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Abstract: Tea polyphenols (TPs) are among the most abundant functional compounds in tea. They
exhibit strong antioxidant, anti-inflammatory, and anti-cancer effects. However, their instability and
low bioavailability limits their applications. Nanotechnology, which involves the use of nanoscale
substances (sizes ranging from 1 to 100 nm) to improve the properties of substances, provides
a solution for enhancing the stability and bioavailability of TPs. We reviewed the preparation,
performance, effects, and applications of different types of TPs nanocarriers. First, we introduced
the preparation of different nanocarriers, including nanoparticles, nanoemulsions, nanomicelles,
and nanolipids. Then, we discussed various applications of tea polyphenol-loaded nanocarriers in
functional ingredient delivery, food quality improvement, and active food packaging. Finally, the
challenges and future development directions of TPs nanocarriers were elucidated. In conclusion,
a nano-strategy may be the “key” to break the application barriers of TPs. Therefore, the use of
nano-strategies for the safe, stable, and efficient release of TPs is the direction of future research.

Keywords: tea polyphenols; epigallocatechin gallate; catechin; nanoparticles; nanoemulsions;
nanomicelles; nanolipids

1. Introduction

The various natural compounds in plants are a treasure trove given to mankind by
nature, and mankind has a long history of using plant compounds to regulate various
health problems [1,2]. Polyphenols are the most consumed natural antioxidants in the
daily diet. Their total daily intake by the human body is about 10 times the intake of
vitamin C, and about 100 times the intake of vitamin E and carotenoids [3]. As natural
dietary factors, polyphenols have various regulatory functions on human health [4]. Tea
polyphenols (TPs) are among the many plant polyphenols. They are mainly derived from
tea plants and account for about 20-30% of the dry weight of tea. Apart from being the
main functional components of tea, TPs determine the color, aroma, taste and other quality
indicators of tea [5]. Among TPs, catechins have the highest concentrations, accounting for
about 60-80% of total TP weights. These catechins include four main catechin monomers
(Epicatechin, EC; Epigallocatechin, EGC; Epicatechin gallate, ECG, Epigallocatechin gallate,
EGCG) and other catechin oxidation polymerization products (Theaflavins, thearubicins,
and theafucins among others) formed during processing [6,7].

Tea, which has a unique taste and health benefits, is one of the three largest non-
alcoholic beverages in the world. With the development of new functional drinks, tea and
TPs are increasingly being used as beverage raw materials and natural additives, which
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greatly increases the chance of the human body ingesting TPs from the diet. Tea, as a natural
plant rich in tea polyphenols, is a rich and low-cost raw material for TPs. Macroporous
resin separation, recrystallization, membrane separation, and other technologies have been
widely used in industrial production of tea polyphenols. Industrial tea polyphenols with
a purity of more than 95% can be obtained at a low cost [8-10]. In the year 2020, the total tea
polyphenol output in China was about 5000 tons, which were mainly used as raw materials
or food additives in food processing, healthcare products, and daily chemical products.
Biologically, TPs have powerful antioxidant and anti-inflammatory effects [11], important
regulatory roles in human metabolic syndromes [12] and cardiovascular diseases [13], re-
sistance to malignant tumors [14], nerve protection [15], and delayed aging [16]. Therefore,
TPs are widely applied in the fields of biomedicine, dietary nutrition, and food daily chem-
icals [5]. Due to the wide range of consumer groups, a low-cost material base, and multiple
health benefits, TPs are some of the most promising substances in plant polyphenols.

As we all know, most of the polyphenols have the defects of low bioavailability,
low absorption efficiency in the body, and instability in vitro, which greatly limits the
application of many polyphenols, including TPs [17,18]. Nanotechnology has several
applications in the food field, including in food safety and quality, food packaging and
sensory improvement, the targeted delivery of compounds, as well as in the improvement
of bioavailability [19,20]. The use of food protein particles and chitosan as nanocarriers
for plant polyphenols can significantly promote the intestinal absorption of phenolic
compounds [21]. Furthermore, polysaccharide-bioactive polypeptide nanoparticles can
also be used as valuable nanocarriers for encapsulating small-molecule polyphenols to
provide these functional polyphenols with better bioavailability [22]. Nanoencapsulation
packaged phenolic substances, including curcumin and carvacrol, play an active role
in food processing and packaging, which can ensure the color as well as the quality of
polyphenols and improve the performance of packaging materials [23,24]. Even though
some nanoparticles can play various roles after being loaded with polyphenols, they are
often restricted in the actual food processing process. For instance, the solubility of chitosan
is affected by pH [25], while elevated levels of TiO, (Titanium Dioxide) particles negatively
impact the bioavailability and biological activity of polyphenols in food [26].

The development of nano-TPs has undergone self-nanoization and hybridization of
TPs with various nanomaterials. Currently, nano-sized carriers for TPs include nanoparticles
(such as polymer nanoparticles), nanoemulsions, nanomicelles, and nanoliposomes [27,28].
These nano-strategies have greatly improved the utilization of TPs and provided a material
basis for the precise delivery of TPs, the development of functional foods, as well as
applications of new food packaging materials [29]. The loading of TPs into nano- and micro-
systems greatly improves their delivery and bioavailability in vivo, which is associated
with the fact that nano- and micro-systems can stabilize the structure and activity of
TPs in unfavorable environments, such as the gastrointestinal tract [30]. Based on the
different biophysical properties and biological functions of tea polyphenols, the loading
and delivery methods of nanoparticles are also different. For instance, encapsulating EGCG,
the main monomer of TPs, in a nano-scale double-walled carrier composed of chitosan
and p-lactoglobulin can effectively control the release of EGCG in the gastrointestinal tract
and improve its antioxidant activities and its availability in the body [31]. The binding
methods of tea polyphenols and nanocarriers are diverse, and they include ultrasound and
electro-fluidic encapsulation, among others. These binding methods affect the properties of
tea polyphenol nanoparticles [32]. These studies show the significance of TP nanocarriers
of different nanometerizations in improving the functions of TPs.

Apart from their biological activities, tea polyphenols have huge application potentials
in food nutrition, food processing, and packaging. However, their applications are limited
by low bioavailability [33], low in vivo absorption rate, and low in vitro instability. Green
functionalized nano-TPs, which have been developed based on nano-strategies, have the
ability to improve the performance defects of TPs. In addition, there is a need to regulate
the safety of nanocarriers and their applications in the food field. In 2011 and 2014, the
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Food and Drug Administration (FDA) issued guidelines on the regulation and definition of
products involving nanotechnology, which preliminarily defined the use of nanotechnology
and materials in the food field (including dietary supplements and nutrient delivery among
others) [34,35]. All wall materials, stabilizers, and natural and synthetic additives used in
food nanomaterials must be non-toxic and recognized as safe by the FDA. This provides
a technical guide for the application of nano-TPs in food.

