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Abstract:

Polyphenols are present as nutrient components in many functional food formulations. However, their bioavailability is quite
low, and they tend to degrade under extreme technological conditions, e.g., heating, pH, etc. Moreover, polyphenols are
known for their specific bitter taste. As a result, a large amount of polyphenols spoils the sensory properties of the finished
product. Encapsulation seems a prospective solution to this problem. This article provides a comprehensive review of scientific
publications on various methods of polyphenol encapsulation.

The review covered publications registered in PubMed, Google Scholar, ResearchGate, Elsevier, eLIBRARY.RU, and
Cyberleninka in 2002-2023 with a focus on original research articles published after 2012. The search involved such keywords
as polyphenols, encapsulation, flavonoids, delivery systems, and functional products.

Encapsulating materials are made of organic or inorganic substances, as well as of their combinations. Mineral salts delay the
contact between polyphenols and taste buds. However, they are not resistant enough to gastric juice. In this respect, organic
matrices are more effective. Carbohydrates protect active molecules from degradation in the stomach. Liposomes increase the
bioavailability of polyphenols. Milk or whey proteins also proved quite effective for a number of reasons. First, they mask the
astringent taste, which makes it possible to include more polyphenols in functional food formulations. Second, the resulting
product is fortified with valuable proteins and essential amino acids. Third, high concentrations of polyphenols possess enough
antioxidant properties to increase the shelf-life.

Polyphenol encapsulation is an effective method of functional product design, especially in the sphere of foods made for dietary
nutrition, sports, preventive diets, etc.
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INTRODUCTION Polyphenols with their beneficial properties are an
Recent decades have seen a surge of scientific in- important part of any healthy diet. The Federal Service
for Surveillance on Consumer Rights Protection and
Human Welfare was the first to specify the content
of polyphenols and flavonoids in its Dietary Recom-
mendations [8].
In nature, polyphenols occur in very small quan-
tities. Moreover, they usually remain out of human con-

terest in phenolic compounds of plant origin in the
fields of physiology, medicine, and functional foods.
Polyphenols possess antioxidant, anticarcinogenic, anti-
microbial, anti-inflammatory, and organoprotective
properties [1-7]. Foods fortified with primary elements,

miCrOnutrientS, and b]ologlcally active substances cont- sumption’ being discarded as production waste, eg.,
ribute to treatment and prevention of major cardio- grape peels and seeds in wine production, citrus peels
vascular, endocrine, and oncological diseases. and membranes in juice production, olive pomace in
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olive oil production, etc. [9]. Given their low bioavaila-
bility, mere dietary adjustments cannot provide human
body with polyphenols, which makes food fortification
the only option available. Unfortunately, their bitter
and astringent taste gives polyphenols a rather unfavo-
rable sensory profile. Free polyphenols interact with sali-
vary mucin and weaken its coating effect on taste buds,
resulting in a specific taste. Encapsulation can camou-
flage the unpleasant taste of polyphenols while impro-
ving their resistance to some external factors, preser-
ving biological activity, and even increasing bioavai-
lability [9—14]. For instance, the pharmaceutical indust-
ry uses encapsulation to create new polyphenol-based
drugs [15—17]. In the food industry, phenolic compounds
with their antioxidant effect can extend the shelf-life of
finished products [18, 19]. Therefore, the success of new
polyphenol-containing functional foods depends on the
correct choice of encapsulating material and technolo-
gical conditions.

In our study, we focused on scientific publications on
various methods of polyphenol encapsulation.

STUDY OBJECTS AND METHODS

This review covered publications registered in
PubMed, Google Scholar, ResearchGate, Elsevier,
eLIBRARY.RU, and Cyberleninka databases in 2002—
2023, with the focus on original studies published
within the last 10 years in peer-reviewed sources.
The search involved such keywords as polyphenols,
encapsulation, flavonoids, delivery systems, and func-
tional products.

RESULTS AND DISCUSSION

Encapsulation technologies. During encapsulation,
a certain carrier substance develops particles, or capsu-
les, that capture some other substance or a group of
similar substances. Encapsulation isolates the biologi-
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cally active substance from the environment. Various
physicochemical interactions allow the carrier substance
to include biologically active substances in the capsule
wall or envelop them. Capsule particles can be of several
types. Microspheres contain the active substance inside
or as part of the wall. In microcapsules, the active sub-
stance is coated with the wall of some natural or synthe-
tic carrier (Fig. 1) [17]. Particles vary in size from seve-
ral micrometers to several millimeters.

Encapsulation is a well-tested reliable technology that
makes it possible to modify the necessary properties
and deliver all kinds of polyphenolic compounds. This
method improves the bioavailability of polyphenols,
masks the astringency, increases the shelf-life, and de-
livers molecules to specific parts of the intestine for
metabolism or absorption.

Modern research publications feature such encapsu-
lation technologies as spray (freeze) drying, spray cooling,
extrusion coating, fluidized bed encapsulation, liposome
capture, simple/complex coacervation, gelation, etc.

All encapsulation methods can be divided according
to the strategy employed as top-down or bottom-up.
The top-down strategy occurs in extrusion of emulsifica-
tion. It breaks large solid or liquid structures into smal-
ler fragments by external force, e.g., cutting, impact, or
pressure. This method requires special equipment, e.g.,
homogenizers, which increases its operating and main-
tenance costs.

