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INTRODUCTION

In the current situation of pandemic (Covid-19), the
importance of nature is now realized from cradle to grave.
While spending time with the nature, we realized its benefits
as well as trying to establish a link between such nature encou-
nters and our mental, physical and economic well-being. Our
appreciation of nature at this time of crisis is not without irony,
we have to protect it for our future generations. For nature
preservation, green chemistry is not only the choice but it’s
now become the necessity [1]. Green chemistry acts as the
supporting mode of science for a future, where the field of
chemistry and its chemicals makes our society and its surroun-
dings healthful, renewable and degradable in contrast to toxic,
nonrenewable and persistent chemicals [2-5]. The branch of
sustainable chemistry are giving/provide us many options/
opportunity to replace the conventional chemical reactions with
the ingredients of nature’s recipe book. This concept is not
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The growth of the “green chemistry” has brought to the society a new prospects and broader picture of what mankind can achieve through |
sustainable manipulation at the chemical scale. Why nature is so important to human being and we must protect our environment. Nature |
preservation could be achieved by opting the fundamental concepts underlying the principles of green and sustainable chemistry. The use |
as well as generation of unwanted or harmful byproducts must be avoided by adopting simple, safer and authentic synthesis methodologies.
To attain this goal, utilization of natural ecofriendly systems is highly crucial and desired. Among the available physical, chemical and |
other biogenic green procedures of fabrication for various metal-based nanoparticles, green tea extract application is relatively simple, |
quick in approach and safer way to generate these nanoparticles. In present review, the different reported metal nanoparticles synthetic |
methods using green tea is collectively emphasized. The literature precedents using mentioned reports has already been proved themselves |
cost effective, efficient and eco-friendly alternative for generating metal nanoparticles. Present work also provides the reported applications
of generated nanoparticles, which are prepared by this benign procedure. I
|
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only benign for environment but will also provide pleasingly
yield/benefits to the industries [6].

The use of plant or the plant products is not at all, new in
nanochemistry [7]. The utilization of plants or plants extracts
in nanotechnology have gained a bulk of attention as a unpre-
tentious, competent, economic and viable protocol and proved
itself preferred choice for nanoparticle synthesis [8]. In contrast
to the conventional methods, which entail energy inflation,
utilization of noxious chemicals and as well as, high T/P (temp-
erature, pressure) dependency often increases the cost, more-
over ecologically expensive [9]. Henceforth, researchers are
showing keen interest to utilize all plant fragments including
leaves, fruits, roots, seeds and stems, bearing various bio-
chemicals such as antioxidants or sugars in synthesizing nano-
particles [10,11]. The popularity of metal based nanoparticles
is being very popular in many areas of the economic sectors.
Asit’s known that metal at nanoscale dimensions shows different
and unique properties as compared to their bulk material, as
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new surface has now exposed. The efficient metal nanoparticles
are useful for electronics, photonics and even for medicinal
purpose [12]. Therefore, there is also keen interest among the
scientists for their synthesis using environmental safety
measures. Basically, this approach follows main philosophy
of “green synthesis” enlightened by numerous factors like
minimization/control of waste [13], prevention of pollutant
derivatives and practice of non-toxic auxiliaries [14] as well
as reusable feedstock and remediation process, which further
primarily help to boost the eco-friendliness [15-18].

‘Green syntheses’ of metallic nanoparticles have been
implemented by choosing innumerable biological resources
(such as fungi, bacteria, yeast, algae) and plant extracts (e.g.,
tulsi leaves, bark of cinchona, black tea, oolong tea leaves
etc.). Among numerous literature precedents, the synthesis of
metal based nanoparticles using “Green Tea” is simple and
straight procedure, which afford/yield nanoparticles from lab
scale to industrial scale in comparison to aforementioned
method of synthesis.

Following the green synthetic approaches undoubtedly is
essential for our future existence on this planet. Specifying
precisely in this review, we discuss the recent literature men-
tioned for the various metal nanoparticles synthesis using green
tea. This review comprehensively summarized the comparison
between different approaches such as conventional chemical
synthesis, biogenies and the green tea route of synthesis. Apart
of this, various reaction conditions for the preparation of these
nanoparticles are also conversed. Different applications of prep-
ared nanoparticles were also mentioned. The overview of this
research theme will facilitate and stimulate researchers to fulfil
their purposes from a single platform.

Why green tea?

Different approaches and ‘“The green tea method”: The
conventional approaches of nanosynthesis are majorly
including chemical and physical methods. These approaches
are based on high energy consumption (high T/P conditions),
utilization of non-greener compounds/solvents, generation of
harmful byproducts is also a major concern, not only this, high
economics with low yield also cannot be avoid. Apart the
conventional methods for stable synthesis of the metal nano-
particles faces hurdles for nanoparticles aggregation and harsh
reaction conditions [19-21]. The final product demands further
purification steps as the leftover chemicals, byproducts or the
reducing agents get adsorbed over the nanoparticles surface,
further, adverse effects if these nanoparticles find application
in treatment or medical applications. Prevention of agglome-
ration nanoparticles requires expensive chemical stabilizers.
The other method, known as biogenic method involves bacteria,
fungi, yeast and actinomycetes for the nanosynthesis [20-24].
Though this method is environmentally sound but it involves
many factors to control including temperature, pH of the
solution, strain of different microorganism, decontamination
with other strain, media development, size control and above
all special treatment to follow the procedure [8]. Hence, the
finding cost-effective, safer, easily available and easy method
for nanoparticle production is urgently needed [25]. The use

of green tea as plant and plant product has emerged as new
synthetic methods to synthesize these stable nanoparticles with-
out toxicity concerns [17,19,26-33] and involve numerous
benefits (Fig. 1).
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Fig. 1. Benefits with green tea nano-synthesis

Synthetic procedure and green tea extract

e The green tea extract performs as capping and reducing
agent, that too in a single-step or one-pot synthesis. Therefore,
abolishing multiple steps makes this process sustainable and
economical by decreasing the use chemicals reagents and capital
cost of the whole process.

e Bestowing to Sheldon, “the best solvent is no solvent
and if a solvent is desirable then water is ideal”. Using green
extract in aqueous medium also replace the hazardous chemicals
and organic solvent.

e In addition to this, it is a renewable resource derived
from the natural sources.

e The usage of these extracts also eradicates the difficult
microbial process of keeping cell cultures, which will lead
lesser biohazard.

In this review, we will critically be analyzing the research
activities on the sustainable and green production of metals
(silver, gold, zinc and their oxides) as nanoparticles by adopting
green tea. In addition, different reaction conditions and different
applications were also discussed for the different metal ions
prepared using green tea as well as various factor affecting
the synthesis [7]. One of the major focus of the compiled efforts
is to deliver comprehensive studies for the sustainable alter-
native.

Green tea’s chemistry: Green tea is very famous drink
after black tea and coffee. It has been consumed worldwide
and growing in 30 countries. The history of green tea beverages
has said to be discovered some 5000 years ago and initially it



Vol. 34, No. 10 (2022)

Brewing Nanochemistry with Green Tea: A Review with Sustainable Approaches 2513

is used as a medicinal tonic. Later, green tea is formulated by
taking extra cautions to prevent the oxidation of polyphenols
present in green leaves. While the oxidation is promoted during
black tea manufacturing, resultant many of these polyphenols
are oxidized. Whereas, it has been kept partially oxidized product
in oolong tea production [34].

