and biocompatible by-products and
biowaste are rich in proteins, carbohydrates, lipids, and bioactive compounds (phenolics,
dietary fibers, alkaloids, pigments, etc.), which must be recovered [219] and repurposed
into value-added products for various industries, including food, biofuels, bioplastics,
cosmetics, pharmaceuticals, textiles, active additives, etc. [220-222]. The starch and lignin
are promising materials for sustainable and eco-friendly technologies [187,223].

Some agricultural practices contribute to soil degradation and air and water pollution.
To avoid these, the agricultural waste is valorized by composting, production of animal
feed, bioenergy generation, fiber extractions, biochar production, etc. Therefore, it is neces-
sary to establish their interconnection and to establish some integrated solutions. Proper
waste management through environmentally friendly strategies is required to reduce the
environmental impact of date waste and to direct the transition of the date processing in-
dustry towards sustainability. The oilcakes, as by-products of the oil extraction process, are
currently underused as animal feed, landfilling, or compost. The costs of drying and storage
of the food processing residues are very high. In some cases, the fruit processing industries
generate very diverse by-products and waste streams. Fruit processing by-products such
as peels, seeds, and unused flesh are often utilized as fertilizers. Biopolymers derived
from plant or animal sources are used in the development of bioactive films for fruits,
vegetables, meats, and dairy products, offering antimicrobial and antioxidant benefits,
being crucial in extending food shelf life, minimizing degradation, and protecting against
oxidative and microbial agents [224]. Natural substances derived from agro-industrial
by-products and waste (such as pomegranate peel, olive leaves, and grape vines) have
antimicrobial and antioxidant activities, provide nutritional improvements without modi-
fying organoleptic properties, and are promising active additives that could separately or
synergistically extend the shelf life of fresh foods such as meat [225]. Pomegranate peel
extract contains many bioactive compounds, such as tannins and flavonoids, showing
interesting bioactivities, such as antidiabetic properties, regulating blood glucose levels,
preventing cardiovascular diseases, reducing blood cholesterol levels, demonstrating anti-
carcinogenic activity, protecting lipids from oxidative damage, and having antioxidant and
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anti-aging properties, particularly beneficial for brain health as a natural alternative for the
treatment of nociceptive and inflammatory pain [226].

3.1. Agro-Food By-Products and Aquiculture Waste

Many food by-products and sustainable agricultural wastes have gained considerable
attention in recent decades because they are cheap due to their abundance, renewability,
biocompatibility, and environmentally friendly nature; they also have remarkable bio-
logical features, etc. Processing residue/waste could be used for nutritious and healthy
functional foods as a solution for the world food crisis. Approximately one-third of the
world’s food production, i.e., 1.43 billion tons, is wasted annually, resulting in economic
losses, contributing to greenhouse gas emissions, and negatively affecting food security
and prices. The extraction of BC and biopolymers directly from origin resources results
in a better-controlled composition and properties of the obtained products, but if huge
quantities are used, a competition with the food industry will appear. To direct main
activities to sustainability and environmental protection, the integration of by-products
and biowastes is exploited. Secondary products derived from primary agro-food pro-
duction/processing processes that could be recovered are a cheaper source of potentially
biologically active ingredients (phenolic compounds, peptides, carotenoids, etc.), and they
could be used as replacements for synthetic components. This approach contributes to
food chain sustainability and system circularity. Valuable bioactive compounds, such as
vitamins, proteins, polysaccharides, minerals, antioxidants, and aromatic oils, could be
recovered from biowaste and used as functional ingredients, nutraceuticals, micronutrients,
dietary fibers, lipids, pigments, minerals, or in biomedicine, pharmaceuticals, and cosmetic
applications. Polysaccharides (xylans, fucoidans, claminarin, floridean, starch, and ulvans),
vitamins, and minerals, as active compounds resulting from food processing by-products
or agro-food by-products, have antioxidant, antimicrobial, antiviral, anti-inflammatory,
immunostimulant, and prebiotic activities.

Oncom is produced from various raw materials such as tofu dreg, peanut press cake,
and tapioca solid waste, applying various procedures involving various microbes, mainly
Neurospora sp. or Rhizopus sp., and various processing steps. It is sensory-friendly and
shows bioactivity capacities, including antioxidants, lowering cholesterol, cardiovascular
disease prevention, etc. Therefore, Oncom might be an example of a potential sustainable
food to overcome hunger and support the circular economy program.

From the processing of the vegetable agrifood (fruit peels and pomaces), many active
ingredients result [220,227-233]., such as anthocyanins from grape skins, polyphenols, etc.
The polyphenolic extracts of Vitis vinifera L. could be useful in the treatment of biofilm-
related infections, often multi-resistant to antibiotics, if used as therapeutic adjuvants.

The by-products are rich in biopolymers such as polysaccharides (starch, cellulose,
and pectin), proteins, and bioactive compounds. The food industry could use the vegetable
waste powders as coloring and flavoring ingredients or natural preservatives, or they can
be used to reformulate processed foods in order to improve their nutritional properties.
The main wastes, by-products, and algae are recovered to achieve sustainable systems
through the extraction of valuable compounds or waste treatments [234-237].

Demand for fresh and processed fruits has increased because of their health benefits
and the increased world population/consumers. Processing of vegetables and fruits
generates a substantial amount of residues as agri-food wastes in the form of peels, grain,
seeds, pulps, pomaces, and stones/pits, posing a serious environmental and economic
problem. Such wastes can be used as secondary starting materials to produce value-added
goods, either to produce building blocks for bioplastics manufacturing or biofillers [238]
within the principles of the circular economy.
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For example, the quantity of the biowastes could reach 20-40% of processed materials.
Therefore, the annual grape and wine processing generates around 5-9 million metric tons
of solid waste, and canning and freezing of fruits and vegetables generate approximately
6 million metric tons of residues [239]. Grape production generates substantial agricultural
waste, particularly grape pomace, a by-product rich in bioactive compounds. Fruit and
vegetable biowaste reuse is strongly recommended to prevent environmental issues. Grape
pomace is rich in fiber, lipids, sugars, proteins, and phenolic compounds, which makes
it a promising substrate for Pleurotus mushroom cultivation [240]. This innovation sup-
ports the broader goals of sustainable agriculture because of the recycling of agricultural
by-products, minimizing waste, and adding economic value. The BACs from these are rich
in valuable compounds; the peels of citrus fruits, grapes, and apples, and the seeds of man-
goes, avocados, longans, and jackfruits have been reported to contain >15% more phenolics
than in the pulp [241]. The composition of grape pomace consists of 30% neutral polysac-
charides, 20% pectic acid derivatives, and 15% phenols. The by-products of winemaking
found applications as: food additives, food supplements, animal feed, nutraceuticals, and
sanitizers, antibiotic adjuvants, thanks to their high polyphenol content; mainly resveratrol,
tannins, anthocyanins, phenolic acids, and flavanols are the main BACs, which also are
responsible for antibacterial activity [242]. By processing of vegetable and fruits as pulps,
peels, grape skins, seeds, pomaces, bagasses, and stones/ pits/cellulose can be obtained
essential oils, starch, pectin, proteins/polyphenols, (anthocyanins, pigments), dietary fibers;
cereals brans, husks, brewers’ spent grain, and corn cobs/starch, cellulose, hemicellulose,
lignin/phytosterols, minerals, vitamins, etc. Packaging prepared using by-products from
fruit and vegetable processing wastes offers a feasible alternative to reduce the production
cost of edible films and coatings and to add value to food by-products [243]. Date fruit po-
mace is an abundant by-product of the date syrup industry, currently underutilized, being
either fed to animals or landfilled. In a landfill, it ferments and raises serious environmental
issues. This waste bioresource, rich in dietary fiber and phenolic antioxidants and having a
high nutritional value, can be used as a dietary supplement, while its sugar content can be
used to produce value-added biochemicals via fermentation. Banana peel is a sustainable
feedstock for the extraction or synthesis of biologically active compounds, biopolymers,
and nanomaterials useful in the agri-sector and aquaculture in pest/disease prevention,
fertilizers, agrochemicals, bio-stimulants, and nutrient-delivery applications [244,245]. Hex-
avalent chromium Cr(VI) ions have been removed from water using pomegranate peel
powder that has an excellent removal effectiveness of 50.32 mg /g [246]. Great efficacy in the
treatment of chemical industrial effluents by using pomegranate peel powder as an abun-
dant, cost-effective biowaste source is important because the UN SDGs (UN Sustainable
Development Goals) have been achieved as the primary objective.

Ultrastrong fibers have been isolated from the vascular tissues of the Senna alata (L.)
Roxb. (Candle bush) plant stem. These have mechanical properties comparable to those
of commercially available natural fibers, being suitable for applications in door panels,
furniture, and structural components. These fibers have excellent heat stability, and they
are useful in insulation, circuit boards, dielectric substrates, and switches. And also, due
to their antimicrobial properties, they have been found suitable for use in the packaging,
textile, pharmaceutical, and wound dressing sectors [247].

Humic substances (HSs) are produced through a specific solvothermal synthesis di-
rected to extract HS from the commercially available compost produced by a Sardinian
firm, Verde Vita (s.r.l.), through the oxidative degradation of biomass derived from the
organic fraction of urban or agro-industrial waste. They exhibit larger chemical stability
under aerated conditions and lower cost. Humic substances (HSs), derived from biowaste
oxidative processes, resulting in a refined product, exhibit intrinsic antioxidant and antimi-
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crobial features [248] with potential applications like soil remediation, pollution treatment,
and agriculture.

3.2. Residual Materials from Cereals

After processing the cereals by the milling and brewing industries, large amounts of
by-products result, such as brans, husks, brewers’ spent grains, and corn cobs, which are
highly nutritious. Cereal by-products include a lot of BAC as lipids, proteins, minerals,
vitamins, phytosterols, polyphenols, and also starch and dietary fibers as hemicellulose
(B-glucans and arabinoxylans), cellulose, and lignin. The rice bran and cereal dust are
valuable yet underutilized by-products of grain processing. They can be bio-converted into
bacterial cellulose by inexpensive solid-state fungal fermentation as a circular economy
solution to reduce waste and convert it into by-products to enhance the sustainability of
the cereal industry [249].

Palm oil production yields a valuable palm fatty acid distillate as a rich source of
vitamin E and a multifunctional ingredient in the food agro-industry. Valorization of this
distillate in the food sector assures sustainability [250].

3.3. Residual Materials from the Meat Industry

Residual materials from the meat industry are organs such as skin, blood, bones,
meat, trimmings, fatty tissues, horns, hoofs, feet, skulls, feathers, tripe, liver, lungs, hearts,
kidneys, and tongues, which contain collagens and also gelatin/vitamins, polyunsaturated
fatty acids, etc. Gelatins, derived from collagens, which are abundant in animal skin,
bones, and hooves, are used as gelling, stabilizing, thickening, and texturizing agents
in confectionery, yogurt products, and dessert creams. Most commercial gelatins have
mammalian origins, mainly pigs and cattle; other sources include fish and even chicken
feet [251]. Gelatin is an important biopolymer used for edible packaging. Because of its
hygroscopic nature, the combinations with other biopolymers are necessary to improve the
functional properties of packaging and the shelf life of food products.

3.4. Residual Materials from the Dairy Industry

Dairy by-products contain large quantities of proteinaceous waste, specifically caseins,
water-soluble vitamins, and lactose. The cheese sector produces the highest quantity.
The whey is recovered as valuable coproducts (~50%), such as whey powder, protein
concentrates, isolates, and lactose with multiple applications (foods, nutritionals, and
pharmaceuticals). Caseins are the most abundant group of proteins, as bovine milk contains
~80% of the total protein [252]. Milk proteins are ideal for the production of biomaterials
since they have good barrier and filmogenic properties. However, a large volume of
residual materials from the dairy industry is discarded daily without any prior treatment.

3.5. Residual Materials from Algae and Marine Biowaste

The biopolymer production is based on the raw materials, generally from land-based
crops, competing with the food sector. Aquatic biomass sources such as marine plants
or seaweeds are alternatives for bioplastic production due to their fast growth rate, CO,
fixation, high density of biopolymers contained, and ability to withstand harsh environ-
ments. The seaweed industry for human consumption is growing. Biowaste from discarded
fish scales and seashells is a rich source of natural polymers and other materials, such
as collagen, keratin, and calcium carbonate, useful to produce eco-friendly, bioactive,
biodegradable, and edible polymer materials and composites [253,254].

The algae used to obtain the bioplastics for packaging contribute to minimizing re-
source consumption, waste generation, and regulating greenhouse gas emissions. Macroal-
gae are a source of proteins (5-47%), lipids (1-5%), polysaccharides (15-76%), and minerals



Polymers 2025, 17, 3139

28 of 78

(7-36%). As a source, biopolymer/BC can be considered marine (fish head, trimmings
(skin, fins, bones, scales, and muscle), viscera (liver, kidney, and roe)/myofibrillar pro-
teins (collagen, gelatin)/omega-3, peptides, protein hydrolysates, iodine, vitamin D, Se, P,
Ca; (crustacean shells/chitin/astaxanthin, CaCOs3; algae biomass after extraction or oth-
ers/carrageenans, agar, alginate/omega-3 mainly EPA (eicosapentaenoic acid) and DHA
(docosahexaenoic acid), polyphenols, and pigments (3-carotene, astaxanthin, and fucox-
anthin) [255,256]. Polysaccharides from seaweeds are employed in various industries as
hydrocolloids; the most prevalent are alginates (brown macroalgae), carrageenans and agar
(red macroalgae), fucoidans and laminarin (brown macroalgae), xylans and floridean starch
(red macroalgae), and ulvans and (green macroalgae) agarose, which involves numerous
different phytonutrients in the outermost layer of the cell and is rich in sulfated polysaccha-
rides (SP). SP-based nanomaterial has an enhanced potential value in the nanotechnology
field. Many interesting compounds, including pigments and polyphenols possessing bio-
logical and biochemical functions, have been extracted from seaweeds. Seaweed, or marine
macroalgae, is an underexploited natural source of polysaccharides, although it has exten-
sive applications in different industries, nutrition, food quality, and retaining characteristics
of supplements and biomedical applications. Ulva lactuca, known as sea lettuce, is a green
macroalgae powder that acts as an active additive in crab (Portunus segnis). Chitosan-based
multifunctional (antioxidant, antimicrobial, renewable, and biodegradable) films for natu-
ral active food packaging, biomaterials, biostimulants, biorefineries, etc., offer significant
economic, environmental, and social benefits. The by-products are applied as filler and
fiber reinforcements, food and feed supplements, fertilizers, cosmetics, pharmaceuticals,
and epoxy resins [257]. The sulfate polysaccharide NPs extraction from macroalgae is ex-
tensively applied in various fields of daily life. Four different species of agar-producing red
seaweeds (Gelidium corneum, Gracilaria chilensis, Gracilaria tenuistipitata, and Gracilariopsis
longissima), minimally processed by melt blending combined with compression molding,
led to films with good quality [258]. Cyanobacteria and microalgae have been tested for
bioplastic production as polyhydroxyalkanoates (PHA), which are naturally accumulated
by microalgae. PHA-based materials are biodegradable, but they are not edible [259].

Marine-originated biomaterials such as seaweeds, marine sponges, arthropods,
cnidaria, mollusks, and also alginate, vitamins, laminarin, collagen, chitin, chitosan, gelatin,
hydroxyapatite, biosilica, etc., have very interesting biomedical applications due to an-
timicrobial, anti-inflammatory, anti-aging, and anticancer effects [260]. Products based on
chitin and its derivatives are used in chemical, agricultural, medical, cosmetic, textile, paper,
and other industries. The veterinary, biomedical, beverage, sanitary, health, and personal
sectors, as well as the catalysis, chromatography, sewage treatment, and biotechnological
industries, all show great interest in marine chitosan and collagen, the most attractive
bio-resources, because of their distinct biological properties [261].

3.6. Other Resources

Herbal medicine uses many of the fungi, including polypores isolated from Aphyl-
lophorales such as Ganoderma lucidum, Laetiporus sulphureus, Trametes versicolor, Grifola umbel-
lata, Inonotus obliquus, Wolfiporia cocos, etc., to isolate biologically active natural products.
This large group of terrestrial fungi of the phylum Basidiomycota (basidiomycetes), together
with Ascomycota, is the major source of pharmacologically active substances that display
antiviral, cytotoxic, and/or antineoplastic activities. Numerous compounds isolated from
polypores, often called biological response modifiers, showed phytotoxic, immunomodula-
tory, analgesic, cardiovascular, antidiabetic, antioxidant, insecticidal, and other activities.
They are high molecular weight compounds, or immunopotentiators, that prevent carcino-
genesis and tumor metastasis and show direct anticancer effects. About 75% of polypore
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fungi show strong antimicrobial activity, being considered a good source for developing
new antibiotics. Polysaccharides derived from the fungal cell walls are interesting for
their immunomodulatory activities, resulting in antitumor effects. Some proteins bound
to polysaccharides from polypores and other basidiomycetes have found their market in
Japan as anticancer drugs [261,262].

4. Developments in Extraction and Processing Methods to Assure the
Quality/Activities of the Active Additives

4.1. Extraction

The selected technique for active additive extraction is critical for their final use. To
obtain bioactive compounds from plants (as leaves, roots, stems, fruits, seeds and peels or
other sources), the following conventional methods can be applied: maceration, percolation,
decoction, hydrodistillation, steam distillation, hydrodiffusion, solvent extraction, Soxhlet
extraction, flowering, maceration, and cold pressing.

The steps involved in natural AC extraction and stabilization are schematically pre-
sented in Figure 2. They imply selection of solvent and extraction method and well-known
operations of filtration, evaporation, drying, solvent recovery, and residue recovery.

RESOURCES
plants, animals, microorganisms, by-products and {bic)waste, algae, efc.

i Solvents Extraction methods
polar, nonpolar, solvent mixtures, eutectics, efc. conventional or advanced
\ /
EXTRACTION
/ \
. Fiaton | | Bvaporation_|
\ /
Drying {——>1 solvent recovery

possible changes of extract |

i composition and activity \

RESIDUE EXTRACT

!

Stabilization/encapsulation, complexation,
electrospinning, emulsion-based systems

Figure 2. Flow diagram of the steps involved in the extraction and encapsulation applied for natural
AC from different resources.

Unfortunately, during the extraction process occurring at prolonged extraction times,
high temperatures, and pH, chemical alteration of the composition and quality of EOs is
possible because of hydrolysis, isomerization, and oxidation. Advanced methods for the
extraction of active additives/EOs, such as supercritical fluid (CO,, propane, and argon),
high hydrostatic pressure, pressurized liquid extraction, solvent-free microwave-assisted
extraction, subcritical fluids (water) extraction, ultrasound-assisted extraction, high-voltage
electrical discharges, power-pulsed electric fields, enzyme-assisted, and membrane-assisted
prepurification, are considered the most promising techniques, being cost-effective and
environmentally friendly due to short extraction time, low energy consumption, low and
green solvent use, and less CO, emission [263,264]. New green and environmentally
friendly technologies are developing, such as supercritical /subcritical fluid extraction,
negative pressure cavitation-assisted extraction, hot water extraction, high-pressure assisted
extraction, etc. [264-266]. Each method has both advantages and limitations—Table 3.
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Table 3. Advantages and limitations of the conventional and modern extraction methods applied for
natural active additives, adapted from Refs. [264-266].

Method

Advantages

Limitations

Conventional methods

Conventional methods are still used to
extract

fragrance and aroma

oils from plants due

to their simplicity

Disadvantages associated with
conventional solvent extraction
techniques include prolonged
extraction time, substantial
amounts of solvents, and many
extraction steps

Thermolabile phytochemicals
decompose or degrade during
heating

Maceration

Simple extraction method, filtration or
decantation applied to
thermolabile AC

- Minimize solvent loss
through evaporation; low
efficiency and long duration
of extraction

Digestion

Slight warming in the extraction process
(35t0 40 °C)

- Avoid the temperature
altering the bioactive;
- Increased efficiency

Infusion and percolation

Easily soluble constituents;

phenolic compounds were extracted from
fruits, phenols, and flavonoids in boiling
water for 10 min-infusion; a water—alcohol
solvent mixture; aqueous HCL; extra
efficient extraction

- The extract is termed leachate

Soxhlet extraction

- Continuous extraction procedure;
- Ethanol or methanol as solvents
- Enhanced yield is

obtained

compared to maceration

- The higher temperature risks
the degradation of
thermolabile compounds.

- The amounts of both
polyphenol and alkaloid
extracts decreased with
respect to maceration
methods

- Accelerated solvent
extraction (ASE)

High solvent temperature and pressure
mark the ASE operations’ favorable
conditions; better recovery of lipophilic
and

hydrophilic phytochemicals

- Temperature variation
significantly impacts the
extraction efficiency of
different bioactive
compounds

Supercritical fluid
extraction (SFE)

- Anincreased temperature and
pressure for a preset time (80 °C); the
pressure of 20 MPa and the extraction
time of 10 min favor extraction due to
an increased diffusion coefficient and
lowered viscosity.

- Plant major compounds extracted:
EOs, phenolics, alkaloids, phenolic
acids
and flavonoids, carbohydrates,
carotenoids, pesticides, lignans, lipids

The highest phenolic acid content
yield was achieved with high
temperature, whereas lower
temperatures afforded more
efficiency in extracting high
yields of

flavonoids

In some cases, Soxhlet extraction
is preferred
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Table 3. Cont.

Method

Advantages

Limitations

Modern techniques

Microwave-assisted
extraction (MAE):
incorporate microwaves
and solvents during the
extraction process

- A good preservation of the biological
activities of the extracts; Green tea
extraction: improved antioxidant
activity of the phytocompounds and
improved total phenolic content and
color quality of the extracts

- MAE is a rapid procedure, uses a low
quantity of solvent, is economic, and
has a higher extraction yield.

The viscosity of the solvent affects
the extraction process, and also
the solvent and plant material
dielectric susceptibility affect the
energy used in MAE

Ultrasound-assisted
extraction (UAE)

Ultrasound-assisted extraction is an
environmentally friendly, green, and
cheap technique compared to
conventional techniques, recovering green
extracts in concentrated form without
residual solvents, impurities, or defects

- Higher yields of phenolics at a lower
frequency of 40 kHz than at 120 kHz

- Lowered the energy consumption and
increased the recovery of
phytochemicals, preserving their
activity

- The UAE method enhances the
extraction speed and requires a
relatively lower quantity of the
solvent.

- Using ionic liquids and deep eutectic
solvents instead of conventional
organic solvents, assisted by
ultrasound extraction, improves
the process

- Ultrasounds modify and
disrupt physical and
chemical characteristics
of the material
to be extracted

Supercritical fluid
extraction:
carbon dioxide

- The technique involves the
solubilization of extractable chemicals
and their separation

- COjy has low toxicity, readily available,
and cheap

- High yields and preserves the
biological activities of extracts

- No trace of moisture is very
significant, as moisture may
adversely affect the yields

- The equipment is expensive
and difficult to clean,
rendering the production
uneconomical

Enzyme-assisted
extraction:

- aqueous extraction
(EAAE) and

cold pressing (EACP).

- Specific enzymes used: cellulase,
pectinase, amylase, etc.

- Non-extractable phytochemicals
(pectin) accessible to the solvent

- Is utilized in conjunction with other
extraction techniques

- Some enzymes are vulnerable
to extraction

- The selected enzymes’
catalytic properties,
mode of action, and
optimum operational
conditions should synergize

Pressurized hot water
extraction

- Anenvironmentally
favorable technique
affording considerable yields

- Short extraction time, better quality
extracts, and a cheap solvent

- Elevated temperatures increased
the recovery
yield of phytochemicals

- Very green at preserving the
bioactivity of extracts

- Prolonged extraction times
and high temperatures
deteriorate the extracted
phytochemicals
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Recent studies are directed to achieve good economic viability, environmental friend-
liness, shorter extraction times, and better yields of ACs without compromising their
biological activities. The advantages offered by modern techniques are higher yields for
less solvent and energy demand, reduced required time, and better preservation of bio-
logical activities. However, it is still difficult to conclude about the choice of extraction
technique, targeted phytochemicals, economic viability, environmental impacts, etc.

EOs are mainly extracted by methanol, ethanol, acetone, acetic acid, water, and oth-
ers. Ethanol and water are the most adequate solvents, as they have GRAS status. The
quality of EOs and natural extracts, their biological and physico-chemical properties, and
antioxidant/antibacterial activities depend not only on the quality of the source (e.g., geo-
graphic origin, nutritional aspects, and storage) but also on the applied technology for their
extraction. For example, the supercritical carbon dioxide extraction method of the Rose
geranium, Eugenia caryophyllata, clove buds, and Marchantia convolute, has been compared
with the hydrodistillation method, and an aromatic oil with superior performance and
pharmacological activities has been obtained, while the carrot essential oil obtained by the
supercritical fluid extraction method showed better antibacterial and antifungal properties
against Bacillueles cereus as compared to the oil obtained by hydrodistillation. Modern
techniques are very fast, very efficient, replicable, green, and more convenient, and they do
not require a lot of energy.

Alkaline extraction: Polysaccharides isolated by alkaline extraction (0.54 M KOH)
are enriched in pectinic polysaccharides (80.6-86%), namely rhamnogalacturonan and
arabinogalactan, and hemicellulosic polysaccharides (13.9-19.4%). The short-chain fatty
acid profiles indicated a high amount of lactic acid, followed by acetic and propionic
acid [267].

Pine wood residues are transformed into bio-0il and separated into value-added
chemicals. In this case, an integrated and innovative methodology was applied, including
adsorption chromatography, vacuum distillation, liquid-liquid extraction, and precipitation
at an industrial scale, allowing the simultaneous recovery of multiple chemicals [268].
The following three fractions with high recovery yields have been obtained: (1) an acid-
rich fraction (containing acetic acid, formic acid, acetol, and furfural); (2) a sugar-rich
fraction (e.g., levoglucosan, 5-hydroxymethylfurfural, and methyl cyclopentenolone); and
(3) an antioxidant fraction, containing phenolic species with antioxidant properties (such
as phenol, guaiacol, catechol and vanillin). Therefore, it has been demonstrated that it
is possible to develop biorefineries and the integrated production of chemicals from a
renewable feedstock such as wood.

4.2. Processing Methods and Encapsulation

Traditional methods of food preservation, including refrigeration, pasteurization, and
using low pH, are not very efficient in controlling food pathogens. To inhibit spoilage and
pathogenic microorganisms, the foods are heated at temperatures of 60-100 °C for seconds
to minutes. These processes are efficient, but they can cause undesirable changes in food
quality, loss of vital nutrients, high energy costs, and the loss of valuable resources. To avoid
these, some techniques with minimal processing are preferred, such as ozone treatment,
vacuum drying, osmotic dehydration, dense phase carbon dioxide treatment, and high-
pressure assisted freezing. Non-thermal preservation methods consist of physical methods
such as ultrasonication, pulsed electric field, pulsed light, cold plasma, high-pressure
processing, ultraviolet, microwave, electrospinning, and utilizing natural preservatives
isolated from animal, plant, or microbial sources, and these solutions are preferred because
of consumers” demand for a more sustainable and healthy food supply.
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The associated drawbacks with the use of many BACs are their instability against en-
vironmental factors, heat, oxygen and light during storage, or unacceptable flavor profiles;
poor dispersibility in food matrices; and food matrix effects, such as phase partitioning or
interactions between ingredients and with food components (e.g., carbohydrates, lipids and
proteins), thereby reducing their interactions with microbes and affecting their bioavailabil-
ity and bioactivity.

Low solubility, bioavailability, and loss of activity can be minimized by micro-
/nanoencapsulation for a safer application. Micro-/nanoemulsions are applied to flavors
as limonene, EOs, and resins and to bioactive additives as antioxidants, preservatives,
vitamins, minerals, colorants, enzymes, probiotics, lactic bacteria, etc. A combination
of natural preservatives with different food/cosmetic preservation systems, emulsions,
coatings, or micro- and nanoencapsulation has been tested to assure safety and non-toxicity
of the materials [269-271]. Wall materials for nanoencapsulation of BC are natural (al-
bumin, gelatin, casein, chitosan) or synthetic polymers such as poly (e-caprolactone),
poly (lactic-co-glycolic-acid), polyethylene glycol (PEG), polylactides (PLA), polyglycolide
(PGA), polyanhydrides, polycaprolactone, polyglutamic acid, polymalic acid, poly(N-
vinylpyrrolidone), poly(methyl methacrylate), poly(vinyl alcohol), etc. The incorporation
of nanoemulsified EOs into biodegradable materials has the double advantage of minimiz-
ing the concentration of active agent required to perform a valuable antimicrobial activity
and reducing their sensory impact. All of these advantages are enhanced by reducing the
size of (nano)particles that determine increasing the area per unit volume, and in this way
the antimicrobial nanoemulsions of various types are developing as (a) the oil phase itself
is antimicrobial (like an essential oil); (b) lipophilic antimicrobial (like a polyphenol) is
dissolved in an inert oil phase (like corn oil); (c) an antimicrobial emulsifier is used to form
and stabilize the nanoemulsions; and (d) the nanoemulsion is a combination of different
antimicrobials to obtain a strong potency.

The main obstacles for using EOs as food preservatives, for pharmaceutical purposes,
and in cosmetics are their safety limits, marked organoleptic effects, and possible contam-
ination by chemical products, such as pesticides, toxicity, volatility, and hydrophobicity,
that limit their use in their pure form, so their exploration and development are still a
challenge [271]. It is also a possible diversity of composition varying with region, conditions
of growing [272], etc.

As a result, encapsulation technologies, emulsion-based systems, and oil-in-water or
water-in-oil micro-, nano-, and double emulsions are being developed and employed [208].
Types of morphologies obtained by encapsulation are mononuclear, multinuclear, multi-
layer, matrix, and irregular.

4.2.1. Emulsion-Based Systems

The simple emulsion is the most common carriers for bioactive components. Emulsion-
based systems are particularly interesting as colloidal delivery systems because they can
easily be created from active ingredients using relatively simple processing protocols. In re-
cent studies, bio-based novel multiple emulsions (MEs) and Pickering emulsions (PEs) have
been studied as innovative colloidal delivery systems for controlled release of bioactive
compounds and stabilization of the biopolymer films, such as those of starch with bacterial
nanocellulose [273-275], which could be fabricated by relatively scalable and simple opera-
tions. Both are stabilized by food-grade particles, have health-promoting aspects, and are
able to host the “clean label” and “green label” attributes. Emulsion-based encapsulation
uses an emulsion as the core technology to trap and protect active ingredients, allowing for
their stability, controlled release, and protection from degradation. They involve trapping
the bioactive agents within small particles with a core (BAC)-shell (wall) structure designed
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to increase the water dispersibility, resistance to environmental conditions (light, oxygen,
water), minimize interactions with nonspecific targets, maintain potency of antimicrobials,
mask undesirable flavors, control the release profiles of the antimicrobials, and enhance
handling and flow properties. The core of capsules contains some ingredients to be pro-
tected (BAC), and the wall material, also denominated as the coating, shell, membrane,
carrier, or coat, is the external layer or layers that cover the core, made of food-grade
materials (e.g., polysaccharides, proteins, and lipids). The following morphologies are
obtained: mononuclear, multinuclear, multilayer, matrix, or irregular [276,277]. Encapsu-
lation decreases volatility and increases chemical and thermal stabilities; protects against
oxygen, light, pH, moisture, and gastric digestion; masks unpleasant taste and aroma;
promotes controlled release; improves the solubility of lipophilic compounds in aqueous
media; enables the prolonged absorption of nutrients; and may confer and facilitate the
development of packaging materials with antimicrobial and antioxidant potential. MEs
(e.g., double emulsions) have a variety of functions in many areas, such as food, cosmetic,
and pharmaceutical industries, and separation sciences. The most common carriers for
encapsulation of bioactives are still simple emulsions. MEs and PEs as advanced systems
have been introduced as innovative colloidal delivery systems for encapsulation and con-
trolled release to overcome limitations and improve stability, bioavailability, etc. Double
emulsions obtained with low molecular weight (LMW) surfactants showed various types
of instability mechanisms, e.g., coalescence, flocculation, and creaming. The delivery sys-
tems increase the solubility of phytochemicals, nutraceuticals, and food additives [278].
Polyphenols, due to their oxidizing ability, protect the materials from the damaging effects
of ROS, acting as active additives preventing oxidative stress. The loading of polyphenols
into lipid nanocarriers (NLCs) led to increasing bioavailability, reducing degradation, and
protecting the antioxidant activity of the polyphenols. The NLCs are biodegradable and
have no significant toxicity. The nanoemulsion, liposome, phytosome, solid lipid nanopar-
ticles (SLNs), NLCs, and lipid-polymer hybrid nanoparticles (LPHNSs) can encapsulate
polyphenols to improve their biophysiological target [279], enhance polyphenol delivery,
and promote their absorption and bioavailability.

4.2.2. Nanoemulsions

Nanoemulsions are optically clear colloidal dispersions of two immiscible fluids, one of
them being dispersed as small particles (d < 200-100 nm) in the other one. Nanoemulsified
plant-based preservatives improve the food quality and safety in the meat, fish, dairy, and
fresh produce areas [28,280-282].

Oil-in-water nanoemulsions are thermodynamically unstable systems but kinetically
stable colloidal dispersions containing lipid nanoparticles dispersed in water, and they
are manufactured from food-grade ingredients using mixing and homogenization. By
varying oil droplet properties, such as composition, concentration, interfacial properties,
and physical state, the physico-chemical properties, stability, and efficacy of antimicro-
bial nanoemulsions can be altered. Their breakdown occurs by different destabilization
mechanisms, such as gravitational separation (creaming/sedimentation) because of dif-
ferences between phase density, flocculation, coalescence, and Ostwald ripening. Droplet
aggregation may occur due to coalescence or flocculation. The rate of Ostwald ripening
increases with the increase in the water solubility of the oily phase, especially for polar oils,
as plant-based antimicrobial agents. It is prevented by adding ripening inhibitors.

