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Abstract: Among the most notable nanotechnology applications is its employment in environmental
remediation and biomedical applications. Nonetheless, there is a need for cleaner and sustainable
methods in preparing nanomaterials that use cheaper, more environment-friendly precursors than the
conventional synthesis process. The green chemistry approach for the preparation of nanoparticles
is becoming more attractive as it uses non-toxic chemicals and reagents. It also offers cost-effective
synthesis process as it uses readily available plant sources and microbe as redox mediators in
converting metallic cations to metal or metal oxide nanoparticles. The extracts of these plants and
microbe sources contain phytochemicals and metabolites in variable quantities, which serve as redox
mediators and capping agents that stabilize the biosynthesized nanoparticles. The present article
reviews the recent studies on the fabrication of silver oxide nanoparticles (Ag,O-NPs) via plant-
mediated and microbe-mediated green synthesis, giving a concise discussion on the green preparation
of AgrO-NPs employing extracts of different plants and microbial sources. The performances of the
biosynthesized Ag;O-NPs are also reviewed, highlighting their potential use in photocatalysis and
biomedical applications.

Keywords: silver oxide nanoparticles; green synthesis; photocatalysis; biomedical applications; metal
oxides; photocatalytic degradation

1. Introduction

Nanomaterials behave differently compared to macroscale materials, having highly
desirable properties due to size confinement, the dominance of interfacial phenomena
due to increased surface area, and quantum effects [1]. These distinctive characteristics of
nanosized materials lead to improved performances in catalytic and tunable photo activity,
increased strength, etc., making nanomaterials play a major role for a broad range of
applications. One of the most notable applications of nanotechnology is its employment in
different methods for environmental remediation [2—4]. Industries such as food, pharmacy,
cosmetics, paints, plastics, paper, textiles, and even agriculture that use pesticides, release
harmful organic pollutants and pathogenic biological pollutants into the environment.
Nanotechnology stands at the forefront of today’s scientific studies and innovations thanks
to its large use in remediation of environmental problems brought by the ever-emerging
industrialization and progressive urbanization of today’s society [5,6].
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Metal oxide nanoparticles have gained particular attention because of their unique
physical and chemical characteristics with great potential in environmental remediation.
Their applications range from their usage for the removal of heavy metals, poisonous
gas sensing, textile, biomedical applications, and photocatalytic degradation of organic
contaminants [3,7,8]. Moreover, the emergence of drug-resistant microorganisms created
serious problems in treating infections and other diseases. The need to develop different
and effective bactericidal agents to deal with drug-resistant bacteria is a challenge [9],
and recent studies demonstrated that metal oxide nanoparticles may have great potential
in antimicrobial applications. Similarly, metal oxide nanoparticles have been demonstrated
as effective in photocatalytic degradation of organic pollutants, especially organic dyes
that are among the largest group of hazardous organic compounds causing increased
environmental threat and carcinogenic effects [1].

Silver oxide nanoparticles (Ag,O-NPs) were recently found to have desirable prop-
erties for applications in photovoltaic cells, sensors, data storage devices, biomedical
applications, and photocatalysis [10,11]. AgoO-NPs have been explored in many studies
focusing on their synthesis, characterization, and photocatalytic performance. Their good
optical properties and narrow bandgap (1.1~1.4 eV), which enables them to absorb the full
solar spectrum, make these nanoparticles attractive for visible light driven photocatalytic
removal of organic pollutants. Ag,O-NPs photocatalyst was also reported to undergo
self-stabilizing process during photocatalytic degradation of organic compounds, resulting
in a high photocatalytic performance [1,12].

In this review paper, we report on the recent studies about Ag,O-NPs obtained by
plant-mediated and microbe-mediated green synthesis. The biomedical and catalytic
properties of AgoO-NPs prepared by these methods have been discussed.

