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Abstract

During the last few decades, the utilization of nanotechnology is exponentially increasing in biomedical engineering applications, such as anti-
biotics, antimicrobial agents, and anticancer therapies. It is known that a large number of diseases caused by pathogenic microorganisms orig-
inate from the fact that these pathogens have developed resistance in commercially available drugs. Thus, the development of novel, effective,
non-toxic, and low-cost therapy for better treatment of diseases is imperative. Nanoparticles based on metals and metal oxides have emerged as
a promising means of therapy due to their exceptional properties. Among these nanoparticles, zinc oxide nanoparticles (ZnO NPs) have drawn
significant attention owing to their eminent biomedical properties. A variety of physical as well as chemical methods is utilized for the ZnO NPs
synthesis. However, many of them include the use of hazardous reagents or are energy-consuming. For this reason, green methods are proposed
to synthesize ZnO NPs using biological substrates. These methods possess significant benefits, as the extracts contribute positively to the for-
mation and improvement of the antimicrobial activity of ZnO NPs, also acting as reducing and stabilizing agents. In this review, an integrated
approach of ZnO NPs bio-synthetic techniques using microorganisms, such as bacteria, fungi and algae, plants and plant extracts, is discussed,
shedding light on their comparative advantages.
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Introduction

Nowadays, due to the combined effect among engineering and med-
ical sciences, nanotechnology constitutes an ever—growing novel do-
main in the field of biological research, aiming at the synthesis and
application of nanoparticles (NPs) with controlled morphologies and
remarkable features. The Development of nanoparticles characterized
by diverse sizes and shapes is of great interest because of their excep-
tional physicochemical properties, compared to their equivalent bulk
materials; thus, this leads to considerable differences in their biological
activity . Nanoparticles can be produced through several approaches,
which involve both physical and chemical methods, electrochemical
and photochemical reaction, as well as heat evaporation methods 3.
Although these techniques have shown high efficiency in the produc-
tion of nanoparticles with desirable properties, they are associated with
some drawbacks regarding the release of harmful by-products posing a
high risk to living systems, and the high cost of the synthetic procedure
[5,56]. Therefore, to overcome such constraints, the main focus of both
science and technology is the design of nanoparticles utilizing environ-
mentally benign approaches.

Taking the aforementioned into consideration, during the last decade,
researchers have been developing methods to improve the production
of nanoparticles, such as metal and metal oxide NPs, using greener en-

ergy saving and cost—effective technologies 374,

The syntheses of metal and metal oxide nanoparticles via a green-route
involve the utilization of non — toxic chemical substances as reducing
and stabilizing agents ['8,

Among metal and metal oxide NPs, zinc oxide nanoparticles (ZnO NPs)
have drawn considerable attention owing to their excellent biomedical
properties, as they exhibit tremendous anti—bacterial, anti—fungal and
anti—inflammatory properties [1]. Moreover, ZnO NPs are also utilized
for bio — imaging, wound healing and as a potential drug delivery vehi-

cle for standard drugs, as it provides synergistic effects for the treatment
1.7

Various methods, including physical and chemical, are employed for
the production of ZnO nanoparticles *>*). However, as stated above,
the majorities of them either employ noxious compounds or require
large amounts of energy during the synthesis process. In light of this,
biological methods based on bacteria, Fungus algae, plant extracts, and
organic products 32 have proven to be extremely promising for the
ZnO NPs production, without negative impact neither on human health
or the environment.

This review summarizes the latest developments regarding the green
synthesis of zinc oxide nanoparticles with antimicrobial properties,
through the utilization of different biological extracts.

Synthesis of Zinc Oxide Nanoparticles (ZnO NPs):

Researchers worldwide have developed a plethora of semiconductor
nanoparticles, such as TiO2, Si02, SnO2, GaAs, etc. that is extensively
demanded different applications due to their unique properties. Among
these semiconductor NPs, those of zinc oxide (ZnO) are at great eco-
nomic and industrial interest because of a quite vast range of properties,
owing to their wide bandgap (3.37¢V), high excitonic binding ener-
gy (~60meV), non-toxic nature, and low cost >/, This wide range of
properties allows the employment of ZnO NPs in many different areas,
such as agriculture, cosmetics, metal surface treatment, gas sensors, so-
lar cells, photocatalysts 554,