A post-pH-driven encapsulation widely applied to different polyphenols and food sys-
tems has been developed as a viable solution offering simplicity, speed, and environmental
friendliness. It eliminates the need for heat, organic solvents, and complex equipment, and
also contributes to reducing the food waste of plant-based food [283].
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Recently, EOs are delivered through novel procedures such as electrospinning, nanoen-
capsulation, nanoemulsions, and nanocomposites to enhance antibacterial and antioxidant
performance for better involvement with cell molecules [284,285]. Their functionality is
explored to create a controlled release to a certain target or with a convenient release
rate or under the action of selected external factors [286,287] to promote the predictability
and reproducibility of release rates. Change in the concentration with time has practical
significance in some situations, such as when it is desirable to have a higher concentration
of BAC or drugs (antimicrobials or antioxidants) in the beginning to retard microbial and
oxidative deterioration, while having a lower concentration when the product has reached
the target. Fungicidal activity of essential oils (EOs) from various plants (Salvia officinalis
(Lamiaceae), Melaleuca alternifolia (Myrtaceae), Mentha arvensis (Lamiaceae), Baccharis dracun-
culifolia (Asteraceae), Baccharis uncinella (Asteraceae), and Cymbopogon nardus (Poaceae)) has
been tested in vitro by the control of mycotoxin-producing strains of Aspergillus niger, Fusar-
ium graminearum, etc. Volatile EOs (Eucalyptus camaldulensis, Cymbopogon schoenanthus, and
Cymbopogon nardus) affect the growth, sporulation, and mycotoxin production of Aspergillus
flavus, Aspergillus carbonarius, and Fusarium verticillioides (aflatoxin B1, ochratoxin A, and
fumonisin B1, respectively) and modify the expression of some toxin synthesis genes [288]
depending on dose.

Nanoemulsion preparation can be achieved by two kinds of methods: (i) low-energy
methods and (ii) high-energy methods. Low-energy methods produce small oil droplets
with or without gentle stirring. They do not require specialized equipment but need high
concentrations of synthetic surfactants, while in the case of high-energy methods, small
oil droplet formation requires disruptive forces for oil and water phases produced by
microfluidizers, high-pressure homogenizers, and sonicators [289,290].

Low-energy methods for nanoemulsion preparation are spontaneous emulsification
(SE), phase inversion composition (PIC), phase inversion temperature (PIT), and emulsion
inversion point (EIP) methods. The optimized type and concentration of surfactants and
oils led to small oil droplets when the system composition or environmental conditions
were convenient. The applications of nanoemulsions for the delivery of active functional
additives include bioactive lipids, essential oils, flavor compounds, vitamins, phenolic
compounds, carotenoids, etc. For each kind of active agent and application, the preparation
method of the nanoemulsion and suitable conditions must be carefully selected to obtain the
desired results. A few examples are mentioned as follows: Antimicrobial nanoemulsions
of black pepper oil (4.3%) have been prepared by the PIT method by heating at 75 °C
for 30 min in the presence of the non-ionic surfactant Tween 80 (9.7%) and then rapidly
cooled to 5 °C for 15 min. The preparation of the nanoemulsions of a mixture of clove
and cinnamon oil has been achieved by the EIP method, which was applied, while for
the antimicrobial carvacrol oil or a mixture of cinnamon and coconut oils, and for the
chitosan/citral oil nanoemulsions, the SE method was applied. It can be concluded that
the nanoemulsions formulated using a low-energy method exhibited better antimicrobial
activity against Erwinia carotovora, Aspergillus niger, and Rhizopus stolonifer.

In the sonication methods (as high-energy emulsification techniques), the samples are
placed in a mixture of oil, water, and emulsifier. The disruptive forces created microbubbles
because of the cavitation effects, and the high-intensity ultrasonic waves caused rapid
pressure fluctuations. All these contribute to mixing the oil/water phases, converting large
droplets into smaller ones [291]. The antimicrobial nanoemulsions from Cleome viscosa EO
and Tween 80, chitosan/eugenol oil, which are effective against Streptococcus pyogenes, S.
aureus, E. coli, K. pneumoniae, and P. aeruginosa, lemon myrtle and anise myrtle essential
oils, geraniol and carvacrol, and thyme oil have been prepared by sonication. It has been
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established that the nanoemulsions amplified the antibacterial activity of EOs, as an increase
in EOs’ ability to disrupt cell membrane integrity is promoted.

In the high-pressure homogenization (HPH) technique, a coarse emulsion is forced by
a pump to pass through a small valve under intense shear, cavitation, and turbulent forces
that break down the large droplets into small ones [291], as has been achieved for curcumin-
loaded nanoemulsions. The black pepper oil nanoemulsions prepared by HPH show a
good antimicrobial efficacy against bacterial pathogens, being useful in aquaculture, while
the cinnamon oil nanoemulsions are applied as good antimicrobials against disease-related
pathogens and food spoilage bacteria.

The microfluidizer uses a high-pressure pump to force a coarse emulsion of an an-
timicrobial carvacrol to pass through two separate very narrow channels and then makes
them impinge on each other so that the fluids collide at high velocity, creating high shear
forces and impact that disrupt the large oil droplets into smaller sizes [292]. The pump
is a core component of the device, creating the consistent pressure needed to achieve the
process’s powerful homogenization and cell disruption effects. Nanoemulsions have a
longer shelf life, ranging from a few months to many years. Most of the ingredients useful
for emulsification/encapsulation of BAC are also obtained from biomass.

Thermodynamically unstable micro-/nanoemulsion systems can be stabilized by
using some ingredients such as the following:

(a) Emulsifiers of different provenances, such as plant-based (e.g., vicilin, whey protein
isolate, soy or pea protein); polysaccharides, such as gum arabic or modified starch,
pectin (sugar beet pectin), plant mucilages, octenyl succinic anhydride-modified
starch; phospholipids, such as soy or sunflower lecithin; and natural (like quillaja
saponin) or synthetic (Tween and Spans). Pea, lentil, and faba bean proteins have
been used as effective emulsifiers for the formulation of 10 wt% algae nanoemulsions
obtained by microfluidization. The best efficacy was shown by the lentil protein in
terms of providing resistance to environmental stresses such as pH, ionic strength, and
temperature changes, while the sesame protein is an effective emulsifier for forming
fish oil nanoemulsions.

(b) Surfactants (sugar esters, polyoxyethylene) reduce the interfacial tension by electro-
static/steric stabilization.

() Various stabilizers, including ripening inhibitors (as corn oil, sunflower oil, medium-
chain triglyceride oil), The accepted mechanism of stabilization in Pickering emulsions
considers the formation of a steric barrier by solid particles adsorbing at the oil-water
interface, particles being able to irreversibly attach to the oil-water interface, leading
to a more efficient stabilization than surfactant adsorption.

(d) Texture modifiers as thickening and gelling agents (carboxymethyl cellulose,
sodium alginate, or pectin) to thicken or gel the aqueous phase, thereby inhibiting
droplet movement. Thickening agents increase the viscosity of aqueous solutions,
whereas gelling agents provide semi-solid characteristics, forming a 3D network of
crosslinked molecules.

(e) Weighting agents that inhibit gravitational separation, i.e., creaming and sedimenta-
tion, are hydrophobic substances such as brominated vegetable oil, ester gum, damar
gum, and sucrose acetate isobutyrate.

(f) Interfacial stabilizers are important components for electrostatic deposition methods
with modified polysaccharides (as chitosan hydrochloride electrostatic deposition
coats oil droplets with polysaccharides), increasing the steric and electrostatic repul-
sion between them, inhibiting aggregation. Thymol nanoemulsions’ stability was
increased by whey protein-coated oil droplets and chitosan hydrochloride [293].
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(g) Ripening Inhibitors: Some antimicrobial nanoemulsions, especially those containing
pure, polar, water-soluble EOs, are highly unstable due to a phenomenon known as
Oswald ripening, by which small oil molecules form larger oil droplets, resulting
in an increase in the mean droplet size over time, leading to creaming or coales-
cence, making the nanoemulsion unstable. By adding hydrophobic substances as
a ripening inhibitor, like corn oil, sunflower oil, or medium-chain triglyceride oil,
this instability is avoided for an optimum concentration. These little droplets help
to increase the droplet’s surface area, which improves the functional qualities of the
encapsulated component.

(h) Pickering emulsion utilizes solid particles as stabilizers, which accumulate at the
interface between two immiscible liquids (typically as oil and water phases) and
stabilize droplets against coalescence. Inorganic particles, including silica, clay, and
hydroxyapatite, and also some organic particles, can effectively serve as Pickering
emulsifiers [273,294]. Multiple Pickering emulsions (MPEs) can be excellent carriers of
bioactive compounds, offering a robust background to design MPEs with functional
and nutritional benefits. MPEs offer the following advantages: (i) reduced coalescence,
bringing higher stability to emulsions; (ii) useful characteristics of many solid particles,
such as conductivity, responsiveness, porosity, etc.; (iii) lower toxicity of some food-
grade solid particles, leading to higher safety for in vivo usage.

Pickering emulsions are applied in many fields, such as biomedicine, food, fine chemi-
cal synthesis, cosmetics, etc. Formation of the oil-in-water (O/W) or water-in-oil (W/O)
Pickering emulsion is determined by the wettability of solid particles at the oil-water inter-
face. A three-phase contact angle 0 (angle at the three-phase boundary of solid particles,
continuous phase, and dispersed phase) characterizes such systems. O/W emulsions have
0 <90° (e.g., silica, clay), while W/O emulsions have 6 > 90° (e.g., carbon black). Only
when 6 ~ 90° do the particles effectively act as a Pickering stabilizer. Since particles tend to
remain dispersed in either phase if they are too hydrophilic (low ) or too hydrophobic
(high 8). Amphiphilic particles are preferred, and they are obtained by modifying particles.
Some biological and food-grade edible particles, such as starch, zein, soy protein, whey
protein, and bacteria-related particles, are increasingly employed in the formulation of
Pickering emulsions due to their excellent biocompatibility and biodegradability, as well as
attractive potential applications in food and drug delivery fields.

(i) Antioxidants (as quercetin or curcumin) reduce oxidation in nanoemulsions.

Emulsified /encapsulated (B)AC with different morphologies/structures/sizes, espe-
cially for those of nanosized scale, such as aligned, core-shell, and porous structures, which
could be modified by adjusting devices [295-299] and the process parameters or by the
selection of encapsulating materials or (B)AC possessing different activities, such as antimi-
crobial, antioxidation, ultraviolet protection, and pH responsiveness (Figure 3), have been
developed. Nanoparticles of different chemical natures, shapes, porosity, dimensionality,
etc. (Figure 3A), variable chemical and physical parameters are considered in the design
of the nanoparticles (Figure 3B) or the use of different carriers (Figure 3C), etc. In the case
of the polymeric NPs, a precise control of their characteristics is assured by control of hy-
drophilic/hydrophobic content. Surface modification is easy, but aggregation and toxicity
are possible and have to be studied. Inorganic NPs offer unique electrical, magnetic, and
optical properties, but many are insoluble and may have variable size, structure, geometry,
and toxicity. Lipid-based NPs exhibit flexibility, high bioavailability, low encapsulation
efficiency, and various physico-chemical properties.
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Figure 3. Variable morphologies of the emulsified/encapsulated bioactive additives by changes
in chemical and physical parameters in the design of the nanoparticles (A), of different chem-
ical natures, shapes, porosity, dimensionality (B), or using different carriers (C), adapted from
Refs. [295,297,298]. (W/O; O/W) water-in-oil emulsions or inverse; SLN—solid lipid nanoparticles
and NLC—nanostructured lipid carriers.

4.2.3. Micro and/or Nanoencapsulation

Micro- and/or nanoencapsulation are favorable alternatives to preserve and protect
bioactive compounds/additives against inappropriate environmental circumstances and
increase their bioavailability and stability, thus advising their applications in agriculture,
food, and pharmaceutical industries. Nanoencapsulation and delivery systems enhance
the stability and bioavailability of bioactive compounds. Nanoencapsulated additives are
costly and need to be balanced by the potential benefits.
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Polyphenols (proanthocyanidins, phenolic acids, and flavonoids, especially antho-
cyanins) with specific flavor profiles are highly unstable under processing and storage
conditions. Two main alternatives of the encapsulation have been developed to protect
the properties of the active compounds during processing, and applications include both
physical and chemical ones. (i) The macro-, micro-, and/or nanoencapsulation by the
incorporation into a suitable polymer matrix (of mainly biopolymers such as modified
starch, chitosan, cellulose, carboxymethylcellulose, pectin, sodium alginate, gum Arabic,
xanthan gum, pullulan, shellac, zein, maltodextrin, whey protein, galactomannan, poly-
caprolactone, sodium caseinate, etc.). (ii) Enzyme encapsulation and/or immobilization
as novel technologies to improve the stability (stabilization) of the natural compounds,
including flavors and fragrances.

Encapsulation has a number of benefits, including the following;:

- Extended shelf life.

- Improved stability during processing and in the final product.

- Change in the structure from liquid to solid.

- Liquidity, dispersibility, and dosage accuracy in the final product are improved.

- Controlled release of aroma compounds, prolonging exposure to odor or taste; mask-
ing of taste and odor.

- Protection from external factors, separation of chemically unstable and highly volatile
substances from environmental factors, protection from UV radiation, and degradation
reactions under heat, oxidation, and dehydration.

- Improved safety by reducing the flammability of volatile substances [298].

Innovative strategies like nanoencapsulation, responsive hydrogels, and Al-driven

optimization have significantly progressed [299].

Encapsulation alternatives are applied by the following methods:

(a) Physical-mechanical processes (e.g., spray drying, dripping, fluid bed coating, spray
cooling/chilling, extrusion, emulsification and freeze drying, supercritical fluid or
anti-solvent drying, co-crystallization, lyophilization, pan-coating, spinning discs de-
position onto substrate, electrospinning, and copigmentation). Spray drying converts
a nanoemulsion into a fine powder, which is easy to handle, store, and transport and
is much more stable. Nanoemulsions in a fluid state are turned into powders having
high encapsulation efficiencies (95-98%).

(b) Chemical processes (e.g., liposomes, coacervation or molecular inclusion in cyclodex-
trins, complexation, yeast encapsulation, emulsions, emulsion polymerization, inter-
facial polymerization, interfacial crosslinking), ionic gelation.

(c) Physico-chemical methods such as coacervation, sol-gel synthesis method, organic
phase separation, solvent evaporation, layer-by-layer adsorption, and liposome en-
trapment.

Probiotic encapsulation in food science has had a rapid development, with new
approaches such as 3D printing, spray drying, microfluidics, and cryomilling. Co-
encapsulation of probiotics with bioactives presents a cost-effective and successful ap-
proach to deliver probiotic components to specific colon areas, improving viability and
bioactivity. Electrohydrodynamic techniques generate fibers with diverse properties that
protect the active/bioactive additives from a harsh environment. These procedures are
adaptable, uncomplicated, and easily scalable; the products that result have good quality
and functionality across various domains, including food [300].

Freeze drying is considered a standard method for encapsulation, being useful to
obtain high-value food products [301].
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Polysaccharides as carriers can be used as color and flavor enhancers, to prolong
the shelf life of products since they can prevent oxidative degradation, and also as target
cancer cells, alone or in combination with the standard chemotherapeutic. Retention and
stability of the flavors of the products are strongly related to the consumers’ acceptability
of the products, and a good formulation of delivery systems of flavor compounds is
necessary. Flavor is a product quality parameter that is very complex and very difficult
to control. The different nonvolatile constituents (e.g., proteins, lipids, carbohydrates,
salts, etc.) show a great impact on the retention of the flavor compounds. Different
degradable polymers (whey proteins, chickpea protein, gums, pectins or gelatins, gum
Arabic, chitosan, sodium alginate, xanthan gum, pullulan, modified starch, cellulose
and carboxymethylcellulose, shellac, zein, maltodextrin, whey protein, galactomannan,
polycaprolactone, and sodium caseinate) have been tested as encapsulating materials
for the bioactives. Homogenization, probe sonication, electrospinning, and 3D printing
have been utilized by entrapment/encapsulation, resulting in nanoparticles, nanocapsules,
nanofibers, films, nanoemulsions, 3D printed composites, and hydrogels [302,303]. The
main encapsulated BACs in the food area are vitamins, essential oils, plant extracts, caffeine,
bioactive peptides, fatty acids, flavonoids, carotenoids, and terpenes. Encapsulation can
assure the stability of formulated systems, increase the release time, or determine the
controlled release of BAC, retain and protect active properties, reduce lipid oxidation, and
maintain organoleptic properties and bioactivities even in extreme thermal, radiation, and
pH conditions [304]. Chitosan NPs had a greater impact on extending the shelf life in
comparison with chitosan alone [305].

Dietary fibers possess specific technological and functional attributes that assure their
use as carriers for bioactive and volatile compounds, thickeners, oil texturizers, moisture
retention agents for the preparation of different types of products, etc.

Interactions of (bio)active additives and biopolymers through hydrogen bonding, Van
der Waals forces, non-polar hydrophobic interactions, cross-linking, and weak electrostatic
interactions are responsible for the formulation of efficient and successful delivery systems.
Oligopeptides, enzymes, and other macromolecules are immobilized via covalent bonds
to the surface or simple electrostatic adsorption. These interactions depend both on the
properties and compositions of the components of the system and also on the production
conditions, such as temperature, time, pH, ionic strength, etc. Hot melt extrusion technology
applied in the field of the nutraceutical industry has been successfully adopted to prepare
solid molecular dispersion of active pharmaceutical ingredients. The separation of the
insoluble complex coacervates and the liquid is assured by electrostatic binding between
oppositely charged polymers [306].

Micro-encapsulation of active ingredients is an efficient, cost-effective, and environ-
mentally friendly method. Biodegradable microcapsules and controlled release of encap-
sulated active agents are two innovative directions very interesting to study and have
applications in various fields, such as agriculture, pharmaceuticals, cosmetics, the textile
industry, and others [307]. For agricultural areas, the encapsulation is efficient for the
formulation of biofungicides, biopesticides, bioherbicides, and biofertilizers, and this also
includes encapsulated essential oils, lipids, phytotoxins, medicines, vaccines, microbial
metabolites, etc. By these studies, the stability of formulated systems has been improved,
the release time increases, the active properties are retained, lipid oxidation is reduced,
organoleptic properties are maintained, and the bioactivities are kept even in extreme
thermal, radiation, and pH conditions. By encapsulation of plant-based preservatives, their
handling is improved, and ease of use, as well as their potency, is enhanced. Encapsulation
of volatile compounds into inorganic nanocarriers, such as nanoclays, prolongs the release
of active additives and protects them from harsh processing conditions. As an example,
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the BAC (as curcumin or thymol) is dissolved in a suitable solvent by sonication, and
then the nanocarrier is added. The loaded nanocarriers are separated by centrifugation,
washed, and vacuum-dried at room temperature. The hydrophobic BACs (curcumin)-
loaded nanocarriers are coated with a PEG-6000 polymer. Mesoporous silica nanocarriers
load large amounts of natural BACs (up to 500 mg/g). The loaded nanocarriers are shelf-
stable, have a very slow initial release, and after 2 months have about 50% retention of the
encapsulated compounds [308,309].

The approved nanoparticles by EU Commission Regulation No. 10/2011 are silica,
carbon black, titanium nitride, and silicic acid. The design of the nanocarrier highly
influences the loading degree, the retention, and the subsequent release. Porous silica
nanoparticles are the most suitable carriers for potential food packaging applications,
having design options for the pore structure, surface area, and surface chemistry. The
encapsulated compounds have applications in the biomedical field for drug delivery,
diagnostic imaging, and the stabilization of bioactive proteins [308].

4.2.4. Protein—Polysaccharide Nanocomplexes

Protein—polysaccharide nanocomplexes offer a stable encapsulation structure for var-
ious vitamins, ensuring sustained release. Colloidal and molecular interactions drive
nanocomplexation behavior, with or without chemical covalent bond formation. They
disrupt bacterial cell membranes, inhibit cellular respiration, and interfere with bacterial
replication, effectively preventing the growth of pathogens, so they are useful for extending
the shelf life of perishable food products [310].

4.2.5. Electrospinning/Electrospraying

Electrospinning/electrospraying as an encapsulation method is characterized by cost-
effectiveness, versatility, and scalability. Installation setup consists of a high-voltage power
source connected to a metallic nozzle and a metallic collector. To an ejected drop of a poly-
mer solution at the tip of the nozzle is applied a high voltage. The electrostatic repulsive
force acts on the drop surface and counteracts the surface tension, and a solution jet is
ejected and deposited onto the collector. Solutions, emulsions, or suspensions are turned
into small droplets that are exposed to an electric field, and the tiny droplets are dried to
solidify into either nano- or micro-sized particles as a nanofiber mesh. The electrospun
nanofibers and/or electrosprayed nanoparticles are obtained, and they protect the encap-
sulated BAC [311-313]. Electrospinning/electrospraying is a one-step process operating
at ambient conditions (atmospheric pressure and room temperature) and produces dried
micro-/nanostructures [314].

New solutions have also been designed to diversify the applications for the natural
antimicrobial and antioxidant agents” applications [315-319].

The biological functions of the metal-based nanoparticle (MBNP) electrospun
nanofiber are mainly designed for new tissue engineering materials due to their excel-
lent antibacterial, anti-inflammatory, and wound-healing abilities. Such nanofibers have a
core—shell morphology similar to the porous arrangement of extracellular matrix (ECM),
so they are favorable for tissue regeneration. The loaded MBNPs are wrapped and fixed
and can be controlled to release in situ at the wound site. MBNPs are also widely used
in drug delivery, biological imaging, and cancer treatment. The most commonly used
NPs applied in this field are AgNPs, AuNPs, and CuNPs. The excellent antibacterial and
anti-inflammatory properties of the AgNPs help to prevent the wound deterioration; the
AuNPs promote tissue regeneration by their anti-inflammatory and antioxidant effects,
while the CuNPs contribute to the reconstruction of the extracellular matrix (ECM). By
filtration within the hepatobiliary and renal systems, the MBNPs can accumulate in the liver,
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spleen, and kidneys, these being the potential toxic side effects. In order to reduce such
effects, these MBNPs and their integration with appropriate carriers are necessary [318].
Both biopolymers (e.g., collagen, gelatin, alginate, chitosan, hyaluronic acid and silk fi-
broin) and synthetic biodegradable polymers (such as polycaprolactone (PCL), polyvinyl
alcohol (PVA), polyethylene oxide (PEO), polylactic acid (PLA), polyglycolic acid (PGA),
polyglycerol sebacate and polyurethanes) have been electrospun into nanofibers, and also
biofunctionalization of polymers has been applied to improve cellular interaction and for
a wide range of tissue type integrations, namely neural, vascular, cartilage, bone, dermal
and cardiac.

New solutions have also been designed to diversify the applications for the nat-
ural antimicrobial and antioxidant agents’ applications as nanoparticles (NP) incorpo-
rated / encapsulated into appropriate carriers in packaging and other types of high-performance,
eco-friendly materials. By combining eco-friendly activation processes, such as cold plasma
or gamma irradiation exposure, the surface functionalization of the materials is achieved by
covalent bonding of the bioactive plant oils (clove essential oil and rosehip seeds vegetal
oil), with the antioxidant and antibacterial activities being improved and stable [315,316].

A growing interest in the development of micro- or nanoparticles loaded with active
additives, such as polyphenols, carotenoids, fatty acids, phytosterols, probiotics, vitamins,
minerals, and bioactive peptides, to deliver them for various applications is evident both in
research and industry, driven by the benefits of encapsulation. The Technology Readiness
Level (TRL) for most of the encapsulation methods is going beyond TRL 6. The controlled
release of the encapsulated materials at a specific time and target in the human body, and
their use directly in the food processing systems, is also possible [317].

5. Green Synthesis of the Nanosized Active Additives

At the beginning of the 20th century, many methods have been employed to reduce
the chemical use in the production/synthesis of the NPs known as top-down methods (e.g.,
physical or mechanical methods like grinding and ball milling applied to the bigger metal
particles to turn them into the nanometer scale range) and bottom-up methods (e.g., chem-
ical methods and biological methods, in which some chemicals are involved) [319]. The
developing green methods for the synthesis of NPs are based on the biogenic route utiliz-
ing natural extracts from plant parts (leaves, roots, flowers, fruit, plant waste), microbial
extracts, and biometabolites from organisms like bacteria, algae, fungi, etc. Compared
to conventional synthesis, green nanoparticle fabrication is an environmentally friendly,
toxic-free procedure, envisaging also waste management, which allows a reduction in
energy consumption of 30%, cost savings of up to 40%, and an increase of 50% of produc-
tion output and waste management [320]. The biosynthesized NPs loaded into various
matrices impart those suitable mechanical and barrier properties for applications [321].
The biological materials are effective oxidizing and reducing agents and are rich sources of
chemicals and phytochemicals. There are three types of green synthesis methods, namely
those using (a) microorganisms, (b) direct biomolecule templates, and (c) plant extracts.

The microorganisms of algae, actinomycetes, fungi, prokaryotic bacteria, and yeast, by
their intracellular or extracellular activities, generate certain enzymes which, alone or with
other organic molecules with anionic functional groups, are present around the cell wall
and found on the surface of the microorganisms, being responsible for the NPs production.
The Gram-positive bacteria (such as S. aureus and Bacillus cereus), which are composed
of peptidoglycan, teichoic acids, lipoteichoic acids, polysaccharides, and proteins, have
been used in NP production [322,323]. Mobilization and immobilization of metals, in some
cases, are activated by bacteria, which can reduce metal ions and precipitate metals at the
nanometer scale. The enzymatic action of the molecules existing on the surface of the fungal
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cells is widely responsible for the NPs synthesis. Among the versatile fungal species useful
for the synthesis of various metal NPs (like Ag, Au, and Zn) and metal oxide NPs (such as
AgO, ZnO, CuO, TiO,, etc.), the following can be mentioned: Aspergillus terreus, Aspergillus
flavus, Bryophilous rhizoctoni, Pleurotus ostreatus, Candida albicans, etc. Yeast and actinomycetes
have also been exploited for the NPs synthesis. The mycofabrication processes, involving
fungi in the extracellular or intracellular syntheses of metal nanoparticles, can be easily
scaled up, streamlined downstream, handled economically, etc. Fungal functionalized
nanostructures enhance the food packaging functionality, food processing, and safety [324].
Very effective biotemplates in the metal and metallic oxide NP syntheses also are DNA,
nucleic acids, viruses, and some biochemicals, such as glucose or sugar and citric acid.

Plant-based syntheses (phytonanotechnology) can be intracellular, extracellular, and phyto-
chemical. Plant phytochemicals can both reduce and stabilize nanoparticles. The solubility
can be increased with the use of a complexing or chelating agent in the salt solution [325].
In order to obtain the metal ions in the nanometer range by the intracellular methodology,
the plants are grown under metal salts at an appropriate concentration. The extracellular
approach is based on the ability of the phytochemicals to reduce the metals, while the
biochemicals act as both the capping and stabilizing agent. Plant-mediated synthesis of
nanoparticles is preferred over chemical synthesis due to its eco-friendliness, non-toxic
by-products, simplicity, extensive antimicrobial activity, etc. The phytochemical-mediated
synthesis by organic acids in composition is used to stabilize iron oxide nanoparticles,
which are high in magnetization, non-toxic, biocompatible, and with applications for drug
delivery [326].

Silver nanoparticles (Ag NPs or nanosilver) show antimicrobial and antifungal activity,
and it has been demonstrated that they are a good biocide against bacterial strains, algae,
fungi, and possibly some viruses [327], so they have a wide range of applications, including
biomedical, environmental, and agricultural, from disinfecting medical devices and home
appliances to water treatments. Several eco-friendly processes have been reported for green
synthesis of AgNPs, using aqueous extracts of whole plants or their parts, such as the
leaves, roots, bark, flowers, fruits, seeds, rhizomes, peels, agricultural waste, fungi, etc.
Microorganisms such as filamentous fungi, bacteria, lichens, algae, higher plants, possibly
some viruses, and microbes have also been used. AgNPs are produced by oxidation of
Ag+ to Ag® by different biomolecules from the plant extracts. A green method using
Citrus X sinensis fruit extract and Chlorella vulgaris aqueous extract, with the assessment of
their catalytic reduction, has been developed [328,329]. The phytochemical type and their
concentrations, extraction type and solvent, temperature, pH, and reaction time determine
the size, shape, and stability of the produced AgNPs. AgNPs as antimicrobial activity varies
with NP morphology as spherical AgNPs > disk-like AgNPs > triangular AgNPs. There are
some efficient systems for green synthesis of AgNPs, as silver nitrate is used as a metallic
precursor and the Moringa oleifera leaf extract with different concentrations as a reducing as
well as a capping agent, or the Eucalyptus camaldulensis and Terminalia arjuna extracts, as
well as their combinations, as reducing and capping agents exhibited strong potential in
rapid reduction of silver ions for the synthesis of AgNPs [330]. Biologically active Ag-NPs
from the Lavandula mairei Humbert (L. mairei) plant exhibited high antibacterial activity
against ESBL-producing multidrug-resistant (MDR) strains and also against carbapenem-
resistant and non-carbapenem-resistant strains of A. baumannii, as well as very interesting
antioxidant activity [331]. The extract of Cocculus Pendulus as a reducing and stabilizing
agent is extremely poisonous to Gram-positive bacteria and is a promising antibiotic against
bacterial infections [332]. AgNPs synthesized and coated by different leaf extracts under
the acceleration of ultrasound possess various shapes, sizes, and even bioactive properties,
substantially depending on the kind of extracts [333]. Olive leaf extract has been used as
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the reducing and capping agent for AgNQOj to obtain stable, spherical AgNPs with a size
of 10.6 + 2.5 nm. AgNPs used in biological applications have been obtained by means
of an aqueous two-phase system with citrate as a reducing agent [334]. Other interesting
methods have been elaborated [335].

Accumulation of AgNP in the human body or the environment, particularly through
food packaging waste, raises concerns about long-term toxicity. The use of nanosilver is
controversial, as are other leachable antimicrobial agents, as substances embedded into
plastic articles that release antimicrobial features via diffusing or leaching, thereby stopping
microbial growth in the surrounding environment. Leaching will cause the depletion of the
agent, especially in applications that come in contact with water. To avoid the potential
toxicity, the concentration and controlled release of AgNPs must be carefully regulated.
The use of traditional Ag-based antibacterial agents occurs by uncontrollable silver release,
so it is difficult to make a correlation between antibacterial performance and biosafety.
The regulation of silver release behavior with excellent biocompatibility is applied for an
efficient treatment of drug-resistant bacterial-infected wounds [336].

Gold nanoparticles (AuNPs) have been obtained by the reduction in chloroauric acid
(HAuCly) using Acai berry (AB) and Elderberry (EB) extracts [337] or the aqueous extract
of Zingiber officinale rhizome. AulNPs with particle sizes ranging from 2.5 nm to 90 nm
were synthesized in situ using chitin nanogels by varying the reaction temperature and
chloroauric acid concentration, while novel biocompatible chiral AuNPs with a diameter
of 54.4 + 14.9 nm with potential application for biosensing were prepared by an in situ
reduction of HAuCly with alginates and a chiral-inducing and stabilizing agent [338].

ZnO NPs possess unique semiconducting, piezoelectric, and optical features, biodegrad-
ability, and low toxicity and are low cost, easy to synthesize, non-toxic, and biocompatible.
High-surface-to-volume ratio and direct contact with the bacterial cell wall of the ZnO NPs
explain the better destruction of bacterial cells than their micro- or macroscale equivalents.
The ZnO surface has OH groups; therefore, it is easily functionalized. ZnO NPs are easily
absorbed by the body when they are utilized as food additives. ZnO-NPs enhance the
growth and yield of food crops. As examples in their presence, peanut seeds increase the
rate of growth and development of peanut roots and stems, improve the growth rates of
cucumbers, the growth rate of mung beans and chickpeas, and mediate photosynthesis
of wheat and maize at low concentrations, etc. Potential therapeutic biological activi-
ties/applications of ZnO-NPs are powerful antioxidants, useful in an important additional
treatment for chemotherapeutic drugs that induce male reproductive failure, anti-diabetic,
antibacterial, fungicidal, and anti-inflammatory for microbial infection and inflammation,
and also they can be used as drug carriers, imaging agents, and biosensors [339,340].

ZnO NPs have been synthesized by conventional methods like chemical reduction,
laser ablation, solvothermal, inert gas condensation, and the sol-gel method, which require
some toxic chemicals, high pressure, laser radiation, and inert gases like helium, which are
expensive. The green techniques for the synthesis of ZnO NPs have been developed using
plants, fungi, bacteria, and algae as aqueous extracts of sea lavender, Limonium pruinosum
(L.) Chaz., as a reducing, capping, and stabilizing agent [341] or lychee peel [342]. ZnO NPs
were also prepared using leaf extract of Ocimum tenuiflorum (holy basil, tulsi) or aqueous
extracts of Carica papaya leaves, which reduce the zinc acetate to zinc oxide nanoparticles
and act as surface stabilizing substances for zinc oxide nanoparticle production. Drop-wise
addition of the nettle extract (10% v/v) has also been used to obtain the synthesis of ZnO
nanoparticles with the aqueous extracts of Carica papaya leaves, Aloe vera leaf extract, or
Jatropha podagrica leaf extract [343]. Green-synthesized ZnO nanoparticles were found
to be excellent antioxidant, antibacterial, biocompatible, and effective dye degradation
nanomaterials.
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Spherical green synthesized ZnO NPs are of great importance in treating clinical
pathogens such as Staphylococcus aureus and Enterococcus faecalis because they are biosafe
and biocompatible and suitable for therapeutic purposes, with promising useful medic-
inal applications, as in the treatment of numerous human infectious pathogens. Brown
algae are good sources of alginate and are used as a reducing agent in the synthesis of
nanoparticles. ZnO-NPs have been synthesized by using the brown alga Fucus vesiculosus
and also to extract alginate from the same algae [344]. Some bacteria (Bacillus megaterium,
Sphingobacterium thalpophilum, Staphylococcus aureus, Halomonas elongata, Candida albicans,
and Aspergillus niger) can produce ZnO-NPs utilizing specific enzymes. The 61 nm and
25 nm ZnO-NPs produced by fungi can be employed as antibacterial agents, while egg
albumin and gelatin have been tested for the synthesis of ZnO-NPs with antibacterial and
anti-angiogenic properties [345].

