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Abstract

Diabetes mellitus (DM) is a disease that affects over 537 million people worldwide and results in 6.7
million deaths annually. Conventional treatment of this disease focuses on lifestyle changes and drug
administration. However, very few people can adhere to a healthier lifestyle, and drugs are difficult
to access, especially in low- and middle-income countries. An alternative as an adjuvant to the
treatment of DM is the phenolic compounds from plants with reported anti-diabetic effects. However,
the bioavailability of these compounds is very low since they are affected by the gastrointestinal tract
and xenobiotic metabolism. To improve the availability of these compounds, an emerging technology
such as encapsulation is being used since it has been reported that the encapsulation of phenolic
compounds improves both their bioaccessibility and bioavailability, as well as their bioactivity. In
this review, we will focus on compiling the most up-to-date information on the different
encapsulation processes of phenolic compounds and the antidiabetic effect of encapsulated phenolic
compounds using the databases PubMed, Scopus, Web of Science, and Google Scholar. We will
discuss the mechanisms, pathways, and receptors involved in the modulation of DM, especially those
related to inflammation, oxidative stress, and insulin resistance.

Keywords: antidiabetic; diabetes mellitus; encapsulated; insulin resistance; microencapsulated;
polyphenols

1. Introduction

Diabetes mellitus (DM) is considered a group of metabolic disorders; this includes not only the
inappropriate utilization of glucose as the main energy source but also impaired glucogenesis,
gluconeogenesis, and insulin secretion and signalization. According to the American Diabetes
Association (ADA), there are four types of diabetes mellitus categorized in Figure 1 [1,2]. When DM
is not well-treated, several complications can develop, such as fatty liver, renal disease, metabolic
syndrome, infertility, and neurological diseases, among others [3,4].
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Figure 1. Classification of diabetes mellitus according to the ADA.

Worldwide, it is estimated that more than 422 million people live with DM, and incidence has
been increasing steadily, especially in low and middle-income regions. This disease is considered a
global health emergency, with projections expecting that by 2030, cases will reach 643 million and
783 million by 2045. In countries such as the United States, the incidence of DM in the young
population continues to rise, with estimates of 18,200 cases of type 1 DM and 5,300 cases of type 2
DM. Nonetheless, worldwide, it is considered that 98 % of diagnoses are for type 2 DM, and the rest
are other types [1,5,6].

Considering type 2 DM (T2DM) is the most common diagnosis, most investigations have been
aimed at it to understand psychopathology, complications, and treatments. But firstly, a correct
diagnosis is necessary, considering for non-pregnant individuals the following tests: plasma A1C,
fasting plasma glucose (FPG) value, 2-h glucose (2-h PG) value during a 75-g oral glucose tolerance
test (OGTT), or random glucose value. It is also crucial to consider symptoms of hyperglycemia, such
as polyuria, polydipsia, unexplained weight loss, and increased appetite [1]. Contrary to Type 1 DM,
T2DM can be prevented and well managed by modifying risk habits and conditions. T2DM is closely
linked to obesity and, therefore, to inflammation and oxidative stress. These three factors are
commonly found in all non-communicable diseases [7,8].

Treatment and prevention of DM include exercise, a correct diet, drugs, and insulin in specific
cases. Managing obesity and being overweight in diabetic patients also plays an important role.
Access to treatment is key for individuals with DM to increase life quality and expectancy [9-11].
Nowadays, including other therapies and adjuvants to control or reduce oxidative stress and
inflammation related to obesity and diabetes is a promising strategy. In this regard, several natural
compounds, supplements, extracts, and other nutraceuticals have been studied to determine effective
and safe doses for individuals with diabetes and prediabetes [12-15].

Several compounds, especially polyphenols, have been studied in vivo and in vitro as agents for
prevention, management, and co-adjuvants in DM, regarding their proven and potential health
benefits. Some activities attributed to polyphenols in this matter are antioxidants, anti-inflammatory,
hypoglycemic, antiadipogenic, anti-gluconeogenesis, modulation of glucagon, insulin, and others
[3,16-19].

Polyphenolic compounds are a heterogeneous class of phytochemicals characterized by multiple
phenolic structural units, which are widely distributed in various plant-derived foods. Polyphenols
are classified into two primary categories: flavonoids and non-flavonoids. Flavonoids include
subcategories, such as anthocyanins, flavanols, flavanones, flavonols, and isoflavones, each
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characterized by distinct structural variations. In contrast, non-flavonoids comprise phenolic acids,
xanthones, stilbenes, lignans, and tannins [20].

Polyphenols are abundantly present in fruits, vegetables, cereals, and other natural plant
matrices, being integral to the sensory profiles and serving as biochemical markers for several foods
and processing methods. For instance, in wines, polyphenols contribute to the complexity of flavor,
color, and astringency while also providing insights into the authenticity and geographical origin of
the product [21]. Furthermore, these compounds are pivotal to human health, with numerous studies
elucidating their potential therapeutic benefits and prophylactic effects by several mechanisms
against various pathologies [22]. Their bioactive properties have been associated with the modulation
of oxidative stress [23], mitigating oxidative stress at the cellular level via scavenging and
neutralizing reactive oxygen species [24-26]. For instance, it has been reported that dill (Anethum
graveolens L.) extract exhibits antidiarrheal, anti-inflammatory, and antioxidant properties
associated with its polyphenols [23]. Pumpkin pulp has been reported as a natural reservoir of
polyphenolic compounds, showing antioxidant and antimicrobial properties, making it an attractive
candidate for developing products to promote health [27]. In another study, it was reported that there
are anti-inflammatory and antioxidant properties in several types of beans [28]. Similarly, a
combination of vitamin C, resveratrol, and astaxanthin showed anti-inflammatory and antioxidant
properties [29]. In other studies, resveratrol, in combination with urapidil, has neuroprotective effects
by downregulating neurodegeneration [30].

