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Abstract

The properties of a material can be greatly enhanced by producing substances on nanoscales. Zinc oxide is
attractive for numerous applications, and therefore it is significant in a number of industries. But as
environmental concerns have grown, ecologically friendly manufacturing techniques have emerged.
Recently, there has been an increase in interest in biological processes for making nanoparticles of metal
and nanoparticles of metal oxides, as per the literature. This approach to producing nanomaterials was given
the name "green synthesis." In this approach, the negative effects are less than the synthesis by
physicochemical methods which are currently applied in industries. Zinc oxide nanoparticles could be
sustainably produced using various biological substrates. However, the complications that exist in creating
biological extracts are a barrier to comprehending the processes and formation mechanisms that occur
throughout the synthesis. This makes it challenging to conduct production on a large scale via green
synthesis approaches. Hence, this current study includes information on the many biological substrates and
methods that could be employed to produce zinc oxide nanoparticles in an environmentally responsible
manner.
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1. INTRODUCTION tool of choice that is straightforward to create
and tailor is green nanoparticle production. A
traditional technique for manufacturing
nanoparticles has encountered numerous
disadvantages such as time consuming
processes, being expensive, and employing
hazardous substances. Hence, due to these
limitations, most of the research has now

With multiple branches embedded in industries
just as the chemical, pharmaceutical,
mechanical, and meal processing industries,
nanotechnology is currently regarded as a
generation that has reached the repute of threat.
Computing, energy technology, optics,
medicinal  shipping, and environmental

sciences are a few fascinating fields where
nanotechnology is used. Numerous nanoscale
devices have been created since the birth of
nanotechnology employing a type of
techniques, including physical, chemical, and
environmentally pleasant ways. Nevertheless, a

concentrated on developing eco-friendly, fast,
and economical protocols for producing
nanoparticles [1]. Material scientists have
particularly focused on developing sustainable
methods for synthesizing materials on the
nanoscale in recent years. As such, syntheses of
nanoparticles by green synthesis by employing
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various plants and their parts have resulted in
being economical, non-toxic, straightforward,
and attractive [2], [3]. Nanotechnology has
raised the standards of living as it finds
applications in multiple issues, including
contributing to sufficiency in energy, changes
in climate, cosmetics, textiles and medicines
treatment of various diseases like various
cancers, Alzheimer’s, and various others [4].

Nano-particulate zinc oxide is an n-type
semiconducting metal oxide and is represented
as ZnO. As a result of its several applications in
fields such as electronics, optics, and
biosystems in the past years zinc oxide
nanoparticles have attracted interest [5]-[7].
Ti02, CuO, and ZnO are only a few examples
of the inorganic metal oxides that are created
and are still being applied for research today.
As a result of lesser production costs and ease
of preparation, ZnO NPs are the metal oxide of
greatest interest amongst others [8]. ZnO has
been designated by US FDA as GRAS
(generally acknowledged as harmless) metal-
oxide [9]. A 3.37 eV band gap which is large,
and a 60 meV exciton binding energy high
enough, are the properties that make ZnO-NP
exceptionally attractive for application as a
semiconductor. The attractive properties of
ZnO-NP include improved catalytic activity,
desired optical properties, UV filtering
characteristics, anti-inflammation
characteristics, and healing of wounds [10]. As
a result of its UV-filtering abilities, it has been
widely utilized in cosmetics, sunscreen lotions,
and creams [11]. ZnO-NP’s have numerous
medicinal applications, including delivering
drugs, anti-cancerous, antidiabetics,
antimicrobial, and agronomic properties [12],
[13]. Despite being engaged in delivering drugs
at the site, ZnO also has cytotoxicity, which
must be fixed. In line with research, ZnO NPs
possess a strong antibacterial influence

compared to ZnO NPs which are made using
chemical route even at minute concentrations
of gram-negative and positive bacteria [14],
[15]. Additionally, they have been used to
produce paint and rubber, eliminate impurities
such as the adsorption of proteins, sulphur, and
arsenic from water, and dentistry. ZnO-NPs
possess  pyro-electric and  piezo-electric
characteristics [16]. ZnO-NP’s are used to rip
off aquatic vegetation that is resilient to all
types of removal methods, including
mechanical, biochemical, and physical ones.
Numerous ZnO-NP morphologies in the
nanoscale, such as flakes, flowers, belts, rods,
and wires have been observed [17]. According
to [18], the green manufacturing method
increases the antibacterial activity,
photocatalytic performance, and
biocompatibility of ZnONPs [19]. As a result,
green ZnONPs are very promising as an
alternative to conventional ZnONPs and for
application in the creation of nanocomposites.
In the biomedical industry, biosynthesized
ZnONPs, for instance, can be utilized to create
nanocomposites for anti-cancer treatment, and
anti-microbial coatings, and enhance dye
degradation [20]-[22]. Over the past few years,
zinc oxide nanoparticles' characteristics have
improved. Its usage in photocatalysis [22], as
an antibacterial mediator [23], [24], in energy
cells [25], and sensors have all been described
in various research [26]. ZnO-NPs have been
employed for various novel applications in
biomedical engineering, including regeneration
of tissues, coatings on implants, biological
imaging, healing of wounds, and improving
cancer therapeutics [27], [28].

Concerns over climate change, water
pollutants, depletion of natural resources, the
health of living beings, and similar issues have
made the invention of environmentally friendly
commodities and procedures more popular in

3101



Green Synthesis of ZnO Nanoparticles: A Critical Review

recent years [29], [30]. Researchers have been
working on several procedures to improve the
manufacturing of nanoparticles of metal and
nanoparticles of metal oxide using
environmentally friendly technologies [31]-
[33]. Extensive investigations are conducted to
replace conventional physio-chemical
processes in the industry with eco-friendly
methods for synthesizing metal oxide NP’s
using biological substances. Even though a
sizable amount of research has been published
in this area, the very complex biological
extracts have made it difficult to describe and
understand the process of production of the
NP’s by green synthesis.