We reviewed the preparation technology of functionalized nano-TPS and their appli-
cations in targeted nutrition delivery, functional food development, and food packaging
(Figure 1). On this basis, future expectations and challenges of functional nano-TPs are
elucidated, which may inform the application and development of nano-TPs.

&

°Q°

‘Tea polyphenols (1P)

Gllloﬂlu‘hin/ Catcchil

Nano-strategies

S

Epicatechin

Figure 1. Bioavailability and application prospects of tea polyphenols improved by nano-strategies.

(The figures of active food packaging are cited from [36,37], Copyright © 2021, Elsevier; Copyright ©
2020, Elsevier).

2. Preparation Methods of TPs Nanocarriers

Nano-technology is a new high-tech discipline that involves the manipulation of
atoms and molecules in the nanometer scale to process materials, manufacture products
with specific functions, or study a substance to master the laws of motion and properties
of its atoms and molecules. Typical tea polyphenols have a low oral bioavailability and
photothermal instability [38,39]. Despite the reported efficacies of active compounds in
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tea against a number of diseases in vitro, the above limitations pose a serious challenge for
their in vivo applications. Recently, nanotechnology has been introduced in research on
TPs. This is attributed to the physical and chemical properties of nano-materials, including
surface and interface effects, small size effects, and quantum effects, which are not available
in traditional materials [40]. Studies on the improvement of the bioavailability of TPs
through nanoscience and nanotechnology include nano-particles, nano-emulsions, nano-
micelles, nano-liposomes, and other nano-materials [41]. The stability and bioavailability
of TPs can be improved through nanomaterial encapsulation (physical adsorption and
chemical bonding, Figure 2).
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Figure 2. Schematic presentation of the nano-encapsulation of tea polyphenols by physical adsorption
and chemical bonding.

2.1. Nano-Particles

Nano-particles are solid colloidal particles that range in size from 10 to 1000 nm with
a large external surface area, a high hole ratio and surface energy, and many surface-exposed
atoms. Due to their earlier mentioned properties, including surface effects, small size effects,
and macroscopic quantum tunneling effects, nano-particles have been used to improve
the bioavailability of TPs in vivo and in vitro, enhancing their stability in the physiological
environment and achieving sustainable release [42]. Several types of nano-particles have
been developed for use in improving the bioavailability of TPs [43].

Due to their uniform pore channels, easy functionalization, biocompatibility, high
specific surface area, large pore capacity, and biodegradability, inorganic nano-particles
(INPs) have been widely used for drug encapsulation and delivery. Specifically, gold
nano-particles are used as carriers, which can effectively protect and enhance the bioavail-
ability of tea active compounds. Active compounds in tea are usually loaded in gold
nanoparticles through physical adsorption. Through physical adsorption with the help
of ultrasound or apex vibration, Hsieh et al. [44] prepared EGCG-nanoparticles by com-
pounding EGCG and gold nanoparticles (Figure 3A). The optimal combination of EGCG
and gold nanoparticles was determined by assessing the physicochemical properties of
the EGCG-gold nanoparticle complex. Moreover, the characterization of the EGCG-gold
nanoparticle complex was performed by high-performance liquid chromatography (HPLC)
to determine EGCG encapsulation. As a result of the distribution of gold nanoparticles on
the surface of the composite, the zeta potential of EGCG-gold nanoparticles had increased
to +21.0 £ 5.0 mV. Meanwhile, SEM images confirmed the complexation between EGCG
and gold nanoparticles [44]. In their subsequent study, Hsieh et al. [45] investigated the
experimental details of optimization. Gold nanoparticles were characterized by photon
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correlation spectroscopy (PCS), transmission electron microscopy (TEM), and dynamic
light scattering (DLS) technologies. It was found that EGCGs were attached to the gold
nanoparticles through physical adsorption, and the sizes of freshly prepared EGCG-gold
particles were about 500 nm with a zeta potential of 21 mV. Due to electrostatic repulsion,
EGCG-gold nanoparticles are not susceptible to agglomeration [45]. As a high-efficiency
physical field, ultrasound, which has a unique ability to promote dissolution, has been
widely applied in biomedicine and in the food industry. Through ultrasound for physical
adsorption, Yuan et al. [46] developed EGCG-gold nanoparticles composed of EGCG and
gold nanoparticles. Under ultrasonic conditions, the loading capacity of gold nanoparti-
cles for EGCG increased. Ultrasound plays a vital role in the loading of TPs, including
promoting EGCG dissolution, accelerating the movement of active molecules of TPs, and
strengthening physical adsorption, among others. The reduction method has also been
used to prepare conjugated EGCG and gold nanoparticle complexes [46]. EGCG nanopar-
ticle conjugates obtained via the in situ reduction method have attracted attention from
researchers. Using the chloroauric acid reduction method, Mukherjee et al. [47] prepared
purple-red spherical EGCG-gold nanoparticle conjugates with diameters between 24 and
30 nm (Figure 3B). During the synthesis of the conjugates, the gold nanoparticles directly
interacted with the TPs. The synthesized EGCG—gold nanoparticles exhibited excellent
stability at 4 °C for 6 months. Mixing the TPs with gold nanoparticles enhanced their
stability and bioaccessibility. Silver nanoparticles have also been shown to exhibit com-
parable abilities [47]. Applications of silver nanoparticles in enhancing the stability and
bioavailability of TPs can be realized through simple physical encapsulation. In terms of
encapsulation efficiency, silver nanoparticles have a large specific surface area and can ad-
sorb more TPs compared to gold nanoparticles. Furthermore, adsorption can be specifically
enhanced under the actions of ultrasound or microwaves. Another potential strategy for
improving the stability and bioavailability of TPs involves the applications of TPs as guest
reducing agents and stabilizers in reactions with host nanocarriers. The involvement of
white tea extract as a capping agent in the synthesis of silver nanoparticles was revealed
through various spectroscopic techniques, including UV-Vis spectra, X-ray diffraction
(XRD), and Fourier-transform infrared spectra (FTIR Spectra) analysis. TEM images of
mixed nanoparticles showed that the combination of tea extract and silver nanoparticles
resulted in spherical and pseudo-spherical shapes as well as smooth surfaces [48]. To
assess the toxicity of TPs and silver nanoparticle complexes, Barbasz et al. compounded
EGCG with silver nanoparticles, and found that EGCG nanoparticles disrupted the in-
tegrity of cell membranes and penetrated into cells to cause DNA damage, resulting in
reduced mitochondrial activities [49]. However, the significance of single gold or silver
nanoparticles is limited to improving the encapsulation efficiency of TPs. Meanwhile,
silver nanoparticles that are used to enhance the stability and bioaccessibility of TPs are
associated with biotoxicity.
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Figure 3. Schematic presentation of nano-encapsulated TPs by ultrasound (A), reproduced with
permission [44], Copyright © 2011, Elsevier; reduction (B), reproduced with permission [47,50],
Copyright © 2015, Elsevier; Copyright © 2021, Elsevier; homogenization (C), reproduced with
permission [51], Copyright © 2018, Elsevier; and self-assembly methods (D), reproduced with
permission [52], Copyright © 2014, Nature Publishing Group.