Till yet, consumption of green tea provides various benefits
to the drinker such as it improves the brain function, increases
metabolism, decreases the risk of cancers, imparts anti-aging
properties, reduces foul breath, forbid type-2 diabetes and other
cardiovascular diseases [35]. Itis well accepted by many findings
of research that green tea have antitumor, bactericidal, anti-
hyperglycemic, anti-inflammatory and body fat dissolving
properties [36,37]. Without sugar, green tea is totally containing
zero calories. However, it has found that the caffeine concen-
tration in a cup of tea depends on the length of soaking or
dipping time and on the amount of green tea present in one
cup. In an average 20-45 mg of caffeine, there is 8 ounce in
one cup.Thus, green tea is one of the safer and healthier drink
today as it contains the greatest amounts of natural chemicals
e.g. polyphenols [38] (Fig. 2) therefore, because of these
benefits, dietitians and doctors suggests people to take green
tea in diet regularly, as it represents an healthier way toward
promoting human health [36].
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Fig. 2. Benefits of green tea to the chemist and to the drinker

Studies showed that dry green tea contains as much as 15
to 20% catechins, 2 to 3% caffeine and about 1 to 6% amino
acids, vitamins, y-amino butyric acid (GABA), chlorophyll,
saponins and minerals. A group of polyphenols e.g. catechins
are main astringency component in green tea. Its commonly
named as tannins. Broadly of catechins are classified as: epica-
techin, epigallo-catechin, epicatechin gallate, epigallocatechin
gallate found in green tea leaves (Fig. 3) [39-43]. Presence of
theobromine, methylxanthines and theophylline and amino
acid theanine (5-nethylglutamine) in small amount imparts
stringent properties to this tea. Apart of it, flavanols (quercetin,
kaempferol and myricetin glycosides) and < 10% of total flavo-
noids are also present. The composition present in green tea is
remained intact in fresh leaf, whereas after plucking limited
enzymatically catalyzed variation has observed. During the
enzymatic oxidations, various quinones are produced which

further under-go condensation reactions to produce various
chemical compounds such as bisflavanols, epitheaflavic acids,
theaflavins and thearubigens. These are also responsible for
imparting the distinctive colour and taste to it [34,44].

By using atomistic simulations, Botten et al. [45] have
found the structural properties of (—)-epigallocatechin-3-gallate
(most abundant), (—)-epicatechin-3-gallate, (—)-epigallocatechin-
3-0-(3-O-methyl)-gallate and (—)-epigallocatechin in water
and gas phase. In this work, the free energy conformational
landscapes of these catechins as a function of the torsional
degrees of freedom of polyphenolic rings at the ambient condi-
tions were derived. The stable conformers and their conne-
ctions were also determined. The free energy conformers are
depend on the interactions of solvent and over the polyphenolic
ring’s structures. Furthermore, the position and number of
hydroxyl groups and their absence or presence of the galloyl
moiety have important role over the solvation shells of above
mentioned catechins and its hydrogen bond capabilities. These
all connected with interaction capacity and also affects its
biological environment.

Recently, scientists discovered the role of polyphenols
(catechins) found in green tea in the chemical reactions [46].
Scientist showed that a plethora of nanocompounds can be
prepared by using this source from the multifunctional green
chemical agents in nanochemistry, where polyphenols have
been shown to limit the growth of nanoparticles. Thus, it can
be used to achieve the stabilization as well as reduction of the
metallic nanoparticles in “one-pot” synthesis procedure. The
plant extracts work magical for the nanoparticles’s synthesis.
The reason behind this confirm that ingredients in extract act
as stabilizing and reducing agents. In extract, epigallocatechin
gallate (EGCQG) is the major component, which reacts with
the free radicals of hydrogen peroxide (H,O,), superoxide anion
(O,7), hydroxyl (HO®), peroxyl, singlet oxygen and peroxy-
nitrite [47]. Nune et al. [48] reported that one-electron reduction
potential of EGCG is 550 mV, which is lower than that of
glutathione (920 mV) and close to the o-tocopherol (480 mV)
under standard conditions. These properties make this ‘chemical
cocktails’ with full of health benefits.

Fig. 3 shows the structure of some important catechins
present in the extract and the chemical reduction power of
these army of chemicals is responsible for its activity.

Biosynthesis: Biosynthesis techniques employing green
tea have gathered enormous recognition due to simple in proce-
dure, effective in results, economical route and easily available
method. It also considered to be admirable substitute to the
conventional production methods for the nanoparticle synthesis.

Mechanism processes: The synthesis of nanoparticles
using green tea extract comprises three main stages (Fig. 4)
viz. (1) activation phase: The reduction of metal ions has been
occurred in this stage, after reduction, the reduced metal species
undergoes nucleation. (ii) Growth phase: In this phase, small
nucleated nanoparticles coalesce together into larger size
particles. Metal ion reduction in activation phase and growth
phase together referred to as bottom-up approach, this phase
is also responsible to increase the thermodynamic stability of
synthesized nanoparticles; and (iii) termination phase: Nano-
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Fig. 4. Steps involved in mechanism for nanoparticles synthesis

particles in this phase acquire the most energetically favourable
conformation as per the conditions in mother solutions. Hence,
plant extract are having ability to synthesize and stabilize metal
nanoparticles.

The key reaction between metal ions with reducing meta-
bolites and stabilizing agents present in green ta extract leads
to the formation of reduced metal ion-reducing agent complex.
These complexes interrelate further with the similar complexes
and building small metal nanoparticle. Development and agglo-
meration of these small particles into bigger particles till it
achieves stable size and shape.

Literature suggests that the large number of factors are
also accountable for the nanosynthesis. First of all, the reduction
process is been contingent on the concentration of green tea
extract, which further activates biomolecules, pH, incubation
time. Other important factors includes time of reaction, concen-
tration of metal salts, temperature and metal electrochemical
potential are also plays a significant role in the whole nano-
synthesis process [49].

Gottimukkala ef al. [50] used the green tea for the iron-
oxide nanoparticles production with different morphology.
Researchers reported around 4000 species are existing in the
green tea extract. One-third of the total species includes poly-
phenols (mainly flavonoids and catechins). The epigallo-
catechin gallate (EGCG) catechin is the main active component
having reduction potential of 0.57 V can change the ferrous to
zero-valent iron as the reduction potential of the iron is -0.036
V. The plausible mechanism reported as per the authors are
supposed to be taken in two main steps: step 1 involves the
metal salt interaction and the formation of metal complex with
present polyphenols in green tea extract. The complex formation
often involves breaking of —OH bond present on catechins
and side-by-side forming a partial bond with a metal ion, and
step 2 involves the breakage of the above mentioned partial
bond and transfer of electrons to reduce the metal ions to form
nanoparticles and thus get oxidize to ortho-quinone.

Prospective applications: In the field of medical sciences,
the simple size nanoparticles acted as probes to investigate in
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different places at cellular level without creating any distur-
bance. These nanoparticles have also been investigated for anti-
microbial applications, biosensing, imaging and drug delivery
[51]. Green tea having capacity to control the size-distribution
during synthesis. Nune ez al. [48] reported the synthesis of gold
nanoparticles by using the combination of various bioactives
such as thearubugins, theaflavins, catechins, efc. Numerous poly-
phenols present in green tea act as outstanding stabilizers on
nanoparticles. Hence, green tea based reaction medium provide
robust shielding from agglomeration. Further, cellular uptake
and cytotoxic studies of T-AuNPs were also examined and
reported in Human Prostate (PC-3) and breast cancer cells
(MCEF-7). Catechins coated T-AuNPs showed excellent affinity
towards the receptors on prostate and breast tumor cells. The
new avenues are opened by working on the collaborative advan-
tages of utilizing green tea for playing duple roles involving
gold nanoparticles production and stabilization in one-pot
method.

Iron nanoparticles synthesized from green tea extract was
utilized for the oxidation of monochlorobenzene and the removal
of chemical oxygen demand (COD) [52]. The results were 81%
and 31%, respectively. The prepared GT-Fe nanoparticles
behave as a heterogeneous catalyst, which indicated that Fe**
and Fe** leached from the green tea-Fe nanoparticles and conse-
quently reduced the formation of iron sludge.

