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a b s t r a c t 

Natural polyphenols, mainly found in tea, have many health benefits and have been used in traditional medicine 

for years; however, they have recently attracted a lot of attention in modern medicine. The present review dis- 

cusses the therapeutic potential of Epigallocatechin gallate (EGCG) - its antioxidant and anticancer effects and 

health benefits, its structure and activity - by examining how the composition and arrangement of the molecule 

make it a suitable free radical scavenger, its pharmacokinetic parameters such as logP value and hydrogen bond 

donors and hydrogen bond acceptors and finally the main dilemma surrounding this drug molecule: its limited 

bioavailability - which leads to inconsistencies in its therapeutic potential. It also reviews and deliberates tech- 

niques to improve this molecule’s efficacy, circumventing the obstacle of bioavailability by administering tea 

with different foods, administering EGCG as a double emulsion, or in the nanoparticulate form, or modifying the 

structure of the EGCG molecule. 
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. Introduction 

Green tea is a beverage that has been linked with numerous

ealth benefits. These benefits are primarily attributed to its active

ompounds;(-)-epicatechin-3-gallate (ECG), 

(-)-epigallocatechin (EGC) and (-)-epigallocatechin-3-gallate

EGCG). These catechins (flavan-3-ols) are natural polyphenolic

ntioxidants and have more significant antioxidant activity than

itamin C ( Mukai et al., 2005 ). Among these catechins, EGCG is the

ost abundant ( Botten et al., 2015 ); and has expressed the highest

ntioxidant activity ( Mukai et al., 2005 ). Studies conducted in recent

ears show that EGCG has beneficial effects as a prophylactic and

 therapeutic agent in obesity, cancer, diabetes, neurodegenerative

iseases, liver diseases, and inflammation ( Miyoshi et al., 2015 ;

hishi et al., 2016 ). On average, one cup of green tea contains

pproximately 50 − 100 mg of catechins ( Jówko, 2015 ), of which

GCG accounts for 25–30 mg ( Botten et al., 2015 ). Humans do not

onsume green tea in substantial quantities; thus, the EGCG content

onsumed is inadequate, and therefore it shows a variation in results

or green tea consumers as no fixed dose is given. Variation also

rises due to inconsistencies in brewing time and the frequency of

onsumption. 

Additionally, EGCG is known to have low bioavailability ( Lee et al.,

002 ), which demonstrates variable results on the efficacy of EGCG in-

itro and in-vivo studies. 
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Administering EGCG as an extracted bioactive and enhancing its

ioavailability in-vivo could effectively treat the disorders mentioned

bove and diseases. Furthermore, a high dose of the antioxidant could

e administered without the side effects associated with caffeine present

n the beverage ( Henning et al., 2004 ). 

The structure of EGCG plays a significant role in its activity as shown

n Table 1 . 

. Structure of EGCG 

The structure of EGCG is as shown in Fig. 1 a and is different from the

ther catechins, ECG (Epicatechin gallate) and EGC (Epigallocatechin). 

The structure of EGCG represents a benzenediol ring A connected to

 tetrahydrophan moiety (B), a pyrogallol ring (C), and a galloyl group

ith D ring. It has a four-ring structure along with eight hydroxyl groups

aking it highly hydrophilic. EGCG is the most effective scavenger for

arious radical species such as superoxide anions, hydroxyl radicals, and

,2-diphenyl-1-picrylhydrazyl (DPPH) radical due to the pyrogallol ring

 and the galloyl D ring ( Botten et al., 2015 ). 

EGCG acts as a preventive antioxidant due to the pyrogallol struc-

ure that gives it a strong metal-chelating capability that causes it to

ind transition metal ions. Furthermore, the inhibitory effect on the mi-

rosomal enzyme system and lipid-lowering action of EGCG is linked to

he galloyl group ( Chen & Zhang, 2007 ). All these components of the

tructure increase the biological activity of EGCG. 
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Table 1 

Major biological activities of EGCG. 

Health benefits of EGCG Research and findings Refs. 