Given that nanotechnology and its implication in various pharmaceuti-
cal fields is the area of focus in modern material science, ZnO nanopar-

ticles have gained researchers’ attention, as they also possess excellent
biomedical properties, which make them potential candidates for novel
biomedical engineering application, such as tissue regeneration, im-
plant coatings, bio-imaging, bio-sensors, wound healing antibiotics,
antimicrobial and anti-inflammatory agents, development of cancer
therapies, etc. 8202633351 n particular, zinc oxide nanoparticles are able
to produce reactive oxygen species (ROSs), which lead to their antibac-
terial and anticancer properties 1%,

It is known that zinc (Zn) constitutes an important micronutrient, which
is included in the structure of more than 300 enzymes comprising a cru-
cial part of several bioprocesses, including the retention of the body’s
metabolism through hematopoiesis, enzyme regulation, maintenance of
the cell redox balance and both DNA and protein synthesis machinery
regulation !'l. Zinc also plays an important role in hepatic glycogene-
sis; particularly, hepatic glycogenesis is through its involvement in the
signaling pathway for improved uptake of glucose **\. In addition, zinc
is also essential for the synthesis, secretion, as well as signaling of a
very important hormone, insulin, affecting subsequently its action on
metabolism [©39,

In general, several methods to synthesize ZnO NPs, such as physical,
chemical, and biological. Chemicals methods include various tech-
niques, like direct precipitation, solution evaporation, hydrothermal,
wet chemical reduction, microemulsion, and sol-gel [%1217:37.53.54]
Among chemical methods, sol-gel comprises the most frequently used
synthesis for the fabrication of zinc oxide nanoparticles. Although
chemical methods are efficient, they may result to high energy con-
sumption, when condition of high temperature or pressure are required
during the production process #2741, Additionally, there is a possibility
of the adsorption of noxious residues over the nanoparticles’ surface
due to the utilization of stabilizers, which can adversely affect their ap-
plication for biomedical purposes.

Zinc oxide nanoparticles can also be fabricated through physical meth-
ods, such as vapor deposition, plasma, and ultrasonic irradiation, inter-
ferometric lithography, physical fragmentation, and amorphous crys-
tallization, although these techniques are less used than the chemical
methods #?"' and also require a high amount of energy and sophisticated
equipment.

However these methods have led to ZnO nanoparticles with desired
properties, size, and shape, the main focus is to design zinc oxide NPs
using environmentally benign approaches. These provide solutions to
the use of ZnO NPs in biological and medical applications.

1.Bio-synthesis of Zinc oxide Nanoparticles:

Biogenic fabrication of zinc oxide nanoparticles proves to be an ef-
fective alternative to the conventional physical and chemical synthetic
routes. The demand for green synthesis of ZnO NPs has increased con-
siderably during the last decade as awareness regarding green chemistry
is on the rise. The development of this new approach and the significant
interest in it is mainly related to the absence of toxic chemicals or a high
amount of energy applied to the biological synthesis, which makes the
process more cost-effective and eco-friendlier #2274 More specifical-
ly, the biosynthetic route for the fabrication of zinc oxide nanoparticles
utilizes biological substrates, such as plants, plant parts, and cellular
microorganisms (bacteria, fungus, and algae) in order to replace chem-
ical solvents and stabilizers to decrease the toxicity of both produced
nanoparticles and synthetic procedure 2827331,

The bio-synthesis of zinc oxide nanoparticles constitutes a quite simple
procedure in which a zinc salt, such as zinc chloride, zinc acetate, etc.,
is added to a biological extract previously prepared. After the reaction,
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this solution is submitted to thermal treatment, and the ZnO powder is
obtained [#27-33:381,

In general, zinc oxide NPs synthesized through bio-synthetic route tend
to exhibit enhanced antibacterial activity than those being synthesized
through the physical or chemical techniques, due to coating various
pharmacologically active biomolecules on their surface that allow mul-
tiple ligands-based conjugations of nanoparticle with a reception on
bacterial membranes.