2. Green Synthesis and Characterization of Ag,O-NPs
2.1. Green Synthesis

A huge fraction of the nanomaterials being used in many fields nowadays is prepared
using chemical and physical methods. Aside from being expensive, conventional synthesis
methods are also known to utilize environmentally and biologically hazardous chemicals,
such as organic solvents, reducing agents, and stabilizers, thus limiting the use of these
nanoparticles in clinical and biomedical fields [1,5]. Hence, many research groups have
become interested in developing cost-effective and environmentally safe synthesis pro-
cesses of nanoparticles that reduce or eliminate the use of hazardous chemicals and avoid
the formation of unnecessary and harmful side-products. The green synthesis method
of preparing nanoparticles is the best alternative to the existing chemical and physical
synthesis methods as it is cheaper, safe to handle, and eco-friendly [13-15].

The fabrication of nanoparticles via the green synthesis method allows the reduction
of the metal ions through some supposed metabolic process that requires relatively low
activation energy for the synthesis reactions to occur. A considerable amount of research on
metal oxides is conducted using microbes and plants, taking advantage of their capabilities
to mediate the precursor’s redox reactions, forming metal/metal oxide nanoparticles,
and stabilizing resulting nanoparticles [15-17]. Bacteria, for example, has been reported
to be an effective reducing agent of metal ions. Additionally, bacterial cells are easy to
culture, making them convenient for synthesizing any nanomaterial [18]. Fungus has been
exploited in the biosynthesis of nanoparticles due to the reductive ability of its proteins
and intracellular enzymes [19].

On the other side, the use of plant extracts as reducing agents has also become promis-
ing because they contain biomolecules such as carbohydrates, proteins, and coenzymes
that possess the capabilities of reducing metal ions. These biomolecules also act as sta-
bilizing and capping agents for the synthesized nanoparticles. Plant-mediated synthesis
has the advantage of scalability and speed, with respect to microbe-mediated synthesis.
In addition it is inexpensive, readily available and has been proven to be efficient [3,20].



Metals 2022, 12, 769

3 0f20

For the above-mentioned reasons, the use of plant sources has become the most attractive
and preferred method in the fabrication of nanoparticles.

Figure 1 reports a general scheme of the green synthesis process. Parameters such
as temperature, humidity, pH, extract concentration, phytochemical profile, metal ion
concentration, and incubation time affect the synthesis process, i.e., nanoparticles goodness,
stabilization, quantity produced, and yield rate [21,22].

| Biological synthesis of nanoparticles |

EM icroorganisms

Bacteria Yeast

Microalgae

Microarganisms and
plant extract

Factors affecting the biosynthesis of nanoparticles

Figure 1. Generalized schematics of green synthesis of nanoparticles. Reprinted from Ref. [22].

2.1.1. Plant-Mediated Synthesis

The use of plant sources for the synthesis of Ag,O-NPs is by far the most successful
green synthesis method. The plant-mediated fabrication of Ag;O-NPs is reported to be
more time-efficient and produces more stable nanoparticles than those prepared using
microbe-mediated synthesis [23]. Most importantly, plant sources are readily available,
inexpensive, nonhazardous, and contain phytochemicals that can act as stabilizing agents
of the resulting nanoparticles [24]. Up to date, the utilization of plant-derived materials
continues to progress, as more and more research groups have explored the potential use
of different plants for the synthesis of nanoparticles by using extracts of both aerial and
underground parts like leaves, roots, stems, fruits, and others [25]. While many studies
have reported about plant-mediated biosynthesis of silver nanoparticles (AgNPs) [26,27],
the studies presented in this review article report Ag,O-NPs as the main biosynthesis
product instead of AgNPs. While the exact reaction mechanism has not been established
yet, Sutan et al. [28] suggest that some plant extracts contain phytocomponents that are not
adequate to act both as reducing agent for Ag* to Ag® and as a capping agent. This results
in the oxidation of AgNPs to Ag,O-NPs. This finding was supported by the XRD, UV-Vis,
and FTIR data. Figure 2 illustrates the proposed reaction mechanism during the formation
and stabilization of the Ag,O-NPs mediated by plant extracts (pentacyclic triterpenoids,
asiaticoside, brahmoside, asiatic acid, brahmic acid, flavonoids, moxifloxacin, rhamnocitrin,
physcion, kaempferol, maesopsin, quercitin, emodin, etc.) to name some of ingredients of
leaves, stem, and roots. The phytochemicals in plants are said to mediate the formation of
AgrO-NPs, as shown in Equations (1)—=(3) [29]. The reaction between the hydroxyl groups
(-OH) of the phytochemicals and Ag* from AgNOj initially produces AgOH, which is then
converted to Ag,O [29,30]:

