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Abstract

Nanoencapsulation based on natural polysaccharides effectively protects and improves
the bioavailability of different bioactive compounds. Food polysaccharides have
essential functional properties to compose targeted delivery nanosystems in the
intestine. This chapter describes the characteristics of the leading natural polysaccha-
rides used as nanocarriers for application in food products. Also, it demonstrates
the principal methodologies used for elaboration and applicability, indicating the
characterization methods mechanisms for the formation and targeted release. The
essential biomaterials for this purpose are chitosan, cellulose, and pectin, which
can be used alone or combined with proteins to form nano-gels with multiple func-
tionalities. Several methodologies can be used for preparation, such as molecular
self-organization and ionic gelation. Nanoencapsulated bioactives based on these
polysaccharides can be protected, maintain functional properties, thus increasing
the absorption and bioavailability. Biocompatibility, biodegradability, and non-
toxicity are the highlighted advantages of these biopolymers. In addition, they can
be extracted from sustainable sources, such as industrial by-products. Several studies
have proven the advantages and relevancy of biomaterials for protection against the
environment, factors intrinsic to human digestion, and enhancing the beneficial
effects of biologically active compounds. Nanoencapsulation based on polysaccha-
rides effectively enables the inclusion of these compounds in foods or to develop
new dietary supplements.

1. Introduction

Bioactive compounds have attracted substantial interest in recent
decades due to their health-promoting properties and possible technological
applicability, mainly in adding these compounds to food and developing
food supplements (Siddiqui et al., 2023). Polyphenolic compounds, carot-
enoids, vitamins, and some minerals are associated with the reduction of
non-communicable chronic diseases, such as cardiovascular, neurological,
diabetes, and various types of cancer (Comunian et al., 2021; Henriques
et al., 2020; Rajoka et al., 2021).

Despite the broad applicability and the potential benefits attributed to
the ingestion of these compounds, there is a limitation to their full bio-
logical use. Molecular instability, solubility, bioaccessibility, absorption,
and bioavailability are inefficient for most of them thus limiting techno-
logical applications (Rashwan et al., 2022; Tarone et al., 2020). In this
regard, nanoencapsulation is adequate for the protection of bioactive
and conducive to developing precisely foods designed for controlled
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delivery and bioaccessibility of functional components in specific target
tissues in the human body (Dima et al., 2020a,b).

Nanotechnology applied to food and nutraceuticals is an emerging
field (Otchere et al., 2023). The use by the food and pharmaceutical
industries to formulate systems for the protection, delivery, and controlled
release of various bioactive compounds has been expanding in recent
decades, as well as the search for effective biomaterials for the construction
of nano-systems (Baliyan et al., 2020; Gongalves et al., 2022). Identifying
biomaterials for protection, targeting, and responsive delivery to biolog-
ical stimuli is essential for effective formulations (De Anda-Flores
et al., 2021).

Food polysaccharides are biopolymers that have gained relevant impor-
tance in elaborating nanoparticles to form delivery systems for bioactive
compounds and drugs directed to the intestine (da Silva and Fabi, 2022;
Rosales and Fabi, 2023b,c; Shen et al., 2022). There is growing interest
in the excellent functionalities of natural polysaccharides due to the safe,
healthiness, low-cost, and efficient development of nanoformulations for
application in food products (Dacoba et al., 2019; Zhang et al., 2021a,b).
Food polysaccharides-based nanomaterials exhibit many advantages as
pharmaceutic forms for sustained and controlled delivery systems. They
are biocompatible and biodegradable polymers, with vast sources for
extraction—mainly the by-products of the food industry, such as fruit peels
(Comunian et al., 2021; Rosales and Fabi, 2023b).

The protection of bioactivity and improvement of efficiency in the use of
bioactive compounds applied in food using nanostructures based on
polysaccharides—due to the complexity of interactions and influencing
factors—must be described and discussed in depth to support future studies
in developing new nano-foods and pharmaceutical formulations to improve
human health (Anal et al., 2019; Shen et al., 2022). Thus, this chapter pro-
poses an extensive review that emphasizes the progress of research in the for-
mulation of nanostructures based on food-derived polysaccharides through
different techniques and contributes with a discussion about their applica-
tion of nano-encapsulated bioactive compounds as functional ingredients.
In addition, this chapter describes the main approaches commonly used
to elaborate nano-complexes of polysaccharides loading bioactive com-
pounds, highlighting the main properties of biopolymers—pectin, cellulose,
and chitosan—and the characterization methods and applicability in the
food and pharmaceutical segments.
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2. Nanoencapsulation of bioactive compounds is
promising to improve their absorption, stability,
and functionality

Bioactive compounds are plant components (small parts), such as
fruits, nuts, cereals, and others, that perform various biological functions
in reducing the risks of chronic non-communicable diseases (Bao et al.,
2019; Tran et al., 2020). The consumption of bioactive compounds has been
attributed to significant improvements in disease markers such as antioxi-
dant, anti-inflammatory, and anti-aging eftects, which decrease risks of
development of cancer, diabetes, obesity, and cardiovascular and neuroen-
docrine disorders. Examples of phytochemicals are polyphenols, flavonoids,
carotenoids, terpenes, alkaloids, fatty acids or oils (e.g., a-linolenic acid and
linoleic acid), vitamins (e.g., folic acid and cholecalciferol), and some bio-
active peptides (Gongalves et al., 2018; Wei and Huang, 2019; Wijaya
et al., 2020; Zhang et al., 2021a,b).

The regular consumption of bioactive molecules is associated with ben-
eficial effects for human health through the modulation of important phys-
iological and cellular activities, making them attractive for enriching a range
of foods and developing new nutraceutical formulations (Camara et al.,
2020; Gongalves et al., 2018; Shishir et al., 2018; Siddiqui et al., 2023).
Some compounds are cited in the literature for their specific biological
action—such as curcumin, a natural compound extracted from saffron—
and the biological effects related to the antineoplastic, antioxidant, and
anti-inflammatory activity (Sanidad et al., 2019). Carotenoids such as lyco-
pene are studied due to their antioxidant action and anticancer properties
attributed to regular consumption (Akbari-Alavijeh et al., 2020; El Gharras,
2009). Anthocyanins from blue, red, and purple vegetables (blackberry,
strawberry, blueberry, and red cabbage) are important antioxidant and
anticancer compounds (Joseph et al., 2014; Rodriguez-Amaya, 2016;
Viegas et al., 2019). Also, resveratrol, mainly present in grapes, has positive
cardiovascular effects, cardio-protectors, and antioxidant action (Fraga
et al., 2019).

However, despite its wide occurrence in several sources, molecular insta-
bility leads to limited bioavailability. Many of these bioactives are labile, and
they have moderate or low solubility in water or lipids, show chemical and
thermal instabilities (factors such as pH, oxygen, and some metals). They also
show high excretion, poorly absorbed, limited bioaccessibility, inefficient
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biological use, and considerable loss of bioefticacy after ingestion. In addi-
tion, due to the complexity of the food matrix where these compounds
are inserted, many other components influence their stability and bio-
accessibility, such as the presence of dietary fibers and some minerals.
Furthermore, the functionality of most bioactive compounds can be lost
during food processing and storage (Azad et al., 2021; Fleschhut et al.,
2006; Zhang et al., 2022). For these reasons, the effective supplementation
of these compounds and their inclusion in the food and pharmaceutical
industries are challenging (Bao et al., 2019; Duda-Chodak et al., 2015).

For the protection and maintenance of the stability of these compounds
and to maximize their biological use, forming intermolecular complexes
with biomacromolecules in nanostructures can be considered a viable alter-
native. Bioactive compounds stabilized in nanostructures may be more bio-
logically efficient and included for food fortification and dietary supplement
development (de Souza Simdes et al., 2017; Jafari and McClements, 2017).
The limitations for the oral administration of several natural compounds sus-
ceptible to external factors and factors inherent to digestion can be overcome
by developing nanostructures using the functional design of targeted deliv-
ery and release vehicles (Debele et al., 2016).