A large number of ligands can be hosted over nanoparticles for imposed
targeting of pathogenic microorganisms, owing to their large surface
area to volume ratio. These are mainly organic flavones, aldehydes, ke-
tones, amides, polysaccharides, and quinones, which are known to have

a significant therapeutic effect against a wide range of human pathogen
[1,2,72]

Namely, either bacteriostatic or bactericidal effect of ZnO NPs is ex-
pressed by preventing bacteria from receiving the necessary nutrients
or by disrupting their cell membrane 247,

Perveen ) compared the antibacterial activity of ZnO NPs prepared
by both the aforementioned sol-gel and green synthetic procedures.
For the green synthesis method, vegetable seeds from Brassicaceae
plants (red radish, white radish, turnip, sarson, and cauliflower) were
used. The antimicrobial activities were assessed against three bacterial
strains, including Bacillus subtilis (B. subtilis), Staphylococcus aureus
(S. aureus) and Salmonella typhimurim (S. typhimurim) and against
three fungal strains, including Aspergillus niger (A. niger), Fusarium
oxysporum (F. oxysporum) and Penicillium digitatum (P. digitatum).
The NPs might be able to pass readily through the cell membrane of
peptidoglycan polymer and thus exert antibacterial action. Antibacterial
activity is assigned to the destruction or inhibition of bacterial growth.
S. aureus was the most actively inhibited strain by all the samples. The
antifungal activity was low compared to the antimicrobial activity of
these samples. A. niger was not inhibited. It was therefore concluded
that red radish, white radish, turnip, sarson and cauliflower could pos-
sibly be used for the fabrication of ZnO as active antimicrobial agents
(4] Furthermore, Ahmad and Kalra (2020) investigated the extract of
Euphorbia hirta leaf for the construction of ZnO NPs and applied them
on human bacteria such as Streptococcus mutans, Streptococcus aureus,
Clostridium absonum, and Escherichia coli B and fungus strains such
as Arthogrophis cuboida, Aspergillius fumigates and Aspergillius nigar.
The result of the antibacterial study clearly indicated that the antibacte-
rial activity (in terms of Zone of Inhibition) increases as the concentra-
tion of ZnO nanoparticles (20, 40, 60, 100 mg/ml) increases too, which
may be due to the increase of H202 concentration from the surface
of ZnO nanoparticles. The zone of inhibition was found to be highest
in the case of Streptococcus aureus (29 mm) when compared to other
bacteria, like Streptococcus mutans (28 mm), Clostridium absonum (27
mm), Escherichia coli (24 mm). It is also found that comparing the ob-
tained antifungal result of the synthesized nanoparticles; the best result
is obtained in the case of Arthogrophis cuboida (zone of inhibition 29
mm). In the case of Aspergillius nigar, the minimum zone of inhibition
(Zol) was reported (zone of inhibition 20 mm).

1.1 Bio-synthesis of ZnONPs using plants and plant extracts:

The plant-based synthesis of metal and metal oxide nanoparticles com-
prises an emerging field of nanotechnology in the present era, given
the fact that plants constitute the most commonly used biological sub-
strate for the biosynthesis of nanoparticles with metallic ions [8]. Plant
extracts, deriving from different parts of the plant, like leaves, roots,
stems, barks, flowers, seeds, and fruits, are abundant in various phy-
tochemicals or active compounds in different concentrations, such as

polyphenols, flavonoids, methylxanthines, terpenoids, quinones, fatty
acids, and saponins, which render them suitable candidates to act as
reducing and stabilizing agents B-#138711 These compounds are also
known as antioxidants, as they can neutralize reactive oxygen species
(ROS) and free radicals and chelate metals [8]. Phytochemicals coating
onto the surface of green synthesized nanoparticles makes them biolog-
ically benign and compatible, offering very interesting applications in
biomedicine and related fields 32361,

The bio-synthetic route of metal and metal oxide nanoparticles utilizing
both plants and their extracts provides additional benefits compared to
the use of microorganisms for several reasons: (i) it is non-pathogenic,
as there is no exposure to health risks or concerns regarding safety is-
sues related to dangerous microorganisms during the synthetic process,
(i1) it does not demand any complicated protocol or methodology; plant
extracts can be easily obtained through the exposure of the plant to a
solvent that is usually distilled water or ethanol [4,8], (iii) it is cost-ef-
fective and relatively easy for scaling up and production in industrial
level [11] and finally, (iv) it is characterized by a higher bio-reduction
potential, compared to microorganisms culture filtrates %%, In the case
of microorganisms, the synthetic process consists of multiple stages, in-
cluding isolation of the potential microorganism, specific culture prepa-
ration, aseptic culture conditions maintenance, etc. !,

Zinc oxide nanoparticles can be synthesized using either the whole
plant or its extract; thus, the availability of the reducing and stabilizing
agents is greater in their extract than in the plant itself, so as a result,
the majority of the studies have focused on the use of plant extracts
for the ZnO NPs synthesis. In general, the plant-based method for the
synthesis of zinc oxide nanoparticles involves the reaction of the active
compounds present in the plant extract with a zinc salt to reduce or
form complexes with the metal 81131571,

