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ABSTRACT

Diet polyphenols—primarily categorized into flavonoids (e.g., flavonols, flavones, flavan-3-
ols, anthocyanidins, flavanones, and isoflavones) and nonflavonoids (with major subclasses
of stilbenes and phenolic acids)—are reported to have health-promoting effects, such as
antioxidant, antiinflammatory, anticarcinoma, antimicrobial, antiviral, and cardioprotective
properties. However, their applications in functional foods or medicine are limited because of
their inefficient systemic delivery and poor oral bioavailability. Epigallocatechin-3-gallate,
curcumin, and resveratrol are the well-known representatives of the bioactive diet poly-

Keywords: phenols but with poor bioavailability. Food macromolecule based nanoparticles have been
bioavailability fabricated using reassembled proteins, crosslinked polysaccharides, protein—polysaccharide
encapsulation conjugates (complexes), as well as emulsified lipid via safe procedures that could be applied in
macromolecules food. The human gastrointestinal digestion tract is the first place where the food grade
nanoparticles macromolecule nanoparticles exert their effects on improving the bioavailability of diet
polyphenols polyphenols, via enhancing their solubility, preventing their degradation in the intestinal
environment, elevating the permeation in small intestine, and even increasing their contents
in the bloodstream. We contend that the stability and structure behaviors of nanocarriers in
the gastrointestinal tract environment and the effects of nanoencapsulation on the meta-

bolism of polyphenols warrant more focused attention in further studies.
Copyright © 2016, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
N medicinal functions that prevent chronic diseases. Since

1. Introduction

Hippocrates, the father of medicine, once said “Let food thy
medicine and medicine thy food.” Certain foods possess

ancient times, numerous beneficial medical treatments have
been attributed to plant-derived compounds, which are used
as an important source of materials to treat various diseases.
As shown by epidemiological studies and meta-analyses, diets
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rich in fruit and vegetables can reduce the incidence of several
chronic diseases, including type 2 diabetes [1], cardiovascular
disease [2], and even several cancers [3,4]. Furthermore, the
consumption of polyphenols, either in plant based medicine
or in diets rich in fruit and vegetables, has been observed to
have health-promoting effects [5].

Epigallocatechin-3-gallate (EGCG) from green tea, curcu-
min isolated from turmeric, and resveratrol in wine (Figure 1)
are the well-known representatives of the bioactive poly-
phenols that have been extensively studied for their preven-
tive properties (including antioxidant, antiinflammatory,
anticarcinoma, antimicrobial, antiviral and cardioprotective
properties) against chronic diseases [6—9]. These food poly-
phenols can reduce the risk of chronic diseases, because of
their inhibition effects on enzyme activities and signal
transduction pathways during the course of disease
development.

However, the inefficient systemic delivery and poor oral
bioavailability of bioactive polyphenols have largely limited
their applications to humans [10]. Low solubility, instability
under conditions encountered in the gastrointestinal (GI) tract
(pH, enzymes, presence of other nutrients), insufficient gastric
residence time, and the difficulty for many polyphenols to
diffuse across the cells through the lipid-bilayer cell mem-
branes in the intestine account for the low bioavailability of
diet polyphenols [11,12].

Nanoparticles had been formally referred to as sphere-like
substrates with dimensions ranging between 1 nm and
100 nm, which have been extended to range from 1 nm to
1000 nm especially in the biomedical fields. Polymer-based
delivery nanoparticle systems that encapsulate bio-
functional ingredients within networks have been developed
extensively for the biomedical and functional food sectors to
protect and transport them to target functions [12—14]. The
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biomacromolecular based nanoparticles enhance the ab-
sorption and bioavailability of bioactive molecule mainly
through the following pathways: (1) protection of the bioactive
molecule from the harsh environment of the GI tract, (2)
prolongation of the residence time in the gut by mucoadhe-
sion, (3) endocytosis of the particles, and/or (4) permeabilizing
effect of the polymer [15]. For the purpose of oral consumption
and minimizing carrier-induced undesirable cytotoxicity in
the delivery of food polyphenols, we believe that there is no
better option than food-grade macromolecules that are
generally recognized as safe, which are suitable for developing
such delivery systems. Macromolecules of food origin are
natural sources of biopolymeric soft materials—they are not
only biodegradable and biocompatible, but are also bio-
functional [16,17]. Lipid based nanoencapsulator, nano-
emulsions, biopolymeric nanoparticles, nanocomplexes
formed with food-grade ingredients including food bio-
polymers (proteins, carbohydrates), fats, and copolymers
(protein—carbohydrate conjugates) have been used to deliver
a range of functional ingredients in pharmacy and foods
[18,19].

In this review, the classification of food polyphenols and
the factors influencing their bioavailability during oral con-
sumption are described. Then, recent studies on enhancing
the bioavailability of polyphenols, mainly EGCG, curcumin,
and resveratrol, through encapsulation with food grade
macromolecule nanoparticles are summarized.