Recent research indicates that green
manufacturing of zinc oxide nanoparticles is
becoming more significant [34]. Our goal is to
create nanoparticles that may be used to create
optical bio sensing devices, which favours
substances with favourable optic characteristics
like optic absorption, optic emission, photo-
luminescent devices, and chemo-luminescent
devices [35]. According to the application, the
synergistic  effects of the produced
nanoparticles may be measured when utilized
for sensors, lasers, drug discovery, etc.
Additionally, ZnO-NP’s are discovered as
superior catalysts that may regenerate through
minimal activity deterioration [36]. The
capabilities of NP’s could be applied in diverse
fields. These nanoparticles, however, were
created to immobilize the enzyme glucose
oxidase to enhance their development as a
biosensor. Green syntheses immobilizations
have been seen in the past. Nevertheless, this
would be the first study in which the glucose-
specific enzyme glucose oxidase was
immobilized using green-produced ZnO-NP’s.

2. Synthesis of zinc oxide nanoparticles

Over the past decade, a significant increase in
the biological synthesis of ZnO-NP’s has been
observed. According to several studies [31],
[37]-[39], developing this novel approach and
the substantial interest in it is primarily due to
the lack of hazardous compounds or enormous
energies used in biosynthesis. This terms the
process economical and eco-friendly. Thus,
"green synthesis™ has become a more popular
term to describe these biological techniques.
Furthermore, this was named as green
synthesis, which obeys the twelve principles of
green chemistry. These principles—which take
account of guidelines for putting novel
chemical products, novel synthesis, and
processes into practice—have been regarded as
the basics for promoting sustainability. The
principles of green chemistry, in brief, are built
on 1) the economics of atoms, which aims to
increase the efficiency of reaction; 2) the
efficiency of energy, which avoids the
consumption of high energy; 3) harmless
chemicals, which seek to reduce the harmful
effects of procedures and products, 4) avoiding,
which seeks to reduce waste in each stage in the
process, 5) utilizing substances derived from
reusable feedstocks, 6) Create items that
degrade quickly and are non-toxic. 7) fewer
dangerous chemicals, harmless synthesis
methods 8) Prevention of pollution, stop the
discharging of dangerous materials; 8) lessen
derivatives; 9) avoid derivatives like stabilisers
or protectors, 10) non-toxic solvents and aids,
to employ the minimum dangerous chemicals
possible, 11) Catalysts, which uses catalysts to
increase  efficiency or reduce energy
consumption, as well as 12) preventing
accidents, which lowers the likelihood of
accidents. For example, the key benefits of
biosynthesis are the producing safer
compounds when using renewable resources,
harmless solvents, and safer auxiliaries.
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Since biosynthesis has only been carried out on
a laboratory scale, producing nanoparticles on
a wider scale using green synthesis remains
difficult. Nevertheless, it is expected that its
application in  industries  will  occur
immediately because it does not require heavy
machinery. Also, there is excellent progress in
understanding the making of biological extracts
using chemicals and how they interact with
their metal ions [2], [31]. Green syntheses
alternate biological substrates such as bacteria,
florae, algae, and fungi instead of solvents with
chemical bases and stabilizers to reduce the
product's toxicity and the manufacturing
process [31], [38]. Varieties of biological
substances are successful in producing ZnO-
NP’s. Generally speaking, the biological
synthesis of ZnO-NP’s is a pretty
straightforward procedure and involves the
addition of zinc salts such as nitrate or acetate
to the already prepared biological extract. The
ZnO powder is produced by subjecting this
solution to a thermal process after the reaction.

Fig. 1. Green synthesis of ZnO-NP’s

s

Biological

&nbstrntc

Zinc Thermal
treatment

b
s

Thus, we required a method for synthesizing
nanoparticles that was both economical and
environmentally friendly. High vacuum is used
in physical processes like the evaporation of
heat, pulsed laser deposition (PLD), MBE
(molecular beam epitaxy), and various others
[40], and chemical methods include

microemulsion, wet chemical method,
pyrolysis by spray, deposition using electrodes,
direct and chemical precipitation, and
combustion assisted by microwave [40], [41].
In the case of chemical and physical
approaches, there is a need for stabilizing and
capping agents [42]-[44].

2.1 Green synthesis

The eco-friendly processes recognized as
"green synthesis™ aim to minimize energy use,
employ environmentally acceptable solvents,
and remove hazardous waste. This strategy is
economical, safe, biocompatible, green, and
safe for the environment. Synthesis of NP’s by
employing micro-organisms and plants is
referred to as "green synthesis." They allow
large-scale manufacturing of impurity-free
ZnO-NP’s [45]. Improved catalytic activity can
be seen in NPs formed using methods that
mimic biochemical processes that reduce the
need for pricey and toxic chemicals.
Synthesizing nano-flowers of ZnO that has
uniform size using soluble protein cells of B.
licheniformis demonstrated improved activity
of photocatalysis and photostability. This
visibly depicts methylene blue (MB) pollutant
dye degradation by 83% when ZnO nano-
flowers were used. This also demonstrated that
MB's self-degradation was null (MB's self-
degradation was observed to be 0%). The use
of natural strains and extracts of plants contain
some phytochemicals that aid in degradation
[46]. Using the fungus Aspergillus fumigatus
TFR-8, particles with spherical and hexagonal
ZnO having a size range between 1.2 to 6.8 nm
were created. These nanoparticles were stable
for 90 days, which was confirmed by gauging
the hydro-dynamic NP diameter with a particle
size analyzer. This indicated the high stability
of the nanoparticles created using the fungus.
ZnO-NP’s size of 36 nm was created by
synthesising  Sargassum  myriocystum, a
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microalga found in the Mannar Gulf. They did
not exhibit any obvious variations when
analyzed after six months, proving their
stability. It was determined by FTIR result
analyses that microalgal fucoidan pigments,
which were soluble, are responsible for the
NPs' reduction as well as stability. Synthesis of
NP’s by employing different plant parts,
including seeds, stem, roots, fruits and leaves.
These parts have been used as their extracts are
abundant in phyto-chemicals that can serve as
both a reducing agents and stabilising agent [9],
[47]. Nanoparticles of ZnO were synthesized
using the flower extracts of Trifolium pratense;
the stability NP’s were seen to be stable when
analyzed for five days with a gap of 24 hr by
UV-vis-spectrophotometry [48].

