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EGCG as a therapeutic agent: a systematic review of recent
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Abstract: Epigallocatechin-3-gallate (EGCG), a bioactive polyphenol abundant in green tea, has garnered significant attention
for its diverse therapeutic applications, ranging from antioxidant and anti-inflammatory effects to potential anticancer properties.
Despite its immense promise, the practical utilization of EGCG in therapeutic settings as a medication has been hampered by
inherent limitations of this drug, including poor bioavailability, instability, and rapid degradation. This review comprehensively
explores the current challenges associated with the application of EGCG and evaluates the potential of nanoparticle-based
formulations in addressing these limitations. Nanoparticles, with their unique physicochemical properties, offer a platform for
the enhanced stability, bioavailability, and targeted delivery of EGCG. Various nanoparticle strategies, including polymeric
nanoparticle, micelle, lipid-based nanocarrier, metal nanoparticle, and silica nanoparticle, are currently employed to enhance
EGCG stability and pharmacological activity. This review concludes that the particle sizes of most of these formulated nanocarriers
fall within 300 nm and their encapsulation efficiency ranges from 51% to 97%. Notably, the pharmacological activities of
EGCG-loaded nanoparticles, such as antioxidative, anti-inflammatory, anticancer, and antimicrobial effects, are significantly
enhanced compared to those of free EGCG. By critically analyzing the existing literature and highlighting recent advancements,
this article provides valuable insights into the promising prospects of nanoparticle-mediated EGCG formulations, paving the way
for the development of more effective and clinically viable therapeutic strategies.
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1 Introduction the tetrahydropyran moiety is replaced by a galloyl
group. This results in the incorporation of a benzene-

Within the catechin family, epigallocatechin-3-  diol ring (A), a tetrahydropyran moiety (C), a pyrogal-

gallate (EGCQ) stands out as a highly potent antioxi-
dant. While sharing structural similarities with other
catechins, EGCG contains an additional gallic acid mo-
iety, amplifying its antioxidant and anti-inflammatory
abilities. Within the flavonoid family, EGCG is de-
rived from the flavan-3-ol subgroup. Notably, during
its synthesis, it undergoes structural modification where
the original hydroxyl (—OH) group at position 3 on
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lol ring (B), and a galloyl group (D), collectively form-
ing the distinctive chemical structure of EGCG (Botten
et al., 2015), as illustrated in Fig. 1. The antioxidative
property of EGCG is attributed to its potent ability to
scavenge various free radicals (Chandra and Arora,
2018; He et al., 2018), to inhibit metal-mediated oxi-
dation (Zwolak, 2021), as well as to stimulate the syn-
thesis of endogenous antioxidant enzymes, amplify-
ing the cellular defense against oxidative stress (Wada
et al., 2019).

The above antioxidative properties of EGCG con-
tribute to a diverse range of biological activities, such
as anti-inflammatory, anti-cancer, cardioprotective, and
neuroprotective effects, making it a promising candi-
date for therapeutic applications for inflammatory or
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Fig. 1 Two-dimensional (2D) structure image of CID 65064
(epigallocatechin-3-gallate (EGCG)). A: benzenediol ring;
B: pyrogallol ring; C: tetrahydropyran moiety; D: galloyl
group.

oxidative stress-associated diseases (Alam et al., 2022;
Furniturewalla and Barve, 2022; Mohd Sabri et al.,
2022; Parn et al., 2022; Youn et al., 2022; Khor et al.,
2023). Over the past decades, the protective effects of
EGCG against metabolic disorders have garnered sig-
nificant interest, particularly concerning its roles in
modulating carbohydrate and lipid metabolism, as
evidenced by its inhibitory effects on a-glucosidase,
a-amylase, and lipase (Jiang et al., 2021; Wen et al.,
2022; Ma et al., 2024).

Nevertheless, the practical application of EGCG
as a therapeutic agent has been hindered by its poor
stability in the intestinal environment, low permeability
and active efflux, as well as rapid degradation (Cai
et al., 2018; Cano et al., 2019). EGCG is prone to
degradation under harsh conditions (alkaline medium,
enzymatic degradation) because of its susceptibility to
oxidation, which underscores the importance of pre-
venting its uncontrolled degradation within biologic-
al systems. Such degradation can lead to inconsist-
ent drug release kinetics, jeopardizing the therapeutic
efficacy and patient outcomes, potentially resulting
in inadequate treatment and unintended side effects.
The encapsulation of EGCG within nanocarriers has
been shown to effectively mitigate its degradation by
providing a protective environment to shield the mole-
cule from external factors such as pH changes and
enzymatic activity. In addition, surface modifications
and coatings can be applied to nanocarriers to further
enhance their stability and protect the EGCG encapsu-
lated within them, which helps regulate drug release
kinetics and prevent premature degradation. Overall,
nanocarriers serve as effective tools for controlling drug
degradation and ensuring the stability and efficacy

of the encapsulated EGCG under various physio-
logical conditions. This review aims to critically as-
sess and consolidate the current state of research on
nanoparticle-mediated strategies for formulating
EGCQG, with a focus on overcoming the inherent limita-
tions of this drug to unlock its full therapeutic potential.

1.1 EGCQG: limitations as a therapeutic agent

Achieving optimal drug bioavailability and ab-
sorption is a pivotal aim in drug development and for-
mulation. Drug bioavailability and therapeutic effects
are profoundly influenced by various factors, includ-
ing solubility, permeability, and the intricacies of first-
pass metabolism.

1.1.1 Poor stability under intestinal conditions

Orally consumed EGCG undergoes a drastic pH
change in the body, from a strongly acidic condition
in the stomach (pH 2) to an alkaline environment in
the intestine (pH 8). EGCG is unstable under alkaline
condition and quickly undergoes degradation via oxi-
dation (Zhu et al., 1997; Cano et al., 2019). The struc-
tural vulnerability of EGCG lies in its pyrogallol ring
that comprises three hydroxyl groups, rendering its
high susceptibility to autooxidation, poor stability,
and rapid degradation (Severino et al., 2009). Auto-
oxidation occurs in the alkaline medium of the intes-
tine together in the presence of molecular oxygen. Two
hydrogen atoms of the hydroxyl groups are snatched
away by the oxygen molecule, resulting in the simul-
taneous formation of hydrogen peroxide and several in-
termediate products of pyrogallol oxidation (Omoruyi
et al., 2020). This leads to the impaired integrity of
the structure of EGCG and its poor bioavailability in
the systemic circulation.

1.1.2 Low permeability and active efflux

The absence of a specific carrier or receptor for
EGCG on the surface of small intestinal epithelial
cells necessitates reliance on passive diffusion, com-
prising both paracellular and transcellular transports,
as the primary route of EGCG absorption (Cai et al.,
2018). However, eight hydroxyl groups on the ben-
zenediol, pyrogallol, and galloyl groups in EGCG
could form hydrogen bonding with water molecules,
leading to high hydrophilicity and resulting in poor
membrane permeability across biological membranes
(Dahan and Miller, 2012). Besides, EGCG absorptions



into the small intestine encounter active hindrance
from efflux transporters such as P-glycoprotein (P-gp).
These transporters actively pump EGCG out of the
cells, leading to its poor bioavailability (Dai et al.,
2020a). This limitation in permeation across the small
intestine prevents a substantial amount of EGCG from
reaching target tissues and executing its therapeutic
functions effectively.

1.1.3 Rapid metabolism

EGCG undergoes a series of metabolic activities
upon ingestion. Esterase enzymes, present in the saliva,
hydrolyze the ester bond between the tetrahydropyran
moiety and the galloyl group in EGCG, causing the
formation of a degalloylated EGCG derivative (Higdon
and Frei, 2003). Subsequent metabolic processes in
the small intestine and liver, including methylation,
sulphation, and glucuronidation, lead to the biotrans-
formation of EGCG into O-methylated, sulphated, and
glucuronidated conjugates (Rietveld and Wiseman,
2003; Mokra et al., 2022). These metabolites exhibit
different structures and biological activities as com-
pared to their parent compound, therefore their efficacy
in achieving therapeutic outcomes may not reach that of
the original compound. This underscores the potential
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impact of metabolism on the therapeutic effectiveness
of EGCG (Xu et al., 2004; Dai et al., 2020a).

1.2 Nanocarriers as stability and biological activity
enhancers

While EGCG shows great promise as a therapeu-
tic agent, addressing the above limitations is essential
for its successful development and application in clin-
ical settings. Researchers continue to explore innova-
tive formulations and strategies to overcome these chal-
lenges and harness the potential benefits of EGCG in
various health conditions. This review aims to discuss
the existing nanoparticle strategies, including poly-
meric nanoparticle, micelle, lipid-based nanocarrier,
metal nanoparticle, and silica nanoparticle, emphasiz-
ing their roles in optimizing the therapeutic efficacy
of EGCQG via various experimental models.