Recently, green synthesized mesoporous silica nanoparticles with unique proper-
ties, including tunable particle sizes and morphology; tailored mesoporous structures;
uniform, tunable pore sizes; high chemical and mechanical stability; high surface area
and pore volume; as well as high drug loading capacity and convenient surface func-
tionalization have been used for complexation with TPs [53]. The loading of EGCG into
the mesoporous silica nanoparticle system functionalized with the shell-core structure
(Figure 4A) by mesoporous physisorption and surface electrostatic attraction confirmed
that biological activities of EGCG can be protected in the nanoparticle system [54]. In nano-
hydroxyapatite/mesoporous silica systems, EGCG has shown excellent potential, including
in dentin surface occlusion and biofilm generation to inhibit daily tooth erosion and wear.
Furthermore, epigallocatechin-3-gallate encapsulation in nanohydroxyapatite /mesoporous
silica nanoparticles was achieved via a homogeneous precipitation technique. A large
number of EGCG molecules was adsorbed into internal pores of the mesoporous silica, as
revealed by TEM images. The effective loading rate of EGCG was determined to be 11.29%.
The feasibility of the obtained EGCG-mesoporous silica for the treatment and restoration
of dentin surfaces was evaluated by field emission scanning electron microscopy (SEM)
and dentin permeability measurements. Laser confocal microscopy (LCM) showed that the
composite nanomaterials were able to inhibit the proliferation of Streptococcus mutans [55].
Then, the composition and release characteristics of the mesoporous silica-based EGCG
nano-hydroxyapatite delivery system was investigated through adsorption and precip-
itation. It was found that EGCG molecules occupied the internal pore channels of the
mesoporous silica, resulting in the reduced specific surface area and porosity of the silica.
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In addition, the mesoporous silica delivery system had the potential to continuously release
EGCG and provided an effective biological barrier to protect the exposed dentin in the oral
cavity [56].
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Figure 4. (A) The loading of EGCG into nanoparticle carriers functionalized with the shell-core struc-
ture. Reproduced with permission [54], Copyright © 2015, American Chemical Society. (B) Schematic
illustration of the encapsulation of EGCG by PNPs with double-wall structure. (C) Nano-lipids
prepared by sonication and homogenization for enhanced stability and bioavailability of EGCG.

Studies on precision medicine and personalized nutrition demand strategies have
shown the need for specific nanoparticles, including light, thermal, magnetic, and pH-
responsive materials for specific needs. The surface modification of silica nanoparticles
can lead to more functionalities, such as photothermal and pH responses. Li et al. [57]
evaluated the electronegativity property of EGCG polyhydroxyl groups and loaded them
into amidated mesoporous silica nanoparticles through electrostatic interactions. This
revealed a photothermal therapeutic agent with high drug loading efficiency and a good
pH-dependent drug release, which is a potential therapeutic option for tumors [57]. Iron
with magnetic properties is also a substrate for building nanoparticles. For instance, iron-
polyphenol nanoparticles are emerging phototherapeutic agents that are usually prepared
with non-toxic plant polyphenols as the main components. Through the hydrothermal
method, Qin et al. [50] combined different polyphenols (such as epigallocatechin gal-
late, gallic acid, and epicatechin as ligands) with low toxicity iron and selected optimal
iron contents to make phototherapeutic agents for cancer (Figure 2B). The established
polyphenol-iron nanoparticles were uniformly dispersed in water, exhibited a higher ab-
sorption/scattering ratio, and could therefore convert more light energy into heat energy. In
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addition, the nanoparticles were effective at inhibiting in vivo tumor growth [50]. Through
an oil-water biphase stratification coating strategy, Yan et al. [58] developed a composite
magnetic material of tea polyphenols and nanoparticles with the ability for amyloid inhi-
bition, drug carriage, and facile separation. By applying the imprinting technology with
the help of ultrasound, EGCG was loaded into nanoparticles with Fe304 as the shell and
silicon dioxide as the core. The loading rate was about 52 pug mg~! [58]. Although the
silica-based TPs delivery system enhances the loading of TPs, its in vivo biocompatibility is
not satisfactory. Recently, an edible metal organic framework (MOEF), an emerging porous
nanomaterial, has been used to enhance the stability and bioavailability of TPs. The encap-
sulation of polyphenols into the cyclodextrin-based metal organic framework (CD-MOF)
through physical adsorption has been reported by Ke et al. [59]. The loading capacity of
CD-MOF for EGCG was controlled by EGCG concentrations. When the loading rate was
about 20 pg mg !, the EGCG encapsulated in CD-MOF exhibited a similar efficacy as free
EGCG [60]. However, the single MOF materials cannot overcome the low loading rate
and controlled release limitations of TPs [61]. Therefore, the combined structure of MOF
core and silica shell prepared for loading catechins have the potential for overcoming this
limitation. Encapsulation of catechin in MOF and silica was associated with a high loading
capacity and antioxidant activities [59]. However, due to their safety and health concerns
(including metabolism-associated accumulation and their ability to cross the blood-brain
barrier), INPs are not commonly used in edible products [32].

In addition to INPs, biopolymer-based nanoparticles (PNPs) have a stable morpho-
logical structure. PNPs can be designed, synthesized, and prepared at the molecular level
by selecting the appropriate polymerization methods and monomers. The size and par-
ticle uniformity of polymer nanoparticles are easy to control and have the advantages of
small size effects, surface size effects, and biocompatibility. Currently, PNPs are widely
used in TP delivery. The ion gel method has been used to prepare nanoparticles with
improved encapsulation efficiencies and stability (Figure 4B). To prepare spherical starch
PNPs, Liu et al. used the ionic gelation method to electrostatically interact with negatively
charged carboxymethyl debranched starch and positively cationized debranched starch [62].
Epigallocatechin gallate (EGCG) was successfully incorporated into PNPs, and the maxi-
mum encapsulation rate was 84.4% [62]. Similarly, through the ionic gelation approach,
Liang et al. prepared chitosan/-lactoglobulin PNPs with a core-shell double-walled
structure as EGCG nanocarriers [25]. During preparation, the carboxymethyl chitosan
solution was added dropwise to the chitosan hydrochloride containing EGCG to form
a primary coating through ion complexation. Then, (3-lactoglobulin was added to pass
through the ionic gelation, after which a second coating was formed [25]. FT-IR spec-
troscopy revealed that the PNPs had combined with EGCG via hydrogen bonds to achieve
EGCG encapsulation [25]. With regards to the preparation of protein nanoparticles, the
self-assembly method, which is a method that does not require organic solvents, is a good
choice. Gou et al. used the self-assembly of EGCG and ovalbumin under high tempera-
ture conditions to prepare ovalbumin PNPs encapsulating EGCG [63]. EGCG achieves a
high encapsulation efficiency through two ways: the adsorption to EGCG binding sites in
ovalbumin molecules and physical encapsulation with ovalbumin molecules [63].