Similarly, the extracts from the fruit Rosa
canina were employed to produce ZnO-NP’s;
when FTIR analyzed the particles, the extract
was seen to function as both reducing and
stabilizing agents. The fruit contains carboxylic
and phenolic acids, which can be bio-capped.
Extracts of the leaf Aloe Vera were investigated
for synthesizing spherical-shaped ZnO-NP’s,
here, the carboxylic and amino groups, which
are freely present in the leaf extract, was
capable of serving as reducing as well as
stabilizing  agent.  Understanding  the
mechanism through which green synthesis
forms is of great significance for the
establishment of large-scale processes. Herein
we have presented a review that summarizes
the most significant and recent findings of
literature that are related to the synthesis of
ZnO-NPs from various biological substrates:

2.1.1. Bacteria

ZnO  nanoparticle  production  utilizing
microbial biomass or culture may take place
extracellularly or intracellularly. Studies
indicate proteins and enzymes created and

freed by the microorganisms can lower the
metal ions and stabilize the NP’s in the case of
extracellular production [49]. ZnO-NPs are
stabilized by metabolites released by bacterial
cells, according to literature [17]. They
researched the reaction between zinc acetate
and sodium bicarbonate to produce zinc
hydroxide; this later undergoes heat
degradation to produce ZnO nuclei. The
ZnONPs will subsequently be stabilized by the
enzymes found in the bacteria, preventing
agglomeration and particle development while
maintaining the metal oxide's nanoscale size.

Additionally, the research conducted by [50]
shows that the microorganisms' enzymes are
what cause ZnONPs to form. According to the
authors, however, the pH of the solution pH and
the electro-kinetic potential of bacteria can
influence the synthesis pathway by lowering
the ions of metals and causing the NP’s to be
biosynthesized instead of just creating zinc
hydroxide. Using the same ideology,
extracellular ZnO-NP’s were produced using
Staphylococcus aureus [51]. According to more
research, ammonia which is activated by
Serratia ureilytica's which was taken from
ureolytic bacteria, was successfully employed
to produce ZnO-NPs. The methodology of
nanoparticle production suggested in this work
relies on the interaction among ions of zinc (I1)
ions with the ammonia-rich culture of
microorganisms to produce zinc hydroxide and
zinc complex with ammonia. The crystalline
ZnONPs powder is then produced by the
thermal breakdown of these materials at 50°C
[52].

2.1.2. Fungus

Similar mechanistic pathways apply to the
creation of ZnO nanoparticles from fungal
biomass or cultures as those outlined for the
green synthesis employing bacteria. They
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proposed that the creation and encapsulating of
the nanomaterial were caused by the proteins
and enzymes released by this bacterium.
Additionally, utilizing Aspergillus Niger cell-
free filtrates, the production of extracellular
ZnO-NP’s was demonstrated [53]. Since the
fungus can release a higher quantity of
metabolites than bacterial cells to the culture
media, it is thought that it may have greater
promise for the green synthesis of NP’s. Cells
of fungus appear to be vigorous to conditions
of the process and fluctuations like flow rate,
rate of stirring, and pressure; these parameters
can cause an increase in their potential for
large-scale synthesis [54] [33].

2.1.3. Plants

Green production of metallic NP’s by use of
plants as biological substrates is most popular
[2].. As vegetable substrates have advantages
such as less toxicity, ease of availability and
use, and economical when compared to
microorganisms, they are becoming more
popular. Furthermore, employing plant-based
substrates reduces the risks related to health and
safety, which are to be considered when using
microorganisms. Moreover, on exposure of the
plant to a solvent such as ethanol or distilled
water, one can easily create plant extracts [55].
Different parts of plants, from the roots to the
fruits, can be employed as the substrate for NP
synthesis [56]-[58]. It is suggested in studies

that when ZnONPs are made from Eclipta alba
leaves, the active elements plant reduces zinc
(1) ions to zinc metal zinc instead of just
establishing coordinated complexes. Once zinc
undergoes bioreduction, the zinc metal
combines together with aqueous O2 to create
nuclei of ZnO. Additionally, suggestions are
also made about plant chemicals that serve as
stabilizers, reducing crystal development and
particle aggregation. Similarly, [59] reported
the biosynthesis of ZnO-NPs by employing
extracts of plants and suggested that
metabolites comprising the substrate can be
responsible for reducing metal ions and also
stabilizing the particles. A proposal was
reported that ascorbic acid from Lycopersicon
esculentum can cause bio reduction of zinc (1)
ions for synthesizing ZnO-NPs [60].