Antioxidant activity EGCG is a more powerful antioxidant than epicatechin (EC) and resveratrol. The anti-radical activity of EGCG is 

higher than that of resveratrol but lower than that of ascorbic acid, according to the DPPH free radical scavenging 

test. In comparison to stilbenes, flavonoids are more powerful antioxidants; the gallate group and the hydroxyl 

moiety on the B ring of flavonoids are responsible for their increased antioxidant capacity. 

Boulmokh et al. (2021) 

EGCG has a high antioxidant activity (IC50 = 36.71 - DPPH assay) and can suppress ROS activity while also 

inhibiting advanced glycation end products, thus giving it antioxidant and anti-inflammatory characteristics. 

Narmada et al. (2020) 

When compared to other catechins and caffeine, EGCG has the strongest antioxidant activity. The order of 

chelating properties and reducing power grew from caffeine < EGC < ECG < EGCG, and so did the strength of 

antioxidant activity increased from caffeine < EGC < ECG = EGCG. 

Piechocka et al. (2021) 

DPPH scavenging capacity, the chelating characteristics, reducing power, and free radical scavenging indices of 

EGCG also increase with its concentration. 

The antioxidant activity of SOD and CAT, as well as the amounts of the antioxidant elements Mg, Zn, and Se, and 

the Zn/Cu ratio, are all increased by EGCG, thus exhibiting a neuroprotective effect. EGCG also uses its chelating 

capacity to effectively chelate Fe, Cu, and Pb, reducing ROS production, lipid peroxidation, and subsequent 

oxidative brain damage caused by Fe, Cu, and Pb. 

(Lin et al., 2022) 

Antiviral activity Tea catechin administration reduces viral load, blocks entry mechanisms, and promotes apoptosis in infected cells. 

EGCG exhibits a low binding affinity when interacting with the three target proteins of HIV-1; it shows antiviral 

properties through the triple inhibitor mechanism. 

Kharisma et al. (2021) 

EGCG exhibits antiviral action and is found to inhibit SARS-CoV-2 and other coronavirus infections. The less 

physiologically active green tea catechin, EC, on the other hand, has no inhibitory effect. EGCG demonstrates the 

ability to limit virus infections in vitro by blocking the entry of SARS-CoV-2, as well as MERS- and SARS-CoV 

pseudotyped lentiviral vectors. 

Henss et al. (2021) 

Antiobesity EGCG demonstrates anti-obesity activity by upregulating Beclin1-dependent autophagy and catabolism of lipids in 

white adipose tissue through an AMPK-mediated mechanism. It decreased adipose tissue mass more significantly 

viscerally than subcutaneously. EGCG therapy increased glucose tolerance by lowering postprandial glucose levels 

via inhibiting alpha-amylase. It also demonstrated weight loss potential. 

Choi et al. (2020) 

Treatment with EGCG reduces body weight gain, serum cholesterol, mesenteric fat mass, insulin resistance, fasting 

blood glucose and fatty liver severity. These effects are attributed to increased levels of cholesterol 7 𝛼-hydroxylase 

mRNA, HMG-CoA reductase and increased receptors for low-density lipoprotein and scavenger receptor B1. EGCG 

reduces intestinal bile acid and increases bile acid, cholesterol, and total lipid excretion. 

Huang et al. (2018) 

Anticancer By modulating the TGF- 𝛽/Smad signaling pathways, EGCG significantly reduces epithelial-to-mesenchymal 

transition (EMT), invasion, and migration in vitro . EMT is linked to tumor metastasis and cancer progression; it is 

thought to be the fundamental mechanism for metastasis in numerous cancers. 

Li et al. (2019) 

EGCG demonstrates the ability to cause apoptosis and inhibit acute promyelocytic leukemia (APL) cell 

proliferation. 

Borutinskait ė

et al. (2017) 

Fig. 1. (a) Structure of EGCG; (b) Structure of methylated EGCG; (c) Structure of acylated EGCG,(d). Structure of (-)-epigallocatechin gallate 4 ′ -O- 𝛼- d -glucopyranoside 

(EGCG G1) (e) Structure of (-)-epigallocatechin gallate 4 ′ ,4 ″ -O- 𝛼- d -diglucopyranoside (EGCG G2); (f)Structure of 3 ′ -O- 𝛼- d -glucopyranoside. 
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. Pharmacokinetic parameters of EGCG 

It is imperative to know and comprehend the pharmacokinetics and

iological effects of EGCG. Employing Lipinksi’s rule of 5, the oral

ioavailability of the catechin can be predicted. EGCG has a logP value

 5 ( Liu et al., 2021 ), however, it has eight hydrogen bond donors

hat are the hydroxyl groups (more than 5) and a molecular weight of

58.372 g/mol (almost 500); hence it violates two criteria, and thus it

s anticipated to be poorly bioavailable on oral administration. 