The formation of silver nanoparticles was achieved by
using economical and sustainable biogenic approach by opting
one-pot synthesis within a time period of 1 min by utilizing
commercial green tea extract (C. sinensis) [46]. The surface
modification of nanoparticles was carried by coating with
polyethylene glycol (PEG), which improve the high dispersal
and biocompatibility. Moreover, the cytotoxicity examination
disclosed that the synthesized AgNPs from green tea extract
did not showed noteworthy noxiousness to human keratinocyte
(HaCaT) cells. Moreover, the amount of silver nanoparticles
utilized to examine the antibacterial effect was not noxious to
HaCaT mammalian corpuscle. Consequently, green tea fabri-
cated AgNPs emerge as a potential candidate in the field of
biomedical to combat with the infective microorganisms with
lower toxicity to human cells.

Rajput et al. [53] observed that the desired crystallite
AgNPs can be easily synthesized by differing the concentration

O
3
-

Bioreduction

Factors affecting

e _

Extract constituents

of Ag* concentration, which is one of the essential parameters
to influence/tune optoelectronic property and other applica-
tions of the nanomaterial.

Table-1 summarizes the fabrication and applications of
different metal nanoparticles synthesized from green tea leaves.

Characterization: There are many techniques nowadays
available which confirms the procedure and purity of these
nanoparticles. The prepared nanoparticles can be characterized
by UV-visible, SEM, TEM, XRD, Raman and FTIR spectro-
scopy [81-83]. The results from these techniques confirm the
surface, nature, morphology (particles are irregular or regular,
spherical, hexagonal, triangular and elongated shapes) and also
help to understand the mechanisms of action and interactions
of different polyphenols as reducing and capping agents at the
molecular level.

Factors affecting the biosynthesis of metallic nano-
particles: Nevertheless, literature precedent provides several
assumptions and factor which potentially help us to understand
the complexity exhibit/persist in the synthesis of green nano-
particles (Fig. 5), the below mentioned points are worth to be
consider during the biogenic synthesis [84,85]:

(i) Chemical configuration of plant extract: Antioxidants
or polyphenols present in the plant extract act as the stabilizer,
capping agent and prevent agglomeration [59]. Additionally,
the polyphenol contents of tea leaves also provide stability to
the metal nanoparticles during their biosynthesis in the aqueous
medium [86]. Various reaction mechanism proposed by several
researchers revealed that the nanocomposites can be easily
attained by reduction of metal salts using tea leaf that consists
highly polar and water-soluble EGCG, which function both
as reducing and capping agent [86]. Furthermore, various
evidence proposes that many biological species could accom-
plish both the role for the formation and prevent agglomeration
of the naoparticles in water as solvent [53].

(ii) Plant extract concentration: Giri ef al. [87] studied
the effect of concentration of plant extract over the synthesis
of nanoparticles, which represent an enhanced SPR signal
during the synthesis of AgNPs over increasing the tea leave
extract up to 4 mL volume due to production of more AgNPs
which became saturated subsequently demonstraing ample
transformation of Ag* into Ag’. Additionally, a red shift in the
wavelength for maximum absorbance (Am.) Was also reported

Light
Time

Temperature
Conc. of metal ion

Fig. 5. Factors affecting the biosynthesis of metallic nanoparticles



2516 Gupta et al.

Asian J. Chem.

TABLE-1

FABRICATION AND APPLICATIONS OF DIFFERENT METAL NANOPARTICLES SYNTHESIZED FROM GREEN TEA LEAVES

Conditions

Morphology and size

Applications

Ref.

Iron nanoparticles

Tea leaves (60 g) were heated (80 °C), 1 h/l L of
water, followed by vacuum-filtered. Then, 0.1 M
FeSO,: tea extract were mixed in 1:2 ratio mixed for
1 h. Black nanoparticles obtained and separated.

5 mL of plant extract and 5 mL of 0.001 M ferric
chloride solution were stirred at 50-600 °C to
furnish the synthesis of nanoparticles.

Green tea extract: 20 g of green tea in 1 L of water
heated at 80 °C, filtered. 0.1 M FeCl, solution:
16.2 g of FeCl, in 1 L water. Green tea extract +
0.1 M solution of Fe,O, mixed in 2:1 ratio, stirring,
green tea-nZ VI obtained.

3.7 g ferric chloride + 9.54 g ferrous sulphate
mixed in 500 mL distilled water. Both solutions
were added and stirred, 80 °C, 10 min, 25 mL
freshly prepared green tea extract, stirring, 20 mL
ammonia added after a period of time.

20 g green tea leaves, boiled in 1 L of water, 80
°C, 5 min, green tea extract + ferric ion solution,
mixed in 1:2 ratio to obtain the targeted
nanoparticles.

0.01 M Ferric Chloride+ green tea leaves extract in
equal proportion, colour change. Obtained NPs
centrifuged, washed 2-3 times to eradicate the
impurities and obtain pure NPs.

(1:1-1:4) green tea extract + iron salt precursor.
Colour change from faint yellow to reddish brown
further to finally black.

Green tea extract: 15 g of green tea in 250 mL of
deionized water, 80 °C, 1 h. filteration, stored in
freezer. Iron nanoparticles: green tea extract + 0.10
M FeSO, solution (2:1) at room temperature,
agitated for 30 min. Black colour NPs of Fe’" ions,
filtered and washed with ethanol.

Spherical, 20-40 nm
80-120 nm NPs
obtained.

Nanospheres,
50-100 nm

Spherical, 5 to 15 nm

Quasi-spherical
shaped, 20 to 80 nm

Fenton-like oxidation of monochlorobenzene

Degradation of bromothymol blue

The synthesized nanoparticles were utilized for
photocatalytic degradation of Methyl orange dye.
Numerous optimizations had been carried out by
varying the conditions such as in absence of light,
employing diverse type of light source: For example:
UV light, artificial light and sunlight.

The nanoparticles were opted for removal of Cr(VI)
from polluted groundwater flowing through the porous
soil bed. Additionally, the authors have also carried out
column tests to analyze flow rates.

The author carried out batch experiment to display that
59.7% of nitrate can be eliminated by green tea-Fe NPs.

[52]

[54]

[55]

[56]

[57]

[50]

(58]

[59]

Zinc oxide nanoparticles

Green tea extract: 5 g of powdered fresh green tea
leaves, heating at 70 °C, 1 h in 100 mL of water,
filtered, 0.3 M Zn(CH.COO), solution in 60 mL of
distilled water, stirred for few minutes.

Add 40 mL of this green tea extract to zinc
solution, mixing and stirring. Dried at 80 °C
overnight, pale-white ZnO NPs, calcinated at 100
°C, 2 h. NPs was confirmed by colour changes,
SEM, UV-Vis and FT-IR.

Green tea extract: 10 g dried leaves + 100 mL of
waster, 80 °C, 2 h. ZnO NPs: 02 M
Zn(CH.COO).-(H.0), (230 mL) + green tea leaves
extract (100 mL), room temperature. ZnO NPs
were dried out at 40 °C, 24 h and calcinated 100
°C, 1 h, Yield reported: 9.1 g of ZnO NPs.
Zn(CH.COO0),-(H.0),(0.2 M) stirred in distilled
water (70 mL). Green tea extract: leaf powder (5
) in distilled water (100 mL), mixing, 2 h, 80 °C,
cool and filter. Extract (30 mL) + Zn(CH.COO),
solution, desiccated at 60 °C, pale-white ZnO NPs,
calcinated at 100 °C for 1 h.

Zinc nitrate solution (50 mL) + 5 mL of green tea
leaf extract, agitated at 120 °C. ZnO NPs from the
colour change (i.e. light brown to blackish brown),
NPs separated by centrifugation and dried to yield
yellow-coloured particles.

Nanosheets, larger
quantities of
phytochemicals lead
to nanoflowers

Prepared ZnO material is the best suitable material for
supercapacitor applications.

ZnO NPs for antimicrobial activity evaluated for
selected pathogenic strains (Staphylococcus aureus,
Aspergillus niger, Escherichia coli) using agar well
diffusion method

Synthesized ZnO NPs displayed improved and
comparable antimicrobial activities with respect to the
activities of synthetic drugs: Regarding the antibacterial
assay, the following pathogenic bacterial species were
employed.  Gram-negative  bacteria:  Klebsiella
pneumoniae, Pseudomonas aeruginosa, Escherichia
coli and Gram-positive bacteria: Staphylococcus aureus.
In the antifungal assay, pathogenic fungi Aspergillus
fumigatus, Aspergillus flavus, Penicillium sp. and
Aspergillus niger were included.