Nanocarriers are nano-sized structures, typically
ranging from tens to hundreds of nanometers in size,
to encapsulate therapeutic agents such as drugs, pro-
teins, or nucleic acids for targeted drug delivery. They
can be designed using various materials such as lipids,
polymers, or inorganic substances, each offering unique
advantages in terms of stability, biocompatibility, and
drug release kinetics (Table 1). Once loaded with the

Table 1 Advantages and disadvantages of different nanocarriers

Type Advantage(s) Disadvantage(s)
Polymeric Higher stability than lipid-based nanocarrier, controlled Toxicity issue caused by prolonged
nanoparticle release behavior, and incorporation of biodegradable retention of synthetic polymer, and
materials difficulty in scaling up
Micelle Enhanced solubility of lipophilic drug, small particle size, Instability below critical micelle
biocompatibility, and biodegradability concentration (CMC)
Liposome Encapsulation of both hydrophilic and lipophilic drugs, Drug leakage, low drug loading, and
as well as protection against drug degradation large particle size
Solid lipid Low toxicity, biodegradability, and targeted drug delivery Lipid polymorphism-induced drug leakage
nanoparticle and initial burst release behavior
Nanostructured Enhanced physical stability, high drug loading capacity, Selective drug choice

lipid carrier and biocompatibility

Gold nanoparticle

Large surface area, being less invasive and exhibiting

Weak optical signal

localized plasmon surface resonance (LPSR) phenomenon

Silver nanoparticle Low toxicity and biocompatibility

Selenium High stability
nanoparticle

Zinc oxide Large surface area, high photostability, and enhanced
nanoparticle redox capacity

Silica nanoparticle Tunable particle size, excellent compatibility within living

systems, and large surface area

Off-target drug delivery

Synthesis method-dependent
biocompatibility

Off-target drug delivery

Scattered particle size distribution

Extracted from: Talluri et al., 2015; Kahraman et al., 2017; Khan and Roy, 2019; Sharma et al., 2019; Lu et al., 2021; Huang et al., 2022;

Milligan and Saha, 2022; Sampath et al., 2024.
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desired drug, nanocarriers can be administered through
various routes such as oral, intravenous, or topical, de-
pending on the target tissue and the desired therapeu-
tic outcome. Upon reaching the target site, nanocar-
riers can passively accumulate via enhanced perme-
ability and the retention (EPR) effect or actively tar-
get specific cells or tissues through surface modifi-
cations or ligand conjugation. Once internalized by
the target cells, nanocarriers release the encapsulated
drug either through diffusion, degradation, or trig-
gered release mechanisms, resulting in localized thera-
peutic effects while minimizing potential systemic
toxicity.

Various nanocarriers, each with distinct struc-
tures and compositions, have been constructed and in-
vestigated to encapsulate EGCG (Table 2). These
serve as protective vehicles, addressing the limitations
of EGCG and facilitating its efficient delivery to tar-
get sites. In this paper, we carried out an extensive
search for studies delving into the exploration and
comparative analysis of EGCG-loaded nanocarriers.

2 Search strategy

Data collection was conducted by entering the
key terms (“EGCG” OR “Epigallocatechin-3-gallate”
OR “Epigallocatechin gallate”) AND (“Micelle”
OR “Liposome” OR “Nanoparticle” OR ‘“Nanotube”
OR “Silica” OR “Dendrimer” OR “Niosome” OR
“Nanosuspension” OR “Nanomicelle” OR “Nano-
crystal” OR “Nanosphere” OR “Nanocapsule” OR
“Metal nanoparticle”) AND (“in vitro” OR “in vivo”

into the Scopus database. The search was constrained
to articles published between 2018 and 2023, focus-
ing on the document type. Full-text articles published
in English and relevant to EGCG, featuring a single ac-
tive ingredient, utilizing at least one in vitro or in vivo
experimental model, and including functional studies
or measured therapeutic effects (determination of bio-
logical or pharmacological activity), were included
in the final review. The initial search of the database
yielded 132 records. Following screening by title and
abstract, 117 full-text articles were analyzed. Among
these, 78 papers were excluded, leaving 39 papers
meeting the inclusion criteria that were included in
this review (Fig. 2). The key findings are illustrated in
Table 2 and Fig. 3.

3 Main findings

In this paper, the database search revolved
around exploring various nanocarrier systems em-
ployed for the formulation of EGCG, which found
five types of nanocarriers, namely, polymeric nanopar-
ticle, micelle, lipid-based nanocarrier, metal nanopar-
ticle, and silica nanoparticle. Each nanocarrier was ex-
amined for its unique structural features and advan-
tages in encapsulating EGCG. The studies selected
highlight the potential of these nanocarrier systems to
enhance the stability, bioavailability, therapeutic effi-
cacy, and safety profile of EGCG-loaded formulations,
providing a comprehensive overview of the current
advancements in EGCG nanoparticle technology.

Identification

Records excluded after year
— | limit and document type

Records identified through Scopus database searching (n=198)

imposed (n=66)

)

Screening

Records excluded (n=15)
* Non-English (n=9)

Records screened (n=132)

= | « Full text cannot be
accessed (n=6)

}

Eligibility

Full-text articles assessed for eligibility (n=117)

— | Full-text articles excluded (n=78)
* Irrelevant to EGCG (n=30)

|

* Involved more than one
drug/co-delivery (n=27)

Inclusion

* No biological activity/pharma-

Full-text articles inclusion (n=39)

cological activity/functional
study/therapeutic effect

mentioned (n=21)

Fig. 2 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flowchart of study selection.
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Fig. 3 Illustration of various epigallocatechin-3-gallate (EGCG) nanocarriers.

3.1 Polymeric nanoparticles and EGCG

A polymeric nanoparticle is defined as a colloi-
dal particle made up of repeated subunits, with dimen-
sions falling within the nanometer range. Synthetic
polymers such as polyethylene glycol (PEG), poly
(lactic-co-glycolic acid) (PLGA), poly(n-butyl cyano-
acrylate) (PBCA), and polyvinylpyrrolidone (PVP)
have been utilized as nanocarriers for EGCG (Singh
et al., 2018a, 2018b; Liu et al., 2019; Hu et al., 2021;
Minnelli et al., 2023). These synthetic polymers offer
precise control over nanoparticle properties such as
size, shape, and surface characteristics. Nevertheless,
prolonged retention of these synthetic polymers within
biological systems may induce certain toxicity issues,
prompting a gradual shift towards the application of
natural alternatives like chitosan, gelatin, hordein, and
soybean polysaccharides in the EGCG-nanocarrier
formulation (He et al., 2020; Moreno-Vasquez et al.,
2021; Zhou et al., 2022; Zhang W] et al., 2023).

The EGCG-loaded polymeric nanoparticles dis-
cussed in this study are in the size range of 3—362 nm,
indicating a notable degree of variance. However,
the overall size range falls within acceptable limits
(Table 2). The above variation could be attributed to
the varying interactions between different polymeric
ingredients utilized and loaded with EGCG. Stronger
chemical interactions between EGCG and polymeric
ingredients tend to pull the outer polymeric shell
closer to the core, resulting in smaller particle sizes.

The studies discussed in this paper reveal that the
encapsulation efficiency of polymeric nanoparticles
spans from 46% to 97%, highlighting their efficacy
as potent EGCG delivery vehicles. The production
method also plays a crucial role in developing an
effective nanocarrier. When utilizing identical poly-
meric components (PLGA and PEG), the nanoprecip-
itation technique yields a 49% encapsulation effi-
ciency, whereas the double emulsion-solvent evapora-
tion method achieves a significantly higher efficiency
0f 95% (Cano et al., 2018; Alserihi et al., 2021).
Encapsulating EGCG within a polymeric nano-
particle yields enhanced anti-inflammatory effects,
as evidenced by the reduced expression of pro-
inflammatory cytokines including tumor necrosis factor-
o (TNF-a), interleukin-6 (IL-6), and IL-1p and the
increased expression of anti-inflammatory markers
such as IL-10 and arginase-1 (Arg-1). Moreover, this
formulation exhibits superior antioxidant activity com-
pared to its free form, characterized by an increased
capacity for scavenging reactive oxygen species (ROS)
(Tian et al., 2022). These augmented biological effects
can be attributed to the enhanced stability of EGCG
and protection against drug degradation provided by
nanoparticle encapsulation. Besides, the improved cel-
lular uptake and permeability of EGCG across Caco-2
cells, coupled with the suppression of multidrug resist-
ance protein 2 (MRP2) and P-gp-mediated efflux
transport, contribute to the increased intracellular
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retention of EGCG, thereby amplifying its therapeutic
effectiveness (Zhang MY et al., 2023; Zhang W]
et al., 2023).

3.2 Micelles and EGCG

A micelle has a spherical structure with a core-
shell configuration, formed by the self-aggregation of
amphiphilic molecules at the critical micelle concen-
tration (CMC) and critical micelle temperature (CMT)
(Koopaie, 2020). Micelles can be mainly categorized
into two types: (1) regular micelles with hydrophilic
shell and hydrophobic core and (2) inverse micelles
with hydrophobic shell and hydrophilic core. The
choice of solvent determines the type of micelle to be
synthesized (Perumal et al., 2022).

Most nano-systems encapsulate drugs within the
center of nanoparticles, utilizing pharmaceutical ex-
cipients as carriers. However, a novel delivery plat-
form integrating micelles has been developed by
transforming the role of EGCG from bioactive natural
ingredient to bioactive drug carrier, thereby enhanc-
ing its bioavailability. This involves structural modi-
fication through the conjugation of EGCG with 9-
fluorenylmethoxycarbonyl (Fmoc) moiety, yielding
EGCG-Fmoc. Owing to its amphiphilic nature, EGCG-
Fmoc can undergo self-assembly in the medium and
form a micellar system. The EGCG-Fmoc micelle is
characterized as a spherical particle with small par-
ticle size (approximately 163 nm) and homogenous dis-
tribution (approximately 0.09). Its relatively small size
takes advantage of the EPR effect, facilitating penetra-
tion into tumor cells. The negative zeta potential found
on the surface of micelle prevents particle aggregation,
indicating its stability-enhancing impact. The anti-
proliferation effect of EGCG-Fmoc micelle on a breast
cancer cell line was significantly improved as com-
pared to EGCG alone, suggesting the enhanced bio-
availability and therapeutic effects of EGCG through
the self-assembly system. Lower half-maximal inhibi-
tory concentration (IC)) was found in EGCG-Fmoc
(45.21 pg/mL) than in EGCG (63.88 pg/mL), signi-
fying the enhanced anti-cancer effect achieved by
the EGCG-Fmoc micelle. The self-aggregated EGCG-
Fmoc micellar system demonstrated an exceptional
advantage, allowing the co-delivery of EGCG with
other pharmaceutical ingredients without the need of
an inert carrier (Liu et al., 2023).