Several researchers have reported the synthesis of ZnO NPs with an-
timicrobial properties using a plant-based methodology. In 2017, Mu-
rali and his co-researchers synthesized ZnO NPs from the leaf extract
of Ceropegia candelabrum, a medicinal plant endemic to India, with
zinc nitrate as a precursor using a simple hydrothermal process. The
as-synthesized ZnO NPs exhibited significant antibacterial and antiox-
idant potential in comparison to the standard drugs; as a result, they
could be used as an alternative to current chemical compounds. Also, in
2017, Santhoshkumar and his research team bio-synthesized zinc oxide
nanoparticles using Passiflora caerulea fresh leaf extract and zinc ace-
tate. The team tested the antimicrobial effect of the as-prepared zinc ox-
ide nanoparticles against urinary tract infection pathogens, like E. coli,
Streptococcus sp., Enterococcus sp., and Klebsiella sp. The results indi-
cated that the ZnO NPs exhibited considerable antibacterial activity and
they could comprise a potential antibacterial agent towards urinary tract
infection. Malaikozhundan [30], taking into account that the overuse
of antibacterials and drugs has led to the development of resistance in
a number of pathogens and parasites and that breast cancer constitutes
the second most frequent cause of death due to cancer among women,
they assumed that the development of novel, effective, low-cost and
environmentally friendly drugs are of high importance. Thus, the team
developed zinc oxide nanoparticles from Pongamia pinnata seed ex-
tract, and they tested them against Bacillus licheniformis, Pseudomo-
nas aeruginosa, Vibrio parahaemolyticus, C. albicans, as well as breast
cancer MCF-7 cells. They concluded that the as-prepared green ZnO
NPs could be utilized as effective antimicrobial and anticancer agents.
Moreover, Sathishkumar 52 reported a facile route to bio-synthesize
zinc oxide nanoflakes using leaf extract of C. guianensis Aubl., which
is commonly known as cannonball tree and possesses great biological
properties, such as antimicrobial, antiseptic, antitumor, immunomodu-
latory, etc. PU. These zinc oxide nanomaterials presented an excellent
bactericidal effect towards human pathogens and demonstrated mini-
mum hemoglobin release that clearly reveals their suitability to be used
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in diverse nanomedicinal applications.

During 2018, Khatami and his team utilized a fast, clean and green syn-
thesis method of zinc oxide nanoparticles using Stevia (natural sweet-
ener) extract. They examined the antimicrobial activity of the bio-syn-
thesized nanoparticles against Leishmaniasis major, Staphylococcus
aureus and Escherichia coli and they concluded that low concentrations
of the as-prepared zinc oxide nanoparticles could inhibit the in vitro
growth of the aforementioned microorganisms. Additionally, in 2018,
Singh and co-researchers, developed a green and sustainable synthesis
of zinc oxide quantum dots using zinc acetate as precursor and Eclipta
alba, a medicinally important herb, leaf extract as reducing, capping
and stabilizing agent. The as-biosynthesized ZnO quantum dots exhibit-
ed significant antibacterial activity against E. coli. Khan 2% synthesized
ZnO NPs from aqueous extract of Abutilon indicum, as well as Cu-
doped ZnO NPs from aqueous extracts of Clerodendrum infortunatum
and Clerodendrum inerme, through a straightforward green method.
The fabricated zinc oxide nanoparticles possessed potent biological
properties, such as antimicrobial, antifungal, anticancer and antioxi-
dant.

Moreover, in 2019, Vijayakumar and co-workers, successfully prepared
zinc oxide nanoparticles from ethyl acetate leaf extract of Acalypha fru-
ticosa through a facile, green and low-cost technique. They concluded
that the biosynthesized ZnO NPs were excellent potential candidates
to be used as antimicrobial agents towards a variety of pathogenic mi-
croorganisms. Also, during 2019, Madhumitha ! fabricated zinc oxide
NPs utilizing Pithecellobium dulce peel extract. The phytochemicals
present in the peel act as capping and stabilizing agents. The biosyn-
thetic process led to ZnO NPs that exhibited great antifungal proper-
ties after being tested against Aspergillus flavus and Aspergillus niger.
Lingaraju ! proposed a Euphorbia heterophylla leaves extract mediat-
ed preparation of zinc oxide nanoparticles. The researchers stated that
the biosynthesized ZnO NPs presented significant antibacterial activi-
ty towards Gram positive (Staphylococcus aureus) and Gram negative
(Escherichia coli, Pseudomonas desmolyticum and Klebsiella aero-
genes) bacteria. The cytotoxicity of the zinc oxide nanoparticles was
evaluated as well, towards lung (A549) and hepatocellular carcinoma
(HepG2) cell lines. The overall assumption of the research team’s ob-
servations was that the aforementioned green synthesis approach had
effectively led to the formation of ZnO NPs with excellent antibacterial
and cytotoxicity properties.