A preclinical study on the pharmacokinetic parameters by

hen et al. (1997) shows that EGCG has low bioavailability in terms of

bsorption (low Cmax value) and is excreted mainly through bile (high

UC values in intestine). The study also demonstrates that when ad-

inistered intravenously, EGCG tends to distribute into the peripheral

ompartment (K12 larger than K21) and that EGCG can stay in the body

or an extended period of time (long t1/2 and small CL). However, there

ay be more variations in metabolism in humans than in the rat model

ue to species differences. EGCG has limited bioavailability because of

ts physical and chemical properties, which define its absorption rate,

etabolism, and elimination from the body. It is classified as a BCS class

II drug (hydrophilic with low oral bioavailability). 

. Bioavailability and metabolism of EGCG 

Green tea catechins have extremely low stability post digestion,

ith only 20% remaining intact, of which EGCG is the one of the

ost sensitive with < 10% available for absorption ( Green et al.,

007 ). Out of all the tea catechins, EGCG has the lowest bioavailabil-

ty ( Chen et al., 1997 ), limiting its therapeutic efficacy. Bioavailability

s affected by metabolism and biotransformation as well as the stabil-

ty of EGCG. Orally administered EGCG undergoes metabolic changes.

he metabolism starts in the mouth where EGCG is hydrolyzed and de-

alloylated by salivary catechin esterase ( Higdon & Frei, 2003 ). EGCG

ndergoes biotransformation in the liver; it undergoes glucuronida-

ion by UDP-glucuronosyltransferase (UGT), sulfation by sulfotrans-

erase (SULT) and methylation by catechol-O-methyltransferase (COMT)

 Lambert et al., 2007 ). The gut microbiota is also important for EGCG

etabolism; in vitro and in vivo investigations show that gut bacteria

an de-conjugate and degrade EGCG. Using a pig cecum model, re-

earchers discovered that EGCG was entirely metabolized by the gut

acteria within 4–8 h ( van ̍t Slot & Humpf, 2009 ). Additionally, ATP-

ependent multidrug resistance-associated protein (MRP) efflux pumps

ontrol the quantity of EGCG and its metabolites in the cell. MRP1 ef-

uxes EGCG from the inside of cells into the bloodstream or intestinal

pace, increasing bioavailability in vivo . MRP2 secretes EGCG absorbed

rom the intestine back into the intestinal lumen. EGCG that is not re-

eased into the intestinal lumen by the enterocyte is absorbed into the

ortal circulation thus efflux by MRP2 decreases bioavailability. Fur-

hermore, MRP2 transcript levels in the human jejunum are nearly 10-

old greater than MRP1 and as a result, MRP2 efflux of these molecules

ay play a key role in reducing EGCG bioavailability in vivo ( Hong et al.,

003 ). 

The inherent instability of EGCG also hinders its bioavailability and

verall efficacy. When in-vitro studies are extrapolated to in-vivo the poor

ioavailability of this catechin should be considered . Due to the differ-

nce in its in-vitro and in-vivo studies ( Krupkova et al., 2016 ) and its

ariable bioavailability, specific dose recommendations of EGCG is dif-

cult. Thus, it is crucial to understand factors affecting its bioavailability

o circumvent the problem and increase its efficacy. 

Factors affecting the stability of EGCG and hence influencing its

ioavailability are described below and shown in Table 2: 

.1. Temperature 

Stability of EGCG decreases with increasing temperature under

ll pH conditions, higher temperatures leads to more degradation.
3 
u et al. (2019) observed that the highest degradation rate of

.83 × 10 − 2 s − 1 was reported at 135 °C whilst the lowest degradation

ate of 1.06 × 10 − 7 s − 1 was reported at 25 °C. The highest increases

n degradation rate constants were observed between 25 and 40 °C, 80–

00 °C, and 100–121 °C, demonstrating that these temperature ranges

eem to have a strong influence on EGCG degradation. Higher tempera-

ures also lead to faster epimerization between EGCG and GCG; another

tudy found that degradation of EGCG was most significant below 44 °C

nd that above 44 °C the epimerization between GCG and EGCG was

reater than the degradation ( Wang et al., 2008 ). 