Innovative combinations of various nanoparticles as nanocontainers and nanocarriers,
such as silver, zinc, halloysite nanotubes, and polymer combinations, have also been
proposed in developing metallic implant/drug/device combinations for controlled drug
release in dental and orthopedic applications, exploiting synergistic effects [346]. The
leaf extract of the Ocimum tenuiflorum plant has been utilized in the synthesis of Cu, Au,
and AgNPs. Biosynthesized ZnO and CuO NPs from Urtica dioica leaf extract were used
as antimicrobial actives in chitosan films, and they also exhibit antimicrobial properties
against both Gram-positive and Gram-negative bacteria.

An efficient and ‘green’ method of coating the electrospun polylactic acid (PLA)
nanofiber composite using Ag- and Zn-coated halloysite nanotubes (HNTs) has antimi-
crobial properties different from metal-coated HNTs, polymer combinations, and metallic
implant drug/device combinations, being interesting for controlled drug release in dental
and orthopedic applications. CulNPs were obtained using green tea leaf extracts, while
black tea leaves were used to prepare Cu-Fe bimetallic NPs useful for the removal of drugs
from contaminated water. The preservation of strawberries has been improved by using
a novel coating formulation of chitosan and iron oxide nanoparticles in the presence of
ginger and garlic extracts, which assures the green synthesis of Fe304 NPs combined with
varying concentrations of 1-3%.

MgO NPs are widely used to prepare nanocomposites for applications in antibacterial
food packaging.

The use of zero-valent iron nanoparticles for the delivery of metal-containing foods
via encapsulation or binding to biopolymers is a topic of recent studies. Iron deficiency is
a widespread nutritional problem affecting millions of people, leading to various health
issues, including anemia. For iron fortification of meat and meat products, ferrous sulfate
and ferric pyrophosphate have been tested, and they have a good bioavailability and
minimum impact on the sensory and nutritional qualities of meat products. Technolog-
ical challenges and solutions include encapsulation, chelation, and microencapsulation
techniques. Food-grade gelatin was used to encapsulate iron nanoparticles [346-348].

TiO,; NPs have been widely used for active food packaging, photocatalysis, and
antimicrobial applications due to their excellent stability and antibacterial properties,
mainly against Gram-positive and Gram-negative bacteria. It was demonstrated that the
low migration rate of titanium ions is insufficient to cause harm to human health; thus, they
can be considered a safe additive for food applications. TiO, nanoparticles and essential
oils act as active ingredients in polymer materials with strong antibacterial and antioxidant
activity. Plants, microorganisms like fungi and bacteria, Cannabis sativa leaf extract, and
Impatiens rothii Hook. f. leaf (IL) extract as a capping and reducing agent are used for the
synthesis of TiO, NPs [349]. Biologically mediated TiO, nanostructures can be integrated
on feasible platforms for industrial applications.
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Biopolymer NPs.

Microcrystalline cellulose, bacterial nanocellulose (BNC), and cellulose nanocrystals
have been produced through biological valorization of lignocellulosic agricultural and
industrial waste. Bacterial cellulose, or bacterial nanocellulose, can be synthesized in
the presence of multiple bacterial species, such as Acetobacter sp. and Gluconacetobacter
sp. [350,351]. Nanostructured cellulose (NC) is a sustainable biomaterial for diverse biotech-
nological applications; however, its production requires hazardous chemicals that render
the process ecologically unfriendly. New resources and methodologies have been proposed.
Sustainable and green NC production is based on the combination of mechanical and enzy-
matic approaches [352]. Cellulose nanofibrils (CNFs) are attractive because of their low cost
and abundance of lignocellulosic biomass from which they can be extracted, non-toxicity,
and biodegradability. To extract CNFs from biomass through fibrillation requires high
energy; therefore, the sustainability is reduced. Developed mechanical, chemical, and enzy-
matic pretreatments before fibrillation reduce the energy requirements of CNF extraction
and/or impart functionality in resulting nanofibrils, or new procedures are proposed [353].
Polydopamine (PDA) imparts multifunctionalities onto cellulose nanofiber (CNF) films
through nanocoating, enhancing the properties of the films, such as Young’s modulus,
dielectric, and antioxidant activity [354]. From the Colombian cocoa pod husk, cellulose
microfibers have been isolated by the extraction via chemical treatment and pressure [355].

Starch NPs: Nano starch syntheses could occur by enzyme hydrolysis, electrospinning,
electrospraying, nanoprecipitation, self-assembly, cold plasma treatment, ball milling,
ultrasonication, and high-pressure homogenization as environmentally friendly methods.
Starch NPs have special qualities like being biodegradable, biocompatible, and having
better barrier properties [356].

Chitosan NPs have been synthesized both for different purposes and by using vari-
ous methods, such as ionotropic gelation, polyelectrolyte complexation, emulsification,
solvent diffusion, microemulsion, reverse micelle formation, electrospinning, etc., and
have different structures, shapes, and sizes [357]. The extraction of chitosan from fungal
organisms is simple and environmentally friendly and uses in situ green science princi-
ples, and subsequent conversion into nanoscale materials as chitosan nanoparticles and
nanocomposites has been developed [358]. Chitosan nanomaterials are useful as antimicro-
bial, anticancer, and agro-active agents. The ethanol extract of Martynia annua L. contains
more pharmaceutically valuable phytochemicals than other solvent extracts. The resulting
chitosan nanoparticles from a green synthesis using this extract showed effective antibacte-
rial activities to control microbial pathogens. The antibacterial activity varies in the order of
Bacteroides fragilis > Streptococcus oralis > Propionibacterium acnes > Pseudomonas aeruginosa >
Staphylococcus aureus > E. coli > Bacillus cereus > Streptococcus mutans > Aeromonas hydrophila
> Streptococcus faecalis.

Nanoalginates, as particles or fibers, are an advanced category of alginate materials.
They are not practically useful without the incorporation of some other polymer or binary
components (polymers, surfactants, solvents).

Lignocellulosic NPs synthesis: An eco-friendly process for producing LCNFs (lignin
contents between 14 and 22 wt% and cellulose contents of 50-73 wt%) offers a scalable
pathway for developing high-performance nanofibers with broad industrial applications
and has been developed starting from rambutan peel as the biomass source [359].

Green syntheses of various NPs have been reviewed in several papers and books,
so only the most recent are given here [360], evidencing their developments, advantages,
impressive activities, efficiencies, and roles of NPs. The role of specific phytochemicals
(phenolic compounds, terpenoids, and proteins) in plant-mediated nanoparticle synthesis
has been emphasized, together with their influence on particle size, stability, and properties.
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The potential applications of these bio-derived nanoparticles, particularly with regard
to drug delivery, disease management, agriculture, bioremediation, and applications in
other industries, have been demonstrated. Bio-inspired nanoparticles derived from plants
exhibit intriguing pharmacological properties, making them highly promising for use in
medical applications due to their biocompatibility, bioavailability, and nano-dimensions.
Polymers derived from natural biomass have emerged as a valuable resource in the field
of biomedicine due to their versatility, offering several advantages, including biological
effects, biodegradability, biocompatibility, and non-toxicity. Polysaccharides (chitosan,
starch, cellulose, etc.), peptides, proteins (gelatin, collagen, and albumin), and lignin
have demonstrated promising results in various applications, including drug delivery
design [361,362]. NPs and encapsulated therapeutic molecules into polymeric NPs are
extensively utilized in biomedical applications for sustained drug release, increasing the
half-life of actives, improving drug efficacy and safety, reducing unwanted side effects, and
enhancing the acceptance and compliance of patients. The recent developments of NPs
for different biomedical applications include the treatment of inflammation, cancer, and
infectious diseases; implants; prosthetics; and theranostic devices. The NPs composed of
natural and synthetic biomaterials have found application in disease diagnosis. In tissue
engineering and regenerative medicine, polymeric nanofibers are used in neural, vascular,
cartilage, bone, dermal, and cardiac tissues. NP functionalization with molecules capable
of improving receptor-mediated endocytosis has been explored for the treatment of several
brain disorders, such as Alzheimer’s and Parkinson’s diseases, brain cancers, ischemic
stroke, and epilepsy.

It can be concluded that the green syntheses of NPs utilize biological sources like
plant extracts as reducing and stabilizing agents, microbial synthesis by bacteria, fungi,
and algae, and enzymes to catalyze nanoparticle formation, avoiding the harsh, toxic
chemicals and high energy requirements of traditional methods, reducing pollution, and
reducing waste. Biological sources are readily available and inexpensive, making the
process more economical and safe for humans and minimizing adverse environmental
effects, being developed according to the sustainability principles. They are eco-friendly
approaches with potential for large-scale applications in various fields like biomedicine,
environmental remediation, photocatalysis, and energy, and they are also cost-effective,
making them suitable for industrial applications. Olive oil waste (OOW) is used as a
source for nanoparticle synthesis, particularly in the Mediterranean region. The practical
applications of OOW-derived NPs are in water purification, pollutant degradation, drug
delivery systems, antimicrobial activity, and cancer therapy [346]. Green synthesized
nanoparticles are also very active ingredients acting as catalysts and antimicrobial agents
and offering new possibilities in health care; they can be incorporated into cosmetics for UV
protection and into textiles for antimicrobial and self-cleaning properties. In agriculture,
they can be used to enhance crop yield, improve soil health, and control pests. Ensuring
consistent, reproducible nanoparticle properties across different batches is crucial for
large-scale applications. Toxicity assessment and standardized protocols of synthesized
nanoparticles are essential to ensure quality, reproducibility, and comparability, especially
for biomedical applications. The European Food Safety Authority (EFSA) and the U.S.
Food and Drug Administration (FDA) standardize approval processes by establishing
uniform scientific criteria, risk assessment methodologies, requirements for food products
and ingredients/additives, ensuring safety, etc.

Challenges: It is necessary to mention some concerns related to NPs’ toxicity, dose
dependence, reproducibility, etc. (see below).



Polymers 2025, 17, 3139

48 of 78

6. Controlled/Targeting Release of (Bio)Active Agents

A technical system that comprehensively controls the spatial and temporal dosage
distribution of (bio)actives in the environment/body is named a controlled delivery system.
Generally, the term “controlled release” (CR) indicates the delivery systems with optimal
control over release rate and techno-functional performance under external factors such
as temperature, pH, medium, ultrasound, light, oxidation/reduction potential, magnetic
or electrical fields, mechanical triggers, etc. [363-365]. A detailed control of the delivery
systems’ characteristics and external factors, both in the human body, food products,
environment, and other materials, is necessary. The Controlled-Release Packaging (CRP)
concept defines a package having a modified concentration of an active compound inside
it, developed in order to prevent/retard the deterioration of the food and to extend its
shelf life. Controlled release of active compounds and new strategies in drug release and
targeting are monitored in biomedical fields, such as tissue engineering and others, to
establish a suitable concentration of drug to meet treatment needs. This is necessary, as
an uncontrolled drug release could lead to high toxic concentrations initially or then to
ineffective concentrations of the drugs. Generally, the release process for a bioactive with
a particular concentration versus time pattern follows a certain release profile, which is
described by a burst release/effect at the beginning of the process as a rapid release (in a
short time) of a high quantity of the BAC. This is followed by either a sustained /prolonged
release of the (bio)active with a fixed rate, which is relatively constant. In some cases for
therapeutic purposes, a delayed, triggered or targeted release (release of a bioactive at or
near the designed physiologic site of action), etc., is applied. Its concentration changes
with time, following a “concentration profile” at different controlled rates. The active
additive release (antimicrobials, antioxidants, flavors, aromas, etc.) in a controlled manner
is designed to improve safety during extended storage and consumption. The kinetics
and mechanism of controlled release are necessary to be established as the main objectives
necessary to apply a CR for active agents [188]. The food and packaging interaction could
occur by migration, permeation, and sorption. Migration of contaminants, plasticizers,
thermal or UV stabilizers, adhesives, inks of a printed packaging surface, slip additives,
solvents, monomers and oligomers, dioxins, nitrosamines from plastic polymers, or food
additives that could enhance quality are important aspects necessary to be studied in detail.
There are several types of migration, such as overall migration and specific migration; three
categories related to food systems: non-migrating, volatile, and leaching systems; and
also migration based on coefficient of diffusion, contact migration, gas-phase migration,
penetration migration, and set-off migration related to the mass transfer of inks, varnishes,
and coatings from the outer printed side to the inner side of the packaging films by
stacking (e.g., of printed cartons) or during reeling (e.g., winding printed wrappers into
a reel) that could be either visible or invisible depending on the specific substance and
condensation/distillation migration.

Various types of controlled release systems and mechanisms for encapsulated active
additives are known, depending on the main factors that control them (Table 4).
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Table 4. Types of controlled release mechanisms and some factors affecting them [363-367].

Some Characteristics and Dependence on

No Type of CR Mechanism Main Factors
1.  Dissolution Easiest to occur; thermodynamically compatible
5 Diffusi The concentration gradient is one main factor
. iffusion . . .
influencing behavior
3. Solvent-activated Accompanied by swelling; chewing gum
4. Osmotically-controlled Similar to solvent-activated, the length of channels
5. Barrier properties Permeability; wall thickness
6.  pH-controlled Targeted delivery; GIT delivery
7. Temperature-activated Glassy and rubbery; shrink/swelling
8.  Pressure-activated Fragments; force fractured release
9.  Melting-activated Physical state changes: Melting point
10.  Receptor delivery Targeted release; ligand /receptor
11.  Erosion-controlled Degradation is prevalent; no transport
12.  Enzyme-controlled High sensitivity; smart carriers
Size and shape, microstructure, molecular
Nanosysterm- interaction, density, environment,
13. rigidity/flexibility, surface chemistry of the
controlled

nanotextures, bacteria specificity (e.g.,
Gram-positive and Gram-negative), motility, etc.

The diffusion, dissolution, erosion, barrier properties, pH change, solvent swelling,
receptor, enzyme control, degradation, fragmentation, pressure-, melting-, and temperature-
activated microstructure, type of encapsulation material, molecular interactions, and en-
vironment affect the release rate of different BAC/drugs [363,364]. Controlled release in
nanosystems is also dependent on the type of nano-/microstructure, particle structure, size,
shape, molecular interactions, surface modification, environment, coating, surface charges,
bioactive types, etc.

The highly variable design of biopolymeric CR formulations regulates various re-
lease mechanisms/profiles. Different biopolymeric nanocarriers, including nanoparticles
(nanospheres/nanocapsules), protein/polysaccharide complexes, nanolaminated coatings,
and nanofibers, have been tested as CR systems [365-367]. Multiple-layer coatings of
biopolymers are promising strategies for the CR of probiotics.

Antimicrobial agents (AMs) can be introduced into food packaging systems or into
drug delivery systems by blending, immobilization, or coating, but unfortunately, BACs
can migrate from them into products/drugs. Migration can be hindered by encapsulation,
incorporation of antimicrobials in matrices, or chemical bonding. Four types of systems are
proposed for the controlled release of the AM: (i) one-layer system for the AM combined or
chemically attached to the packaging material; (ii) a two-layer system for an AM coated on
the outer layer of the packaging material, or the antimicrobial matrix layer (outer layer)
is covered with the inner/control layer; (iii) the headspace system, in which the volatile
antimicrobial agent is introduced into the matrix and then released into the packaged food
headspace; and (iv) a headspace system with a control layer for the permeation of volatile
antimicrobial agents while maintaining a particular concentration in the headspace region.
In the first two systems, the AM is released by a diffusion release mechanism, while for
the last two systems, the evaporation process into the headspace controls the release of
volatile AMs.

Mathematical modeling of CR is extensively studied in drug delivery, but many of
the modeling methods are also applied to food. The established appropriate mathematical
model helps to predict the formulation parameters suitable to achieve a specific release
behavior, and designing new products could be optimized. Four main mechanisms are
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involved in releasing bioactive agents from the encapsulation matrix: diffusion through
the food matrix, dissolution, swelling, and degradation or erosion. In nonbiodegradable
polymers, the dominant mechanism is diffusion, but in biodegradable polymers, swelling
and erosion are also involved (Table 4).

Solid lipid nanocarriers (SLNs) and nanostructured lipid carriers (NLPs) have been
tested for dermal and transdermal delivery, as well as regulatory aspects [7], and they have
shown the following advantages compared to liposomes: higher drug loading, better drug
stability, and prolonged release profile. Pectins have been tested for microencapsulation of
different sensitive food components and are cost-effective [368].

The mathematical modeling includes empirical, semiempirical, and mechanistic mod-
els. The first two types of models are simple and practical, but they do not clearly elucidate
the release mechanisms. The mechanistic models define the mechanisms of the release
processes [363].

Some simplified models are developed and used to assess the controlled release of BAC.
The zero-order kinetic models explain the prolonged release of the active agent/additive
as core material and of encapsulated flavoring agents or sweeteners in products such
as chewing gum. The zero-order kinetic results are accurate in the initial period of the
release process. The Korsmeyer-Peppas and Ritger—Peppas models [369] are applied,
considering three main assumptions: Short times were considered where M;/Ms, < 0.6,
one-dimensional release; the ratio between the system length and thickness should be at
least equal to 10. The Korsmeyer—Peppas equation is

Mi

e (U )

where My, and Mi are the concentrations of released (bio)active compound at equilibrium
state and at time t, respectively, and 1 is the lag time. The power law equation is defined
by the value of “n”, where n = 0.5 is the Fickian model (Case I) and the second one is
(0.5 < n < 1), the non-Fickian model (Case II). Several model versions have been elaborated,
such as the Peppas and Sahlin model, the Weibull model, the Hopfenberg model, the
Cooney model, the Baker—Lonsdale model, the Hixson and Crowell model, etc. [363]. The
selection of a model is frequently based on the correlation coefficient R (or the coefficient
of determination, R?, which is the square of the correlation coefficient). A diffusion-
controlled drug release from the developing gel layer has been found when this is very
well hydrated and resistant to erosion. The erosion-controlled zero-order release is affected
by the hydrodynamic stress except for some hydrocolloids with incomplete swelling. A
new type of release mechanism is controlled by the polymer particle erosion.

(I)  The mathematical definition of dissolution is based on the following equation:

dC/dt = DA/t (Cs — C) )

where dC/dt—the dissolution rate, D—the coefficient of diffusion, A—the solid surface
area, Cs is the solubility, C is the concentration.

(I) For the diffusion mechanism, defined by the mass flux (J) as the mass amount (M)
passing through a surface (S) during the time (t), expressed by Equation (3),

J=—dM/dt S 3)
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The steady state (concentration within the control volume does not change over the
processing time) diffusion is described by Fick’s first law of diffusion. This law in one-
dimensional geometry is as follows:

J=-DaC/ox (4)

where J is the flux of diffusion (mol/m?/s), C is the concentration (mol/m?, position
dependent), and D is the diffusion coefficient (m?/s). x represents the position. For
unsteady state diffusion, Fick’s second law is applied, expressed by Equation (5),

9C/dt = —D 9°C/9x> (5)

where C represents the position- and time-dependent concentration.

Non-Fickian modeling takes into account mass transport by the pressure gradient,
dissolution, chemical degradation, etc. Fewer simplifications and assumptions for the pre-
diction of the impact of food matrix microstructure, chemical composition, behavior under
different conditions, and structure breakdown should be considered in the elaboration
of the customized models. A sigmoid curve, with an inflection point corresponding to
a change in the release rate, is specific to several release profiles. A dual-release model,
recently developed, consists of the combination of a modified Korsmayer—Peppas model
from the beginning to the inflection point and the Lumped model [370]. Applying this
model, the maximum release rate, the dissolution efficiency, and other pharmaceutical
parameters can be obtained, and they are useful to optimize the composition and the con-
figuration of a drug delivery system. Establishing the parameters of the release kinetics can
aid in reducing the dosage of some bioactive food ingredients (e.g., natural antimicrobials
and antioxidants) that may cause an off-odor or off-flavor in food products when used in
high amounts.

Mathematical models help to understand and predict the release behavior of BACs
during transportation, storage, and applications and facilitate the development of new
systems. The release modeling of (bio)active compounds from food to the gastrointestinal
tract (GIT) in the living body through surface erosion is caused by the mechanical action of
the stomach and diffusive mass transit. (acids and enzymes) As liquids diffuse from the
GIT fluid to the food, food solutes (vitamins, fibers, oils, minerals, etc.) diffuse to the GIT
medium with a concentration gradient. In many cases, Fick’s second rule of diffusion has
been appropriate as the theoretical foundation to simulate the diffusion of GIT juice into
various food systems [371]. Different kinds of mechanistic models have been proposed,
such as the reservoir system (applied in lipophilic nutraceuticals), the matrix system (for
antimicrobial food packaging systems in which no concentration gradient of bioactives is
observed), and the swelling-based mechanistic models (for hydrogels). Parameters from
mathematical models and the specific release mechanism have been considered to evaluate
the quality and safety of foods/drugs [372]. Model-informed drug development (MIDD),
as in silico computational, is known as an application of quantitative models in drug
development to facilitate the decision-making process and application of exposure-based,
biological, and statistical models derived from preclinical and clinical data sources [373].

7. Some Considerations on the Mechanisms of Antimicrobial, Antifungal
and Antiviral Activities

7.1. Mechanism of the Antimicrobial Activity of the Bioactive Additives
The antimicrobial efficacy of essential oils is attributed to their ability to disrupt bacte-

rial membrane integrity, to interfere with cellular respiration, and to induce oxidative stress,
ultimately leading to microbial cell death. The versatility of EOs as natural antimicrobial



Polymers 2025, 17, 3139

52 of 78

agents has been demonstrated in their potential clinical and industrial applications as trans-
dermal drug delivery and biologically active wound-healing compounds. Incorporating
EOs into polymeric materials, especially those that regulate moisture and drug release,
offers a promising and valid approach to optimize prevention and treatment strategies
for infectious processes [126,374,375], offering a good solution for microbiological saniti-
zation needs across various fields, particularly in environmental hygiene and food safety.
Biomaterials of different structures, such as some polysaccharides (such as chitosan), pro-
teins, peptides, etc., natural (bio)active compounds, and nanoscale materials, possess a
broad spectrum of antibacterial /antimicrobial and antiviral activities that are explained by
the different action modes depending on their characteristics (structure, size, shape, etc.)
and the type of the microorganisms [376]. It is also well-known that the microorganisms
can be classified based on their cell wall composition as Gram-positive or Gram-negative
ones, by the nature of the cells (e.g., spores/vegetative), oxygen requirements (aerobic or
anaerobic microorganisms), optimal temperature for growth (psychrophiles, mesophiles,
thermophiles, or hyperthermophiles), etc. As it concerns the mechanisms of action, some
AMs hinder essential metabolic or reproductive genetic pathways, whereas others alter
the structure of microbial cell walls. Adhesion and biofilm formation by surface bacterial
adhesion cause cross-contamination, food spoilage, and even diseases. The efficiency of
natural antimicrobial agents and their applications could be improved by understanding
the anti-adhesion mechanism [377].

Mechanisms of action against foodborne bacteria of the antimicrobials from plants
(polyphenols, EOs), animals (lysozyme, lactoperoxidase, lactoferrin), metabolites from
microorganisms, or extracts are specific. The antibacterial agents, including natural preser-
vatives, act by (I) bacterial cell membrane destruction/change in plasma membrane in-
tegrity; (II) bacterial protein biosynthesis/essential metabolite synthesis; (III) inhibition
of bacterial cell-wall biosynthesis or disruption in protein synthesis; (IV) damage to bac-
terial DNA /RNA replication and repair/transcription; and (V) inhibition of a metabolic
pathway or depolarization of the cell membrane [378,379]. Phytochemicals as biopreser-
vatives exerted their potential antibacterial activities against multiple targets of sensitive
and resistant pathogens via different mechanisms of action. The plant extracts modify the
cell membrane of both Gram-positive and Gram-negative bacteria, which is evidenced by
the potential disruption of the membrane of microorganisms, changes in cytoplasmic pH
(pHint), and cell membrane hyperpolarization. Numerous new antimicrobial compounds
have been isolated from endophytes as secondary metabolites, being promising sources
for antimicrobials, particularly endophytic fungi and actinomycetes with substantial phar-
macological potential [380]. Their actions include the direct physical contact mediated
membrane disruption, which affects the nucleic acids, the decay of the proton motive force,
and depletion of adenosine triphosphate (ATP)—Figure 4 [380-385].

Three main mechanisms of action for polyphenols have been proposed [381,382]:
(i) the modification of the membrane permeability, (ii) the intracellular enzyme inactivation,
and (iii) the modification of fungal morphology. Membrane structures of the Gram-positive
and Gram-negative bacteria are different, exhibiting remarkable differences in their cell
wall structure. For the Gram-negative bacteria, this comprises two membranes: the inner
membrane and the outer membrane, separated by the periplasm. The outer membrane is
an asymmetric bilayer, consisting of lipopolysaccharides and phospholipids, where many
proteins are inserted. Transmembrane proteins form pores or channels called porin pro-
teins, allowing the entry of hydrophilic molecules. The cell wall of Gram-positive bacteria
is mostly composed of peptidoglycan. Teichoic acids associated with the peptidoglycan
network reach the outer surface and are important antigens. They are polymers made up
of units of glycerol phosphate or ribitol phosphate units or more complex units in which
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glycerol or ribitol is associated with sugars (glucose, galactose, etc.) and also contains
D-alanine bound to glycerol or ribitol. Teichoic acids, as weakly anionic polymers, are
found in the cell walls of Gram-positive bacteria. They can be classified based on their
localization into wall teichoic acid and lipoteichoic acid. In the case of Gram-positive
bacteria, electrostatic interactions are observed with lipoteichoic and teichoic acid, whereas
Gram-negative bacteria contain lipopolysaccharides (LPS) in their outer membrane. Lipote-
ichoic acids are linked by covalent bonds to the membrane lipids through peptidoglycan.
The outer membrane of the two bacteria generally has a negative charge. The mechanism
of action of cationic antibacterial agents is on the outer membrane of the bacteria through
electrostatic interactions. Bacteria are identified by coloring that varies on the membrane
and their morphology. The coloring results from the fixing of the two dyes on the murein
or peptidoglycan layer as a wall of polymeric nature. Gram-positive bacteria appear in
purple in the presence of gentian violet, while the Gram-negative bacteria have a pink color
in the presence of fuchsin. Antimicrobials and their binding modes also vary depending
on their structure and bacterial species. Peptidopolysaccharides possess the ability to
mimic the bacterial peptidoglycan layer and show antibacterial activity by interfering with
bacterial cell wall synthesis. Antimicrobial peptides exert their bactericidal activities by
inhibiting important intracellular processes like nucleic acid synthesis, cell wall synthesis,
protein synthesis, etc. Finally, the compounds penetrate the bacterial membrane, altering
its composition; reduce cell membrane potential, impairing vital cellular processes such
as energy production, nutrient transport, and metabolic regulation; and the final result
is the cell’s death [383]. The mechanisms by which polyphenols act against fungi are by
blocking the efflux pump, affecting the cell membrane, interfering with ergosterol synthesis,
damaging the cell wall, or generating reactive oxygen species (ROS).

The antimicrobial properties of chitosan and MIC depend on its structure, average
molecular weight, degree of deacetylation, physico-chemical characteristics, and environ-
mental conditions such as solvent type, pH, and the type of targeted microorganisms/fungi.
Its effects against microbes can be extracellular, intracellular, or both, based on the targeting
site and microorganisms. Chitosan with high molecular weight cannot penetrate the cell
wall and cell membrane, but it acts as a chelator, preventing the extracellular removal of
nutrients and altering cell permeability, while low-MW chitosan (<5 kDa) penetrates the
cell wall and influences DNA /RNA or protein synthesis, intracellular antimicrobial activity,
and mitochondrial function. Electrostatic interactions occur between the positively charged
chitosan and the cell surface of the microorganism.

Biocidal activity of MOFs is explained by the activity of the metal ions released,
which disrupts bacterial cell membrane integrity, and/or due to the active sites on the
surface of MOFs, the protein and fatty acids present on the bacterial membrane have been
degraded. In many cases, the synergistic effect in antimicrobial activity was observed
by the participation of both metal ions (of Ag, Co, Zn, and Cu) and bioactive organic
linkers. Gram-positive bacteria with a thick peptidoglycan layer penetrate with difficulty
through the MOF’s surface. In the case of Gram-negative bacteria (i.e., bacteria with a thin
peptidoglycan layer), a higher sensitivity has been observed. The use of MOFs for designing
diagnosis techniques of the viruses, such as coronavirus, human immunodeficiency virus,
and Ebola virus, has been tested [389].
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Figure 4. Mechanisms involved in antibacterial activity: (a) Mechanisms of action of plant antimi-
crobials against foodborne bacteria adapted from [380-384]. (b) Antimicrobial actions of chitosan
against (A) Gram-positive bacteria, (B) Gram-negative bacteria, and (C) fungi [385]. (c) Antimicrobial
mechanisms of action of NPs in nanocomposites designed for food packaging [282,336,386-388].
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7.2. Mechanism of the Antimicrobial Activity of NPs

All kinds of nanostructures initiate the process of antibacterial activity by direct
physical contact with the bacterial membrane. The induction of membrane stress is followed
by membrane damage. The process of generation of membrane stress differs among the
different classes of nanostructures. Nanoparticles mostly adhere to the membrane surface
and cause local perturbations, while nanotubes and nanosheets directly puncture and
pierce the bacterial membranes using their sharp edges, corners, and narrow tips, creating
pores in the lipid bilayer.

The antimicrobial process is initiated with bacteria contacting nanopatterns, which
then impose mechanical stresses onto the bacterial cell wall, the activity being called
“mechano-bactericidal” [386,390]. Antimicrobial agents migrate from nanoparticles to the
microbial surfaces through simple molecular diffusion, micellar diffusion, or collisions.
The antibacterial action of metal NPs includes, as a special step, the release of metal ions
from the packaging system, the other steps being similar [387,388]. The main causes of the
antibacterial action of NPs are (i) damage to the cell membrane by the electrostatic interac-
tions of metal ions with the phospholipid bilayer of the bacterial membrane; (ii) oxidative
stresses; (iii) generation of reactive oxygen species (ROS) as free radicals like the superoxide
anion (O,°7), singlet oxygen, and the hydroxyl radical (OH®), lipid peroxides, which dam-
age DNA and proteins; (iv) protein damage and loss of cell metabolism; and (v) damage to
DNA and proteins that inhibits the enzymatic activities (Figure 4c) [388].

AgNPs can adhere to the cell surface and degrade lipopolysaccharides, forming a pit
in the cell membrane. Antimicrobial activity of NPs depends upon a variety of factors, such
as the physiological state of bacteria (planktonic or biofilms), their growth rate (stationary
or starved), the ratio, the concentration of NPs and their characteristics, such as the type
of material used for synthesis, size, shape (spherical, cubes, tubes, rods, and triangles),
roughness, charge, chemical modification, and coating, environmental factors (pH, tem-
perature, and aeration), and the physiological properties of NPs. The direct interaction
of NPs must be with microbial cell surfaces by van der Waals forces, electrostatic forces,
hydrophobic forces, and dominating receptor-ligand interactions, and also the penetration
of the microbial cell membrane, interaction with cellular pathways, and altering the shape
and function of the membrane. The metabolic pathway is also characterized by enzyme
inactivation, protein denaturation, electrolyte imbalance, oxidative stress, and altered gene
expression levels. The antimicrobial agents may move from the nanoparticles to the mi-
crobial surfaces through simple molecular diffusion, micellar diffusion, or collisions. The
generation of oxidative stresses as ROS is observed for all types of nanostructures and
leads to oxidative damage of lipids, proteins, nucleic acids, and membrane components.
ROSs induce oxidative stress and the release of metal ions in solution. As an example,
the antibacterial effect of AgNPs is mainly related to their adhesion to the bacterial wall,
which interacts with cell membrane components (lipids and proteins), and subsequent
penetration into cells, causing damage to DNA and proteins. The AgNPs can also interact
with phosphorus and sulfur compounds within bacterial cells, thus affecting cell viability.
The release of Ag™* ions increases the concentration of ROS inside the bacterial cell, leading
to cell death after interaction with respiratory proteins.

8. Some Considerations on the Mechanism of Antioxidant Activity

Natural antioxidants are found in bio-sources predominant in natural extracts in
plants, fungi, bacteria, algae, lichens, actinomycetes, edible vegetables, herbs, fruits, and
spices, having a high content of phenolics, carotenoids, vitamins, and microelements. They
are classified as exogenous and endogenous. Exogenous antioxidants originate from plants
such as phenolic acids, flavonoids, stilbenes, carotenoids, lighans, coumarins, and vita-
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mins. Endogenous antioxidants (ubiquinone, metallothioneins, albumin, uric acid, and
glutathione) are produced in the body. Antioxidants inhibit free radical formation, reduce
oxidative stress, improve immune function, and increase health longevity. Primary antiox-
idants prevent oxidation by scavenging ROS and reactive nitrogen species (RNS), while
secondary antioxidants function by chelating different metal ions. Antioxidants prevent or
delay oxidation at low concentrations, blocking UV light, radical scavenging, and chelation
by hydrogen atom transfer (HAT) and electron transfer (ET or single electron transfer
SET), and have the ability to chelate transition metals, depending mainly on their chemical
structure. Phenolic compounds reduce or inhibit free radicals by transferring a hydrogen
atom from their hydroxyl group. The position of OH and OCHj groups on the phenolic
rings predominantly affects the antioxidant potential of individual phenolic compounds.
The antioxidant potential of a mixture can be additive, synergistic, or antagonistic [391,392].
In the agricultural and biological sciences area, antioxidant block the propagation stage in
oxidative chain reactions of proteins, lipids, DNA, or other molecules [393]. Antioxidants
scavenge free radicals and protect the body from stress, as it is a concerted transfer of
the hydrogen cation from the phenol to the radical, forming a transition state [394]. Ox-
idative stresses affect macromolecules like proteins, lipids, and DNA, and subsequently
cells/tissues. Gallic and caffeic acids have the ability to act by an HAT, while resveratrol
has the ability to undergo an SET. Carotenoids, through three mechanisms— SET, HAT,
and the formation of one adduct—protect cell membranes and lipoproteins against peroxyl
radicals, being excellent peroxyl radical scavengers.