2.2. Nano-Emulsions

Nano-emulsions with droplet diameters in the range of 20 to 200 nm are thermody-
namically unstable heterogeneous systems. They are composed of dispersions of nanoscale
droplets formed via shear-induced rupture. When the dispersal phase is oil, while the
continuous phase is water, the resulting emulsion is referred to as an oil-in-water (O/W)
nano-emulsion. However, when the water phase is dispersed in the oil phase, the resultant
emulsion is referred to as a water-in-oil (W /O) nano-emulsion.

The preparation of appropriate nano-emulsion delivery systems to improve the sta-
bility and bioavailability of TPs decreased damage to orally administered polyphenols
and enabled a sustainable as well as responsive release of TPs. Through high pressure
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homogenization, Peng et al. [51] prepared O/W nano-emulsions with particle sizes of
99.42 + 1.25 nm by combining TPs, corn oil, and polysorbate 80 (Figure 3C). Furthermore,
in the final nano-emulsion, the loading capacity of TPs was 4 mg/mL. The resultant nano-
emulsion exhibited a high stability when stored under different temperatures for 20 days.
In vitro simulated digestion data revealed that EGCG bioavailability in the nano-emulsions
had increased, when compared to aqueous solutions. However, the bioavailabilities of
EGC, EC, and GCG were markedly reduced. In addition, the plasma concentration-time
profile in rats revealed a controlled release and increased bioavailability of EGCG using
nano-emulsions [51]. Through high-pressure homogenization, Bhushani et al. [64] pre-
pared a green tea catechins nano-emulsion using soy protein, sunflower oil, and catechins
(Figure 3C). At a storage temperature of 4 °C, the emulsion droplet size, pH, and catechin
concentrations in the catechin nano-emulsion were revealed to be stable. The bioacces-
sibility of the nano-emulsified form of catechin increased by 2.78-fold compared to the
unencapsulated form. In addition, the intestinal permeability for catechins was significantly
increased, as revealed by the Caco-2 cell model. The soy-protein-based nano-emulsion
improved the stability, bioaccessibility, and permeability of green tea catechins [64]. To
improve EGCG stability and reduce its associated side effects in human lung cancer treat-
ment, through ultrasonic dispersion, Chen et al. [65] used EGCG, lecithin, and Tween 80 to
prepare transparent EGCG nano-emulsions with a yellow appearance. During the 120 day
storage period, there were no significant changes in particle sizes, the polydispersity index
(PDI), the zeta potential, and the encapsulation efficiency of the EGCG nano-emulsion. The
assessment of the in vitro bioavailability of TPs revealed that the EGCG nano-emulsion
inhibited H1299 lung cancer cell proliferation and effectively suppressed colony formation,
as well as migration. This indicates that the nano-emulsions are a potential strategy for im-
proving the bioavailability of TPs [65]. In the presence of ultrasonic waves, nano-emulsions
can be complexed with TPs from various sources. Tea leaf wastes (by-products obtained
during the processing of tea beverages) contain large amounts of catechins, which are often
treated as wastes and, therefore, ignored during the actual production process. Tsai and
Chen (2016) [66] prepared catechin nano-emulsions from tea wastes through the ultrasound
approach. They found that the drop size distribution of the TPs nano-emulsion was in the
range of 10 to 13 nm (confirmed by DLS and TEM). In addition, over a storage period of
120 days at 4 °C, the TPs nano-emulsion exhibited a high stability, which was attributed
to high electrostatic repulsion forces between the droplets. The encapsulation efficiency
of TPs in the nano-emulsion was 88.1% [66]. Furthermore, the catechins released from the
nano-emulsion induced the apoptosis of PC-3 cells, indicating that the biological activities
of TPs had effectively been improved [66]. Encapsulation of catechins from oolong tea
wastes in a nano-emulsion prepared from lecithin, Tween 80, and water by stirring under
the action of ultrasound was also reported by Lin et al. [67]. The resulting nano-emulsion
had a particle size of 11.3 nm, a zeta potential of—67.2 mV, an encapsulation rate of 83.4%
for catechins, and a high emulsion stability, implying better effects in the inhibition of
DU-145 cell proliferation, relative to free catechins [67]. Nano-emulsions have been shown
to improve the stability and bioavailability of TPs, while maintaining their loading rates
in carriers. In conclusion, nano-emulsions may be used as a basis for protection and
enhancement of the bioavailability for TPs.