2. Classification of polyphenols

Polyphenols can be categorized primarily into flavonoids and
nonflavonoids, which constitute a diverse class of secondary
plant compounds, or phytochemicals. The main subclasses of
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Figure 1 — The chemical structure of epigallocatechin-3-gallate, resveratrol, and curcumin.
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dietary flavonoids are flavonols, flavones, flavan-3-ols,
anthocyanidins, flavanones, and isoflavones (Figure 2). The
nonflavonoids include diverse classes of polyphenols such as
stilbenes and phenolic acids. The basic flavonoid skeleton
(C6—C3—C6) can have numerous substituents. Numerous fla-
vonoids commonly exist naturally as glycosides with sugars
as the substituent [20]. The flavonoids become increasingly
water-soluble with the substituent of sugars and hydroxyl
groups; other substituents, such as methyl groups and iso-
pentyl units, make flavonoids lipophilic.

2.1 Dietary flavonoids

Flavonols, which are the most widespread flavonoids, are
dispersed throughout the plant kingdom. The distribution and
structural variations of flavonols are extensive. The main di-
etary flavonols are most commonly found as O-glycosides in
nature, including myricetin, quercetin, kaempferol, and
isorhamnetin.

Flavones are a class of flavonoids based on the backbone of 2-
phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) shown
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in Figure 2, which include apigenin and luteolin. Otherwise, a
wide range of substitutions may occur in the molecules of fla-
vones, which include hydroxylation, methylation, O- and C-
alkylation, and glycosylation [21—-23]. Polymethoxylated fla-
vones, such as tangeretin and nobiletin, have been reported in
citrus species [24]|. Compared with flavonols, flavones are not
distributed widely, with significant occurrences being reported
in only celery, parsley, and some herbs.

Owing to the saturated C3 element, flavan-3-ols are
nonplanar and are the most structurally complex subclass of
flavonoids. The simple monomers of flavan-3-ols include
(+)-catechin and its isomer (—)-epicatechin. The simple
monomers can be hydroxylated to form gallocatechins and
also undergo esterification with gallic acid, leading to complex
structures such as the oligomeric EGCG and polymeric
proanthocyanidins. The green tea catechins include (-)-epi-
catechin 3-gallate, (—)-epigallocatechin, (—)-epicatechin, and
EGCG. The chiral center in the structure of flavan-3-ols leads
to complexity and diversity in their structure. At C2 and C3
positions of the flavan-3-ols, the two chiral centers produce
four isomers for each level of B-ring hydroxylation. In the
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Figure 2 — Basic chemical structures of the dietary flavonoids.
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oligomeric and polymeric proanthocyanidins, there is an
additional chiral center at C4 of each additional flavan-3-ol
unit.

Type B proanthocyanidins originate from (+)-catechin and
(—)-epicatechin with oxidative coupling taking place between
the C4 of the heterocycle and the adjacent unit at the C6 or C8
positions to create oligomers or polymers. In comparison with
type B proanthocyanidins, an additional ether bond between
C2 and C7 occurs in type A proanthocyanidins. Proanthocya-
nidins can occur as polymers with up to 50 units. Procyanidins
are the most abundant type of proanthocyanidins in plants
and consist exclusively of epicatechin units. Many condensed
tannins contain more than one monomer. Flavan-3-ol
monomers are extensively transformed during the tradi-
tional processing of wines, cocoa, and black tea—in the latter
case, yielding theaflavins, theacitrins, and thearubigins.

Being similar to flavan-3-ols to a certain degree, the flava-
nones are nonplanar and have a chiral center at C2. The
structure character of flavanone is that ring C is attached to B
ring at C2 in the a-configuration in the majority of naturally
occurring flavanones. Flavanones are present in especially
high concentrations in citrus fruits.

For isoflavones, the B ring is attached at C3 rather than C2.
They are found almost exclusively in leguminous plants, with
the highest concentrations occurring in soy bean (Glycine max).
These isoflavonoids appear to mimic the steroidal hormone
estradiol.

2.2. Dietary nonflavonoids

The significant dietary nonflavonoids are the C6—C1 phenolic
acids and the polyphenolic C6—C2—C6 stilbene. The most
notable phenolic acid and edible stilbene are gallic acid and
resveratrol, respectively. Gallic acid is the most common
phenolic acid, which is the biosynthetic precursor of hydro-
lysable tannins, the C6—C3 hydroxycinammates and their
conjugated derivatives. The main dietary source of stilbenes is
resveratrol (Figure 1B), which can be found in red wine, and
also in peanuts (Arachis hypogaea) [25], berries, and red cab-
bage (Brassica oleracea). Resveratrol occurs as cis and trans
isomers.

Curcumin (Figure 1C) is also a natural nonflavonoid phenol
that belongs to the group of curcuminoids, and is responsible
for turmeric's yellow color. The curcuminoids are a mixture of
curcumin, chemically a diferuloylmethane [1,7-bis (4-
hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5-dione]
mixed with its two derivates, demethoxy-curcumin [4-
hydroxycinnamoyl-(4-hydroxy-3-methoxycinnamoyl)
methane] and bis-demethoxy-curcumin [bis-(4-hydroxy cin-
namoyl) methane] [26].