The green colour of the dye was removed up to 70%
with the use of reducing agent sodium borohydrate.
Removal of melachite green dye was performed.

[60]

[61]

[62]

[63]




Vol. 34, No. 10 (2022)

Brewing Nanochemistry with Green Tea: A Review with Sustainable Approaches 2517

Zinc oxide NPs: Zn(NOs), and extract of green tea Spherical, The current-voltage (I-V) characteristics of thin film of [64]
mixed (1:3) exposed to microwave rays (540 W) 20 and 50 nm ZnO/NG nanocomposite were investigated. JSC (short-
for 7 min, brownish black NPs obtained. Filtration, circuit photocurrent), VOC (open-circuit photovoltage),
dried at hot air oven, 4-5 h. FF (fill factor) and m (efficiency of the solar cell) were
recorded for ZnO/NG nanocomposite. Captivatingly, the
cell exhibit a virtuous power conversion efficiency of
3.54% with high stability.
Silver nanoparticles
Ag NPs synthesized by opting green tea grown at T1-AgNPs and T3- Synthesized AgNPs from tea leaves were more utilized [65]
distinct elevations such as 86 m, 1700 m and 2000 AgNPs: Variable to detect presence of Hg**. Ag NPs fabricated from the
m above sea level in eastern Nepal. The NPs shapes, with size tea leaves from 1700 m elevation showed better Hg*"
synthesized by green tea leaves grown at height of ranging from 10 to 60 ion sensing having a detection limit of 9.79 ?M.
1700 m were found to be homogeneously nm; T2-AgNPs: Remarkably enhanced detection limit of mercury ions
dispersed and smaller in size, in contrast to Ag  spherical shaped with ~ (0.71 pM) was observed over stabilizing the NPs with
NPs fabricated with tea leaves from the other two  size ranging from 10  cationic surfactant i.e. aqueous trimethyloctylammo-
heights. to 20 nm nium bromide and the nanoparticles can detect the Hg**
ion in lower concentration.
AgNO; solution (0.025 mol, 2 mL) drop-wise Spherical, In vitro cytotoxicity activity was examined for four [66]
mixed in green tea extract (9 mL), constant stirring 6.13 to 8.46 nm cancer cell lines which were human breast
for overnight. Ag NPs were separated by adenocarcinoma (MCF-7), cervical (HeLa), epithelioma
centrifugation, washed 2-3 times with water and (Hep-2) and lung (A549) as well as normal human
ethanol. NPs were dried in an oven for a time dermal fibroblasts (NHDF) cell line. The antioxidant
period of 2 h, 60 °C, grinded to powder. property was evaluated with ABTS, DPPH, p-NDA,
H,O, and DMSO scavenging assays. Here, the green tea
based Ag NPs disclosed notable results in parallel to the
standard antioxidants ascorbic acid and rutin.
Tea leaves (10 g) boiled in distilled water (100 Spherical, average The green synthesized nanoparticles can be effectively [67]
mL), 60 °C, 10 min., filtered and stored. Ag NPs: 4.06 nm employed in many fields such as cosmetics, foods and
100 mL of silver nitrate (1 mM) + tea extract (12 medicine.
mL), room temperature, colour change of reaction
mixture.
AgNO; (10 mM, 750 mL) + tea extract (25 mL) The author reported a  Activity of Ag nanoparticles were investigated to [68]
mixing, 30-50 °C, 20 min. brown colour NPs method to manipulate  explore the suitable antibacterial application.
formed. NPs separated by centrifugation, later and control the NPs
washed and dried. size. The
nanoparticles were
spherical and to some
extent cubic
i) 25 nm, ii) 45 nm
and iii) 75 nm sizes
Extract: green tea (2 g) in deionized water (100 Spherical, The prepared nanoparticles are not noxious to human [46]
mL), magnetically agitated at 60 °C, the resultant 34.68 +4.95 nm, keratinocyte (HaCaT) cells. The antimicrobial efficacy
mixture was filtered. Silver nitrate (0.1 M, 75 mL) Average PDI value: of the biogenic nanoparticles was examined in contrary
and green tea extract (75 mL), mixing, pH of 10.5 0.28 +£0.01 to Gram-positive Staphylococcus aureus (ATCC 29213),
by dropwise adding of NaOH (1 mol/L), further Average zeta Gram-negative Pseudomonas aeruginosa (ATCC 27853),
agitated for 15 min. NPs separated by potential: Klebsiella pneumoniae (ATCC 700603), Escherichia
centrifugation and rinsed twice and freeze dried by 35.5+3.32 mV coli (ATCC 25922) and Salmonella enterica (ATCC
employing a lyophilizer. Afterwards, surface AgNPs (3.9 + 1.6nm) 14028) bacterial strains. Salmonella enterica act as
modification of  biogenically synthesized and PEG-AgNPs (4.2  highly sensitive strain and can detect with a minimum
nanoparticles was attained by polyethylene glycol + 1.3 nm) inhibitory concentration and minimum bactericidal con-
(PEG) to improve their distribution and centration of 7 and 15 pg/mL, respectively. Remarkably,
biocompatibility. the silver nanoparticles does not exhibit any toxicity for
HaCaT mammalian cells in the optimum concentration
in which Ag NPs behave as efficient antibacterial.
Consequently, biogenically prepared Ag NPs stand as
potential candidate in the field pf biomedical applica-
tions to prevent from pathogenic bacteria with minimal
cytotoxicity to normal cells.
Silver nitrate + tea extract, agitated for 2 h. Spherical, Antibacterial property of AgNPs was studied by [69]
20 to 90 nm examining the growth curve and also by the Kirby-
Bauer disk diffusion approach. Low antibacterial
activity against Escherichia coli was observed with
green tea based Ag NPs, which could be accredited to
their large size and low release of silver ion.
Methanol extract of green tea obtained in 90 min Morphology is not [70]

at 70 °C. NPs checked by SEM and particle size
analyzer.

uniform, tends to
aggregate and the size
distribution of silver
nanoparticles is
82.33-740.89 nm with
an average diameter
of 157.8 nm.
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Silver precursor + discarded product of tea leaves
(Camellia sinensis).

10 g of discarded tea was added in double distilled
water (100 mL), boiled, 60 °C, 5 min. 20 mL
(decanted extract) + AgNO, (1 mmolL", 80 mL),
stirred, 60 °C, 30 min. Colour change from yellow
to brown, centrifugation, washed with water for 3
times, dried in a vacuum oven, 50 °C, overnight.

Silver nitrate solution (0.025 mol, 2 mL) +
aqueous extract green tea (9 mL), mixing,
overnight. Ag NPs centrifugation, water and
ethanol washed, dried in oven, 2 h at 60 °C. Ag
NPs crushed o fine powder. (Phytochemical
studies reveals that the presence of high quantity
of biochemicals in green tea leaves are responsible
for the reduction and stabilization of silver salt to
silver nanoparticles).

AgNO; (10 mM, 750 mL) + green tea extract (25
mL) agitated, 10 min, 30 °C. brown coloured NPs
separated by centrifugation, washed and dried.
Green tea extract (80 pg/mL) in water used. Ag
NPs confirmed by dynamic light scattering, UV-
visible (UV-Vis) spectroscopy and scanning
electron microscopy.

Circular, hexagonal,
triangular
nanoparticles,
40 to 60 nm

Torispherical,
average size
45 nm

Spherical,
6.13 to 8.46 nm

30 to 80 nm

The prepared silver nanoparticles exhibit high
antibacterial activity. The order of antibacterial activity:
K. pneumonia > E. coli > C. diptheriae. Additionally,
the NPs reveals noteworthy impact on the development
of Vigna radiata seeds at 50% concentration of
nanoparticles. The NPs grafted over cotton cloth also
exhibit high antibacterial activity for Gram-positive
organisms. The fabricated nanoparticles were
successfully employed for the degradation of phenol red
and blue textile dye.