Bonding with

AgNO; + Phytochemical — AgOH( phytochemicals

) + HNO; 1)

Ag™ + OH™ — AgOH )
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Figure 2. The reaction mechanism during the synthesis of Ag,O-NPs. Reprinted with permission
from Ref. [29] Copyright 2020 Elsevier.

Table 1 lists the summary of the plant-mediated synthesis of Ag,O-NPs. Among the
plant sources currently explored for the synthesis of Ag,O-NPs, most research reports focus
on the use of leaves. Li et al. [24] utilized plant powder of medicinal plant Lippia citriodora
prepared by drying the leaves in an autoclave and grinding them into a fine powder using
a mortar. The plant powder was then mixed with a stoichiometric ratio of silver nitrate
(AgNOs3) and a minimum amount of water by magnetic stirring. The synthesis reaction
took place after heating the mixture in a muffle furnace at 600 °C, producing spherical
Ag>O-NPs with high purity and thermal stability. The obtained nanoparticles resulted in
average particle size of 20 nm and were used as photocatalyst and antimicrobial agent.
Using a similar method, Rashmi et al. [31] synthesized Ag,O-NPs, employing finely ground
plant powders of Centella asiatica and Tridax procumbens by mixing them individually with
AgNO;s. Centella asiatica, commonly known as gotu kola, belongs to the Apiacea family.
It is reported to contain pentacyclic triterpenoids, asiaticoside, brahmoside, asiatic acid,
and brahmic acid, giving it importance in medicine and cosmetics. Tridax procumbens,
also known as Tridax, belongs to the Asteraceae family and contains flavonoids. These
compounds have the potential to reduce AgNO; to Ag,O as well as to stabilize the resulting
nanoparticles. The produced nanoparticles, with a particle size of 11-12 nm, were tested by
electrochemical, photocatalysis, and biological studies (Figure 3). Results suggest that the
synthesized Ag,O nanoparticles have excellent electrochemical properties, exhibit good
photocatalytic activity for AO-8 under UV light, and also have antimicrobial properties.

Table 1. Plant-mediated synthesis of Ag,O-NPs.

Plant Source Particle Size and Shape Charactel:lzatlon Applications and Analysis Subject Ref.
Technique
Antimicrobial (Staphylococcus aureus,
Lippia citriodora . XRD, TEM, FTIR, EDX, Aspergillus aureus)
(leaf extracts) 20 nm, spherical TGA photocatalytic activity (Acid orange dye) (24]

animal wound healing (Albino mice)

Centella asiatica and Tridax
procumbens

Photocatalytic activity (Acid orange dye)

XRD, SEM, EDX, FTIR CV, Antimicrobial (Staphylococcus aureus, [31]

1112 nm, spherical

(leaf extracts) EIS, UV-vis Staphylococcus epidermidis, Aspergillus aureus)
Helleborus odorus Waldst.
and Kit. Ex Willd 10.45 nm, spherical UV-Vis, XRD, TEM, EDX Cytogenotoxicity (Allium assay) [28]

(leaf extracts)

Trigonella foenum-graecum

30.4 nm, irregular UV-Vis, FTIR, TEM, SAED Hemolytic activity (Human blood samples) [32]
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Table 1. Cont.