The reaction mechanisms of the antioxidant compounds are closely related to the
reactivity and chemical structure of free radicals as well as the environment in which
these reactive species are found. Free radicals in a biological system can be produced by
exogenous factors, such as the presence of ultraviolet rays, which lead to the homolytic
breakdown of bonds in molecules. The radical O,*~ does not react directly with polypep-
tides, sugars, or nucleic acids. The change in plant metabolic pathways is attributed to
environmental stresses that result in ROS destroying membrane lipids, plant cells, DNA,
and proteins by irreversible reactions. Antioxidants are important components in the signal-
ing and defense mechanisms in some plants against pathogenic organisms and predators
and are modulators of plant growth and the defensive system. Different plant antioxi-
dants have the ability to counter reactive oxygen/nitrogen species. Antioxidants inhibit
or quench free radical reactions mainly based on their reducing capacity or hydrogen
atom-donating capacity, their solubility, and their chelating properties. The antioxidant
reaction mechanisms of vitamin C are based on the HAT mechanism to peroxyl radicals,
the inactivation of singlet oxygen, and the elimination of molecular oxygen. In general,
HAT reactions are relatively independent of solvent and pH effects and are completed in
a short time. HAT-based assays measure the capability of an antioxidant to quench free
radicals (generally peroxyl radicals) by H-atom donation.

The HAT mechanisms of antioxidant action in which the hydrogen atom (H) of a
phenol (Ar-OH) is transferred to an ROOe radical can be summarized by the reaction

ROOe + AH/ArOH — ROOH + Ae/ArOe (6)
The SET mechanism of antioxidant action is based on the following reactions:
ROOe + AH/ArOH — ROOe + AH*/ArOH (7)

AH*/ArOH* + H,O <+ Ae/ArOe + H;O* 8)
ROOe + H30"++ ROOH + H,O 9)
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These reactions are solvent and pH-dependent.

SET can be subdivided into single-electron transfer followed by a proton transfer (SET-
PT) and sequential proton loss electron transfer (SPLET) [395]. Several different reactive
oxygen species (ROS) are generated in vivo. They perform physiological functions but also
have roles in certain human diseases, being able to reduce cardiovascular disease risks and
some types of cancer, which in turn improves health and quality of life. ROS levels allow
their physiological roles whilst minimizing the oxidative damage [396].

Lipid oxidation caused by the chain reaction of free radicals can be illustrated in three
well-known stages: initiation, propagation, and termination [397].

Nanotechnology provides an improved absorption of antioxidants in human metabolic
systems. Functionalized metal nanoparticles, transition metal oxides, and nanocomposites
are potent nanoantioxidants. Many metabolically important compounds, like flavonoids,
terpenoids, and oxidative stress-responsive agents, play a promising role in the capping
and stabilization of the nanoparticles. Nanoantioxidants have several advantages over
conventional antioxidants, such as increased bioavailability, controlled release, and targeted
delivery to the site of action. Nanoceria, silica nanoparticles, polydopamine nanoparticles,
polysaccharide-based and protein-based nanoantioxidants have been tested as biologically
synthesized nanomaterials, which have emerged as significant alternatives due to their bio-
compatibility and high stability to increase/control their properties. The functionalization
strategies are applied as gallic acid functionalization for improved scavenging, biofunction-
alization of AgNPs, surface functionalization [398], or nanoencapsulation using lipids.

9. Toxicity Issues

Most of the active additives are not chemically bonded to the polymer matrix and
can leach out during the life cycle of the materials, posing risks to human health and
to the environment [399]. Natural preservatives have been recognized for their safety.
However, these substances in large amounts can influence color, smell, and toxicity while
being effective as food preservatives, having beneficial properties and having few side
effects. Comprehensive toxicological studies are necessary to obtain the approval of plant
antimicrobials as food preservatives from the European Food Safety Authority (EFSA), the
Food and Drug Administration (FDA), and the China Food Additives Association (CFAA).
Natamycin and nisin are currently the only natural preservatives being regulated, and
other natural preservatives will have to be legally regulated before their widespread use.
Such authorization must be based on comprehensive evaluations of factors such as purity,
stability, toxicological studies, exposure and safety assessments, potential allergenicity,
etc. Many plant antimicrobials have the GRAS status only for specific food applications,
but their use in other applications is not expressly approved. Plant phenolics are actu-
ally absent in the positive list of food preservatives. Some essential oils can cause skin
irritation and allergies in some cases. Some in vitro and in vivo studies have indicated
that carvacrol, thymol and eugenol may have potential toxicological effects; after direct
contact, they may act as allergens [400], such limitations being associated only with high
concentrations. Thyme EO effects in the vapor phase may have implications for indoor air
quality. Migration/controlled release of BC as drugs must be detailed and known to give
the expected activity of these.

Another evidenced aspect is the interaction of polyphenolic food additives with the
polymers in food matrices; such interactions could reduce antioxidant and antimicrobial
effects and other biological properties, such as the availability, digestibility, and absorption
of the macromolecules, the solubility of polyphenols in fatty food matrices, etc. Encap-
sulation is beneficial both for consumer health and the environment, as it could enhance
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the solubility and mask any unpleasant flavors, thereby broadening the application of
phytoextracts from pomegranate and olives as food additives.

As it concerns the (poly)phenolic extracts, widely used for their antimicrobial/
antioxidant and nutraceutical properties, the assessment of their life cycle (LCA) is neces-
sary to understand their contribution to sustainability, starting with the natural resources
and the emissions generated and the environmental impact, and to suggest the possible
strategies to mitigate negative effects by means of water footprint and carbon footprint
indicators [401]. Strategies that valorize by-products and reduce the use of chemical sub-
stances are essential for minimizing environmental pollution and addressing issues related
to contamination. Extracts obtained from agro-industrial by-products have a significantly
lower impact in terms of water pollution compared to pharmaceutical production and
antibiotics/antimicrobials. Due to their potency, essential oils can be both environmentally
sustainable and economically efficient.

Growing interest in NPs’ use in the food industry, cosmetics, and especially in biomedi-
cal applications has increased concerns about their safety and toxicity. It has been estimated
that AgNPs production will increase from 360 to 450 tons annually to 800 tons by 2025. The
AgNPs used in the food industry and for medical purposes may be limited due to high cost
and toxic nature. The antimicrobial efficacy of AgNPs is significantly enhanced by their
synergistic interaction with many well-known antibiotic drugs.

NPs are more chemically active and toxic than bulk materials due to the greater sur-
face area and small size. NPs can potentially penetrate tissues, cells, and organelles and
interact with functional biomolecular structures, causing toxicity. It is very necessary to
design NPs with improved performance and reduced side effects. The mechanisms of
toxicity/cytotoxicity and behaviors of the NPs are affected by various physico-chemical
parameters, such as their nature, shape, structure, agglomeration state, surface charge,
functionalization, wettability, dose, etc. Metal-based nanoparticles can harm the environ-
ment (e.g., soil, water) and have a negative impact on the life of organisms. Their use for
biomedical purposes is severely limited by the inability to excrete or metabolize them in the
human body. High doses of NPs can cause a disproportionate decrease in cell viability. NPs
reach living bodies by inhalation, skin penetration, or ingestion, migration, or storage in
packaging and nanosensors in landfills with the potential for release into the environment,
air, water, and soil. In food applications, ingestion is the most obvious route for nanoparti-
cles to come into contact with the human body. The gastrointestinal tract features, such as
pH, the presence of various surface-active chemicals, electrolytes, digestive enzymes, and
mechanical forces, alter nanomaterial absorption, potentially causing changes in nanoparti-
cle properties and agglomeration state. The cytotoxicity of NPs depends on several factors,
such as particle size, type of surface charge, concentration, and exposure/contact time of
the packaging material with food. Upon uptake into the body, their size, morphology, sur-
face charge, coating, and chemical composition are changed, and the response of biological
systems to the materials and their toxicity are modified. Assay methods such as endotoxin
and lactate dehydrogenase (LDH) signaling to apoptosis and oxidative stress detection
supply valuable techniques for exposing biomarkers of nanoparticle-induced cellular dam-
age. Spectroscopic investigation of epithelial barrier permeation and distribution within
living cells reveals the NPs’ penetration, the natural defensive boundaries of the body,
and their deposition in cytotoxic locations. A combination of the various characterization
methodologies and assays is required for each situation of the investigated NPs. Novel
methods suitable for the evaluation of nanoparticles are centered on nanoparticle toxicity
analysis. The development of standardized methods for risk assessment and harmonized
regulations to ensure safety by integrating organic nanomaterials into societal applications
is necessary [402].
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AgNPs have demonstrated potential anticancer effects against human colon cancer
(HCT-116) cells [403]. ZnO NPs showed cytotoxicity against two human intestinal cell lines
(Caco-2 and LT97—human colon adenoma cell line). The NPs containing positive surface
charges have a more significant harmful effect on cell membranes, causing cell death.
Microwave cooking promoted AgNPs migration more than a regular oven. Although
metal and metal oxide NPs are frequently referred to as biocompatible materials, their
migration of NPs is negligible, and they have no notable harmful effects in vivo or in vitro.
Proinflammatory reactions and oxidative stresses are present, so a food safety concern
exists in the mind of the consumer. Low concentration of AgNPs and TiO, NPs migration
from the packaging to the cell explains the low toxicological potential of the released metal
ions from packaging, insufficient to cause harm to human cells. Engineered nanomaterials
presented in food must be outlined in the list of ingredients and nanomaterials used in
food contact materials, which must be explicitly authorized, and a specific risk assessment
of the nanomaterial must be carried out. There is also a need to assess the toxicity of
nanomaterials, including chronic exposure and carcinogenicity, and the presence of AgNPs
in water bodies has emerged as a new environmental concern. The efficient separation
of these nanoparticles remains a critical challenge. Cytotoxic effects of NPs on normal
cells and living organs hinder their use in clinical trials. Toxic effects of NPs should be
elucidated after studies on transport, accumulation, degradation, and elimination using
both in vitro and in vivo models on various organs to reveal their efficacy and impact on
health [404].

10. Concluding Remarks and Future Trends

The natural (bio)active compounds extracted from various resources, including new
species of plants, animals, microorganisms, algae, marine by-products, or biowaste, and by
using novel advanced extraction techniques, have different compositions and functions.
A detailed characterization of active additives evidenced new aspects related to their
composition dependence on plant type and cultivation conditions, extraction and further
processing by emulsion/encapsulation, drying, storage, etc. Active additives are widely
recognized for their significant contribution to enhancing the overall quality and stability
of various products. They are very interesting and have great potential for the market of
functional materials, especially when they have been extracted under mild conditions for
better retention of their activities/functionalities.

Drying is a vital postharvest process for plants to decrease their moisture content, to
retain the organoleptic characteristics, and to prevent oxidation and enzymatic breakdown
and to inhibit microbial growth in the dried plants. It is one of the oldest and most
effective methods for preserving medicinal plants, consequently preserving the valuable
compounds and extending their shelf life. The BACs as components of natural additives
are easily degraded by thermal treatment, pH, oxidation, light, and/or hydrolysis, and
other actions, including enzymes. The agricultural products and foods that have been
heated for a long time lose their bioactive compounds and their qualities. During heating,
their hydroxyl groups are often oxidized to aldehyde, ketone groups, or carboxyl groups.
The effects of the drying process on the major bioactive/effective compounds are very
pronounced and undesirable. It has been established that vacuum drying and vacuum
freeze drying are better than other methods applied to keep the quality/activities of the
natural actives. For example, the ideal drying temperatures for retaining qualities of the
vitamin C, polyphenols, flavonoids, glycosides, volatile compounds, and their antioxidant
activity should be 50-70 °C [405]. The changes occurring in BAC as vitamins, polyphenols,
flavonoids, glycosides, and volatile compounds in fruits, vegetables, spices, and medicinal
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and aromatic plants, as well as their antioxidant activity, must be established before practical
applications. These effects should be studied in detail to be avoided.

The complexity of plant antimicrobial mixtures and the need for extensive safety data
create challenges and barriers in the regulatory approval process to obtain GRAS status,
which is a time-consuming and costly approval process.

The green extraction techniques are required to be evaluated in terms of their safety,
scalability, consumer acceptability, challenges, legal aspects, and potential feasibility. The
lack of in vitro/in vivo/clinical research on essential oils is one of the limiting factors for
their application. Recently, the development of an in vitro cultivation technology coupled
with a study of the biochemical and antimicrobial properties of the EOs with reference
to those of Salvia rosmarinus [406] has been proposed. Well-designed studies on animals
and humans are necessary to assess the efficacy and safety of natural active additives and
NPs, and it is recommended to conduct detailed toxicological assessments for each kind of
additive selected for an intended associated application.

Some compounds in EOs can be toxic and cause side effects. Many volatile compo-
nents in essential oils, due to their mixtures, are difficult to standardize for the application
amount, as are the EO preservatives with optimal in vivo effects in food preservation. There
are a few experiments evaluating the safety of EOs in humans, but. These indicators depend
on the applied extraction method (hydroethanolic extraction shows higher CO, emissions
than aqueous extraction). Consequently, further studies on sensory analysis and consumer
acceptance are necessary. The translation of in vitro studies to in vivo experiments and
finally to human clinical trials has been the major challenge in the development of new
phytochemicals and other natural additives, and also new synthesized inorganic and
biopolymer NPs. The phytochemicals play an important role in bio-reduction processes,
and NPs have a selective toxicity for the diseased tissues. Green synthesis of NPs using
phytochemicals solved some problems related to their toxicity. However, it is still needed
to assess the toxicity of nanomaterials, including chronic exposure and carcinogenicity.
Antimicrobial packaging is an important alternative to active packaging, prolonging shelf
life and ensuring food safety. Despite these benefits, the antimicrobial packaging containing
eco-friendly materials and having adequate mechanical and barrier properties is still a
difficult task for both industries and consumers. A promising solution for producing an-
timicrobial food packaging with enhanced mechanical properties consists of the integration
of nanostructures or NPs in active packaging.

Biodegradability is crucial for environmental sustainability, as it enables the material to
decompose naturally in environments, reducing waste accumulation. Natural degradation
is hindered by the hydrophobic properties of the polymers and stability /stabilization by
the incorporation of suitable additives. Polyphenolic compounds affect the long-term
degradation behavior of polymer and composite materials. The effect of the incorporation
of polyphenols is a significant improvement in biological functionality and some of the
physico-chemical properties of synthetic polymers. PLA is one of the most prevalent
biodegradable plastics, with extensive applications in packaging, transportation, and
medical fields. The PLA biodegradation has been analyzed using specific enzymes such
as proteinase K, PLA depolymerase, and lipase. It has been established that in natural
environments, enzymes synergistically work by an efficient sequential catalytic process.
Microbial degradation is a safe and highly effective method for the degradation of polymer
materials containing AC.

Two aspects have to be mentioned: The surprise of the research/use of the natural
products is that they still offer new important aspects, revealed in recent years, concerning
their composition and properties/activities relationships, even if they have been studied
for centuries, and active nanoscale-sized inorganic and organic additives, which separately
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or in combination with natural active additives, help to find innovative solutions for
current needs of society in many fields. This is reflected by an impressive number of
references in a short period (as in 2023-2025 years—cited refs of this review). Therefore,
we decided to split the review into two parts; in the second one, the applications (in
agriculture, food, biomedicine, cosmetics, etc.) of both types of active additives will be
presented. Active, bioactive, or functional additives are used in different applications to
enhance product performance. For food and beverages, they improve shelf stability, taste,
texture, appearance, and nutritional value. While in the pharmaceutical industry, they
modify the drug delivery/release and efficacy, and they also impart specific properties like
antimicrobial action, antioxidant protection, water and barrier properties, or UV resistance.
Known applications are also in cosmetics, textiles, and other industries.

This review intends to serve as a guide for those interested in the future development
of innovative materials with multipurpose applications by green procedures and as a
novelty to the scientific community.

Author Contributions: Conceptualization, C.V. and G.T.; review and editing, A.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Brebu Mihai from PPICM-Romania contributed to the figures” drawing and
is acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Zhang, T.; Wu, H.; Wang, H.; Sun, A.; Kan, Z. Creation of fully degradable poly(lactic acid) composite by using biosourced
poly(4-hydroxybutyrate) as bioderived toughening additives. Express Polym. Lett. 2022, 16, 996-1010. [CrossRef]

2. Vallejos, S.; Trigo-Lépez, M.; Arnaiz, A.; Garcia, ].M. From Classical to Advanced Use of Polymers in Food and Beverage
Applications. Polymers 2022, 14, 4954. [CrossRef] [PubMed]

3.  Maurya, A.; de Souza, EM.; Dawsey, T.; Gupta, R.K. Biodegradable polymers and composites: Recent development and challenges.
Polym. Compos. 2024, 45, 2896-2918. [CrossRef]

4. Kumar, B.P; Vijayakumar, S.; Thomas, J. Effect of polystyrene nanoplastics on its toxicity and reproduction in Philodina roseola. Sci.
Rep. 2025, 15, 14206. [CrossRef] [PubMed]

5. Alves, B. Plastic Waste Worldwide—Statistics & Facts. Energy & Environment. Waste Management. Worldhwide. Available
online: https://www.statista.com/topics/5401/global-plastic-waste/ (accessed on 1 May 2025).

6. Krawczak, P. Towards a circular, low-carbon emission plastics industry. Express Polym. Lett. 2022, 16, 901. [CrossRef]

7. Talib, A.; Samad, A.; Hossain, M.].; Muazzam, A.; Anwar, B.; Atique, R.; Hwang, Y.-H.; Joo, S.-T. Modern Trends and Techniques
for Food Preservation. Food Life 2024, 1, 19-32. [CrossRef]

8.  Barone, A.S.; Matheus, ].R.V,; de Souza, T.S.P.; Moreira, R.F.A; Fai, A.E.C. Green-based active packaging: Opportunities beyond
COVID-19, food applications, and perspectives in circular economy—A brief review. Compr. Rev. Food Sci. Food Saf. 2021, 20,
4881-4905. [CrossRef]

9. Koval, V.; Olczak, P.; Vdovenko, N.; Boiko, O.; Matuszewska, D.; Mikhno, I. Ecosystem of environmentally sustainable municipal
infrastructure in the Ukraine. Sustainability 2021, 13, 10223. [CrossRef]

10. Oliver-Cuenca, V.; Salaris, V.; Mufioz-Gimena, P.F; Agtiero, A.; Peltzer, M.A.; Montero, V.A.; Arrieta, M.P; Sempere-Torregrosa, J.;
Pavon, C.; Samper, M.D.; et al. Bio-Based and Biodegradable Polymeric Materials for a Circular Economy. Polymers 2024, 16, 3015.
[CrossRef]

11.  Wiley Science Solutions. Available online: https:/ /sciencesolutions.wiley.com/request-quote/ (accessed on 9 October 2025).


https://doi.org/10.3144/expresspolymlett.2022.72
https://doi.org/10.3390/polym14224954
https://www.ncbi.nlm.nih.gov/pubmed/36433081
https://doi.org/10.1002/pc.28023
https://doi.org/10.1038/s41598-025-98637-1
https://www.ncbi.nlm.nih.gov/pubmed/40269038
https://www.statista.com/topics/5401/global-plastic-waste/
https://doi.org/10.3144/expresspolymlett.2022.65
https://doi.org/10.5851/fl.2024.e6
https://doi.org/10.1111/1541-4337.12812
https://doi.org/10.3390/su131810223
https://doi.org/10.3390/polym16213015
https://sciencesolutions.wiley.com/request-quote/

Polymers 2025, 17, 3139 62 of 78

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ayllon-Gutiérrez, R.; Diaz-Rubio, L.; Montafio-Soto, M.; Haro-Vazquez, M.d.P.; Cérdova-Guerrero, I. Applications of Plant
Essential Oils in Pest Control and Their Encapsulation for Controlled Release: A Review. Agriculture 2024, 14, 1766. [CrossRef]
Rath, D. A critical review on food adulteration and its risk on health. Int. . Novel Res. Dev. 2022, 7, 353-356.

Gigante, V.; Aliotta, L.; Ascrizzi, R.; Pistelli, L.; Zinnai, A.; Batoni, G.; Coltelli, M.-B.; Lazzeri, A. Innovative Biobased and
Sustainable Polymer Packaging Solutions for Extending Bread Shelf Life: A Review. Polymers 2023, 15, 4700. [CrossRef]
Demircan, B.; Velioglu, Y.S. Revolutionizing single-use food packaging: A comprehensive review of heat-sealable, water-soluble,
and edible pouches, sachets, bags, or packets. Crit. Rev. Food Sci. Nutr. 2025, 65, 1497-1517. [CrossRef]

Tébarasu, A.-M.; Anghelache, D.-N.; Gageanu, I.; Biris, S.-S.; Vladut, N.-V. Considerations on the Use of Active Compounds
Obtained from Lavender. Sustainability 2023, 15, 8879. [CrossRef]

Wang, Y.; Zhong, ].; McClements, D.J.; Zhang, Z.; Zhang, R; Jin, Z.; Chen, L. Stability enhancement methods for natural pigments
in intelligent packaging: A review. Crit. Rev. Food Sci. Nutr. 2024, 65, 6233-6248. [CrossRef] [PubMed]

Stoica, M.; Bichescu, C.I.; Cretu, C.-M.; Dragomir, M.; Ivan, A.S.; Podaru, G.M; Stoica, D.; Stuparu-Cretu, M. Review of Bio-Based
Biodegradable Polymers: Smart Solutions for Sustainable Food Packaging. Foods 2024, 13, 3027. [CrossRef] [PubMed]

Dirpan, A.; Deliana, Y.; Ainani, A.E; Irwan; Bahmid, N.A. Exploring the Potential of Pectin as a Source of Biopolymers for Active
and Intelligent Packaging: A Review. Polymers 2024, 16, 2783. [CrossRef]

Li, J.; Sun, H.; Weng, Y. Natural Extracts and Their Applications in Polymer-Based Active Packaging: A Review. Polymers 2024, 16,
625. [CrossRef] [PubMed]

Siddiqui, S.A.; Khan, S.; Mehdizadeh, M.; Bahmid, N.A.; Adli, D.N.; Walkeri, T.R.; Perestrelo, R.; Camara, J.S. Phytochemicals and
bioactive constituents in food packaging—A systematic review. Heliyon 2023, 9, E21196. [CrossRef] [PubMed]

Falleh, H.; Jemaa, M.B.; Saada, M.; Ksouri, R. Essential oils: A promising eco-friendly food preservative. Food Chem. 2020, 330,
127268. [CrossRef]

Bolouri, P; Salami, R.; Kouhi, S.; Kordi, M.; Asgari Lajayer, B.; Hadian, J.; Astatkie, T. Applications of Essential Oils and Plant
Extracts in Different Industries. Molecules 2022, 27, 8999. [CrossRef]

Alao, A.E.; Ayandele, A.A.; Adebayo, E.A.; Adewoyin, A.G.; Amao, J.A. Utilization potential of Pleurotus pulmonarius LAU09
(JF736658) on Crude oil contaminated Substrate. Trop. J. Nat. Prod. Res. 2025, 9, 1464-1470. [CrossRef]

Sadowska-Bartosz, I.; Bartosz, G. Antioxidant Activity of Anthocyanins and Anthocyanidins: A Critical Review. Int. J. Mol. Sci.
2024, 25, 12001. [CrossRef]

Dong, H.; Xu, Y.; Zhang, Q.; Li, H.; Chen, L. Activity and safety evaluation of natural preservatives Review. Food Res. Int. 2024,
190, 114548. [CrossRef] [PubMed]

Mufioz-Tebar, N.; Pérez-Alvarez, J.A.; Fernandez-Lopez, ].; Viuda-Martos, M. Chitosan Edible Films and Coatings with Added
Bioactive Compounds: Antibacterial and Antioxidant Properties and Their Application to Food Products: A Review. Polymers
2023, 15, 396. [CrossRef]

Pandey, VK ; Islam, R.U.; Shams, R.; Dar, A.H. A comprehensive review on the application of essential oils as bioactive compounds
in nano-emulsion based edible coatings of fruits and vegetables. Appl. Food Res. 2022, 2, 100042. [CrossRef]

Chen, W;; Ma, S.; Wang, Q.; McClements, D.J.; Liu, X.; Ngai, T.; Liu, F. Fortification of edible films with bioactive agents: A review
of their formation, properties, and application in food preservation. Crit. Rev. Food Sci. Nutr. 2022, 62, 5029-5055. [CrossRef]
[PubMed]

Alshangiti, D.M.; El-Damhougy, TK.; Zaher, A.; Madani, M. Revolutionizing biomedicine: Advancements, applications,
and prospects of nanocomposite macromolecular carbohydrate-based hydrogel biomaterials: A review. RSC Adv. 2023, 13,
35251-35291. [CrossRef] [PubMed]

Pawase, P.A.; Goswami, C.; Shams, R.; Pandey, V.K; Tripathi, A.; Rustagi, S.; Darshan, G. A conceptual review on classification,
extraction, bioactive potential and role of phytochemicals in human health. Future Foods 2024, 9, 100313. [CrossRef]

Buriti, B.M.; Figueiredo, P.L.; Passos, M.E,; da Silva, ].K. Polymer-Based Wound Dressings Loaded with Essential Oil for the
Treatment of Wounds: A Review. Pharmaceuticals 2024, 17, 897. [CrossRef]

Orefice, N.S.; Di Raimo, R.; Mizzoni, D.; Logozzi, M.; Fais, S. Purposing Plant-Derived Exosomes-like Nanovesicles for Drug
Delivery: Patents and Literature Review. Expert Opin. Ther. Pat. 2023, 33, 89-100. [CrossRef] [PubMed]

Kazemi, A ; Iraji, A.; Esmaealzadeh, N.; Salehi, M.; Hashempur, M.H. Peppermint and menthol: A review on their biochemistry,
pharmacological activities, clinical applications, and safety considerations. Crit. Rev. Food Sci. Nutr. 2024. [CrossRef] [PubMed]
Shukla, S.; Mhaske, A.; Shukla, R. Nanocarriers for the Delivery of Cosmeceuticals. In Nanotechnology Based Delivery of Phytocon-
stituents and Cosmeceuticals; Pooja, D., Kulhari, H., Eds.; Springer Nature: Singapore, 2024; pp. 305-328, ISBN 978-981-9953-14-1.
Sarboland, S.S.; Mehrkhou, F.; Fattahi, M.; Forouzan, M. Biocontrol potential of aqueous and methanolic extracts of Russian
knapweed, Acroptilon repens, L. (Asteraceae) against Trialeurodes vaporariorum (Hemiptera: Aleyrodidae). Sci. Rep. 2025, 15, 14928.
[CrossRef] [PubMed]


https://doi.org/10.3390/agriculture14101766
https://doi.org/10.3390/polym15244700
https://doi.org/10.1080/10408398.2023.2295433
https://doi.org/10.3390/su15118879
https://doi.org/10.1080/10408398.2024.2437570
https://www.ncbi.nlm.nih.gov/pubmed/39652151
https://doi.org/10.3390/foods13193027
https://www.ncbi.nlm.nih.gov/pubmed/39410063
https://doi.org/10.3390/polym16192783
https://doi.org/10.3390/polym16050625
https://www.ncbi.nlm.nih.gov/pubmed/38475309
https://doi.org/10.1016/j.heliyon.2023.e21196
https://www.ncbi.nlm.nih.gov/pubmed/37954257
https://doi.org/10.1016/j.foodchem.2020.127268
https://doi.org/10.3390/molecules27248999
https://doi.org/10.26538/tjnpr/v9i4.12
https://doi.org/10.3390/ijms252212001
https://doi.org/10.1016/j.foodres.2024.114548
https://www.ncbi.nlm.nih.gov/pubmed/38945593
https://doi.org/10.3390/polym15020396
https://doi.org/10.1016/j.afres.2022.100042
https://doi.org/10.1080/10408398.2021.1881435
https://www.ncbi.nlm.nih.gov/pubmed/33554629
https://doi.org/10.1039/D3RA07391B
https://www.ncbi.nlm.nih.gov/pubmed/38053691
https://doi.org/10.1016/j.fufo.2024.100313
https://doi.org/10.3390/ph17070897
https://doi.org/10.1080/13543776.2023.2195093
https://www.ncbi.nlm.nih.gov/pubmed/36947052
https://doi.org/10.1080/10408398.2023.2296991
https://www.ncbi.nlm.nih.gov/pubmed/38168664
https://doi.org/10.1038/s41598-025-93885-7
https://www.ncbi.nlm.nih.gov/pubmed/40295531

Polymers 2025, 17, 3139 63 of 78

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

Vasile, C.; Sivertsvik, M.; Mitelut, A.C.; Brebu, M.A.; Stoleru, E.; Rosnes, ].T.; Tanase, E.E.; Khan, W.; Pamfil, D.; Cornea, C.P;
et al. Comparative analysis of the composition and active property evaluation of certain essential oils to assess their potential
applications in active food packaging. Materials 2017, 10, 45. [CrossRef] [PubMed]

Oliveira, R.M.; Costa, I.LH.d.; Antunes, B.d.; Schirmann, G.d.S.; Oliveira, EM.; Jansen-Alves, C.; Oliveira, E.G.d.; Zambiazi, R.C.
Chemical Composition, Bioactive Compounds, Biological Activity, and Applications of Ora-Pro-Nobis (Pereskia spp.): A Review.
Food Res. Int. 2025, 221 Pt 1, 117239. [CrossRef]

Kilictalip, M.; Sahan, S. Biochemical Properties and Nutritional Importance of some Medicinal and Aromatic Plants. In Bioactive
Components and Biochemical Properties in Foods; izol, E., Haspolat, Y.K., Eds.; Publisher Orient Enderun Publicity Service: Ankara,
Turkey, 2025; pp. 66-85.

Sithol, A.; Singh, S. Safety and Associated Legislation of Selected Food Contact Bio-Based Packaging. In Biobased Packaging
Materials; Ahmed, S., Ed.; Springer: Singapore, 2024; pp. 247-277. [CrossRef]

Food Additives and GRAS Ingredients—Information for Consumers. Available online: https://www.fda.gov/food/food-
ingredients-packaging /food-additives-and-gras-ingredients-information-consumers (accessed on 21 August 2025).

Amin, U,; Khan, M.U.; Majeed, Y.; Rebezov, M.; Khayrullin, M.; Bobkova, E.; Shariati, M.A.; Chung, I.M.; Thiruvengadam, M.
Potentials of Polysaccharides, Lipids and Proteins in Biodegradable Food Packaging Applications. Int. J. Biol. Macromol. 2021,
183,2184-2198. [CrossRef] [PubMed]

Schnabl, K.B.; Mandemaker, L.D.; Ganjkhanlou, Y.; Vollmer, I.; Weckhuysen, B.M. Green Additives in Chitosan-based Bioplastic
Films: Long-term Stability Assessment and Aging Effects. ChemSusChem 2024, 17, €202301426. [CrossRef] [PubMed]

Jaiswal, A K.; Prakash, B. Bioinformatics approaches: Elucidation of novel sites of action, toxicity prediction tool, and perception
of bioactive compounds. In Green Products in Food Safety; Prakash, B., Freitas Brilhante de Sao José, J., Eds.; Academic Press:
Amsterdam, The Netherlands, 2023; Chapter 11; pp. 309-327. [CrossRef]

Liang, Z.; Veronica, V.; Huang, J.; Zhang, P.; Fang, Z. Combined effects of plant food processing by-products and high oxygen
modified atmosphere packaging on the storage stability of beef patties. Food Control 2022, 133, 108586. [CrossRef]

Muhammad, A.; Ahmad, Q.S.; Muhammad, B.; Hafiz, M.N.L. Biobased active food packaging materials: Sustainable alternative
to conventional petrochemical based packaging materials. Food Res. Int. 2020, 137, 109625. [CrossRef]

Wongphan, P; Promhuad, K.; Srisa, A.; Laorenza, Y.; Oushapjalaunchai, C.; Harnkarnsujarit, N. Unveiling the Future of Meat
Packaging: Functional Biodegradable Packaging Preserving Meat Quality and Safety. Polymers 2024, 16, 1232. [CrossRef]
Andrade, S.; Ramalho, M.].; Loureiro, J.A. Polymeric Nanoparticles for Biomedical Applications. Polymers 2024, 16, 249. [CrossRef]
[PubMed]

Priyadarshi, R.; Riahi, Z.; Rhim, J.W. Antioxidant pectin/pullulan edible coating incorporated with Vitis vinifera grape seed
extract for extending the shelf life of peanuts. Postharvest Biol. Technol. 2022, 183, 111740. [CrossRef]

Hu, X,; Lu, C; Tang, H.; Pouri, H. Active Food Packaging Made of Biopolymer-Based Composites. Materials 2022, 16, 279.
[CrossRef]

Upadhyay, A.; Agbesi, P.; Arafat, KM.; Urdaneta, F.; Dey, M.; Basak, M.; Hong, S.; Umeileka, C.; Argyropoulos, D. Bio-based
smart packaging: Fundamentals and functions in sustainable food systems. Trends Food Sci. Technol. 2024, 145, 104369. [CrossRef]
Peighambardoust, S.H.; Fasihnia, S.H.; Peighambardoust, S.J.; Pateiro, M.; Dominguez, R.; Lorenzo, ]. M. Active polypropylene-
based films incorporating combined antioxidants and antimicrobials: Preparation and characterization. Foods 2021, 10, 722.
[CrossRef]

Sharma, H.; Rajput, R. The science of food preservation: A comprehensive review of synthetic preservatives. J. Curr. Res. Food Sci.
2023, 4, 25-29.