The application of nanoparticles as delivery systems for bioactive com-
pounds has been widely explored in recent decades. Nanostructured bio-
polymers can protect, deliver and release several bioactive compounds in
the intestine (Bealer et al., 2020; Matalanis et al., 2011). Nanotechnology
(10 <d<1000nm) can effectively overcome this intense degradation, pro-
mote excellent absorption and bioavailability, use their properties, maintain
a stable structure, and enable broad applicability in food/pharmaceutical for-
mulations (Fathi et al., 2014; Salarbashi et al., 2020). Naturally occurring
biopolymers have been researched to encapsulate various phytochemicals
and drugs. In this regard, the food and pharmaceutical industry has shown
great interest in enabling the use of bioactive in all stages, from production
and food storage to ingestion (Baliyan et al., 2020). Nanoencapsulation can
be described as trapping a central compound in the internal phase of another
immiscible substance, called a carrier or wall material, in a solid or liquid
state. Nanostructures are options for protecting bioactive substances and
accurately releasing them in biological systems (Assadpour and Jafari,
2019a; Sadeghi et al., 2017).

The nanoencapsulation process is a tool to promote the stability, water sol-
ubility, bioaccessibility, and bioavailability of natural bioactive compounds
(Gongalves et al., 2018). Nanostructures can attenuate the degradation
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resulting from human digestion, minimizing the eftects along the gastrointes-
tinal tract. The encapsulation of biologically active molecules is a promising
method for obtaining stable and directed particles specific to the body (Shen
et al., 2022). Targeted delivery systems based on polysaccharides can release
the encapsulated bioactive compounds in their interior through an external
stimulus. Among the various characteristics of polysaccharides (in addition
to those already described) is the potential to release charged bioactive (encap-
sulated material) in specific sites (cells, tissues, and organs) is of notable impor-
tance to elaborate nanostructures with a design designed to direct delivery of
the compound in certain metabolic situations and various diseases, promoting
more effective therapeutic results (Li et al., 2021; Rashidinejad et al., 2021;
Rezaei et al., 2022). Oral therapy systems to enhance the biological use
of these bioactive are aimed at adverse treatments in various diseases, such
assome types of cancer (Bao etal., 2019). Protecting bioactive factors intrin-
sic to human digestion may increase the biological system’s bioaccessibility,
absorption, and bioavailability. Targeted delivery and controlled release
are essential to decrease degradation and loss of functional properties.
Controlled release occurs with biological stimuli such as temperature,
humidity, pH, light, and enzymatic hydrolysis (Faridi Esfanjani et al.,
2018; Manzoor et al., 2020; Rashidinejad et al., 2021).

The nanoencapsulation process is effective in increasing the stability of
different bioactive compounds. This technological process can protect
unstable and susceptible molecules from environmental conditions during
processing and storage, avoiding degradation and loss of functionality and
maintaining the sensorial characteristics of the encapsulated compounds.
The food industry is exploring bioactive compounds’ protection and con-
trolled release; these attributes are necessary for the processing period and
food storage used in food formulation or packaging (Rosales and Fabi,
2022; Sekhon, 2010). Bioactive compounds within nanostructures can
improve some undesirable sensory characteristics, such as unpleasant flavors,
and improve some food characteristics, such as the use of carotenoids, and
polyphenols (e.g., anthocyanins), to add color in many foods. They can
also prevent oxidative reactions thus preserving bioactivity and nano-
particles could control the release of bioactive agents. Furthermore, nano-
encapsulation of these compounds can improve foods’ quality, stability, and
shelf-life (Fasolin et al., 2021; Rashidinejad et al., 2021; Rezaei et al., 2019,
2022). Polysaccharides and proteins are the two main food macromolecules
most used in nanostructures to encapsulate different bioactive compounds
(Wusigale et al., 2020).
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3. Polysaccharides-based nanoparticles as bioactive
compounds delivery systems

Food biopolymers, especially the polysaccharides, have many excel-
lent properties for forming nanostructures. Polysaccharides are biodegrad-
able, biocompatible, and ideal for the nanocarrier of active molecules
(Adrian etal., 2019). Among the various biomaterials for application in food,
polysaccharides (alone or in combination with proteins) are promising to
form encapsulation and colloidal delivery nanosystems (Akbari-Alavijeh
et al., 2020). Polysaccharides are a complex of polymeric biopolymers iso-
lated from plant, animal, microbial, and algal sources constructed from
monosaccharides (composed of at least 10 monosaccharides) linked by gly-
cosidic bonds. Most of them are biomaterials distributed in abundance in
nature; they are soluble in water, with low cost, and with consolidated tech-
niques for extraction and isolation (Antonov et al., 2019; Bordenave et al.,
2014; Mudgil and Barak, 2013; Persin et al., 2011).

Polysaccharides with negative or positive charges (due to pH and molec-
ular structure) are effectively used to create new nanostructures. The abun-
dance in nature, sustainable techniques for extraction, and essential attributes
such as support of the circular economy (extracted from by-products), bio-
degradability, biocompatibility, bioactivity, low toxicity, and good solubil-
ity are indicative of the promising application in nanostructures (Hosseini
et al., 2017; Lara-Espinoza et al., 2018). They are sustainable biomaterials
with ample sources for extraction. Food industry by-products, such as fruit
peels and seeds, can be used as a source for extracting bioactive compounds
(such as polyphenols) and biopolymers such as pectin (citrus peel, apple,
chayote, passion fruit), chitosan (shrimp and crab waste) and cellulose
(wheat bran and apple peel) (Rosales and Fabi, 2023b,c; Suleria et al.,
2020). The materials used to form intestinal delivery nanosystems must con-
sider the ability of the biopolymer to have resistance, flexibility, and
mucoadhesiveness, and it must be responsive to different biological stimuli.
In this regard, polysaccharides have flexible, degradable, fermentable, and
hydrophilic structures, resist to digestion factors, and pass intact through
the gastrointestinal tract (Muvva et al., 2020; Nasrollahzadeh et al., 2021).

The composition of the polysaccharides regarding the monosaccharide
units classifies these biopolymers as homopolysaccharides (only a single type
of monomer) or heteropolysaccharides (two or more different types). Their
properties are defined according to their chemical structure and other
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reactive functional groups, chemical composition, and molecular weight
ranges (Barclay et al., 2019; Nasrollahzadeh et al., 2021). In addition, they
have unique and specific bioactivity and the formation of delivery systems
for bioactive compounds and drugs (Barclay et al., 2019; Luo and Wang,
2014; Wusigale et al., 2020). Furthermore, some particular polysaccharides
have important biological activities, such as the ability to modulate the
immune system, intestinal homeostasis, glycemic control, and blood choles-
terol, and reduce the risks of developing some types of cancer (Ahmad et al.,
2022; Keizman et al., 2021; Posocco et al., 2015; Wang et al., 2022).