.2. pH 

EGCG is very susceptible to degradation in alkaline pH ( Zhu et al.,

997 ). EGCG has a pyrogallol ring B that presents a strong antioxidative

ctivity and in high pH conditions, forms oxidized catechins containing

n O-quinone structure. The oxidized catechins formed undergo auto-

xidation forming reactive oxygen species, which leads to polymeriza-

ion and decomposition, and low pH leads to more excellent stability

 Fangueiro et al., 2014 ; Ishii et al., 2011 ). 

Temperature has a greater effect on the stability of EGCG than pH

nd it was found that a lower pH system served to mitigate the effects of

igh temperature on EGCG. Therefore, to ensure that a higher propor-

ion of the catechin is maintained, both the pH level and the temperature

hould be reduced as much as possible during the processing of EGCG

nto appropriate oral forms ( Xu et al., 2019 ). 

.3. Oxidation 

EGCG degradation is primarily caused by oxidation of the polyphe-

olic structure ( Cano et al., 2019 ). EGCG features three hydroxyl groups

n the B ring and a gallate group esterified on the C ring, which allows it

o exhibit its antioxidant activity. However, this structure of EGCG also

akes it prone to auto-oxidation degradation - the B ring was found

o be the primary site of autoxidation ( Severino et al., 2009 ). The auto-

xidation of EGCG results in the formation of hydrogen peroxide as well

s the production of multiple EGCG auto-oxidation products, which to-

ether limit its efficacy and exhibit cytotoxic effects ( Wei et al., 2016 ). 

EGCG encounters disadvantageous metabolism in the GIT and liver,

hich hinders its bioavailability orally. It is subjected to extreme pH

rom 1.5 in the stomach to 8.5 in the intestine (where maximum absorp-

ion occurs). About 80% of the total catechins are degraded in simulated

uman digestive conditions ( Green et al., 2007 ). 

We could circumvent these bioavailability problems by administer-

ng EGCG parenterally or using different methods to enhance its stability

n the stomach, increase its absorption from the intestine and reduce its

etabolism rate. 

Several methods have been proposed to improve the bioavailability

f EGCG which are discussed below. 

. Bioavailability enhancement of EGCG 

There are various ways of enhancing the bioavailability of EGCG

hich are described below. 

.1. Administering tea with different foods 

An in-vitro study using porcine pepsin, lipase, and pancreatin carried

ut by Green et al. (2007) showed that EGCG (administered as green

ea) is more bioavailable when given with other foods. 

.1.1. Tea prepared with milk 

It significantly increased tea catechin recovery from 20% to 52%.

he interaction between protein and catechins provides a physical en-

rapment for the catechins and is speculated to stabilize the mechanism.
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Table 2 

Factors affecting bioavailability of EGCG. 

Factors 

In vitro studies/ In 

vivo studies 

Metabolism In vitro studies 

Amount of EGCG prior to simulated digestion: 22.7 ± 0.43 mg/100 mL 

Amount of EGCG post simulated digestion: 2.77 ± 0.45 mg/100 mL 

Degradation due to digestive loss: 87.9 ± 2.29% 

Green et al. (2007) 

In vivo studies 

EGCG undergoes biotransformation in vivo by UGT, SULT and COMT ( Lambert et al., 2007 ) 

EGCG PK parameters in vivo in rat model ( Zhang & Zhang, 2018 ): 

T1/2 = 2.1 ± 0.8 h 

Cmax = 564.5 ± 121.7 ng/mL 

AUC (0–24 h) = 1042.6 ± 198.3 ng ⋅h/mL 

MRT (0–24 h) = 5.7 ± 1.4 h 

CL = 11.2 ± 1.7 L/h/kg 

V = 5.1 ± 1.3 L/kg 

Temperature In vitro studies 

135 °C showed the highest degradation rate of EGCG = 8.83 × 10 − 2 s − 1 
165 °C showed the highest epimerization rate from EGCG to GCG = 1.38 × 10 − 1 s − 1 ( Xu et al., 2019 ) 

pH In vitro studies 

An increase in pH values from pH 6–7, to pH 7–8 show the highest increase in the degradation rate constants by 1.30–16.0 and 

1.48–18.9 times ( Xu et al., 2019 ). 