On the other hand, a recent study suggests that tannic acid is a versatile candidate for preventing
doxorubicin (DOX)-induced hepatotoxicity, potentially through the preservation of cellular
physiology, viability, and, notably, redox homeostasis [31]. Another beneficial effect of polyphenols
is the modulation of intestinal microbiota. A study showed how epigallocatechin-3-gallate has been
shown to elevate the production of short-chain fatty acids, enhance amino acid metabolism, and
downregulate pathways associated with intestinal inflammation. Additionally, this compound
modulates the gut microbiota and mitigates Clostridioides difficile infection, offering novel insights into
potential therapeutic interventions [32]. The study by Zhao et al. [33] suggests that polyphenols can
modulate the gut microbiota, significantly impacting the production of microbial metabolites like
isovaleric acid and isobutyric acid.

In the case of metabolic diseases, polyphenols, such as catechins, proanthocyanidins,
hydroxybenzoic acids, and lignans, have been associated with a minor risk of developing type 2
diabetes [34]. A study conducted by Liao et al. [35] showed that Chinese jujube polyphenols exhibit
significant hypoglycemic and antioxidative effects in rats with T2DM, thereby ameliorating glucose
metabolism disorders and oxidative damage. Aqueous extracts of cinnamon and clove demonstrated
greater potency than acarbose in inhibiting alpha-glucosidase activity and exhibited the highest
antioxidant activity. The polyphenol content strongly correlated with antioxidant capacity,
suggesting that these spices hold potential for the prevention and treatment of DM [36]. A study on
the low-temperature aqueous extract of sea mustard (Undaria pinnatifida) at 50 °C indicates potential
antihyperglycemic effects. This effect is mediated by modulation of glucose uptake via specific
glucose transporters, suggesting the extract's capacity to mitigate postprandial hyperglycemia [37].
Also, Liu et al. [38] indicate that continuous administration of theaflavins (100 mg/kg) significantly
suppressed blood glucose levels, reduced insulin resistance, and decreased the expression of
oxidative stress markers and inflammatory cytokines in Goto-Kakizaki rats. Furthermore, consuming
theaflavins facilitated the restoration of intestinal microbial community structure by reducing the
abundance of pathogenic bacteria and increasing the prevalence of beneficial microorganisms.

In a study designed to evaluate the effects of a six-year nutritional and lifestyle intervention on
oxidative and inflammatory markers in individuals aged 55 and older, who are at high risk of
cardiovascular diseases [39], results showed that increased polyphenol intake was associated with a
greater reduction in body mass index among participants. This suggests that polyphenols may play
a role in promoting weight loss or maintaining healthier body weight, which is crucial for reducing
the risk of obesity-related diseases such as T2DM, and at the same time, the study suggests that
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adherence to a low-calorie Mediterranean diet with increased polyphenol intake could contribute to
positive health outcomes in a synergistic way.

These studies prove that polyphenols confer numerous health benefits and contribute to disease
prevention and management. However, one of their primary limitations is the low bioavailability of
these compounds [40]. In this sense, bioavailability is enhanced by 1) the physiological dose, 2)
reduced particle size and thermal treatment, which facilitate compound release from the matrix, and
3) the presence of lipids, with minimal proteins and indigestible carbohydrates in the matrix [40]. For
these reasons, it is particularly pertinent to explore strategies aimed at enhancing the bioavailability
of these compounds to maximize the potential health benefits associated with their consumption.

Micro- and nano-encapsulated PC delivery systems have been developed for this purpose. The
wall material and micro- or nanoparticle preparation method should be selected considering the PCs'
biological properties, physicochemical characteristics, and purity to be encapsulated [41,42]. The
present review is focused on the technologies used to encapsulate PCs that could serve as
nutraceuticals for the prevention of T2DM or adjuncts in the therapeutic management of this chronic
disease. The mechanism involved in the PCs-induced antidiabetic, anti-inflammatory, and
antioxidant effects is also discussed.

2. Polyphenols

Most of the bioactive properties of polyphenols depend on their bioavailability, as non-
bioavailable polyphenols can still exert preventive properties in the onset of colorectal cancer and
modulate the intestinal microbiota. In vivo, many polyphenols that exhibit promising in vitro
bioactivity suffer from low intestinal absorption and rapid elimination, resulting in limited systemic
exposure.

A critical factor contributing to the variability in polyphenol bioavailability is the interindividual
differences in absorption, distribution, metabolism, and excretion (ADME). These differences may
stem from genetic polymorphisms affecting intestinal enzymes or xenobiotic transporters [43,44].
Additionally, variations in dietary habits, physiological conditions, and the permeability of biological
barriers between healthy individuals and those with compromised health may further influence
polyphenol bioavailability [45,46].

Enhancing polyphenol bioavailability, particularly in the context of dietary intake, is critically
influenced by the interaction between nutritional lipids and polyphenols. Dietary fats, notably, have
been recognized for their ability to enhance the solubility of polyphenols, potentially increasing their
bioavailability [47]. Hydrophobic polyphenols, such as curcumin, demonstrate improved
bioavailability when co-administered with dietary lipids [40]. This evidence suggests that integrating
dietary fats with polyphenol consumption could optimize their absorption and subsequent
physiological effects.

Furthermore, macronutrients such as carbohydrates and fats have been identified as intestinal
absorption enhancers, which can modulate the time required to reach peak plasma concentrations of
polyphenols [47]. The gut microbiota also plays a pivotal role in the metabolism and bioavailability
of polyphenols. It has been demonstrated that gut bacteria can generate bioactive metabolites from
polyphenols, thereby modulating various physiological processes and enhancing overall
bioavailability [48-52].

The interaction between polyphenols and gut microbiota is bidirectional. Gut microbiota can
convert polyphenols into simpler, more absorbable forms [53,54]. Conversely, polyphenols can
influence gut microbiota composition, promote the growth of beneficial bacteria while suppressing
pathogenic strains, thereby supporting a balanced gut microbiome [55]. Moreover, the complexation
of polyphenols with proteins has improved their bioaccessibility and bioavailability. This mechanism
protects polyphenols during gastrointestinal transit, enabling them to reach the colon, where they
undergo further metabolism by gut microbiota, thus amplifying their health benefits [56].