3. Factors impacting the bioavailability of
diet polyphenols

Bioavailability can be defined as the fraction of a nutrient or
nonnutrient that is available for the human body for physio-
logical functions and/or storage [27]. In other words, the term
bioavailability refers to the fraction of a dose that is available
at the site of action in the body [14]. For most oral doses, this

definition is interpreted as the fraction of the dose that enters
the bloodstream. In the case of polyphenols, this principally
involves the following digestive processes: solubility of poly-
phenols in the GI environments; release of polyphenols from
the food matrix; degradation of polyphenols during gastric/
small-intestinal digestion; cellular uptake of polyphenols by
enterocytes; Phase I/Il enzyme modifications that occur upon
uptake (mainly in the small intestine); final transport into the
bloodstream and subsequent tissue redistribution. All of these
steps play important roles in the absorption and metabolism
of polyphenol. In this review, we focus on the factors during GI
digestion, prior to transport into the bloodstream and tissue
distribution. And the reasons for the low bioavailability of
polyphenols are briefly summarized in Figure 3.

3.1 Solubility of polyphenols

Solubility of polyphenols is an essential physicochemical
property that influences their bioavailability. Polyphenols'
solubility has certain relationship with their bioavailability.
However, there might be a misleading notion that the com-
pound with high solubility could have a considerable high
bioavailability, which mainly ignores the important role of
intestinal cell membrane permeability of the polyphenol in-
gredients. Generally, polyphenols can be classified into three
categories: (1) high solubility but poor cell membrane perme-
ability; (2) low solubility and poor cell membrane perme-
ability; and (3) low solubility but high cell membrane
permeability. The selected polyphenol compounds in the
present study—EGCG, curcumin, and resveratrol—belong to
types 1, 2, and 3 polyphenols, respectively [14,26,28]. There-
fore, for polyphenols such as curcumin and resveratrol, an
effort should be first made to increase their solubility.

3.2. Effects of food matrices

Studies have shown that polyphenols from foods in combi-
nations can have very different bioaccessibilities. Green et al
[29] found that the addition of bovine, soy and rice milks,
ascorbic acid, or citrus juices could increase the bio-
accessibility of green tea catechins, which might be related to

Low solubility

Release  from

food matrix
Degradation with the
increasing pH value
from stomach to Poor absorption,
small intestine J| metabolism and

efflux in the small

intestine

Figure 3 — Summarization of the factors accounting for the
low bioavailability of polyphenols.
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their stabilization and protection from auto-oxidation at
alkaline pH. The bioaccessibility of EGC and EGCG in green tea
was enhanced after association with sucrose and ascorbic
acid simultaneously, which was further related to the increase
of uptake in Caco-2 cells and bioavailability in rats [30]. In the
model of codigestion with blueberries and milk, the recovery
of total anthocyanins and total phenols was found to be
reduced by milk [31]. Studies with raspberry juice showed that
the addition of ice cream markedly reduced the recovery of
total anthocyanins [32], whereas a wheat-based breakfast
cereal did not influence recovery. Xie et al [33] reported that
the uptake of catechins by Caco-2 cells was increased after
addition of skimmed milk, although the recovery of catechins
was decreased, which might be caused by the binding be-
tween catechins and the milk proteins. In their study, van het
Hof et al [34] also found that no significant difference in
serum/plasma bioavailability of tea catechins could be found
when the participants were given tea with or without milk. It
could be concluded from these studies that the polyphenols
bound with proteins can also be available for the absorption in
the small intestine. Dietary fats can increase polyphenol
bioavailability in humans by increasing absorption, possibly
by enhancing micellarization in the small intestine [35,36].

3.3. Release of polyphenols from the food matrix during
GI digestion

During the digestion process, the majority of polyphenols
appear to be released during the gastric phase. The gastric
phase is usually the site where food stuffs are mainly dis-
solved. A finely ground digesta of the food stuffs, with
increasingly decreased particle size, is caused by the combi-
nation effects of pepsin digestion, peristaltic movements, and
low pH [37]. The low pH in the range of 2—4 in the stomach
may favor the stability of polyphenols, which could foster
their transition from the matrix into the aqueous phase
because of reduced ionic interactions. As digesta passes from
the stomach to the small intestine, the pH usually increases
from around 2—4 to approximately 7. In the small intestine,
there are several enzymes and biosurfactants secreted by the
pancreas and bile, such as phospholipase, sterol esterase,
amylase, carboxypeptidase, trypsinogen, chymotrypsinogen,
lipase, and bile salts. Lipase and bile salts are essentially
involved in the digestion of the more apolar food compounds
such as lipids, apolar micronutrients, and phytochemicals,
resulting in the formation of water-soluble mixed micelles
[38—42].