EGCG demonstrates great stability at pH 2.0 (retention rate = 93.63 ± 2.15%) and 4.0 (retention rate = 95.23 ± 2.53%), but is 

unstable at pH 6.0 and 8.0. 

T1/2 of EGCG in phosphate buffer solution (pH 7.4) = 30 min (Wang et al., 2021). 

Conversion pathways In vitro studies 

Following pathways contribute to conversion of EGCG ultimately leading to loss of EGCG ( Chen et al., 2021 ) 

Hydrolysis = 14.46% 

Epimerization = 9.43% 

Oxidation = 51.95% 
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er contra, this mechanism masks the antioxidant activity of the cate-

hin molecule EGCG ( Arts et al., 2002 ). Additionally, in the same study

 significant reduction in EGCG levels at higher milk concentrations is

een; this is further elucidated and supported by a clinical study by

orenz et al. (2007) , which corroborates that milk inhibits the effects

f green tea catechins presumptively by the formation non-covalent

rosslinks between EGCG and the milk proteins casein ( Jöbstl et al.,

006 ). However, Xie et al. (2013) proposed that the addition of milk

ncreases the catechin bioavailability by increased intestinal permeabil-

ty demonstrated in the Caco-2 model compared to taken without milk

 they suggest that milk proteins may play a role in improving the in-

estinal transport. They also determined that green tea brewed at higher

emperatures improved bioaccessibility. 

.1.2. Tea prepared with ascorbic acid 

It showed a significant upturn of EGCG recovery from 20% to 54%.

his outcome is in accordance with the stabilizing effects of ascorbic

cid ( Chen et al., 1998 ) in an alkaline medium (intestinal pH) where

GCG is extremely unstable ( Zhu et al., 1997 ). Ascorbic acid can hin-

er metabolic pathways of EGCG in the small intestine, such as the

ormation of the semiquinone radical, thus countering the degrada-

ion of EGCG before absorption. It could also work by acting as a re-

uctant, recycling the free radical form of EGCG, reducing the oxygen

evel, and preventing oxidation of EGCG. Peters et al. (2010) suggested

hat absorption of EGCG significantly increases when green tea is for-

ulated with ascorbic acid and sucrose and that this formulation en-

ances bioavailability by increasing bioaccessibility and intestinal up-

ake. However, sucrose might be problematic for people with diabetes.

ence sucrose needs a substitution which can be xylitol. A study by

slam (2011) in the Journal of Medicinal food proposes that xylitol is

etter than sucrose as a sweetener for people with diabetes. Another

tudy by Shim et al. (2012) suggested substituting sucrose with xylitol,

hich is metabolized slowly, resulting in low blood insulin levels. It was

ound that the intestinal uptake of catechins increased by 11 times when

reen tea was taken with xylitol and ascorbic acid compared to brewed

reen tea. 
4 
.1.3. Tea prepared with juices 

When prepared with juices such as orange, grapefruit, and lemon,

t showed the most amelioration of 56–76% ( Green et al., 2007 ). This

ay be due to phytochemicals such as flavanols and terpenes, which

ay act synergistically by working with ascorbic acid present in the

uices to scavenge catechin free radicals or by preventing the oxidative

amage on ascorbic acid. 

.1.4. Tea prepared with black pepper 

It also increased absorption of EGCG as per the study by

ambert et al. (2004) . It demonstrated that piperine, a component of

lack pepper, improved the bioavailability of EGCG by inhibiting the

ntestinal glucuronidation of EGCG, thus inhibiting its degradation and

ncreasing its absorption. In the study, when EGCG was co-administered

ith piperine, Cmax was 1.1 times higher, and AUC values were 1.7

imes higher compared to EGCG only. 

EGCG inhibits CYP450 enzymes and OATPs ( Misaka et al., 2013 ;

ang et al., 2016 ). Therefore, it is important to be careful when admin-

stering drugs and to prevent interactions. 