This work focused on the degradation of methylene blue
(MB) and ethyl violet (EV) in aqueous solution with
AgNPs as catalyst in the absence and presence of H,O,.
The AgNPs exhibit fast, efficient and stable catalytic
activity in the degradation of cationic organic dyes, but
it is no catalytic degradation of anionic organic dyes at
room temperature. The fabricated Ag NPs exhibit high
antimicrobial activity against pathogenic bacteria.
Additionally, the fabricated Ag NPs can further be
employed as highly active and efficient catalyst in
industries and water purification.

The antioxidant activity was evaluated by ABTS,
DPPH, p-NDA, H,O, and DMSO scavenging assays.
The results revealed that the AgNPs prepared by
adopting green method exhibited remarkable activity
with respect to the standard antioxidants ascorbic acid
and rutin. Later on, the In vitro cytotoxicity activity was
established on 4 cancer cell lines such as human breast
adenocarcinoma (MCF-7), cervical (HeLa), epithelioma
(Hep-2) and lung (A549) along with one normal human
dermal fibroblasts (NHDF) cell line.

AgNPs were evaluated for antimicrobial activity and
photocatalytic dye degradation. The AgNPs showed
antibacterial activity against E. coli, S. aureus and S.
pyogenes with 6, 5 and 8 mm zone of inhibition,
respectively. The fabricated nanoparticles were further
utilized for degradation of methylene blue (65%).

[53]

[71]

[66]

[72]

Gold nanoparticles

Initially, tea leaves (100 mg) in double distilled
water (6 mL) was stirred, -40 °C, 5 min. NaAuCl,
(0.1 M, 100 ?L) +tea extract, sudden
transformation of pale vellow solution to purple-
red colour, stirring, 5 min. Gold nanoparticles
filtered, checked by UV absorption spectroscopy
and TEM analysis.

Distilled water (2 L) and green tea leaves (200 g),
sonication, 1 h, ambient temperature, filtered
extract (having final concentration of 0.03%)+
HAuCl,-3H,0 (0.5 mM) + NaOH (1 mM), mixed
and water was added to make up the volume of 2
mL, incubated in an oven, 80 °C, 2 h. SPR of the
nanospheres also recorded by the aid of UV-Vis
spectroscopy.

200 mg of green tea in 12 mL of distilled water,
stirred, 15 min., filtered. 6 mL of extract, 0.1 mL
of chloroauric acid trihydrate solution (0.1 M)
dropwise, stirred, 5 min. colour change from pale
yellow to purple red confirm the synthesis of gold
nanoparticles. Continue stirring for an additional
15 min.

Initially, 0.2 mL of green tea extract in 1.0 mL of
double distilled water+ 0.3 mL aqueous solution of
Gold (III) chloride hydrate (HAuCl,) (25.8 mM),
agitated, room temperature.

Spherical, 14-45 nm

Nanospheres,
8.7 + 1.7 nm,
Nanostars
99.0 £ 47.0 nm
Nanorods
length and width were
60.4 nm and 16.4 nm

74% irregular spherical,
10% hexagonal, 8%
triangular and 8%
elongated shapes with
size range ~ 2.94 to
45.58 nm
Size range of ~2.94 to
45.58 nm with an
average of 13.14 nm

The group have carried out cytotoxicity studies of
nanoparticles. The phytochemical coated Au NPs
revealed remarkable efficiency toward prostate (PC-3)
and breast (MCEF-7) cancer cells and realiazed to be
non-noxious by MTT assay.

The cellular uptake of each type of AuNP was
quantitatively measured using HepG2 cells. On 24-well
plates, the cells were seeded at a density of 5.0 x 10*
cells/well and incubation was conducted for 24 h in an
oven at 37 °C under a CO, (5%) atmosphere.
Subsequently, excess Au NPs were removed from the
incubated 5 ?M Au NPs and the cells were exposed with
trypsin. Finally, the concentration of Au uptake by the
trypsinized cells was quantitatively determined with
ICP-OES and LA-ICP-MS.

The experiment can be conducted in a typical laboratory
session and is suitable for incorporation into the
undergraduate  introductory chemistry laboratory
curriculum and constitutes an influential example
sustainable synthesis.

[52]

[74]

[75]
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Green tea (1.5 g) and deionized water (100 mL),
mixed, boiled. chloroauric acid trihydrate (5 mL,
10-3 M) taken in aliquot part (1-4 mL) of green tea
extract and appropriate amount of de-ionized was
mixed to adjust the volume of 10 mL. NH,OH (2.5
mL)+silver nitrate (5 mL. 10-3 M) + green tea
extract (1-10 mL) + followed by addition of de-
ionized to 50 mL. Rapid colour change observed.
i). For Au NPs: yellow solution into pink, grey-
blue and pale violet. ii). For Ag NPs, yellow to
bright yellow and to dark brown.

Ag or Au NPs: silver nitrate or chloroauric acid
trihydrate + aqueous solution of sodium bi-
carbonate + tea extract under ambient reaction
conditions.

Anisotropic

(Au: ~10 nm,
Ag: ~30 nm).
Ag: Spherical

(8.5+2.5 nm)
Au: 11.0 £4.2 nm
Ag: 34.4 +£9.6 nm

nanotriangles and
nanoparticles (40 nm)

The nanoparticles
were stable at room
temperature and had a
uniform particle size

Colloidal systems of Ag and Au NPs possess [76]
remarkable single photon mediated luminescence. This
photophysical properties can be altered by varying the
concentrations of metal ions as well as the amount of
reducing agent, which majorly effect the development,
progress and luminescence property of these NPs.

The prepared NPs displayed high antibacterial activity [77]
and a characteristic colour, thereby showing potential
application as antimicrobial pigments.

Miscellaneous action

The natural extracts of green tea leaves were used -
for the surface functionalization of a titanium alloy

(Ti6Al14V), which has been chemically pre-treated.

The chemical pre-treatment enriches the surface of

the titanium alloy in hydroxyl groups, which allow

surface functionalization and induces a bioactive

behaviour (spontaneous precipitation of
hydroxyapatite from inorganic body fluids)

Titanium dioxide nanotubes used as an solid -
phase adsorbent to extract the suspended and

soluble chromium species such as Cr(IIl) and

Cr(VI) present in the tea leaves and tea infusion

and quantified it with help of inductively coupled

plasma mass spectrometry,

This work showed that green tea extract which -
consist high amount of epigallocatechin gallate

(EGCQG) stand as a potential candidate to eradicate

the problem of bone loss (For e.g., osteoporosis

and periodontal disease). The group studies the

effect of green tea on bone metabolism of
ovariectomized rats after experimental periodontal

disease (EPD) by histologic, morphologic and
microtomographic factors.

This treatment is designed for dental implants and [78]
osteo-integrable joint prosthetic components. In this

work, the effects of functionalization with polyphenols

were tested on mesenchymal stem cells, KUSA Al.

This method was applied for the analysis of chromium [79]
and its distribution and content in tea leaves and tea
infusion.

Microtomographic results showed that trabecular [80]
thickness and bone surface density values in alveolar

bone interradicular septum of the OVX + EPD + GTE

groups were similar to the Sham group. The outcomes

reveals that green tea extract have capability to recover

from the bone related problem in osteoporotic rats with
periodontic ailment.

by the group over increasing the tea leave extract volume [87].
Yu ez al. [88] also investigated the result of various quantity of
plant extract on the AgNPs synthesis efficiency, which reveals
that the dilution of tea extract leads to decrease in the nano-
particle production efficiency.

(iii) Concentration of metal salt: Studies confirms that
the biological assisted methods synthesized nanoparticles have
many crystallite shapes. These are considered to be reliant on
the reactant-metal ion concentration in solution, different kinds
and number of enzymes released by the plant extract and conse-
quent pH of the resultant matrix. Generally, the green tea based
nanosynthesis confirmed the resultant change in colour from
colourless to particular colour of the solution. This concomitant
colour is owed by the surface plasma resonance (SPR) pheno-
menon of nanoparticles. Increasing metal nitrate concentration
has significant enhancement in SPR absorbance, owing to the
improved hydroxyl groups oxidation by the polyphenols present
in the tea extract [87].