The polysaccharides commonly used in industry for various purposes
and safe are starch, cellulose, f-glucan, and glycogen (homopolysaccharides)
and gum arabic, arabinoxylans, chitosan, pectin, and xanthan gum
(heteropolysaccharides). The structure of polysaccharides is diverse, with
different compositions, chain lengths, and functional groups. To form
nanoparticles, the hydrophilic groups (hydroxyl, carboxyl, and aldehyde)
in the molecule and responsible for creating non-covalent bonds with
other molecules of similar character (Barclay et al., 2019). Hydrophilic
functional groups, such as aldehyde, carboxyl, hydroxyl, and amino, are
distributed along their molecular structure when homogenized with other
biopolymers and can establish an intermolecular interaction, generating a
bio-adhesive state. This interaction allows the formation of a trapping sys-
tem of active molecules for targeted delivery (Antonov etal., 2019; Zhang
et al., 2021a,b). Current literature indicates that food polysaccharides
are frequently used food biopolymers for manufacturing nanostructures
to encapsulate and deliver bioactive compounds. Polysaccharides are abun-
dant in nature, have adequate water solubility, non-toxicity and low-cost
processing, show high surface/volume ratio, good dispersibility and
bioaccessibility, and can effectively targeted or control the release of
the encapsulated bioactive compound. In addition, they have several reac-
tive functional groups in their structure (e.g., carboxylic acid, hydroxyl,
and amino groups), which contributes to their structural and functional
diversity and the capacity for intermolecular interaction. Polysaccharides
can interact and form protein-polysaccharide complexes through hydro-
gen bonding and hydrophobic interactions, suitable for specific applica-
tions in delivering bioactive compounds and drugs (Akbari-Alavijeh
et al., 2020; Carrasco-Sandoval et al., 2021; Esmaili et al., 2019; Lu
et al., 2019). For intestinal delivery, many physical, chemical, enzymatic,
and mucoadhesive barriers along the gastrointestinal tract need to be
overcome.
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Polysaccharides are sustainable biomaterials with ample sources for
extraction. Food industry by-products, such as fruit peels and seeds, can
be used as a source for extracting bioactive compounds (such as polyphenols)
and biopolymers such as pectin (citrus peel, apple, chayote, passion fruit),
chitosan (shrimp and crab waste) and cellulose (wheat bran and apple peel)
(Colodel et al., 2020; Rosales and Fabi, 2023b,c; Suleria et al., 2020).

Nanoencapsulation of bioactive compounds through polysaccharide-
protein nano complex may enable the elaboration of nanostructures with
essential characteristics to be added in food formulations, such as stability,
biodegradability, biocompatibility, effectively controlled release, and site-
specific delivery (Shen et al., 2022). Some disadvantages of using some poly-
saccharides for the targeted delivery of bioactive reported in the literature are
the broad and mixed molecular weights, the quite variable composition
between the different types, and some insolubility. Limitations that can
be circumvented by molecular modification techniques in some cases and
thus make the application feasible (Wen and Oh, 2014). Food-derived poly-
saccharides and their combination with proteins are promising biomaterials
to form complex nanoencapsulation systems (Rosales and Fabi, 2023b,c).

4. Polysaccharide-protein nanocomplexes
for the encapsulation of bioactive compounds

Nanocomplexes based on polysaccharides and proteins are promising
vehicles for biologically active compounds. Interactions between proteins
and polysaccharides provide different nano-system functionalities to protect
active molecules (Zhang et al., 2021a). Several investigations and critical liter-
ature reviews have indicated that nanoparticles based on polysaccharides
combined with proteins have highlighted the potential to encapsulate, protect,
deliver, and release bioactive compounds (Abaee etal., 2017; Jafari et al., 2017).

Proteins are typical large biomolecules involved in diverse biological
systems (cell structure, catalyze metabolic reactions, and DNA replication).
They have potential applications in the food industry as agents to promote
the sensory perception of food products (aroma, taste, flavor, color, and tex-
ture). Proteins have different active functional properties, for example, the
retention of water, fat and the formation of gels, foams, and emulsions, con-
tributing to quality-related attributes. Proteins are biopolymers built with
different amino acids linked by peptide bonds. These biopolymers are found
in other foods based on vegetables, animals, algae, and fungi (Arroyo-Maya
and McClements, 2015).
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The molecular structure (primary, secondary, tertiary, and quaternary),
amino acid composition, and processing conditions influence the function-
ality of these macromolecules. In addition, free amino, sulthydryl, and
hydrophobic groups are in the protein structure, and the electrical charges
are distributed on the protein’s surface (depending on the amino acid com-
position). Natural proteins have functionalities diftferentiated to be added in
foods (e.g., water-soluble, rheological, emulsifying, foaming, and gelling
properties); these characteristics are related to the interaction potential of this
biopolymer with polysaccharides (Munin and Edwards-Lévy, 2011; Tang,
2019; Wusigale et al., 2020).

Under certain conditions, these biopolymers can stabilize chemically
unstable compounds and enable the formation of safe, biocompatible, bio-
degradable, and effective nanostructures for specific delivery and release in
target organs (Dima et al., 2020b). Their structural and conformational char-
acteristics directly influence the formation of the protein-polysaccharide
complex. The association of food proteins to polysaccharides depends
on factors such as groups of constituent amino acids, density or distribution
of charges, electrostatic interactions, hydrogen bonds, hydrophilicity, and
hydrophobicity. Environmental factors such as pH, ionic strength, type of
solvent, and temperature also directly influence these interactions (Wusigale
et al., 2020; Zhang et al., 2021a,b). The protein-polysaccharide nano com-
plex occurs due to two main interactions: non-covalent complexation
(predominantly electrostatic, hydrophobic interactions, and hydrogen bonds)
and covalent interactions (Bordenave et al., 2014; Dridi and Bordenave,
2021). In a specific way, when heated under controlled solution parameters
(biopolymer concentration, pH, ionic strength, and temperature/retention
time), proteins can have their structure suitable for hydrophobic interactions.
After thermal denaturation, proteins can bind to exposed non-polar groups
and form more stable nanostructures (Mohammadian et al., 2020).

The link between polysaccharides and proteins is highly ordered
nanostructures, resulting in initial complexes with difterent functional prop-
erties and promising compared to the individual biopolymers. Proteins from
different sources have been applied in the encapsulation of bioactives, such as
vegetable proteins (soy, pea, zein, peanuts, wheat gluten) and animal pro-
teins (lysozyme, whey protein, casein, gelatin, albumin, and collagen)
(Lin et al., 2015; Stenger et al., 2017; Tang, 2019; Wu et al., 2020;
Wusigale et al., 2020). In forming nanogel, the protein plays a fundamental
role in nano-encapsulating active molecules for target delivery (Stenger
et al., 2017).
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5. Different functionality of polysaccharide-derived
nanogels

Nanogels are biopolymer-based nanocarriers that protect and increase
bioavailability (Zhang et al.,, 2021a,b). They are versatile nano-vehicle
systems for encapsulating hydrophilic and hydrophobic compounds with
high load capacity and response to specific biological stimuli (Rezaei
etal., 2019). Nanogels can be defined as nanometer-sized structured hydro-
gel particles. Formed from hydrophilic or amphiphilic polymers chemically
or physically-crosslinked into networks (Bourbon and Cerqueira, 2016;
Zhang et al., 2015). Nanogels have different characteristics, such as retaining
water while maintaining their three-dimensional conformation (Bourbon
and Cerqueira, 2016).

They can be classified according to (1) origin: natural, synthetic, and
hybrid hydrogel; (2) synthesis methods: homopolymer, copolymer, multi-
polymer, and interpenetrating polymer network hydrogel; (3) electrical
charge: neutral, cationic, anionic, ampholytic and hydrophobically modified;
(4) pore size: non-porous, microporous and super-porous hydrogel; (5) phys-
ical properties: conventional and environmentally susceptible “smart”;
(6) configuration: amorphous, crystalline and semi-crystalline; (7) degradabil-
ity: biodegradable and non-biodegradable; and (8) crosslinking: physical and
chemical crosslinking. The network of interactions formed in nanogels can
capture different bioactive substances for protection and controlled release
(Debele et al., 2016; Singhal and Gupta, 2016). Thus, it is of great interest
to the food and pharmaceutical industries since nanogels based on polysaccha-
rides can be added to food formulations (nano-foods and fortified foods) or
pharmaceutical applications (nutraceuticals and dietary supplements)
(de Britto et al., 2014; Feng et al., 2019).