An EGCG-loaded reverse micelle has been syn-
thesized using Tween 80 and Span 80. Unfortunately,

the study did not provide details on key characteriza-
tions such as particle size, surface charge, and encap-
sulation efficiency. However, the reverse micelle ap-
proach effectively increased the cytotoxicity of EGCG
against HeLa cells and demonstrated deeper penetra-
tion into rat skin, owing to the enhanced lipophilicity
of EGCG (Rosita et al., 2019).

3.3 Lipid-based nanocarriers and EGCG

The utilization of lipids as formulating materials
for nanocarriers ensures biocompatibility, making them
particularly suited to drug delivery applications. Three
types of lipid-based nanocarriers, namely, liposome,
solid lipid nanoparticle (SLN), and nanostructured
lipid carrier (NLC), have been examined in this re-
view to highlight their unique features and potential
applications in EGCG delivery.

3.3.1 Liposomes and EGCG

A liposome is a spherical vesicle comprising an
aqueous core enclosed by a phospholipid bilayer. The
presence of this bilayer enables the biocompatibility
of liposome and facilitates its transport across the
plasma membrane (Dymek and Sikora, 2022). Com-
pared to micelles, liposomes typically have a larger diam-
eter, primarily due to the enlargement of the overall
particle size caused by the presence of the outer bi-
layer. One of the key advantages of liposomes is their
versatility in encapsulating various types of drugs.
Both hydrophilic and lipophilic drugs can be efficiently
loaded into liposomes. Hydrophilic drugs are encapsu-
lated within the aqueous core of the liposome, where
they are solubilized and protected from degradation.
On the other hand, lipophilic drugs can be incorporated
into the phospholipid bilayer, where they are stably
embedded (Laddu et al., 2021; Nsairat et al., 2022).

All liposomal formulations discussed in this re-
view utilize phospholipids, glycerols, and cholesterols
as their primary ingredients for formulation. Among
the various methods for liposome synthesis, thin-film
hydration has emerged as a popular choice, with
three out of four studies opting for this technique.
The results indicate favorable outcomes, as the size
achieved through thin-film hydration (ranging from
105 to 161 nm) is smaller than that obtained through
reverse-phase evaporation (205 nm). This size differ-
ence may also be attributed to the incorporation of
high molecular weight and additional ingredients (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),



1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), cholesteryl hemisuccinate (CHEMS), magne-
sium salt, and Poloxamer-407) in this anionic lipo-
some formulation (Minnelli et al., 2018). However, it
is important to note that the size of 205 nm still falls
within an acceptable range. Furthermore, reverse phase
evaporation demonstrated superior encapsulation effi-
ciency, with 95% of EGCG encapsulated within the li-
posomal core, marking the highest among all liposo-
mal formulations discussed.

The attenuation of oxidative stress-induced cellu-
lar damage and the reduced levels of ROS suggest
that the antioxidant efficacy of EGCG is heightened
when formulated within liposomes compared to its
natural form (Xia et al., 2023). The slower release rate
of encapsulated EGCG from the liposome extends its
presence and circulation within the body, thereby aug-
menting its therapeutic impact (Minnelli et al., 2018).
Further evidence of this effect was provided by the amp-
lified inhibition of the transforming growth factor-f3
(TGF-p) signaling pathway, which was associated with
pulmonary arterial hypertension (PAH). This effect
was observed with liposomal EGCG but not with free
EGCG at 1 umol/L (Haddad et al., 2023).

3.3.2 Solid lipid nanoparticles and EGCG

SLN is a spherical particle characterized by a
surfactant monolayer enveloping a solid lipid core. Its
structure resembles that of a liposome, albeit with a
notable difference: the phospholipid bilayer is replaced
by a surfactant monolayer, and the drug is entrapped
within this solid lipid matrix. Emulsification is re-
quired to blend the immiscible solid lipid and the sur-
factant, resulting in the formation of an emulsion. Var-
ious ingredients have been explored for their suitability
in formulating SLN as a nanocarrier for EGCG, such
as glyceryl monostearate, stearic acid, lecithin soy,
Sofitsan S100, and Lipoid S75.

Researchers have developed a positively charged
SLN formulation encapsulating EGCG, employing in-
gredients such as glycerol, Sofitsan S100, Lipoid S75,
and cationic lipids (dimethyldioctadecylammonium
bromide (DDAB)). The anti-proliferative effect of this
formulation was evaluated across various cell lines,
with notable outcomes observed specifically in fibro-
blast SV-80 cells and characterized by a lower IC,,
value following 48 h of incubation and reduced cell
viability. However, the researchers suggested that the
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enhanced anti-proliferative effect may not be antici-
pated in other cell lines, which could be attributed to
the superior antioxidant property and protective effects
of the formulation on these cell lines (except SV-80).
As a result, comparable cell viability was observed
between the group treated with EGCG-DDAB-SLN
and the group treated solely with EGCG (Silva et al.,
2019).

A research group has selected glycerol mono-
stearate (GMS), stearic acid, and soy lecithin as lipid
sources for synthesizing EGCG-SLN. After formula-
tion optimization, a preparation with 5% EGCG to
lipid mass ratio (particle size: 157 nm; polydispersity
index (PDI): 0.268; drug encapsulation efficiency:
67.2%) was chosen as the optimum for subsequent
assessments. Notably, a formulation with 3% EGCG to
lipid mass ratio was considered as a better option due
to its smaller particle size (112 nm), lower PDI (0.140),
and higher encapsulation efficiency (89.0%). However,
the authors do not explicitly state the rationale behind
selecting the 5% EGCG to lipid mass ratio prepara-
tion as the optimum choice. The anti-proliferation abil-
ity of EGCG-SLN was assessed against a cancer cell
line. Reduced breast cancer cell viability and lowered
IC,, value of EGCG-SLN indicated the improved cy-
totoxicity of EGCG towards cancer cells, which can
be related to drug encapsulation within the lipid for-
mulation, leading to increased stability and enhanced
therapeutic effects (Radhakrishnan et al., 2016).

To further enhance the specific targeting of
EGCG-SLN, a research group developed bombesin-
conjugated EGCG-SLN. Bombesin, a tumor-specific
peptide molecule, acts as a ligand targeting and inter-
acting specifically with overexpressed gastrin-releasing
peptide receptor (GRPR) in breast cancer. The conju-
gation of bombesin onto EGCG-SLN is anticipated to
significantly improve the anti-tumor and anti-cancer
efficacy of EGCG. Compared to the non-conjugated
formulation, bombesin-conjugated EGCG-SLN ex-
hibited larger particle size (163 nm) and reduced zeta
potential (due to neutralization of negative charge on
SLN surface), proving the successful interaction be-
tween bombesin and the lipid particle. In vitro cyto-
toxicity results revealed (1) lower percentage of cells
viable in the conjugated EGCG-SLN group, (2) less
EGCG-SLN required to exert half of its maximal inhibi-
tory effect, and (3) increased cell apoptosis. Addition-
ally, negligible wound closure in cancer cells was
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observed, indicating the improved anti-angiogenic
effect of EGCG. These in vitro outcomes aligned with
the in vivo assessment results, where conjugated
EGCG-SLN (1) extended the lifespan of tumor-bearing
mice, (2) retained normal body weight, and (3) re-
duced tumor growth. The incorporation of bombe-
sin onto the EGCG-SLN surface increases its target-
specific ability towards cancer cells. This implies
enhanced cellular uptake and internalization through
receptor (bombesin)-mediated endocytosis in the con-
jugated formulation, further augmenting the therapeu-
tic benefits of EGCG (Radhakrishnan et al., 2019).

3.3.3 Nanostructured lipid carriers and EGCG

Issues have been identified with SLN, including
low drug-loading capacity and drug expulsion during
storage. In response to these challenges, an NLC has
been presented. NLC is a colloidal spherical particle
encapsulating a lipid blend (solid and liquid lipids).
The combination of solid and liquid lipids introduces
imperfections into the lipid matrix, enhancing its ca-
pacity to accommodate drugs. Moreover, the amor-
phous nature of the lipid matrix in NLC prevents drug
expulsion caused by crystallization, a common occur-
rence in the crystalline matrix of SLN, which contrib-
utes to the preservation of NLC storage stability
(Miiller et al., 2002).

A combination of Precirol ATO 5 (solid lipid),
Myzgliol 812 (liquid lipid), and Tween 60 (surfactant)
was utilized in the synthesis of NLC, which was fur-
ther functionalized with folic acid (FA). The resulting
NLC exhibited a size of 313 nm, PDI of 0.2, and zeta
potential of =30 mV, indicating the successful synthe-
sis of a highly stable formulation, which achieved a
notable encapsulation efficiency of 85%. This EGCG-
loaded formulation demonstrated significant cytotoxic
effects on three types of breast carcinoma cells, as evi-
denced by reduced cell viability and the controlled
proliferation of cancer cells. Conversely, human nor-
mal mammary epithelial cells (MCF10A) treated with
EGCG-loaded formulation showed no sign of cytotox-
icity, displaying cell viability comparable to the con-
trol group. This indicated the ability of the formula-
tion to selectively target cancer cells, possibly attri-
buted to the FA functionalization on the surface of
nanocarrier, targeting the overexpressed folate recep-
tor found in various cancer cell subtypes (Farabegoli
et al., 2022). This targeting mechanism ensures the

safety of the formulation towards normal cells while
effectively exerting anti-cancer effects.

3.4 Metal nanoparticles and EGCG

A metal nanoparticle has a nano-sized structure
composed of metallic elements such as gold (Au), sil-
ver (Ag), copper (Cu), and zinc (Zn). These nanoparti-
cles have attracted considerable attention in drug for-
mulation due to their customizable physical and chem-
ical properties, surface modification capability, bio-
compatibility, and stability (Klgbowski et al., 2018;
Yaqoob et al., 2020).