4. Microencapsulation
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Microencapsulation is one of the most promising technologies for directed therapeutic
treatments used in the last years [57]. It is a process in which bioactive compounds like phenolics are
trapped in an encapsulating material to create particles with a semipermeable membrane [58]. These
bioactive agents can be encapsulated in their solid, liquid, and gaseous forms to obtain microcapsules
with a size between 1 and 1000 pum [59]. Furthermore, the morphologies depend on the
microencapsulation method, obtaining microspheres, microcapsules, and microparticles [60].

Microencapsulation of phenolic compounds protects them from environmental factors (light,
humidity, temperature, and oxygen), provides controlled release over time, improves
bioaccessibility, and increases shelf life and ease of storage [61]. There are several conventional and
emerging microencapsulation techniques. Generally, the most used are physical methods, such as
spray drying, freeze-drying, and extrusion, and physicochemical methods, such as liposomes,
coacervation, ionic gelation, and co-crystallization [60,62]. Some microencapsulation examples of
phenolic compounds are summarized in Table 1, and their basis/foundation is described later.

4.1. Physical Methods

4.1.1. Spray Drying

Spray drying is one of the best technologies for microencapsulating phenolic compounds. This
technique consists of the atomization of a liquid mixture integrated by the core material (phenolic
compounds) and the wall (encapsulating agent) in a stream of hot air, generating water evaporation
and obtaining dry microparticles with a size between 1 y 100 um [63,64]. This method offers several
advantages, including simplicity, flexibility, low cost, easy scaling, high stability of the final product,
and high encapsulation efficiency. Additionally, it is suitable for heat-sensitive compounds due to its
short exposure times at high temperatures [65,66]. However, the selection of coat materials is
important since it can affect the properties of the microparticles. Among the main encapsulating
agents, carbohydrates, gums, pectin, proteins, and mixtures stand out [65,67].

4.1.2. Freeze-Drying

Freeze-drying is the most efficient technique for the encapsulation of bioactive compounds; it is
the most popular drying process used for compounds that are heat sensitive. The method is based on
the freezing and later sublimation of water from the solid/frozen state directly to the gaseous state,
applying a vacuum. Exposure to low temperatures causes lyophilized products to retain their initial
nutraceutical properties; however, the microencapsulation efficiency of this technology depends on
the used wall materials, among them polymers, sugars such as maltodextrin, mannose, and trehalose,
milk, polyols, and others [58,68,69].

4.1.3. Extrusion

Extrusion is a physical method in which phenolic compounds are encapsulated in hydrocolloid
materials. Extrusion using natural polymers is a technique that improves bioactive compounds'
stability, limits the use of high temperatures and organic solvents, and is also low-cost [70]. Generally,
extrusion microencapsulation includes three processes: (1) melt injection, (2) melt-extrusion, and (3)
centrifugal extrusion (coextrusion) [71]. This process is used to produce microcapsules by forcing a
stream of shell material to surround the core material, a process based on the forced pass of a solution
containing phenolic compounds through nozzles using droplet-generating equipment [58,59].

4.2. Physico-Chemical Methods

4.2.1. Liposomes

Liposomes, also called lipid vesicles, are spherical microscopic structures that consist of one or
more phospholipid bilayers trapping an aqueous compartment in which lipophilic and hydrophilic
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agents can be dissolved in the lipid membrane and in the nucleus, respectively. The size of these lipid
vesicles can vary from a few nanometers to several micrometers [72,73]. Due to their size, amphiphilic
character, and biocompatibility, liposomes have been used as delivery vehicles for different phenolic
compounds. Its application as a carrier system for phenolic compounds depends strictly on the
physicochemical properties of its membranes, its size, the nature of its components, surface charge,
and lipid organization [73,74].

4.2.2. Coacervation

Coacervation: it is a technique that consists of the phase separation of a colloidal system in the
liquid-liquid phase of a polymer or a mixture of these with opposite charges in an aqueous solution
caused by electrostatic interactions, hydrogen bonds, hydrophobic interactions, and enzymatic cross-
linking agents (altering ionic strength, pH, or temperature). The process includes three basic steps:
the formation of three immiscible phases, the deposition of the coating, and finally, the solidification
of the coating [58,75,76]. Coacervation can be simple or complex, depending on the number of
polymers used. Simple coacervation employs a simple polymer that absorbs at the interface between
the colloidal solution and the solvent. Complex coacervation uses two or more polymer solutions for
the formation of walls around an active core [58,76]. Proteins and polysaccharides are generally used
as covering materials [77,78].

4.2.3. Co-Crystallization

Co-crystallization: is a method that uses sucrose as a matrix to incorporate bioactive compounds,
it includes the preparation of a supersaturated sucrose solution, the addition of central materials,
uniform mixing, and heating the mixture up to crystallization temperature [79]. This is a drying
process where core materials in liquid form are directly converted into dry powder without the need
for an additional drying step. Co-crystallization improves solubility, humectability, uniformity,
dispersibility, hydration, anti-agglomeration, stability, and fluidity of the encapsulated bioactive
compound [80].

4.2.4. Ionic Gelation

Ionic gelation: is a physicochemical method for the encapsulation of phenolic compounds. This
method can be done through atomization, electrostatic deposition, or drop procedures. The
fundamental consists of trapping an active substance and releasing it through gel phase changes (pH,
mechanical wear, enzymes, and osmosis). Encapsulation starts with an aqueous polymeric solution,
with low molecular mass ions that interact with polyelectrolytes of opposite charges, reacting and
forming an insoluble gel [81,82]. Ion gelation is a simple procedure that does not require specialized
equipment, uses relatively low temperatures and slow agitation, does not use organic solvents, and
is low-cost, allowing the encapsulation of compounds that would degrade under other conditions.
However, a disadvantage of this method is the low retention of hydrophilic compounds; hence, it is
important to apply strategies like emulsion systems and cover material to enhance the encapsulation
efficiency [83].