The bottom-up strategy uses self-organization poten-
tial to form larger molecules. Microcapsules appear when
the components to be encapsulated and the carrier are
mixed together in a solution. The process is sensitive to
pH, temperature, ionic strength, etc., but it is energy
efficient and provides microcapsules of preprogrammed
shape and size. Coacervation, spray drying, electrospin-
ning, bonding, and antisolvent precipitation are the most
popular bottom-up strategy methods [20].
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Figure 1 Nanospheres with the active substance absorbed and dispersed on the polymer surface vs. nanocapsules with the active

substance in its core surrounded by the polymer membrane
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Table 1 illustrates the advantages and disadvantages
of each method [20].

In each specific case, the choice of encapsulation me-
thod depends on the chemical nature and properties of
the molecules and the equipment available. Properly se-
lected conditions make it possible to obtain capsules of
the required structure, shape, and size.

The choice of optimal carrier medium is also of
great importance because it delivers active molecules to
certain parts of digestive tract, protects them from ag-
gressive enzymes, ensures their bioavailability and ther-
mal stability, improves sensory properties, etc. [30—-34].

A wide range of mineral and organic substances can
serve as carrier media during encapsulation.

Inorganic carriers. The bitterness of some polyphe-
nols, e.g., green tea catechins, can be avoided by binding
with inorganic salts, e.g., carbonates, phosphates, calci-
um and sodium chlorides, etc. Elabbadi ef al. reported
that this method masked the bitter taste without affecting
the bioavailability of catechins, which did not degrade
in the gastrointestinal tract [35]. They used the co-
precipitation method by mixing a green tea extract with
sodium carbonate and/or phosphate and adding calcium
chloride. The resulting microcapsules proved resistant to
washing, the maximal binding efficiency being as high
as 65%. Such variables as flow rate, cations-to-anions
ratio, and total ions also affected the degree of binding,
particle sizes, and their tendency to agglomerate. The
carbonate content was especially important. The opti-
mal carbonate content was 75% since catechins appea-
red to be unstable in alkaline environment. When the
proportion of carbonate was low, catechins were leached
from the capsules during washing. Green tea extracts
usually contain a mix of different catechins. Some cate-
chins, e.g., catechin gallate, gallocatechin gallate, and
gallocatechin methyl gallate, could bind more efficiently
than the corresponding epicatechins. Gallates were better
binders than similar molecules with no gallate radical.

More complex microcapsule compositions may
include calcium chloride. For example, the bonds bet-
ween calcium cations and carbonyl groups of pecti-
namide resulted in a network that stabilized the struc-

ture of the capsule [36]. When Wang et al. tried to encap-
sulate ferulic acid with zein, calcium chloride affected
the structure of the resulting complexes [37]. The pro-
portion of a-helices and f-sheets dropped whereas the
proportion of disordered turns increased, resulting in
smooth spherical particles. Calcium chloride was also
reported as a hardening agent in combination with orga-
nic carriers [38].

Mineral carriers mask the bitter taste of polyphe-
nols because capsules pass through the oral cavity very
quickly to dissolve elsewhere in the digestive tract. The
biggest disadvantage of mineral salts is that they can-
not modify the breakdown and subsequent adsorption
of polyphenols in the gastrointestinal tract. In this re-
gard, bioorganic carriers seem to have better prospects.
Carbohydrates, lipids, proteins, and their combinations
are valuable nutrients that are able to protect polyphe-
nols from aggressive hydrochloric acid and enzymes.
They deliver polyphenols to certain parts of the gastro-
intestinal tract and/or increase their bioavailability.

Carbohydrates. The food industry knows a wide
variety of carbohydrates, e.g., maltodextrin, f-cyclodex-
trin, pullulan, gelled glucan, curdlan, sodium alginate,
pectin, etc. Their polysaccharides are stable at low pH;
as a result, active components manage to reach the
intestine intact to be absorbed there.

Dey et al. constructed a model of artificial digestion
to encapsulate quercetin with gellan gum and registered
the maximal release of quercetin at pH 7.4 [39]. Vallejo-
Castillo et al. used a pectin-alginate composite to obtain
enteric capsules with a papaya exocarp extract, which is
rich in rutin and transferulic acid [40]. Guzman-Diaz et al.
included green tea extracts in double emulsions of chia
seed mucilage [41]. After adding thixogam and car-
rageenan, they ensured the maximal release of catechins
in the intestinal phase while preserving their antioxidant
activity. Another study used chitosan, maltodextrin, and
gum arabic to mask the astringent taste, increase the
antioxidant activity, and prolong the shelf-life [42].

Although the encapsulation mechanisms are similar,
each carrier has some specific properties. For example,
alginate is stable in acidic environment while alkaline

Table 1 Advantages and disadvantages of the most common encapsulation methods

Methods Approach  Advantages Disadvantages
Emulsification = Top-down  Applicable to both hydrophilic Sophisticated equipment [22]
and hydrophobic compounds [21]
Spray drying Bottom-up  Simple, fast, cheap [23] Low product yield; not suitable for heat-sensitive
materials [22]
Extrusion Top-down  Soft process; suitable for both hydrophilic and Large particle size; few types of matrix materials;
hydrophobic compounds; long shelf-life [24]  complex and expensive scaling [24]
Electrospinning Bottom-up  Simple; cheap; applicable to heat-sensitive Porous fibers [27]
interactions; yields fibers with a very high
surface-area-to-volume ratio and of all shapes
and sizes [25, 26]
Coacervation Bottom-up  Hihg encapsulating efficiency [28] Unstable in aqueous solution; high production cost;

sensitive to many factors, e.g., pH [21, 22, 29]
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environment makes its capsules swell and disintegrate.
Chitosan has favorable antibacterial and antioxidant
properties, as well as effective mucoadhesion [43, 44].
Chitosan binds cholesterol and controls the release of
active substances but dissolves only under acidic condi-
tions. Guar gum is highly resistant to digestive enzymes
and very stable in the upper gastrointestinal tract [45].
Between corn starch and quinoa-derived starch, quinoa
starch appeared to form smaller quercetin capsules, which
were more effective in protecting the active substance
during storage [46]. Similar data were reported by
Remanan and Zhu for rutin [47].