Nilavukkarasi ! described the synthesis of ZnO NPs using Capparis
zeylamica leaf extract. The antimicrobial activity of these nanoparticles
was examined against bacteria (S. epidermidis, E. faecalis, S. paratyphi,
S. dysenteriae) and fungi (C. albicans, A. niger) through the agar well
diffusion method. Cytotoxicity analysis was also conducted against
A549 cancer cell lines. Nilavukkarasi and his co-researchers assumed
that the novel as-biosynthesized ZnO NPs presented excellent antimi-
crobial and anticancer properties and as a result they could be used in
various nanomedicine applications.

Loquat seed extract was also recently used for the optimization of green
synthesis of ZnO NPs, by Shabaani *%!, through response surface meth-
odology (RSM) B3l The researchers studied the behavior of the ZnO
NPs in five food spoilage bacterial pathogens, including Bacillus ce-
reus, Staphylococcus aureus, Enterococcus faecalis, Listeria monocy-
togenes and Salmonella typhimurium. The ZnO NPs showed a large
zone of inhibition against Gram-positive bacteria, especially S. aureus
strain. It is noteworthy that biosynthesized NPs showed significant an-
tibacterial activity against S. typhimurium as a Gram-negative bacteri-
um, while the applied antibiotic was not effective, which leads to the
conclusion that the ZnO NPs can be utilized as antibacterial agents in
food packaging.

1.2 Bio-synthesis of zinc oxide nanoparticles using microor-
ganisms:

The green synthesis of metal and metal oxide nanoparticles utilizing
bacterial culture or biomass can take place in an extracellular or intra-
cellular environment, in which the nanoparticles are formed or synthe-
sized based on their location in the bio-reducing system [#4>4¢!. Regard-
ing the extracellular synthesis, it is proposed from various researches
that both enzymes and proteins produced and released by the microor-
ganisms have the ability to reduce the metal and metal oxide ions and,
subsequently, stabilize the particles (541,

In the case of the intracellular bio-synthesis, the metal and metal oxide
development mechanism is more complicated owing to the intricacy
of the cells’ composition and processes. Despite this, several studies
suggest that cells incorporate the metal or metal oxide ions, which will
be then reduced by proteins and enzymes present within the cell in order
for the nanoparticles to be synthesized *..

According to several studies, microorganisms are capable of incorpo-
rating Zn2+ ions 8. Although the intracellular synthesis could be a
feasible route to obtain zinc oxide nanoparticles, the extracellular syn-
thesis route constitutes the most commonly utilized for the fabrication
of zinc oxide nanoparticles through bacteria cultures (%!%. Furthermore,
the intracellular bio-synthesis demands an additional process in com-
parison to the extracellular synthesis route, that of cell lysis, in order
to release the nanoparticles from inside the microorganisms B¢, There-
fore, the former is more time consuming and expensive than the latter
one, in which the metal and metal oxide ions are directly reduced or
chelated by proteins and enzymes present outside the cells .. Busi and
his co-researchers in 2016, bio-synthesized zinc oxide nanoparticles
utilizing the culture supernatant of A. schindleri SIZ7. The researchers
mentioned that the formed ZnO NPs exhibited antimicrobial activity
towards food-borne pathogens (E. coli and S.enterica) and as a result,
the aforementioned bacterial system owns the potential for the realiza-
tion of an environmentally friendly, effective, and low-cost fabrication
of zinc oxide nanoparticles. Rauf *! presented the potential of S. aureus
culture medium to be used as an agent for inducing the synthesis of
zinc oxide nanoparticles. The proposed method was facile, green, and
low-cost, ZnO nanoparticles possessed significant antibacterial proper-
ties towards various pathogens. Furthermore, Jayabalan 1*!! suggested
a green synthesis of zinc oxide nanoparticles utilizing Pseudomonas
putida (MCC 2989), a Gram-negative, rod-shaped, soil bacterium broth
culture. The produced ZnO NPs presented good antibacterial activity
that has constrained the growth of Gram-negative and Gram-positive
bacteria. Summarizing, the study of Jayabalan and his co-researchers
proposed a possible route for synthesizing zinc oxide NPs conjugated
antibiotics, which may in the future improve the activity of commer-
cially available antibiotics.