Nanogels based on polysaccharides have advantages over other method-
ologies, such as the swelling property when in an aqueous solution in the
gastrointestinal tract and its high loading capacity of bioactive compounds.
The biodegradability, low toxicity, and non-inclusion of potentially toxic
compounds (some emulsifiers and surfactants) indicate safety for oral inges-
tion and non-immunogenicity. Nanogels elaborated by molecular self-
organization based on polysaccharides (isolated or combined with other
biopolymers) and without potentially toxic crosslinking agents are free of
adverse reactions and safe for human consumption (Hamman, 2010;
Zhang et al., 2021a,b). Nanogels can also show gelling, foaming, and
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emulsifying properties (Adrian et al., 2019; Muvva et al., 2020; Rezaei
etal., 2019; Zhang et al., 2021a,b). The structure and conformation of bio-
polymers influence the multifunctional characteristics of nanogels (Fathi
etal., 2018). Nanogels have the potential to direct the delivery of bioactive
compounds and induce their passive or active absorption in different types
of metabolic situations, contributing to more eftective therapeutic results
and reaching certain intestinal regions, such as more distal portions of
the intestine. Nanogels can be designed to maintain encapsulation stability
and sustained release of bioactive substances throughout the entire digestive
tract, with more excellent cell permeability, mucoadhesiveness, and greater
permanence in the intestine (Fasolin et al., 2021; Rezaei et al., 2019).

Nanogels based on biopolymers (proteins and polysaccharides) by
self-assembly can form nanostructures through a complex network of inter-
actions. The molecular self-organization of nanogels is based on the spon-
taneous organization of structures by non-covalent bonding, mainly
hydrogen bonds and hydrophobic and electrostatic interactions (Fathi
et al., 2018).

Non-covalent interactions include electrostatic, hydrophobic, hydrogen
bonding, and steric exclusion interactions in addition to covalent interac-
tions, such as enzymatic crosslinking, chemical crosslinking, and Maillard
reaction. In this regard, various methods can be used to form polysaccharide
nanogels: coacervation, thermal denaturation, emulsification, injection or
extrusion, shearing, and spray cooling are examples applied (Hamidi
et al.,, 2008; Neamtu et al., 2017; Wei and Huang, 2019). For covalent
crosslinking, agents such as genipin, 1-ethyl-3-(3-dimethyl aminopropyl)-
carbodiimide, and glutaraldehyde are cited for maintaining or increasing
the stability of nanogels; however, despite being practical, they are poten-
tially toxic for addition to food products. However, nanogels of proteins
and polysaccharides by self-assembly technique (without the addition of
reticulate agents), formed by gelling methods and thermal denaturation,
are considered safe and eftective options for nanostructures to encapsulate
active compounds due to the absence of potentially toxic agents (Neamtu
et al., 2017; Wei and Huang, 2019; Zhao et al., 2020). The applications
of nanogels are vast, as a variety of bioactive substances can be encapsu-
lated. The most reported compounds in the literature are phenolic com-
pounds, carotenoids, vitamins, some minerals, and drugs with anticancer
action for the targeted treatment (de Britto et al., 2014; Fasolin
et al., 2019).
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6. Pectin as wall materials for the nanoencapsulation
of bioactive compounds

Pectin is one of the naturally occurring and abundant plant polysaccha-
rides. It is an ideal biomaterial for the nanoencapsulation of different com-
pounds and releases in the intestine (Rosales and Fabi, 2023a). Pectin is a
structural part of the plant cell wall. It is constituted by heterogeneous com-
plexes of polysaccharides (not derived from starch), representing 10-30% of
the total weight of the fruit (Lara-Espinoza et al., 2018; Sriamornsak, 2011).
Pectins are anionic biopolymers of a-D-galactopyranuronic acid—GalpA
(galacturonic acid) linked by a-1,4 glycosidic bonds (about 70% of the struc-
ture) (Mohnen, 2008; Ninan et al., 2013). Pectin (low/medium degree of
esterification) at neutral pH is negatively charged, and pK, is pH ~3.6.
The predominant net negative charge makes interacting with positively
charged 1ons or molecules, such as calcium salts and proteins, possible. This
interaction is ideal for unstable compounds’ physical and chemical entrapment
(Bauer, 2012; Mohnen, 2008; Ninan et al., 2013; Reichembach et al., 2021).

Some characteristics of pectin as a biomaterial should be highlighted;
they produce highly viscous gels or solutions ideal for emulsifying and thick-
ening, with broad technological applicability (Moreira et al., 2014; Viebke
et al., 2014). In addition, resistance, absence of toxicity, biocompatibility,
biodegradability, the possibility of extraction, and sustainable sources (citrus
peel, apple, chayote peel, and Passiflora fruit albedo) are essential character-
istics (Rosales and Fabi, 2023b,c).

Pectin resists the acid pH of the stomach and the action of digestive
enzymes, reaching the distal portions of the intestine. These polysaccharides
have systemic beneficial properties for the human body due to the fermen-
tation of the pectic structure by the intestinal microbiota and consequent
production of short-chain fatty acids (butyrate, propionate, and acetate)—
energy substrate of intestinal cells for growth and with direct and indirect
effects (do Prado et al., 2019; Duda-Chodak et al., 2015; Fathi et al.,
2014). Pectin can gradually release the bioactive in the intestine to be
absorbed alone, or the pectin-based nanostructure can be absorbed and
release the content inside the cell (Fathi et al., 2014; Khotimchenko,
2020; Nguyen et al., 2011).

The scientific literature has reported that pectin as a nanocarrier can max-
imize the absorption of active molecules intact in the small intestine; in
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addition, it can transport to the large intestine a more significant number of
compounds to be metabolized by the local microbiota. Although some stud-
ies indicate that there may be swelling and consequent premature release of
pectic matrices, combining with other macromolecules and adding salts can
circumvent this undesirable effect (Khotimchenko, 2020; Morris et al.,
2010; Rosales and Fabi, 2023a). Pectin composing nanostructures has
several advantages; in addition to protection, this polysaccharide is bio-
compatible, responds to biological stimuli, can intensify cell permeation,
and inhibits enzymes, reducing encapsulated active compounds’ degradation
(Fernandes et al., 2020; Gottesmann et al., 2020; Morris et al., 2010; Tomas,
2022). In this sense, many studies have explored this potential to encapsulate
various bioactive, such as polyphenolic compounds (Esmaili et al., 2019;
Luo et al., 2015; Rosales et al., 2021).

7. Nanoencapsulation of bioactive compounds within
nanocarriers produced by cellulose and its
derivatives

Cellulose and its derivatives are considered suitable biomaterials for
the nanoencapsulation of many natural bioactive compounds. Cellulose is
an essential and abundant polysaccharide distributed in nature (Zhai et al.,
2018). It is a structural component of the cell wall of plants (microfibrils
for the structure of the cell). It is a polysaccharide (homopolymer) composed
of glucose in long linear chains, units linked by f8-1,4 glycoside connections,
with groups of three hydroxyl groups for the glucose fraction. It generally
has a high molecular weight (Lampugnani et al., 2018; Pérez and Samain,
2010). Intermolecular interactions, cross-link polymerization, chain elonga-
tion, and side-chain functional group effects such as hydroxyl, methyl, and
hydroxypropyl ether occur among structural groups (Kamel et al., 2008;
Pérez and Samain, 2010).