Polyphenols are known for their low hydrophilicity,
which restricts the technological process and compli-
cates absorption in the gastrointestinal tract. Cyclodex-
trin glucanotransferase triggers the development of cyc-
loamylose. As it encapsulates resveratrol, its solubility in
water increased by 6000 times, but the chemical stability,
antioxidant effect, and anti-inflammatory properties re-
mained the same [48].

The matrix material also affects the stability of the
encapsulated active substance. Capsules based on a com-
bination of alginate and guar gum were able to preserve
anthocyanins during two weeks of storage [45]. Other
research teams reported similar results [49]. In addition,
alginate capsules proved very effective in preserving
phenolic acids [45].

Polyphenol may both increase and decrease in con-
tent during storage as condensed molecules depolyme-
rize and monomers bind to the capsule matrix. Com-
posite matrices maintain higher antioxidant values of
polyphenols, both in fresh capsules and after two or
three weeks of storage, especially with guar gum.

Anthocyanins are the most common plant pigments,
which makes them popular food colorants. The color in-
tensity of encapsulated concentrates was reported to
grow during storage, especially when a composite mat-
rix was involved. Chitosan increased the intensity of the
yellow color while alginate or its combination with guar
gum intensified the red color [45]. Vergara et al. en-
capsulated extracts of purple potatoes, which owe their
color to anthocyanins [50]. Purple potatoes have good
prospects as a natural and safe food colorant. The sci-
entists achieved 86% encapsulation efficiency by using
maltodextrin. The resulting capsules provided higher
stability of anthocyanins during storage. As much as
45% of the encapsulated anthocyanins remained after
138 days at 60°C while the control sample managed to
maintain only 10% of the original amount after two days.
A similar protective effect was reported for a gastroin-
testinal digestion model.

Costanzo & Angelico used encapsulation to pre-
serve the active components of Silybum marianum
extracts, improve their antioxidant and anti-inflamma-
tory activity, and increase their bioavailability, thus
raising the effectiveness of the final medicinal pro-
duct [51]. Such extracts exhibit various important phy-
siological effects and include a lot of biologically ac-
tive substances, e.g., flavolignans, flavonoids, silibin A,
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silybin B, isosilybin A, isosilybin B, silicristin, iso-
silicristin, silydianin, taxifolin, etc. [52-55].

Sansone et al. used carboxymethylcellulose as coa-
ting and sodium lauryl sulfate as surfactant [56]. The
liquid phase consisted of water, ethyl alcohol, and ace-
tone in a ratio of 50:15:35. Spray drying made it pos-
sible to obtain the desired particle size and increase the
bioavailability of plant components. If modified, this
method can be used to encapsulate other natural biolo-
gically active substances.

Lachowicz et al. used maltodextrin and inulin to pro-
duce juneberry extracts, which they dried by vacuum
or freeze drying to obtain powder [57]. Maltodextrin
rendered the powders a higher content of polyphenols
from berries and juices while inulin was more effective
with berry peel samples. Freeze drying provided more
active components and better antioxidant indicators than
vacuum drying. Such powders can become an effective
fortification means for functional foods with biologically
active components.

Corkovi¢ et al. performed a comparative analysis of
pectin and alginate as encapsulating carriers for polyphe-
nols and volatile substances in chokeberry juice [38].
Spectroscopy and high-performance liquid chromatogra-
phy showed that alginate capsules had a higher concent-
ration of polyphenols. Also, alginate capsules had bet-
ter antioxidant results according to some other tests, e.g.,
FRAP (Ferric Reducing/Antioxidant Power), CUPRAC
(CUPric Reducing Antioxidant Capacity), DPPH (2,2-
diphenyl-1-picrylhydrazyl), and ABTS (2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid).

Hatadyn ef al. used a combination of polysaccharides
to encapsulate chokeberry concentrates and powder [45].
The researchers obtained the maximal content of active
substances using a three-component carrier while the
minimal one belonged to alginate capsules. Three-com-
ponent matrices also demonstrated the greatest agree-
ment between the polyphenolic profile of the capsules
and the original concentrate and powder. Apparently,
different polysaccharides differed in their abilities to
bind fractions of phenolic compounds. Therefore, mul-
ticomponent carriers proved more effective in encap-
sulating natural extracts with complex chemical com-
positions.

To sum it up, carbohydrates solve a wide range of
problems, from stabilizing the active substances, maintai-
ning favorable physiological properties, and increasing
bioavailability, to improving the sensory profile of the
final product. By choosing the optimal carrier and tech-
nological conditions, food producers can obtain particles
of a particular size with a lot of active substance.