2.1.4. Algae

Even though algae are straightforward
creatures, their phytochemical makeup is
comparable to that of plant extracts. Different
types of algae include active substances with
functional groups, including hydroxyl and
carboxyl groups, and antioxidant behaviour has
been described [61]. Additionally, while using
algae extracts as substrates to green synthesis
ZnONPs, other investigations found the
manifestation of similar active chemicals as
analyzed by FTIR [62].

Table 1: Biological substrate-mediated synthesis of ZnONPs.

Source Substrate Zinc Treatment Shape Size in | References
Complex nm
Plants Azadirachta Acetate No treatment | Spherical 18 [63][64][65]
Indica
Agathosma Acetate Overnight Quasi- 15.8
Betulina spherical
agglomerate
s
Aloe Vera Nitrate 7-8 hours Hexagonal, 8-20
Spherical,
Oval
Bacteria Aeromonas Nitrate 6 hours Spherical 58 [8][66] [67]
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Hydrophila Oval
Pseudomonas Nitrate Overnight Spherical 27
Aeruginosa
Lactobacillus Sulphate 4 hours Hexagonal 11
Sporogens
Algae Chlamydomonas reinhardtii | Nitrate No treatment | Rods 21 [62][68][69]
Sargassum Acetate 4 hours Hexagonal 42
Muticum Wurzite
S. myriocystum Nitrate No treatment | Spherical 20-36
Fungus Aspergillus Nitrate No treatment | Oblate 1.2-6.8 | [54][68][70][7
fumigatus TFR- spherical 1]
8 Hexagonal
aggregate
Aspergillus Nitrate No treatment | Spherical 29
Terreus
Candida Quasi- 25
albicans spherical
3. Conclusion _assisted_green_synthesis_protocol_for_i

Overall, according to the study reviews, green
ZnO NP production is regarded as being
considerably safer and more ecologically
friendly than physical and chemical
approaches. Due to their numerous qualities,
functions, advantages, and uses for humans,
ZnO-NPs can be classified among the utmost
adaptable and significant substances. When
creating nanoparticles with precise size and
shape, employing the green method is
advantageous as the substrates work as both
stabilizing and reducing agents. By utilizing
ZnO-NPs for agricultural application can cause
a significant improvement in growth and yield
across the sustenance in agriculture.

References

[1] M. Herlekar and S. Barve, “Optimization
of microwave assisted green synthesis
protocol for iron oxide nanoparticles and
its application for simultaneous removal of

multiple  pollutants from  domestic
sewage,” International Journal of
Advanced Research, 2015.

https://www.researchgate.net/publication/
275461936 _Optimization_of microwave

ron_oxide_nanoparticles_and_its_applicat
ion_for_simultaneous_removal_of _multip
le_pollutants_from_domestic_sewage
(accessed Feb. 09, 2023).
[2] S. Iravani, “Green synthesis of metal
nanoparticles using plants,” Green Chem.,
vol. 13, no. 10, pp. 2638-2650, Jan. 2011,
doi: 10.1039/C1GC15386B.

[3] N. Bala et al., “Green synthesis of zinc
oxide nanoparticles using Hibiscus
subdariffa leaf extract: effect of
temperature on synthesis, anti-bacterial
activity and anti-diabetic activity,” RSC
Adv., vol. 5, no. 7, pp. 4993-5003, Dec.
2014, doi: 10.1039/C4RA12784F.

[4] S. Hasan, “A Review on Nanoparticles:

Their Synthesis and Types,” Research

Journal of Recent Sciences, 2015.

https://www.researchgate.net/publication/

273203342_A Review_on_Nanoparticles

_Their_Synthesis_and_Types (accessed

Feb. 09, 2023).

[5] G. Gunalan, N. Myla, and R. Balabhaskar,

“In vitro Antioxidant Analysis of Selected

Coffee Bean Varieties,” J. Chem. Pharm.

3106




Journal of Survey in Fisheries Sciences

10(2S) 3100-3112

2023

Res., vol. 2012, no. 4, pp. 2126-2132.

[6] B. N. Patil and T. C. Taranath, “Limonia
acidissima L. leaf mediated synthesis of
zinc oxide nanoparticles: A potent tool
against Mycobacterium tuberculosis,” Int.
J. Mycobacteriology, vol. 5, no. 2, p. 197,
2016, doi:
10.1016/J.1JMYC0.2016.03.004.

[7] M. D. Rao and P. Gautam, “Synthesis and
characterization of ZnO nanoflowers using
Chlamydomonas reinhardtii: A green
approach,” Environ. Prog. Sustain.
Energy, vol. 35, no. 4, pp. 1020-1026, Jul.
2016, doi: 10.1002/EP.12315.

[8] C. Jayaseelan et al., “Novel microbial
route to synthesize ZnO nanoparticles
using Aeromonas hydrophila and their
activity against pathogenic bacteria and
fungi,” Spectrochim. Acta. A. Mol.
Biomol. Spectrosc., vol. 90, pp. 78-84,
May 2012, doi:
10.1016/J.SAA.2012.01.006.

[9] J. Pulit-Prociak and M. Banach, “Silver
nanoparticles - A material of the
future...?,” Open Chem., vol. 14, no. 1, pp.
76-91, Mar. 2016, doi: 10.1515/CHEM-
2016-0005.

[10]M. J. Patel, K. Alobaidy, and L. Shetty,
“Formulation  Design, in-Vitro and
Biological Correlation of Site Specific
Drug Delivery System for Distal Gastro-
Intestinal Tract,” Int. J. Pharm. Sci. Res.,
vol. 6, no. 12, p. 5040, 2015, doi:
10.13040/1JPSR.0975-8232.6(12).5040-
46.