3.4. Degradation of food polyphenols in GI tract

Generally, polyphenols are stable in the acidic gastric envi-
ronment, but are, however, degraded under the neutral and
weak alkalescent environment in the small intestine. The
degradation of anthocyanins occurs mostly in the small in-
testine, which contributes to a low overall uptake into serum
[43]. EGCG quickly degrades in intestinal juice neutral and
alkaline environments, which is mainly attributed to the auto-
oxidation of EGCG, forming its homodimers [44]. In acidic pH,
trans-resveratrol is stable, whereas its degradation starts to
increase exponentially above pH 6.8 [45]. Curcumin is stable

under high pH values (>11.7), but degrades rapidly about pH
7.4 [46].

3.5. Uptake of polyphenols by enterocytes

The small intestine is thought to be the site for the absorption
of the majority of polyphenols [47,48]. Passive diffusion is
likely to constitute the major absorptive pathway for low-
weight polyphenols based on Caco-2 cell trials [49]. Trans-
cellular transport of resveratrol appeared to occur through a
rapid passive direct-independent diffusion mechanism [50]. It
was shown that curcumin permeated across the Caco-2 cell
monolayers also via the permeation mechanism of passive
diffusion [51].

Higher lipophilicity appears to facilitate epithelial uptake.
Murota et al [52] reported a correlation between lipophilicity
and enterocyte permeability based on Caco-2 cell trials, which
follows the sequence genistin = daidzin < daidzein <
genistein < flavonoid aglycones, corresponding to their lipo-
philic properties. About 5—8 times larger absorption through
Caco-2 cells and more slowly glucuronated and sulfated in
human liver cells were reported for methylated flavones
compared with those of nonmethylated ones, which might
indicate good bioavailability [S3]. Cellular uptake of poly-
phenols also appeared to be substantially influenced by their
polymerization degree. For example, the absorption of the
dimers of procyanidins (<1%) was reported to be much lower
than that of monomers such as epicatechin (~45%) [54,55].
Polymeric procyanidins, theaflavin, thearubigins, and tannins
could not even be detected after oral uptake in an animal
study [56,57].

Sodium-glucose transport proteins were suggested to be
active in the transport of glycoside polyphenols, especially the
sodium glucose-linked transporter 1 [58,59]. However, there is
still some controversy about the role of polyphenol uptake, as
not all studies with flavonoid glycosides could confirm its
participation.

3.6.  Metabolism and reconjugation in enterocytes

The intestine constitutes the first place for phase I/Il meta-
bolism [60]. For curcumin, the four double bonds of the hep-
tadiene-3,5-dione system are successively reduced by phase I
metabolism. Tetrahydrocurcumin and hexahydrocurcumin
are the major products observed in most studies, whereas
dihydrocurcumin and hexahydrocurcuminol usually repre-
sent minor products. Furthermore, the reduced curcumin
undergo glucuronidation to C-glucuronide, dihydro-C-
glucuronide, tetrahydrocurcumin-glucuronide, as well as
sulfation to C-sulfate [61]. Two metabolites, resveratrol-3-
sulfate and resveratrol-3-glucuronide, were detected as
phase II biotransformation products [50], and sulfate conju-
gation was the major pathway for resveratrol in Caco-2 cell
model. Methylation has also been observed, for instance, of
green tea polyphenols [62] and quercetin [63], possibly via
catechol-O-methyltransferase.

The active excretion of the metabolite of the polyphenols
from enterocyte back into the gut lumen may occur via the
ATP-binding cassette transporters [64]. Other transporters,
including multidrug resistance proteins (MRPs) and
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monocarboxylate transporters may play a role in transport to
the vascular side [65,66]. MRP2 and P-glycoprotein were also
reported to play a role in the efflux uptake of metabolized
polyphenols in a Caco-2 cell model [60].

4, Food macromolecule nanoparticles for
encapsulation and delivery of polyphenols

4.1. Food protein nanoparticles

Food proteins are abundant renewable raw materials for
developing nanocarriers for delivery of drug or nutraceuticals,
which is mainly attributed to their exceptional characteristic
of extraordinary binding capacity of various drugs or nutra-
ceuticals. In addition, food proteins are biodegradable and
nonantigenic, and have high nutritional value. Furthermore,
protein nanoparticles can be easily prepared and scaled up
during manufacture [67,68]. Several widely used food grade
proteins for fabrication of nanoparticle delivery systems for
encapsulation of diet polyphenols are summarized and dis-
cussed below.