Lipids. Emulsions, liposomes, nanoliposomes, and
solid lipid particles are popular means of encapsulation.
They deliver biologically active molecules in the food
industry, pharmacy, and cosmetics [58—60]. Hydrophilic
components are included in the aqueous fraction in the
center of the liposome while fat-soluble components
are distributed in the lipid layer. Amphiphilic phospho-
lipids are natural components of cell membranes and
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reliable liposome agents. They are found in soy, sun-
flower, and egg lecithin. Phospholipids from rice bran
were reported to produce nanoliposomes with querce-
tin [61]. Jahanfar et al. prepared encapsulated rosemary
extract using phosphatidylcholine by freeze-drying at
70°C [62].

Lipid microparticles can be a mix of hydrogenated
and interesterified vegetable oils. Cutrim et al. heated
oils and tea extracts to 80°C to dry them in a cooled me-
dium in a mini spray dryer [63]. As a result, they achie-
ved an encapsulation efficiency of 83.5%.

Pan et al. applied the pH-driven encapsulation me-
thod to low-soluble polyphenols [64]. The method relied
on the deprotonation of hydroxyl groups in a highly alka-
line environment. As a result, negatively-charged mole-
cules increased the solubility of the capsule. However,
this method is quite limited because some polyphenols
become unstable in alkaline environment. A greater num-
ber of hydroxyl groups increases the chance of oxidation.
Therefore, quercetin is less stable than resveratrol and
curcumin, which reduces its encapsulation efficiency.

Peng et al. reported that encapsulation depends on
the concentration [65]. For example, curcumin exhibited
its maximal solubility at a concentration of 0.36 mg/mL.
By increasing the concentration of curcumin in the
solution, the scientists achieved no increase in its uptake
by liposomes. Resveratrol was reported to demonstrate
a similar pattern. However, quercetin increased its en-
capsulating abilities at larger concentrations because it
went unstable in alkaline environment. Therefore, this
type of encapsulation depends on two factors, i.e., solu-
bility in water and stability at high pH values.

Moghaddasi et al. combined black pepper oil with
polysorbate 80 to obtain an emulsion [66]. They mana-
ged to optimize the solubility of curcumin and obtain mic-
rocapsules of 16 nm in size with a better antioxidant pro-
file than in an aqueous curcumin suspension. Kumar et al.
encapsulated resveratrol using the ultrasound method
in a nanoemulsion with lecithin in combination with po-
lysorbate 80 [67]. The particle size reached 20 nm, and
the binding efficiency was as high as 99%.

Resveratrol emulsion turned out to be more resistant
to ultraviolet irradiation than its aqueous or alcoholic
solutions. Both liquid (medium chain fatty acids + poly-
sorbate 80) and semi-solid resveratrol nanoemulsions
(laurylpolyoxyl-32 glyceride + caprylcaproylpolyoxyl-8
glyceride) were more bioavailable as they were more ef-
ficient in penetrating the wall of the small intestinal [68].
Emulsion stability and encapsulation efficiency could be
increased by adding magnesium salts and poloxamers,
i.e., molecules containing central hydrophobic and late-
ral hydrophilic regions [69].

Liposomes make it possible to encapsulate not only
isolated substances, but also their combinations. For in-
stance, liposomes with curcumin and resveratrol were
more stable during storage than liposomes containing
only one type of polyphenol. Spectroscopic and fluores-
cence analyzes made it possible to evaluate the distri-
bution of different molecules in a liposome. Thus, curcu-
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min predominated in the hydrophobic region while res-
veratrol predominated in the hydrophilic region. The
resulting synergistic effect of polyphenols on liposome
stability provided an encapsulation efficiency of 80.42%
and a better preservation of antioxidant properties [70].

Chen et al. succeeded in increasing antioxidant acti-
vity by encapsulating epigallocatechin gallate and quer-
cetin in liposomes [71]. Conversely, polyphenols were
reported to reduce lipid oxidation [72]. This property
can be used to fortify products with valuable oils and
essential fatty acids.

Exosomes are phospholipid-based membrane vesicles.
In humans and animals, exosomes are produced by many
tissues and are responsible for intercellular transport.
Some technologies make it possible to extract vesicles
from biological fluids, e.g., cow’s milk, and incorporate
various biologically active or medicinal substances [73—
76]. Vashisht ef al. described the technology for produ-
cing exosomes from milk. In their study, exosomal curcur-
min was more stable and bioavailable, compared to the
free control [77]. Other authors reported similar data [78,
79]. Extracellular vesicles of plant origin are known to
contain biologically active components, including poly-
phenols [80, 81]. Such vesicles have good prospects as a
delivery system for nutrients and pharmacological sub-
stances meant for oral administration.

Thus, lipid encapsulation increases the stability and
bioavailability of polyphenols while maintaining their
physiological activity.

Proteins. Encapsulation of polyphenols in protein-
based nanoparticles is a popular research topic. Proteins
seem an appropriate solution to the sensory characte-
ristics’ problem that producers of fortified foods often
have to face. However, proteins affect the color of the
final product and may make the solution opaque [82].

Protein-polyphenol interaction is based on both cova-
lent and non-covalent bonds, e.g., hydrogen, hydropho-
bic, or Van der Waals bonds [83]. Larger and more hyd-
rophobic molecules attach to protein more effectively.
Hydrophobic bonds develop the interaction between the
aromatic rings of polyphenols and the pyrrolidine rings
of proline residues. Hydrogen bonds are formed by hydro-
gen acceptors in the protein and hydroxyl groups of poly-
phenols. Catechins bind to S-lactoglobulin (5-Lg) as the
number of hydroxyl groups increases in the series of epi-
gallocatechin gallate > epigallocatechin > epicatechin >
catechin [84].