Characterization

Plant Source Particle Size and Shape Technique Applications and Analysis Subject Ref.
Amaranthus s 81 nm Photocatalytic activity (caffeine)
p- . ’ UV-Vis, XRD, SEM, DLS Antimicrobial (Escherichia coli, Staphylococcus [33]
(leaf extracts) monodispersed husk .
aureus, Pseudomonas aeruginosa)
. . . Photocatalytic activity (Methylene blue)
Paeonia emodi 38'29. nm, mixed phase XRD, SEM, EDX Antimicrobial (Bacillus subtilis, Staphylococcus [34]
(leaf extracts) (cubic and hexagonal) N . .
aureus, Escherichia coli, Pseudomonas aeruginosa)
Pavetta indica Linn. 49.8 nm of width 469.2 nm,
(leaf extracts) distorted square XRD, SEM, EDX B [35]
Artocarpus hetrophyllus . XRD, UV-Vis, FTIR, ~
(leaf extracts) 14 nm, spherical DLS, TEM (2]
Artocarpus heterophullus Antimicrobial (Phytophthora capsica,
P Py 17 nm, spherical UV-Vis, FTIR, TEM, XRD Phytophthora drechsleri, Didymella bryoniae, [36]
(rind extract) .
Colletotrichum acutatum)
Antimicrobial (Staphylococcus aureus,
Lawsonia inermis 39.1 nm. cubic XRD, SEM, EDX, Pseudomonas aeruginosa, and Escherichia coli, [37]
(leaf extracts) ’ ! FTIR, UV-Vis Penicillium spp., Candida albicans, .
Aspergillus spp.)
Antimicrobial (Staphylococcus aureus, Bacillus
Cyathea nilgiriensis <100 nm, mixed phase subtilis, Micrococcus luteus, Escherichia coli,
(leaf extracts) (hexagonal and spherical) FTIR, XRD, SEM, EDX Salmonella paratyphi, Aspergillus niger) [38]
Anticancer (Cells from tumor bearing mice)
Daphne alpina 38.52 nm, mixed phase Antimicrobial (Bacillus subtilis, Staphylococcus
P p (cubic, tetragonal, XRD, FTIR, SEM, EDX aureus, Escherichia coli, Pseudomonas aeruginosa, [39]
(leaf extracts) . . . .
and hexagonal) Candida albicans, Aspergillus niger)
Anticancer (HUH-7 and HepG2 cells
Cytotoxicity (Brine-shrimps and
Leishmanial parasite)
. . enzyme inhibitory (Protein kinase
Rhamnus virgata 20 nm. spherical EDX, DLS, UV-Vis, FTIR, and alpha-amylase) [40]
(leaf extracts) +Sp XRD, Raman, SEM, TEM . o ap y
Antibacterial (Staphylococcus aureus,
Pseudomonas aeruginosa, Bacillus subtilis,
Klebsiella pneumonia, Escherichia coli)
Biocompatibility (Human blood samples)
Antioxidant (total antioxidant activity assay,
2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH)
Callistemon lanceolatus D.C. 330 nm, mixed phase UV-Vis, FTIR, SEM, EDX, radical scavenging assay, Ferric ion reducing 130]
(leaf extracts) (spherical and hexagonal) XRD, TEM antioxidant power (FRAP) assay, 3-carotene
bleaching activity assay)
Cytotoxicity (Brine shrimp)
Antioxidant (DPPH assay, ABTS cation radical,
FRAP assay)
Hemolytic activity (Human blood samples)
Cytotoxicity (Triple-negative breast cancer cell
Thunbergia mysorensis 15 nm and UV-Vis, FTIR, SEM, line (TNBC)) [41]
(stem and flower extracts) 120 nm, spherical TEM, XRD Antimicrobial (Micrococcus luteus,
Staphylococcus aureus, Bacilluscereus, Klebsiella
pneumonia, Escherichia coli, Pseudomonas
fluorescens, Enterobacter aerogenes, Salmonella
enteritidis, Pseudomonas aeruginosa
Curcuma zanthorrhiza Roxb. . UV-Vis, XRD, TEM, TEM, . .. .
(Rhizome extracts) 17.98-46.73 nm, spherical FTIR, HR-LCMS Photocatalytic activity (Malachite green) [42]
Antibacterial (Escherichia coli, streptococcus
mutants, staphylococcus aureus)
Zephyranthes Rosea 10- 30 nm. spherical XRD, EDX, TEM, FTIR, Antioxidant (DPPH assay) [43]
(Flower extracts) +Sp SEM, XPS, SAED Anti-inflammatory (Bovine serum albumin ;
(BSA) assay)
Enzyme inhibition (x-amylase)
. . UV-Vis, FTIR, TEM, . .
Ficus benghalensis 42.7 nm, spherical SAED, XRD Antimicrobial (Streptococcus mutans, [44]