The synthesis of metal and metal oxide nanoparticles utilizing fungal
culture or biomass follows a similar route as the one presented for the
biosynthesis of nanoparticles using bacteria *l. Compared to the bac-
teria-mediated synthesis, the fungal synthesis of nanoparticles is be-
lieved to feature the enhanced potential for the biosynthesis of NPs, as
it has the ability to release higher concentrations of metabolites to the
culture media than bacteria cells. Additionally, fungus cells appear to
be more resistant in conditions variations during the synthetic process,
such as stirring, pressure, pH that increases their potential use for in-
dustrial synthesis 7. 22! presented the extracellular synthesis of zinc
oxide nanoparticles using culture filtrates of Aspergillus niger. They
examined the antimicrobial properties of the produced nanoparticles
against E. coli and S.aureus, and they observed a significant reduction
of both microorganisms. Finally, in 2020, Ganesan and his co-research
team utilized a facile and effective approach for the biosynthesis of ZnO
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NPs using an aqueous extract of Periconium sp (a fast-growing endo-
phytic fungus) through the sol-gel process. The mycochemical constit-
uents that are present within the fungal extract play a crucial part in
the sol-gel process as chelating and gelling agents. The as-synthesized
ZnONPs presented great antimicrobial activity against two pathogenic
bacteria, Staphylococcus aureus, and Escherichia coli and the fungus
Candida albicans.

Another type of microorganisms used for the biosynthesis of metal
and metal oxide nanoparticles is that of algae. Algae constitute one of
the most primitive biological entities and conduct more than 50% of
photosynthesis on the planet . They are simple organisms, and their
phytochemical composition can be associated with the plant extracts’
composition. Some of the reasons that render algae eminent microor-
ganisms for the green synthesis of metal and metal oxide nanoparticles
are: (i) their fast-doubling time, (ii) the fact that they constitute well-de-
veloped systems, (iii) their cells can be easily disrupted, (iv) they are
low-cost, suitable for large scale synthesis and (v) the nucleation and
crystal growth of nanoparticles are accelerated owing to the presence of
negative charge on the surface of the cell 5.

The development mechanism of biosynthesized ZnO NPs utilizing
algae substrates can be related to the plants’ mechanism already de-
scribed, where various phytochemicals act as reducing and stabilizing
agents (¥l In 2018, Sanaeimehr and his team synthesized ZnO NPs via
Sargassum muticum algae extract and assessed their cytotoxicity, and
apoptotic properties on human liver cancer cell line (HepG2). The re-
search’s results confirmed that zinc oxide nanoparticles presented apop-
totic, anti-angiogenic, and cytotoxic effects, and they could be used as a
supplemental drug in cancer treatment for decreasing angiogenesis and
induce apoptosis. Lastly, another novel recent research used marine red
macroalga Kappaphycus alvarezii for the green synthesis of ZnO and
MgO nanoparticles, prepared by biogenic co-precipitation technique
43 the obtained results pave the way for the green production of these
nanoparticles in a large scale, as crystallinity, purity, surface morpholo-
gy and chemistry are considered acceptable.

Conclusions

Zinc oxide nanoparticles (ZnO NPs) have drawn considerable atten-
tion due to their significant biomedical properties. A plethora of phys-
ical and chemical techniques are employed for the synthesis of ZnO
NPs. Nevertheless, the majority of them either involves the utilization
of noxious reagents or requires large amounts of energy. Taking the
aforementioned into consideration, several researches report the fabri-
cation of zinc oxide nanoparticles through a bio-synthesis route process
instead of the conventional methods. The biogenic synthesis of ZnO
NPs can be distinguished into two main categories, the green synthesis
based on the use of plants and their extracts and the approach based on
the utilization of microorganisms, such as bacteria, fungus, and algae.
These methods use biological resources as reducing, capping, and sta-
bilizing agents, and present significant benefits since the extracts con-
tribute positively to the synthesis of ZnO NPs and improvement of their
antimicrobial activity.

Overall, in this review, an integrated approach of zinc oxide nanopar-
ticles bio-synthetic techniques utilizing microorganisms, plants, and
plant extracts were discussed in order to highlight the significance of
the incorporation of green-synthesized nanoparticles in basic and ap-
plied research, as well as in nanomedicine applications.
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