4.1.1. Whey protein (mainly B-lactoglobulin) nanoparticles
Whey proteins, especially B-lactoglobulin (B-Lg), have
attracted the lion's share of attention in preparation of food
protein nanoparticles as carriers for polyphenols. EGCG was
coassociated with the thermally modified B-Lg to form
coassembled nanovehicles with particle size of about 50 nm,
which still maintained excellent transparency, enabling
their application in clear beverages. A 33-fold lower initial
degradation rate and a 3.2-fold slower degradation over 8
days were observed for the B-Lg nanoentrapped EGCG
compared with free EGCG [69]. Lestringant et al [70] found
that desolvated B-Lg nanoparticles showed the highest
binding affinity for EGCG, and the native p-Lg—EGCG com-
plexes showed comparable stability and binding efficacy
with those of the heated B-Lg nanoparticles. Similar to that
of free ECGC, all B-Lg nanoparticle formulations from
different processing proteins showed an inhibition effect in
cellular proliferation [70]. Li et al [71] systematically studied
the effects of fabrication parameters on the physicochemical
properties of the EGCG loaded thermal modified B-Lg nano-
particles, including pH (2.5—7.0), heating temperature of B-Lg
(30—85°C), molar ratio of B-Lg to EGCG (1:2—1:32), and B-Lg
concentration (1-10 mg/mL) on the properties of B-Lg—EGCG
complexes. A stable and clear solution system could be ob-
tained at pH 6.4—7.0. The highest protection of EGCG anti-
oxidant activity was obtained with p-Lg heated at 85°C and
the molar ratio of 1:2 (B-Lg/EGCG) [71]. Native and thermally
modified lactoferrin (LF) were also used as the carrier for
EGCG. The interaction between EGCG and the protein was
found to be pH dependent. The EGCG—protein nanoparticles
were prepared at pH 3.5 and 5.0, whereas submicrometer
particles appeared under pH 6.5 [72].

The water solubility and pH stability of curcumin were
significantly increased after binding with B-Lg, which was
treated with ultrasonic. Moreover, curcumin—B-Lg nano-
complexes were found to be resistant to pepsin digestion but
sensitive to trypsin. In the Caco-2 cell model, the digested

curcumin—p-Lg nanocomplexes significantly improved the
permeation rate of curcumin [73].

Liang et al [74] reported that resveratrol interacted with B-
LG to form the nanocomplexes. The B-LG—resveratrol inter-
action inhibited the self-association of both the polyphenol
and the protein, respectively. Complexing with B-LG provided
a slight increase in the photostability of resveratrol and a
significant increase in its hydrosolubility [74]. Hemar et al [75]
found that resveratrol could interact with whey proteins to
form nanocomplexes. Furthermore, proteins selected in the
fabrication of nanocomplexes included LF, holo-LF, apo-LF,
whey protein isolate, and the B-LG- and a-lactalbumin-rich
fractions of whey protein isolate. It was found that interaction
between whey proteins and resveratrol did not affect the
secondary structure of the protein [75]. Resveratrol-bovine
albumin nanoparticles (RES—BSANP) exhibited
chemotherapeutic properties via triggering apoptosis.
Apoptotic body, nuclear condensation, and fragmentation
were observed simultaneously following treatment of the
cancer cells with RES—BSANP [76].

serum

4.1.2. Casein nanoparticles

The caseins are proline-rich, open-structured rheomorphic
proteins, which have distinct hydrophobic and hydrophilic
domains. Caseins (95%) consist of asl-, as2-, B-, and k-caseins
and are naturally self-assembled into casein micelles that are
spherical colloidal particles with diameters in the range of
50—500 nm (average 150 nm). Encapsulation of curcumin in
camel B-casein micelle increased the solubility of curcumin at
least 2500-fold, which was predominantly driven by hydro-
phobic interactions. The antioxidant activity of curcumin
loaded with B-casein micelle was higher than that of both free
B-casein and curcumin. And the encapsulated curcumin
appeared to have higher cytotoxicity in human leukemia cell
line K-562 compared with that of free curcumin [77]. Pan et al
[78] reported a novel encapsulation method by spray-drying a
warm aqueous ethanol solution with codissolved sodium
caseinate and curcumin, resulting in curcumin-loaded casein
nanoparticles. The curcumin encapsulated in casein nano-
particles showed higher antioxidant activity and cytotoxicity
against cancer cells, compared with pristine curcumin.
Furthermore, Pan et al [79] also reported a low-cost, low-en-
ergy, and organic solvent-free (without ethanol solution)
encapsulation technology based on the pH-dependent solu-
bility properties of curcumin and self-assembly properties of
sodium caseinate. The neutralization of curcumin and
caseinate at pH 12 and 21°C enabled the encapsulation of
curcumin in self-assembled casein nanoparticles. The curcu-
min encapsulated in casein nanoparticles showed signifi-
cantly improved antiproliferation activity against human
colorectal and pancreatic cancer cells [79]. Sneharani et al [80]
found that the stability of curcumin in solution at pH 7.2 was
enhanced on binding with casein. Moreover, the ability of
curcumin to protect erythrocytes against hemolysis was not
affected because of the curcumin—casein interaction [80].

4.1.3. Gelatin nanoparticles

Gelatin is a denatured protein obtained from collagen by acid
and alkaline hydrolysis. It is considered a generally recognized
as safe material by the Food and Drug Administration and has
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been safely used for a long time in pharmaceuticals, cos-
metics, as well as food products. Shutava et al [81] found that
EGCG encapsulated in gelatin-based nanoparticles retained its
biological activity for blocking hepatocyte growth factor-
induced intracellular signaling in the breast cancer cell line
MBA-MD-231 as potently as free EGCG. Karthikeyan et al [82]
found that the coculture of resveratrol loaded gelatin nano-
particles with high loading efficiency induced cell death
through alteration in expression of p53, p21, caspase-3, Bax,
Bcl-2, and NF-«B.