3.4.1 Gold nanoparticles and EGCG

Among the reviewed articles, gold nanoparticles
(AuNPs) stand out as the most prominent and com-
monly used ingredient in formulating EGCG-metal
nanoparticles (Table 2). This preference is largely due
to their inertness and low toxicity compared to other
metal types (Hammami et al., 2021). AuNPs possess
the remarkable ability to be precisely tailored into di-
verse shapes and structures, including nanospheres,
nanorods, and nanocubes. This morphological versa-
tility allows for fine-tuning of their physicochemical
properties, such as surface area, plasmonic character-
istics, and stability (Hu et al., 2020). The widespread
applications of AuNPs in the medical field stem from
their (1) excellent biocompatibility (therefore low tox-
icity), (2) high inertness, and (3) potential for surface
modification (Pissuwan et al., 2020).

All the formulated gold-EGCG nanoparticles
listed in Table 2 exhibit small particle sizes below
150 nm. This characteristic is likely a contributing
factor to their enhanced membrane penetration and
therapeutic efficacy. One study synthesized AuNPs
using two different methods (gold reduction and the
Turkevitch method), followed by conjugation with
EGCQG. In the gold reduction method, chitosan serves
as the reducing agent and is mixed with chloroauric
acid (HAuCl,) solution to form EGCG-chitosan-coated
AuNPs (ChAuNPs). In the Turkevitch method, HAuCl,
is reduced by sodium citrate and functionalized with
cysteamine, yielding EGCG-cysteine-coated AuNPs
(CystAuNPs). The particle sizes of EGCG-ChAuNPs
and EGCG-CystAuNPs are 125 nm and 111 nm, re-
spectively, implying the effect of reducing agent on
particle size (Cunha et al., 2022). The Turkevich
method has been evaluated as effective for producing



spherical particles of <30 nm. However, as the size of
the AuNPs increases beyond 30 nm, the particles lose
their spherical shape coupled with a wider size distri-
bution, indicating the incompatibility of this method
with larger nanoparticles (Dong et al., 2020). This is
especially evident in the case of CystAuNPs, which
have a size of 54 nm and a PDI value of 0.6, indicat-
ing their heterogeneity. Conjugation with EGCG could
increase the size of nanoparticles but significantly re-
duce the PDI to 0.2, suggesting that the addition of
EGCG facilitates control over the properties of AuNPs.
However, most studies included in this review did not
assess their encapsulation efficiency; therefore, the
challenge remains to accurately determine the ex-
tent to which EGCG is loaded onto the nanoparticles,
thereby limiting our understanding of the efficiency
of EGCG encapsulation in these formulations.

Loading EGCG onto AuNPs has enhanced its
anticancer effects, as evidenced by (1) the decreased
viability of cancer cells, (2) the increased apoptosis
in cancer cells, (3) the reduced expression of anti-
apoptotic proteins including B-cell lymphoma 2
(BCL2) and BCL extra large (BCL-xL), and (4) the
heightened expression of the pro-apoptotic proteins
such as BCL2-associated X protein (Bax) (Chavva
et al., 2019; Mostafa et al., 2020; Cunha et al., 2022).
This improvement can be attributed to (1) enhanced
stabilization, (2) increased cellular uptake, (3) reduced
P-gp-mediated efflux, and (4) controlled release of
EGCG from the gold nanoformulation (Chavva et al.,
2019).

3.4.2 Silver nanoparticles and EGCG

Silver nanoparticles (AgNPs) have emerged as
versatile nanomaterials with diverse bio-applications,
notably as potent agents against bacterial and viral in-
fections. One study employed a chemical reducing
agent, namely sodium citrate, for the production of
EGCG-modified AgNPs (EGCG-AgNPs) via a seed
growth-mediated method (Krzyzowska et al., 2023).
While this kind of chemical synthesis method offers
advantages such as simplicity and cost-effectiveness,
the use of chemical reducing agents may not be envir-
onmentally friendly and poses unforeseen risks to bio-
logical systems. In response to these drawbacks, the
utilization of biological agents has emerged as a prom-
ising alternative. Another study, which utilized ami-
nated guar gum (AGQG) as the reducing agent for the
synthesis of hydrogel-silver-EGCG (HG-Ag-EGCQG),

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656 | 647

exemplifies an environment-friendly approach while
demonstrating the potency of HG-Ag-EGCG as an
antibacterial agent (Kar et al., 2019).

Research shows that reduction with sodium ci-
trate yields superior results in characterization. The
particle sizes and zeta potentials of EGCG-AgNPs and
HG-Ag-EGCG were 32 nm and 217 nm and -67 mV
and —2.60 mV, respectively. The significantly smaller
particle size may offer advantages in cellular penetra-
tion and uptake, while the 25-fold larger absolute zeta
potential may contribute to the much higher stability
of EGCG-AgNPs via electrostatic repulsion, prevent-
ing particle aggregation. Nevertheless, these differences
do not affect the biological effects of HG-Ag-EGCG.
Several outcomes were observed, including (1) re-
duced bacterial growth curve, (2) increased wound
closure percentage, (3) higher vascular endothelial
growth factor (VEGF), and (4) reduced levels of pro-
inflammatory cytokine (IL-6) compared to HG-EGCG
(Kar et al., 2019). Similarly, enhanced antiviral re-
sponse was noted in EGCG-AgNPs compared to its
free counterpart, as evidenced by (1) inhibition of
herpes simplex virus type 1 and type 2 (HSV-1 and
HSV-2) infections, (2) reduced attachment and pene-
tration of HSV-1 and HSV-2 to human keratinocytes,
and (3) activated early antiviral response (Krzyzowska
et al., 2023).

3.4.3 Selenium nanoparticles and EGCG

The development of selenium nanoparticles
(SeNPs) has unveiled their promising biological appli-
cations, including antimicrobial, antioxidant, and anti-
cancer properties as well as their utility in drug deliv-
ery systems, owing to their biocompatibility and bio-
availability (Sampath et al., 2024). However, preclin-
ical trials on rodent models have indicated potential
adverse effects of SeNPs, such as weight loss and liver
toxicity, emphasizing the need to establish effective
therapeutic dosages while mitigating the side effects
(Ryabova et al., 2024).

The particle size of SeNPs in two studies fell be-
tween 89 and 91 nm, showing consistent results de-
spite variations in the starting materials and produc-
tion methods (Wang et al., 2022; Alrashdi et al., 2023)
(Table 2). In one study, mice with pentylenetetrazole
(PTZ)-induced acute epileptic seizures were treated
with EGCG or EGCG-SeNPs. The results showed re-
duced seizure duration and increased seizure latency in
the EGCG-SeNPs-treated group, indicating enhanced
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anti-convulsant effects, along with augmented antioxi-
dant and anti-inflammatory functions. These effects
could be attributed to the enhanced cellular uptake of
EGCQG through its incorporation into high surface area
and nanosized SeNPs, thereby augmenting its thera-
peutic effects (Alrashdi et al., 2023).

Another study demonstrated the antioxidant and
anti-inflammatory properties of EGCG-SeNPs using
models of oxidative stress induced by hydrogen per-
oxide (H,0,) and inflammation induced by lipopoly-
saccharide (LPS). The neuroprotective effects were
evidenced by (1) higher Basso, Beattie, and Bresnahan
(BBB) scores, (2) improved integrality of spinal cord
structure with decreased lesion voiding, and (3) en-
hanced demyelination and nerve fiber preservation
(Wang et al., 2022).

3.4.4 Zinc oxide nanoparticles and EGCG

Zinc oxide nanoparticles (ZnO NPs) are chem-
ically inert, possess a large surface area, exhibit high
photostability, and demonstrate an enhanced redox ca-
pacity, making them highly versatile for applications
in drug delivery (Nagar et al., 2022; Zhou et al., 2023).
While ZnO NPs have been deemed generally safe by
the US Food and Drug Administration (FDA), they
still possess dose-dependent toxicity risks (Nagar
et al., 2022; Pushpalatha et al., 2022). Therefore, the
future development of ZnO NPs should be accom-
panied by a thorough scrutiny of their potential haz-
ardous effects, toxicity mechanisms, and impacts on
human health.

Owing to the low bioavailability of EGCG, re-
searchers have sought to develop EGCG-zinc oxide
co-crystalline nanoparticles (EGCG-Zn0O), harness-
ing their potential as effective anticancer agents. These
negatively charged particles, with a relatively large
size of 409 nm, have been successfully synthesized.
The selective anticancer property of hybrid EGCG-
ZnO has been demonstrated by the reduced viability
of cancer cells without affecting the viability of nor-
mal cells when treated with the same concentration
of EGCG-ZnO. Essentially, a safe concentration
(12.5 pg/mL (Samutprasert et al., 2018)) of EGCG-
ZnO particle effectively killed cancer cells without
causing any harm to normal cells. This effectiveness
may stem from the synergism exhibited by the hybrid
particles upon their simultaneous uptake into cancer
cells, whereas the same phenomenon could not be

observed in the simple physical mixture of EGCG and
ZnO due to differences between EGCG and ZnO in
their cellular penetration ability and penetration path-
ways. Consequently, simultaneous uptake is not achiev-
able, which constrains the potential of EGCG-ZnO to
achieve synergistic anticancer effects (Samutprasert
etal., 2018).

3.5 Silica nanoparticles and EGCG

The favorable properties of silica nanoparticles
(SiNPs), such as tunable particle size, excellent com-
patibility within living systems, and large surface
area, have led to their widespread adoption (Huang
et al., 2022). SiNPs have been successfully utilized in
various applications including drug delivery systems,
biomedical imaging, photodynamic and photothermal
therapies, and bone regeneration (Selvarajan et al.,
2020; Li et al., 2021). However, it is important to note
that SiNPs may induce toxicity concerns in organisms,
necessitating comprehensive toxicity evaluations dur-
ing both development and specific application phases
(Huang et al., 2022).