2.3. Nano-Micelles

Nano-micelles are amphiphilic colloids that regulate the diameter of micelles to be-
tween 20 and 200 nm, which is on the basis of traditional micelles [68]. Micelles are spherical
particles with a hydrophobic core and composed of surfactants, resulting in drug encapsu-
lation in the hydrophobic core or converse hydrophilic core [69]. Micelles can enhance the
solubility of TPs in water, prolong its blood circulation time, increase its specificity when
targeting diseased tissues by enhancing penetration and retention, as well as reduce the
toxicity of TPs to body organs [70].
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The formation of micelles occurs through two forces. The first one involves the attrac-
tion that leads to molecular binding, while the other involves repulsion, which prevents
the indefinite growth of micelles to distinct macroscopic phases. The sizes of micelles are
determined by hydrophobic forces that enclose the hydrophobic chain in the core and the
repulsive force for repulsive volume between the chains that limits its size. Chung et al. [52]
prepared a self-assembled micellar nanocomposite that is composed of green tea catechins
and proteins (Figure 3D). The oligomerized EGCG was used to stabilize the micellar core
by enhancing the binding property of EGCG with the herceptin protein, while polyethylene
glycol was used to form the outer shell through Baeyer reactions between an aldehyde
group and the nucleophilic A ring of EGCG. Nano-micelles that are formed via sequential
self-assembly of EGCG derivatives and anticancer proteins can maintain their integrity
and good stability at 37 °C for 15 days. In addition, after 1000-fold dilutions, there were
no size reductions, implying excellent stability as a function of suspension dilution for
good anti-cancer effects [52]. Because of its safety, bioavailability, and stability, the casein-
based micellar is a natural carrier that has been applied in different nutraceuticals, such as
polyphenols [71]. In a previous study, EGCG-loaded casein molecules were transformed
into re-combined casein micelles (r-CMs) by induction effects of hydrated salts, which were
effective at protecting EGCG against heat-induced degradation. The encapsulation effi-
ciency of r-CMs was 85%, while the average particle size was 66.2 nm [72]. In vivo, EGCGs
encapsulated in nano-micelles have been shown to exhibit excellent colloidal stability and
biological activity. Sanchez-Giraldo et al. prepared a mixed micelle to encapsulate EGCG
in situ [73]. Briefly, first, EGCG was loaded into the earlier prepared block copolymer and
sodium dodecyl sulfate blend micelles. Then, it was subsequently covered with chitosan
on the micelle surface. The average radius of the mixed micelle was 35 nm, whereas
the encapsulation rate of EGCG in the micelle was 83%. This delivery maintained the
in vivo antioxidant activities of EGCG. As natural cationic polymers, chitosan micelles
have been shown to be safe for drug delivery [74]. In a previous study, chitosan—catechin
conjugates were prepared by dispersing catechins in a Tris-HCI buffer containing chitosan
by ultrasound. Chanphai and Tajmir-Riahi [75] found that the coupling of catechin and chi-
tosan occurred via hydrophilic, hydrophobic, and hydrogen bonds. The resulting chitosan
micelles effectively protected catechin and improved its bioavailability [75]. In addition,
chitosan can be used to construct polymer micelles. Ding et al. [76] prepared a simple
self-assembled nano-micelle composed of protamine and small interfering RNA (siRNA)
in Hank’s Balanced Salt Solution for encapsulating EGCG. The polyhydroxy EGCG was
absorbed and loaded on siRNA /protamine micelle via non-covalent interactions with
siRNA. The EGCG-loaded micelle exhibited excellent selectivity and tumor growth inhibi-
tion effects in xenograft MDA-MB-231 tumor-bearing mice with little toxicity to normal
tissues and organs [76].

Therefore, polymer nano-micelles are potential strategies for enhancing the stability
and bioavailability of TPs, which is attributed to its strong loading capacity caused by the
excellent cavity structure, high safety, low toxicity, and great biocompatibility.

2.4. Nano-Lipids

Nano-lipids are hollow structures with particle sizes of less than 1000 nm. Their bilayer
structures are similar to those of skin cell membranes. Compared to the conventional bioma-
terials for delivery systems, nano-lipids are associated with various advantages, including
increased solubility, enhanced stability, enriched permeability, and bioavailability [77].

Due to their lipid cores or hydrophobic surfaces, applications of lipids-based materials,
including liposomes, solid lipid nanoparticles (SLNs), and nanostructure lipid carriers
(NLGCs), are advantageous for enhancing the bioavailability and therapeutic efficacy of
TPs. Given that they have the ability to improve drug pharmacokinetics, some lipid-based
nanoparticles with particle diameters ranging from 80 to 300 nm have been developed
as drug carriers. The limitations associated with the low stability and bioavailability of
TPs in vivo will potentially be addressed by lipid nanoparticles (Figure 4C). For instance,
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through coupled high-shear homogenization and ultrasonication techniques, Frias et al.
developed a method for preparing SLNs and NLCs [27]. The obtained SLNs and NLCs
liposomes had an average hydrodynamic diameter of between 300 and 400 nanometers,
implying a narrow size distribution. Granja et al. (2017) [78] prepared a nanostructured
lipid using high-shear homogenization and ultrasound technology. Then, they evaluated its
encapsulation efficiency for EGCG, oral absorption, and bioavailability. The encapsulation
rate was 85%, the EGCG-loaded lipid nanoparticles achieved a controlled release of EGCG,
while the storage stability was up to 8 weeks [78]. In addition, cationic nano-liposomes
can be obtained from multi-layer emulsion templates via ultrasound. Fangueiro et al. [79]
used a double-emulsion technique to prepare a cationic EGCG-loaded nano-lipids. These
EGCGs were encapsulated in situ inside liposomes, resulting in improved stability and the
prolonged or controlled release of EGCG by the obtained nano-lipid [79]. The combination
of ultrasound and phase invasion technology can also be used to prepare nanoliposomes.
Barras et al. [80] used this technique to prepare nanoliposomes loaded with 95% EGCG.
The EGCG-loaded liposomes maintained their stability for 10 weeks [80]. A versatile
high shear homogenization method can also be used to prepare nano-liposomes. Manea
et al. [81] evaluated the feasibility of the modified high shear homogenization method for
the co-encapsulation of green tea extracts with lipids. The prepared TP-loaded nano-lipids
exhibited excellent physical stabilities and enhanced antioxidant activities relative to free
TPs [81].

Nano-lipid materials have the ability to improve the stability and bioavailability of
TPs. Furthermore, it is postulated that in the future, nano technologies for enhancing the
stability and bioavailability of TPs, such as electro-spinning and electro-spraying, will
be developed.

3. Applications of TPs Nanostrategies in the Food and Nutrition Sector
3.1. Functional Ingredient Delivery

Currently, nano-carriers including nanoparticles, nanoemulsions, and nanolipids,
among others, have been widely used as a good strategy to solve the challenge of the

stability of TPs by enhancing their efficient delivery, release, and absorption in the human
body (Table 1).

Table 1. Applications of TPs nanostrategies in functional ingredient delivery.

Nano-Carriers

Tea Polyphenols Site of Action Effect Ref.

The release rate and degradation of
EGCG-loaded nanoparticles (20 and

Chitosan/ [.3_ Epigallocatechin Slm.u latesl 60 min, respectively) in simulated
lactoglobulin gastrointestinal o [25]
nanoparticles gallate (EGCG) conditions stomach conditions were'slower than
those of the control particles (5 and
30 min, respectively)
The accumulative EGCG release of
B-lactoglobulin/gum -lactoglobulin/gum arabic-EGCG
arabic complex Epigallocatechin Simulated gastricand ~ complex nanoparticles was only 21% after [82]
nanoparticles gallate (EGCG) intestinal fluids 60 min digestion in simulated gastric juice
and 86% after 120 min digestion in
simulated intestinal juice
Phytoferﬁiltin—chi}ff)san— Epigallocatechin Simulated The nano?art}ilcle.s preparzd ‘ﬁy the hgat o
epigallocatechin (EGC) gastric/intestinal tract treatment further improved the retention [83]

nanoparticles

ratio of EGC to 38.25 + 1.8%
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Table 1. Cont.