Flavonols follow the same pattern when interacting
with collagen. An increase in the number of hydroxyl
groups in the kaempferol — quercetin — myricetin
chain raises the melting point of the complex, which
indicates its greater stability [85]. The amount of gallate
radicals is another important factor. Spectroscopy and
fluorescence tests showed that the bond between epiga-
llocatechin gallate and f-Lg is stronger than that of epi-
gallocatechin [86].

The mature of protein also affects the encapsulation
process. Hydrophobic proteins attach better to polyphe-
nols if the former are rich in proline and basic residues,
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as well as possess an open and mobile structure. In a
study of whey proteins, the more hydrophobic f-lactoglo-
bulin (f-Lg) had a greater affinity for polyphenols than
o-lactalbumin (a-La) [87]. If preheated, proteins facili-
tate the formation of bonds with polyphenols. At > 60°C,
covalent bonds between epigallocatechin and f-Lg
occurred fast, with lysine residues acting as a binding
site [88]. Open-structured native globular proteins often
demonstrate intramolecular interactions that promote
protein aggregation [89].

These interactions depend on the molecular structure.
For instance, a comparative analysis of galangin and
genistein showed that galangin had a greater affinity for
whey proteins and caseinate due to its flatter stereoche-
mical structure and random B-ring rotation. Genistein,
on the other hand, demonstrated localized isomerism
and a twisted stereochemical structure [87, 90].

Jia et al. observed hydrogen and Van der Waals bonds
during the formation of complexes of f-Lg with pheno-
lic chlorogenic and ferrulic acids whereas hydrophobic
interactions predominated in complexes with epigallo-
catechin gallate [91]. Temperature also proved an impor-
tant variable. Under thermal treatment, chlorogenic and
ferullic acids developed weaker bonds with f-Lg while
epigallocatechin gallate bonds grew stronger [91].

The ability of proteins to bind to phenolic compo-
unds are limited. For example, flexible gelatin molecules
were reported to be able to bind to punicalagins (pome-
granate polyphenols from the tannin group), whereas
bovine serum albumin failed [92]. To select a protein
carrier, functional food developers are to find out how a
specific protein binds to a specific phenolic compound.

Scientific articles describe numerous methods for en-
capsulating polyphenols with proteins.

For example, Rodriguez-Félix ef al. produced querce-
tin nanoparticles from zein by electrospraying [18]. They
used Fourier transform infrared spectroscopy (FTIR)
to establish the hydrogen bonds between quercetin and
protein molecules. Such nanoparticles can increase the
bioavailability of quercetin in medicine. Their antioxi-
dant properties can prolong the shelf-life of functio-
nal foods. Bruni ef al. also used zein to encapsulate
leaf extracts of Paraguayan holly (yerba mate tea) by
the method of electrospinning [93]. The resulting fibers
retained antioxidant activity and increased the thermal
stability of phenolic extracts, compared to the non-en-
capsulated samples.

When encapsulated by gelation of f-Lg matrix, epi-
gallocatechin gallate could protect catechins in the sto-
mach, thus preserving them intact to be absorbed in the
intestine [94]. Another study involved thermally denatu-
red f-Lg [95]. In the abovementioned studies, particle
size and encapsulation efficiency depended on such
variables as pH, temperature, molar ratio of 5-Lg vs. epi-
gallocatechin gallate, and f-Lg concentration.

Lestringant et al. encapsulated epigallocatechin gal-
late into a native f-Lg carrier, which they heated to
85°C to remove the solvent from the solution [96]. They
tested the resulting native complex of f-Lg and epigal-
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locatechin gallate for stability, physical properties, and
bioactivity. The complexes showed comparable stability
and binding efficiency to heated f-Lg nanoparticles at
a molar ratio of 1:1 epigallocatechin gallate/f-Lg. The
heated and desolvated S-Lg nanoparticles were of simi-
lar size; however, the desolvated samples possessed the
highest binding affinity for epigallocatechin.

Cheng et al. reported that resveratrol, folic acid, and
o-tocopherol bound with the central cavity of the ou-
ter surface of f-Lg [97]. The binding occurred near the
amino acids of tryptophan (position 19) and arginine
(position 124). Another binding area was the hydropho-
bic pocket in the space between a-helix and pf-sheet
structure of the protein. Therefore, f-Lg can simultane-
ously bind three biologically active substances to form
protein-polyligand complexes. Xiang ef al. described f-Lg
as a transport molecule capable of binding low molecu-
lar weight lipophilic ligands, including polyphenols [98].

A pH-dependent encapsulation with casein can be
applied to substances with low hydrophilicity, e.g., cur-
cumin. The same method was once applied to nanolipo-
somes [99]. At pH 12, sodium caseinate dissociated and
curcumin deprotonated. The subsequent neutralization
triggered encapsulation of curcumin into self-assemb-
ling casein capsules, which were then spray dried. Ultra-
violet and nuclear magnetic resonance spectroscopies
revealed that sodium caseinate prevented curcumin from
degradation, as a rule, in alkaline environment. This
cheap technology enhances the biological properties of
curcumin, in particular, its antiproliferative effect against
colon and pancreatic cancer cells.