[11]D. Wodka et al., “Photocatalytic activity of
titanium dioxide modified by silver

nanoparticles,” ACS Appl. Mater.
Interfaces, vol. 2, no. 7, pp. 1945-1953,
Jul. 2010, doi:

10.1021/AM1002684/SUPPL_FILE/AM1

002684_SI_001.PDF.

[12] S. Hameed et al., “Biochemical changes in
the leaves of mungbean (Vigna radiata)
plants infected by phytoplasma,” Turkish
J. Biochem., vol. 42, no. 6, pp. 591-599,
Dec. 2017, doi: 10.1515/TJB-2016-
0304/MACHINEREADABLECITATION
/IBIBTEX.

[13]A. K. Jain, M. Srivastava, and S. K. Gupta,
“Role of liquid membrane hypothesis in
the mechanism of action of ertapenam,”
Int. J. Pharm. Sci. Res., vol. 5, no. 7, p.
2890, 2014, doi: 10.13040/1JPSR.0975-
8232.5(7).2890-94.

[14]R. T. V. Vimala, G. Sathishkumar, and S.
Sivaramakrishnan,  “Optimization  of
reaction conditions to fabricate nano-silver
using Couroupita guianensis Aubl. (leaf &
fruit) and its enhanced larvicidal effect,”
Spectrochim. Acta. A. Mol. Biomol.
Spectrosc., vol. 135, pp. 110-115, Jan.
2015, doi: 10.1016/J.SAA.2014.06.0009.

[15]K. Venkatachalam, “VGLUT soothes the
sour synapse,” J. Physiol., vol. 595, no. 3,
pp. 615-616, Feb. 2017, doi:
10.1113/JP273469.

[16]P. C. Nagajyothi, T. V. M. Sreekanth, C.
O. Tettey, Y. L. Jun, and S. H. Mook,
“Characterization, antibacterial,
antioxidant, and cytotoxic activities of
ZnO  nanoparticles using  Coptidis
Rhizoma,” Bioorg. Med. Chem. Lett., vol.
24, no. 17, pp. 4298-4303, Sep. 2014, doi:
10.1016/J.BMCL.2014.07.023.

[17]K. Paulkumar, S. Rajeshkumar, G.
Gnanajobitha, M. Vanaja, C. Malarkodi,
and G. Annadurai, “ Biosynthesis of Silver
Chloride Nanoparticles Using Bacillus
subtilis MTCC 3053 and Assessment of Its
Antifungal Activity ,” ISRN Nanomater.,
vol. 2013, pp. 1-8, Nov. 2013, doi:

3107



Green Synthesis of ZnO Nanoparticles: A Critical Review

10.1155/2013/317963.

[18]W. H. Raja et al., “Effect of different
substrates on growth and quality of
Strawberry cv. chandler in soilless
culture,” The Pharma Innovation Journal,
2018.
https://www.researchgate.net/publication/
331981462 Effect_of different_substrate
s_on_growth_and_quality_of Strawberry
_cv_chandler_in_soilless_culture
(accessed Feb. 10, 2023).

[19]H. Mirzaei and M. Darroudi, “Zinc oxide
nanoparticles: Biological synthesis and
biomedical applications,” Ceram. Int., vol.
43, no. 1, pp. 907-914, Jan. 2017, doi:
10.1016/J.CERAMINT.2016.10.051.

[20] M. Khatami, R. S. Varma, N. Zafarnia, H.
Yaghoobi, M. Sarani, and V. G. Kumar,
“Applications of green synthesized Ag,
ZnO and Ag/ZnO nanoparticles for
making clinical antimicrobial wound-
healing bandages,” Sustain. Chem.
Pharm., vol. 10, pp. 9-15, Dec. 2018, doi:
10.1016/J.SCP.2018.08.001.

[21] M. Namvar, J. L. Cybulski, C. S. C. Phang,
Y. S. Ee, and K. T. L. Tan, “Simplifying
sensemaking: Concept, process, strengths,
shortcomings, and ways forward for
information systems in contemporary
business environments,” Australas. J. Inf.
Syst., vol. 22, 2018, doi:
10.3127/AJIS.VV2210.1654.

[22]S. S. Roshitha, V. Mithra, V. Saravanan, S.
K. Sadasivam, and M. Gnanadesigan,
“Photocatalytic degradation of methylene
blue and safranin dyes using chitosan zinc
oxide nano-beads with Musa X paradisiaca
L. pseudo stem,” Bioresour. Technol.
Reports, vol. 5, pp. 339-342, Feb. 2019,
doi: 10.1016/J.BITEB.2018.08.004.

[23]K. Ginjupalli, R. Alla, T. Shaw, C.

Tellapragada, L. Kumar Gupta, and P.
Nagaraja Upadhya, “Comparative
evaluation of efficacy of Zinc oxide and
Copper oxide nanoparticles as
antimicrobial  additives in  alginate
impression materials,” Mater. Today Proc.,
vol. 5, no. 8, pp. 16258-16266, 2018, doi:
10.1016/J.MATPR.2018.05.117.

[24] M. Khatami, I. Sharifi, M. A. L. Nobre, N.
Zafarnia, and M. R. Aflatoonian, “Waste-
grass-mediated green synthesis of silver
nanoparticles and evaluation of their
anticancer, antifungal and antibacterial
activity,”
http://mc.manuscriptcentral.com/tgcl, vol.
11, no. 2, pp. 125-134, Apr. 2018, doi:
10.1080/17518253.2018.1444797.

[25] K. S. Lee, C. W. Park, S. J. Lee, and J. D.
Kim, “Hierarchical zinc oxide/graphene
oxide composites for energy storage
devices,” J. Alloys Compd., vol. 739, pp.
522-528, Mar. 2018, doi:
10.1016/J.JALLCOM.2017.12.248.