.2. Administering EGCG as a double emulsion 

Hu et al. (2015) developed a self- double-emulsifying drug delivery

ystem (SDEDDS) in solid form to enhance the oral absorption of EGCG.

The in vitro and in vivo experiments demonstrated increased uptake of

GCG in the form of solid SDEDDS compared to pure EGCG. The dou-

le emulsion comprises EGCG, oil phase (medium-chain triglyceride,

lycerin monostearate, polyglycerol polyricinoleate), glycerol, water

nd surfactant (Tween 80). It formed a w/o/w double emulsion to de-

elop a solid SDEDDS formulation. The apparent permeability coeffi-

ient (Papp) of EGCG in EGCG solution was 0.28 × 106 cm/s, which

ncreased to 0.55 × 10 6 cm/s for solid EGCG-SDEDDS in a similar

oncentration when incubated with Caco-2 monolayers for up to 2 h.

he AUC of EGCG significantly improved after oral administration of

olid EGCG-SDEDDS. A 1.93 fold increase in AUC from 84.61 𝜇g.h/mL

EGCG) to 163.29 𝜇g.h/mL (EGCG-SDEDDS) and a 1.44 fold increase
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as seen in Cmax value from 12.92 𝜇g/mL (EGCG) to 17.69 𝜇g/mL

EGCG-SDEDDS). This showed that solid EGCG-SDEDDS could enhance

he oral bioavailability and Cmax of EGCG. 

.3. Administering EGCG as nanoparticles 

Nanosystems present a high loading capacity for drugs, and they also

ropose the opportunity of attaching molecules to their surface for tar-

eting, thus exhibiting an optimal alternative for administering drugs

 Cano et al., 2019 ). 

.3.1. Dual drug EGCG/AA loaded PEGylated PLGA nanoparticles 

Ascorbic acid (AA) acts as a reducing agent. It avoids almost 80%

f EGCG degradation by providing it protection and preventing it from

uto-oxidation ( Fangueiro et al., 2014 ). Furthermore, ascorbic acid also

dds anti-inflammatory properties to the formulation ( Sorice et al.,

014 ). Cano et al. (2019) demonstrated in their study that when EGCG

as formulated as EGCG/AA in polyethylene glycolated poly(lactic-co-

lycolic acid) (PEGylated PLGA) nanoparticles, stability of EGCG in-

reased. Since AA is a potent antioxidant, it helps reverse the effect of

xidation and prevents the catechin’s degradation. PEGylation of the

anoparticle is employed to enhance the in-vivo half-life as PEG reduces

ggregation, improves aqueous solubility, and reduces opsonization,

hus improving the nanosystem’s stability by reducing immunogenicity.

t also improves penetration across the intestinal barrier because PEGy-

ation increases the permeability coefficient of solid lipid nanoparticles

nd bioavailability ( Yuan et al., 2013 ). PLGA is used considering its bio-

ompatibility, biodegradability, non-toxicity, and fewer peripheral side

ffects. This nanosystem was able to increase drug permeance into the

loodstream. 

A big asset of the polymeric controlled drug delivery system was the

ustained release of the encapsulated drug. After 10 h, 23% EGCG was

eleased, and after 24 h, 50% drug was released. In this study, EGCG

howed an adequate and sustained release profile from the polymeric

anosystem and demonstrated enhanced stability. 

.3.2. EGCG loaded chitosan nanoparticles (Chit-nanoEGCG) 

Chitosan (CS) is a natural biopolymer with mucoadhesive proper-

ies, thus forming nanoparticles using CS provides an increased reten-

ion time in the GIT and an improved penetration into the mucus layer

 Takeuchi et al., 2001 ). A study by Khan et al. (2013) , Chit-nanoEGCG

anoparticles with a diameter of < 200 nm were synthesized. The release

rofile showed: 

10% EGCG was released at the pH representing the stomach (pH 1.5),

nd 50% was released at the pH representing the intestine (pH 6.8) from

he nanoparticles. The release rate was faster at pH 6.8, and then there

as a steady release of EGCG. 

Thus encapsulation of EGCG in CS escapes degradation in the stom-

ch, and this may contribute to enhanced bioavailability. 