(4) Effect of pH: Since the effectiveness of adsorption is
typically thought to depend on the pH of the solution, a change
in pH might stimulate differences in the adsorbate’s degree of
ionization and the properties of the adsorbent’s surface [89].

(5) Reaction time: The resultant dimensions of the obtained
nanoparticles were dependent over the incubation time or inter-
action time between two main phases i.e., drops of metal nitrate
and green tea leaves extract. Moreover, the slower addition
rate of metal nitrate, the larger size nanoparticles were obtained.

(6) Reaction temperature: The studies also suggested
that the synthetic procedure of nanoparticles by tea extract
get enhanced over increasing the temperature. Yu et al. [88]
investigated the synthesis of AgNPs formation using 5% (v/v)
tea extract over different temperatures i.e. at 25, 40 and 55 °C.
However, it is analyzed that no noteworthy effect on the synth-
esis efficiency was observed but to the delight an increase in
size was observed, which is a average hydrate particle sizes of
AgNPs were 91, 129 and 175 nm, respectively. This could be
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attributed towards the improved reaction rates of metal nano-
particles synthesis over increasing the temperature conseq-
uently increase the size of the nanoparticles.

Interestingly, the temperature plays an important part for
the extraction procedure [90]. During extraction procedure,
the vital enzymes persisting in different parts of plants are
liable for the reducing and capping actions, got released and
activated over boiling [91]. Far ahead, the obtained extract
has capability to synthesize the nanoparticles at ambient tempe-
rature. This confirms the capability and competence of the
biogenic synthetic procedure of nanoparticles.

Synthetic techniques: Researchers also check the effect
of microwave for the efficient synthesis of metal nanoparticles.
The results revealed that the over irradiation with microwave
augmented procedures and the reactions was accomplished
quite rapidly (7 min) in comparison to the conventional method
(4-5 h at room temperature). However, according to Zhang et
al. [92], amicrowave-assisted method enhanced the synthesis
of nanoparticles with more effectiveness, less time and lower
temperatures. The traditional approach, however, resulted in
the more stable nanoparticles with greater mean sizes.

Challenges: Several challenges are persisting in the field
which need to be answered [11], such as:

(i) Regulated distribution and reproducibility of nano-
particle size.

(i) Stability and cytotoxicity profile: There is a necessity
to concern about the long-standing consequences of the nano-
particles on animal and human as well as their accumulation
in the ecosystem.

(iii) Design and methodology of the reaction conditions
and altering the results for the production of high amounts of
proteins, enzymes and biomolecules, which are responsible
for the biosynthesis and stabilization of the metal nanoparticles
to regulate morphologies and other features.

(iv) The bioreduction of metal nanoparticles by blends of
bioactive ubiquitous motifs present in tea leaves extracts is
environmentally benign, yet chemically complex. Henceforth,
researchers show keen interest to unveil the mode of action of
biological motifs and enzymatic action involved behind nano-
particles biosynthesis as well as the detection of biological
derivatives involved in reduction, formation or stabilization
of metal nanoparticles.

(v) Quantitative investigation for phytonutrients existing
in the green tea extract.

Conclusion

Green tea assisted procedure for the synthesis of different
metals nanoparticles has substantial ability along with numerous
benefits in contrast to old conventional methods. Keeping the
benefits in mind, this procedure can easily replace the conven-
tional physical and chemical methods. But, scaling of these
methods and developing the schemes for the nanosynthesis
will be the next achievement. However, in terms of the environ-
mental advantages, this biogenic method doesn’t require any
additional/external toxic chemicals for the reduction, capping
and stabilizing agent. Polyphenols-catechins existing in green
tea are seemingly accountable for the structuring of a strong

coating on the metal nanoparticles and consequently, offering
the steadiness from aggregation. The forthcoming generation
will consider the challenges prevail in the conventional
methods and encompass the sustainable approach of green
tea mediated synthesis of materials/nanoparticle and practically
move the field from laboratory to a higher scale by accepting
the current issues, specifically well-being and environmental
factors.

ACKNOWLEDGEMENTS

One of the authors, Pooja Rana, gratefully acknowledge
CSIR Delhi, India for awarding research fellowship.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. P.T. Anastas and J.C. Warner, Green Chemistry: Theory and Practice,
Oxford University Press: New York, pp. 29-56 (1998).

2. J.B.Zimmerman, PT. Anastas, H.C. Erythropel and W. Leitner, Science,
367, 397 (2020);
https://doi.org/10.1126/science.aay3060

3. P.Bradu, A. Biswas, C. Nair, S. Sreevalsakumar, S. Kannampuzha, M.
Patil, A.G. Mukherjee, U.R. Wanjari, K. Renu, B. Vellingiri and A.V.
Gopalakrishnan, Environ. Sci. Pollut. Res., (2022);
https://doi.org/10.1007/s11356-022-20024-4

4. K.N. Ganesh, D. Zhang, S.J. Miller, K. Rossen, P.J. Chirik, M.C.
Kozlowski, J.B. Zimmerman, B.W. Brooks, P.E. Savage, D.T. Allen,
and A.M. Voutchkova-Kostal, ACS Omega, 6, 16254 (2021);
https://doi.org/10.1021/acsomega.1c03011

5. M.J. Mulvihill, E.S. Beach, J.B. Zimmerman and P.T. Anastas, Annu.
Rev. Environ. Resour., 36,271 (2011);
https://doi.org/10.1146/annurev-environ-032009-095500

6.  0.V. Kharissova, B.I. Kharisov, C.M. Oliva Gonzilez, Y.P. Méndez
and L. Lopez, R. Soc. Open Sci., 6, 191378 (2019);
https://doi.org/10.1098/rs0s.191378

7. M.N. Alam, N. Roy, D. Mandal and N.A. Begum, RSC Adv., 3, 11935
(2013);
https://doi.org/10.1039/c3ra23133]j

8. J. Singh, T. Dutta, K.-H. Kim, M. Rawat, P. Samddar and P. Kumar, J.
Nanobiotechnology, 16, 84 (2018);
https://doi.org/10.1186/s12951-018-0408-4

9.  P. Raveendran, J. Fu and S.L. Wallen, J. Am. Chem. Soc., 125, 13940
(2003);
https://doi.org/10.1021/ja029267]

10. C. Hano and B.H. Abbasi, Biomolecules, 12, 31 (2022);
https://doi.org/10.3390/biom12010031

11. S. Iravani, Green Chem., 13, 2638 (2011);
https://doi.org/10.1039/c1gc15386b

12.  S. Jain and M.S. Mehata, Sci. Rep., 7, 15867 (2017);
https://doi.org/10.1038/s41598-017-15724-8

13.  R.K. Sharma, G. Ahuja and L.T. Sidhwani, Green Chem. Lett. Rev., 2,
101 (2009);
https://doi.org/10.1080/17518250903117463

14. R.K.Sharma, C. Sharma and I.T. Sidhwani, J. Chem. Educ., 88,86 (2011);
https://doi.org/10.1021/ed100473u

15. LT. Horvath and P.T. Anastas, Chem. Rev., 107, 2169 (2007);
https://doi.org/10.1021/cr078380v

16. Y. Kim and C.-J. Li, Green Synth. Catal., 1, 1 (2020);
https://doi.org/10.1016/j.gresc.2020.06.002

17. V.V.Makarov, A.J. Love, O.V. Sinitsyna, S.S. Makarova, I.V. Yaminsky,
M.E. Taliansky and N.O. Kalinina, Acta Naturae, 6, 35 (2014);
https://doi.org/10.32607/20758251-2014-6-1-35-44

18. J.K. Patra and K.-H. Baek, J. Nanomater., 2014, 417305 (2014);
https://doi.org/10.1155/2014/417305




Vol. 34, No. 10 (2022)