Table 1. Microencapsulation methodologies used in extracts rich in phenolic compounds.
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Phospholipon Encapsulati
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and efficiency
Epigall hi
pigallocatechi (>97%) and
n gallate were .
; . sustained
dissolved in .
. release; in
ethanol. Citric 14 davs no
) acid (0.1%) was moreytl'llan
Epigall h hil
p?ga ocatec Liposomes Phospholipon ac?de.d whtie 15% of [88]
in gallate stirring, and
) EGCG was
(294%) the mixture
released.
was heated to The sizes of
60 °C. The
. . the
microparticles .
liposomes
were prepared
using an were
& estimated at
encapsulator.
1-2 um.
Entrapment
efficiency
Grape-seed for
extract was uncoated
incorporated liposomes
s into liposomes ~ was 88.2 +
Grape-seed Liposomes Soy lecithin (1.1% w/wsoy  4.7%. The [72]
extract s .
lecithin) using  release rate
high-pressure after 24 h
homogenizatio from
n (22,500 psi). uncoated
liposomes
was 0.55%h.
Association of
a double
emulsion
(water/oil/wate
pwithionic ) ' 0.4%
gelation. The encapsulati
Amidated low final emulsion P
Green tea methoxyl pectin, was sprayed on
Tonic (1OXY” pectiy pray efficiency
extract (C. . calcium chloride, through a L. [81]
) ) gelation . for ionic
sinensis) hydrogenated palm double-fluid .
. . gelation
oil atomizer on a microparticl
CaCl> p
s es.
crosslinking
solution
acidified with
citric acid (pH
3).
Anthocyanins . Ionic gelation ~ The median
a . Rapeseed oil, . .
from Hibiscus Tonic ectin. calcium using two diameter (83]
sabdariffa L. gelation P L techniques: (D50) of the
chloride . . .
calyces drip-extrusion particles
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and ranged from
atomization, 78 to
both using a 1100pum,
double and
emulsion encapsulati
(Hibiscus on
extract efficiency
[rapeseed ranged from
oil/pectin) and 67.9 to
a cross-linked 93.9%.
solution
(CaCly).
The
Sucrose and S.  production
securidaca efficiency
extract were and
mixed on a moisture
heater at 132° content of
Securigera Co- C. The co- the extract-
securidaca (L) crystallizati Saccharose crystallized containing [89]
seed extract on product was co-
dried in an crystallized
oven at 40°C powder
for 15 h, then were 84%
ground and and 0.14%,
sieved. respectively
The co-
Sucrose crystallized
solutionand  powder had
extract were low
mixed at 700 moisture
rpm. The content
mixture is (0.59%), low
PomIe)grzimate c C(;i. . Food-grade crystal placed in a hygroscopic
ce rystallizati sucrose water bath and ity (0.011%), (501
Extract on . g .
stirred until it high
reaches 45 °C. apparent
The powder is density
keptina (0.803
desiccator for ~ g/cm3) and
24 h. solubility
(61s).

5. Nanoencapsulation

One emergent technology used to entrap polyphenolic compounds is nanotechnology; this

science involves the design of nanoscale systems (particle size 1-100 nm). The size allows it to pass

through the tissue and reach the sites of interest, since it increases the surface-volume ratio; therefore

itis used in different disciplines such as biology, chemistry, and medicine [91-93]. The main objective

of nanoencapsulation is protect an active ingredient (gas, solid, or liquid) with a matrix or shell, to

form different types of nanoparticles, such as nanosphere, nanocapsules, nanoemulsion,

nanoliposome, and nanoniosome, using different nanoencapsulation techniques such as
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deprotonation, ionic crosslinking, pH-regulated self-aggregation, polyelectrolyte complexation, ionic
gelation, and hydrophobic modification, coacervation, nanoprecipitation, emulsification, layer-by-
layer, sonication, desolvatation, reverse-phase evaporation, supercritical fluid, electrospray, nano
spray drying [94-97]. Depending on the characteristics mentioned above and the encapsulation
technique, the polyphenolic compound can be found dissolved within the nanoparticle, dispersed,
trapped, or adsorbed [98]. On the other hand, there are many wall materials, some of the most
commonly used being chitosan, gold (chloroauric acid), silver, mesoporous silica, hyaluronic acid,
sodium alginate, polylactides (PLA), albumin, gelatin, poly(lactide)-poly(ethylene glycol) (PLA-
PEG), poly(lactide-co-glycolide)-poly(ethylene glycol) (PLGA-PEG), polyglycolides (PGA), lecithin,
polyglutamic acid, wheat protein, 3-Lactoglobulin, among others [93-95]. All these materials must
meet certain safety requirements, such as being non-toxic, easily degradable, and having
physicochemical properties compatible with the polyphenol for better release [95].

In this sense, the wall material, polyphenol, and the nanoencapsulation technique are considered
in the design of nanoformulations (Table 2) to improve the release of polyphenolic compounds in
the specific targets of action. It has been shown that polyphenols influence different non-
communicable diseases such as diabetes. For this reason various researchers have dedicated efforts
to developing nanoformulations loaded with these compounds, due to the great advantages offered
by nanoencapsulation, such as increasing its effectiveness by having a smaller size, improve
solubility, in addition to protecting the compound from the degradation process caused by
environmental factors such as light, changes in pH, temperature and radiation, and lastly and most
importantly, a better bioavailability of the compounds is achieved. This could reduce the negative
effects and help achieve greater specificity of the active compound or polyphenol to enhance its
therapeutic action [91,99,100].

Table 2. Design of nanoformulations loaded with polyphenol compounds.