Nano-Carriers Tea Polyphenols Site of Action Effect Ref.
After 600 min, the cumulative release rate
of EGCG loaded nanoparticles in
Debranched starch Epigallocatechin Simulated gastricand ~ simulated intestinal fluid was about 63%, [62]
nanoparticles gallate (EGCG) intestinal fluids and the EGCG release rate in simulated
intestinal fluid was slightly higher than
that in simulated gastric fluid
. . . The absorbed EGCG content of the
Nanoemulsion . . Simulated saliva, . o .
repared with corn oil Epigallocatechin gastric, and small nanoemulsion was significantly increased [51]
prep gallate (EGCG) . g - by 28.6% compared with that of
and polysorbate-80 intestinal fluid .
TP solution
. 55.13 + 1.26% of total polyphenol,
N?;(;erzllu‘l/\s;i?}? Mimicked eastric 48.61 + 0.78% of total catechins, and
prep . Green tea catechins °8 46.94 + 0.88% of EGCG were released [84]
sunflower oil and condition . . .
from green tea emulsion during the first
Tween 80
20h
After 3 h, the release of EGCG in
simulated gastric juice was very low,
about 13% and 9% of the initial amount of
Folic Epigallocatechin-3- Simulated astric and functional and nonfunctional nanolipid
acid-functionalized gallate intes tinagl fluids carriers. After 21 h, EGCG was released [78]
nanolipid carriers (EGCG) steadily in simulated intestinal fluid, with
maximum cumulative release of
functional and nonfunctional nanolipid
carriers of 48% and 34%, respectively
Solid lipid Epigallocatechin-3- Simulated gastric and Improved the stability of EGCG under
. gallate . . . . . .. [85]
nanoparticles (EGCG) intestinal fluids intestinal conditions at pH 6.8

Various enzymes in the gastrointestinal tract as well as the low pH environment
reduces the oral effectiveness of TPs. Various nano-carriers have been used to achieve
the sustainable release of TPs in the human gastrointestinal tract, thereby improving its
stability and bioavailability. Nanolipids are prepared from physiological lipids; therefore,
they are safe, stable carriers to ensure the controlled release of TPs in vivo. Granja et al.
prepared a folic acid-functionalized EGCG nanostructured lipid carrier to achieve stable
release of EGCG in the gastrointestinal tract [78]. The folic acid acts as a ligand to target
intestinal epithelial cells expressing folate receptors, thereby enhancing the release of
EGCG from the intestines [78]. Solid lipid nanoparticles made from a mixture of cocoa
butter and food-grade surfactants have been used for the encapsulation and delivery
of EGCG. Under intestinal conditions at pH 6.8, these nanoparticles can improve the
stability of EGCG [85]. Polysaccharides such as chitosan and starch, which can be obtained
from various sources, are associated with good biocompatibility and non-toxic effects.
Proteins are prone to structural and conformational changes under different conditions.
Therefore, polysaccharides and proteins are usually used as raw materials to prepare carrier
nanoparticles with good delivery and controlled release of TPs. Liang et al. developed
a chitosan/ 3-lactoglobulin nanoparticle, which achieved an extended release of oral EGCG
in the gastrointestinal tract [25]. Pepsin resistance of the 3-lactoglobulin in the outer layer
of the nanoparticle allowed EGCG to be released slowly in simulated gastric conditions,
while -lactoglobulin digestion on the outer layer of the nanoparticle led to the rapid
release of EGCG in simulated small intestine conditions [25]. After the degradation of
the outer wall of 3-lactoglobulin, the exposed chitosan chains can adhere to the intestinal
wall (attributed to adhesion properties of chitosan to the gastrointestinal mucus), thereby
increasing the residence time of nanoparticles in the intestinal tract, which improves the
bioavailability of EGCG [25]. Similarly, Gao et al. prepared (3-lactoglobulin/gum arabic
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composite nanoparticles whose encapsulation with EGCG ensured their continuous release
in a simulated gastrointestinal tract [82]. Furthermore, the sensory evaluation of EGCG-
encapsulated 3-lactoglobulin nanoparticles revealed that the bitterness (general bitterness
and lagging bitterness) as well as the astringency of the nanoencapsulated EGCG were
lower than those of the unencapsulated EGCG at the same concentrations, indicating that
-lactoglobulin nanoparticle encapsulation is beneficial in improving the sensory effects
of EGCG [86]. In addition to (3-lactoglobulin, other protein-based nanoparticles are also
used to enhance the release stability of TPs. Yang et al. prepared phytoferritin—chitosan—
epigallocatechin nanoparticles through a one-step heat treatment method at 55 °C. The
protective effects of ferritin cages and chitosan improved the stability of epigallocatechin
in the gastrointestinal tract [83]. Starch nanoparticles have also been used to achieve the
controlled release of EGCG in the gastrointestinal tract. Liu et al. used the ionic gelation
method to prepare debranched starch nanoparticles, which achieved the controlled release
of EGCG in simulated gastric juice and intestinal juice environments [62].

Apart from nanoparticles, nanoemulsions are ideal carriers for TPs. These droplets,
with sizes smaller than 100 nm, are dynamically stable [87]. In the in vitro simulated diges-
tion experiment of Peng et al., the oil-in-water nanoemulsion prepared by high-pressure
homogeneous emulsification with corn oil and polysorbate-80 effectively improved the
oral bioavailability of EGCG [51]. Similarly, Gadkari et al. used the high-pressure homog-
enization technology to prepare an oil-in-water nanoemulsion with sunflower oil as the
lipid carrier and Tween 80 as the emulsifier to achieve the sustained release of catechins in
simulated gastric conditions [84].

The applications of nanogels in improving the delivery and bioavailability of TPs have
not been conclusively evaluated. However, nanogels, as a three-dimensional polymer chain
networks, are good potential TPs carriers. Piran et al. reported that the encapsulation of
green tea extracts in chitosan—citric acid nanogels improved their antioxidant activities [88],
providing a reference for future applications of nanogels to deliver TPs.

3.2. Food Quality Improvement

In addition to the earlier-mentioned use of tea polyphenol nanocarriers to achieve
a targeted release of TPs in different body parts, they can also be used to improve food
quality or realize food functionalization. Tea polyphenol nanocarriers have been used in
various foods, including dairy products, beverages, and baked products, among others
(Table 2).

Table 2. Applications of TPs nanostrategies in food quality improvement.

Nano-Carriers

Tea Polyphenols Food Effect Ref.