Brewing Nanochemistry with Green Tea: A Review with Sustainable Approaches 2521

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

1. Hussain, N.B. Singh, A. Singh, H. Singh and S.C. Singh, Biotechnol.
Lett., 38, 545 (2016);

https://doi.org/10.1007/s10529-015-2026-7

D. Sharma, S. Kanchi and K. Bisetty, Arab. J. Chem., 12,3576 (2019);
https://doi.org/10.1016/j.arabjc.2015.11.002

M.S. Akhtar, J. Panwar and Y.-S. Yun, ACS Sustain. Chem. & Eng., 1,
591 (2013);

https://doi.org/10.1021/s¢300118u

X.Li, H. Xu, Z.-S. Chen and G. Chen, J. Nanomater.,2011,270974 (2011);
https://doi.org/10.1155/2011/270974

S. Menon, S. Rajeshkumar and V. Kumar, Resource-Effic. Technol., 3,
516 (2017);

https://doi.org/10.1016/j.reffit.2017.08.002

A.G. Ingale and A. Chaudhari, J. Nanomed. Nanotechnol., 4, 1 (2013);
https://doi.org/10.4172/2157-7439.1000165

S. Patil and R. Chandrasekaran, J. Genet. Eng. Biotechnol., 18, 67 (2020);
https://doi.org/10.1186/s43141-020-00081-3

W. Rolim, M. Pelegrino, B. de Araujo Lima, L. Ferraz, F. Costa, J.
Bernardes, T. Rodigues, M. Brocchi and A. Seabra, Appl. Surf. Sci.,
463, 66 (2018);

https://doi.org/10.1016/j.apsusc.2018.08.203

Y. Khan, A. Siddiqui and A. Ahmad, ACS Omega, 4, 16956 (2019);
https://doi.org/10.1021/acsomega.9b02317

B.S. Inbaraj, K. Sridhar and B.-H. Chen, J. Hazard. Mater., 415, 125701
(2021);

https://doi.org/10.1016/j.jhazmat.2021.125701

S.Y. Tameu Djoko, H. Bashiri, E.T. Njoyim, M. Arabameri, S. Djepang,
A.K. Tamo, S. Laminsi, M. Tasbihi, M. Schwarze and R. Schomiicker,
J. Photochem. Photobiol. Chem., 398, 112596 (2020);
https://doi.org/10.1016/j.jphotochem.2020.112596

M. Azizi-Lalabadi, L. Rafiei, B. Divband and A. Ehsani, Food Sci.
Nutr., 8, 6445 (2020);

https://doi.org/10.1002/fsn3.1934

T. Gholami, M. Salavati-Niasari, A. Salehabadi, M. Amiri, M. Shabani-
Nooshabadi and M. Rezaie, Renew. Energy, 115, 199 (2018);
https://doi.org/10.1016/j.renene.2017.08.037

Y. Khan, A. Ahmad, N. Ahmad, FR. Mir and G. Schories, Nanoscale
Adv., 2, 1634 (2020);

https://doi.org/10.1039/DONAO0029A

T. Wang, F. Zhang, R. Zhao, C. Wang, K. Hu, Y. Sun, C. Politis, A.
Shavandi and L. Nie, Des. Monomers Polym., 23, 118 (2020);
https://doi.org/10.1080/15685551.2020.1804183

H.N. Graham, Prev. Med., 21, 334 (1992);
https://doi.org/10.1016/0091-7435(92)90041-F

S. Liao, Y.-H. Kao and R.A. Hiipakka, Vitam. Horm., 62, 1 (2001);
https://doi.org/10.1016/s0083-6729(01)62001-6

L. Xing, H. Zhang, R. Qi, R. Tsao and Y. Mine, J. Agric. Food Chem.,
67, 1029 (2019);

https://doi.org/10.1021/acs.jafc.8b06146

S. Bansal, N. Syan, P. Mathur and S. Choudhary, Med. Chem. Res., 21,
3347 (2012);

https://doi.org/10.1007/s00044-011-9800-4

M. Weerawatanakorn, W-L. Hung, M.-H. Pan, S. Lib, D.Li, X.Wan
and C.-T. Ho, Food Sci. Human Wellness, 4, 133 (2015);
https://doi.org/10.1016/j.fshw.2015.10.002

N.T. Zaveri, Life Sci., 78, 2073 (2006);
https://doi.org/10.1016/j.1fs.2005.12.006

I. Ikeda, M. Kobayashi, T. Hamada, K. Tsuda, H. Goto, K. Imaizumi,
A. Nozawa, A. Sugimoto and T. Kakuda, J. Agric. Food Chem., 51,
7303 (2003);

https://doi.org/10.1021/jf0347281

L. Cui, Y. Liu, T. Liu, Y. Yuan, T. Yue, R. Cai and Z. Wang, J. Food Sci.,
82, 394 (2017);

https://doi.org/10.1111/1750-3841.13622

L. Wang, X. Huang, H. Jing, X. Ye, C. Jiang, J. Shao, C. Ma and H.
Wang, Anal. Methods, 13, 832 (2021);
https://doi.org/10.1039/DOAY02118K

G.-J. Du, Z. Zhang, X.-D. Wen, C. Yu, T. Calway, C.-S. Yuan and C.-Z.
Wang, Nutrients, 4, 1679 (2012);

https://doi.org/10.3390/nu4 111679

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

1.G. Saleh, Z. Ali, N. Abe, F.D. Wilson, FM. Hamada, M.F. Abd-Ellah,
L.A. Walker, I.A. Khan and M.K. Ashfaq, Fitoterapia, 90, 151 (2013);
https://doi.org/10.1016/j.fitote.2013.07.014

D. Botten, G. Fugallo, F. Fraternali and C. Molteni, J. Phys. Chem. B,
119, 12860 (2015);

https://doi.org/10.1021/acs.jpcb.5b08737

W.R. Rolim, M.T. Pelegrino, B. de Aradjo Lima, L.S. Ferraz, FN. Costa,
J.S. Bernardes, T. Rodigues, M. Brocchi and A.B. Seabra, Appl. Surf.
Sci., 463, 66 (2019);

https://doi.org/10.1016/j.apsusc.2018.08.203

A K. Mitra, J. Chem. Rev., 2, 243 (2020);
https://doi.org/10.22034/JCR.2020.112730

S.K. Nune, N. Chanda, R. Shukla, R.R. Kulkarni, S. Thilakavathy, K.
Katti, S. Mekapothula, R. Kannan and K. V. Katti, J. Mater. Chem., 19,
2912 (2009);

https://doi.org/10.1039/b822015h

H.R. El-Seedi, R.M. El-Shabasy, S.A. Khalifa, A. Saeed, A. Shah, R.
Shah, E.J. Iftikhar, M.M. Abdel-Daim, A. Omri, N.H. Hajrahand, J.S.M.
Sabir, X. Zou, M.F. Halabi, W. Sarhan and W. Guo, RSC Adv., 9, 24539
(2019);

https://doi.org/10.1039/CO9RA02225B

K.S.V. Gottimukkala, P.H. Reddy and D. Zamare, J. Nanomed.
Biotherapeut. Discov., 7, 151 (2017);
https://doi.org/10.4172/2155-983X.1000151

S. Saif, A. Tahir and Y. Chen, Nanomaterials, 6, 209 (2016);
https://doi.org/10.3390/nano6110209

Y. Kuang, Q. Wang, Z. Chen, M. Megharaj and R. Naidu, J. Colloid
Interface Sci., 410, 67 (2013);
https://doi.org/10.1016/j.jcis.2013.08.020

D. Rajput, S. Paul and A. Gupta, Adv. Nano Res., 3, 2485 (2020);
https://doi.org/10.21467/anr.3.1.1-14

M. Pattanayak and P. Nayak, Int. J. Plant Animal Environ. Sci., 2013,
68 (2013).

G.E. Hoag, J.B. Collins, J.L. Holcomb, J.R. Hoag, M.N. Nadagouda
and R.S. Varma, J. Mater. Chem., 19, 8671 (2009);
https://doi.org/10.1039/b909148¢c