Polyphenols . . Technique
Loaded Nanosystem Encapsulating Material Nanoencapsulation Ref.
Epigallocatechin- Nanoparticle Bovine {3-lactoglobulin Co-assembled with [101]
3-gallate preheated
Succinyl-chitosan
Epigall in- ified chi
pigallocatechin Nanoparticles (modified c .1tosan), Ionic crosslinking [102]
3-gallate pentasodium
tripolyphosphate
Succinyl-chitosan
Propyl gallate Nanoparticles (modified ch'ltosan), Ionic crosslinking [102]
pentasodium
tripolyphosphate
Succinyl-chitosan
ified chi
Gallic acid Nanoparticles (modified c .1tosan), Ionic crosslinking [102]
pentasodium
tripolyphosphate
. . Palm oil and sunflower e .
Catechin Nanoemulsion oil Nanoemulsification [103]
Ethyl oleate, the
Catechin Nanoemulsion surfactant span 80, and Nanoemulsification [104]
the cosurfactant trancutol
CG
Rutin Nanoparticle Bovine serum albumins Nanospray drying [94]

Bovine serum albumins
Quercetin Nanoparticle and glutaraldehyde as a Desolvation [105]
crosslinking agent
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phenolics

Phenolics of
pistachio hulls

Oleuropin

Curcumin

Curcumin

Vicenin-2

Sylbin

Anthocyanin
from raspberry

Cyanidin 3-O-
Glucoside

Nanoniosome

Nanoparticle

Nanoparticle
Nanoparticle
Nanoparticle
Nanocapsules

Nanocapsules

Nanoparticle

Nanoliposome

Nanoemulsion

Nanoparticle

Nanoparticle

Nanoparticle

Nanoparticle

Nanoparticle

Nanoparticle
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Surfactants (span 60 and
80, tween 60 and 80),
polymers (polyethylene
glycol, propylene glycol,
glycerol, and cholesterol.
Nanoparticle A: poly
(lactic acid)
Nanoparticle B: poly
(lactic acid)/poly (lactic-
co-glycolic acid)
Chitosan, pentasodium
tripolyphosphate
Chitosan, sodium
tripolyphosphate
Chitosan, sulfobutylether-
p-cyclodextrin

Chitosan, soy protein

Chitosan, soy protein

Whey protein concentrate
and tween 20 as
surfactant

Lecithin

Soybean oil, span 80
(surfactant), whey protein
concentrate, and pectin
Polyvinyl alcohol,
Poly(lactide-co-glycolic)
acid
Poly(maleic anhydride-
alt-1-octadecene),
poly(ethylene glycol)-
amine and
1-Ethyl-3-(3-
dimethylaminopropyl)-
carbodiimide
Chloroauric acid
Chitosan, poly(lactide-co-
glycolic) acid, pluronic F-
127
[-Lactoglobulin, N-(3-
Dimethylaminopropyl)-
N-ethyl carbodiimide
hydrochloride (cross-
linking)
Nanoparticlel: Chitosan,
and PGA
Nanoparticle 2: Chitosan
oligosaccharide, and
polyglutamic acid

Thin-layer
hydration combined
with sonication

Nanoprecipitation

Ionic gelation
Ionotropic gelation
Inclusion complexes
Nanoemulsification

Nanoemulsification

Electrospray

Sonication
Double
emulsification

Modified emulsion-
diffusion-
evaporation method

Sonication

Ultrasonication
Solvent diffusion
and polyelectrolyte
deposition

Desolvatation

Ionic crosslinking
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Nanoparticle 3:
Carboxymethyl chitosan,
CaClz
Cyamdm. 3-O- Nanoliposome Phosphatidylcholine and Reverse-phase [122]
Glucoside cholesterol evaporation

6. Current Evidence Regarding the Efficacy of Encapsulated Polyphenols

6.1. In Vitro

As mentioned above, diabetes mellitus is one of the most prevalent diseases worldwide, which
is why many studies have focused on investigating this disease and how to improve its symptoms.
In vitro analysis is one of the most widely used techniques to determine the beneficial effect of
encapsulated polyphenols against diabetes. One of the more commonly used in vitro studies is
simulated digestion, as phenolic compounds have a major bioavailability problem. To mention some
examples, Veronica Cardoso de Souza et al. [123] studied Bauhinia forficata, a plant rich in polyphenols
that is mainly used for its hypoglycemic activity, which is related to its antioxidant and anti-
inflammatory potential, performed nanoencapsulation of infusion and decoction of B. forficata leaves
using spray drive using maltodextrin and colloidal silicon dioxide as wall material, reporting that the
nanoencapsulated flavonoid compounds were bioaccessible after the gastric phase (49.38 % and 64.17
% of polyphenols and 64.08 % and 36.61 % of flavonoids) and duodenal (52.68 % and 79.06 % of
polyphenols and 13.24 % and 139.03 % of flavonoids), with a variation of 52.27 % to 70.55 % of the
antioxidant activity maintained, by the ORAC method, after gastric digestion and still 25 % after
duodenal, concluding that nanoencapsulation is a very viable technique for the conservation of
bioactive compounds.

On the other hand, another of the most widely used in vitro techniques is the inhibition of
enzymes related to carbohydrate metabolism. A clear example is the research carried out by Kerbab
et al. [124], which studied the effect of the shrub Halimium halimifolium as an antidiabetic agent,
finding that the phenolic compounds of this shrub have great antioxidant capacity and antidiabetic
potential by inhibiting the enzymes a-amylase and a-glucosidase (IC50 = 0.82 mg/mL and 25.01
ug/mL, respectively); likewise, the authors performed microencapsulation of the compounds to
optimize stability, handling, and delivery of bioactive compounds, using microencapsulation
through spray drying and cellulose acetate phthalate as wall material. Likewise, Zorzenon et al. [125]
evaluated maltodextrin microcapsules containing ethanolic extract of Stevia, by means of driver
spray encapsulation, analyzed physicochemical parameters, antidiabetic activity (through inhibition
of a-amylase), cytotoxicity, bioaccessibility of the compounds by in vitro digestion, as well as the
structure of the microcapsules by scanning electron microscopy, the microcapsules showed greater
solubility (~35%), lower moisture content (~29%) and maltodextrin DE10 had higher efficiency as an
encapsulating agent (87%) compared to DE19 (76%) and showed well-defined spherical structures.
Microencapsulation preserved the phenolic compound content and antioxidant activity present in
the extract (7.2% and 87.5%, respectively). De Silva et al. [126] evaluated nanoencapsulated
compounds of Bael fruit, using nanoencapsulation by ionic gelation using alginate as wall material;
the authors report that with this nanoencapsulation, the compounds were more stable and that it
enhanced the antidiabetic, antioxidant, and anti-inflammatory effects by having a slower and more
controlled release profile with respect to non-encapsulated compounds.