Soy lecithin
liposomes

Catechin and
epigallocatechin gallate

Increased antioxidant properties of low-fat
cheese. The treated cheese samples with
Hard low-fat cheese liposome-encapsulated catechin or EGCG had [89]
higher FRAP (ferric reducing antioxidant
power) values

Soy lecithin
liposomes

Increased antioxidant activity of full-fat hard
cheese. The Total phenolic content (TPC), ferric
reducing antioxidant power (FRAP), and oxygen

Green tea catechins Full-fat hard cheese  radical absorbance capacity (ORAC) antioxidant ~ [90]

activity of whole fat cheese treated with catechin
after 90 days of ripening were higher than those
of the control group

Nanoencapsulation

Enhanced the antioxidant activity and prolonged
. . the shelf life of coconut milk. Coconut milk better
Catechin Coconut milk retained antioxidant activity during 21 days 1

of storage
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Nano-Carriers Tea Polyphenols Food Effect Ref.
Maintained good stability after pasteurization
Low-methoxy and had a stronger antioxidant activity. The
pectin-coated Epigallocatechin gallate Orange juice liposomes still showed sustained release effect for ~ [92]
nanoliposomes about 20 days in orange juice, and the appearance
of the orange juice did not change
Protein Microcapsule can protect catechins during
. Green tea catechins Biscuits a thermal treatment (180 °C), but it did not [93]
microcapsule

improve the antioxidant capacity of biscuit dough

It has been confirmed that encapsulating catechins and EGCG in nano-liposomes and
adding them to cheese can not only improve the stability of TPs during cheese storage
but also increase the antioxidant capacity and total phenolic content of cheese [89,90,94].
Moreover, the supplementation of green tea catechin nanocapsules to hard low-fat cheese
may not affect the composition and pH of cheese [89]. In addition, Rashidinejad et al.
performed in vitro simulated gastrointestinal digestion experiments to show that the TPs
in full-fat hard cheese can still be recovered from the gastrointestinal digesta of cheese
samples after 6 h, implying that nano-liposomes can effectively protect TPs in cheese from
degradation [90].

Apart from cheese, a catechin nanoemulsion prepared by ultrasound was used in
high-pressure processed coconut milk to enhance its antioxidant activities and prolong its
shelf life. Furthermore, the high-pressure processing had no effects on the physical stability
and antioxidant activities of the catechin nanoemulsion [91]. Nanocarriers containing TPs
can also be used in other liquid drinks. Feng et al. prepared low-methoxy pectin-coated
nanoliposomes encapsulated with resveratrol and epigallocatechin and added to orange
juice [92]. The low-methoxy pectin of the nano liposomes could be bridged with metal ions
in orange juice to form a network gel, so that the nanosomes could maintain good stability
after pasteurization and have stronger antioxidant activity [92].

Bakery food is common, and the feasibility of adding nanocarriers containing TPs to
improve bakery food functionality is being evaluated. Through the electrospray technique,
Gomez-Mascaraque et al. developed protein microcapsules containing green tea extracts
and applied then in biscuit dough. Even though the microcapsules had good heat resistance,
they did not improve the antioxidant capacities of the biscuit dough [93]. In addition, the
sensory evaluation of biscuits with added microencapsulated green tea extract showed
that consumers’ preference for biscuits with added microencapsulated green tea extract
was not significantly different from other biscuits (without or with free added green
tea extract), indicating that the addition of microencapsulated green tea extract did not
change consumers’ preference [93]. Recently, nano-liposomes coated with other bioactive
components have been added to bread to improve its quality [95]. Therefore, it is valuable
to use nanocarriers encapsulated TPs in future to improve the nutritional quality of baked
foods such as bread and biscuits.

3.3. Active Food Packaging

Food packaging is an indispensable part of the food industry. It can effectively prevent
food from being damaged by external environmental factors and extend the shelf life
of food. Recently, interest in the research of intelligent and active food packaging has
continued to increase. Active packaging systems are designed to “deliberately incorporate
components that would release or absorb substances into or from the packaged food or
the environment surrounding the food”, as defined in the European regulation (EC) No
450/2009 [96]. Thus, active packaging materials are “intended to extend the shelf-life or to
maintain or improve the condition of packaged food” [96]. Among many functional active
ingredients added to the packaging polymer matrix for food preservation, TPs are added
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because of their recognized good antioxidant and non-toxic properties [97]. However, the
instability and hydrophilicity of TPs affect the stability and effectiveness of active food
packaging added with TPs [98]. Therefore, the emergence of nanotechnology provides
a solution to the challenge because nanomaterials have high encapsulation efficiency and
slow-release characteristics [99] (Table 3).

Table 3. Applications of TPs nanostrategies in active food packaging.

Nano-Carriers

Tea Polyphenols

Film Matrix

Effect

Ref.

Chitosan nanoparticles

Tea polyphenol (TP)
(Catechins content
>90%)

Gelatin films

Introduced antioxidant properties into
the gelatin films and increased the
compactness of films

[98]

Nanocapsule

Epigallocatechin
gallate (EGCG)

Chitosan films

Increased the DPPH scavenging
activity, the mechanical properties,
and light barrier properties of films

Chitosan nanoparticles

Tea polyphenol (TP)
(Catechins content
>90%)

Gelatin films

Increased the antioxidant properties of
films and control oil oxidation over
a long term (6 weeks)

Chitosan nanoparticles

Tea polyphenol (TP)

Gelatin films

Exhibited a high ability of free
radical-scavenging and prevented
soybean oil oxidation for more than
14 days. Gelatin/chitosan-tea
polyphenol 30% composite films
showed the most delayed release of
TP and had the highest DPPH radical
scavenging activity of 80.50 + 4.67%
(p < 0.05) after 14 days

Starch nanofibers

Tea polyphenol (TP)
(with a polyphenol
content >99%)

Starch nanofibrous films

Introduced antioxidant activity into
the films and increased the mechanical
properties and hydrophobicity of
films. The antioxidant activity of films
gradually increased with increased
TP content

(37]

Polylactic acid/tea
polyphenol (PLA/TP)
nanofibers

Tea polyphenol (TP)

Polylactic acid/tea
polyphenol (PLA/TP)
composite
nanofibers films

Exhibited antioxidant activity and
antimicrobial activities against
Escherichia coli and Staphylococcus
aureus. The scavenging ability of
DPPH free radical was 95.07 & 10.55%
and the antibacterial activities of
PLA/TP-3:1 composite fiber against
Escherichia coli and Staphylococcus
aureus were 92.26 £ 5.93% and
94.58 + 6.53%, respectively

[101]

Pullulan-
carboxymethylcellulose
sodium-tea polyphenol

(PUL-CMC-TP)
nanofibers

Tea polyphenol (TP)

Pullulan-
carboxymethylcellulose
sodium-tea polyphenol

(PUL-CMC-TP)
nanofibers films

Reduced the weight loss and tissue
softening properties of strawberries
during storage and effectively
prolonged their storage period

[102]

Poly(vinyl alcohol)/ethyl
cellulose/tea polyphenol
(PVA/EC-TP) nanofibers

Tea polyphenol (TP)

Poly(vinyl alcohol)/ethyl
cellulose/tea polyphenol
electrospun
nanofibrous films

Exhibited good antioxidant and
antimicrobial activity and maintain
the quality of pork and prolong its

shelf life by 3 days

[103]

Encapsulating TPs in nanocarriers and then adding them into polymers to make active
packaging can not only improve the effectiveness of food packaging through the continuous
release of TPs but also improve other properties of polymers [98,99,104,105]. Liang et al.
prepared an edible chitosan film containing nanocapsules and loaded it with EGCG [99].