(Prop root extract)

Lactobacilli sp.)
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Plant Source Particle Size and Shape Charader.lzatwn Applications and Analysis Subject Ref.
Technique
Herniaria hirsute 15.51 nm, spherical UV-Vis, FTIR, XRD, SEM Photocatalytic activity (Methylene blue) [45]

(plant extract)

Eupatorium odoratum
(leaf extract)

23.6 nm, spherical

Mosquito larvicidal (Culex quinquefasciatus
larvae)
UV-Vis, XRD, SEM, TEM Antimicrobial (Escherichia coli, Salmonella typhi, [20]
Bacillus subtilis, Staphylococcus aureus,
Candida albicans)

Dracaena cinnabari

Antimicrobial (Escherichia coli,

(bark /trunk resin) 20 nm, quasi-spherical XRD, Raman, FTIR, TEM Staphylococcus aureus) [46]

Phoenix dactylifera L. 28-39 nm, mixed phae XRD, SEM, UV-Vis, FTIR Photocatalytic activity (Congo red, [47]
(leaf extract) (oval and spherical) methylene blue)

Ostmitum sanctiim 36—40 nm, spherical SEM, XRD, EDX, TEM, Photocatalytic activity (Paracetamol) [48]

(leaf extract)

UV-Vis, TGA, FTIR

Antimicrobial
activity

Figure 3. Top: Cyclic Voltammogram and SEM micrographs and of Ag,O nanoparticles prepared
using (left) Centella asiatica (right) Tridax. Bottom: Absorbance of Ag,O-NPs: (left) Centella asiatica
and (right) Tridax plant extract using AO-8 dye photocatalyst under UV light irradiation. Reprinted
with permission from Ref. [31] Copyright 2020 Elsevier.

Sutan et al. [28] synthesized Ag,O-NPs through a bottom-up approach using the
hydroethanolic leaf extracts of Helleborus odorus Waldst. & Kit. Ex Willd, a medicinal plant
that belongs to Ranunculaceae family. The Ag,O-NPs were synthesized by mixing the crude
hydroethanolic leaf extracts with AgNOj in 1:1 ratio allowing the reaction to occur in
the dark at room temperature for 24 h. The obtained nanoparticles were characterized
and tested for cytogenotoxic effects. Following a similar procedure, Ashokraja et al. [32]
employed leaf extracts of fenugreek (Trigonella foenum-graecum) and papaya (Carica papaya).
The extracts of fenugreek leaves and papaya leaves were separately mixed with AgNO3
and were stirred at room temperature for 8 h, leading to Ag,O-NPs with particle size range
of 19.4-30.4 nm, which were then subjected to hemolytic activity.