Cellulose and its derivates are biocompatible and biodegradable and have
been extensively investigated for many technological applications in the
most diverse industrial segments (Assis et al., 2021). Despite its applicability,
a significant limitation of using natural cellulose is its insolubility in water.
However, hydrolysis of higher molecular weight cellulose to smaller fragments
can lead to higher solubility (Calvini et al., 2006; Pandey et al., 2014). The
chemical alteration of cellulose forms its soluble derivatives (e.g., carboxy-
methylcellulose, methylcellulose, hydroxypropyl cellulose, hydroxy propyl-
methyl-cellulose, and hydroxy ethyl-cellulose). These derivatives have



Polysaccharide-based nanoencapsulation of bioactive compounds for food application 229

improved properties for targeted delivery and increased biocompatibility,
adhesion, water retention, thickening, and emulsifying ability. For this reason,
they are best applied to form nanostructures for targeted delivery (Cordeiro
et al., 2021; Nurkeeva et al., 2003; Sun et al., 2020; Wang et al., 2011).
Cellulose and derivatives are biocompatible, resistant to gastric pH, and
responsive to stimuli to gradually release nano-encapsulated compounds,
thereby protecting against environmental adversities (enzymes, pH, micro-
biota, and interaction with other food components) (Bai et al., 2012;
Gopinath etal., 2018; Pandey etal., 2014; Sarkar et al., 2017; Zhai et al., 2018).

8. Chitosan-based nanoencapsulation strategy
to improve the molecular stability of bioactive
compounds

Chitosan-based nanostructures can stabilize unstable compounds effi-
ciently and safely, with broad technological applicability in the food industry
(Guadarrama-escobar et al., 2023; Quadrado and Fajardo, 2020; Rinaudo,
2006). Studies indicate that bioavailability can be optimized using chitosan as
a nanocarrier, leading to more effective therapeutic effects for several bio-
active molecules. Chitosan is an amphiphilic and cationic polysaccharide
(neutral and acidic pH) that forms gels in diverse types of solutions (Liang
et al., 2014; Park et al., 2010). Chitosan is a biomaterial with critical nano-
technological applications such as biodegradability, non-toxic, and soluble
in organic and inorganic acids. Chitosan is achieved after alkalinization
and deacetylation of chitin, a component insoluble in water and organic sol-
vents (Rinaudo, 2006).

For application in nanostructures, the degree of deacetylation and the
molecular weight has a direct influence; the greater the degree of deacetylation,
the higher the solubility of that polysaccharide (Kumar etal., 2004; Leiva et al.,
2015). The interaction with other biopolymers and bioactive compounds
occurs due to functional groups in the chitosan structure, mainly free amino
acids and primary and secondary hydroxyl groups. The hydroxyl groups of
chitosan can undergo several chemical reactions, such as etherification, ester-
ification, crosslinking, graft copolymerization, and O-acetylation, and they are
applied to modify the functional groups thus forming several new compounds
(Luo and Wang, 2014; Park et al., 2010). The main chemical alterations are
alkylation, acylation, hydroxy alkylation, carboxy alkylation, phosphorylation,
sulphation, oligomerization, enzymatic modifications, and co-polymerizations
(Goodarzi et al., 2013; Park et al., 2010).
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To form nanostructures, chitosan needs to be covalently crosslinked, in
which to the electrostatic interaction and ionotropic gelation occur it
requires chitosan (negative charge) and another biopolymer of opposite
charge (positive) for the interaction (Park et al., 2010; Takeuchi et al.,
2005). The often use of chitosan and its derivatives to form nanostructures
for encapsulation and controlled delivery is due to the main characteristics of
this biopolymer, such as the ability to adhere to the intestinal mucosa, induc-
ing more excellent absorption and bioavailability. One of the highlighted
factors is the interaction between mucin, a glycoprotein of the intestinal epi-
thelium (mucus), and the structure of chitosan (formed by residues of
N-acetyl neuraminic acid, sulfated galactose and hydrophobic fucose con-
taining methyl groups) (Park et al., 2010; Sogias et al., 2008; Takeuchi
et al., 2005).

9. Other polysaccharides form nanostructures

Other food polysaccharides (different extraction sources) can also
manufacture nanoparticles to encapsulate and deliver bioactive compounds.
Some natural polysaccharide gums (e.g., guar, xanthan, carrageenan, and
gums Arabic) are biopolymers that produce highly viscous aqueous solutions
and form gels at low concentrations. Furthermore, intermolecular interac-
tions form three-dimensional networks to protecting and delivering biolog-
ically active molecules. Gum Arabic, carboxymethylcellulose, carrageenan,
and alginate have been used to prepare nanogels through nanospray drying
to encapsulate different dietary nutrients. The nanostructure was formed due
to complex interacting forces (hydrogen bonds, electrostatic and hydropho-
bic interactions) (Barclay et al., 2019; Zhou et al., 2016). Polysaccharides
such as dextran (Jin et al., 2016), starch (Bianchini et al., 2022), and glyco-
gen (Besford et al., 2020) are cited (less than the others) as promising to form
nanostructures and to be applied in food.

10. Polysaccharide-based nanosystems: Mechanisms
for controlled delivery and release of bioactive
compounds

Nanosystems for polysaccharide-based controlled delivery constitute
an area in constant development. The construction and release mechanisms
are different according to the purpose of the nanoencapsulation and the food
matrix into which it will be inserted (Karimi et al., 2016, 2017). Some factors
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influence the formation of polysaccharide-based nanostructures, such as the
nature of the biopolymers involved and the conditions related to the envi-
ronment. The types of interactions between polysaccharides and proteins are
fundamental for the stability and control of the structure. In addition, inclu-
sion in food matrices impacts the sensorial characteristics of the food, such as
appearance, color, texture, flavor, and taste (Feng et al., 2019).

These factors are classified into two distinct categories: extrinsic and
intrinsic factors. The external ones are related to physical-chemical param-
eters, such as pH, ionic strength, proportion and concentration of biopoly-
mers, presence of crosslinkers or surfactants, temperature, agitation, and
pressure. The intrinsic ones are the physicochemical parameters of the bio-
polymers, such as type of biopolymer, charges, molecular weight, flexibility,
hydrophobicity, and hydrophilicity (Abaee et al., 2017; Wei and Huang,
2019; Zhang et al., 2021a,b).

The formation of physically crosslinked nanostructures (oppositely
charged biopolymers) is mainly driven by electrostatic interaction.
Among the various factors involved, pH plays a crucial role in modulating
this process. This environmental factor influences the ionization of func-
tional groups such as carboxyl and amino groups presented in polysaccha-
rides and protein, respectively (Esmaili et al., 2019; Moreira et al., 2014).

Self-assembly-driven nanocomplexes made with biopolymers is pH
dependent. The pH of the solution must be controlled to be between the
pK, of carboxylic acids and the isoelectric point (pI) of proteins. In this sit-
uation, there will be deprotonation of the carboxyl groups and protonation
of the amino groups, with difference between charges (cationic and anionic)
being the driving force for the electrostatic interaction. For example, the
binding between pectin and lysozyme—positively charged chains of lyso-
zyme and the negatively charged chains of pectin—occurs at neutral pH
since lysozyme (ionized amino groups, NH") has a pI of around 10.7,
and the pK, of carboxylic acids (COQO™) of pectin is around pH 3.2. The
formed nanoparticles showed greater complexity, naturally ordered, highly
organized, and biological functionalities distinct from the isolated com-
pounds (Lin et al., 2015; Neufeld and Bianco-Peled, 2017).

Another crucial factor for forming polysaccharide nanostructures is
ionic strength, determined by the concentration of salts in the nano-system.
The concentration and nature of the ions are important factors for the gela-
tion process. When they are in high concentrations, the ions can interact
with the free ionic groups on the surface of the biopolymers, causing a
reduction in the electrostatic interaction. Some studies have tested different
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concentrations of monovalent (NaCl) and divalent (CaCl,) cations and
ionic strength related to resistance, stability, and water retention capacity
(Antonov et al., 2019; Schmidt et al., 2009).