[26] M. M. Arafat, J. Y. Ong, and A. S. M. A.
Haseeb, “Selectivity shifting behavior of
Pd nanoparticles loaded zinc stannate/zinc
oxide (Zn2Sn04/Zn0) nanowires
sensors,” Appl. Surf. Sci., vol. 435, pp.
928-936, Mar. 2018, doi:
10.1016/J.APSUSC.2017.10.211.

[27]J. Igbal, B. A. Abbasi, T. Mahmood, S.
Kanwal, R. Ahmad, and M. Ashraf, “Plant-
extract mediated green approach for the
synthesis of ZnONPs: Characterization
and evaluation of cytotoxic, antimicrobial
and antioxidant potentials,” J. Mol. Struct.,
vol. 1189, pp. 315-327, Aug. 2019, doi:
10.1016/J.MOLSTRUC.2019.04.060.

[28]S. Ullah, 1. Zainol, and R. H. Idrus,

“Incorporation of zinc oxide nanoparticles
into  chitosan-collagen 3D  porous
scaffolds:  Effect on  morphology,

3108



Journal of Survey in Fisheries Sciences

10(2S) 3100-3112

2023

mechanical properties and
cytocompatibility of 3D porous scaffolds,”
Int. J. Biol. Macromol., vol. 104, no. Pt A,

pp. 1020-1029, Nov. 2017, doi:
10.1016/J.1IBIOMAC.2017.06.080.
[29]P. Anastas and N. Eghbali, “Green

Chemistry: Principles and Practice,”
Chem. Soc. Rev., vol. 39, no. 1, pp. 301-
312, Dec. 2009, doi: 10.1039/B918763B.

[30]H. Duan, D. Wang, and Y. Li, “Green
chemistry for nanoparticle synthesis,”
Chem. Soc. Rev., vol. 44, no. 16, pp. 5778—
5792, Aug. 2015, doi:
10.1039/C4CS00363B.

[31]0O. V. Kharissova, H. V. R. Dias, B. I.
Kharisov, B. O. Pérez, and V. M. J. Pérez,
“The greener synthesis of nanoparticles,”
Trends Biotechnol., vol. 31, no. 4, pp. 240-
248, Apr. 2013, doi:
10.1016/J.TIBTECH.2013.01.003.

[32] A. Muthuvinothini and S. Stella, “Surface
modified nanoparticles: a green catalyst
for the reduction of ketones,” Inorg. Nano-
Metal Chem., vol. 52, no. 3, pp. 397-406,
2022, doi:
10.1080/24701556.2021.1980020.

[33]N. Zikalala, K. Matshetshe, S. Parani, and
O. S. Oluwafemi, “Biosynthesis protocols
for colloidal metal oxide nanoparticles,”
Nano-Structures & Nano-Obijects, vol. 16,
pp. 288-299, Oct. 2018, doi:
10.1016/J.NANOS0.2018.07.010.

[34]1. Chung et al., “Green synthesis of copper
nanoparticles using Eclipta prostrata
leaves extract and their antioxidant and
cytotoxic activities,” Exp. Ther. Med., vol.
14, no. 1, pp. 18-24, Jul. 2017, doi:
10.3892/ETM.2017.4466.

[35]C. L. Baird and D. G. Myszka, “Current
and emerging commercial  optical

biosensors,” J. Mol. Recognit., vol. 14, no.
5, pp. 261-268, 2001, doi:
10.1002/JMR.544.

[36] K. V. V. Satyanarayana, P. A. Ramaiah, Y.
L. N. Murty, M. R. Chandra, and S. V. N.
Pammi, “Recyclable ZnO nano particles:
Economical and green catalyst for the
synthesis of A 3 coupling of
propargylamines under solvent free
conditions,” Catal. Commun., vol. 25, pp.
50-53, Aug. 2012, doi:
10.1016/J.CATCOM.2012.03.031.

[37]A. Khalid, R. Khan, M. Ul-Islam, T. Khan,
and F. Wahid, “Bacterial cellulose-zinc
oxide nanocomposites as a novel dressing
system for burn wounds,” Carbohydr.
Polym., vol. 164, pp. 214-221, May 2017,
doi: 10.1016/J.CARBPOL.2017.01.061.

[38]A. Krdl, V. Railean-Plugaru, P.
Pomastowski, and B. Buszewski,
“Phytochemical investigation of Medicago
sativa L. extract and its potential as a safe
source for the synthesis of ZnO
nanoparticles: The proposed mechanism of
formation and antimicrobial activity,”
Phytochem. Lett., vol. 31, pp. 170-180,
Jun. 2019, doi:
10.1016/J.PHYTOL.2019.04.009.

[39] A. Naveed Ul Hag, A. Nadhman, I. Ullah,
G. Mustafa, M. Yasinzai, and I. Khan,
“Synthesis Approaches of Zinc Oxide
Nanoparticles:  The  Dilemma  of

Ecotoxicity,” J. Nanomater., vol. 2017,
2017, doi: 10.1155/2017/8510342.

[40]S. Mitra et al., “Microwave synthesis of
ZnO@mSIO2 for detailed antifungal mode
of action study: Understanding the insights
into oxidative stress,” J. Colloid Interface
Sci., vol. 444, pp. 97-108, Apr. 2015, doi:
10.1016/J.JC1S.2014.12.041.

[41]R.

Yuvakkumar, J. Suresh, B.