Muthukumar et al. [33] reported the synthesis of husk shaped Ag,O-NPs using leaf
extract of Amaranthus sp. as reaction mediator and capping agent. To obtain Ag,O-NDPs,
aqueous leaf extract of amaranth was slowly added to AgNOj solution with continuous
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magnetic stirring at 35 °C for 20 min. The resulting Ag,O-NPs were evaluated for potential
use as photocatalyst, bactericidal agent, antimicrobial agent, and antioxidant. A similar
process was employed by Shah et al. [34] using leaf extracts of Paeonia emodi mixed with
AgNOs; under continuous stirring at 50 °C for 90 min. The resulting nanoparticles were
examined as potential photocatalytic and antimicrobial agent. Pavetta indica Linn was
used in the synthesis of Ag,O-NPs as reported by Suresh et al. [35]. Leaf extracts were
mixed with AgNOj3 solution and continuously stirred at 100-120 °C for 24 h, allowing the
formation of distorted cubic shaped nanoparticles with size of 49.8 nm, which were then
tested for anti-inflammatory and phytochemical activities.

The biosynthesis of spherical Ag,O-NPs using Artocarpus hetrophyllus plant extract
was reported by Archana et al. [29]. A. hetrophyllus tree belongs to the Moraceae family
and is known for the medicinal uses of its leaves, bark, roots and seeds. In the reported
study, the aqueous leaf extract was used as a reducing and a capping agent. The Ag,O-NPs
were produced via hydrothermal method by slowly adding the leaf extract to AgNO;
solution in a 1:1 ratio, accompanied by heating and constant stirring at 60-80 °C for
60 min. Using a similar method, Fayyadh et al. [37] employed aqueous leaf extracts of
Lawsonia inermis, a flowering plant also known as henna tree, for the biofabrication of
AgyrO-NPs as antimicrobial agent. Pradheesh et al. [38] employed aqueous leaf extracts of
medicinal plant Cyathea nilgiriensis and they produced Ag,O-NPs for antimicrobial and
anticancer applications.

The use of Daphne alpina in the synthesis of Ag,O-NPs was reported by Haq et al. [39]
and the resulting nanoparticles were functionalized with moxifloxacin, an antibiotic, and
used as bactericidal and fungicidal agent. The moxifloxacin-functionalized Ag,O-NPs were
synthesized via sonochemical process by mixing AgNOs3; with Daphne alpina leaf extract
with heating and constant stirring at 50 °C for 60 min. After subsequent centrifugation
and drying, the obtained Ag,O-NPs were dispersed in ethanol and slowly added with
moxifloxacin-HCl with continuous stirring for 20 min, followed by sonication of the mixture
for 15 min.

Abbasi et al. [40] reported the use of leaf extracts of Rhamnus virgata for the biosyn-
thesis of Ag,O-NPs for potential biomedical applications. R. virgata is a common shrub
that belongs to Rhamnaceae family known to contain a variety of phytochemicals, including
herbacetin, rhamnocitrin, physcion, kaempferol, maesopsin, quercitin, and emodin. These
phytochemicals make R. virgata a medicinally important plant. In the biosynthesis of
AgrO-NPs, AgNOj solution was added dropwise to the separate aqueous and ethanolic ex-
tracts of R. virgata. The prepared nanoparticles were characterized by UV, X-ray diffraction
(XRD), Energy Dispersive X-ray Analysis (EDX), Fourier-transform infrared spectroscopy
(FT-IR), Dynamic Light Scattering (DLS), Raman, Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM) to investigate their stability and functionality.
NPs were subjected to biological assays including anticancer, cyctotoxicity, alpha amylase,
and protein kinase enzyme inhibitory, biocompatibility, antiradical potential, and antimi-
crobial activity. Callistemon lanceolatus D.C. was used for the preparation of Ag;O-NPs via a
novel biosynthesis route as reported by Ravichandran et al. [30]. C. lanceolatus, commonly
known as a bottle-brush tree belonging to Myrtaceae family, is reported to exhibit medicinal
properties potentially due the volatile oils, polyphenols, and triterpenoids present in this
plant. The Ag,O-NPs were prepared by mixing the aqueous leaf extracts of C. lanceolatus
with AgNOj;. A small amount of dodecyl sulfate was added as a stabilizing agent for the
target nanoparticles. The reaction mixture was placed in a shaking incubator at 37 °C in the
dark and the reaction progress was monitored by UV-Vis spectroscopy at regular intervals
within 3 h. The nanoparticles were obtained in spherical and hexagonal shapes and were
subsequently investigated under cytotoxicity and antioxidant assays.