Different forces (non-covalent complexation and covalent interactions)
form nano-complexes (polysaccharide-polysaccharide and polysaccharide-
protein) to nanoencapsulate bioactive compounds. The approaches of
bottom-to-top (such as liquid antisolvent precipitation, pH control encap-
sulation, ionic heating or gelling, and self-assembly) and top-to-bottom
methods (nanoemulsion) are among the example of the approaches in the
encapsulation of bioactive. Depending on the objective of bioactive com-
pounds nanoencapsulation, the right choice of biomaterials, equipment,
and method must be made. Each approach has unique advantages in elab-
orating stable nanostructures with controlled release and effective functional
properties. The pH, ionic strength, mixing ratio and concentration of
biopolymers, and charge density and biopolymer type play a crucial role
in forming polysaccharide-based nanogels. It is necessary to carefully adjust
these parameters to obtain stable nanostructures with release control. Also,
controlling environmental factors is essential to nano-complexes with desir-
able properties for specific food applications (da Silva and Fabi, 2022; da
Silva et al., 2023).

In addition to these factors, the proportion between the homogenized
components and the final concentration of biopolymers are essential to be
studied and adjusted. The ratio and concentration of biopolymers directly
influence the control of a charge balance, the interaction between them,
and the controlled release in the body. Mathematical models are indicated
to calculate and obtain the maximum interaction between the constituent
compounds, maximizing the responses, such as encapsulation efficiency,
size, and homogeneity. The balance between electrical charges leads to a
balance between electrostatic interactions (attractive and repulsive), forming
nanostructures with more excellent stability (Antonov et al., 2019; Dridi and
Bordenave, 2021; Neufeld and Bianco-Peled, 2017). The density and charge
distribution of biopolymers affects the gelling process and the molar ratio for
the nanostructure formation directly. Furthermore, the nature and character-
istics of the biopolymer significantly influence the electrostatic interaction
between biomolecules with opposite charges. Structurally, polysaccharides
have different side chains (depending on the composition of the monosac-
charide units), which can cause steric hindrance, reducing interactions and
the formation of physically crosslinked polymeric networks (Antonov
et al.,, 2021; Le et al.,, 2017; Warnakulasuriya and Nickerson, 2018).
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In addition to the factors already discussed, temperature, agitation, and time
are extrinsic factors related to forming physically crosslinked networks
between biopolymers. For example, when polysaccharides are complex
to globular proteins, the ability to form gels can be stimulated. Proteins
have hydrophobic active groups located on their inner face and hydrophilic
groups on the exposed surface of the molecule for the most part. Heating to
certain temperatures can modify the native structure of proteins which
affects covalent and non-covalent interactions (hydrophobic, hydrogen
bonding, and electrostatic interactions). Heating can weaken hydrogen
bonds, sulthydryl (-SH) and disulfide (S-S) bridges, disposing of active
groups for intermolecular interactions and forming more stable structures.
The time and speed of agitation contribute to the intermolecular interac-
tion influencing the physically crosslinked networks. These parameters
must be carefully analyzed and optimized according to the objectives of
nanoencapsulation, as they directly affect the protection and targeted deliv-
ery of the encapsulated bioactive compound (Abaee etal., 2017; Jiang et al.,
2019; Lu et al., 2019; Xu et al., 2018).

11. Formation of polysaccharide-based nanoparticles

The nanoparticles are formed depending on the polysaccharides’
molecular structure and structural properties. Also, the purpose of nano-
encapsulation must be carefully defined in the matrix for addition, the
arrangement of equipment, and the final application (Debele et al., 2016;
Luo and Wang, 2014). The main techniques for preparing polysaccharide
nanostructures are briefly discussed below.

Complexations of polyelectrolytes are formed through electrostatic
interactions between charged groups in oppositely charged compounds.
The driving force behind the formation is increased entropy due to the
release of ions. The state-of-the-art of the technique has the characteristic
of polymers with opposite charges, that driven by intermolecular electro-
static interaction, will form nanostructures. The interaction and stability
are influenced by several factors: chemical structure, molecular weight
and electric charge density, polyelectrolyte ratio, pH, temperature, and ionic
strength (Boddohi et al., 2009; Lu et al., 2012; Szcz¢ch and Szczepanowicz,
2020). The main advantage of the nanoparticles produced by this tech-
nique are cost-effectiveness, ease of use, no need for expensive equipment,
and they are formed by simple mixing (opposite charges in solution and
electrically charged) (Hamman, 2010).
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Describing another technique, nanoemulsification can be described as
a mixture of immiscible liquids with the addition of an interface agent
(surfactants and co-surfactants). This process provides an efficient matrix
for stabilizing, protecting, and targeting different types of compounds.
Nanoemulsification is a process used to increase some bioactive compounds’
solubility and kinetic stability (Akhavan et al., 2018; Cao et al., 2021;
Garavand et al., 2021).

Nanoprecipitation is a technique of forming structures by a process that
occurs with biopolymers and the addition of non-solvent to a polymeric
solution. The method corresponds to forming nanocomplexes with poly-
meric aggregates that encapsulate bioactive compounds. The methodology
includes several steps, such as supersaturation, nucleation, growth by con-
densation, and coagulation to construct nanostructures (Chen et al., 2019;
Martinez Rivas et al., 2017).

The self-assembly technique results in polysaccharide nanocarriers
that can stabilize and protect many bioactive compounds. This technique
is widely used and is responsive to biological stimuli, such as human diges-
tion and interaction with human cell membranes. The method is free of
potentially toxic products, easy preparation, and can be used for safe
food products. The homogenization of biopolymers is usually done in
aqueous solution. The nanostructure formation occurs through the elec-
trostatic interaction between compounds with opposite charges. The mol-
ecules are naturally ordered and different attractive forces are involved,
such as hydrogen bonds, hydrophobic interaction, and Van der Waals
(Antonov et al., 2019; Gummel et al.,, 2006; Zhang et al., 2021b;
Zhao et al., 2020). The formation of nanostructures by molecular self-
assembly, biopolymers of opposite charges homogenized to encapsulate
different types of bioactive compounds, is exemplified in the scheme
of Fig. 1.

Complex coacervation can be an option to encapsulate bioactive com-
pounds. This technique can favor stability and high encapsulation efficiency
and can be added to foods. For formation, the process constitutes the inter-
action of different biopolymers with opposite charges to form complexes
that can trap an active molecule (Antonov et al.,, 2019; Ban and Kim,
2022; Singh and Yethiraj, 2020).

The ionic gelation technique uses biopolymers with difterent elec-
trical charges interacting in an aqueous solution forming spherical particles
to protect bioactive molecules. The methodology consists of adding a
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Fig. 1 Nanocapsules can be formed by coating polysaccharides (combined with pro-
teins) and protecting the bioactive compound (vitamins or polyphenolics compounds).
The figure was created with Mind the Graph (https:/mindthegraph.com) (accessed on
04 Jun 2023).

polysaccharide dissolved in acid and added to a polycationic solution without
potentially toxic products. They are safe and effective, with good encapsula-
tion efficiency (Ahirrao et al., 2014; Antonov et al., 2019; Dogan Ergin
et al., 2021).

The ionic cross-linking technique is a process to stabilize labile com-
pounds under environmental conditions. The methodology involves for-
ming polyelectrolyte complexes by binding divalent cations (Mg>", Ca®",
and Ba>"). Crosslinking is based on crosslinking through the interaction
between tripolyphosphate anions and protonated amine groups of biopoly-
mers (Andersen et al., 2015; Dogan Ergin et al., 2021; Prabaharan and
Mano, 2005).

The characterization of nanoparticles is fundamental to obtaining stable
and safe formulations for human consumption. Analysis of colloidal stabil-
ity, investigation of aspects of formation mechanisms, morphological prop-
erties, interaction, and encapsulation efficiencies are essential. However,
in vitro, assays to analyze cytotoxicity, viability, and cell death are indicated
to attest safety evidence. In addition, animal toxicity analyses must be con-
sidered for insertion into food (Esmaili et al., 2019; Mourdikoudis and
Pallares, 2018).
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11.1 Mechanisms for the release of nano-encapsulated
active ingredients

A crucial step is a release to obtain the bioavailability of bioactive com-
pounds. The controlled and targeted release mechanism depends on several
factors, such as the stability of the nanostructure, the specific location of the
substance during a sustained period (sustained release), external stimuli (such
as pH and microbiota), physical-chemical characteristics, and compatibility
of the nanostructure, and its interactions with different biological systems
(Zhang et al., 2021a,b).