3109



Green Synthesis of ZnO Nanoparticles: A Critical Review

Saravanakumar, A. Joseph Nathanael, S. I.
Hong, and V. Rajendran, “Rambutan peels
promoted biomimetic  synthesis  of
bioinspired zinc oxide nanochains for
biomedical applications,” Spectrochim.
Acta. A. Mol. Biomol. Spectrosc., vol.
137, pp. 250-258, Feb. 2015, doi:
10.1016/J.SAA.2014.08.022.

[42]S. Ambika and M. Sundrarajan, “Green
biosynthesis of ZnO nanoparticles using
Vitex negundo L. extract: Spectroscopic
investigation of interaction between ZnO
nanoparticles and human serum albumin,”
J. Photochem. Photobiol. B., vol. 149, no.
1, pp. 143-148, 2015, doi:
10.1016/J.JPHOTOBIOL.2015.05.004.

[43] K. Kavithaa, M. Paulpandi, T. Ponraj, K.
Murugan, and S. Sumathi, “Induction of
intrinsic apoptotic pathway in human
breast cancer (MCF-7) cells through facile
biosynthesized zinc oxide nanorods,”
Karbala Int. J. Mod. Sci., vol. 2, no. 1, pp.
46-55, Mar. 2016, doi:
10.1016/J.KIJOMS.2016.01.002.

[44]K. Kumari, U. Mishra, O. Mishra, K.
Kumar, P. K. Praveen, and S. Ganguly,
“Oestrus  Synchronisation in  Murrah
Buffaloes by Ov-synch Protocoland its
Relation  with  Endocrinology  and

Biochemical Profile,” J. Immunol.
Immunopathol., vol. 16, no. 1and2, p. 33,
2014, doi: 10.5958/0973-
9149.2014.01074.0.

[45]R. Yuvakkumar, J. Suresh, A. J.
Nathanael, M. Sundrarajan, and S. I. Hong,
“Novel green synthetic strategy to prepare
ZnO nanocrystals using rambutan
(Nephelium lappaceum L.) peel extract
and its antibacterial applications,” Mater.
Sci. Eng. C. Mater. Biol. Appl., vol. 41, pp.
17-27, Aug. 2014, doi:
10.1016/J.MSEC.2014.04.025.

[46]D. S. Auld, “Zinc coordination sphere in

biochemical zinc sites,” BioMetals, vol.
14, no. 3-4, pp. 271-313, 2001, doi:
10.1023/A:1012976615056.

[47]Y. Zong, Z. Li, X. Wang, J. Ma, and Y.

Men, “Synthesis and high photocatalytic
activity of Eu-doped ZnO nanoparticles,”
Ceram. Int., vol. 40, no. 7, pp. 10375-
10382, Aug. 2014, doi:
10.1016/J.CERAMINT.2014.02.123.

[48]R. Dobrucka and J. Dlugaszewska,

“Biosynthesis and antibacterial activity of
Zno nanoparticles using  Trifolium
Pratense flower extract,” Saudi Journal of
Biological Sciences, 2015.
https://www.researchgate.net/publication/
277477905 Biosynthesis_and_antibacteri
al_activity_of Zno_nanoparticles_using_
Trifolium_Pratense_flower_extract
(accessed Feb. 10, 2023).

[49]M. Ovais, A. T. Khalil, M. Ayaz, I.

Ahmad, S. K. Nethi, and S. Mukherjee,
“Biosynthesis of Metal Nanoparticles via
Microbial Enzymes: A  Mechanistic
Approach,” Int. J. Mol. Sci. 2018, Vol. 19,
Page 4100, vol. 19, no. 12, p. 4100, Dec.
2018, doi: 10.3390/1IMS19124100.

[50]V. Mohanasrinivasan, Cs. Devi, M.

Banerjee, J. Firdous Siddiqui, P. Lakshmi,
and J. S. Naine, “Production of fibrinolytic
Staphylokinase from UV  Mutated
Staphylococcus aureus VITSDVM7,” Int.
J. ChemTech Res. CODEN, vol. 6, no. 8,
pp. 4007-4014, 2014.

[51]M. A. Rauf, M. Owais, R. Rajpoot, F.

Ahmad, N. Khan, and S. Zubair,
“Biomimetically synthesized Zn0O
nanoparticles attain potent antibacterial
activity against less susceptible S. aureus
skin infection in experimental animals,”
RSC Adv., vol. 7, no. 58, pp. 36361-
36373, Jul. 2017, doi:

3110



Journal of Survey in Fisheries Sciences

10(2S) 3100-3112

2023

10.1039/C7RA05040B.

[52]P. Dhandapani, A. S. Siddarth, S.
Kamalasekaran, S. Maruthamuthu, and G.
Rajagopal, “Bio-approach:  Ureolytic
bacteria mediated synthesis of ZnO
nanocrystals on cotton fabric and
evaluation  of  their  antibacterial
properties,” Carbohydr. Polym., vol. 103,
no. 1, pp. 448-455, Mar. 2014, doi:
10.1016/J.CARBPOL.2013.12.074.

[53]V. N. Kalpana, B. A. S. Kataru, N. Sravani,
T. Vigneshwari, A. Panneerselvam, and V.
Devi Rajeswari, “Biosynthesis of zinc
oxide nanoparticles using culture filtrates
of Aspergillus niger: Antimicrobial textiles
and dye degradation studies,” OpenNano,
vol. 3, pp. 4855 Jan. 2018, doi:
10.1016/J.O0NANO.2018.06.001.

[54] X. Li, H. Xu, Z. S. Chen, and G. Chen,
“Biosynthesis ~ of  nanoparticles by
microorganisms and their applications,” J.
Nanomater., vol. 2011, 2011, doi:
10.1155/2011/270974.