4.1.4. Food prolamine based nanoparticles

Prolamins, a group of plant storage proteins with a high pro-
line content, are found in seeds of cereal grains: wheat
(gliadin), barley (hordein), rye (secalin), corn (zein), sorghum
(kafirin), and as a minor protein, avenin, in oats. They are
characterized by a high glutamine and proline content and are
generally soluble only in strong alcohol solutions. Prolamins
are excellent materials for preparation of food grade nano-
particles. Zein nanoparticles ranging from 175 to 900 nm were
obtained with varying protein concentrations from 2.5% to
15% (w/w) using the -electrohydrodynamic atomization
method. After nanoencapsulation, curcumin presented good
dispersion in an aqueous food matrix, such as semiskimmed
milk [83]. Resveratrol was loaded in hordein nanoparticles
through self-assembly by the liquid-liquid dispersion
method, to improve its stability by 26% compared with that of
free resveratrol after ultraviolet irradiation for 18 hours.
Controlled release of resveratrol from the nanoparticles under
simulated GI environment conditions was achieved. Both
chemical and cellular assay results demonstrated that loading
with hordein nanoparticles enhanced the antioxidant capa-
bility of resveratrol compared with the free one [84]. Penalva
et al [85] also reported a resveratrol nanoparticle formulation
based on zein, which provided high and prolonged plasma
levels of the polyphenol for at least 48 hours. Furthermore,
nanoparticles administered daily for 7 days at 15 mg/kg were
able to diminish the endotoxic symptoms induced in mice via
the intraperitoneal administration of lipopolysaccharide [85].

4.2. Food polysaccharide nanoparticles

Polysaccharides are a significant fraction of various foods, ac-
counting for many of their texture, sensory properties, and
caloric value. Polysaccharides are composed of mono-
saccharides joined by glycosidic bonds. The most attractive
advantage of polysaccharides in fabrication of food nano-
particles is their bioadhesion property, especially for mucosal
surfaces, which has been used for targeting specific organs or
cells and prolonging the polyphenol residence time in the in-
testine. Among them, chitosan is the most widely used poly-
saccharide in oral delivery nanoparticle systems. Chitosan is
the deacetylated form of chitin and composed of glucosamine,
known as 2-amino-2-deoxy-(1—4)-B-p-glucopyranan. It is
considered to be the most widely distributed biopolymer as a
cationic, nontoxic, biodegradable, and biocompatible poly-
electrolyte with an oral LDsp in mice of more than 16 g/kg [86],
and has been approved for dietary applications in Japan, Italy,
and Finland. It is considered beneficial for improving the in-
testinal absorption of active ingredients, especially for

compounds, such as EGCG, that are soluble in water but have
low permeability in the small intestine. Furthermore, chitosan
is facilitated to interact with negatively charged polymers and
to be modified with other functional groups to endow the
nanoparticles with targeting properties.

Park et al [87] prepared the alginate—chitosan electronic
complex nanoparticles induced by times recycle of high pres-
sure, for encapsulation of EGCG with the highest encapsulation
efficiency of 80.1%, which also showed the highest 2,2-
diphenyl-1-picrylhydrazyl radical scavenging activities of
81.8% and 69.3% at pH 2.6 and pH 6.9, respectively [87]. Siddiqui
et al [88] developed a chitosan nanoparticle based oral delivery
system to encapsulate and deliver EGCG, which demonstrated
an eightfold dose advantage over native free EGCG. Further-
more, nano-EGCG treated cells showed marked induction of
apoptosis and cell cycle inhibition along with the growth of
tumor xenograft mice. Nano-EGCG also inhibited proliferation
and induced apoptosis in tumors harvested from the treated
mice [88]. Lin et al [89] prepared potentially gastric cancer cell
target-activated nanocomplexes comprising a fucose conju-
gated chitosan associated with gelatin containing encapsu-
lated EGCG. In vitro results demonstrated that a controlled
release of EGCG from the nanocomplexes inhibited gastric
cancer cell growth, induced cell apoptosis, and reduced
vascular endothelial growth factor protein expression.
Furthermore, in vivo assay results indicated that the prepared
EGCG-loaded nanoparticles significantly affected gastric tumor
activity and reduced gastric and liver tissue inflammatory re-
action in an orthotopic gastric tumor mouse model [89]. EGCG
was also first incorporated as inclusion complexes in sulfobu-
tylether-p-cyclodextrin sodium, and then ionotropically
crosslinked with chitosan hydrochloride into nanoparticles,
which could prevent the decrease in antioxidants of free EGCG
with increasing pH, storage time, and temperature [90].