The controlled release of active substances from nanostructures—
such as nanogels—can occur through three primary mechanisms: diffusion,
swelling, and chemical. The most common mechanism of release of bioac-
tive compounds from nanostructures is diffusion (Zhang et al., 2015).
Another release mechanism in aqueous media is swelling (an increase in
the volume of the nanostructure). The balance between osmotic pressure
and polymer elasticity establishes the physical dimensions of nanostructures.
The ionization of pH-susceptible functional groups in the medium increases
the nanostructure’s osmotic pressure, resulting in swelling. Some character-
istics, such as the chemical composition of the nanostructure (mainly bio-
polymers), the hydrophilicity of crosslinkers and the degree of crosslinking,
and environmental factors (such as external pH), influence this process
(Soni et al., 2016; Zhang et al., 2015). Degradation is a process for con-
trolled release triggered by an ordered sequence of processes: (a) surface
erosion, (b) mass erosion or fragmentation, and (c) release of active com-
pounds. Physical and chemical phenomena are involved in the degradation,
such as the diffusion of molecules inside or outside the particles, degrada-
tion of biopolymers, and finally, the breaking of cross-links and release of
the contents. This process is critical to designing targeted systems that
respond directly to specific environmental stimuli (enzyme-induced,
electrostatic-induced, hydrophobic-induced, and temperature-induced)
(Assadpour and Jafari, 2019b; Zhang et al., 2015).

11.2 Characterization and stability analysis of nanoparticles
to be added to food matrices

After forming nanostructures based on polysaccharides, the analysis, and

characterization are crucial factors for including in food matrices (Esmaili

et al., 2019). Some techniques are indicated for this purpose: size analysis,

polydispersity index, degree of association, conformation, interactions,
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and encapsulation efficiency. In general, the central characterization analyses
commonly used are (a) determination of the particle size through dynamic
light scattering analysis (DLS), which is fundamental to select methodologies
that generate particles with adequate diameter and potentially safe. Very
small particles (around >10nm) can cause adverse reactions in the body.
In addition, the polydispersity index is essential to obtain homogeneous
nanostructures; an index <0.2 are considered uniform (monodisperse)
and 1deal for targeted release and better interaction with biological systems
(Joye et al., 2014; Stetefeld et al., 2016).

Stability and aggregation propensity can be determined by analyzing the
zeta potential (electrokinetic potential), which is the plane of particle shear
in suspension, macromolecule, and colloidal systems under an electric field.
Used to determine the surface charge of nanoparticles, values more than
+30mV or less than —30mV are considered strongly cationic and strongly
anionic, respectively: the higher the zeta potential in module, the greater the
possibility of being stable due to electrostatically repulsion. In this way, the
pH and ionic concentration directly affect the stability (Bhattacharjee, 2016;
Honary and Zahir, 2013). The interaction between the constituent com-
pounds of the nanostructures can be determined through infrared spectros-
copy. This technique provides a structural characterization of the
nano-complex and relates to intermolecular interactions, revealing the com-
position of the constituent functional groups (Gharanjig et al., 2022; Karoyo
and Wilson, 2017).

Also, observing the morphology of nanoparticles is essential to identify
the external features. Scanning and transmission microscopy can be used to
observe pore size, homogeneity, morphology, and the presence of aggre-
gates, visualizing structures to verify probable stability and agreement with
other techniques, such as DLS (Vladar and Hodoroaba, 2020). Thermal ana-
lyses are essential to observe samples’ thermal behavior and physical proper-
ties (pure and in mixtures) and can indicate interaction between molecules
(due to the polymerization process). Through the differential scanning cal-
orimeter, it is possible the measurement of energy absorbed (endothermic
process) or released (exothermic process) of the samples, indicating whether
there was a thermal phase transition, and to observe the properties. Data on
glass transition, melting, denaturation, decomposition temperature, and
unfolding enthalpy are important ones to be considered (Esmaili et al.,
2019; Li et al., 2016; Neufeld and Bianco-Peled, 2017). Other techniques
are indicated to study the physicochemical properties, stability, morphology,
and interaction of polysaccharide nanostructures, such as nuclear magnetic
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resonance, confocal laser scanning microscope, atomic force microscope,
X-ray diffraction, titration calorimetry isotherm, rheology and in silico
methods (Karoyo and Wilson, 2017; Zhang et al., 2021b).

12. Nanoencapsulation of bioactive compounds:
Challenges and future perspectives

Notably, there is progress in research and the manufacture of nano-
structures via polysaccharides and their interactions with other biopolymers
to encapsulate bioactive compounds. The studies described in the literature
support that these biopolymers (especially pectin, chitosan, and cellulose) are
promising to stabilize bioactive compounds, thus carrying out targeted
delivery in the intestine and enhancing absorption and bioactivity.
Applying these polysaccharide-based nanostructures loaded with bioactive
compounds enables the processing of functional and innovative products
(Shen et al., 2022).

Nanoencapsulation of bioactive compounds is a growing topic in food
science. Although much has been discovered in recent decades, many chal-
lenges must be overcome in developing nanostructures for biologically-
targeted release (Walia etal., 2019). The ever-increasing search for sustainable
and effective biomaterials in protecting biologically active substances indi-
cates that food polysaccharides are potential materials to constitute biolog-
ical delivery systems successfully. They can overcome the adversities of the
external environment and enhance absorption, resulting in more excellent
bioavailability. The stability of nanostructures during processing and storage is
a concern that must be addressed by adequate characterization analysis to
avoid the loss of biological activity of the bioactive compounds encapsulated
(Manzoor etal., 2020; Paredes et al., 2016). Many studies indicate that pectin,
chitosan, and cellulose are promising for this purpose. These natural, biode-
gradable, biocompatible, and widely used biopolymers have positively
protected different bioactive compounds, such as carotenoids, phenolic
compounds, vitamins, minerals, and various drugs. Optimization of pro-
duction processes, including the proper selection of encapsulation methods
and manufacturing techniques, is crucial to ensure the quality and effective-
ness of nanogels. Table 1 describes a summary of studies over the last few
decades using different polysaccharides and their combinations. Many
other techniques are used for many purposes. The most cited ones are
the maintenance of molecular stability, protection against degradation,
maintenance of anti-oxidation and color properties, and improvement of



Table 1 Recent studies on applying polysaccharides (alone or combined with other biopolymers) to nano-encapsulate bioactive compounds.
Encapsulation Purpose of

Nanoencapsulation

Polysaccharide Bioactive compound method Size (nm) efficiency (%) nanoencapsulation References
Chitosan—Alginate ~Anthocyanin Ionic pre-gelation  358.5-635.9  68.9 Improve stability and Bulatao et al. (2017)
and complex increase bioavailability
polyelectrolyte
Starch-CMC Essential oil Self-assembly 100 - To improve Mohsenabadi et al.
antimicrobial properties  (2018)
Chitosan/Alginate  Vitamin B2 Ionic gelation 104 56 Molecular protection and Azevedo et al.
controlled release (2014)
Chitosan-TPP Curcumin Emulsion solvent  254—415 18-96 Protection and stability ~ Sowasod et al.
Evaporation (2008)
TPP-LWM Lutein Ionotropic gelation 80-600 85 Bioavailability Arunkumar et al.
Chitosan (2013)
Beta-lactoglobulin— Vitamin D2 Polyelectrolyte 100 — To improve stability Ron et al. (2010)
Pectin complex
Chitosan Epigallocatechin- Polyelectrolytic 200 10 Treatment of prostate Khan et al. (2014)
3-gallate complex cancer
Pectin—Lysozyme  f-Lactose Self-assembly 81.20+0.34 96 Inhibition of galectin-3  da Silva et al. (2023)
protein
Chitosan Iron Coacervation 830 - Controlled delivery Min et al. (2016)
system
Pectin—WPI Anthocyanin Self-assembly 200 55 Improve stability Arroyo-Maya and