Another of the routes studied for the determination of the antidiabetic effect of polyphenols is
the glucose transporters GLUT-4. Chauhan et al. [127] studied chitosan-encapsulated nanocurcumin
and the impact it has on the translocation of this glucose transporter, reporting that chitosan-
nanocurcumin capsules caused an increase in the translocation of GLUT-4 to the cell surface in L6
skeletal muscle cells. The effect was associated with an increase in the phosphorylation of AKT (Ser-
473) and its subsequent target GSK-3f3 (Ser-9).
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6.2. In Vivo

In recent years, there has been an interest in studying the in vivo effect of encapsulated
polyphenols, namely phenolic acids or flavonoids, and the polyphenolic-rich extracts from natural
sources, as antidiabetic agents. According to Pandey and Dvorakova [128], the most common in vivo
model for testing antidiabetic drugs is the induction of diabetes in rodents using streptozotocin (STZ).
This drug has been used in several doses (10-150 mg/kg) and is usually administered via oral or
intraperitoneal. The mode of action of STZ to induce diabetes is to selectively damage the pancreatic
[-cells present in the Islets of Langerhans through several mechanisms, so the pancreas stops
producing insulin, consequently inducing type I diabetes in a single dose [129]. Type I diabetes is,
therefore, the most studied in rodent models. Inducing type II diabetes in vivo in rats or mice is more
laborious. Several strategies are used together with the STZ administration, for example, using high-
fat diets, nicotinamide, or rodents genetically susceptible to developing diabetes [128]. Even though
these models show some disadvantages, such as high cost and variability, they are still relevant to
studying diabetes and potential antidiabetic drugs.

Regarding the use of individual polyphenols as antidiabetic agents Panwar, Raghuwanshi,
Srivastava, Sharma, and Pruthi [130] evaluated the antihyperglycemic effect of chitosan-encapsulated
ferulic acid in diabetic Wistar rats. These authors reported that encapsulated ferulic acid significantly
(compared with the diabetic group) reduced the levels of blood glucose and increased the secretion
of insulin, as well as restoration of the pancreatic islets of Langerhans. Additionally, they observed a
reduction in total cholesterol and triglycerides, which are biochemical markers of hyperlipidemia
caused by diabetes complications. Nanoparticles of the flavonoid hesperidin were evaluated in a
nicotinamide + STZ-induced diabetic model in male albino rats. After administering encapsulated
hesperidin, the rats showed significantly lower plasma glucose concentration and increased insulin
levels than the diabetic control group. Furthermore, the pancreatic islets of Langerhans were restored
in rats treated with the nanoparticles of hesperidin. In contrast, rats treated with metformin still
showed degeneration in the pancreatic cell clusters caused by the STZ. Other research evaluating the
antidiabetic effect of diverse individual polyphenols can be reviewed in Table 3. It is important to
mention that most in vivo studies have reported that encapsulating phenolic compounds improves
their antidiabetic effects compared to free phenolics.

Encapsulated phenolic extracts from several herbs and plants are also investigated in models of
rodents for their antidiabetic properties. The advantage of studying plant extracts over individual
polyphenols could provide information regarding the synergistic effect that several compounds
found in an extract might exert, therefore potentiating their biological effect [131]. In this sense, a
poly-herbal (Justicia glabr, Adhatoda zeylanica, Andrographis paniculata, Gymnema sylvestre, Andrographis
alata, and Syzygium cumini) ethanolic extract encapsulated with chitosan (particle size 62.6 +2.15 nm)
was administered to diabetic rats for 30 days. After the experimental period, the rats exhibited
significantly lower glucose concentrations and HbAlc levels, along with increased insulin and liver
glycogen levels compared to the diabetic control group [132].

Table 3. Recently reported in vivo effects of encapsulated polyphenols as antidiabetic agents.

Compound POIYmE::EartICIQ Dosage In vivo model Effect* Ref.
STZ-induced
One . . |Blood glucose
Chrysin PLGAQ ;6'(&2'1 administration Ii;ibertefsl?lrgﬁ; , \IGLDL  [133]
of 20mg/kg O ag) tHDL
IBlood glucose
150 mg/kg STZ-induced type tInsulin
Curcumin Chitosan/n.s once a day, for 1 diabetes in secretion [134]
28 days C57Bl/6 mice |Fibrosis in the
kidney
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Ferulic acid

Hesperidin

Liquiritin

Mangiferin

Mangiferin

Myricetin

Naringenin

Naringenin

Quercetin

Quercetin

Chitosan/211.3+5.1
nm

MgAl-double
layered
hydroxide/330-380

nm

Phospholipid
complex/91.8+1.9
nm

Labrafil M 2130
CS/138.4+3.4 nm

NSC-alginate/124
nm

Chitosan/
184.4+4.1 nm

Phospholipid

LECIVA-570/564.4
nm

PLGA/129 nm

Eudragit L-

100/144.7+1.7 nm

PLGA/179.9+11.2
nm

10 mg/kg once
a day, for 14
days

50 mg/kg once
a day, for 30
days

200 mg/kg
once a day, for
28 days

One
administration
of 40 mg/kg

10 mg/kg once
a day, for 28
days
50 mg/kg once
a day, for 28
days
Single dose of
25 mg/kg or
50 mg/kg, for
28 days
One dose of 10
mg/kg, and a
second dose
after 10 days,
period of 7-49
days

200 mg/kg
once a day,
during 21
days

150 mg/kg
every 5th day,
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STZ-induced
diabetes in Wistar
albino rats (110-150

8)

Nicotinamide+STZ-
induced diabetes in
male albino rats
(200-300 g)

STZ-diabetes
induced in male
ICR mice (18-22 g)