Mummaleti, G.; Udo, T.; Mohan, A.; Kong, F. Synthesis, characterization and application of microbial pigments in foods as natural
colors. Crit. Rev. Food Sci. Nutr. 2024, 65, 5602-5631. [CrossRef]

Li, H.; Gao, K.; Guo, H.; Li, R;; Li, G. Advancements in Gellan Gum-Based Films and Coatings for Active and Intelligent
Packaging. Polymers 2024, 16, 2402. [CrossRef] [PubMed]

Zhou, Y.; Zhang, J.; Liao, J. Physically fabricated chitin nanofibers for food applications. Cellulose 2024, 31, 10143-10163. [CrossRef]
Van Hai, L.; Pham, D.H.; Roy, S.; Kim, J. Reinforcement effects of different types of chitin nanofibers on cellulose/chitin
nanocomposite filaments. Cellulose 2024, 31, 10327-10339. [CrossRef]

Das, A K; Nanda, PK.; Madane, P,; Biswas, S.; Das, A.; Zhang, W.; Lorenzo, .M. A comprehensive review on antioxidant dietary
fibre enriched meat-based functional foods. Trends Food Sci. Technol. 2021, 99, 323-336. [CrossRef]

Das, A K.; Nanda, PK.; Chowdhury, N.R.; Dandapat, P.; Gagaoua, M.; Chauhan, P,; Pateiro, M.; Lorenzo, ].M. Application of
pomegranate by-products in muscle foods: Oxidative indices, colour stability, shelf life and health benefits. Molecules 2021, 26,
467. [CrossRef] [PubMed]

European Union. Register of Feed Additives, 226th ed.; European Commission: Luxembourg, 2016; ISBN 9789276150695.

Erol, O. Use of Natural Antioxidants in Edible Films and Coatings. Eurasian ]. Food Sci. Technol. 2024, 8, 114-121.


https://doi.org/10.3390/ma10010045
https://www.ncbi.nlm.nih.gov/pubmed/28772407
https://doi.org/10.1016/j.foodres.2025.117239
https://doi.org/10.1007/978-981-99-6050-7_10
https://www.fda.gov/food/food-ingredients-packaging/food-additives-and-gras-ingredients-information-consumers
https://www.fda.gov/food/food-ingredients-packaging/food-additives-and-gras-ingredients-information-consumers
https://doi.org/10.1016/j.ijbiomac.2021.05.182
https://www.ncbi.nlm.nih.gov/pubmed/34062159
https://doi.org/10.1002/cssc.202301426
https://www.ncbi.nlm.nih.gov/pubmed/38373235
https://doi.org/10.1016/C2021-0-02516-5
https://doi.org/10.1016/j.foodcont.2021.108586
https://doi.org/10.1016/j.foodres.2020.109625
https://doi.org/10.3390/polym16091232
https://doi.org/10.3390/polym16020249
https://www.ncbi.nlm.nih.gov/pubmed/38257048
https://doi.org/10.1016/j.postharvbio.2021.111740
https://doi.org/10.3390/ma16010279
https://doi.org/10.1016/j.tifs.2024.104369
https://doi.org/10.3390/foods10040722
https://doi.org/10.1080/10408398.2024.2417802
https://doi.org/10.3390/polym16172402
https://www.ncbi.nlm.nih.gov/pubmed/39274035
https://doi.org/10.1007/s10570-024-06221-z
https://doi.org/10.1007/s10570-024-06188-x
https://doi.org/10.1016/j.tifs.2020.03.010
https://doi.org/10.3390/molecules26020467
https://www.ncbi.nlm.nih.gov/pubmed/33477314

Polymers 2025, 17, 3139 64 of 78

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Arrigoni, R.; Ballini, A.; Jirillo, E.; Santacroce, L. Current View on Major Natural Compounds Endowed with Antibacterial and
Antiviral Effects. Antibiotics 2024, 13, 603. [CrossRef]

Kumar, U.; Kumar, I.; Singh, PK.; Yadav, ].S.; Dwivedi, A.; Singh, P.; Mishra, S.; Sharma, R.K. Total phenolic content and
antioxidant activities in methanol extracts of medicinal herbs from Indo-Gangetic plains of India. J. Appl. Biol. Biotech. 2024, 12,
89-99. [CrossRef]

Gopathy, S.; Seshadri, S.; Amudha, P; Vidya, R.; Jayalakshmi, M.; Kulanthaivel, L.; Raju, M.; Subbarajet, K.G. Phytochemicals and
Natural Extracts, Secondary Metabolites of Plants and Improvement of Brain Function. In Neuroprotective Effects of Phytochemicals
in Brain Ageing; Pathak, S., Banerjee, A., Eds.; Springer: Singapore, 2024; pp. 199-219. [CrossRef]

Caballero, B. (Ed.) Encyclopedia of Human Nutrition, 4th ed.; Academic Press: Amsterdam, The Netherlands, 2023; pp. 513-522,
ISBN 9780128218488. eBook ISBN: 9780323908160.

Mtewa, A.G.; Egbuna, C.; Beressa, T.B.; Ngwira, K.J.; Lampiao, F. Phytopharmaceuticals: Efficacy, safety, and regulation. In
Preparation of Phytopharmaceuticals for the Management of Disorders, The Development of Nutraceuticals and Traditional Medicine; Mishra,
A., Egbuna, C., Goyal, M., Eds.; Academic Press: Amsterdam, The Netherlands, 2021; pp. 25-38, ISBN 9780128202852. [CrossRef]
Negreanu-Pirjol, B.-S.; Oprea, O.C.; Negreanu-Pirjol, T.; Roncea, FN.; Prelipcean, A.-M.; Craciunescu, O.; Iosageanu, A.; Artem,
V.; Ranca, A.; Motelica, L.; et al. Health Benefits of Antioxidant Bioactive Compounds in the Fruits and Leaves of Lonicera caerulea
L. and Aronia melanocarpa (Michx.) Elliot. Antioxidants 2023, 12, 951. [CrossRef]

Charles, A.P.R.; Chen, B.; Rao, J]. Cannabidiol (CBD) as an emerging nutraceutical ingredient from industrial hemp: Regulation,
production, extraction, nutraceutical properties, and functionality. Crit. Rev. Food Sci. Nutr. 2024, 65, 6030-6052. [CrossRef]
Dwivedi, S.; Ahmad, I.Z. Role of Nanotechnology in the Development of Photoprotective Formulations. In Photoprotective Green
Pharmacology: Challenges, Sources and Future Applications; Kannaujiya, V.K., Sinha, R.P,, Rahman, M.A., Sundaram, S., Eds.; Springer
Nature: Singapore, 2023; pp. 201-222, ISBN 978-981-9907-49-6.

Al-Ougqaili, M.T'S,; Saleh, R.O.; Amin, H.L.M.; Jawhar, Z.H.; Akbarizadeh, M.R.; Naderifar, M.; Issa, K.D.; Gavilan, ].C.O.; Nobre,
M.A.L,; Jalil, A.T; et al. Synthesize of Pluronic-Based Nanovesicular Formulation Loaded with Pistacia atlantica Extract for
Improved Antimicrobial Efficiency. Arab. J. Chem. 2023, 16, 104704. [CrossRef]

Han, H.S.; Song, K.B. Noni (Morinda citrifolia) fruit polysaccharide films containing blueberry (Vaccinium corymbosum) leaf extract
as an antioxidant packaging material. Food Hydrocoll. 2021, 112, 106372. [CrossRef]

Han, H.S.; Song, K.B. Antioxidant properties of watermelon (Citrullus lanatus) rind pectin films containing kiwifruit (Actinidia
chinensis) peel extract and their application as chicken thigh packaging. Food Packag. Shelf Life 2021, 28, 100636. [CrossRef]
Pechangou, S.N.; Enang, B.E.; Ngohoba, V.S.; Njoya, E.M.; Njayou, EN.; Moundipa, PF. Crude Extracts of Codiaeum Variegatum
Stem Exhibit Potent Antioxidant and Anti-inflammatory Activities in Vitro. J. Explor. Res. Pharmacol. 2023, 8, 25-35. [CrossRef]
Report: Global Plant Extracts Market Report 2022: Growing Demand for Natural and Plant-Based Ingredients Driving
Sector—ResearchAndMarkets.com, 13 October 2022. Dublin--(Business Wire)--The “Plant Extracts Market by Prod-
uct Type (Oleoresins, Essential Oils, Flavonoids, Alkaloids, Carotenoids), Application (Food & Beverages, Cosmet-
ics, Pharmaceuticals, Dietary Supplements), Form, Source and Region—Global Forecast to 2027”. Available online:
https:/ /www.businesswire.com/news/home/20221013005751/en/Global-Plant-Extracts-Market-Report-2022-Growing-
Demand-for-Natural-and-Plant-Based-Ingredients-Driving-Sector---ResearchAndMarkets.com (accessed on 16 January 2025).
Giannakas, A. Plant Extracts-Based Food Packaging Films. In Natural Materials for Food Packaging Application Book; Parameswaran-
pillai, J., Jayakumar, A., Radhakrishnan, E.K., Siengchin, S., Radoor, S., Eds.; Wiley-VCH GmbH: Weinheim, Germany, 2023;
Chapter 2; pp. 23-49. [CrossRef]

Ding, L.; He, L.; Wang, Y.; Zhao, X.; Ma, H.; Luo, Y; Guan, E; Xiong, Y. Research progress and challenges of composite wound
dressings containing plant extracts. Cellulose 2023, 30, 11297-11322. [CrossRef]

Kirk, M.D.; Angulo, E]J.; Havelaar, A.H.; Black, R.E. Diarrhoeal disease in children due to contaminated food. Bull. World Health
Organ. 2017, 95, 233-234. [CrossRef] [PubMed]

Khan, U.A.; Rahman, H.; Niaz, Z.; Qasim, M.; Khan, J.; Tayyaba; Rehman, B. Antibacterial activity of some medicinal plants
against selected human pathogenic bacteria. Eur. |. Microbiol. Immunol. 2013, 3, 272-274. [CrossRef]

Kursa, W.; Jamiolkowska, A.; Wyrostek, J.; Kowalski, R. Antifungal Effect of Plant Extracts on the Growth of the Cereal Pathogen
Fusarium spp.—An In Vitro Study. Agronomy 2022, 12, 3204. [CrossRef]

Behiry, S.I.; Hamad, N.A.; Alotibi, FO.; Al-Askar, A.A.; Arishi, A.A.; Kenawy, A.M.; Elsamra, I.A.; Youssef, N.H.; Elsharkawy,
M.M.; Abdelkhalek, A.; et al. Antifungal and Antiaflatoxigenic Activities of Different Plant Extracts against Aspergillus flavus.
Sustainability 2022, 14, 12908. [CrossRef]

Kathait, P.; Omre, PK.; Kumar, P.; Gaikwadet, K.K. Development of a PVA-starch Antioxidant Film Incorporating Beetroot Stem
Waste Extract for Active Food Packaging. J. Polym. Environ. 2023, 31, 4160-4169. [CrossRef]

Hosny, R.; Taha, T.; EInouby, M.; El Desouky, E.A.; Alhudhaibiet, A.M.; Elsherif, M.A.; Moustafa, M.; Yahia, M.; Abu-Saied,
M.A. Environmentally green film blends: Polyvinyl alcohol (PVA)/cellulose acetate (CA)/potato peel starch as an alternative to
petroleum plastics. Cellulose 2024, 31, 6155-6172. [CrossRef]


https://doi.org/10.3390/antibiotics13070603
https://doi.org/10.7324/JABB.2024.172805
https://doi.org/10.1007/978-981-99-7269-2_10
https://doi.org/10.1016/C2019-0-01420-3
https://doi.org/10.3390/antiox12040951
https://doi.org/10.1080/10408398.2024.2436130
https://doi.org/10.1016/j.arabjc.2023.104704
https://doi.org/10.1016/j.foodhyd.2020.106372
https://doi.org/10.1016/j.fpsl.2021.100636
https://doi.org/10.14218/JERP.2022.00039
https://www.businesswire.com/news/home/20221013005751/en/Global-Plant-Extracts-Market-Report-2022-Growing-Demand-for-Natural-and-Plant-Based-Ingredients-Driving-Sector---ResearchAndMarkets.com
https://www.businesswire.com/news/home/20221013005751/en/Global-Plant-Extracts-Market-Report-2022-Growing-Demand-for-Natural-and-Plant-Based-Ingredients-Driving-Sector---ResearchAndMarkets.com
https://doi.org/10.1002/9783527837304
https://doi.org/10.1007/s10570-023-05602-0
https://doi.org/10.2471/BLT.16.173229
https://www.ncbi.nlm.nih.gov/pubmed/28250537
https://doi.org/10.1556/EuJMI.3.2013.4.6
https://doi.org/10.3390/agronomy12123204
https://doi.org/10.3390/su141912908
https://doi.org/10.1007/s10924-023-02840-y
https://doi.org/10.1007/s10570-024-05984-9

Polymers 2025, 17, 3139 65 of 78

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Lu, W.-C,; Chiu, C.-S.; Mulio, A.T.; Chan, Y.-].; Li, P-H. New perspectives on different Sacha inchi seed oil extractions and its
applications in the food and cosmetic industries. Crit. Rev. Food Sci. Nutr. 2023, 65, 475-493. [CrossRef] [PubMed]

Loan, L.T.K.; Vinh, B.T.; Tai, N.V. Elucidation of antioxidant compounds recovery capacity from “Cam” purple rice bran by
different sustainable extraction techniques. J. Appl. Biol. Biotech. 2024, 12, 112-116. [CrossRef]

Farhadi, S.; Javanmard, M. Development of fibrous casings based on sugarcane bagasse with natural antioxidant using rosemary
and thyme extract in dried sausages. Food Meas. 2023, 17, 2475-2487. [CrossRef]

Ansarifar, E.; Hedayati, S.; Zeinali, T.; Ebadi, FEA.; Asghar, Z.; Krystian, M.; Khaneghah, M.; Amin, K.M. Encapsulation of Jujube
Extract in Electrospun Nanofiber: Release Profile, Functional Effectiveness, and Application for Active Packaging. Food Bioprocess
Technol. 2022, 15, 2009-2019. [CrossRef]

De Cristofaro, G.A.; Paolucci, M.; Pappalardo, D.; Pagliarulo, C.; Sessini, V.; Lo Re, G. Interface Interactions Driven Antioxidant
Properties in Olive Leaf Extract/Cellulose Nanocrystals/Poly(Butylene Adipate-Co-Terephthalate) Biomaterials. Int. . Biol.
Macromol. 2024, 272, 132509. [CrossRef] [PubMed]

Almuhayawi, M.S. Propolis as a novel antibacterial agent. Saudi J. Biol. Sci. 2020, 27, 3079-3086. [CrossRef] [PubMed]

Yeshi, K.; Wangchuk, P. Chapter 11—Essential oils and their bioactive molecules in healthcare. In Herbal Biomolecules in Healthcare
Applications; Mandal, S.C., Nayak, A.K., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 215-237.

Fokou, ].B.H.; Jazet Dongmo, PM.; Boyom, EF. Essential Oil’s Chemical Composition and Pharmacological Properties. In Essential
Oils-Oils of Nature; El-Shemy, H.A., Ed.; IntechOpen: London, UK, 2020; Chapter 2. [CrossRef]

Bezerra Girao, D.K.F,; Cardoso, C.C,; Silva, ER.O. Effect of essential oils on pain management: What do we know and where do
we go? Braz. |. Health Aromather. Essent. Oil Sect. 2024, 1. [CrossRef]

Munteanu, B.S.; Vasile, C. Encapsulation of Natural Bioactive Compounds by Electrospinning—Applications in Food Storage and
Safety. Polymers 2021, 13, 3771. [CrossRef]

Ismaili, D.; Parin, EN.; Sicak, Y.; Oztiirk, M.; Terzioglu, P. Electrospun lavender essential oil-loaded polylactic acid nanofibrous
mats for antioxidant applications. Polym. Bull. 2024, 81, 13975-13992. [CrossRef]

Tavares, L.; Norefia, C.P.Z.; Barros, H.L.; Smaoui, S.; Lima, PL.; de Oliveira, M.M. Rheological and structural trends on
encapsulation of bioactive compounds of essential oils: A global systematic review of recent research. Food Hydrocoll. 2022,
129, 107628. [CrossRef]

Kowalczyk, A.; Przychodna, M.; Sopata, S.; Bodalska, A.; Fecka, I. Thymol and Thyme Essential Oil—New Insights into Selected
Therapeutic Applications. Molecules 2020, 25, 4125. [CrossRef]

Armanu, E.-G.; Secula, M.S.; Tofanica, B.-M.; Volf, I. The Impact of Biomass Composition Variability on the Char Features and
Yields Resulted through Thermochemical Processes. Polymers 2024, 16, 2334. [CrossRef] [PubMed]

Almeida, N.; Freire, L.; Carnielli-Queiroz, L.; Bragotto, A.P.A.; Silva, N.C.C.; Rocha, L.O. Essential oils: An eco-friendly alternative
for controlling toxigenic fungi in cereal grains. Compr. Rev. Food Sci. Food Saf. 2023, 23, e13251. [CrossRef] [PubMed]

Sharma, S.; Barkauskaite, S.; Jaiswal, A.K.; Jaiswal, S. Essential oils as additives in active food packaging. Food Chem. 2021,
343, 128403. [CrossRef] [PubMed]

Maurya, A.; Prasad, J.; Das, S.; Dwivedy, A K. Essential Oils and Their Application in Food Safety. Front. Sustain. Food Syst. Sec.
Agro-Food Saf. 2021, 5, 653420. [CrossRef]

Olewnik-Kruszkowska, E.; Vishwakarma, A.; Wrona, M.; Bertella, A.; Rudawska, A.; Gierszewska, M.; Schmidt, B. Comparative
Study of Crucial Properties of Packaging Based on Polylactide and Selected Essential Oils. Foods 2025, 14, 204. [CrossRef]
[PubMed]

Sulistiawan, S.S.; Sadeghi, K.; Kumar, R.; Kim, D.; Seo, J. In Situ Reactive Extrusion of LDPE Films with Methacrylated Pyrogallol
for Antimicrobial and Antioxidant Active Packaging. Polymers 2025, 17, 325. [CrossRef] [PubMed]

Duan, X,; Qin, D.; Li, H.,; Zhang, T.; Han, Y.; Huang, Y.Q.; He, D.; Wu, K.; Chai, X.; Chen, C. Study of antimicrobial activity and
mechanism of vapor-phase cinnamaldehyde for killing Escherichia coli based on fumigation method. Front. Nutr. 2022, 9, 1040152.
[CrossRef]

Arneth, B.; Abdelmonem, R.; El-Nabarawi, M.A.; Teaima, M.H.; Rashwan, K.O.; Soliman, M.A.; Al-Samadi, I.E.I. Optimized
Hesperidin-Loaded Lipid Nanoparticles with Tea Tree Oil for Enhanced Wound Healing: Formulation, Characterization, and
Evaluation. Pharmaceuticals 2025, 18, 290. [CrossRef] [PubMed]

Zimmermann, R.C.; Poitevin, C.G.; Bischoff, A.M.; Beger, M.; Siqueira da Luz, T.; Mazarotto, E.]J.; Benatto, A.; Martins, C.E.N;
Sales Maia, B.H.L.N.; Sari, R.; et al. Insecticidal and antifungal activities of Melaleuca rhaphiophylla essential oil against insects and
seed-borne pathogens in stored products. Ind. Crops Prod. 2022, 182, 114871. [CrossRef]

Zimmermann, R.C,; Poitevin, C.G.; da Luz, T.S.; Mazarotto, E.J.; Furuie, ].L.; Martins, C.E.N.; do Amaral, W.; Cipriano, R R ; da
Rosa, ].M.; Pimentel, 1.C.; et al. Antifungal activity of essential oils and their combinations against storage fungi. Environ. Sci.
Pollut. Res. Int. 2023, 30, 48559-48570. [CrossRef] [PubMed]


https://doi.org/10.1080/10408398.2023.2276882
https://www.ncbi.nlm.nih.gov/pubmed/37950645
https://doi.org/10.7324/JABB.2024.172383
https://doi.org/10.1007/s11694-022-01782-8
https://doi.org/10.1007/s11947-022-02860-x
https://doi.org/10.1016/j.ijbiomac.2024.132509
https://www.ncbi.nlm.nih.gov/pubmed/38843608
https://doi.org/10.1016/j.sjbs.2020.09.016
https://www.ncbi.nlm.nih.gov/pubmed/33100868
https://doi.org/10.5772/intechopen.77673
https://doi.org/10.62435/2965-7253.bjhae.2024.bjhae2
https://doi.org/10.3390/polym13213771
https://doi.org/10.1007/s00289-024-05370-2
https://doi.org/10.1016/j.foodhyd.2022.107628
https://doi.org/10.3390/molecules25184125
https://doi.org/10.3390/polym16162334
https://www.ncbi.nlm.nih.gov/pubmed/39204554
https://doi.org/10.1111/1541-4337.13251
https://www.ncbi.nlm.nih.gov/pubmed/38284600
https://doi.org/10.1016/j.foodchem.2020.128403
https://www.ncbi.nlm.nih.gov/pubmed/33268167
https://doi.org/10.3389/fsufs.2021.653420
https://doi.org/10.3390/foods14020204
https://www.ncbi.nlm.nih.gov/pubmed/39856870
https://doi.org/10.3390/polym17030325
https://www.ncbi.nlm.nih.gov/pubmed/39940527
https://doi.org/10.3389/fnut.2022.1040152
https://doi.org/10.3390/ph18030290
https://www.ncbi.nlm.nih.gov/pubmed/40143069
https://doi.org/10.1016/j.indcrop.2022.114871
https://doi.org/10.1007/s11356-023-25772-5
https://www.ncbi.nlm.nih.gov/pubmed/36763278

Polymers 2025, 17, 3139 66 of 78

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Sawadogo, I.; Paré, A.; Kaboré, D.; Montet, D.; Durand, N.; Bouajila, ].; Zida, E.P,; Sawadogo-Lingani, H.; Nikiéma, P.A.; Nebié,
R.H.C,; et al. Antifungal and Antiaflatoxinogenic Effects of Cymbopogon citratus, Cymbopogon nardus, and Cymbopogon
schoenanthus Essential Oils Alone and in Combination. J. Fungi 2022, 8, 117. [CrossRef] [PubMed]

Al-Suwaytee, S.H.M.; Ben Hadj Ayed, O.; Chadbane-Banaoues, R.; Kosksi, T.; Shleghm, M.R.; Chekir-Ghedira, L.; Babba, H.;
Sfar, S.; Lassoued, M.A. Exploring the Antifungal Effectiveness of a Topical Innovative Formulation Containing Voriconazole
Combined with Pinus sylvestris L. Essential Oil for Onychomycosis. Colloids Interfaces 2024, 8, 56. [CrossRef]

Moradialvand, M.; Saniee, P.; McClements, D.].; Rafati, H. Enhanced antimicrobial activity of Cinnamomum zeylanicum essential
oil nanoemulsions against Helicobacter pylori: A microfluidic-based assessment. J. Nanopart. Res. 2025, 27, 27. [CrossRef]
Kalmykova, A.D.; Yakupova, E.N.; Bekmuratova, F.A.; Fitsev, LM.; Ziyatdinova, G.K. Evaluation of the antioxidant properties
and GC-MSD analysis of commercial essential oils from plants of the Lamiaceae family. Uchenye Zap. Kazan. Univ. Seriya Estestv.
Nauk. 2023, 165, 94-117. [CrossRef]

Miri, Y.B.; Benabdallah, A.; Taoudiat, A.; Mahdid, M.; Djenane, D.; Tacer-Caba, Z.; Topkaya, C.; Simal-Gandara, ]. Potential of
essential oils for protection of Couscous against Aspergillus flavus and aflatoxin Bl contamination. Food Control 2023, 145, 109474.
[CrossRef]

Sevik, R.; Akarca, G.; Kilinc, M.; Ascioglu, C. Chemical Composition of Tea Tree (Melaletica alternifolia) (Maiden & Betche) Cheel
Essential Oil and Its Antifungal Effect on Foodborne Molds Isolated from Meat Products. J. Essent. Oil-Bear. Plants 2021, 24,
561-570. [CrossRef]

Mohammadi, M.; Mirabzadeh, S.; Shahvalizadeh, R.; Hamishehkar, H. Development of Novel Active Packaging Films Based on
Whey Protein Isolate Incorporated with Chitosan Nanofiber and Nano-Formulated Cinnamon Oil. Int. J. Biol. Macromol. 2020,
149, 11-20. [CrossRef]

Vasile, C.; Stoleru, E.; Darie-Nita, R.N.; Dumitriu, R.P; Pamfil, D.; Tartau, L. Biocompatible Materials Based on Plasticized
Poly(lactic acid), Chitosan and Rosemary Ethanolic Extract I. Effect of Chitosan on the Properties of Plasticized Poly(lactic acid)
Materials. Polymers 2019, 11, 941. [CrossRef]

Lee, J.Y.; Garcia, C.V.; Shin, G.H.; Kim, J.T. Antibacterial and Antioxidant Properties of Hydroxypropyl Methylcellulose-Based
Active Composite Films Incorporating Oregano Essential Oil Nanoemulsions. LWT 2019, 106, 164-171. [CrossRef]

Li, Y; Tang, C.; He, Q. Effect of Orange (Citrus sinensis L.) Peel Essential Oil on Characteristics of Blend Films Based on Chitosan
and Fish Skin Gelatin. Food Biosci. 2021, 41, 100927. [CrossRef]

Sharma, P.; Ahuja, A.; Dilsad Izrayeel, A.M.; Samyn, P.; Rastogi, V.K. Physicochemical and Thermal Characterization of Poly
(8-Hydroxybutyrate-Co-4-Hydroxybutyrate) Films Incorporating Thyme Essential Oil for Active Packaging of White Bread. Food
Control 2022, 133, 108688. [CrossRef]

Rigueto, C.V.T.; de Vasconcelos, G.; Rosseto, M.; Dal Castel Krein, D.; Oliveira, E; Freitas, C.P.; Antunes do Nascimento, C.; dos
Santos, L.R.; Loss, R.A.; Dettmer, A.; et al. Composite Films from Steam-exploded Gelatin and Thyme Essential Oil: Production,
Characterization and Application as Coatings. J. Polym. Environ. 2024, 32, 2616-2628. [CrossRef]

Hedayati, S.; Ansarifar, E.; Moradinezhad, F. Assessment of Zataria Multiflora Essential Oil—Incorporated Electrospun Polyvinyl
Alcohol Fiber Mat as Active Packaging. Polymers 2023, 15, 1048. [CrossRef]

Latos-Brozio, M.; Dumka, A.; Masek, A. Eugenol and cloves as plant-origin stabilizers in epoxidized natural rubber compositions.
Express Polym. Lett. 2024, 18, 1039-1050. [CrossRef]

Masood, E; Makhdoom, M.A.; Channa, [.A.; Gilani, S.J.; Khan, A.; Hussain, R.; Batool, S.A.; Konain, K.; Rahman, S.U.; Wadood,
A.; et al. Development and Characterization of Chitosan and Chondroitin Sulfate Based Hydrogels Enriched with Garlic Extract
for Potential Wound Healing /Skin Regeneration Applications. Gels 2022, 8, 676. [CrossRef] [PubMed]

Furdak, P; Bartosz, G.; Stefaniuk, I.; Cieniek, B.; Bieszczad-Bedrejczuk, E.; Soszynski, M.; Sadowska-Bartosz, 1. Effect of Garlic
Extract on the Erythrocyte as a Simple Model Cell. Int. . Mol. Sci. 2024, 25, 5115. [CrossRef]

Lyczko, J.; Masztalerz, K.; Lipan, L.; Iwiniski, H.; Lech, K.; Carbonell-Barrachina, AA,; Szumny, A. Coriandrum sativum L.—Effect
of Multiple Drying Techniques on Volatile and Sensory Profile. Foods 2021, 10, 403. [CrossRef] [PubMed]

Soleimani, M.; Arzani, A.; Arzani, V.; Roberts, T.H. Phenolic Compounds and Antimicrobial Properties of Mint and Thyme. J.
Herb. Med. 2022, 36, 100604. [CrossRef]

Vassiliou, E.; Awoleye, O.; Davis, A.; Mishra, S. Anti-Inflammatory and Antimicrobial Properties of Thyme Oil and Its Main
Constituents. Int. J. Mol. Sci. 2023, 24, 6936. [CrossRef] [PubMed]

Sateriale, D.; Forgione, G.; De Cristofaro, G.A.; Pagliuca, C.; Colicchio, R.; Salvatore, P.; Paolucci, M.; Pagliarulo, C. Antibacterial
and Antibiofilm Efficacy of Thyme (Thymus vulgaris L.) Essential Oil against Foodborne Illness Pathogens, Salmonella enterica
subsp. enterica Serovar Typhimurium and Bacillus cereus. Antibiotics 2023, 12, 485. [CrossRef] [PubMed]

Di Rosario, M.; Continisio, L.; Mantova, G.; Carraturo, F,; Scaglione, E.; Sateriale, D.; Forgione, G.; Pagliuca, C.; Pagliarulo, C.;
Colicchio, R.; et al. Thyme Essential Oil as a Potential Tool Against Common and Re-Emerging Foodborne Pathogens: Biocidal
Effect on Bacterial Membrane Permeability. Microorganisms 2025, 13, 37. [CrossRef]


https://doi.org/10.3390/jof8020117
https://www.ncbi.nlm.nih.gov/pubmed/35205871
https://doi.org/10.3390/colloids8050056
https://doi.org/10.1007/s11051-025-06227-z
https://doi.org/10.26907/2542-064X.2023.1.94-117
https://doi.org/10.1016/j.foodcont.2022.109474
https://doi.org/10.1080/0972060X.2021.1942232
https://doi.org/10.1016/j.ijbiomac.2020.01.083
https://doi.org/10.3390/polym11060941
https://doi.org/10.1016/j.lwt.2019.02.061
https://doi.org/10.1016/j.fbio.2021.100927
https://doi.org/10.1016/j.foodcont.2021.108688
https://doi.org/10.1007/s10924-024-03185-w
https://doi.org/10.3390/polym15041048
https://doi.org/10.3144/expresspolymlett.2024.79
https://doi.org/10.3390/gels8100676
https://www.ncbi.nlm.nih.gov/pubmed/36286177
https://doi.org/10.3390/ijms25105115
https://doi.org/10.3390/foods10020403
https://www.ncbi.nlm.nih.gov/pubmed/33673038
https://doi.org/10.1016/j.hermed.2022.100604
https://doi.org/10.3390/ijms24086936
https://www.ncbi.nlm.nih.gov/pubmed/37108100
https://doi.org/10.3390/antibiotics12030485
https://www.ncbi.nlm.nih.gov/pubmed/36978352
https://doi.org/10.3390/microorganisms13010037

Polymers 2025, 17, 3139 67 of 78

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Sateriale, D.; Forgione, G.; De Cristofaro, G.A.; Continisio, L.; Pagliuca, C.; Colicchio, R.; Salvatore, P.; Paolucci, M.; Pagliarulo, C.
Eco-Friendly Sanitization of Indoor Environments: Effectiveness of Thyme Essential Oil in Controlling Bioaerosol Levels and
Disinfecting Surfaces. BioTech 2024, 13, 12. [CrossRef] [PubMed]

Ozen, 1.; Demir, A.; Bahtiyari, M.Ii,; Wang, X.; Nilghaz, A.; Wu, P; Shirvanimoghaddam, K.; Naebe, M. Multifaceted applications
of thymol/carvacrol-containing polymeric fibrous structures. Adv. Ind. Eng. Polym. Res. 2024, 7, 182-200. [CrossRef]
Giotopoulou, I.; Stamatis, H.; Barkoula, N.-M. Encapsulation of Thymol in Ethyl Cellulose-Based Microspheres and Evaluation of
Its Sustained Release for Food Applications. Polymers 2024, 16, 3396. [CrossRef]

Haro-Gonzalez, ].N.; Castillo-Herrera, G.A.; Martinez-Veldzquez, M.; Espinosa-Andrews, H. Clove Essential Oil (Syzygium
aromaticum L. Myrtaceae): Extraction, Chemical Composition, Food Applications, and Essential Bioactivity for Human Health.
Molecules 2021, 26, 6387. [CrossRef]

Sharma, H.; Mendiratta, S.K.; Agarwal, R.K.; Gurunathan, K. Bio-preservative effect of blends of essential oils: Natural anti-
oxidant and anti-microbial agents for the shelf life enhancement of emulsion based chicken sausages. J. Food Sci. Technol. 2020, 57,
3040-3050. [CrossRef]

Liang, L.; Su, Q.; Ma, Y,; Zhao, S.; Zhang, H.; Gao, X. Research progress on the polysaccharide extraction and antibacterial activity.
Ann. Microbiol. 2024, 74, 17. [CrossRef]

Chiappini, V.; Conti, C.; Astolfi, M.L.; Girelli, A.M. Characteristic study of Candida rugosa lipase immobilized on lignocellulosic
wastes: Effect of support material. Bioprocess Biosyst. Eng. 2025, 48, 103-120. [CrossRef] [PubMed]

Liu, Y.; Wang, J.; Sun, Z. Aromatic Biobased Polymeric Materials Using Plant Polyphenols as Sustainable Alternative Raw
Materials: A Review. Polymers 2024, 16, 2752. [CrossRef]

Zhan, K,; Ji, X.; Luo, L. Recent progress in research on Momordica charantia polysaccharides: Extraction, purification, structural
characteristics and bioactivities. Chem. Biol. Technol. Agric. 2023, 10, 58. [CrossRef]

Zheng, ].; Shang, M.; Dai, G.; Dong, J.; Wang, Y.; Duan, B. Bioactive polysaccharides from Momordica charantia as functional
ingredients: A review of their extraction, bioactivities, structural-activity relationships, and application prospects. Crit. Rev. Food
Sci. Nutr. 2023, 64, 12103-12126. [CrossRef]