Xue et al. used a nanocomplex of glycosylated casein
to encapsulate epigallocatechin gallate [100]. The resul-
ting capsules did not aggregate during storage. An intes-
tinal digestion model in vitro showed that the nano-
complex had a slow and prolonged release. Li et al. en-
capsulated naringenin with micellar casein and detected
an increase in its solubility, as evidenced by its concent-
ration in the aqueous phase [101]. Such capsules demon-
strated a good potential as carriers of hydrophobic nut-
rients, e.g., flavonoids.

Polyphenols themselves can modify the biological
and technological properties of proteins, increased whey
proteins. Phenolic compounds are able to change the se-
condary structure of proteins, which is a scientifically
proven fact.

Kanakis et al. used spectroscopic methods, i.e., cir-
cular dichroism and IR spectroscopy with Fourier
transform [84]. Hydrophobic and hydrophilic bonds
formed during the interaction between f-Lg and epi-
gallocatechin gallate could increase the proportion of
f-sheets and a-helices in the protein. The resulting pro-
tein structure proved reliably stable. In another study,
the transformation of f-sheets into a-helices induced
fewer twists and turns [91, 102]. The intensity depended
on the specific features of individual molecules [103].
Flavonoids reduced the hydrophobicity of the protein
surface and the number of sulfhydryl groups, which
may denote increased protein aggregation [91, 103].
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Thus, proteins can be used in functional food pro-
ducts. If combined with polyphenols, they can act as
antioxidants, emulsifiers, foaming agents, and gelling
agents [104—106]. However, the effect may be quite op-
posite. For example, baicalein, alone or with chrysin,
was reported to enhance the foaming ability of f-Lg,
while chrysin, on the contrary, weakened it [103].

Polyphenols were able to reduce the allergenic effect
of milk protein complexes by weakening their binding
to immunoglobulin epitopes in specialized foods for
patients with food allergies to milk proteins and, in
particular, p-Lg [102, 107].

Multicomponent capsules are getting more and
more scientific attention [108—110]. By combining dif-
ferent materials in the matrix, researchers obtain cap-
sules with predesigned properties, e.g., particle size,
binding efficiency, pH-related solubility, stability, release
rate, absorption by enterocytes, nutraceutical value, etc.

Luo et al. used dextran-zein fibers obtained by elec-
trospinning to encapsulate curcumin [111]. By adding
zein to dextran, they achieved a nonlinear increase in
the hydrophobicity of the resulting fibers: 30% of zein
increased the flexibility, elasticity, and tensile fiber
strength. However, low concentrations had quite the op-
posite effect. The ratio of the protein and polysaccharide
components also affected the release rate of active mo-
lecules. The maximal rate of curcumin release was regis-
tered at the 15% zein content.

Gomez-Mascaraques ef al. encapsulated a grape juice
extract using a mix of gelatin and carrageenan [30].
The optimal ratio protein to carbohydrate was 85 to 15.
This ratio provided the maximal absorption rate of bio-
logically active substances. The release of the extract
from the matrix turned out to be pH-dependent and in-
creased in alkaline environment. Calcium chloride boos-
ted the encapsulation efficiency but eliminated the pH-
dependence of the release. As a result, the extract release
did not run well in alkaline environment. The researchers,
however, managed to solve the problem by changing the
sequence of encapsulation: they extruded carrageenan
and extract through gelatin in the presence of calcium
chloride. In this way, they obtained capsules for intes-
tinal release that were resistant to acidic gastric juice.

Wang et al. used nanoparticles made from chitosan
in combination with bovine serum albumin to encapsu-
late polyphenols obtained from Pinus koraiensis pine
cones [112]. The capsules showed high stability over a
long storage period at room temperature. An artificial
digestion model proved that the biologically active
substances could reach the intestine.

Caballero ef al. combined pea protein and high metho-
xyl pectin (1:1) at pH 4.0 to encapsulate hesperidin [113].
The resulting capsules were 10 times more soluble in
water while exhibiting higher antioxidant activities and
a better bioavailability in vitro than unencapsulated hes-
peridin. The researchers mentioned their good commer-
cial prospects in food and drink fortification.

Viljanen et al. observed anthocyanins in a whey-
based emulsion [114]. Anthocyanins obtained from black
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currant, raspberry, and lingonberry exhibited dose-depen-
dent antioxidant properties in relation to both proteins
and lipids. Such effect was brought about by the optimal
ratio of delphinidin and cyanidin. Most anthocyanins
were distributed in the aqueous fraction, exhibiting
antioxidant activity against proteins. The presence of
lipids reduced the amount of anthocyanin in the aque-
ous phase. About 20% of anthocyanins manifested
their antioxidant properties right where they bound to
proteins, i.e., on the border between lipid and water
phases [115].

Aceituno-Medina et al. used the method of electro-
spinning to encapsulate quercetin in amaranth protein
isolates in combination with pullulan ultrafine fibers [116].
Quercetin molecules distributed quite evenly throughout
the smooth fibers. A digestion test in vitro showed that
the encapsulated compounds had a better antioxidant
capacity than the non-encapsulated ones.

Yadav ef al. combined whey protein concentrate, mal-
todextrin, and gum arabic to encapsulate grape juice
extract by the ultrasound method [117]. They achie-
ved an encapsulation efficiency of 87.9-91.13% with the
smallest particle size and maximal preservation of anti-
oxidant properties. These results belonged to microcap-
sules coated with whey protein concentrate and malto-
dextrin or gum arabic at ratios of 4:1 and 3:2, with a
core-to-coating ratio of 1:5.