The use of plant sources not only limits to leaf extracts but also extends to utiliza-
tion of other plant parts such as stem, roots, and other aerial or underground parts.
Kokika et al. [41] reported the use of the stem and flower of Thunbergia mysorensis in
the synthesis of AgrO-NPs in which the flower extracts and stem extracts were separately
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employed as mediator and stabilizing agents. This glabrous climber T. mysorensis, also
known as kamanabillu balli, belongs to Acantaceae family which has already been explored
due to its various uses like antioxidant, cytotoxic, antifungal, and many other potential
characteristics. T. mysorensis itself is known to possess flavonoids and polyphenols, making
it an excellent candidate for the biosynthesis of nanoparticles. AgyO-NPs were fabricated
by mixing aqueous stem and flower extracts with AgNOj solution. The mixtures were
incubated at 60 °C in the dark with constant stirring for 2-3 h, resulting in the formation
of AgrO-NPs. AgrO-NPs were characterized by SEM, TEM, EDX, and SAE (Figure 4) and
used in antimicrobial test, free-radical scavenging activity, cytotoxicity analysis, hemolytic
assay, antioxidant activity, and antibacterial assay.

Element Weight % Atomic %

oK 1441 2316
Agl 8559 46.84
Ag,0 Stem extract

Figure 4. (a) TEM image and Histogram, (b) Magnified TEM image, (c) SAED pattern, (d) SEM,
(e) EDS profile of the AgyO-NPs samples prepared using Thunbergia mysorensis stem extract.
Reprinted with permission from Ref. [41] Copyright 2022 Elsevier.

Aiswariya and Jose [42] reported the successful use of Curcuma zanthorrhiza Roxb. (Cz)
for the synthesis of Ag,O-NPs. Aqueous rhizome extract of C. zanthorrhiza was mixed
with AgNOj followed by sunlight irradiation with continuous stirring for 30 min allowing
the formation of AgyO-NPs which were then used in the photocatalytic degradation of
Malachite green. Analysis revealed that the rhizome extracts contain eleven bioactive
molecules, including sesquiterpenoids and lipid molecules acting as reducing and capping
agents during the biosynthesis of Ag,O-NPs.

Maheshwaran et al. [43] prepared face-centered cubic Ag,O-NPs using the flower
extracts of Zephyranthes Rosea, a perennial plant belonging to the Amaryllidaceae family
used to treat several medical conditions such as diabetes, tuberculosis, and breast cancers,
among others. The presence of Amaryllidaceae alkaloids makes the plant extract a potential
agent for the biosynthesis of nanoparticles. The Ag,O-NPs were synthesized by dropwise
addition of the plant extracts to the AgNOj3 solution accompanied by constant stirring
while keeping the mixture pH within 6.7-11 range by the addition of NaOH solution.
The resulting nanoparticles were allowed to precipitate, annealed at 80 °C for 2 h, and then
subjected to antibacterial, antioxidant, anti-inflammatory, and anti-diabetic assays.