M. Raja and Pearlin, J. Biol. Inform. Sci., 4, 6 (2015).

C. Mystrioti, A. Xenidis and N. Papassiopi, J. Geosci. Environ. Prot.,
2, 28 (2014);

https://doi.org/10.4236/gep.2014.24005
http://recentscientific.com/green-synthesis-iron-nanoparticles-used-
green-tea-1

T. Wang, J. Lin, Z. Chen, M. Megharaj and R. Naidu, J. Clean. Prod.,
83, 413 (2014);

https://doi.org/10.1016/j.jclepro.2014.07.006

A.C. Dhanemozhi, V. Rajeswari and S. Sathyajothi, Mater. Today Proc.,
4, 660 (2017);

https://doi.org/10.1016/j.matpr.2017.01.070

S. Irshad, A. Salamat, A.A. Anjum, S. Sana, R.S. Saleem, A. Naheed
and A. Igbal, Cogent Chem., 4, 1469207 (2018);
https://doi.org/10.1080/23312009.2018.1469207

S.R. Senthilkumar and S. Thirumal, Int. J. Pharm. Pharm. Sci., 6, 461
(2014).

A. Singh, K. Teegardin, M. Kelly, K.S. Prasad, S. Krishnan and J.D.
Weaver, J. Organomet. Chem., 776, 51 (2015);
https://doi.org/10.1016/j.jorganchem.2014.10.037

P. Sutradhar and M. Saha, Bull. Mater. Sci., 38, 653 (2015).

A. Chandra, A. Bhattarai, A.K. Yadav, J. Adhikari, M. Singh and B.
Giri, ChemistrySelect, S, 4239 (2020);
https://doi.org/10.1002/s1ct.201904826

D. Arumai Selvan, D. Mahendiran, R. Senthil Kumar and A. Kalilur
Rahiman, J. Photochem. Photobiol. B, 180, 243 (2018);
https://doi.org/10.1016/j.jphotobiol.2018.02.014

Y.Y. Loo, B.W. Chieng, M. Nishibuchi and S. Radu, Int. J. Nanomedicine,
7, 4263 (2012);

https://doi.org/10.2147/1IN.S33344

M. Nakhjavani, V. Nikkhah, M.M. Sarafraz, S. Shoja and M. Sarafraz,
Heat Mass Transf., 53, 3201 (2017);
https://doi.org/10.1007/s00231-017-2065-9

Q. Sun, X. Cai, J. Li, M. Zheng, Z. Chen and C.-P. Yu, Colloids Surf. A
Physicochem. Eng. Asp., 444, 226 (2014);
https://doi.org/10.1016/j.colsurfa.2013.12.065



https://doi.org/10.1016/0091-7435(92)90041-F
https://doi.org/10.1016/s0083-6729(01)62001-6
http://recentscientific.com/green-synthesis-iron-nanoparticles-used-green-tea-l
http://recentscientific.com/green-synthesis-iron-nanoparticles-used-green-tea-l

2522 Gupta et al.

Asian J. Chem.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

D.I. Hasri, I. Dini, S.PJ. Negara and Subaer, Mater. Sci. Forum, 967,
161 (2019);
https://doi.org/10.4028/www.scientific.net/MSF.967.161

W. Qing, K. Chen, Y. Wang, X. Liu and M. Lu, Appl. Surf. Sci., 423,
1019 (2017);

https://doi.org/10.1016/j.apsusc.2017.07.007

V. Kumar, R. Wadhwa, N. Kumar and P.K. Maurya, 3 Biotech, 9,7 (2019);
https://doi.org/10.1007/s13205-018-1544-0

Y.J. Lee, E.-Y. Ahn and Y. Park, Nanoscale Res. Lett., 14, 129 (2019);
https://doi.org/10.1186/s11671-019-2967-1

R.K. Sharma, S. Gulati and S. Mehta, J. Chem. Educ., 89, 1316 (2012);
https://doi.org/10.1021/ed2002175

S.K. Boruah, P. Boruah, P. Sarma, C. Medhi and O. Kumar, Adv. Mater.
Lett., 3, 481 (2012);

https://doi.org/10.5185/amlett.2012.icnano.103

A.R. Vilchis-Nestor, V. Sdnchez-Mendieta, M.A. Camacho-Lépez, R.M.
Go6mez-Espinosa, M.A. Camacho-Lépez and J.A. Arenas-Alatorre,
Mater. Lett., 62, 3103 (2008);
https://doi.org/10.1016/j.matlet.2008.01.138

S. Onitsuka, T. Hamada and H. Okamura, Colloids Surf. B Biointerfaces,
173, 242 (2019);

https://doi.org/10.1016/j.colsurfb.2018.09.055

M. Cazzola, S. Ferraris, F. Boschetto, A. Rondinella, E. Marin, W. Zhu,
G. Pezzotti, E. Verne and S. Spriano, Int. J. Mol. Sci., 19, 2255 (2018);
https://doi.org/10.3390/ijms19082255.

S. Chen, S. Zhu, Y. He and D. Lu, Food Chem., 150, 254 (2014);
https://doi.org/10.1016/j.foodchem.2013.10.150

P.K. Vargas-Sanchez, D.L. Pitol, L.G. Sousa, M.M. Beloti, A.L. Rosa,
A.C. Rossi, S. Siéssere and K.F. Bombonato-Prado, Int. J. Exp. Pathol.,
101, 277 (2020);

https://doi.org/10.1111/iep.12379

H. Li, W. Hu, M.M. Hassan, Z. Zhang and Q. Chen, J. Food Meas.
Charact., 13, 259 (2019);
https://doi.org/10.1007/s11694-018-9940-z

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

P. Prema, T. Boobalan, A. Arun, K. Rameshkumar, R. Suresh Babu, V.
Veeramanikandan, V.-H. Nguyen and P. Balaji, Mater. Lett., 306,
130882 (2022);

https://doi.org/10.1016/j.matlet.2021.130882

Q. Liu, H. Liu, Z. Yuan, D. Wei and Y. Ye, Colloids Surf. B Biointerfaces,
92, 348 (2012);

https://doi.org/10.1016/j.colsurfb.2011.12.007

S.H. Joo and S. Aggarwal, J. Environ. Manage., 225, 62 (2018);
https://doi.org/10.1016/j.jenvman.2018.07.084

C. Vanlalveni, S. Lallianrawna, A. Biswas, M. Selvaraj, B. Changmai
and S.L. Rokhum, RSC Adv., 11, 2804 (2021);
https://doi.org/10.1039/DORA09941D

P. Sutradhar and M. Saha, Bull. Mater. Sci., 38, 653 (2015);
https://doi.org/10.1007/s12034-015-0895-y

A. Chandra, A. Bhattarai, A.K. Yadav, J. Adhikari, M. Singh and B.
Giri, ChemistrySelect, 5, 4239 (2020);
https://doi.org/10.1002/s1ct.201904826

Q. Sun, X. Cai, J. Li, M. Zheng, Z. Chen and C.-P. Yu, Colloids Surf.
A, 444, 226 (2014);

https://doi.org/10.1016/j.colsurfa.2013.12.065

A. Gautam, S. Rawat, L. Verma, J. Singh, S. Sikarwar, B.C. Yadav and
A.S.Kalamdhad, Environ. Nanotechnol. Monitor. Manage., 10, 377
(2018);

https://doi.org/10.1016/j.enmm.2018.08.003

A. Antony and M. Farid, Appl. Sci., 12, 2107 (2022);
https://doi.org/10.3390/app12042107

S Sasidharan, Y. Chen, D. Saravanan, K.M. Sundram and L.Y. Latha,
Afr. J. Tradit. Complement Altern. Med., 8, 1 (2011)

K. Zhang, S. Ai, J. Xie and J. Xu, Inorg. Nano-Met. Chem., 47, 938
(2017);

https://doi.org/10.1080/24701556.2016.1241265