Emulsion thermal gelation is another common encap-
sulation method. Betz & Kulozik encapsulated blueberry
extracts in whey protein [118]. The average diameter of
the resulting microcapsules was 0.5-2.5 mm. However,
the particles were large (= 100 um), which spoiled the
sensory properties of the finished products. The particle
size decreased as the stirring speed reached 1350 rpm.
Further acceleration did not reduce the particle size.
Emulsifiers reduced the surface tension, thus preventing
the particles from aggregation and sticking. This mea-
sure made it possible to reduce the particle size to 70 um.
However, the emulsifier promoted the transition of antho-
cyanins from the protein solution to the oil phase. The
pH value was another important factor that affected the
particle size. When blueberry extract was added at > 10%
of total volume at pH 3.0, the resulting aggregates were
irregular in shape an did not form spherical capsules.
The scientists explained it by the effect of pH on the
electrostatic interactions between protein and polyphe-
nol molecules.

Ha et al. proposed an interesting technological solu-
tion by combining all three types of organic encapsula-
ting agents, i.e., proteins, carbohydrates, and lipids [119].
They used chitosan bound to linoleic acid and combined
with fS-lactoglobulin (chitosan — linoleic acid/f-Lg) as a
carrier to encapsulate quercetin. The nanoparticles were
prepared by modified ionic gelation. They treated a mix
of quercetin with chitosan-bound linoleic acid and f-Lg
at 5, 10, 15, and 20°C, followed by tripolyphosphate. As
the amount of linoleic acid increased and the tempera-
ture went down, the association efficiency of chitosan
and f-Lg increased, as did the quercetin encapsulation
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efficiency. The researchers explained the effect by an
increase in the hydrophobicity of f-Lg, which, in its turn,
triggered an increase in hydrophobic interactions bet-
ween molecules. Lower temperatures also reduced the
particle size.

Guo et al. used a three-component matrix to encap-
sulate curcumin [120]. Pea protein isolate, high-metho-
xyl pectin, and rhamnolipid served as surfactants. When
the ratio of protein to curcumin was 40 to 1, the encap-
sulation efficiency reached 93%. According to the Fou-
rier transform infrared spectroscopy, the complexes ap-
peared as a result of hydrogen bonds and electrostatic
interaction. Curcumin was not crystalline. The capsules
showed greater stability with respect to ultraviolet irra-
diation, thermal effects, and a gastrointestinal model.

Polysaccharides, e.g., gum arabic, can act as emul-
sion stabilizers as evidenced by the size distribution of
the resulting particles. For example, Zhang et al. regis-
tered two size groups of particles in an emulsion of whey
proteins and sunflower oil [72]. The smaller particles
(130 nm) corresponded to aggregated proteins, and the
larger ones (550 nm) were formed by the emulsion. By
adding gum arabic, the researchers reduced the propor-
tion of the smaller particles in a dose-dependent manner.
At 1% gum arabic and 1.6 mM calcium chloride, only
one peak was observed, which meant that all particles
were < 2580 nm. The {-potential also became more ne-
gative as the concentration of gum arabic and calcium
chloride continued to grow. This effect occurred because
the electrostatic repulsion of the particles grew and the
steric stabilization of the emulsion prevented its aggre-
gation. The encapsulation of resveratrol occurred at the
hydrophobic part, i.e., at the water and oil interface, so
the presence of gum arabic and calcium chloride affec-
ted the efficiency of the process. Consequently, the resve-
ratrol fluorescence increased together with the concen-
tration of these matrix components.

Shao et al. used an emulsion of whey protein and me-
dium chain triglycerides stabilized with gum arabic to
reach a 50% resveratrol encapsulation efficiency [121].

Not only the capsule, but also its filling can be multi-
component, i.e., several biologically active substances
can be encapsulated at once. For example, a combination
of curcumin and f-carotene was reported to increase the
bioavailability and stability of f-carotene [32].

Another study demonstrated a higher photostability
of caffeic and folic acids when encapsulated together,
compared to single encapsulation [122]. A combination
of various polyphenols, e.g., low molecular weight geni-
stein and high molecular weight icariin, increased the
total flavonoid content in capsules, compared to isolated
encapsulation [123].

Biological properties of encapsulated polyphenols.
Polyphenol capsules must be safe to be used in the food
and pharmaceutical industries. Scientist developed seve-
ral methods to measure the release of active molecules
and the preservation of the beneficial effects during tech-
nological processing.
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Several in vitro studies on various models demon-
strated the absence of cytotoxicity in polyphenol cap-
sules [62, 124]. The increased bioavailability of polyphe-
nols is also well documented. For example, consumption
of resveratrol capsules made from casein or casein with
f-cyclodextrin increased its concentration in the blood
by 10 times, compared to free resveratrol tests [125, 126].

Kardum & Glibetic suggested that protein binding
could stabilize or even increase antioxidant properties
and reduce autoxidation brought about by the changes in
pH or temperature during food processing [82].