Liu, J.; Lei, Y.; Guo, M.; Wang, L. Research Progress on the Hypoglycemic Effects and Mechanisms of Action of Momordica
charantia polysaccharide. J. Food Biochem. 2023, 8867155. [CrossRef]

Nagarajan, V.; Kizhaeral, S.S.; Subramanian, M.; Rajendran, S.; Ranjan, J. Encapsulation of a volatile biomolecule (hexanal) in
cyclodextrin metal-organic frameworks for slow release and its effect on preservation of mangoes. ACS Food Sci. Technol. 2021, 1,
1936-1944. [CrossRef]

Li, R;; Chen, T,; Pan, X. Metal-organic-framework-based materials for antimicrobial applications. ACS Nano 2021, 15, 3808-3848.
[CrossRef] [PubMed]

Min, T.; Sun, X.; Zhou, L.; Du, H.; Zhu, Z.; Wen, Y. Electrospun pullulan/PVA nanofibers integrated with thymol-loaded
porphyrin metal —organic framework for antibacterial food packaging. Carbohydr. Polym. 2021, 270, 118391. [CrossRef]

Zhang, Y,; Lin, Z.; He, Q.; Deng, Y.; Wei, E; Xu, C.; Fu, L.; Lin, B. Enhanced aqueous stability and long-acting antibacterial of
silver-based MOFs via chitosan-crosslinked for fruit fresh-keeping. Appl. Surf. Sci. 2022, 571, 151351. [CrossRef]

Sultana, A.; Kathuria, A.; Gaikwad, K K. Metal-organic frameworks for active food packaging. A review. Environ. Chem. Lett.
2022, 20, 1479-1495. [CrossRef]

Peng, Y.; Tan, Q.; Huang, H.; Zhu, Q.; Kang, X.; Zhong, C.; Han, B. Customization of functional MOFs by a modular design
strategy for target applications. Chem. Synth. 2022, 2, 15. [CrossRef]

Khan, M.J.; Hafeez, F; Islam, M.R; Zhu, C.; Xianyu, Y. Advanced Antibacterial Packaging for Food Preservation Through
Multifunctional Metal-Organic Framework Nanocomposite. Nano Micro Small 2025, 21, 2501111. [CrossRef] [PubMed]

Lee, C.C,; Fan, H.; Tsopmo, A.; Regenstein, ].M.; Ashaolu, T.J. Plant-based antioxidant peptides: Impact on oxidative stress and
gut microbiota. Criti. Rev. Food Sci. Nutr. 2025, 65, 8006-8029. [CrossRef] [PubMed]

Merenkova, S.; Zinina, O. Effect of Bioactive Packaging Materials Based on Sodium Alginate and Protein Hydrolysates on the
Quality and Safety of Refrigerated Chicken Meat. Polymers 2024, 16, 3430. [CrossRef]

Ngoc, L.T.N.; Moon, J.-Y.; Lee, Y.-C. Insights into Bioactive Peptides in Cosmetics. Cosmetics 2023, 10, 111. [CrossRef]
Renterfa-Ortega, M.; Perea-Flores, M.d.].; Pefia-Barrientos, A.; Barrios-Francisco, R.; Rojas-Candelas, L.E.; Calderé6n-Dominguez,
G. Encapsulation Efficiency of Electrosprayed Glucose Oxidase Capsules: Effect of the Drying Technique. Polymers 2025, 17, 488.
[CrossRef]

Zhang, X.; Tao, L.; Wei, G; Yang, M.; Wang, Z.; Shi, C.; Shi, Y.; Huang, A. Plant-derived rennet: Research progress, novel strategies
for their isolation, identification, mechanism, bioactive peptide generation, and application in cheese manufacturing. Crit. Rev.
Food Sci. Nutr. 2025, 65, 444-456. [CrossRef] [PubMed]

Zhang, F.; Chen, S.; Zhang, J.; Thakur, K.; Battino, M.; Cao, H.; Farag, M.A_; Xiao, J.; Wei, Z. Asparagus saponins: Effective
natural beneficial ingredient in functional foods, from preparation to applications. Crit. Rev. Food Sci. Nutr. 2024, 64, 12284-12302.
[CrossRef] [PubMed]


https://doi.org/10.3390/biotech13020012
https://www.ncbi.nlm.nih.gov/pubmed/38804294
https://doi.org/10.1016/j.aiepr.2023.09.001
https://doi.org/10.3390/polym16233396
https://doi.org/10.3390/molecules26216387
https://doi.org/10.1007/s13197-020-04337-1
https://doi.org/10.1186/s13213-024-01762-x
https://doi.org/10.1007/s00449-024-03096-z
https://www.ncbi.nlm.nih.gov/pubmed/39400575
https://doi.org/10.3390/polym16192752
https://doi.org/10.1186/s40538-023-00433-4
https://doi.org/10.1080/10408398.2023.2248246
https://doi.org/10.1155/2023/8867155
https://doi.org/10.1021/acsfoodscitech.1c00205
https://doi.org/10.1021/acsnano.0c09617
https://www.ncbi.nlm.nih.gov/pubmed/33629585
https://doi.org/10.1016/j.carbpol.2021.118391
https://doi.org/10.1016/j.apsusc.2021.151351
https://doi.org/10.1007/s10311-022-01387-z
https://doi.org/10.20517/cs.2022.15
https://doi.org/10.1002/smll.202501111
https://www.ncbi.nlm.nih.gov/pubmed/40249135
https://doi.org/10.1080/10408398.2025.2490270
https://www.ncbi.nlm.nih.gov/pubmed/40219794
https://doi.org/10.3390/polym16233430
https://doi.org/10.3390/cosmetics10040111
https://doi.org/10.3390/polym17040488
https://doi.org/10.1080/10408398.2023.2275295
https://www.ncbi.nlm.nih.gov/pubmed/37902764
https://doi.org/10.1080/10408398.2023.2249097
https://www.ncbi.nlm.nih.gov/pubmed/37615648

Polymers 2025, 17, 3139 68 of 78

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Gulin-Sarfraz, T.; Kalantzopoulos, G.N.; Haugen, J.-E.; Axelsson, L.; Raanaas Kolstad, H.; Sarfraz, ]. Controlled Release of Volatile
Antimicrobial Compounds from Mesoporous Silica Nanocarriers for Active Food Packaging Applications. Int. J. Mol. Sci. 2022,
23,7032. [CrossRef] [PubMed]

Kumar Pradhan, S.; Vivek, S. Polyphenols in different plant parts of Inula grandiflora collected from two habitats of Uttarakhand
Himalayas. J. Herbs Spices Med. Plants 2023, 29, 199-212. [CrossRef]

Zejli, H.; EL Amrani, B.; Metouekel, A.; Bousseraf, F.Z,; Fitat, A.; Taleb, M.; Abdellaoui, A. Comparative assessment of total
phenolics content and in vitro antioxidant capacity variations of leaf extracts of Origanum grossii and Thymus pallidus. Moroc. J.
Chem. 2024, 12, 361-375.

Mohammed, B.S.; Sanadelaslam, E.; Salwa, I.A.E.; Ahmed, S.J. HPLC-PDA-MS Identification of Phenolic Profile and In Vitro
Antioxidant Activity of Adansonia digitata L. Leaves from Sudan. Moroc. J. Chem. 2024, 12, 221-232.

Siddiqui, T.; Khan, M.U.; Sharma, V.; Gupta, K. Terpenoids in essential oils: Chemistry, classification, and potential impact on
human health and industry. Phytomed. Plus 2024, 4, 100549. [CrossRef]

Del Prado-Audelo, M.L.; Cortés, H.; Caballero-Flordn, H.I.; Gonzalez-Torres, M.; Escutia-Guadarrama, L.; Sergio, A.; Bernal-
Chavez, D.M.; Giraldo-Gomez, D.M.; Leyva-Gémez, G. Therapeutic Applications of Terpenes on Inflammatory Diseases. Front.
Pharmacol. Sec. Neuropharmacol. 2021, 12, 704197. [CrossRef] [PubMed]

Motdoch, J.; Agacka-Moldoch, M.; J6zwiak, G.; Wojtunik-Kulesza, K. Biological Activity of Monoterpene-Based Scaffolds:
A Natural Toolbox for Drug Discovery. Molecules 2025, 30, 1480. [CrossRef]

Shlosman, K.; Rein, D.M.; Shemesh, R.; Cohen, Y. Lyophilized Emulsions of Thymol and Eugenol Essential Oils Encapsulated in
Cellulose. Polymers 2024, 16, 1422. [CrossRef] [PubMed]

Fayyazbakhsh, A.; Hajinajaf, N.; Bakhtiari, H.; Feuchter, M.; Improta, L; Salehi, E.; Shahsavar, S.K.; Julinova, M.; Ghasemi,
A.; Ghasemi, B.; et al. Eco-friendly additives for biodegradable polyesters: Recent progress in performance optimization and
environmental impact reduction. Sustain. Mater. Technol. 2025, 44, €01395. [CrossRef]

de Souza Vieira, J.; Sales de Oliveira, V.; Junqueira Carneiro, M.; Labre da Silva, T.; Augusta, I.M.; de Carvalho, M.G.; Frankland
Sawaya, A.C.H.; Saldanha, T. Phenolic composition and insights into the use of pink pepper (Schinus terebentifolius Raddi) fruit
against lipid oxidation in food systems. Food Biosci. 2023, 53, 102556. [CrossRef]

Dini, I.; Grumetto, L. Recent Advances in Natural Polyphenol Research. Molecules 2022, 27, 8777. [CrossRef] [PubMed]

Zhu, F. Polysaccharide based films and coatings for food packaging: Effect of added polyphenols. Food Chem. 2021, 359, 129871.
[CrossRef] [PubMed]

Zagoskina, N.V.; Zubova, M.Y.; Nechaeva, T.L.; Kazantseva, V.V.; Goncharuk, E.A.; Katanskaya, V.M.; Baranova, E.N.; Aksenova,
M.A. Polyphenols in Plants: Structure, Biosynthesis, Abiotic Stress Regulation, and Practical Applications. Int. ]. Mol. Sci. 2023,
24, 13874. [CrossRef]

Rangaraj, V.M.; Rambabu, K.; Banat, F.; Mittal, V. Natural antioxidants-based edible active food packaging: An overview of
current advancements. Food Biosci. 2021, 43, 101251. [CrossRef]

Mihaylova, D.; Dimitrova-Dimova, M.; Popova, A. Dietary Phenolic Compounds-Wellbeing and Perspective Applications. Int. ].
Mol. Sci. 2024, 25, 4769. [CrossRef]

Mutha, R.E.; Tatiya, A.U.; Surana, S.J. Flavonoids as natural phenolic compounds and their role in therapeutics: An overview.
Future J. Pharm. Sci. 2021, 7, 25. [CrossRef] [PubMed]

Céceres-Jiménez, S.; Ordéiiez-Diaz, J.L.; Moreno-Rojas, ].M.; Pereira-Caro, G. 9—Bioaccesibility and bioavailability of marine
polyphenols. In Marine Phenolic Compounds. Science and Engineering; Elsevier: Amsterdam, The Netherlands, 2023; pp. 265-298.
[CrossRef]

de Oliveira, I.; Santos-Buelga, C.; Aquino, Y.; Barros, L.; Heleno, S.A. New frontiers in the exploration of phenolic com-pounds
and other bioactives as natural preservatives. Food Biosci. 2025, 68, 106571. [CrossRef]

Yu, L.; Shi, H. Effect of two mulberry (Morus alba L.) leaf polyphenols on improving the quality of fresh-cut cantaloupe during
storage. Food Control 2021, 121, 107624. [CrossRef]

Zhang, D.; Chen, L.; Cai, J.; Dong, Q.; Din, Z.U.; Hu, Z.Z.; Wang, G.Z.; Ding, W.P; He, J.R.; Cheng, S.-Y. Starch/tea polyphenols
nanofibrous films for food packaging application: From facile construction to enhance mechanical, antioxidant and hydrophobic
properties. Food Chem. 2021, 360, 129922. [CrossRef]

Yang, Y.; Shi, Y,; Cao, X,; Liu, Q; Wang, H., Kong, B. Preparation and functional properties of poly(vinyl alco-
hol)/ethylcellulose/tea polyphenol electrospun nanofibrous films for active packaging material. Food Control 2021, 130, 108331.
[CrossRef]

Zheng, X.; Zhang, X.; Zeng, F. Biological Functions and Health Benefits of Flavonoids in Fruits and Vegetables: A Contemporary
Review. Foods 2025, 14, 155. [CrossRef] [PubMed]

Chandran, G.U.; Kumar, A.A.; Menon, S.K.; Sambhudevan, S.; Shankar, B. The potential role of flavonoids in cellulose-based
biopolymeric food packaging materials for UV radiation protection. Cellulose 2024, 31, 4733-4773. [CrossRef]


https://doi.org/10.3390/ijms23137032
https://www.ncbi.nlm.nih.gov/pubmed/35806038
https://doi.org/10.1080/10496475.2022.2128137
https://doi.org/10.1016/j.phyplu.2024.100549
https://doi.org/10.3389/fphar.2021.704197
https://www.ncbi.nlm.nih.gov/pubmed/34483907
https://doi.org/10.3390/molecules30071480
https://doi.org/10.3390/polym16101422
https://www.ncbi.nlm.nih.gov/pubmed/38794616
https://doi.org/10.1016/j.susmat.2025.e01395
https://doi.org/10.1016/j.fbio.2023.102556
https://doi.org/10.3390/molecules27248777
https://www.ncbi.nlm.nih.gov/pubmed/36557912
https://doi.org/10.1016/j.foodchem.2021.129871
https://www.ncbi.nlm.nih.gov/pubmed/34023728
https://doi.org/10.3390/ijms241813874
https://doi.org/10.1016/j.fbio.2021.101251
https://doi.org/10.3390/ijms25094769
https://doi.org/10.1186/s43094-020-00161-8
https://www.ncbi.nlm.nih.gov/pubmed/33495733
https://doi.org/10.1016/B978-0-12-823589-8.00008-X
https://doi.org/10.1016/j.fbio.2025.106571
https://doi.org/10.1016/j.foodcont.2020.107624
https://doi.org/10.1016/j.foodchem.2021.129922
https://doi.org/10.1016/j.foodcont.2021.108331
https://doi.org/10.3390/foods14020155
https://www.ncbi.nlm.nih.gov/pubmed/39856822
https://doi.org/10.1007/s10570-024-05838-4

Polymers 2025, 17, 3139 69 of 78

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Sharma, R.; Thakur, A. Health Promoting Phytochemicals in Vegetables: A Mini Review Health Promoting Phytochemicals in
Vegetables: A Mini Review. Int. |. Food Ferment. Technol. 2018, 8, 107-117. [CrossRef]

Kim, S.W,; Kim, E.S,; Park, B.J.; Jung, YYW.; Kim, D.H.; Lee, S.]. Polycaprolactone/Anthocyanin-Based Electrospun Volatile Amines
Gas Indicator with Improved Visibility by Varying Bi-Solvent Ratio: A Case of Intelligent Packaging of Mackerel. Foods 2023,
12, 3850. [CrossRef] [PubMed]

Remedio, L.N.; Parada Quinay4d, C. Intelligent Packaging Systems with Anthocyanin: Influence of Different Polymers and Storage
Conditions. Polymers 2024, 16, 2886. [CrossRef] [PubMed]

Oladzadabbasabadi, N.; Nafchia, A.M.; Ghasemlou, M.; Ariffin, F,; Singh, Z.; Al-Hassan, A. Natural anthocyanins: Sources,
extraction, characterization, and suitability for smart packaging. Food Packag. Shelf Life 2022, 33, 100872. [CrossRef]

Gengdag, E.; Ozdemir, E.E.; Demirci, K.; Gorglig, A.; Yilmaz, EM. Copigmentation and stabilization of anthocyanins using organic
molecules and encapsulation techniques. Curr. Plant Biol. 2022, 29, 100238. [CrossRef]

Pirayesh, H.; Park, B.D.; Khanjanzadeh, H.; Park, H.-J.; Cho, Y.-J. Cellulosic material-based colorimetric films and hydrogels as
food freshness indicators. Cellulose 2023, 30, 2791-2825. [CrossRef]

Ma, Y.; Wen, L.; Liu, Y;; Du, P; Hu, P;; Cao, J.; Wang, W. Chitosan-Enhanced pH-Sensitive Anthocyanin Indicator Film for the
Accurate Monitoring of Mutton Freshness. Polymers 2024, 16, 849. [CrossRef] [PubMed]

Khameneh, B.; Iranshahy, M.; Soheili, V.; Fazly Bazzaz, B.S. Review on plant antimicrobials: A mechanistic viewpoint. Antimicrob.
Resist. Infect. Control 2019, 8, 118. [CrossRef]

Flores-Morales, V.; Villasana-Ruiz, A.P.; Garza-Veloz, 1.; Gonzalez-Delgado, S.; Martinez-Fierro, M.L. Therapeutic Effects of
Coumarins with Different Substitution Patterns. Molecules 2023, 28, 2413. [CrossRef]

Sharifi-Rad, J.; Cruz-Martins, N.; Lépez-Jornet, P.; Pons-Fuster Lopez, E.; Harun, N.; Yeskaliyeva, B.; Beyatli, A.; Sytar, O,;
Shaheen, S.; Sharopov, F; et al. Natural Coumarins: Exploring the Pharmacological Complexity and Underlying Molecular
Mechanisms. Oxidative Med. Cell. Longev. 2021, 2021, 6492346. [CrossRef] [PubMed]

Das, A K,; Islam, M.N.; Faruk, M.O.; Ashaduzzaman, M.; Dungani, R. Review on tannins: Extraction processes, applications and
possibilities. S. Afr. ]. Bot. 2020, 135, 58-70. [CrossRef]

Fraga-Corral, M.; Garcia-Oliveira, P.; Pereira, A.G.; Lourengo-Lopes, C.; Jimenez-Lopez, C.; Prieto, M.A.; Simal-Gandara, J.
Technological Application of Tannin-Based Extracts. Molecules 2020, 25, 614. [CrossRef] [PubMed]

Mateo, S.; Fabbrizi, G.; Moya, A.J. Lignin from Plant-Based Agro-Industrial Biowastes: From Extraction to Sustainable Applica-
tions. Polymers 2025, 17, 952. [CrossRef]

Vasile, C.; Baican, M. Lignins as Promising Renewable Biopolymers and Bioactive Compounds for High-Performance Materials.
Polymers 2023, 15, 3177. [CrossRef]

Dumitriu, R.P; Stoleru, E.; Mitchell, G.R; Vasile, C.; Brebu, M. Bioactive Electrospun Fibers of Poly(epsilon-Caprolactone)
Incorporating alpha-Tocopherol for Food Packaging Applications. Molecules 2021, 26, 5498. [CrossRef] [PubMed]

Janani, N.; Zare, E.N.; Salimi, F.; Makvandi, P. Antibacterial tragacanth gum-based nanocomposite films carrying ascorbic acid
antioxidant for bioactive food packaging. Carbohydr. Polym. 2020, 247, 116678. [CrossRef]

Hapsari, A.R.; Roto, R.; Siswanta, D. Release of alpha-tocopherol from chitosan/pectin polyelectrolyte complex film into fatty
food simulant for the design of antioxidant active food package. J. Teknol. 2020, 82, 43—49. [CrossRef]

Deshmukh, R.K.; Gaikwad, K.K. Natural antimicrobial and antioxidant compounds for active food packaging applications.
Biomass Convers. Biorefinery 2024, 14, 4419-4440. [CrossRef]

Saini, R.K.; Prasad, P; Lokesh, V.; Shang, X.; Shin, J.; Keum, Y.-S.; Lee, ].H. Carotenoids: Dietary Sources, Extraction, Encapsulation,
Bioavailability, and Health Benefits. A Review of Recent Advancements. Antioxidants 2022, 11, 795. [CrossRef]

Bruni, G.P; de Oliveira, J.P.; Gdmez-Mascaraque, L.G.; Fabra, M.].; Martins, V.G.; Zavareze, E.R.; Lépez-Rubio, A. Electrospun
[-carotene-loaded SPI:PVA fiber mats produced by emulsion-electrospinning as bioactive coatings for food packaging. Food
Packag. Shelf Life 2020, 23, 100426. [CrossRef]

Pavon-Pérez, J.; Vallejos-Almirall, A.; Agurto-Mufioz, C.; Galarce-Bustos, O. Sustainable approaches for the study of alkaloids
from plants using supercritical fluid-based processes. Green Chem. 2022, 24, 9450-9474. [CrossRef]

Muiioz, L].; Schilman, PE.; Barrozo, R.B. Impact of alkaloids in food consumption, metabolism and survival in a blood-sucking
insects. Sci. Rep. 2020, 10, 9443. [CrossRef] [PubMed]

Nabi-Afjadi, M.; Heydari, M.; Zalpoor, H.; Arman, I.; Sadoughi, A.; Sahami, P.; Aghazadeh, S. Lectins and lectibodies: Potential
promising antiviral agents. Cell. Mol. Biol. Lett. 2022, 27, 37. [CrossRef]

Mercer, D.K.; Torres, M.D.; Duay, S.S.; Lovie, E.; Simpson, L.; von Kockritz-Blickwede, M.; De la Fuente-Nunez, C.; O'Neil, D.A;
Angeles-Boza, A.M. Antimicrobial susceptibility testing of antimicrobial peptides to better predict efficacy. Front. Cell. Infect.
Microbiol. 2020, 10, 326. [CrossRef]

Banasaz, S.; Ferraro, V. Keratin from animal by-products: Structure, characterization, extraction and application—A Review.
Polymers 2024, 16, 1999. [CrossRef]


https://doi.org/10.30954/2277-9396.02.2018.1
https://doi.org/10.3390/foods12203850
https://www.ncbi.nlm.nih.gov/pubmed/37893742
https://doi.org/10.3390/polym16202886
https://www.ncbi.nlm.nih.gov/pubmed/39458714
https://doi.org/10.1016/j.fpsl.2022.100872
https://doi.org/10.1016/j.cpb.2022.100238
https://doi.org/10.1007/s10570-023-05057-3
https://doi.org/10.3390/polym16060849
https://www.ncbi.nlm.nih.gov/pubmed/38543454
https://doi.org/10.1186/s13756-019-0559-6
https://doi.org/10.3390/molecules28052413
https://doi.org/10.1155/2021/6492346
https://www.ncbi.nlm.nih.gov/pubmed/34531939
https://doi.org/10.1016/j.sajb.2020.08.008
https://doi.org/10.3390/molecules25030614
https://www.ncbi.nlm.nih.gov/pubmed/32019231
https://doi.org/10.3390/polym17070952
https://doi.org/10.3390/polym15153177
https://doi.org/10.3390/molecules26185498
https://www.ncbi.nlm.nih.gov/pubmed/34576969
https://doi.org/10.1016/j.carbpol.2020.116678
https://doi.org/10.11113/jt.v82.13930
https://doi.org/10.1007/s13399-022-02623-w
https://doi.org/10.3390/antiox11040795
https://doi.org/10.1016/j.fpsl.2019.100426
https://doi.org/10.1039/D2GC01916G
https://doi.org/10.1038/s41598-020-65932-y
https://www.ncbi.nlm.nih.gov/pubmed/32523008
https://doi.org/10.1186/s11658-022-00338-4
https://doi.org/10.3389/fcimb.2020.00326
https://doi.org/10.3390/polym16141999

Polymers 2025, 17, 3139 70 of 78

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Yaman, M.; Balta, M.E; Karakaya, O.; Kaya, T.; Necas, T.; Yildiz, E.; Dirim, E. Assessment of Fatty Acid Composition, Bioactive
Compounds, and Mineral Composition in Hazelnut Genetic Resources: Implications for Nutritional Value and Breeding Programs.
Horticulturae 2023, 9, 1008. [CrossRef]

Luzai¢, T.; Kravi¢, S.; Stojanovi¢, Z.; Grahovac, N.; Jocié, S.; Cveji¢, S.; Pezo, L.; Romani¢, R. Investigation of oxidative characteris-
tics, fatty acid composition and bioactive compounds content in cold pressed oils of sunflower grown in Serbia and Argentina.
Heliyon 2023, 9, €18201. [CrossRef] [PubMed]

Edayadulla, N.; Divakaran, D.; Sundari, C.S.; Malinee, S.; Indran, S.; Sanjay, M.R.; Suchartet, S. Suitability study of novel
bio-plasticizer from Agave sisalana leaf for biofilm applications: A biomass to biomaterial approach. Biomass Convers. Biorefin.
2024, 14, 19675-19691. [CrossRef]

Guo, Z.; Li, X. eBook: A Practical Guide to Nanoparticle Characterization by Light Scattering Techniques; Bettersize Instruments Ltd.:
Dandong, China, Last Update 10/2025; Available online: https:/ /www.bettersizeinstruments.com (accessed on 20 August 2025).
Pachaiappan, R.; Rajendran, S.; Show, P.L.; Manavalan, K.; Naushad, M. Metal/metal oxide nanocomposites for bactericidal
effect: A review. Chemosphere 2021, 272, 128607. [CrossRef] [PubMed]

Perera, K.Y.; Hopkins, M.; Jaiswal, A.K.; Jaiswal, S. Nanoclays-containing bio-based packaging materials: Properties, applications,
safety, and regulatory issues. |. Nanostruct. Chem. 2024, 14, 71-93. [CrossRef]

Mamudu, U.; Kabyshev, A.; Bekmyrza, K.; Kuterbekov, K.A.; Baratova, A.; Omeiza, L.A.; Lim, R.C. Extraction, Preparation and
Characterization of Nanocrystalline Cellulose from Lignocellulosic Simpor Leaf Residue. Molecules 2025, 30, 1622. [CrossRef]
Oh, C.Y,; Henderson, E.R. In vitro transcription of self-assembling DNA nanoparticles. Sci. Rep. 2023, 13, 12961. [CrossRef]
[PubMed]

Ahmad Tarmizi, A.S.; Othman, M.B.H.; Abdullah Sani, M.S.; Rafiae, N.N.; Rostan, N.R.; Mohamad Ibrahim, M.N. Conventional
Blending Chitosan Lignin Nanocomposites Hydrogel (CsLNPs) for food coating application. Halalsphere 2025, 5, 15-23. [CrossRef]
Sharma, N.; Yaqoob, M.; Singh, P.; Kaur, G.; Aggarwal, P. Nanoencapsulation of Bioactive Compounds. Chapter 9. In Nanotechnol-
ogy Horizons in Food Process Engineering, Volume 3, Trends, Nanomaterials, and Food Delivery; Goyal, M.R., Mishra, S.K., Kumar, S.,
Eds.; AAP, CRC Press (Taylor & Francis Group): Palm Bay, FL, USA, 2023; pp. 285-462, ISBN 9781774910986.
Mohammadinejad, R.; Karimi, S.; Iravani, S.; Varma, R.S. Plant-derived nanostructures: Types and applications. Green Chem. 2016,
18, 20-52. [CrossRef]

Jantan, I.; Norahmad, N.A.; Yuandani, M.A.H.; Mohamed-Hussein, Z.A.; Mohd Abd Razak, M.R.; Mohamed, A.ES.; Lam,
K.W.,; Ibrahim, S. Inhibitory effect of food-functioned phytochemicals on dysregulated inflammatory pathways triggered by
SARS-CoV-2: A mechanistic review. Crit. Rev. Food Sci. Nutr. 2024, 65, 2405-2430. [CrossRef]

Carvalho, A.P.A.; Conte-Junior, C.A. Recent Advances on Nanomaterials to COVID-19 Management: A Systematic Review on
Antiviral/Virucidal Agents and Mechanisms of SARS-CoV-2 Inhibition/Inactivation. Glob. Health Ongoing Chall. 2021, 5, 2000115.
[CrossRef]

Greenwood, M. Trends in Nanobiomaterials. Available online: https://www.azonano.com/article.aspx?ArticleID=6385&utm_
source=azonetwork_newsletter&utm_medium=email&utm_campaign=nanoparticles_and_colloids_newsletter_4_april_2023 (ac-
cessed on 21 August 2025).

Malik, S.; Khan, A.; Ali, N.; Rahdar, A.; Yasin, G.; Hussain, S.; Bilal, M. Natural polymer-based nanostructures and their
applications. In Smart Polymer Nanocomposites: Design, Synthesis, Functionalization, Properties, and Applications. Part 11I: Applications
of Polymer Nanostructures and Polymer Nanocomposites; Ali, N., Khan, A., Gupta, R.K,, Bilal, M., Nguyen, T.A., Eds.; Elsevier Inc.:
Amsterdam, The Netherlands, 2023; Chapter 24; pp. 529-541.

Geszke-Moritz, M.; Moritz, M. Biodegradable Polymeric Nanoparticle-Based Drug Delivery Systems: Comprehensive Overview,
Perspectives and Challenges. Polymers 2024, 16, 2536. [CrossRef]

Terea, H.; Rebiai, A.; Selloum, D.; Tedjani, M.L. Cellulose/ZnO nanoparticles (CNC/ZnO NPs): Synthesis, characterization, and
evaluation of their antibacterial and antifungal activities. Cellulose 2024, 31, 5027-5042. [CrossRef]

Zulkarnain, N.N.; Abd Rahman, N.; Othman, A.R.; Md Saleh, N.; Mohd Alj, J.; Shukor, H.; Mohd Said, M.; Wan Zaki,
W.R. Characterization and antibacterial activity of bacterial cellulose impregnated with Moringa oleifera leaf extract and silver
nanoparticles. Cellulose 2024, 31, 5213-5227. [CrossRef]

Parker, R M.; Parton, T.G.; Chan, C.L.C.; Bay, M.M.; Frka-Petesic, B.; Vignolini, S. Bioinspired Photonic Materials from Cellulose:
Fabrication, Optical Analysis, and Applications. Acc. Mater. Res. 2023, 4, 522-535. [CrossRef] [PubMed]

Maskur, M.; Prihanto, A.A.; Firdaus, M.; Kobun, R.; Nurdiani, R. Review of the potential of bioactive compounds in
seaweed to reduce histamine formation in fish and fish products. Ital. ]. Food Saf. 2025, 14, 12994. Available online:
https:/ /www.pagepressjournals.org/ijfs /article /view /12994 (accessed on 21 August 2025). [CrossRef]

Ratu, R.N.; Velescu, L.D,; Stoica, E,; Usturoi, A.; Arsenoaia, V.N.; Crivei, I.C.; Postolache, A.N.; Lipsa, ED.; Filipov, E; Florea, A.M,;
et al. Application of Agri-Food By-Products in the Food Industry. Agriculture 2023, 13, 1559. [CrossRef]


https://doi.org/10.3390/horticulturae9091008
https://doi.org/10.1016/j.heliyon.2023.e18201
https://www.ncbi.nlm.nih.gov/pubmed/37519709
https://doi.org/10.1007/s13399-023-04172-2
https://www.bettersizeinstruments.com
https://doi.org/10.1016/j.chemosphere.2020.128607
https://www.ncbi.nlm.nih.gov/pubmed/33097236
https://doi.org/10.1007/s40097-023-00525-5
https://doi.org/10.3390/molecules30071622
https://doi.org/10.1038/s41598-023-39777-0
https://www.ncbi.nlm.nih.gov/pubmed/37563161
https://doi.org/10.31436/hs.v5i1.119
https://doi.org/10.1039/C5GC01403D
https://doi.org/10.1080/10408398.2024.2341266
https://doi.org/10.1002/gch2.202000115
https://www.azonano.com/article.aspx?ArticleID=6385&utm_source=azonetwork_newsletter&utm_medium=email&utm_campaign=nanoparticles_and_colloids_newsletter_4_april_2023
https://www.azonano.com/article.aspx?ArticleID=6385&utm_source=azonetwork_newsletter&utm_medium=email&utm_campaign=nanoparticles_and_colloids_newsletter_4_april_2023
https://doi.org/10.3390/polym16172536
https://doi.org/10.1007/s10570-024-05912-x
https://doi.org/10.1007/s10570-024-05922-9
https://doi.org/10.1021/accountsmr.3c00019
https://www.ncbi.nlm.nih.gov/pubmed/37383657
https://www.pagepressjournals.org/ijfs/article/view/12994
https://doi.org/10.4081/ijfs.2025.12994
https://doi.org/10.3390/agriculture13081559

Polymers 2025, 17, 3139 71 of 78

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Bala, S.; Garg, D.; Sridhar, K.; Inbaraj, B.S.; Singh, R.; Kamma, S.; Tripathi, M.; Sharma, M. Transformation of Agro-Waste into
Value-Added Bioproducts and Bioactive Compounds: Micro/Nano Formulations and Application in the Agri-Food-Pharma
Sector. Bioengineering 2023, 10, 152. [CrossRef]

Yadav, S.; Malik, K.; Moore, ].M.; Kamboj, B.R.; Malik, S.; Malik, V.K,; Arya, S.; Singh, K.; Mahanta, S.; Bishnoi, D.K. Valorisation
of Agri-Food Waste for Bioactive Compounds: Recent Trends and Future Sustainable Challenges. Molecules 2024, 29, 2055.
[CrossRef] [PubMed]

Duguma, H.T.; Khule, P.; McArdle, A.; Fennell, K.; Almenar, E. Turning agricultural waste into packages for food: A literature
review from origin to end-of-life. Food Packag. Shelf Life 2023, 40, 101166. [CrossRef]

Vadivel, D.; Ferraro, F; Dondi, D. Harnessing Biomass for a Sustainable Future: The Role of Starch and Lignin. Catalysts 2024,
14, 747. [CrossRef]

Culqui-Arce, C.; Mori-Mestanza, D.; Ferndndez-Jeri, A.B.; Cruzalegui, R.J.; Mori Zabarburt, R.C.; Vergara, A.].; Cayo-Colca, I.S,;
da Silva, J.G.; Araujo, N.M.P,; Castro-Alayo, E.M.; et al. Polymers Derived from Agro-Industrial Waste in the Development of
Bioactive Films in Food. Polymers 2025, 17, 408. [CrossRef]