Chuah et al [91] prepared the curcumin-containing chito-
san nanoparticles with mucoadhesive properties, which could
be taken up by colon cancer cells and exerted anticancer ef-
fects. Chitosan—alginate nanoparticles for encapsulation of
curcumin diethyl disuccinate (CDD) were prepared by oil-in-
water emulsification and ionotropic gelation. The CDD nano-
particles were stable in storage at 4°C for 3 months. Further-
more, an in vitro cellular internalization study demonstrated
that CDD nanoparticles had significantly higher cellular up-
take in Caco-2 cells compared with free CDD [92]. Poly-
electrolyte complexation between chitosan and gum arabic as
novel delivery systems for curcumin was fabricated with the
average diameter in the range of 250—290 nm; the curcumin
encapsulation efficiency exceeded 90%, the loading content
was more than 3.8%, and the retention rate was higher than
85% during storage. Besides the significantly elevated antiox-
idant activities of curcumin by nanoencapsulation, the chi-
tosan—gum arabic nanoparticles improved the stability and
delayed the release of curcumin in a simulated GI environ-
ment [93]. Carboxymethyl chitosan nanoparticles were fabri-
cated via the emulsion crosslinking method to encapsulate
and deliver resveratrol, which substantially improved the
antioxidant activity of resveratrol. Furthermore, the nano-
particle encapsulated resveratrol exhibited increased in vivo
absorption, prolonged duration of action, and increased rela-
tive bioavailability compared with the raw resveratrol [94].
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The nanoparticles composed with hydroxypropyl methyl-
cellulose as the stabilizer for trans-resveratrol were prepared
using the temperature-controlled antisolvent precipitation
method, which enhanced the bioavailability of trans-resvera-
trol [95].

4.3. Food protein—polysaccharide conjugate (complex)
nanoparticles

4.3.1.  Protein—polysaccharide conjugate nanoparticles

Polysaccharide glycosylated proteins prepared through the
Maillard reaction are reported to inhibit the precipitation of
the corresponding proteins caused by high concentration or
interaction with polyphenols, which are materials for encap-
sulation of polyphenols. Tea polyphenols were loaded in the
protein core of the gelatin—dextran conjugate nanoparticles,
which were synthesized using the Maillard reaction. Under
optimal conditions, the conjugate nanoparticles loaded with
EGCG showed an average of 86 nm in diameter with narrow
distribution. The encapsulation efficiency of EGCG is pH-
independent, but the loading capacity is controllable and as
high as 360 wt.% (weight/weight of protein). The encapsulated
EGCG showed comparable or even stronger cytotoxicity
against MCF-7 cells than free EGCG in 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [96]. EGCG
was also encapsulated in the dextran glycosylated casein
nanoparticles with strong encapsulating and retaining ca-
pacity to EGCG, and high colloid stability of the nanoparticles
in a wide concentration range during storage. The glycosy-
lated casein could effectively protect EGCG from degradation
in alkaline pH and displayed a slow and sustained release in
intestinal fluid [97]. The glycosylation of protein was also
prepared by conjugating dextran to bovine serum albumin
through the Maillard reaction for delivery of EGCG [98].

4.3.2.  Protein—polysaccharide complex nanoparticles
Biopolymer-based nanoparticles can be rationally engineered
through the controlled self-assembly of protein and poly-
saccharides, mainly through electrostatic interactions [99].
One of the most commonly used methods of assembling
proteins and polysaccharides into functional biopolymer
particles is based on electrostatic attraction between oppo-
sitely charged groups under appropriate solution conditions
[100,101]. Hydrogel particles have been prepared by heating
the mixture solutions of pB-Lg and the food polysaccharide
such as chitosan [102,103] or pectin [104,105], which formed
through their interactions.

Caseinophosphopeptide (CPP), a bioactive peptide isolated
from the digestion products of milk casein protein, was
applied not only to crosslink chitosan forming the nano-
particles, but also to bind EGCG for encapsulation within the
nanoparticles [106]. It provides a new strategy to encapsulate
EGCG, with the encapsulation efficiency much higher than
that in the chitosan—tripolyphosphate nanoparticles
[107,108]. In addition, chitosan—CPP nanoparticles appear to
have a much higher biocompatibility than that of chitosan—-
tripolyphosphate nanopartciles, with significantly lower
cytotoxicity [106]. Furthermore, encapsulation of EGCG in
chitosan—CPP nanoparticles can significantly elevate the
cellular antioxidant activity of EGCG [109] and enhance its

permeation rate through the Caco-2 cell monolayer mem-
brane [106]. The EGCG loaded chitosan—CPP nanoparticles
were found to be uptaken by the Caco-2 cell [107].