Polyphenols encapsulated with chitosan, maltodex-
trin, gum arabic, gelatin, and whey proteins also resul-
ted in good antioxidant properties, long shelf life, and
appropriate sensory profile in regard with taste [42]. For
example, Pedrozo et al., who used bovine serum albu-
min, recorded a twofold increase in antioxidant acti-
vity [127]. Quercetin nanoliposomes from rice bran
phospholipids showed a thousandfold increase in anti-
oxidant activity, compared to free quercetin [61]. By pre-
serving the antioxidant activity of quercetin, capsules
from chitosan and alginate were able to protect cells
from oxidative stress [128]. However, encapsulation of
blueberry extract using whey proteins had no signifi-
cant effect on its antioxidant profile [129]. Some rese-
arch teams even reported a decrease in antioxidant
properties of quercetin, myricetin, and morin when they
were bound to albumin, milk, and soy proteins [130].

This contradiction may be explained by different
experimental conditions. In [88], the antioxidant proper-
ties of epigallocatechin gallate in combination with f-Lg
did not change after heat treatment at 25—-60°C. Howe-
ver, this indicator dropped when the temperature rea-
ched 85°C. The slower release of the active substance
from microcapsules could be another explanation, but a
slow release usually means a prolonged effect [131].

Capsules with curcumin made of zein and propylene
glycol alginate preserved anticarcinogenic properties in
vitro and demonstrated a 7.2-time increase in bioavai-
lability in vivo, compared to crystalline curcumin [99].

Liposomes with rosemary extract retained their anti-
proliferative effect on cell lines and antimicrobial proper-
ties against Gram-positive bacteria [62]. Beconcini et al.
studied the anti-inflammatory properties of encapsulated
cherry extract, i.e., suppression of IL-6 and TNF-a and
inflammatory cytokines in vitro [132]. They used chito-
san derivatives and polylactic-glycolic acid. The above-
mentioned beneficial properties proved more pronoun-
ced in the capsuled cherry extract than in the pure one.

The anti-inflammatory effects of nanocurcumin were
studied in COVID-19 patients. The mRNA expression
and secretion of interleukins IL-1f, IL-6, TNF-a, and
IL-18 were significantly lower in patients treated with
nano-curcumin [133]. Piceatannol is a hydroxylated
stilbene derivative with excellent anticarcinogenic pro-
perties. Encapsulated with bovine serum albumin, it de-
monstrated better anticarcinogenic and anti-inflamma-
tory activity in laboratory mice [134].
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In a human retinal cell line, epigallocatechin gal-
late liposomes had a more pronounced protective effect
against oxidative stress compared to pure epigallocate-
chin gallate [69]. Haladyn et al. studied antidiabetic ef-
fects based on the inhibition of the glycolytic enzymes
a-amylase and a-glucosidase. In their research, the en-
capsulated chokeberry concentrates and powders were
more active than the non-encapsulated ones [45]. Cap-
sules made of nanoporous silicone and f-cyclodextrin
were able to preserve the antioxidant and antiangioge-
nic properties of polyphenols, in particular, of caffeic
acid [135]. The organoprotective properties of curcumin
in experimental gentamicin-induced nephropathy were
stronger in liposomes than in crystalline forms [136].

Resveratrol liposomes also demonstrated greater sta-
bility than resveratrol nanoparticles. As a result, resverat-
rol liposomes had a better physiological effect on the
3T3-L1 fibroblast cell line. Nanoparticles, however, provi-
ded a longer release. Both encapsulation methods increa-
sed the solubility and bioavailability of resveratrol [137].

The longer storage stability is an important advan-
tage of encapsulation. Quercetin nanoliposomes made
from phospholipids retained their properties at 4°C for
6 months and at 27°C for 5 months [61]. Liposomes with
chitosan or epigallocatechin gallate conjugates retained
activity against Gram-positive and Gram-negative bacte-
ria during storage for 28 days at 30°C [138]. f-Lacto-
globulin-encapsulated quercetin, as well as ferulic and
vanillic acids, maintained good photo- and thermal stabi-
lity and anti-glycation properties [139]. Co-encapsula-
tion of various polyphenols, such as epigallocatechin gal-
late and quercetin, made it possible to preserve their
antioxidant properties [71].

Thus, encapsulation preserves the biological activity
of polyphenols and even optimizes it because it protects
active molecules from aggressive environment, increa-
ses solubility, and improves bioavailability.

CONCLUSION

The review revealed a great scientific interest to
various methods of encapsulating various biologically
active substances, such as polyphenols. Some of them
use isolated carriers while others develop complexes.

The efficiency of polyphenol encapsulation vary from
50 to 90% or more, depending on the method, encapsu-
lation conditions, and the carrier. In most cases, encap-
sulated polyphenols retain their biological activity, e.g.,
anticancer, antioxidant, or anti-inflammatory properties.

To sum it up, micro- and nanocapsules are able to:
—mask the astringency typical of pure polyphenols and
their extracts in functional foods;

— protect molecules from digestive juices, control their
release, and deliver them to certain parts of the gastro-
intestinal tract;

—increase the bioavailability of polyphenols by impro-
ving their absorption by the walls of the digestive tract;
as well as

— extend the shelf-life of the finished products.

Food producers may obtain polyphenols not only as
pure substances or plant extracts: they can be harvested
from by-products, e.g., pomace, cake, peels, etc. Since
these discarded materials are rich in polyphenols, their
recycling can open way to sustainable technologies in
food production [140—145].

Polyphenol encapsulation technologies make it pos-
sible to create a wide range of fortified functional pro-
ducts to be used in healthy diets, preventive treatment,
sports food, etc.
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