Forgione, G.; De Cristofaro, G.A; Sateriale, D.; Pagliuca, C.; Colicchio, R.; Salvatore, P.; Paolucci, M.; Pagliarulo, C. Pomegranate
Peel and Olive Leaf Extracts to Optimize the Preservation of Fresh Meat: Natural Food Additives to Extend Shelf-Life. Microor-
ganisms 2024, 12, 1303. [CrossRef]

Guerrero-Solano, J.A.; Bautista, M.; Espinosa-Juarez, J.V.; Moreno-Rocha, L.A.; Betanzos-Cabrera, G.; Salantd, L.C.; De la O
Arciniega, M.; Olvera-Hernandez, E.G.; Jaramillo-Morales, O.A. Differential Antinociceptive Efficacy of Peel Extracts and
Lyophilized Juices of Three Varieties of Mexican Pomegranate (Punica granatum L.) in the Formalin Test. Plants 2023, 12, 131.
[CrossRef]

Wijaya, C.H.; Nuraida, L.; Nuramalia, D.R.; Hardanti, S.; Swiader, K. Oncom: A Nutritive Functional Fermented Food Made from
Food Process Solid Residue. Appl. Sci. 2024, 14, 10702. [CrossRef]

Basta, A.H.; Lotfy, V.E. The synergistic route for enhancing rice by-product derived nanoparticles in sustained release of bioactive
compound. Cellulose 2023, 30, 11473-11491. [CrossRef]

Phiri, R.; Rangappa, S.M.; Siengchin, S. Agro-waste for renewable and sustainable green production: A review. J. Clean. Prod.
2023, 434, 139989. [CrossRef]

Zainul, R.; Albadn, Y.M.; Yahya, E.B.; Manoharadas, S.; Saharudin, N.I.; Abdul Khalil, H.P.S.; Khan, M.R.; Jaber, M. Eco-friendly
approach for nanocellulose isolation from agricultural wastes and the fabrication of bioaerogel scaffolds. Express Polym. Lett.
2024, 18, 359-370. [CrossRef]

Sorrenti, V.; Buro, I.; Consoli, V.; Vanella, L. Recent Advances in Health Benefits of Bioactive Compounds from Food Wastes and
By-Products: Biochemical Aspects. Int. |. Mol. Sci. 2023, 24, 2019. [CrossRef] [PubMed]

Kossalbayev, B.D.; Belkozhayev, A.M.; Abaildayev, A.; Kadirshe, D.K.; Tastambek, K.T.; Kurmanbek, A.; Toleutay, G. Biodegrad-
able Packaging from Agricultural Wastes: A Comprehensive Review of Processing Techniques, Material Properties, and Future
Prospects. Polymers 2025, 17, 2224. [CrossRef] [PubMed]

Carnaval, L.S.C.; Jaiswal, A.K,; Jaiswal, S. Agro-Food Waste Valorization for Sustainable Bio-Based Packaging. J. Compos. Sci.
2024, 8, 41. [CrossRef]

Yang, W.; Zheng, Z.; Shi, Y.; Reynolds, A.G.; Duan, C.; Lan, Y. Volatile phenols in wine: Overview of origin, formation, analysis,
and sensory expression. Crit. Rev. Food Sci. Nutr. 2024, 65, 3001-3026. [CrossRef]

Chia, M.R.; Phang, S.-W.; Razali, N.S.M.; Ahmad, I. Approach towards sustainable circular economy: Waste biorefinery for the
production of cellulose nanocrystals. Cellulose 2024, 31, 3377-3420. [CrossRef]

Puglia, D.; Luzi, E; Tolisano, C.; Rallini, M.; Priolo, D.; Brienza, M.; Costantino, F.; Torre, L.; Del Buono, D. Cellulose Nanocrystals
and Lignin Nanoparticles Extraction from Lemna minor L.: Acid Hydrolysis of Bleached and Ionic Liquid-Treated Biomass.
Polymers 2024, 16, 1395. [CrossRef]

Machado, B.; Costa, S.M.; Costa, I.; Fangueiro, R.; Ferreira, D.P. The potential of algae as a source of cellulose and its derivatives
for biomedical applications. Cellulose 2024, 31, 3353-3376. [CrossRef]

Visco, A.; Scolaro, C.; Facchin, M.; Brahimi, S.; Belhamdi, H.; Gatto, V.; Beghetto, V. Agri-Food Wastes for Bioplastics: European
Prospective on Possible Applications in Their Second Life for a Circular Economy. Polymers 2022, 14, 2752. [CrossRef]

Oliveira, T.C.G.; Caleja, C.; Oliveira, M.B.P.P.; Pereira, E.; Barros, L. Reuse of fruits and vegetables biowaste for sustainable
development of natural ingredients. Food Biosci. 2023, 53, 102711. [CrossRef]

Zuffi, V; Puliga, F.; Mercatante, D.; Rodriguez-Estrada, M.T.; Sanchez-Cortes, S.; Zambonelli, A.; Francioso, O. Conversion of
grape pomace into fungal biomass: A study of Pleurotus cultivation for a sustainable agro-residue management. Chem. Biol.
Technol. Agric. 2025, 12, 22. [CrossRef]

Sateriale, D.; Forgione, G.; Di Rosario, M.; Pagliuca, C.; Colicchio, R.; Salvatore, P.; Paolucci, M.; Pagliarulo, C. Vine-Winery
Byproducts as Precious Resource of Natural Antimicrobials: In Vitro Antibacterial and Antibiofilm Activity of Grape Pomace
Extracts against Foodborne Pathogens. Microorganisms 2024, 12, 437. [CrossRef] [PubMed]


https://doi.org/10.3390/bioengineering10020152
https://doi.org/10.3390/molecules29092055
https://www.ncbi.nlm.nih.gov/pubmed/38731546
https://doi.org/10.1016/j.fpsl.2023.101166
https://doi.org/10.3390/catal14110747
https://doi.org/10.3390/polym17030408
https://doi.org/10.3390/microorganisms12071303
https://doi.org/10.3390/plants12010131
https://doi.org/10.3390/app142210702
https://doi.org/10.1007/s10570-023-05560-7
https://doi.org/10.1016/j.jclepro.2023.139989
https://doi.org/10.3144/expresspolymlett.2024.27
https://doi.org/10.3390/ijms24032019
https://www.ncbi.nlm.nih.gov/pubmed/36768340
https://doi.org/10.3390/polym17162224
https://www.ncbi.nlm.nih.gov/pubmed/40871171
https://doi.org/10.3390/jcs8020041
https://doi.org/10.1080/10408398.2024.2354526
https://doi.org/10.1007/s10570-024-05825-9
https://doi.org/10.3390/polym16101395
https://doi.org/10.1007/s10570-024-05816-w
https://doi.org/10.3390/polym14132752
https://doi.org/10.1016/j.fbio.2023.102711
https://doi.org/10.1186/s40538-025-00739-5
https://doi.org/10.3390/microorganisms12030437
https://www.ncbi.nlm.nih.gov/pubmed/38543488

Polymers 2025, 17, 3139 72 of 78

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Silva, A.; Silva, V,; Igrejas, G.; Gaivao, I.; Aires, A.; Klibi, N.; Dapkevicius, M.L.E.; Valentao, P; Falco, V.; Poeta, P. Valorization of
Winemaking by-Products as a Novel Source of Antibacterial Properties: New Strategies to Fight Antibiotic Resistance. Molecules
2021, 26, 2331. [CrossRef]

Dilucia, E; Lacivita, V.; Conte, A.; Nobile, M.A.D. Sustainable use of fruit and vegetable by-products to enhance food packaging
performance. Food 2020, 9, 857. [CrossRef] [PubMed]

Haris, S.; Zubair Alam, M.; Galiwango, E.; Galiwango, E.; Mohamed, M.M.; Kamal-Eldin, A.; Al-Marzougqi, A.H. Characterization
analysis of date fruit pomace: An underutilized waste bioresource rich in dietary fiber and phenolic antioxidants. Waste Manag.
2023, 163, 34-42. [CrossRef]

Serratos, I.N.; Garcia Torres, J.A.; Mendoza Téllez, J.L.; Silva Roy, D.; Soto Estrada, A.M.; Leyva Lépez, N.E.; Rodriguez Gonzalez,
H.; Le Borgne, S.; Sdnchez-Sanchez, K.L.; Sosa Fonseca, R. Banana Peel Based Cellulose Material for Agriculture and Aquiculture:
Toward Circular Economy. Polymers 2025, 17, 1230. [CrossRef] [PubMed]

Boutaleb, Y.; Zerdoum, R.; Bensid, N.; Abumousa, R.A.; Hattab, Z.; Bououdina, M. Adsorption of Cr(VI) by Mesoporous
Pomegranate Peel Biowaste from Synthetic Wastewater under Dynamic Mode. Water 2022, 14, 3885. [CrossRef]
Somasundaram, R.; Isaac, R.; Divakaran, D.; Suyambulingam, I.; Siengchin, S.; Manavalan, M. Agro-waste of Senna alata (L.) Roxb.
stem: A sustainable biofiber material for lightweight composites and diverse applications. Cellulose 2025, 32, 383-412. [CrossRef]
Vitiello, G.; Venezia, V.; Verrillo, M.; Nuzzo, A.; Houston, J.; Cimino, S.; D’Errico, G.; Aronne, A.; Paduano, L.; Piccolo, A.; et al.
Hybrid humic acid/titanium dioxide nanomaterials as highly effective antimicrobial agents against gram (—) pathogens and
antibiotic contaminants in wastewater. Environ. Res. 2021, 193, 110562. [CrossRef]

Henry, S.; Dhital, S.; Sumer, H.; Butardo, V., Jr. Solid-State Fermentation of Cereal Waste Improves the Bioavailability and Yield of
Bacterial Cellulose Production by a Novacetimonas sp. Isolate. Foods 2024, 13, 3052. [CrossRef]

Pramana, A.; Kurnia, D.; Firmanda, A.; Rossi, E.; Hasnah, N.A.R.; Putri, V.J. Using palm oil residue for food nutrition and quality:
From palm fatty acid distillate to vitamin E toward sustainability. J. Sci. Food Agric. 2025, 105, 4728-4740. [CrossRef]

Santana, J.C.; Gardim, R.B.; Almeida, P.F,; Borini, G.B.; Quispe, A.P.; Llanos, S.A.; Heredia, ].A.; Zamuner, S.; Gamarra, EM.C,;
Farias, T.M.B.; et al. Valorization of chicken feet by-product of the poultry industry: High qualities of gelatin and biofilm from
extraction of collagen. Polymers 2020, 12, 529. [CrossRef]

Pires, A.F,; Marnotes, N.G.; Rubio, O.D.; Garcia, A.C.; Pereira, C.D. Dairy By-Products: A Review on the Valorization of Whey
and Second Cheese Whey. Foods 2021, 10, 1067. [CrossRef]

Chandran, A.J.; Rangappa, S.M.; Suyambulingam, I.; Manik, G.; Siengchin, S. Marine waste as a resource: Developing bio-epoxy
composites for a sustainable future. Mater. Today Sustain. 2024, 27, 100908. [CrossRef]

Zaghbib, I.; Abdullah, J.A.A.; Romero, A. Development of a Multifunctional Chitosan-Based Composite Film from Crab Shell
(Portunus segnis) and Algae (Ulva lactuca) with Enhanced Antioxidant and Antimicrobial Properties for Active Food Packaging.
Foods 2025, 14, 53. [CrossRef] [PubMed]

Yap, X.Y.; Gew, L.T.; Khalid, M.; Yow, Y.-Y. Algae-Based Bioplastic for Packaging: A Decade of Development and Challenges
(2010-2020). J. Polym. Environ. 2023, 31, 833-851. [CrossRef]

Adetunji, A.IL; Erasmus, M. Green Synthesis of Bioplastics from Microalgae: A State-of-the-Art Review. Polymers 2024, 16, 1322.
[CrossRef] [PubMed]

Hofmann, L.C.; Strauss, S.; Shpigel, M.; Guttman, L.; Stengel, D.B.; Rebours, C.; Gjorgovska, N.; Turan, G.; Balina, K.; Zammit, G.;
et al. The green seaweed Ulva: Tomorrow’s “wheat of the sea” in foods, feeds, nutrition, and biomaterials. Crit. Revi. Food Sci.
Nutr. 2024, 65, 3728-3763. [CrossRef] [PubMed]

Cebridn-Lloret, V.; Martinez-Abad, A.; Lépez-Rubio, A.; Martinez-Sanz, M. Sustainable Bio-Based Materials from Minimally
Processed Red Seaweeds: Effect of Composition and Cell Wall Structure. J. Polym. Environ. 2023, 31, 886-899. [CrossRef]

Sarker, N.K.; Kaparaju, P. Advances in Algae-Based Bioplastics: From Strain Engineering and Fermentation to Commercialization
and Sustainability. Fermentation 2025, 11, 574. [CrossRef]

Belkacem, M.; Bousemat, H.; Asmaa, B.; Mustapha, H.B.; Haddou, B. Biological Characteristics of Chitin and Chitosan. In Chitin
and Chitosan; Physical and Chemical Proprities; Ahmed, S., Zeghoud, S., Amor, L.B., Hemmami, H., Eds.; Jenny Stanford Publishing:
Singapore, 2025; Chapter 6. [CrossRef]

Rigogliuso, S.; Campora, S.; Notarbartolo, M.; Ghersi, G. Recovery of Bioactive Compounds from Marine Organisms: Focus on
the Future Perspectives for Pharmacological, Biomedical and Regenerative Medicine Applications of Marine Collagen. Molecules
2023, 28, 1152. [CrossRef]

Pawlowicz, T.; Gabrysiak, K.A.; Wilamowski, K. Investigating the Potential of Polypore Fungi as Eco-Friendly Materials in Food
Industry Applications. Forests 2024, 15, 1230. [CrossRef]

Boufetacha, M.; Gharibi, E.; Benali, M. Optimising Supercritical Carbon Dioxide Extraction of Rosmarinic Acid from Rosmarinus
officinalis L. and Enhancing Yield Through Soxhlet Coupling. Processes 2025, 13, 655. [CrossRef]

BhadangeJitendra, Y.A.; Carpenter, J.; Saharan, V.K. A Comprehensive Review on Advanced Extraction Techniques for Retrieving
Bioactive Components from Natural Sources. ACS Omega 2024, 9, 31274-31297. [CrossRef]


https://doi.org/10.3390/molecules26082331
https://doi.org/10.3390/foods9070857
https://www.ncbi.nlm.nih.gov/pubmed/32630106
https://doi.org/10.1016/j.wasman.2023.03.027
https://doi.org/10.3390/polym17091230
https://www.ncbi.nlm.nih.gov/pubmed/40363020
https://doi.org/10.3390/w14233885
https://doi.org/10.1007/s10570-024-06285-x
https://doi.org/10.1016/j.envres.2020.110562
https://doi.org/10.3390/foods13193052
https://doi.org/10.1002/jsfa.13878
https://doi.org/10.3390/polym12030529
https://doi.org/10.3390/foods10051067
https://doi.org/10.1016/j.mtsust.2024.100908
https://doi.org/10.3390/foods14010053
https://www.ncbi.nlm.nih.gov/pubmed/39796343
https://doi.org/10.1007/s10924-022-02620-0
https://doi.org/10.3390/polym16101322
https://www.ncbi.nlm.nih.gov/pubmed/38794516
https://doi.org/10.1080/10408398.2024.2370489
https://www.ncbi.nlm.nih.gov/pubmed/38979936
https://doi.org/10.1007/s10924-022-02648-2
https://doi.org/10.3390/fermentation11100574
https://doi.org/10.1201/9781003589778-6
https://doi.org/10.3390/molecules28031152
https://doi.org/10.3390/f15071230
https://doi.org/10.3390/pr13030655
https://doi.org/10.1021/acsomega.4c02718

Polymers 2025, 17, 3139 73 of 78

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Mungwari, C.P; King’ondu, C.K.; Sigauke, P.; Obadele, B.A. Conventional and modern techniques for bioactive compounds
recovery from plants: Review. Sci. Afr. 2025, 27, €02509. [CrossRef]

Abdulkareem, M.H. Insights on Extracting Bio-Active Compounds from Plants that Act Against Bacteria (Article Review). Cent.
Asian |. Med. Nat. Sci. 2025, 6, 1-6.

Younes, A.; Karboune, S.; Liu, L.; Andreani, E.S.; Dahman, S. Extraction and Characterization of Cocoa Bean Shell Cell Wall
Polysaccharides. Polymers 2023, 15, 745. [CrossRef]

Mora, M.; Fabregas, E.; Céspedes, F.; Puy, N. Pine bio-oil based biorefinery procedure for the production of antioxidants, acids,
and sugars. Biofuels Bioprod. Biorefin. 2025, 19, 1030-1043. [CrossRef]

Rojas, K.; Verdugo-Molinares, M.G.; Vallejo, A.A. Use of encapsulating polymers of active compounds in the pharmaceutical and
food industry. Food Chem. Adv. 2024, 4, 100619. [CrossRef]

Coelho, S.C,; Tita, O.; Constantinescu, M.A.; Rusu, L.; Tita, M.A. Natural Polymers as Carriers for Encapsulation of Volatile Oils:
Applications and Perspectives in Food Products. Polymers 2024, 16, 1026. [CrossRef]

Klosowska, A.; Wawrzyniczak, A.; Feliczak-Guzik, A. Microencapsulation as a Route for Obtaining Encapsulated Flavors and
Fragrances. Cosmetics 2023, 10, 26. [CrossRef]

Sola, I.; GmiZi¢, D.; Pinteri¢, M.; Tot, A.; Ludwig-Miiller, J. Adjustments of the Phytochemical Profile of Broccoli to Low and High
Growing Temperatures: Implications for the Bioactivity of Its Extracts. Int. . Mol. Sci. 2024, 25, 3677. [CrossRef] [PubMed]
Boostani, S.; Sarabandi, K.; Tarhan, O.; Rezaei, A.; Assadpour, E.; Rostamabadi, H.; Falsafi, S.R.; Tan, C.; Zhang, E,; Jafari,
S.M. Multiple Pickering emulsions stabilized by food-grade particles as innovative delivery systems for bioactive compounds.
Historical Perspective. Adv. Coll. Interf. Sci. 2024, 328, 103174. [CrossRef]

El Kader, A.A.; Hashish, H.A. Encapsulation techniques of food bioproduct. EQypt. J. Chem. 2020, 63, 1881-1909. [CrossRef]

de Almeida, N.T; Pereira, A.L.S.; de Oliveira Barros, M.; Mattos, A.L.A.; Rosa, M.d.F. Enhancing Starch Film Properties Using
Bacterial Nanocellulose-Stabilized Pickering Emulsions. Polymers 2024, 16, 3346. [CrossRef] [PubMed]

Rezaei, A.; Fathi, M.; Jafari, 5.M. Nanoencapsulation of hydrophobic and low-soluble food bioactive compounds within different
nanocarriers. Food Hydrocoll. 2019, 88, 146-162. [CrossRef]

Bazana, M.T.; Franco Codevilla, C.; Ragagnin de Menezes, C. Nanoencapsulation of bioactive compounds: Challenges and
perspectives. Curr. Opin. Food Sci. 2019, 26, 47-56. [CrossRef]

Ali Aboudzadeh, M.; Hamzehlou, S. Low-Energy Emulsification Methods for Encapsulation of Antioxidants. In Emulsion-Based
Encapsulation of Antioxidants Design and Performance; Part of the Book Series: Food Bioactive Ingredients, (FBC); Aboudzadeh, A.,
Ed.; Springer: Berlin, Germany, 2020; Chapter 3; pp. 109-147.

Pimentel-Moral, S.; Verardo, V.; Robert, P.; Segura-Carretero, A.; Martinez-Férez, A. Nanoencapsulation strategies applied
to maximize target delivery of intact polyphenols. In Encapsulations and Nanotechnology in the Agri-Food Industry Volume 2;
Grumezescu, A.M., Ed.; Academic Press: Cambridge, MA, USA, 2016; Chapter 13; pp. 559-595.

McClements, D.J.; Das, A.K.; Dhar, P; Nanda, PK.; Chatterjee, N. Nanoemulsion-Based Technologies for Delivering Natural
Plant-Based Antimicrobials in Foods. Front. Sustain. Food Syst. Sec. Agro-Food Saf. 2021, 5, 643208. [CrossRef]

Tripathi, A.D.; Sharma, R.; Agarwal, A.; Haleem, D.R. Nanoemulsions based edible coatings with potential food applications. Int.
J. Biobased Plast. 2021, 3, 112-125. [CrossRef]

Hussain, S.; Akhter, R.; Maktedar, S.S. Advancements in sustainable food packaging: From eco-friendly materials to innovative
technologies. Sustain. Food Technol. 2024, 2, 1297-1364. [CrossRef]

Csuti, A.; Zheng, B.; Zhou, H. Post pH-driven encapsulation of polyphenols in next-generation foods: Principles, formation and
applications. Crit. Rev. Food Sci. Nutr. 2024, 64, 12892-12906. [CrossRef] [PubMed]

Giinal-Koéroglu, D.; Karabulut, G.; Catalkaya, G.; Capanoglu, E. The Effect of Polyphenol-Loaded Electrospun Fibers in Food
Systems. Food Bioprocess Technol. 2025, 18, 5094-5116. [CrossRef]

Duong, T.H.; Dinh, K.B.; Luu, T.; Chapman, J.; Baji, A.; Truong, V.K. Nanoengineered sustainable antimicrobial packaging:
Integrating essential oils into polymer matrices to combat food waste. Int. J. Food Sci. Technol. 2024, 59, 5887-5901. [CrossRef]
Stanley, J.; John, A.; Pusnik Cregnar, K.; Fras Zemlji¢, L.; Lambropoulou, D.A.; Bikiaris, D.N. Active Agents Incorporated in
Polymeric Substrates to Enhance Antibacterial and Antioxidant Properties in Food Packaging Applications. Macromol 2023, 3,
1-27. [CrossRef]

John, A.; Cresnar, K.P; Bikiaris, D.N.; Zemlji¢, L.F. Colloidal Solutions as Advanced Coatings for Active Packaging Development:
Focus on PLA Systems. Polymers 2023, 15, 273. [CrossRef] [PubMed]

Chelaghema, A.; Durand, N.; Servent, A.; Mamouni, M.; Poucheret, P.; Schorr-Galindo, S.; Fontana, A.; Strub, C. Antifungal and
antimycotoxic activities of 3 essential oils against 3 mycotoxinogenic fungi. Arch. Microbiol. 2022, 204, 504. [CrossRef]

Ashaolu, T].; Karaca, A.C.; Rashidinejad, A.; Jafari, 5.M. Recent advancements in curcumin extraction, chemical /bio-synthesis,
purification, and food applications. Crit. Rev. Food Sci. Nutr. 2025, 65, 2714-2730. [CrossRef]

Jiang, T.; Liao, W.; Charcosset, C. Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation
technologies, bioaccessibility and applications. Food Res. Int. 2020, 132, 109035. [CrossRef]


https://doi.org/10.1016/j.sciaf.2024.e02509
https://doi.org/10.3390/polym15030745
https://doi.org/10.1002/bbb.2762
https://doi.org/10.1016/j.focha.2024.100619
https://doi.org/10.3390/polym16081026
https://doi.org/10.3390/cosmetics10010026
https://doi.org/10.3390/ijms25073677
https://www.ncbi.nlm.nih.gov/pubmed/38612494
https://doi.org/10.1016/j.cis.2024.103174
https://doi.org/10.21608/ejchem.2019.16269.1993
https://doi.org/10.3390/polym16233346
https://www.ncbi.nlm.nih.gov/pubmed/39684090
https://doi.org/10.1016/j.foodhyd.2018.10.003
https://doi.org/10.1016/j.cofs.2019.03.005
https://doi.org/10.3389/fsufs.2021.643208
https://doi.org/10.1080/24759651.2021.1875615
https://doi.org/10.1039/D4FB00084F
https://doi.org/10.1080/10408398.2023.2258214
https://www.ncbi.nlm.nih.gov/pubmed/37722872
https://doi.org/10.1007/s11947-025-03780-2
https://doi.org/10.1111/ijfs.17364
https://doi.org/10.3390/macromol3010001
https://doi.org/10.3390/polym15020273
https://www.ncbi.nlm.nih.gov/pubmed/36679154
https://doi.org/10.1007/s00203-022-03115-1
https://doi.org/10.1080/10408398.2024.2349725
https://doi.org/10.1016/j.foodres.2020.109035

Polymers 2025, 17, 3139 74 of 78

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

Modarres-Gheisari, S.M.M.; Gavagsaz-Ghoachani, R.; Malaki, M.; Safarpour, P.; Zandi, M. Ultrasonic nano-emulsification—A
review. Ultrason. Sonochem. 2019, 52, 88-105. [CrossRef]

Espitia, PJ.; Fuenmayor, C.A.; Otoni, C.G. Nanoemulsions: Synthesis, characterization, and application in bio-based active food
packaging. Compr. Rev. Food Sci. Food Saf. 2019, 18, 264-285. [CrossRef]

Li, S.;Sun,J; Yan, J.; Zhang, S.; Shi, C.; McClements, D.J.; Liu, X.; Liu, F. Development of antibacterial nanoemulsions incorporating
thyme oil: Layer-by-layer self-assembly of whey protein isolate and chitosan hydrochloride. Food Chem. 2021, 339, 128016.
[CrossRef]

Cai, J.; Guo, Y,; Liang, Y.; He, Y. A curcumin sustained-release hydrogel prepared from Pickering emulsions stabilized by modified
amorphous calcium phosphate nanoparticles. Colloid. Polym. Sci. 2024, 302, 781-790. [CrossRef]

Constantino, V.R.L.; Figueiredo, M.P.; Magri, V.R.; Euldlio, D.; Cunha, V.R.R.; Alcantara, A.C.S.; Perotti, G.F. Biomaterials Based
on Organic Polymers and Layered Double Hydroxides Nanocomposites: Drug Delivery and Tissue Engineering. Pharmaceutics
2023, 15, 413. [CrossRef] [PubMed]

Marcello, E.; Chiono, V. Biomaterials-Enhanced Intranasal Delivery of Drugs as a Direct Route for Brain Targeting. Int. J. Mol. Sci.
2023, 24, 3390. [CrossRef] [PubMed]

Zhang, L.; Yu, D.; Regenstein, ].M.; Xia, W.; Dong, J. A comprehensive review on natural bioactive films with controlled release
characteristics and their applications in foods and pharmaceuticals. Trends Food Sci. Technol. 2021, 112, 690-707. [CrossRef]
Mishra, M.K. (Ed.) Handbook of Encapsulation and Controlled Release; Taylor and Francis Group, CRC Press: Boca Raton, FL, USA,
2016; 1455p.

Kawee-ai, A. Advancing Gel Systems with Natural Extracts: Antioxidant, Antimicrobial Applications, and Sustainable Innova-
tions. Gels 2025, 11, 125. [CrossRef]

Bazzaz, S.; Abbasi, A.; Ghotbabad, A.G.; Pourjafar, H.; Hosseini, H. Novel Encapsulation Approaches in the Functional Food
Industry: With a Focus on Probiotic Cells and Bioactive Compounds. Probiotics Antimicrob. Proteins 2025, 17,1132-1170. [CrossRef]
Buljeta, I.; Pichler, A.; Simunovi¢, J.; Kopjar, M. Polysaccharides as Carriers of Polyphenols: Comparison of Freeze Drying and
Spray-Drying as Encapsulation Techniques. Molecules 2022, 27, 5069. [CrossRef]

Barbosa-Nuriez, ].A.; Espinosa-Andrews, H.; Vallejo Cardona, A.A.; Haro-Gonzélez, ].N. Polymer-based encapsulation in food
products: A comprehensive review of applications and advancements. J. Future Foods 2025, 5, 36—49. [CrossRef]

Soto-Madrid, D.; Arrau, F; Zuaiiga, R.N.; Gutiérrez-Cutifio, M.; Matiacevich, S. Development and Characterization of a Natural
Antioxidant Additive in Powder Based on Polyphenols Extracted from Agro-Industrial Wastes (Walnut Green Husk): Effect of
Chickpea Protein Concentration as an Encapsulating Agent during Storage. Polymers 2024, 16, 777. [CrossRef]

Zabot, G.L.; Schaefer Rodrigues, F.; Polano Ody, L.; Vinicius Tres, M.; Herrera, E.; Palacin, H.; Cérdova-Ramos, J.S.; Best, L;
Olivera-Montenegro, L. Encapsulation of Bioactive Compounds for Food and Agricultural Applications. Polymers 2022, 14, 4194.
[CrossRef]

Soltanzadeh, M.; Peighambardoust, S.H.; Ghanbarzadeh, B.; Mohammadi, M.; Lorenzo, ].M. Chitosan nanoparticles as a
promising nanomaterial for encapsulation of pomegranate (Punica granatum L.) peel extract as a natural source of antioxidants.
Nanomaterials 2021, 11, 1439. [CrossRef] [PubMed]

Suja Rani, S.; Latha, C. Nanoencapsulation for Controlled Release of Active Components. In Handbook of Nutraceuticals. Science,
Technology and Engineering; Rajakumari, R., Thomas, S., Eds.; Springer: Cham, Switzerland, 2026.