High-fat diet +
STZ-diabetes
induced in male
Wistar rats (250 g)
STZ-induced
diabetes in Wistar
rats (100-150 g)
STZ-induced
diabetes in male
Wistar rats (~250 g)
STZ-induced
diabetes in male
Sprague Dawley
rats (180-220 g)

STZ-induced
diabetes in male
Wistar rats

STZ-induced
diabetes in albino
female Wistar rats

(150-200 g)

STZ-stimulated
male Sprague-
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pancreatic
Islets of
Langerhans
|Blood glucose
- Improved the
glomerular
and renal
cortical
structure of the
kidney
|Blood glucose
ITC, TG
THDL
JAST, ALT
|Blood glucose
ITC, TG, LDL
tHDL
|Blood glucose
TG, TC
1BW
|Plasma
glucose level
JTC, TG, BUN
JALT, AST
|Blood glucose
tInsulin level
|HbAlc
-Restored
pancreas and
kidney cells
|Blood glucose
TG, TC, LDL
JALP, ALT,
AST
lcellular
damage in the
pancreas

|Blood glucose
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during Dawley rats (~250
15 days g)
STZ-induced
Poloxamer-180- diabetic
1 Pl
Quercetin  stearic acid/157.1 > ;)rr 20 1rgg/l;g, retinopathy in male . | aCSI:a [144]
to 528.2 nm © ay adult zebra fish (< gricose
8 months)
TZ-i
5 m.dued |Blood glucose
100 mg /k gestational tInsulin level
Resveratrol ~ Chitosan/38.0 nm /58 diabetes mellitus in [145]
for 28 days Wistar albino rats |TC, TG, LDL
ar albino ra +HDL

(180-200 g)
*Compared with the diabetic control group. ALP: Alkaline phosphate; ALT: Alanine aminotransferase; AST:

Aspartate aminotransferase; BUN: Blood urea nitrogen; BW: Body weight; HbAlc: Glycosylated hemoglobin;
HDL: High density lipoproteins; HOMA-B: Homeostasis model assessment of 3-cell function; LDL: Low density
lipoproteins; n.s.: not specified; NSC: N-succinylated chitosan; PLGA: DL-polylactide/glycolide copolymer
75/25; STZ: Streptozotocin; TC: Total cholesterol; TG: Triglycerides.

Furthermore, encapsulated (maltodextrin + whey protein) extracts from coffee parchment
containing chlorogenic acid significantly reduced the glucose and HOMA-IR levels in obese male
Wistar rats. Rats treated with the encapsulated extracts exhibited better biochemical parameters,
since the TC, TG, and AST and ALT levels were significantly lowered; furthermore, TC and TG in the
liver were also diminished [146]. An encapsulated anthocyanin-rich extract from the fruit of
Vaccinium meridionale was administered to obese C57BL/6 mice, which significantly reduced the
glucose and TC levels, when compared with the obese control group [147]. Other research evaluating
the antidiabetic effect of polyphenolic-containing extracts is mentioned in Table 4.

It has been stated that polyphenols reduce ROS levels, inflammation, and oxidative stress in
pancreatic-damaged cells, which helps to restore and maintain the correct functionality of 3-cells and
the regulation of insulin secretion. Other proposed antidiabetic mechanisms of polyphenols are
related to the inhibition of: 1) digestive enzymes, 2) dipeptidyl-peptidase IV, 3) glycation of proteins,
and 4) diabetic-related complications, among others [148]. The evidence suggests that encapsulated
polyphenols, both individually and in extract, show promising attributes to be considered in the
management of diabetes.

Table 4. Recently reported in vivo effects of encapsulated polyphenolic extracts from plants as antidiabetic

agents.
Plant Components of the Encapsulating In vivo model
. P material/particl ! Effect* Ref
specie extract . dosage
e size
Cmn?mal.dehydef Nicotinamide +
. benzoic acid, caffeic . . |Blood
Cinnamom . . Nanoemulsion STZ-induced
oum acid, caffeoylquinic (soybean oil diabetes in male glucose,
acid, cinnamic acid, y . ! . HOMA-IR
osmophloeu L. . lecithin and Wistar rats (7 weeks [149]
coumaric acid, rutin, ITC, TG,
m Tween 80)/ old), 60 mg/kg
. kaempferol, eugenol, . AST, ALT,
Kanehira . 36.6 nm (cinammaldehyde
quercetin, and . BUN
L equivalents)
derivatives
High-fat diet+STZ-
Coccinia Phenolics and Gelatin/ induced c.habetes m |Plasma
randis flavonoids 468+14 nm male Wistar rats lucose [150]
§ = (135-165 g), single ~ ©
dose of 330 mg/kg
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Fructose-induced |Glucose,
Maltodextrin + obesity in male HOMA-IR
Coffea Caffeine, chlorogenic whey protein/ Wistar rats (85-120 ITC, TG, [146]
arabica acid 1-2 um g), 100 mg/kg per AST, ALT
day (during 28 JLiver-TG,
days) liver-TC
High-fat diet + STZ-
induced diabetes in
Murraya Phenolics and Gelatin/ male Wistar rats |Plasma [150]
koenigii flavonoids 520+£33 nm (135-165 g), single glucose
dose of 65 mg/kg
Hydroxybenzoic acid,
protocatechuic acid,
ferulic acid, gallic STZ-induced
Posidonia acid, coumaric acid, Bovine diabetes in male |Glucose,
oceanica sinapic acid, vanillic gelatine/ Wistar albinorats ~ HOMA-IR  [151]
acid, catechin, 274.7+30.5 (150-170 g), 100 TGLUT4
epicatechin, luteolin, mg/kg (for 28 days)
naringenin, apigenin,
among others.
High-fat diet + STZ-
induced diabetes in
Senna Phenolics and Gelatin/ male Wistar rats |Plasma [150]
auriculata flavonoids 563+4 nm (135-165 g), Single glucose
dose of 45 mg/kg
Delphinidin 3- High-fat diet-

Vaceinium hexoside, cyanidin-3-  Pro-nanosome  induced obesity in |Glucose
meridionale galactoside, cyanidin- Nio-N/ C57BL/6 mice, 160 |TC, leptin [147]
3-glucoside, cyanidin ~ 219.7+#3.1 nm pg/mL (during 28 ’

3-arabinoside days)

*Compared with the diabetic control group. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase;
BUN: Blood urea nitrogen; GLUT4: Insulin-regulated glucose transporter; HOMA-IR: Homeostasis model

assessment-insulin resistance; STZ: Streptozotocin; TC: Total cholesterol; TG: Triglycerides.