The Stober method, commonly employed for the
production of SiNPs, involves the combination of tet-
raethyl orthosilicate (TEOS) with a mixture of water,
alcohol, and ammonia. Subsequent removal of water
or alcohol molecules from the silicic acid molecules
results in the formation of Si—~O-Si condensate. Ini-
tially, primary SiNPs aggregate upon reaching a su-
persaturation point, followed by crystalline growth,
yielding stable SiNPs (Li et al., 2021). A mesoporous
silica nanoparticle (MSN) was synthesized using an
ammonia-based catalysis technique, with TEOS as the
primary component. This nanoparticle was then coated
with chitosan (CS) and further functionalized with
the AS1411 aptamer (Ap). The resultant entity effi-
ciently loaded EGCG onto its structure, dubbed as
Si0,@CS-EGCG-Ap. Its particle size was measured
as 257 nm, with PDI approaching 1, indicating consid-
erable heterogeneity. Incorporating the aptamer al-
tered the surface charge of nanoparticle from +7.14
to —11.40 mV, a significant shift affirming successful
conjugation with the targeting ligand. Notably, 80%
of EGCG was effectively encapsulated, showcasing the
high efficiency of SiO,@CS NPs. SKOV-3, an ovarian
cancer cell line, served as the focal point of this inves-
tigation. SiO0,@CS-EGCG-Ap demonstrated higher
cellular uptake (50.0%) compared to its unconjugated



counterpart (29.6%), attributed to the aptamer-specific
recognition of nucleolin on the cell surface, facilitating
macropinocytosis. This heightened uptake translates
into enhanced anticancer effects, as evidenced by (1) a
lower IC,,, (2) suppressed cell proliferation, (3) dimin-
ished cancer cell viability, (4) increased nuclear frag-
mentation, and (5) reduced expression of extracellular
signal-regulated kinase 2 (ERK2) and human telom-
erase reverse transcriptase (hTERT), both pivotal in
cellular growth and proliferation (Alizadeh et al.,
2020).

4 Summary, challenges, and prospects

From the reviewed studies on advanced formula-
tions of EGCG, it seems that polymeric nanoparticles
emerge as the most well-studied and optimal choice
of EGCG-loaded nanocarriers. This preference can be
attributed to their relatively small size, high encapsu-
lation efficiency, and favorable zeta potential com-
pared to other nanocarriers. Moreover, the good safety
profiles of EGCG-polymeric nanoparticles have been
vigorously demonstrated across numerous studies
(Table 3). In the comparison between various poly-
meric nanoparticles discussed in the involved studies
(Table 2), one configuration stands out: EGCG en-
closed within PBCA/Pluronic F-68 nanoparticle.
This leads the pack primarily due to its favorable par-
ticle size (156 nm), stable surface charge potential
(=31 mV), and impressive encapsulation efficiency
(90%). While certain studies may boast higher en-
capsulation efficiency (Huang et al., 2018; Xia et al.,
2023), they often compromise other critical factors,
such as zeta potential. Nonetheless, the choice of nano-
carriers is highly dependent on the specific disease
model and its desired therapeutic outcomes, and
the main goal is to achieve optimized efficacy while
mitigating any risks of potential toxicity.

Nanocarriers are often constructed (1) from bio-
compatible materials to minimize the risk of immune
response, (2) from biodegradable materials to mini-
mize long-term accumulation effects, (3) with good
membrane penetration via its appropriate surface prop-
erties (size, charge, and surface chemistry), (4) to allow
surface modifications facilitating receptor-mediated
uptake, and (5) to enable controlled release in response
to the diffusion coefficient, physiological stimuli (pH,
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presence of enzymes or biomolecules), dissolution
and degradation rates. Nevertheless, a significant gap
exists in the literature regarding the comprehensive
evaluation of EGCG-loaded nanocarriers. Specifically,
exploration has been limited regarding (1) how the de-
sign and construction of delivery vehicles facilitate
membrane penetration, (2) the potential acute and
long-term effects stemming from the high load ca-
pacity of the nanocarriers, (3) thorough toxicity as-
sessments of the nano-complex in biological system,
and (4) the microstructure and interface characteris-
tics of EGCG nanocarriers.

Among the analyzed studies, four investigated
the membrane internalization mechanisms of EGCG
nanocarriers. These carriers exhibit the ability to per-
meate intestinal epithelial cells and enter systemic cir-
culation. Two of these studies illustrated the intestinal
absorption of EGCG-polymeric nanoparticles by dis-
rupting tight junctions of the membrane, thereby facil-
itating their passage through the paracellular pathway
(Huang et al., 2020; Zhang W] et al., 2023). Further-
more, two studies demonstrated the cellular uptake
of EGCG AuNPs via laminin receptors (Chavva et al.,
2019; Gan et al., 2022). More research is needed to
provide further insights into how EGCG-loaded nano-
carriers enhance membrane permeability, including the
clarification of the roles played by their microstruc-
ture and interface characteristics.

Among the discussed studies, 12 out of 39 studies
assessed the toxicity profile of EGCG-loaded nanocar-
riers using various cell lines, while only one study per-
formed this in an animal model (Wistar rats) (Kar
et al., 2019). These studies reported low cytotoxicity
and high cell viability, and no adverse effects on the
liver or kidney function of Wistar rats (Table 3). The
findings indicate that the selection of chemical constitu-
ents and excipients in these studies is appropriate and
the EGCG-loaded nanocarriers exhibit a favorable
safety profile. The utilization of biocompatible and
biodegradable materials with well-established safety
profiles is prioritized in pharmaceutical formulation,
including the construction of EGCG nanoparticle for-
mulations reviewed in this study.

Potential toxicity due to the high load capacity
of nanocarriers could be mitigated by implementing a
controlled release strategy that minimizes exposure
to high concentrations of EGCG. Nonetheless, such
toxicity is unlikely to occur, as the dose-dependent
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analysis of EGCG is well established and the determin-
ation of maximum tolerable dose for either rodent
models or human trials is possible based on previous
concrete findings (Parn et al., 2022; Siblini et al.,
2023). Moreover, several studies reviewed in this
paper have shown that EGCG-loaded polymeric and
lipid nanoparticles exhibit controlled release of EGCG
in simulated gastric and intestinal fluid conditions,
maintaining low toxicity and high cell viability (Cano
et al., 2018; Hoyos-Ceballos et al., 2018; Minnelli
et al., 2018, 2023). Future assessments should in-
clude comprehensive toxicity studies involving mul-
tiple in vivo models over longer periods, detailed dose—
response analyses, and mechanistic studies to under-
stand the interactions between nanocarriers and bio-
logical systems. Certainly, long-term monitoring in
both animal and human trials is essential to evaluate
the safety, efficacy, and potential delayed or cumulate
adverse effects.

In addition, it is crucial to apply standardized
evaluation methods for EGCG nanocarriers in the fu-
ture to ensure consistency and reliability across differ-
ent research endeavors. Beyond standardizing par-
ticle size and distribution, surface charge (zeta poten-
tial), drug encapsulation efficiency, in vitro cell viabil-
ity, and uptake across studies discussed in this article,
additional assessments such as drug release kinetics,
in vivo biodistribution and pharmacokinetics, immuno-
genicity, and biocompatibility, targeting efficiency
in disease models, as well as stability and shelf-life
studies, are needed for a comprehensive understanding
of the properties and performance of nano-delivery
vectors. As nanoparticles move towards clinical trans-
lation, scalability and manufacturing processes should
also be standardized to ensure reproducibility and qual-
ity control. Moreover, variations in individuals’ genetic
background and polymorphisms may exert significant
influence on the response to EGCG nanocarriers, par-
ticularly its pharmacokinetic and pharmacodynamic
profiles, presenting a substantial challenge in the as-
sessment of efficacy and safety in human trials and
clinical settings. In addition, it has been demonstrated
that EGCG may influence various drug pharmacoki-
netic and pharmacodynamic profiles (Tan et al., 2021;
Siew-Keah et al., 2023). Therefore, it is mandatory to
perform a systematic re-assessment of drug—drug in-
teractions of both the free form of EGCG and EGCG
loaded in nanoparticles. On the other hand, it would
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be beneficial to conduct a comparative study assessing
the impact of each nanocarrier on the stability and bio-
logical activity of EGCG. All parameters, including
the preparation method and drug-to-excipient ratio,
should be standardized, with the only variable being
the excipient used in each carrie—given that these
nanocarriers are differentiated by their distinct excipi-
ents. Such an approach would allow for a relatively
equitable comparison of the structural and physi-
cochemical properties as well as pharmacokinetic
indexes. In order to ensure the advancement of future
clinical trials, addressing these challenges is impera-
tive. Strategies must be devised to navigate the in-
tricacies of genetic diversity, perhaps via tailored dos-
ing regimens, patient stratification based on genetic
markers, or the integration of personalized medicine
approaches.

Acknowledgments

This work was supported by the Ministry of Higher Edu-
cation (MOHE), Malaysia, through the Fundamental Research
Grant Scheme (No. FRGS/1/2022/SKK10/UTAR/02/1) and
the Universiti Tunku Abdul Rahman, Malaysia, through UTAR-
Research Fund (No. IPSR/RMC/UTARRF/2024-C1/L04).

Author contributions

Chee Ning WONG was involved in investigation, writing —
original draft, editing, and visualization. Siew-Keah LEE was
involved in conceptualization, writing — review & editing, and
supervision. Yang Mooi LIM, Kai Bin LIEW, Yik-Ling CHEW,
and Ang-Lim CHUA were involved in investigation, final re-
view, and proof-reading. All authors have read and approved
the final manuscript.