Parente, ].F,; Sousa, V.I; Marques, ].F,; Forte, M.A; Tavares, C.J. Biodegradable Polymers for Microencapsulation Systems. Adv.
Polym. Technol. 2022, 2022, 4640379. [CrossRef]

Oh, J.Y,; Yang, G.; Choi, E.; Ryu, J.-H. Mesoporous silica nanoparticle-supported nanocarriers with enhanced drug loading,
encapsulation stability, and targeting efficiency. Biomater. Sci. 2022, 6, 1448-1455. [CrossRef] [PubMed]

Zhu, Y; Li, C,; Cui, H,; Lin, L. Encapsulation strategies to enhance the antibacterial properties of essential oils in food system.
Food Control 2021, 123, 107856. [CrossRef]

Xue, J.; Luo, Y. Protein-polysaccharide nanocomplexes as nanocarriers for delivery of curcumin: A comprehensive review on
preparation methods and encapsulation mechanisms. J. Future Foods 2023, 3, 99-114. [CrossRef]

Singh, A.; Goswami, L.; Panda, S.K. Enhancing Encapsulation Efficiency of Bioactive Compounds Through Electrospraying:
A Case Study on Encapsulating Epigallocatechin Gallate. In Basic Protocols in Encapsulation of Food Ingredients. Methods and
Protocols in Food Science; Gomez-Zavaglia, A., Ed.; Humana: New York, NY, USA, 2025. [CrossRef]

Mouro, C.U.; Gouveia, I.C. Engineering electrospun fibers for encapsulation of essential oils. Chapter 6. In Electrospinning and
Electrospraying Encapsulation of Food Bioactive Compounds; Rostamabadi, H., Falsafi, S.R., Luo, Y., Eds.; Academic Press: Amsterdam,
The Netherlands, 2025; Chapter 6; pp. 111-128. [CrossRef]

Khalafi, N.; Gharachorloo, M.; Ganjloo, A.; Yousefi, S. Release kinetics, color stability and antioxidant activity of red cabbage
anthocyanins encapsulated in zein electrospun nanoribbons. J. Food Measur. Charact. Food Meas. 2024, 18, 1363-1371. [CrossRef]
Stoleru, E.; Brebu, M. Stabilization Techniques of Essential Oils by Incorporation into Biodegradable Polymeric Materials for
Food Packaging. Molecules 2021, 26, 6307. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ultsonch.2018.11.005
https://doi.org/10.1111/1541-4337.12405
https://doi.org/10.1016/j.foodchem.2020.128016
https://doi.org/10.1007/s00396-024-05236-z
https://doi.org/10.3390/pharmaceutics15020413
https://www.ncbi.nlm.nih.gov/pubmed/36839735
https://doi.org/10.3390/ijms24043390
https://www.ncbi.nlm.nih.gov/pubmed/36834804
https://doi.org/10.1016/j.tifs.2021.03.053
https://doi.org/10.3390/gels11020125
https://doi.org/10.1007/s12602-024-10364-7
https://doi.org/10.3390/molecules27165069
https://doi.org/10.1016/j.jfutfo.2024.01.003
https://doi.org/10.3390/polym16060777
https://doi.org/10.3390/polym14194194
https://doi.org/10.3390/nano11061439
https://www.ncbi.nlm.nih.gov/pubmed/34072520
https://doi.org/10.1155/2022/4640379
https://doi.org/10.1039/D2BM00010E
https://www.ncbi.nlm.nih.gov/pubmed/35229845
https://doi.org/10.1016/j.foodcont.2020.107856
https://doi.org/10.1016/j.jfutfo.2022.12.002
https://doi.org/10.1007/978-1-0716-4148-4_5
https://doi.org/10.1016/B978-0-443-22228-3.00006-9
https://doi.org/10.1007/s11694-023-02262-3
https://doi.org/10.3390/molecules26206307
https://www.ncbi.nlm.nih.gov/pubmed/34684888

Polymers 2025, 17, 3139 75 of 78

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

Loesch-Zhang, A.; Bellmann, M.; Lachmann, K.; Biesalski, M.; Geissler, A. Plasma Polymerization of Vegetable Oils onto Paper
Substrates of Varying Porosity for Improved Hydrophobicity. Adv. Mater. Interfaces 2024, 11, 2400507. [CrossRef]

Stoleru, E.; Vasile, C.; Irimia, A.; Brebu, M. Towards a Bioactive Food Packaging: Poly(Lactic Acid) Surface Functionalized by
Chitosan Coating Embedding Clove and Argan Oils. Molecules 2021, 26, 4500. [CrossRef]

Dahiya, D.; Terpou, A.; Dasenaki, M.; Nigam, P.S. Current status and future prospects of bioactive molecules delivered through
sustainable encapsulation techniques for food fortification (Review Article). Sustain. Food Technol. 2023, 1, 500-510. [CrossRef]
Dang, Z.; Ma, X.; Yang, Z.; Wen, X.; Zhao, P. Electrospun Nanofiber Scaffolds Loaded with Metal-Based Nanoparticles for Wound
Healing. Polymers 2024, 16, 24. [CrossRef]

Zhang, Y.; Qiu, M.; Yu, Y.; Wen, B.; Cheng, L. A Novel Polyaniline-Coated Bagasse Fiber Composite with Core-Shell Heterostruc-
ture Provides Effective Electromagnetic Shielding Performance. ACS Appl. Mater. Interfaces 2017, 9, 809-818. [CrossRef]

Osman, A.IL; Zhang, Y.; Farghali, M.; Rashwan, A.K,; Eltaweil, A.S.; Abd El-Monaem, E.M.; Mohamed, LM.A.; Badr, M.M,; Thara,
I.; Rooney, D.W.; et al. Synthesis of green nanoparticles for energy, biomedical, environmental, agricultural, and food applications:
A review. Environ. Chem. Lett. 2024, 22, 841-887. [CrossRef]

Salem, S.S.; Fouda, A. Green synthesis of metallic nanoparticles and their prospective biotechnological applications: An Overview.
Biol. Trace Elem. Res. 2021, 199, 344-370. [CrossRef]

Alsaiari, N.S.; Alzahrani, EM.; Amari, A.; Osman, H.; Harharah, H.N.; Elboughdiri, N.; Tahoon, M.A. Plant and Microbial
Approaches as Green Methods for the Synthesis of Nanomaterials: Synthesis, Applications, and Future Perspectives. Molecules
2023, 28, 463. [CrossRef] [PubMed]

Akdasgi, E.; Eker, F.; Duman, H.; Bechelany, M.; Karav, S. Microbial-Based Green Synthesis of Silver Nanoparticles: A Comparative
Review of Bacteria- and Fungi-Mediated Approaches. Int. J. Mol. Sci. 2025, 26, 10163. [CrossRef] [PubMed]

Rami, M.R.; Forouzandehdel, S.; Aalizadeh, F. Enhancing Biodegradable Smart Food Packaging: Fungal-Synthesized Nanoparti-
cles for Stabilizing Biopolymers. Heliyon 2024, 10, €37692. [CrossRef]

Singh, A.; Gautam, PK.; Verma, A.; Singh, V.; Shivapriya, P.M.; Shivalkar, S.; Sahoo, A.K.; Samanta, S.K. Green synthesis of
metallic nanoparticles as effective alternatives to treat antibiotics resistant bacterial infections: A review. Biotechnol. Rep. 2020,
25,e00427. [CrossRef] [PubMed]

Ganeshamoorthy, N.; Shobana, M.K. Influence of phytochemicals with iron oxide nanoparticles for biomedical applications:
A review. Polym. Bull. 2023, 80, 11715-11758. [CrossRef]

Balciunaitiene, A.; Januskevice, V.; Saunoriute, S.; Raubyte, U.; Viskelis, J.; Memvanga, P.B.; Viskelis, P. Antimicrobial Antioxidant
Polymer Films with Green Silver Nanoparticles from Symphyti radix. Polymers 2024, 16, 317. [CrossRef]

Yadav, J.; Chauhan, P. Green synthesis of silver nanoparticles using Citrus X sinensis (Orange) fruit extract and assessment of
their catalytic reduction. Mater. Today Proc. 2022, 62, 6177-6181. [CrossRef]

Michalec, S.; Nieckarz, W.; Klimek, W.; Lange, A.; Matuszewski, A.; Piotrowska, K.; Hotowy, A.; Kunowska-Slésarz, M.;
Sosnowska, M. Green Synthesis of Silver Nanoparticles from Chlorella vulgaris Aqueous Extract and Their Effect on Salmonella
enterica and Chicken Embryo Growth. Molecules 2025, 30, 1521. [CrossRef]

Liagat, N.; Jahan, N.; Khalil-ur-Rahman; Anwar, T.; Qureshi, H. Green synthesized silver nanoparticles: Optimization, char-
acterization, antimicrobial activity, and cytotoxicity study by hemolysis assay. Front. Chem. 2022, 10, 952006. [CrossRef]
[PubMed]

EL Megdar, S.; Fayzi, L.; Elkheloui, R.; Laktib, A.; Bourouache, M.; EL Boulani, A.; Oualid, H.A.; Cherifi, K.; Msanda, F.; Hassi, M.;
et al. Biological Synthesis of Silver Nanoparticles from Lavandula mairei Humbert: Antibacterial and Antioxidant Activities.
Curr. Microbiol. 2024, 81, 151. [CrossRef]

Asadi, Z.; Saki, M.; Khosravi, R.; Amin, M.; Ghaemi, A.; Akrami, S. Green Synthesis of Silver Nanoparticles Using Extracts of
Cocculus Pendulus: Morphology and Antibacterial Efficacy Against Common Nosocomial Pathogens. Indian J. Microbiol. 2024,
64, 1598-1607. [CrossRef]

Tran, M.Q.; Vu, H.T,; Hoang, V.; Luu, T.X.T. Ultrasound accelerated the green and mild preparation of bioactive, coated, and
biosynthesized silver nanoparticles by different leaf extracts. Inorg. Nano-Met. Chem. 2025, 1-9. [CrossRef]

Kurian, S.; Gande, V.V,; Subramaniam, P.; Bauri, R. Synthesis and separation of silver nanoparticles using an aqueous two-phase
system with citrate as reducing agent. J. Nanopart. Res. 2024, 26, 51. [CrossRef]

Dzhagan, V.; Mazur, N.; Smirnov, O.; Yeshchenko, O.; Isaieva, O.; Kovalenko, M.; Vuichyk, M.; Skoryk, M.; Pirko, Y.; Yemets, A;
et al. SERS application of Ag nanoparticles synthesized with aqueous fungi extract. . Nanopart. Res. 2023, 25, 37. [CrossRef]
Shi, Y.; Wang, L.; Song, S.; Liu, M.; Zhang, P.; Zhong, D.; Wang, Y.; Niu, Y.; Xu, Y. Controllable Silver Release for Efficient Treatment
of Drug-Resistant Bacterial-Infected Wounds. ChemBioChem 2024, 25, e202400406. [CrossRef] [PubMed]

Sibuyi, N.R.S.; Thipe, V.C.; Panjtan-Amiri, K.; Meyer, M.; Katti, K.V. Green synthesis of gold nanoparticles using Acai berry
and Elderberry extracts and investigation of their effect on prostate and pancreatic cancer cells. Nanobiomedicine 2021, 8,
1849543521995310. [CrossRef]


https://doi.org/10.1002/admi.202400507
https://doi.org/10.3390/molecules26154500
https://doi.org/10.1039/D3FB00015J
https://doi.org/10.3390/polym16010024
https://doi.org/10.1021/acsami.6b11989
https://doi.org/10.1007/s10311-023-01682-3
https://doi.org/10.1007/s12011-020-02138-3
https://doi.org/10.3390/molecules28010463
https://www.ncbi.nlm.nih.gov/pubmed/36615655
https://doi.org/10.3390/ijms262010163
https://www.ncbi.nlm.nih.gov/pubmed/41155457
https://doi.org/10.1016/j.heliyon.2024.e37692
https://doi.org/10.1016/j.btre.2020.e00427
https://www.ncbi.nlm.nih.gov/pubmed/32055457
https://doi.org/10.1007/s00289-022-04648-7
https://doi.org/10.3390/polym16030317
https://doi.org/10.1016/j.matpr.2022.05.041
https://doi.org/10.3390/molecules30071521
https://doi.org/10.3389/fchem.2022.952006
https://www.ncbi.nlm.nih.gov/pubmed/36105303
https://doi.org/10.1007/s00284-024-03670-4
https://doi.org/10.1007/s12088-023-01187-1
https://doi.org/10.1080/24701556.2025.2473105
https://doi.org/10.1007/s11051-024-05958-9
https://doi.org/10.1007/s11051-023-05683-9
https://doi.org/10.1002/cbic.202400406
https://www.ncbi.nlm.nih.gov/pubmed/38850275
https://doi.org/10.1177/1849543521995310

Polymers 2025, 17, 3139 76 of 78

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

Fan, Y,; Li, N.; Wang, ].; Liao, L.; Wei, J. Green Synthesis of Biocompatible Chiral Gold Nanoparticles. Polymers 2024, 16, 3333.
[CrossRef] [PubMed]

Faizan, M.; Bhat, ].A.; Chen, C.; Alyemeni, M.N.; Wijaya, L.; Ahmad, P; Yu, F. Zinc Oxide Nanoparticles (ZnO-NPs) Induce Salt
Tolerance by Improving the Antioxidant System and Photosynthetic Machinery in Tomato. Plant Physiol. Biochem. 2021, 161,
122-130. [CrossRef] [PubMed]

Huang, C.; Mou, W.; Li, X; Li, Y;; Liu, Y. Study on the antibacterial and antifungal properties of a highly stable zinc oxide
nanofluid. J. Nanopart. Res. 2024, 26, 175. [CrossRef]

Naiel, B.; Fawzy, M.; Halmy, M.W.A.; Mahmoud, A.E.D. Green synthesis of zinc oxide nanoparticles using Sea Lavender
(Limonium pruinosum L. Chaz.) extract: Characterization, evaluation of anti-skin cancer, antimicrobial and antioxidant potentials.
Sci. Rep. 2022, 12, 20370. [CrossRef]

Sachin; Jaishree; Singh, N.; Singh, R.; Shah, K.; Pramanik, B.K. Green synthesis of zinc oxide nanoparticles using lychee peel
and its application in anti-bacterial properties and CR dye removal from wastewater. Chemosphere 2023, 327, 138497. [CrossRef]
[PubMed]

Wu, C.; Zhang, T.; Ji, B.; Chou, Y.; Du, X. Green Synthesis of Zinc Oxide Nanoparticles Using Aloe vera Leaf Extract and
Evaluation of the Antimicrobial and Antioxidant Properties of the ZnO/Regenerated Cellulose Film. Cellulose 2024, 31, 4849-4864.
[CrossRef]

Hamouda, R.; Alharbi, A.A.; Al-Tuwaijri, M.M.; Makharita, R.R. The Antibacterial Activities and Characterizations of Biosyn-
thesized Zinc Oxide Nanoparticles, and Their Coated with Alginate Derived from Fucus vesiculosus. Polymers 2023, 15, 2335.
[CrossRef] [PubMed]

Deka, B.; Baruah, C.; Babu, A.; Kalita, P. Biological and Non-conventional Synthesis of Zinc Oxide Nanoparticles (ZnONPs): Their
Potential Applications. J. Nanotechnol. Nanomater. 2022, 3, 79-89.

Afonso, I.S.; Cardoso, B.; Nobrega, G.; Minas, G.; Ribeiro, J.E.; Lima, R.A. Green synthesis of nanoparticles from olive oil waste
for environmental and health applications: A review. J. Environ. Chem. Eng. 2024, 12, 114022. [CrossRef]

Sani, A.; Hassan, D.; Chanihoon, G.Q.; Melo Méximo, D.V.; Sdnchez-Rodriguez, E.P. Green Chemically Synthesized Iron Oxide
Nanoparticles—Chitosan Coatings for Enhancing Strawberry Shelf-Life. Polymers 2024, 16, 3239. [CrossRef]

Anjum, V.; Dixit, V.; Jha, P.; Potoroko, I. Food products regulations in the European Union. In Global Regulations of Medicinal,
Pharmaceutical, and Food Products; Anjum, V., Dixit, V., Jha, P, Potoroko, I., Eds.; CRC Press: Boca Raton, FL, USA, 2024;
pp. 255-287.

Verma, V.; Al-Dossari, M.; Singh, J.; Rawat, M.; Kordy, M.G.M.; Shaban, M. A Review on Green Synthesis of TiO, NPs:
Photocatalysis and Antimicrobial Applications. Polymers 2022, 14, 1444. [CrossRef]

Déager-Lopez, D.; Chenché, oF Ricaurte-Parraga, R.; Nufiez-Rodriguez, P.; Bajafa, ].M.; Fiallos-Cardenas, M. Advances in the
Production of Sustainable Bacterial Nanocellulose from Banana Leaves. Polymers 2024, 16, 1157. [CrossRef]

Heacock, J.A.; Sun, Y,; Li, Y.V. Mechanical and morphological properties of cellulose nanocrystals extracted from industrial hemp
agro-waste. Cellulose 2024, 31, 10861-10877. [CrossRef]

Lengowski, E.C.; Franco, T.S.; Viana, L.C.; Bonfatti Junior, E.A.; de Muriz, G.I.B. Micro and nanoengineered structures and
compounds: Nanocellulose. Cellulose 2023, 30, 10595-10632. [CrossRef]

Peranidze, K.; Safronova, T.V.; Kildeeva, N.R. Electrospun Nanomaterials Based on Cellulose and Its Derivatives for Cell Cultures:
Recent Developments and Challenges. Polymers 2023, 15, 1174. [CrossRef] [PubMed]

Muthoka, R.M.; Panicker, P.S.; Agumba, D.O.; Kim, J. Polydopamine nanocoating on cellulose nanofiber film and its multifunc-
tional behaviors. Cellulose 2024, 31, 887-906. [CrossRef]

Hozman-Manrique, A.S.; Garcia-Brand, A.J.; Hernandez-Carrion, M.; Porras, A. Isolation and Characterization of Cellulose
Microfibers from Colombian Cocoa Pod Husk via Chemical Treatment with Pressure Effects. Polymers 2023, 15, 664. [CrossRef]

Sreejit, V.; Preetha, R.; Mubeena, S.A.; Dhananjay, S. Green synthesized nano starch: Preparation and emerging avenues in food
industry. J. Nanopart. Res. 2025, 27, 105. [CrossRef]

El-Naggar, N.E.A.; Shiha, A.M.; Mahrous, H.; Abeer Mohammed, A.B. Green synthesis of chitosan nanoparticles, optimization,
characterization and antibacterial efficacy against multi drug resistant biofilm-forming Acinetobacter baumannii. Sci. Rep. 2022,
12,19869. [CrossRef] [PubMed]

Amrish Varshan, G.S.; Karthick Raja Namasivayam, S. A Green Chemistry Principle for the Biotransformation of Fungal Biomass
Derived Chitosan into Versatile Nano Scale Materials with High Biocompatibility and Potential Biological Activities—A Review.
BioNanoScience 2024, 14, 4145-4166. [CrossRef]

Torgbo, S.; Sukyai, P.; Sukatta, U.; Beaumont, M.; Rosenau, T. Efficient extraction of lignin-rich nanofibers from rambutan peel
using a two-step delignification process. Cellulose 2025, 32, 3685-3700. [CrossRef]

Hadi, S.T.; Mohamed, A.M. Green synthesis optimization and characterization of selenium nanoparticles using aqueous extract
of peel bitter orange (Citrus aurantium). Funct. Food Sci. 2025, 5, 238-248. [CrossRef]


https://doi.org/10.3390/polym16233333
https://www.ncbi.nlm.nih.gov/pubmed/39684078
https://doi.org/10.1016/j.plaphy.2021.02.002
https://www.ncbi.nlm.nih.gov/pubmed/33581620
https://doi.org/10.1007/s11051-024-06086-0
https://doi.org/10.1038/s41598-022-24805-2
https://doi.org/10.1016/j.chemosphere.2023.138497
https://www.ncbi.nlm.nih.gov/pubmed/37001759
https://doi.org/10.1007/s10570-024-05914-9
https://doi.org/10.3390/polym15102335
https://www.ncbi.nlm.nih.gov/pubmed/37242910
https://doi.org/10.1016/j.jece.2024.114022
https://doi.org/10.3390/polym16233239
https://doi.org/10.3390/polym14071444
https://doi.org/10.3390/polym16081157
https://doi.org/10.1007/s10570-024-06255-3
https://doi.org/10.1007/s10570-023-05532-x
https://doi.org/10.3390/polym15051174
https://www.ncbi.nlm.nih.gov/pubmed/36904415
https://doi.org/10.1007/s10570-023-05658-y
https://doi.org/10.3390/polym15030664
https://doi.org/10.1007/s11051-025-06285-3
https://doi.org/10.1038/s41598-022-24303-5
https://www.ncbi.nlm.nih.gov/pubmed/36400832
https://doi.org/10.1007/s12668-024-01564-0
https://doi.org/10.1007/s10570-025-06491-1
https://doi.org/10.31989/ffs.v5i6.1648

Polymers 2025, 17, 3139 77 of 78

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

Guo, Y; Qiao, D.; Zhao, S.; Liu, P;; Xie, F.; Zhang, B. Biofunctional chitosan-biopolymer composites for biomedical applications.
Mater. Sci. Eng. R Rep. 2024, 159, 100775. [CrossRef]

Bejenaru, C.; Radu, A.; Segneanu, A.-E.; Bita, A.; Ciocilteu, M.V.; Mogosanu, G.D.; Bradu, I.A.; Vlase, T.; Vlase, G.; Bejenaru,
L.E. Pharmaceutical Applications of Biomass Polymers: Review of Current Research and Perspectives. Polymers 2024, 16, 1182.
[CrossRef]

Boostani, S.; Jafari, S.M. A comprehensive review on the controlled release of encapsulated food ingredients; fundamental
concepts to design and applications. Trends Food Sci. Technol. 2021, 109, 303-321. [CrossRef]

Mahna, A. A review of biomedical applications of low-frequency magnetic fields and nanoparticles (LFMFs/NPs). ]. Nanopart.
Res. 2025, 27, 40. [CrossRef]

Malekjani, N.; Jafari, S.M. Modeling the release of food bioactive ingredients from carriers/nanocarriers by the empirical,
semiempirical, and mechanistic models. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3-47. [CrossRef] [PubMed]

Hou, T.; Ma, S.; Wang, E; Wang, F.; Wang, L. A comprehensive review of intelligent controlled release antimicrobial packaging in
food preservation. Food Sci. Biotechnol. 2023, 32, 1459-1478. [CrossRef]

Akombaetwa, N.; Ilangala, A.B.; Thom, L.; Memvanga, P.B.; Witika, B.A.; Buya, A.B. Current Advances in Lipid Nanosystems
Intended for Topical and Transdermal Drug Delivery Applications. Pharmaceutics 2023, 15, 656. [CrossRef]

Morales-Medina, R.; Drusch, S.; Acevedo, F; Castro-Alvarez, A.; Benie, A.; Poncelet, D.; Dragosavac, M.M.; Defain Tesoriero,
M.V,; Léwenstei, P; Yonaha, V,; et al. Structure, controlled release mechanisms and health benefits of pectins as an encapsulation
material for bioactive food components. Food Funct. 2022, 13, 10870-10881. [CrossRef]

Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release I. Fickian and non-fickian release from non-swellable
devices in the form of slabs, spheres, cylinders or discs. J. Controll. Release 1987, 5, 23-36, 37—42. [CrossRef]

Cid, A.G,; Sonvico, E; Bettini, R.; Colombo, P.; Gonzo, E.; Jimenez-Kairuz, A.F,; Bermtdez, ].M. Evaluation of the Drug Release
Kinetics in Assembled Modular Systems Based on the Dome Matrix Technology. J. Pharm. Sci. 2020, 109, 2819-2826. [CrossRef]
[PubMed]

Somaratne, G.; Ye, A.; Nau, F; Ferrua, M.].; Dupont, D.; Paul Singh, R.; Singh, ]. Role of biochemical and mechanical disintegration
on B-carotene release from steamed and fried sweet potatoes during in vitro gastric digestion. Food Res. Int. 2020, 136, 109481.
[CrossRef]

Siddiqui, S.A.; Singh, S.; Bahmid, N.A.; Mehany, T.; Shyu, D.].H.; Assadpour, E.; Malekjani, N.; Castro-Mufioz, R.; Jafari, S.M.
Release of Encapsulated Bioactive Compounds from Active Packaging/Coating Materials and its Modeling: A Systematic Review.
Colloids Interfaces 2023, 7, 25. [CrossRef]

Djuris, J.; Cvijic, S.; Djekic, L. Model-Informed Drug Development: In Silico Assessment of Drug Bioperformance following Oral
and Percutaneous Administration. Pharmaceuticals 2024, 17, 177. [CrossRef]

Li, Q.; Huang, K.X,; Pan, S.; Su, C.; Bi, J.; Lu, X. Thymol Disrupts Cell Homeostasis and Inhibits the Growth of Staphylococcus
aureus. Contrast Media Mol. Imaging 2022, 22, 8743096. [CrossRef] [PubMed]

Kashyap, R. Exploring the Molecular Mechanisms and Therapeutic Potentials of Essential Oils: A Systems Biology Approach.
Futur. Integr. Med. 2024, 3, 116-131. [CrossRef]

Roy, S.; Sarkhel, S.; Bisht, D.; Hanumantharao, S.N.; Rao, S.; Jaiswal, A. Antimicrobial mechanisms of biomaterials: From macro
to nano. Biomater. Sci. 2022, 10, 4392-4423. [CrossRef]

Yu, L.; Shi, H. Recent advances in anti-adhesion mechanism of natural antimicrobial agents on fresh produce. Curr. Opin. Food Sci.
2021, 42, 8-14. [CrossRef]

Upadhyay, P.; Zubair, M.; Roopesh, M.S; Ullah, A. An Overview of Advanced Antimicrobial Food Packaging: Emphasizing
Antimicrobial Agents and Polymer-Based Films. Polymers 2024, 16, 2007. [CrossRef] [PubMed]

Ovung, A.; Bhattacharyya, J. Viral, Parasitic, Bacterial, and Fungal Infections. Antimicrobial, Host Defense, and Therapeutic
Strategies. In Bacterial Infections: Antimicrobial Mechanism of Action and Bacterial Resistance; Bagchi, D., Das, A., Downs, B.W.,, Eds.;
Academic Press: Cambridge, MA, USA, 2023; Chapter 40; pp. 479-487.

Eshboev, F.; Mamadalieva, N.; Nazarov, P.A.; Hussain, H.; Katanaev, V.; Egamberdieva, D.; Azimova, S. Antimicrobial Action
Mechanisms of Natural Compounds Isolated from Endophytic Microorganisms. Antibiotics 2024, 13, 271. [CrossRef] [PubMed]

Davidova, S.; Galabov, A.S.; Satchanska, G. Antibacterial, Antifungal, Antiviral Activity, and Mechanisms of Action of Plant
Polyphenols. Microorganisms 2024, 12, 2502. [CrossRef] [PubMed]

De Rossi, L.; Rocchetti, G.; Lucini, L.; Rebecchi, A. Antimicrobial Potential of Polyphenols: Mechanisms of Action and Microbial
Responses—A Narrative Review. Antioxidants 2025, 14, 200. [CrossRef]

Pizzo, ].S.; Visentainer, ].V,; da Silva, A.L.B.R; Rodrigues, C. Application of essential oils as sanitizer alternatives on the
postharvest washing of fresh produce. Food Chem. 2023, 407, 135101. [CrossRef]

Pinto, L.; Tapia-Rodriguez, M.R.; Baruzzi, F.; Ayala-Zavala, ].F. Plant Antimicrobials for Food Quality and Safety: Recent Views
and Future Challenges. Foods 2023, 12, 2315. [CrossRef]


https://doi.org/10.1016/j.mser.2024.100775
https://doi.org/10.3390/polym16091182
https://doi.org/10.1016/j.tifs.2021.01.040
https://doi.org/10.1007/s11051-025-06238-w
https://doi.org/10.1111/1541-4337.12660
https://www.ncbi.nlm.nih.gov/pubmed/33443795
https://doi.org/10.1007/s10068-023-01344-8
https://doi.org/10.3390/pharmaceutics15020656
https://doi.org/10.1039/D2FO00350C
https://doi.org/10.1016/0168-3659(87)90034-4
https://doi.org/10.1016/j.xphs.2020.06.006
https://www.ncbi.nlm.nih.gov/pubmed/32534884
https://doi.org/10.1016/j.foodres.2020.109481
https://doi.org/10.3390/colloids7020025
https://doi.org/10.3390/ph17020177
https://doi.org/10.1155/2022/8743096
https://www.ncbi.nlm.nih.gov/pubmed/36034206
https://doi.org/10.14218/FIM.2023.00071
https://doi.org/10.1039/D2BM00472K
https://doi.org/10.1016/j.cofs.2021.01.009
https://doi.org/10.3390/polym16142007
https://www.ncbi.nlm.nih.gov/pubmed/39065324
https://doi.org/10.3390/antibiotics13030271
https://www.ncbi.nlm.nih.gov/pubmed/38534706
https://doi.org/10.3390/microorganisms12122502
https://www.ncbi.nlm.nih.gov/pubmed/39770706
https://doi.org/10.3390/antiox14020200
https://doi.org/10.1016/j.foodchem.2022.135101
https://doi.org/10.3390/foods12122315

Polymers 2025, 17, 3139 78 of 78

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

Ke, C.-L.; Deng, E-S.; Chuang, C.-Y.; Lin, C.-H. Antimicrobial Actions and Applications of Chitosan. Polymers 2021, 13, 904.
[CrossRef] [PubMed]

Pirouz, A.; Papakonstantinou, I.; Michalska, M. Antimicrobial mechanisms of nanopatterned surfaces—A developing story. Front.
Chem. Sec. Nanosci. 2024, 12, 1354755. [CrossRef] [PubMed]

Jiang, H,; Li, L.; Li, Z.; Chu, X. Metal-based nanoparticles in antibacterial application in biomedical field: Current development
and potential mechanisms. Biomed Microdevices 2024, 26, 12. [CrossRef] [PubMed]

Arunachalam, K.; Krishnan, G.P.; Sethuraman, S.; Abraham, S.V.P.I,; Krishnan, S.T.; Venkateswar, A.; Arunkumar, J.; Shi, C.;
Mubarak, A.D. Exploring Possible Ways to Enhance the Potential and Use of Natural Products through Nanotechnology in the
Battle against Biofilms of Foodborne Bacterial Pathogens. Pathogens 2023, 12, 270. [CrossRef]

Yin, I.X.; Zhang, J.; Zhao, LS.; Mei, M.L.; Li, Q.; Chu, C.H. The Antibacterial Mechanism of Silver Nanoparticles and Its
Applicationin Dentistry. Int. ]. Nanomed. 2020, 15, 2555-2562. [CrossRef]

Figueira, F; Barbosa, ].S.; Mendes, R.F.; Braga, S.S.; Paz, F.A. Virus meet metal-organic frameworks: A nanoporous solution to a
world-sized problem? Mater Today 2021, 43, 84-98. [CrossRef]

Basavegowda, N.; Baek, K.-H. Advances in Functional Biopolymer-Based Nanocomposites for Active Food Packaging Applica-
tions. Polymers 2021, 13, 4198. [CrossRef]

Flieger, ].; Flieger, W.; Baj, ].; Maciejewski, R. Antioxidants: Classification, Natural Sources, Activity /Capacity Measurements, and
Usefulness for the Synthesis of Nanoparticles. Materials 2021, 14, 4135. [CrossRef] [PubMed]

Kongolo Kalemba, M.R.; Makhuvele, R.; Njobeh, P.B. Phytochemical screening, antioxidant activity of selected methanolic plant
extracts and their detoxification capabilities against AFB1 toxicity. Heliyon 2024, 10, €24435. [CrossRef]

Nailwal, N.; Bhatia, N.; Ali, A.; Ansari, A ; Raheja, R.; Godad, A.; Doshi, G. Antioxidants obtained from marine sources. In Marine
Antioxidants Preparations, Syntheses, and Applications; Kim, S.-K., Shin, K.-H., Venkatesan, J., Eds.; Academic Press: Amsterdam,
The Netherlands, 2023; Chapter 4; pp. 45-56. [CrossRef]

Platzer, M,; Kiese, S.; Tybussek, T.; Herfellner, T.; Schneider, F.; Schweiggert-Weisz, U.; Eisner, P. Radical Scavenging Mechanisms
of Phenolic Compounds: A Quantitative Structure-Property Relationship (QSPR) Study. Front. Nutr. Sec. Food Chem. 2022,
9, 882458. [CrossRef]

Lee, C.Y,; Sharma, A.; Semenya, J.; Anamoah, C.; Chapman, K.N.; Barone, V. Computational study of ortho-substituent effects on
antioxidant activities of phenolic dendritic antioxidants. Antioxidants 2020, 9, 189. [CrossRef]

Gordon, M.H. The Mechanism of Antioxidant Action in Vitro. In Food Antioxidants; Hudson, B.J.E, Ed.; Elsevier Applied Food
Science Series; Springer: Dordrecht, The Netherlands, 1990; Chapter 1. [CrossRef]

Halliwell, B. Understanding mechanisms of antioxidant action in health and disease. Nat. Rev. Mol. Cell Biol. 2024, 25, 13-33.
[CrossRef]

Kashtiban, A.E.; Okpala, C.O.R.; Karimidastjerd, A.; Zahedinia, S. Recent advances in nano-related natural antioxidants, their
extraction methods and contributions to the food industry. Explor. Foods Foodomics 2024, 2, 125-154. [CrossRef]

Pavlovskyi, D.; Vorobyova, V. A Comprehensive Overview of Chemical Additives in Single-Use Polymeric Products: Functionality,
Environmental Impact and the Analytical Greenness Assessment. Water Air Soil Pollut. 2025, 236, 186. [CrossRef]

Fuentes, C.; Fuentes, A ; Barat, ].M.; Ruiz, M.]. Relevant Essential Oil Components: A Minireview on Increasing Applications and
Potential Toxicity. Toxicol. Mech. Methods 2021, 31, 559-565. [CrossRef] [PubMed]

Abbasi, R.; Shineh, G.; Mobaraki, M.; Doughty, S.; Tayebi, L. Structural parameters of nanoparticles affecting their toxicity for
biomedical applications: A review. J. Nanopart. Res. 2023, 25, 43. [CrossRef] [PubMed]

Faraz, A.; Saleem, E,; Arslan, M.A ; Ishaq, H.M.; Hussain, S.M.; Igbal, Z.M.; Nazir, S.; Qureshi, TM.; Akram, A.; Ameen, M,; et al.
Safety and Regulatory Issues of Organic Nanomaterial. In Organic-Based Nanomaterials in Food Packaging; Younis, K., Yousuf, O.,
Ul Islam, S., Eds.; Springer: Cham, Switzerland, 2024; Chapter 11; pp. 209-225. [CrossRef]

Acharya, D.; Satapathy, S.; Yadav, K.K.; Somu, P.; Mishra, G. Systemic evaluation of mechanism of cytotoxicity in human colon
cancer HCT-116 cells of silver nanoparticles synthesized using marine algae Ulva lactuca extract. J. Inorg. Organomet. Polym. Mater.
2022, 32, 596-605. [CrossRef]

ElGamal, R.; Song, C.; Rayan, A.M,; Liu, C.; Al-Rejaie, S.; EIMasry, G. Thermal Degradation of Bioactive Compounds during
Drying Process of Horticultural and Agronomic Products: A Comprehensive Overview. Agronomy 2023, 13, 1580. [CrossRef]
Kolesnyk, L.A.; Kryvtsova, M.; Salamon, I.; Kolesnyk, O.; Csabai, ]. Development of in vitro cultivation technology, and study of
biochemical and antimicrobial properties of the essential oil of promising chemotypes of Salvia rosmarinus. Kertgazdasdg 2025, 57,
68-83.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym13060904
https://www.ncbi.nlm.nih.gov/pubmed/33804268
https://doi.org/10.3389/fchem.2024.1354755
https://www.ncbi.nlm.nih.gov/pubmed/38348407
https://doi.org/10.1007/s10544-023-00686-8
https://www.ncbi.nlm.nih.gov/pubmed/38261085
https://doi.org/10.3390/pathogens12020270
https://doi.org/10.2147/IJN.S246764
https://doi.org/10.1016/j.mattod.2020.10.024
https://doi.org/10.3390/polym13234198
https://doi.org/10.3390/ma14154135
https://www.ncbi.nlm.nih.gov/pubmed/34361329
https://doi.org/10.1016/j.heliyon.2024.e24435
https://doi.org/10.1016/B978-0-323-95086-2.00011-4
https://doi.org/10.3389/fnut.2022.882458
https://doi.org/10.3390/antiox9030189
https://doi.org/10.1007/978-94-009-0753-9_1
https://doi.org/10.1038/s41580-023-00645-4
https://doi.org/10.37349/eff.2024.00030
https://doi.org/10.1007/s11270-025-07826-1
https://doi.org/10.1080/15376516.2021.1940408
https://www.ncbi.nlm.nih.gov/pubmed/34112059
https://doi.org/10.1007/s11051-023-05690-w
https://www.ncbi.nlm.nih.gov/pubmed/36875184
https://doi.org/10.1007/978-3-031-63829-9_11
https://doi.org/10.1007/s10904-021-02133-8
https://doi.org/10.3390/agronomy13061580

	Introduction 
	Types of (Bio)Active Additives/Ingredients 
	Natural Active Additives 
	Phytochemicals 
	Natural Extracts 
	Essential Oils (EOs) 
	Composition Properties/Activities Relationship 

	Nanoscale (Bio)Active Additives 

	Sources for (Bio)Active Compounds and Biopolymers 
	Agro-Food By-Products and Aquiculture Waste 
	Residual Materials from Cereals 
	Residual Materials from the Meat Industry 
	Residual Materials from the Dairy Industry 
	Residual Materials from Algae and Marine Biowaste 
	Other Resources 

	Developments in Extraction and Processing Methods to Assure the Quality/Activities of the Active Additives 
	Extraction 
	Processing Methods and Encapsulation 
	Emulsion-Based Systems 
	Nanoemulsions 
	Micro and/or Nanoencapsulation 
	Protein–Polysaccharide Nanocomplexes 
	Electrospinning/Electrospraying 


	Green Synthesis of the Nanosized Active Additives 
	Controlled/Targeting Release of (Bio)Active Agents 
	Some Considerations on the Mechanisms of Antimicrobial, Antifungal and Antiviral Activities 
	Mechanism of the Antimicrobial Activity of the Bioactive Additives 
	Mechanism of the Antimicrobial Activity of NPs 

	Some Considerations on the Mechanism of Antioxidant Activity 
	Toxicity Issues 
	Concluding Remarks and Future Trends 
	References