Foods 2022, 11, 387

16 of 22

The nanocapsule-supplemented film exhibited better antioxidant activities, better mechan-
ical properties and light barrier properties, which protected food from photooxidative
damage [99]. Similarly, Liu et al. incorporated chitosan nanoparticles containing TPs into
gelatin film. The addition of nanoparticles not only introduced antioxidant properties into
the gelatin film but also increased the compactness of the film [98]. Moreover, the film
achieved the sustained release of TPs in fatty food simulants [98].

With the emergence of new preparation technologies in recent years, these technolo-
gies are being applied in the preparation of nano-tea polyphenol active food packaging.
Through the electrospray approach, Wang et al. prepared chitosan nanoparticles contain-
ing TPs and incorporated them into the gelatin film [36]. The composite film has good
free radical scavenging ability and can extend the stability of soybean oil for more than
14 days [36]. It is a potential edible active packaging material. In addition, electrospinning
technology is a simple and effective method for continuous production of nanofibers with
fiber diameters ranging from sub-nanometers to micrometers [106]. It has also been used to
prepare nano-tea polyphenols for active food packaging [37,101-103]. This technology does
not require high temperatures and plasticizers; therefore, it does not lead to a loss of activity
of tea polyphenol active substances that are thermally sensitive. It is a suitable approach
for mixing bioactive components into polymers to produce nano composite fiber packaging
materials [101]. Elsewhere, Zhang et al. prepared a cross-linked starch/tea polyphenol
blend nanofiber film with enhanced mechanical, antioxidant, and hydrophobic properties
through a simple one-step temperature-assisted electrospinning method [37]. The incorpo-
ration of TPs gives the film good antioxidant activity, which has potential application in
active food packaging [37]. The efficacy of tea polyphenol loaded electrospun nanofiber
membranes for preserving some common foods has been reported. Shao et al. used tea
polyphenol-loaded pullulan-carboxymethylcellulose sodium electrospun nanofiber films to
preserve strawberries [102]. During storage, the film significantly inhibited weight loss and
tissue softening properties of strawberries, thereby prolonging their storage period [102].
In addition, A polyvinyl alcohol/ethyl cellulose electrospun nanofibrous film loaded with
TPs has also been used in pork preservation [103]. It was found that the nanofibrous film
can effectively maintain the quality of pork and prolong its shelf life due to the antioxidant
and antibacterial effects of TPs [103].

4. Challenges and Future

Nanotechnology is a viable approach for compensating for the poor stability of TPs.
Although the technology can improve the bioavailability of TPs without destroying their bi-
ological properties, there are still challenges in the tea polyphenol nanostrategies, including
the following:

(1) Most of the current research conclusions on the improvement of the stability and
bioavailability of TPs by nanocarriers are mainly obtained through in vitro simulated envi-
ronment experiments or in vitro cell experiments. It should be noted that the physiological
environment in the human body is more complicated than these in vitro simulated environ-
ments. Therefore, future research should be designed on animal or clinical experimentation
to verify the reliability of the described results.

(2) To ensure the smooth development of these validation experiments, the safety of
tea polyphenol nanocarriers must be guaranteed. Currently, some common tea polyphenol
nanocarriers such as metal nanoparticles have low toxicity. However, the physiological
toxicity of TPs nanocarriers has not been conclusively determined. On the one hand, these
tea polyphenol nanocarriers are potentially toxic due to their small size, high specific
surface area, and modified surface chemistry, which lead to their clearly different functional
and biological properties from those exhibited by larger particles of the same material [26].
On the other hand, the dosage of these tea polyphenol nanocarriers also affects their toxicity,
and high doses of nanocarriers may have higher toxicity. Therefore, future studies should
pay attention to the toxicity of TP nanocarriers to ensure the development of safe and
non-toxic TPs nanocarriers.
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(3) Currently, there are many studies on use of nanocarriers to enhance the targeted re-
lease of TPs in specific parts of the human body, such as the gastrointestinal tract. However,
most of these carriers have not fully realized the controlled release at the target site but
only reduced the release consumption of TPs in other sites to a certain extent. Therefore,
how to reduce the loss of TPs in other parts and improve the targeted recognition and
stable release of TPs by chemical modification/surface functionalization of nanocarrier
raw materials or preparing nanocarriers with different raw materials at the same time still
requires further consideration for research in the future.

(4) At present, the preparation of TP nanocarriers is based on traditional techniques
such as the ionic gelation method and the ultrasound method, etc. These techniques are
complicated to operate and sometimes require harsher reaction conditions or even the
introduction of other chemical substances, which undoubtedly increases the preparation
cost input. In the future, researchers can apply new technologies such as electrostatic
spinning and electrostatic spraying with simple operations and mild reaction conditions
for the preparation of TP nanocarriers to achieve more efficient preparation.

(5) Although TP nanocarriers have been widely used in functional ingredient delivery,
functional food development, and active food packaging preparation, the applications
mainly focused on the utilization of nanoparticles containing TPs. Furthermore, there are
fewer applications for other nanocarriers, such as nanoemulsions, nanomicelles, nanoli-
posomes, and nanogels. The nanocarriers also have advantages that nanoparticles do not
have, including larger loading capacities and higher absorption efficiencies. Therefore,
based on advantages of TPs nanostrategies, application ranges of different TPs-nanocarriers
should be expanded.

5. Conclusions

Tea polyphenols (TPs) are important functional components in tea with various bi-
ological activities and medicinal values. However, the applications and development
of TPs are limited by their instability and low availability. With the emergence and de-
velopment of tea polyphenol nano-strategies, the nanocarriers of TPs may become the
“key” to break the described application barrier of TPs. At present, most of the patents on
nano-sized tea polyphenols on the market focus on the development of daily necessities,
bioactive materials and nutrient delivery. This paper reviewed the recent research progress
in the preparation, performance, effect, and application of different types of tea polyphe-
nol nanocarriers. On the one hand, the nanostructure can avoid the direct contact of tea
polyphenols with the action site to prevent its rapid inactivation, and on the other hand, it
can realize the slow and controlled release of tea polyphenols, thus improving the stability
and bioavailability of tea polyphenols. Because of this, the nanocarriers have greatly pro-
moted the application of TPs in the fields of functional ingredient delivery, functional food
development, active food packaging, etc. Altogether, it is very necessary to further develop
nano-structured tea polyphenols. In the future, it will be the focus of research to further
realize the safe, stable, and efficient release and action of tea polyphenols through the
functionalization of nanocarriers or by combining nanotechnology with other technologies.
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