Compliance with ethics guidelines

Chee Ning WONG, Yang Mooi LIM, Kai Bin LIEW,
Yik-Ling CHEW, Ang-Lim CHUA, and Siew-Keah LEE de-
clare that they have no conflicts of interest.

This review does not contain any studies with human or
animal subjects performed by any of the authors.

References

Alam M, Ali S, Ashraf GM, et al., 2022. Epigallocatechin 3-
gallate: from green tea to cancer therapeutics. Food Chem,
379:132135.
https://doi.org/10.1016/j.foodchem.2022.132135

Alizadeh L, Alizadeh E, Zarebkohan A, et al., 2020. AS1411
aptamer-functionalized chitosan-silica nanoparticles for
targeted delivery of epigallocatechin gallate to the SKOV-3
ovarian cancer cell lines. J Nanopart Res, 22:5.
https://doi.org/10.1007/s11051-019-4735-7



652 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656

Alrashdi BM, Fehaid A, Kassab RB, et al., 2023. Biosynthe-
sized selenium nanoparticles using epigallocatechin gallate
protect against pentylenetetrazole-induced acute epilep-
tic seizures in mice via antioxidative, anti-inflammatory,
and anti-apoptotic activities. Biomedicines, 11(7):1955.
https://doi.org/10.3390/biomedicines11071955

Alserihi RF, Mohammed MRS, Kaleem M, et al., 2021. De-
velopment of (-)-epigallocatechin-3-gallate-loaded folate
receptor-targeted nanoparticles for prostate cancer treat-
ment. Nanotechnol Rev, 11(1):298-311.
https://doi.org/10.1515/ntrev-2022-0013

Botten D, Fugallo G, Fraternali F, et al., 2015. Structural pro-
perties of green tea catechins. J Phys Chem B, 119(40):
12860-12867.
https://doi.org/10.1021/acs.jpcb.5b08737

Cai ZY, Li XM, Liang JP, et al., 2018. Bioavailability of tea
catechins and its improvement. Molecules, 23(9):2346.
https://doi.org/10.3390/molecules23092346

Cano A, Ettcheto M, Espina M, et al., 2018. Epigallocatechin-
3-gallate loaded PEGYlated-PLGA nanoparticles: a new
anti-seizure strategy for temporal lobe epilepsy. Nanomed
Nanotechnol Biol Med, 14(4):1073-1085.
https://doi.org/10.1016/j.nan0.2018.01.019

Cano A, Ettcheto M, Chang JH, et al., 2019. Dual-drug
loaded nanoparticles of epigallocatechin-3-gallate (EGCG)/
ascorbic acid enhance therapeutic efficacy of EGCG in
a APPswe/PS1dE9 Alzheimer’s disease mice model. J
Control Release, 301:62-75.
https://doi.org/10.1016/j.jconrel.2019.03.010

Chandra P, Arora DS, 2018. Antioxidant compounds derived
from plants, description and mechanism of phytochem-
icals. J Agroecol Natural Resour Manag, 4(1):55-59.

Chavva SR, Deshmukh SK, Kanchanapally R, et al., 2019.
Epigallocatechin gallate-gold nanoparticles exhibit super-
ior antitumor activity compared to conventional gold
nanoparticles: potential synergistic interactions. Nanoma-
terials, 9(3):396.
https://doi.org/10.3390/nan09030396

Cheng CY, Barro L, Tsai ST, et al., 2021. Epigallocatechin-3-
gallate-loaded liposomes favor anti-inflammation of mi-
croglia cells and promote neuroprotection. /nt J Mol Sci,
22(6):3037.
https://doi.org/10.3390/ijms22063037

Cunha L, Coelho SC, Do Carmo Pereira M, et al., 2022.
Nanocarriers based on gold nanoparticles for epigallocat-
echin gallate delivery in cancer cells. Pharmaceutics, 14(3):
491.
https://doi.org/10.3390/pharmaceutics 14030491

Dahan A, Miller JM, 2012. The solubility-permeability inter-
play and its implications in formulation design and de-
velopment for poorly soluble drugs. 4A4APS J, 14(2):244-
251.
https://doi.org/10.1208/s12248-012-9337-6

Dai WZ, Ruan CC, Zhang YM, et al., 2020a. Bioavailability
enhancement of EGCG by structural modification and

nano-delivery: a review. J Funct Foods, 65:103732.
https://doi.org/10.1016/;.jf£.2019.103732

Dai WZ, Ruan CC, Sun Y, et al., 2020b. Controlled release
and antioxidant activity of chitosan and B-lactoglobulin
complex nanoparticles loaded with epigallocatechin gal-
late. Colloids Surf B Biointerfaces, 188:110802.
https://doi.org/10.1016/j.colsurfb.2020.110802

Dong JQ, Carpinone PL, Pyrgiotakis G, et al., 2020. Synthe-
sis of precision gold nanoparticles using Turkevich
method. KONA Powder Part J, 37:224-232.
https://doi.org/10.14356/kona.2020011

Dymek M, Sikora E, 2022. Liposomes as biocompatible and
smart delivery systems — the current state. Adv Colloid
Interface Sci, 309:102757.
https://doi.org/10.1016/j.cis.2022.102757

Farabegoli F, Granja A, Magalhaes J, et al., 2022. Epigallocatechin-
3-gallate delivered in nanoparticles increases cytotoxicity
in three breast carcinoma cell lines. ACS Omega, 7(46):
41872-41881.
https://doi.org/10.1021/acsomega.2c01829

Furniturewalla A, Barve K, 2022. Approaches to overcome
bioavailability inconsistencies of epigallocatechin gallate,
a powerful anti-oxidant in green tea. Food Chem Adv,
1:100037.
https://doi.org/10.1016/j.focha.2022.100037

Gan N, Wakayama C, Inubushi S, et al., 2022. Size dependency
of selective cellular uptake of epigallocatechin gallate-
modified gold nanoparticles for effective radiosensitiza-
tion. ACS Appl Bio Mater, 5(1):355-365.
https://doi.org/10.1021/acsabm.1c01149

Haddad F, Mohammed N, Gopalan RC, et al., 2023. Develop-
ment and optimisation of inhalable EGCG nano-liposomes
as a potential treatment for pulmonary arterial hyperten-
sion by implementation of the design of experiments ap-
proach. Pharmaceutics, 15(2):539.
https://doi.org/10.3390/pharmaceutics15020539

Hammami I, Alabdallah NM, Jomaa AA, et al., 2021. Gold
nanoparticles: synthesis properties and applications. J
King Saud Univ Sci, 33(7):101560.
https://doi.org/10.1016/j.jksus.2021.101560

He AJ, Guan X, Song HD, et al., 2020. Encapsulation of (-)-
epigallocatechin-gallate (EGCG) in hordein nanoparticles.
Food Biosci, 37:100727.
https://doi.org/10.1016/j.bi0.2020.100727

He JT, Xu L, Yang L, et al., 2018. Epigallocatechin gallate is
the most effective catechin against antioxidant stress via
hydrogen peroxide and radical scavenging activity. Med
Sci Monit, 24:8198-8206.
https://doi.org/10.12659/msm.911175

Higdon JV, Frei B, 2003. Tea catechins and polyphenols: health
effects, metabolism, and antioxidant functions. Crit Rev
Food Sci Nutr, 43(1):89-143.
https://doi.org/10.1080/10408690390826464

Ho CH, Chu PY, Peng SL, et al., 2020. The development of
hyaluronan/fucoidan-based nanoparticles as macrophages



targeting an epigallocatechin-3-gallate delivery system.
Int J Mol Sci, 21(17):6327.
https://doi.org/10.3390/ijms21176327

Hoyos-Ceballos GP, Sanchez-Giraldo V, Mendivil-Perez M,
et al., 2018. Design of epigallocatechin gallate loaded
PLGA/PF127 nanoparticles and their effect upon an oxi-
dative stress model. J Drug Deliv Sci Technol, 48:152-160.
https://doi.org/10.1016/j.jddst.2018.09.010

Hu QM, Yang Z, Zhang YY, et al., 2021. Efficient develop-
ment of antibacterial (-)-epigallocatechin gallate-PBCA
nanoparticles using ethyl acetate as oil phase through in-
terfacial polymerization. Food Biosci, 44:101432.
https://doi.org/10.1016/j.fbi0.2021.101432

Hu XP, Zhang YT, Ding TT, et al., 2020. Multifunctional gold
nanoparticles: a novel nanomaterial for various medical
applications and biological activities. Front Bioeng Bio-
technol, 8:556510.
https://doi.org/10.3389/fbioe.2020.00990

Huang HY, Wang MC, Chen ZY, et al., 2018. Gelatin—
epigallocatechin gallate nanoparticles with hyaluronic
acid decoration as eye drops can treat rabbit dry-eye syn-
drome effectively via inflammatory relief. Int J Nanomed,
13:7251-7273.
https://doi.org/10.2147/IIN.S173198

Huang TW, Ho YC, Tsai TN, et al., 2020. Enhancement of the
permeability and activities of epigallocatechin gallate by
quaternary ammonium chitosan/fucoidan nanoparticles.
Carbohydr Polym, 242:116312.
https://doi.org/10.1016/j.carbpol.2020.116312

Huang YM, Li P, Zhao RK, et al., 2022. Silica nanoparticles:
biomedical applications and toxicity. Biomed Pharmaco-
ther, 151:113053.
https://doi.org/10.1016/j.biopha.2022.113053

Jiang C, Chen Y, Ye X, et al., 2021. Three flavanols delay
starch digestion by inhibiting a-amylase and binding with
starch. Int J Biol Macromol, 172:503-514.
https://doi.org/10.1016/j.ijbiomac.2021.01.070

Kahraman E, Giingér S, Ozsoy Y, 2017. Potential enhance-
ment and targeting strategies of polymeric and lipid-based
nanocarriers in dermal drug delivery. Ther Deliv, 8:967-
985.
https://doi.org/10.4155/tde-2017-0075