4.4. Food lipid based nanoparticles

Food lipid nanoparticles, especially solid lipid nanoparticles
(SLN), show advantages in improving the solubility and
bioavailability of lipid-soluble polyphenols. Guri et al [110]
evaluated the capabilities of SLN to deliver curcumin in a
coculture system of absorptive Caco-2 and mucus secreting
HT29-MTX cells. The encapsulation of curcumin in SLN
caused enhanced delivery compared with unencapsulated
curcumin, without influence on the integrity of the cellular
junctions [110]. Sun et al [111] reported that curcumin-loaded
SLNs could prolong in vitro antitumor activity and cellular
uptake, and improve the in vivo bioavailability of the loaded
curcumin [111]. Neves et al [112] prepared two types of SLN for
loading and encapsulation of resveratrol. The presence of
resveratrol induced a disorder in the crystal structure of
nanoparticles, suggesting a favoring of its entrapment. The
in vitro simulation of the GI transit showed that resveratrol
remained mostly associated with lipid nanoparticles after
their incubation in digestive fluids [112]. Jose et al [113] fabri-
cated the glyceryl behenate-based solid SLNs for encapsula-
tion and delivery of resveratrol. The cytotoxicity assay
showed that resveratrol loaded SLNs were equally effective as
free resveratrol, being an antitumor agent. The in vivo bio-
distribution study using Wistar rats demonstrated that SLNs
could significantly (p < 0.001) increase the brain concentration
of resveratrol [113]. Resveratrol loaded stearic acid based SLNs
coated with poloxamer 188 were produced successfully using
the solvent diffusion—solvent evaporation method, which
showed prolonged drug release in vitro up to ~120 hours. The
lipid formulation produced a significant (about eightfold)
improvement in the oral bioavailability of resveratrol as
compared with the resveratrol suspension [114]. Resveratrol
solubility, stability, and intracellular delivery were all
increased after loading into SLNs. SLNs below 180 nm loading
with or without resveratrol moved promptly through the cell
membrane, distributed throughout the cytosol, moved suc-
cessively among different cellular levels, and localized in the
perinuclear region without inducing cytotoxicity. The cyto-
static effect of SLN—resveratrol was much more expressed
than that of resveratrol in solution. Delivery of resveratrol by
SLNs contributes to the effectiveness of resveratrol on
decreasing cell proliferation, with potential benefits for pre-
vention of skin cancer [115].

SLNs were also applied in encapsulation and delivery of
water-soluble polyphenols. Zhang et al [116] have successfully
synthesized EGCG encapsulated nanostructured lipid carriers
(NLCE) and chitosan coated NLCE using natural lipids, sur-
factant, chitosan, and EGCG. And it is found that the nano-
encapsulated EGCG may have a potential to inhibit
atherosclerotic lesion development [116].

4.5. Food hybrid nanoparticles

The hybrid nanoparticles, usually coated with poly-
saccharides, endow multifunctions to the delivery system.
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Chitosan coated SLNs were prepared to encapsulate curcu-
min, which showed prolonged physical stability under room
and refrigerated temperature conditions. Moreover, curcumin
encapsulated in the chitosan coated SLNs has been shown to
increase the bioavailability of curcumin above that of curcu-
min suspensions after oral administration [117]. The mixed
colloidal dispersions of curcumin encapsulated zein nano-
particles and digestible lipid nanoparticles were fabricated,
which could significantly enhance the bioaccessibility of cur-
cumin [118]. D'Souza and Devarajan [119] investigated the
bioenhancement of oral curcumin bioavailability from the
curcumin—Gantrez nanoparticles that were adsorbed by
different polysaccharides including galactose polysaccharides
arabinogalactan and kappa-carrageenan, glucose poly-
saccharide pullulan. And the results showed that galactose
polysaccharides could play an important role in enhancing
absorption of drugs through galectin-mediated absorption. An
absolute bioavailability of greater than 25% seen with the
galactose polysaccharides arabinogalactan and kappa-
carrageenan was extremely promising. Resveratrol was
bound to caseinate or caseinate—dextran to form the
biopolymer complexes. Then, the resveratrol bound caseinate
or caseinate—dextran was coated to the surface of the zein
core, forming the biopolymer nanoparticles. Both the
biopolymer nanoparticles and complexes protected trans-
resveratrol from isomerization when exposed to ultra violet
light, with the nanoparticles being more effective. Nano-
particles coated by caseinate—dextran were more stable to
aggregation under simulated GI conditions than those coated
by caseinate. The bioaccessibility of resveratrol was enhanced

when it was encapsulated in both biopolymer nanoparticles
and biopolymer complexes [120].

5. Perspectives

It can be concluded that food macromolecule based nano-
particles have potential in increasing the bioavailability of
polyphenols, such as EGCG, curcumin, and resveratrol,
mainly through enhancing their solubility, preventing their
degradation in the intestinal environment, elevating the
permeation rate in the small intestine, and even increasing
their contents in the bloodstream (Figure 4). The bioactivities
of polyphenols, such as anticancer, antioxidant, and antiin-
flammatory activities, have been reported to be enhanced
after encapsulation with food macromolecule nanoparticles,
also demonstrating the enhanced polyphenol bioavailability.
For the oral administration route, the food macromolecular
nanoparticles must first withstand the harsh pH and diges-
tive enzyme environment in the GI tract, hold the loading
polyphenols, reach the drug absorption site in the small in-
testine; otherwise, the nanoparticle-based oral delivery will
be unachievable. Efforts should be made to enhance the
stability of nanocarriers in the GI tract environment and
characterize their structure behaviors [121]. Furthermore, the
effects of nanoencapsulation on the metabolism of
polyphenols and the influence on the corresponding meta-
bolism enzymes should be given due attention to further
illustrate the mechanism for enhanced bioavailability after
nanoencapsulation.
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Figure 4 — Formation of food macromolecule nanoparticles for enhancing the bioavailability of polyphenols (I,
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