.3.3. EGCG loaded nanoparticles prepared from chitosan and 

olyaspartic acid 

The study by Hong et al. (2014) examined the efficacy of EGCG when

t was encapsulated into self-assembled nanoparticles of chitosan (CS)

nd aspartic acid (PAA). 

Since the pH in the gastric and intestinal fluid varies, the release of

GCG from EGCG-CS-PAA nanoparticles at various pH was studied, and

he following results were found: 

25% EGCG was released at the pH representing the stomach (pH 2.5

nd 4.0), whereas 41% EGCG was released at the pH representing the

uodenum (pH 6.6) from the nanoparticles. 

At the pH representing the jejunum (pH 7.0), the proximal ileum,

nd the pH representing the distal ileum and the intercellular body fluid

pH 7.4), the percentage EGCG released increased rapidly, which indi-

ated that the nanoparticles become unstable and rapidly disintegrate

o release the EGCG. 
5 
Furthermore, in simulated gastric fluid (pH 2.1), the loss of EGCG

rom the nanoparticles was 10–15% less than that of the free EGCG. 

This study showed that EGCG-CS-PAA nanoparticles were stable in

he stomach; at the same time, quick release in the intestine could im-

rove the uptake of EGCG in the intestine and hence the bioavailability.

.3.4. EGCG loaded chitosan–casein phosphopeptides nanoparticles 

In the study conducted by Hu et al. (2012) , EGCG was encapsulated

ithin homogeneously dispersed CS–CPP nanoparticles with a particle

ize of 150 ± 4.3 nm. The intestinal permeability of EGCG was improved

ignificantly.This can be explained by increased cellular uptake of these

anoparticles by Caco-2 cells. The study affirmed cellular internalization

f EGCG-loaded CS–CPP nanoparticles and that the nanoparticles did

ot show any cellular toxicity to Caco-2 cell (based on MTT assay). The

ntestinal permeability and absorption of EGCG were enhanced, thus

mproving bioavailability. 

.3.5. EGCG nanoliposomes 

As demonstrated in the experiment conducted by

ou et al. (2014) EGCG nanoliposomes (EN) showed high stabil-

ty during simulated in vitro digestion studies. It did not show drastic

hange after incubation in simulated gastric fluid for 3 h; however, after

ncubating in simulated intestinal fluid for 1.5 h, it showed significant

hange compared to the EGCG solution. EGCG content dropped in the

ntestinal fluid from 97.9% to 3.4% for EGCG solution, but for EN,

t dropped to 47.7% only - this demonstrates that the nanoliposomes

how more stability during digestion. EN was prepared using the

ynamic high-pressure micro fluidization method by formulating an

GCG liposome by an ethanol injection and then applying it to a

icrofluidizer. 

.4. Modifying the EGCG molecule 

Chemical modifications can help improve the physical and chemical

roperties of EGCG by reducing its biotransformation and thus may help

mprove its bioavailability and retain its therapeutic efficacy simultane-

usly. 

.4.1. Methylation 

Methylation of EGCG was achieved by converting the hydroxyl group

n the benzene rings to a methyl ether. This can also be referred to as

therification. A study carried out by Oritani et al. (2013) , illustrated

hat EGCG3 ”Me (methylation of the hydroxyl group at 3 ″ position on

he D ring) showed enhanced bioavailability and modified distribution.

GCG4 ”Me did not show much effect. Thus, EGCG3 ”Me ( Fig. 1 b) was

he derivative of choice. 

EGCG3 ”Me can not only be synthetically made but there is a natural

ource for this compound, and it is ‘Benifuuki’ tea from Camellia Sinensis

. It is rich in EGCG3 ″ Me and can be used to extract EGCG3 ″ Me ( Maeda-

amamoto et al., 2007 ). 

EGCG3 ”Me showed higher absorption into circulating blood than

GCG upon oral administration. Its absorption ratio in the body was

.4 times higher than EGCG ( Maeda-Yamamoto et al., 2007 ). 

The AUC values after oral and intravenous administration of

GCG3 ”Me were about 3 times higher than that of EGCG. 

V d of EGCG3 ”Me was about one third that of EGCG implicating that

irculating blood had more EGCG3 ”Me retained than EGCG. 