7. ADMET Analysis of Polyphenols with Antidiabetic Properties

Some of the chemical characteristics of a potential drug agent can be used to evaluate the drug-
likeness of a molecule; this is called Lipinski’s rule of 5 [152]; these are 1) molecular weight below
500, 2) the molecule has no more than 5 hydrogen bond donors, 3) the molecule has no more than 10
hydrogen bond acceptors, and 4) the partition coefficient (Log p) is under 5. These characteristics can
help us predict the passive absorption of a molecule. Here, we summarize the polyphenols with
antidiabetic properties and their potential bioavailability using the rule of 5.
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Table 5. Lipinski’s rule of 5 evaluation of polyphenols with antidiabetic properties.

H
H
Class of PubChe Chemical Molecula Bond Log Lipinski

Molecule . on
compound mCID  Formula rWeight accepto  p* Ruleof5
donors
r
Cyanidin
Anthocyani C21H21CIO
3- 197081 1 484.8 8 11 -1.5 No
n
glucoside
Curcumino
Curcumin . 969516  C21H2006 368.4 2 6 3.2 Yes
ids
+)-
) Flavanol 9064  CI15H1406  290.27 5 6 14 Yes
Catechin
(-
Epicatechi  Flavanol 72276 ~ C15H1406  290.27 5 6 1.8 Yes
n
Liquiritin ~ Flavanone 503737  C21H2209 418.4 5 9 0.4 Yes
Naringeni
Flavanone 439246  C15H1205 272.25 3 5 2.2 Yes
n
Chrysin Flavone 5281607 CI15H1004 25424 2 4 2.5 Yes
Hesperidi
Flavone 10621  C28H34015 610.6 8 15 -1.1 No
n
Luteolin Flavone 5280445 C15H1006  286.24 4 6 2.0 Yes
Myricetin ~ Flavonol = 5281672 C15H1008 318.23 6 8 1.6 No
Quercetin  Flavonol 5280343 C15H1007 302.23 5 7 1.5 Yes
Mangiferi Glucosylxa
5281647 C19H18011 4223 8 11 -0.4 No
n nthone
Benzoic  Hydroxybe
243 C7H602 122.12 1 2 1.87 Yes
acid nzoic acid
Hydroxyb
Y Y Hydroxybe
enzoic T 135 C7H603 138.12 2 3 1.58 yes
nzoic acid
acid
... Hydroxybe
Gallic acid T 370 C7H605 170.12 4 5 0.7 Yes
nzoic acid
. Hydroxyci
Ferulic
. nnamic 445858  C10H1004 194.18 2 4 15 Yes
aci
acid
. . Hydroxyci
Cinnamic
4 nnamic 444539  C9HB8O2 148.16 1 2 2.1 Yes
aci
acid
. Hydroxyci
Caffeic
. nnamic 689043  C9H8O4 180.16 3 4 1.2 Yes
aci
acid
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. Hydroxyci
Coumaric
. nnamic 637542 C9HB8O3 164.16 2 3 1.5 Yes
aci
acid
.. Hydroxyci
Rosmarini
) nnamic 5281792 C18H1608 360.3 5 8 2.4 Yes
c acid )
acid
Resveratr
i Stilbene 445154 C14H1203 228.24 3 3 3.1 Yes
o)

8. Conclusions

Diabetes mellitus is a global health emergency affecting millions of individuals; it impacts
society at an economic level, but also affects life expectancy and life quality. Diagnosing and
treatment of prediabetes and DM are crucial. Still, limited access to medications and health care in
middle and low-income populations influences treatment adherence and increases the risk of
developing other health complications. In this regard, research aiming to create safe and effective
alternatives obtained from natural sources represents a promising strategy. Research and technology
have made it possible to protect compounds such as polyphenols by encapsulating them in different
materials and with other methods. Choosing the appropriate and safe polyphenol dosages to achieve
the antidiabetic effect is important. As discussed in this paper, selecting the proper encapsulation
material, specific delivery, and polyphenols (isolated, mixed, or in addition to other bioactive
compounds) must also be a priority to ensure bioavailability and nutraceutical properties.
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Abbreviations

The following abbreviations are used in this manuscript:

ADA American Diabetes Association

ADME Absorption, distribution, metabolism, and excretion
ALP Alkaline phosphate

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BUN Blood urea nitrogen

BW Body weight

DOA]J Directory of open access journals

DM Diabetes mellitus

FPG Fasting plasma glucose

GLUT4 Insulin-regulated glucose transporter

HblAlc Glycosylated hemoglobin

HDL High density lipoproteins

HOMA-B Homeostasis model assessment of (3-cell function
HOMA-IR Homeostasis model assessment-insulin resistance
1C50 Inhibitory Concentration 50

LUV Unilamellar vesicles

LD Linear dichroism
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LDL Low density lipoproteins

LMPH Longzhua mushroom polysaccharide hydrogel
MDPI Multidisciplinary Digital Publishing Institute
MLV Multilamellar vesicles

NLCs Nanostructured Lipid Carriers

NSC N-succinylated chitosan

OGTT Oral glucose tolerance test

PGA polyglycolides

PLA Polylactides

PLA-PEG poly(lactide)-poly(ethylene glycol)

PLGA DL-polylactide/glycolide copolymer
PLGA-PEG  poly(lactide-co-glycolide)-poly(ethylene glycol)
SLNs Solid Lipid Nanoparticles

STZ streptozotocin

TC Total cholesterol

TG Triglycerides

T2DM Type 2 Diabetes mellitus

2-hPG 2-h Plasma glucose
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