McClements (2015)

Continued



Table 1 Recent studies on applying polysaccharides (alone or combined with other biopolymers) to nano-encapsulate bioactive compounds.—cont'd
Encapsulation Purpose of

Nanoencapsulation

Polysaccharide Bioactive compound method Size (nm) efficiency (%) nanoencapsulation References

CMC Vitamin E Nanoprecipitation 207, 6-230, 2 88, 43-99, 66 To improve stability and Mirzaei-Mohkam
bioactivity et al. (2019)

Pectin-whey D-limonene Complex 160 88 To improve stability Ghasemi et al.

protein coacervate (2018)

CMC Anthocyanin Ionic gelation 63.15-219.53 — Improve stability during He et al. (2017)
digestion

Chitosan Vitamin C Ionic gelation 170 12 Protection and Jang and Lee (2008)
maintenance of
functional properties

Chitosan—3- Anthocyanin Ionic gelation 91.71-69.3 - To improve the stability Ge et al. (2019)

Lactoglobulin and bioavailability

Chitosan Vitamin C Ionic gelation 300 15 Enrichment food Jiménez-Fernindez
products et al. (2014)

Chitosan—f- Anthocyanin Tonic gelation 580.4 77.4 Storage and oxidant Chen et al. (2023)

Lactoglobulin stability (in vitro
simulated digestion)

B-Chitosan Catechins Ionic gelation 208-591 50-89 Maintain bioactive Zhang et al. (2016)
activity

CMC—gelatin Zeaxanthin Complex 210.7 64.56 To improve stability Zhang et al. (2021a)

coacervation

Chitosan—3- Epigallocatechin Ionic gelation 100-500 60 Control release in the Liang et al. (2016)

Lactoglobulin gallate gastrointestinal

Chitosan Catechins Ionic gelation 169.0-201.4 24-53 Protection and stability ~ Hu et al. (2008)




Soybean-insoluble  Anthocyanin Emulsification 300 - Storage stability and He et al. (2022)

dietary fiber color protection

Chitosan Anthocyanin Ionotropic gelation 274—455 70 Antioxidant potential Chatterjee et al.

(2021)

Pectin—WPI Phenolic compound Nanoemulsion >675 96.64 Molecular stability Mohammadi et al.
(mixture) (2016)

Cellulose—Pectin ~ Phenolic compound Nanoemulsion 200 - Antd_microbial Activity Hassan et al. (2022)
(mixture)

Chitosan Anthocyanin Ionic gelation 160 to ~1000 — Antioxidant activity Ko et al. (2017)

Zein-CMC Quercetin and Antisolvent 217 25.1 Thermal stability Yanget al. (2023)
Reveratrol precipitation

Pectin Resveratrol Antisolvent 120 - Stability, Bioaccessibility Huang et al. (2019)

precipitation
Pectin-Chitosan Neohesperidin Polyelectrolyte 87225 72 Antioxidant Properties,  Shishir et al. (2019)
complex Released and
Bioavailability
Pectin—Chitosan Anthocyanins Self-assembly 100-300 66.68 Molecular stability and ~ Zhao et al. (2020)
control released
Pectin—Lysozyme  Anthocyanins Self-assembly 198.5 73 Molecular stability Rosales et al. (2021)
Starch Catechin — 322.7,559.2, 59.09, 48.30, Protection and Ahmad et al. (2019)

and 615.6 and 55.00

controlled release

TPP, Tripolyphosphate; LWM, Low molecular weight; CMC, Carboxymethyl cellulose; WPI, Whey protein isolate.
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bioaccessibility and bioavailability. The results indicate the choice of poly-
saccharide as a nanocarrier was crucial for a successful outcome for these
studies.

The scientific results show the practical applicability of several food poly-
saccharides to form nanocarriers to encapsulate bioactive compounds. One
critical step after nanoparticle formation is to consider the safety for oral
ingestion. For this, it is emphasized that in vitro and in vivo analyses must
be carefully performed to guarantee the absence of toxicity. In this sense,
there need to be more in vivo studies (humans and animals), which should
be carried out more frequently, seeking an outstanding certification of effi-
cacy to increase bioavailability and certify safety for human consumption.
Another critical point is to achieve the controlled and sustained release of
bioactive compounds encapsulated in biological systems, reaffirming the
emerging need for more in vivo studies.

The targeted delivery and release of bioactives is influenced by several
factors, such as the composition of the biopolymers, their interaction with
the encapsulated compound and the biological system, and environmental
conditions, especially factors intrinsic to human digestion (enzymes, pH,
and microbiota). Thus, designing intelligent nanostructures to control bio-
active release over time and be susceptible to biological stimuli is crucial
(Dogan Ergin et al., 2021; Faridi Esfanjani et al., 2018).

The choice of preparation methodology must consider the specific needs
of each application and know the characteristics of the compounds involved,
as well as the food matrix which will be the vehicle. The current trend is
avoiding toxic and dangerous components as crosslinkers to form nano-
complexes (Aratjo et al., 2017; Ayala-fuentes and Chavez-santoscoy,
2021). Nanostructures based on environmentally safe, economical, and
solvent-free techniques are indicated for the food industry. Foods enriched
with nano-encapsulated bioactive, food supplements, and nutraceuticals are
a strong trend in the food and pharmaceutical industries. Thus, studies con-
templating this theme and identifying new materials and methodologies are
strongly supported. Consumer demand for new products with functional
claims indicates the need for in-depth investigations and the establishment
of specific legislation for the inclusion of nanoparticles in food, as well as doses
to limit safe intake in a nutrition and health guide (Gopi Krishna et al., 2021).

To value waste from food industries and strengthen the circular econ-
omy, polysaccharides, and bioactive compounds can be extracted from
by-products of food industries. Food-derived biopolymers are versatile,
resistant, and promising for applications as structured nanomaterials for
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encapsulating and delivering bioactive compounds. In addition, they have
nutritional value and distinct physical-chemical and biological properties,
are widely distributed in nature, show consolidated techniques (and envi-
ronmentally safe) for extraction, and with numerous properties to generate
new functionalities and benefits in protection and increase bioavailability
(Comunian etal., 2021; Saini et al., 2019). However, observing the complex
factors involved in forming polysaccharide-based nanostructures, such as the
pH, types of biopolymers used, concentration, molar ratio, and ionic
strength, is essential. Furthermore, detailed characterization is necessary to
obtain stable nano-complexes. In addition to food and pharmaceutical prod-
ucts, it provides many benefits for preserving and maintaining the release of
encapsulated bioactive compounds. It is a viable option for improving bio-
logical activity, reducing the risk of developing chronic diseases, and as an
additional treatment in various metabolic situations (de Souza Simoes et al.,
2017; Salarbashi et al., 2020).

13. Conclusion

Nanostructures based on food-derived biopolymers are promising
technological applications with broad applications in the food and pharma-
ceutical industries for food, nutraceuticals, and supplements. Many com-
pounds can be encapsulated, protected, and effectively controlled for
delivery. The interaction between protein-polysaccharide through
self~assembly by electrostatic interaction and ionic gelation, especially, is a
widely used, biodegradable, biocompatible for hydrophilic and hydrophobic
compounds. Nanogels have versatile, functional attributes such as increased
dispersion, increased solubility, preservation of chemical activity, improved
bioaccessibility, bioavailability, and maintain the available properties of bio-
active compounds. Many factors are involved in forming polysaccharide
nanostructures, which must be carefully evaluated and carefully analyzed
to preserve safety and efficacy to be included in products for human
consumption.
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