Kar AK, Singh A, Dhiman N, et al., 2019. Polymer-assisted
in situ synthesis of silver nanoparticles with epigallocate-
chin gallate (EGCG) impregnated wound patch potenti-
ate controlled inflammatory responses for brisk wound
healing. Int J Nanomed, 14:9837-9854.
https://doi.org/10.2147/1IN.S228462

Kazi J, Sen R, Ganguly S, et al., 2020. Folate decorated epi-
gallocatechin-3-gallate (EGCG) loaded PLGA nanopar-
ticles; in-vitro and in-vivo targeting efficacy against MDA -
MB-231 tumor xenograft. Int J Pharm, 585:119449.
https://doi.org/10.1016/.ijpharm.2020.119449

Khan MY, Roy M, 2019. Synthesis, limitation and application
of gold nanoparticles in treatment of cancerous cell. Int J

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656 | 653

Sci Res Multidiscip Stud, 5(9):8-14.
https://doi.org/10.26438/ijsrms

Khor YY, Lee SK, Dharmani Devi M, et al.,, 2023.
Epigallocatechin-3-gallate exerts antihypertensive effects
and improves endothelial function in spontaneously hy-
pertensive rats. Asian Pac J Trop Biomed, 13(7):287-295.
https://doi.org/10.4103/2221-1691.380560

Klebowski B, Depciuch J, Parlinska-Wojtan M, et al., 2018.
Applications of noble metal-based nanoparticles in medi-
cine. Int J Mol Sci, 19(12):4031.
https://doi.org/10.3390/ijms 19124031

Koopaie M, 2020. 22-Nanoparticulate systems for dental
drug delivery. In: Mozafari M (Ed.), Nanoengineered
Biomaterials for Advanced Drug Delivery. Elsevier, Am-
sterdam, p.525-559.
https://doi.org/10.1016/B978-0-08-102985-5.00022-X

Krzyzowska M, Janicka M, Chodkowski M, et al., 2023. Epi-
gallocatechin gallate-modified silver nanoparticles show
antiviral activity against herpes simplex type 1 and 2.
Viruses, 15(10):2024.
https://doi.org/10.3390/v15102024

Kiihne BA, Puig T, Ruiz-Martinez S, et al., 2019. Compari-
son of migration disturbance potency of epigallocatechin
gallate (EGCG) synthetic analogs and EGCG pegylated
PLGA nanoparticles in rat neurospheres. Food Chem
Toxicol, 123:195-204.
https://doi.org/10.1016/j.fct.2018.10.055

Laddu D, Ma J, Kaar J, et al., 2021. Health behavior change
programs in primary care and community practices for
cardiovascular disease prevention and risk factor man-
agement among midlife and older adults: a scientific
statement from the American Heart Association. Circula-
tion, 144(24):e533-e549.
https://doi.org/10.1161/cir.0000000000001026

Li ZY, Mu YW, Peng C, et al., 2021. Understanding the mech-
anisms of silica nanoparticles for nanomedicine. Wiley
Interdiscip Rev Nanomed Nanobiotechnol, 13(1):e1658.
https://doi.org/10.1002/wnan.1658

Liu C, Wu H, Duan HX, et al., 2023. An EGCG-mediated
self-assembled micellar complex acts as a bioactive drug
carrier. Food Chem, 418:135939.
https://doi.org/10.1016/j.foodchem.2023.135939

Liu ZX, Li XL, Wu XP, et al., 2019. A dual-inhibitor system
for the effective antifibrillation of AB40 peptides by bio-
degradable EGCG-Fe(III)/PVP nanoparticles. J Mater
Chem B, 7(8):1292-1299.
https://doi.org/10.1039/c8tb03266a

Lu HY, Zhang SL, Wang JL, et al., 2021. A review on poly-
mer and lipid-based nanocarriers and its application to
nano-pharmaceutical and food-based systems. Front Nutr,
8:783831.
https://doi.org/10.3389/fhut.2021.783831

Ma CY, Zhou XC, Yu HR, et al., 2024. Virtual screening and
multi-synergism of inhibitory compounds against pancre-
atic lipase. Food Biosci, 57:103601.



654 | JZhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656

https://doi.org/10.1016/j.fbi0.2024.103601

Milligan JJ, Saha S, 2022. A nanoparticle’s journey to the
tumor: strategies to overcome first-pass metabolism and
their limitations. Cancers, 14(7):1741.
https://doi.org/10.3390/cancers14071741

Minnelli C, Moretti P, Fulgenzi G, et al., 2018. A Poloxamer-
407 modified liposome encapsulating epigallocatechin-3-
gallate in the presence of magnesium: characterization and
protective effect against oxidative damage. Int J Pharm,
552(1-2):225-234.
https://doi.org/10.1016/j.ijpharm.2018.10.004

Minnelli C, Stipa P, Sabbatini S, et al., 2023. Insights into
PLGA-encapsulated epigallocatechin 3-gallate nanoparti-
cles as a new potential biomedical system: a computa-
tional and experimental approach. Eur Polym J, 182:
111723.
https://doi.org/10.1016/j.eurpolym;j.2022.111723

Mohd Sabri NA, Lee SK, Murugan DD, et al., 2022. Epigallo-
catechin gallate (EGCG) alleviates vascular dysfunction
in angiotensin II-infused hypertensive mice by modulat-
ing oxidative stress and eNOS. Sci Rep, 12:17633.
https://doi.org/10.1038/s41598-022-21107-5

Mokra D, Adamcakova J, Mokry J, 2022. Green tea polyphe-
nol (-)-epigallocatechin-3-gallate (EGCG): a time for a
new player in the treatment of respiratory diseases? Anti-
oxidants, 11(8):1566.
https://doi.org/10.3390/antiox 11081566

Moreno-Vasquez MJ, Plascencia-Jatomea M, Sanchez-Valdes S,
et al., 2021. Characterization of epigallocatechin-gallate-
grafted chitosan nanoparticles and evaluation of their an-
tibacterial and antioxidant potential. Polymers, 13(9):
1375.
https://doi.org/10.3390/polym13091375

Mostafa SM, Gamal-Eldeen AM, Maksoud NAE, et al., 2020.
Epigallocatechin gallate-capped gold nanoparticles en-
hanced the tumor suppressors let-7a and miR-34a in he-
patocellular carcinoma cells. An Acad Bras Cienc, 92(4):
1-13.
https://doi.org/10.1590/0001-3765202020200574

Miiller RH, Radtke M, Wissing SA, 2002. Solid lipid nanoparti-
cles (SLN) and nanostructured lipid carriers (NLC) in cos-
metic and dermatological preparations. Adv Drug Deliv
Rev, 54:S131-S155.
https://doi.org/10.1016/S0169-409X(02)00118-7

Nagar V, Singh T, Tiwari Y, et al., 2022. ZnO nanoparticles:
exposure, toxicity mechanism and assessment. Mater
Today Proc, 69:56-63.
https://doi.org/10.1016/j.matpr.2022.09.001

National Center for Biotechnology Information, 2024. PubChem
compound summary for CID 65064, epigallocatechin
gallate. https://pubchem.ncbi.nlm.nih.gov/compound/
Epigallocatechin-Gallate [Accessed on Jan. 2, 2024].

Nsairat H, Khater D, Sayed U, et al., 2022. Liposomes: struc-
ture, composition, types, and clinical applications. Heli-
yon, 8(5):09394.

https://doi.org/10.1016/j.heliyon.2022.¢09394

Omoruyi F, Sparks J, Stennett D, et al., 2020. Superoxide dis-
mutase as a measure of antioxidant status and its applica-
tion to diabetes. /n: Preedy VR (Ed.), Diabetes: Oxida-
tive Stress and Dietary Antioxidants, 2nd Ed. Elsevier,
Amsterdam, p.409-417.
https://doi.org/10.1016/B978-0-12-815776-3.00041-3

Parn KW, Ling WC, Chin JH, et al., 2022. Safety and efficacy
of dietary epigallocatechin gallate supplementation in at-
tenuating hypertension via its modulatory activities on
the intrarenal renin-angiotensin system in spontaneously
hypertensive rats. Nutrients, 14(21):4605.
https://doi.org/10.3390/nu14214605

Perumal S, Atchudan R, Lee W, 2022. A review of polymeric
micelles and their applications. Polymers, 14(12):2510.
https://doi.org/10.3390/polym14122510

Pissuwan D, Gazzana C, Mongkolsuk S, et al., 2020. Single
and multiple detections of foodborne pathogens by gold
nanoparticle assays. WIREs Nanomed Nanobiotechnol,
12(1):e1584.
https://doi.org/10.1002/wnan.1584

Pushpalatha C, Suresh J, Gayathri V, et al., 2022. Zinc oxide
nanoparticles: a review on its applications in dentistry.
Front Bioeng Biotechnol, 10:917990.
https://doi.org/10.3389/fbi0e.2022.917990

Radhakrishnan R, Kulhari H, Pooja D, et al., 2016. Encapsu-
lation of biophenolic phytochemical EGCG within lipid
nanoparticles enhances its stability and cytotoxicity against
cancer. Chem Phys Lipids, 198:51-60.
https://doi.org/10.1016/j.chemphyslip.2016.05.006

Radhakrishnan R, Pooja D, Kulhari H, et al., 2019. Bombesin
conjugated solid lipid nanoparticles for improved deliv-
ery of epigallocatechin gallate for breast cancer treatment.
Chem Phys Lipids, 224:104770.
https://doi.org/10.1016/j.chemphyslip.2019.04.005

Rietveld A, Wiseman S, 2003. Antioxidant effects of tea: evi-
dence from human clinical trials. J Nutr, 133(10):3285S-
3292S.
https://doi.org/10.1093/jn/133.10.3285S