.4.2. Acylation 

Acylation of EGCG can be achieved by forming ester bonds between

he acyl group and the hydroxyl groups on the benzene rings. This can

lso be referred to as esterification. 

EGCG is highly unstable in neutral or alkaline conditions; this in-

tability leads to low bioavailability. To overcome this, peracetate pro-

ection groups on the reactive hydroxyls were introduced and peracy-

ated EGCG was formed by treating the EGCG with acetic anhydride
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nd pyridine ( Lam et al., 2004 ). The study by Lambert et al. (2006) ex-

lained that peracylated EGCG (AcEGCG) acts as a prodrug and gets

apidly converted to EGCG by HCT116 cells. Administration of AcEGCG

 Fig. 1 c) produced a 2.8–30 fold greater intracellular concentration of

GCG as compared to plain EGCG due to increased uptake and intracel-

ular conversion to EGCG in the presence of the enzyme esterase. Ester-

fication blocks the polar side chains and makes the hydroxyl groups on

he benzene rings unavailable for phase II biotransformation or oxida-

ive degradation. It also showed better adequacy in proteasome inhibi-

ion and cell death induction, thus improving activity in vivo ( Lam et al.,

004 ). 

There was an overall increase in the AUC in the plasma, small intes-

ine and colon was seen for example, the plasma area under the curve

or total EGCG was 465.0 g/ml for AcEGCG and 194.6 g/ml for EGCG

 Lambert et al., 2006 ). 

AcEGCG was six times more stable than EGCG at neutral pH (by

PLC analysis) [39]. 

Albeit acetylation increases absorption, it is not counted upon to alter

iotransformation and eliminate the deacetylated product (EGCG). 

.4.3. Glucosylation 

Karakaya (2004) , in a review, has suggested that sugar molecules

ay improve the absorption of phenolic compounds. The cytosolic glu-

osidase/lactase phlorizin hydrolase can absorb phenolics like EGCG

ith a sugar molecule, such as glucose, or xylose, through the small in-

estine. The chemical, physical, and biological properties are influenced

y glycosylation ( Scalbert & Williamson, 2000 ). 

Kitao et al. (1995) synthesized two glucosylated analogs of EGCG

sing sucrose phosphorylase from Leuconostoc mesenteroides : (-)-

pigallocatechin gallate 4 ′ -O- 𝛼- d -glucopyranoside (EGCG G1) and (-

-epigallocatechin gallate 4 ′ ,4 ″ -O- 𝛼- d -diglucopyranoside (EGCG G2),

tructures shown in Fig. 1 d and e. 

Their stabilities were compared in pH 7.4 solution. The results

emonstrated that 0.07% of EGCG, 98.42% EGCG G1 and 99.75%

f EGCG G2 remained after 3 h. A recent study by Gonzalez-

lfonso et al. (2019) suggested that another glucoside analog 3 ′ -O- 𝛼-

 -glucopyranoside ( Fig. 1 f) also has more pH stability at pH 6.7. EGCG

as degraded 4 times faster than its monoglucoside analog. Thus, the

GCG glucosides are considered more stable forms of EGCG ( Lu et al.,

003 ). 

. Conclusion 

EGCG, a component of green tea has been used in the food industry as

n antibacterial for food packaging. However it also has many beneficial

ses in various diseases; but due to its low bioavailability and inadequate

tability in the GIT, its use as a nutraceutical has diminished. 

The bioavailability can be enhanced by different methods such

s co-administering it with different foods - such as milk, vitamin

, juices or black pepper - among which vitamin C with xylitol

howed the most favorable results. Developing an effective method

f delivery like double emulsion, or nanoparticle formulations like

GCG/AA loaded PEGylated PLGA nanoparticles, EGCG loaded chi-

osan nanoparticles, EGCG loaded nanoparticles prepared from chitosan

nd polyaspartic acid, EGCG loaded chitosan–caseinophosphopeptides

anoparticles and EGCG nanoliposomes can enhance the bioavailabil-

ty. These formulations can be designed into a nutraceutical prepara-

ion. Structurally modified EGCG can be used as an additive in some

oods to derive the therapeutic benefits of EGCG due to improved

ioavailability. 
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