[55]S. Ahmed, M. Ahmad, B. L. Swami, and S.
Ikram, “A review on plants extract
mediated synthesis of silver nanoparticles
for antimicrobial applications: A green
expertise,” J. Adv. Res., vol. 7, no. 1, pp.

17-28, Jan. 2016, doi:
10.1016/J.JARE.2015.02.007.
[56]P. Sutradhar and M. Saha, “Green

synthesis of zinc oxide nanoparticles using
tomato (Lycopersicon esculentum) extract
and its photovoltaic  application,”
http://dx.doi.org/10.1080/17458080.2015.
1059504, vol. 11, no. 5, pp. 314-327, Mar.
2015, doi:
10.1080/17458080.2015.1059504.

[57]M. Fazlzadeh, R. Khosravi, and A. Zarei,
“Green  synthesis of zinc  oxide
nanoparticles using Peganum harmala seed

extract, and loaded on Peganum harmala
seed powdered activated carbon as new
adsorbent for removal of Cr(VI) from
aqueous solution,” Ecol. Eng., vol. 103,
pp. 180-190, Jun. 2017, doi:
10.1016/J.ECOLENG.2017.02.052.

[58]O. J. Nava et al., “Influence of Camellia
sinensis  extract on  Zinc  Oxide
nanoparticle green synthesis,” J. Mol
Struct., vol. 1134, pp. 121-125, Apr. 2017,
doi: 10.1016/J.MOLSTRUC.2016.12.069.

[59]R. S. Gupta, B. Lo, and J. Son,
“Phylogenomics and comparative genomic
studies robustly support division of the
genus Mycobacterium into an emended
genus Mycobacterium and four novel
genera,” Front. Microbiol., vol. 9, no. FEB,
p. 67, Feb. 2018, doi:
10.3389/FMICB.2018.00067/BIBTEX.

[60]P. Sutradhar and M. Saha, “Green
synthesis of zinc oxide nanoparticles using
tomato (Lycopersicon esculentum) extract
and its  photovoltaic  application,”
http://dx.doi.org/10.1080/17458080.2015.
1059504, vol. 11, no. 5, pp. 314-327, Mar.
2015, doi:
10.1080/17458080.2015.1059504.

[61]D. Kelman, E. K. Posner, K. J. McDermid,
N. K. Tabandera, P. R. Wright, and A. D.
Wright, “Antioxidant activity of Hawaiian
marine algae,” Mar. Drugs, vol. 10, no. 2,
pp. 403-416, 2012, doi:
10.3390/MD10020403.

[62]S. Azizi, M. B. Ahmad, F. Namvar, and R.

Mohamad, “Green biosynthesis and
characterization of zinc oxide
nanoparticles using brown  marine

macroalga Sargassum muticum aqueous
extract,” Mater. Lett., vol. 116, pp. 275—
2717, Feb. 2014, doi:
10.1016/J.MATLET.2013.11.038.

3111



Green Synthesis of ZnO Nanoparticles: A Critical Review

[63]K. Ali et al, “Aloe vera extract
functionalized zinc oxide nanoparticles as
nanoantibiotics against multi-drug
resistant clinical bacterial isolates,” J.
Colloid Interface Sci., vol. 472, pp. 145-
156, Jun. 2016, doi:
10.1016/J.JC1S.2016.03.021.

[64]J. Jiang, J. Pi, and J. Cai, “The Advancing
of Zinc Oxide Nanoparticles for
Biomedical  Applications,”  Bioinorg.
Chem. Appl., vol. 2018, 2018, doi:
10.1155/2018/1062562.

[65]F. T. Thema, E. Manikandan, M. S.
Dhlamini, and M. Maaza, “Green synthesis
of ZnO nanoparticles via Agathosma
betulina natural extract,” Mater. Lett., vol.
161, pp. 124-127, Nov. 2015, doi:
10.1016/J.MATLET.2015.08.052.

[66]K. Prasad and A. K. Jha, “ZnO
Nanoparticles: Synthesis and Adsorption
Study,” Nat. Sci., vol. 01, no. 02, pp. 129—
135, 2009, doi: 10.4236/NS.2009.12016.

[67]B. N. Singh, A. K. S. Rawat, W. Khan, A.
H. Naqvi, and B. R. Singh, “Biosynthesis
of stable antioxidant ZnO nanoparticles by
Pseudomonas aeruginosa rhamnolipids,”
PLoS One, vol. 9, no. 9, 2014, doi:
10.1371/JOURNAL.PONE.0106937.

[68]S. Nagarajan and K. Arumugam
Kuppusamy, “Extracellular synthesis of
zinc oxide nanoparticle using seaweeds of
gulf of Mannar, India,” J.
Nanobiotechnology, vol. 11, no. 1, Dec.
2013, doi: 10.1186/1477-3155-11-39.

[69] A. Pugliara et al., “Assessing bio-available
silver released from silver nanoparticles
embedded in silica layers using the green
algae Chlamydomonas reinhardtii as bio-
sensors,” Sci. Total Environ., vol. 565, pp.
863-871, Nov. 2015, doi:
10.1016/J.SCITOTENV.2016.02.141.

[70] A. Pugliara et al., “Assessing bio-available
silver released from silver nanoparticles
embedded in silica layers using the green
algae Chlamydomonas reinhardtii as bio-
sensors,” Sci. Total Environ., vol. 565, pp.
863-871, Nov. 2016, doi:
10.1016/J.SCITOTENV.2016.02.141.

[71]G. Li et al., “Fungus-mediated green
synthesis of silver nanoparticles using
Aspergillus terreus,” Int. J. Mol. Sci., vol.
13, no. 1, pp. 466-476, 2012, doi:
10.3390/1JMS13010466.

3112