Rosita N, Meitasari VA, Rianti MC, et al., 2019. Enhancing
skin penetration of epigallocatechin gallate by modify-
ing partition coefficient using reverse micelle method.
Ther Deliv, 10(7):409-417.
https://doi.org/10.4155/tde-2019-0015

Ryabova YV, Sutunkova MP, Minigalieva IA, et al., 2024.
Toxicological effects of selenium nanoparticles in labora-
tory animals: a review. J Appl Toxicol, 44(1):4-16.
https://doi.org/10.1002/jat.4499

Safwat MA, Kandil BA, Elblbesy MA, et al., 2020.
Epigallocatechin-3-gallate-loaded gold nanoparticles: prep-
aration and evaluation of anticancer efficacy in Ehrlich
tumor-bearing mice. Pharmaceuticals, 13(9):254.
https://doi.org/10.3390/ph13090254

Sampath S, Sunderam V, Manjusha M, et al., 2024. Selenium
nanoparticles: a comprehensive examination of synthesis



techniques and their diverse applications in medical re-
search and toxicology studies. Molecules, 29(4):801.
https://doi.org/10.3390/molecules29040801

Samutprasert P, Chiablaem K, Teeraseranee C, et al., 2018.
Epigallocatechin gallate-zinc oxide co-crystalline nanopar-
ticles as an anticancer drug that is non-toxic to normal
cells. RSC Adv, 8(14):7369-7376.
https://doi.org/10.1039/c7ra10997k

Selvarajan V, Obuobi S, Ee PLR, 2020. Silica nanoparticles—
a versatile tool for the treatment of bacterial infections.
Front Chem, 8:526915.
https://doi.org/10.3389/fchem.2020.00602

Severino JF, Goodman BA, Kay CWM, et al., 2009. Free radi-
cals generated during oxidation of green tea polyphenols:
electron paramagnetic resonance spectroscopy combined
with density functional theory calculations. Free Radical
Biol Med, 46(8):1076-1088.
https://doi.org/10.1016/j.freeradbiomed.2009.01.004

Sharma S, Vijay P, Pathak PK, et al., 2019. Role of nanotech-
nology in oral cancer diagnosis and therapeutics. Med Res
Chronicles, 6(4):192-199.
https://doi.org/10.26838/MEDRECH.2019.6.4.509

Siblini H, Al-Hendy A, Segars J, et al., 2023. Assessing the
hepatic safety of epigallocatechin gallate (EGCG) in
reproductive-aged women. Nutrients, 15(2):320.
https://doi.org/10.3390/nu15020320

Siew-Keah L, Jie TH, Ang-Lim C, et al., 2023. An update on
impacts of epigallocatechin gallate co-administration in
modulating pharmacokinetics of statins, calcium channel
blockers, and beta-blockers. Planta Med, 89(13):1229-
1235.
https://doi.org/10.1055/a-2111-7319

Silva AM, Martins-Gomes C, Fangueiro JF, et al., 2019. Com-
parison of antiproliferative effect of epigallocatechin gal-
late when loaded into cationic solid lipid nanoparticles
against different cell lines. Pharm Dev Technol, 24(10):
1243-1249.
https://doi.org/10.1080/10837450.2019.1658774

Singh NA, Bhardwa;j V, Ravi C, et al., 2018a. EGCG nanopar-
ticles attenuate aluminum chloride induced neurobehav-
ioral deficits, beta amyloid and tau pathology in a rat
model of Alzheimer’s disease. Front Aging Neurosci, 10:
374009.
https://doi.org/10.3389/fnagi.2018.00244

Singh NA, Mandal AKA, Khan ZA, 2018b. Inhibition of
Al(IIT)-induced Ap,, fibrillation and reduction of neuro-
toxicity by epigallocatechin-3-gallate nanoparticles. J
Biomed Nanotechnol, 14(6):1147-1158.
https://doi.org/10.1166/jbn.2018.2552

Song HD, Wang QY, He AJ, et al., 2022. Antioxidant activity,
storage stability and in vitro release of epigallocatechin-
3-gallate (EGCG) encapsulated in hordein nanoparticles.
Food Chem, 388:132903.
https://doi.org/10.1016/j.foodchem.2022.132903

Talluri SV, Kuppusamy G, Karri VVSR, et al., 2015. Lipid-based

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656 | 655

nanocarriers for breast cancer treatment-comprehensive
review. Drug Del, 23(4):1291-1305.
https://doi.org/10.3109/10717544.2015.1092183

Tan HJ, Ling WC, Chua AL, et al., 2021. Oral epigallocate-
chin gallate reduces intestinal nadolol absorption via modu-
lation of Oatpla5 and Octl transcriptional levels in sponta-
neously hypertensive rats. Phytomedicine, 90:153623.
https://doi.org/10.1016/j.phymed.2021.153623

Tian M, Chen GC, Xu JC, et al., 2022. Epigallocatechin gallate-
based nanoparticles with reactive oxygen species scav-
enging property for effective chronic periodontitis treat-
ment. Chem Eng J, 433:132197.
https://doi.org/10.1016/j.cej.2021.132197

Wada Y, Takata A, Ikemoto T, et al., 2019. The protective ef-
fect of epigallocatechin 3-gallate on mouse pancreatic
islets via the Nrf2 pathway. Surg Today, 49(6):536-545.
https://doi.org/10.1007/s00595-019-1761-0

Wang YM, Luo WQ, Lin F, et al., 2022. Epigallocatechin-3-
gallate selenium nanoparticles for neuroprotection by scav-
enging reactive oxygen species and reducing inflamma-
tion. Front Bioeng Biotechnol, 10:989602.
https://doi.org/10.3389/fbioe.2022.989602

Wen LH, Wu D, Tan XD, et al., 2022. The role of catechins in
regulating diabetes: an update review. Nutrients, 14(21):
4681.
https://doi.org/10.3390/nu14214681

Xia C, Gu CM, Liu G, et al., 2023. Preparation of a novel
brain-targeted EGCG liposome and its antioxidative neuro-
protection. J Funct Foods, 111:105911.
https://doi.org/10.1016/].j{£.2023.105911

Xu JZ, Yeung SYV, Chang Q, et al., 2004. Comparison of anti-
oxidant activity and bioavailability of tea epicatechins
with their epimers. Br J Nutr, 91(6):873-881.
https://doi.org/10.1079/BJN20041132

Yao JJ, Ma QQ, Shen WW, et al., 2022. Nano-enabled deliv-
ery of EGCG ameliorates silica-induced pulmonary fibro-
sis in rats. Toxicology, 469:153114.
https://doi.org/10.1016/j.t0x.2022.153114

Yaqoob AA, Ahmad H, Parveen T, et al., 2020. Recent ad-
vances in metal decorated nanomaterials and their vari-
ous biological applications: a review. Front Chem, 8:
528583.
https://doi.org/10.3389/fchem.2020.00341

Youn K, Ho CT, Jun M, 2022. Multifaceted neuroprotec-
tive effects of (—)-epigallocatechin-3-gallate (EGCQG) in
Alzheimer’s disease: an overview of pre-clinical studies
focused on f-amyloid peptide. Food Sci Hum Wellness,
11(3):483-493.
https://doi.org/10.1016/j.fshw.2021.12.006

Zhang GJ, Zhang JF, 2018. Enhanced oral bioavailability of
EGCG using pH-sensitive polymeric nanoparticles: char-
acterization and in vivo investigation on nephrotic syn-
drome rats. Drug Des Dev Ther, 12:2509-2518.
https://doi.org/10.2147/DDDT.S172919

Zhang MY, Gao XJ, Su YJ, et al., 2023. Fabrication of egg



656 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):633-656

white protein/phosphatidylcholine-EGCG co-assembled
nanoparticles with sustained release in simulated gastro-
intestinal digestion and their transcellular permeability
in Caco-2 cultures. Food Hydrocoll, 143:108906.
https://doi.org/10.1016/j.foodhyd.2023.108906

Zhang WJ, Shen HC, Li Y, et al., 2023. Preparation of type-A
gelatin/poly-y-glutamic acid nanoparticles for enhancing
the stability and bioavailability of (-)-epigallocatechin
gallate. Foods, 12(9):1748.
https://doi.org/10.3390/foods12091748

Zhang Y, Lin LF, Cui H, et al., 2021. Construction and appli-
cation of EGCG-loaded lysozyme/pectin nanoparticles
for enhancing the resistance of nematodes to heat and ox-
idation stresses. Foods, 10(5):1127.
https://doi.org/10.3390/foods10051127

Zhou XH, Wu Y, Zhou XIJ, et al., 2022. Elaboration of cationic
soluble soybean polysaccharides-epigallocatechin gallate
nanoparticles with sustained antioxidant and antimicrobial

activities. J Agric Food Chem, 70(36):11353-11366.
https://doi.org/10.1021/acs.jafc.2c03510

Zhou XQ, Hayat Z, Zhang DD, et al., 2023. Zinc oxide
nanoparticles: synthesis, characterization, modification, and
applications in food and agriculture. Processes, 11(4):1193.
https://doi.org/10.3390/pr11041193

Zhu QY, Zhang AQ, Tsang D, et al., 1997. Stability of green
tea catechins. J Agric Food Chem, 45(12):4624-4628.
https://doi.org/10.1021/£9706080

Zhu ST, Zhu LX, Yu JJ, et al., 2019. Anti-osteoclastogenic
effect of epigallocatechin gallate-functionalized gold
nanoparticles in vitro and in vivo. Int J Nanomed, 14:
5017-5032.
https://doi.org/10.2147/IIN.S204628

Zwolak 1, 2021. Epigallocatechin gallate for management of
heavy metal-induced oxidative stress: mechanisms of ac-
tion, efficacy, and concerns. Int J Mol Sci, 22(8):4027.
https://doi.org/10.3390/ijms22084027