The preparation of Ag,O-NPs employing Ficus benghalensis prop root extracts as the
mediator and capping agent has been reported by Manikandan et al. [44]. F. benghalensis,
commonly known as Banyan tree, has been used in many medicinal applications and has
long been used in relieving toothaches. Authors prepared Ag,O-NPs by mixing the prop
root extracts with AgINOj3 solution allowing the mixture to react under constant stirring
in ambient condition and the resulting nanoparticles were investigated for bactericidal
activity against dental pathogens. In another study reported by Manikandan et al. [36],
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Ag>O-NPs were also successfully fabricated using the rind extracts of Artocarpus heterophyl-
lus, the largest tree-borne fruit commonly known as jackfruit and belonging to the Moraceae
family. The aqueous extract of the jackfruit rind was obtained by boiling finely ground
powder of dried jackfruit rind. The Ag,O-NPs were prepared by mixing the aqueous
extracts with AgNOj solution at ambient temperature. The progress of the reaction was
monitored by the color change as well as UV-Vis spectroscopy and the resulting nanoparti-
cles were tested for antifungal activity against plant pathogenic fungi. A similar method
was employed by El-Ghmari et al. [45] in utilizing the aqueous extracts of Herniaria hirsuta
to synthesize Ag,O-NPs. The nanoparticles were prepared by letting the aqueous plant
extracts react with AgNOj3 solution under constant stirring for 10 min at room temperature.
The resulting nanoparticles were used in photocatalytic degradation of methylene blue dye.

The use of plant sources in the production of metal/metal oxide nanoparticles was also
reported. Elemike et al. [20] synthesized heterogeneous silver/silver oxide nanoparticles
(Ag/AgrO-NPs) using aqueous leaf extracts of Eupatorium odoratum, a shrub belonging
to the Asteraceae family. The oil extract of E. odoratum was reported to contain a wide
variety of metabolites and phytochemicals, making this plant attractive for medicinal use.
A varied ratio of aqueous extracts and AgNOj3 solution was mixed under continuous
magnetic stirring at 90°C while monitoring the reaction progress by color changes and
UV-Vis spectroscopy. This led to Ag,O-NPs, which were then subjected to antimicrobial
and mosquito larvicidal tests. Armani et al. [46] reported on the fabrication of Ag/Ag,O
core/shell and Ag/Ag,0 decorated multi-layered graphene (MLG) nanostructures using a
resin obtained from the bark of Dracaena cinnabari. This plant, also called dragon’s blood, is
known to contain bioactive molecules such as flavonoids and tannins, which are potential
reducing agents for metal cations and stabilizing agents. To synthesize Ag/Ag,O-NDPs,
the aqueous blood red extract, obtained by dissolving the resin powder in water, was added
to the AgNOj solution. The mixture was refluxed with continuous stirring for 1 h and
the resulting nanoparticles were allowed to precipitate. Following the same procedure,
the Ag/Ag,O decorated MLG was synthesized by mixing MLG-ethanol suspension with
AgNOj; solution. Laouini et al. [47] prepared Ag/Ag,O-NPs by mixing aqueous leaf
extracts of Phoenix dactylifera L. with AgNOj; solution and the resulting nanoparticles
were used for the photocatalytic degradation of congo red and methylene blue dyes. Zia
and Riaz [48] utilized Osmium sanctum, also known as holy basil, in the synthesis of
polythiophene-sensitized Ag/Ag,O-NPs heterogeneous photocatalyst. The ethanol: water
(50% v/v) leaf extract was added to AgNOj3 solution and the mixture was subjected to
microwave irradiation for 5 min. The Ag/Ag,O-NPs were obtained after centrifugation
and subsequent washing with appropriate solvent and calcination at 600 °C. The produced
nanoparticles were tested for photocatalytic activity.

2.1.2. Microbe-Mediated Synthesis

Microbial sources are also employed in the green synthesis of many important metal
and metal oxide nanomaterials. This includes the use of algae, fungi, bacteria, viruses,
and yeast, mainly taking advantage of the proteins and intracellular enzymes present in
these microbes. In addition, these green synthesis mediators are environment-friendly,
readily available, cost-effective, and easy-to-handle [16,49-51]. To date, reported studies on
microbe-mediated synthesis of Ag,O-NPs have utilized bacteria, cyanobacteria, and fungus,
as listed in Table 2.

Dhoondia et al. [52] reported the biosynthesis of Ag,O-NPs mediated by Lactobacillus
mindensis isolated from fixer solution. Ag,O-NPs were prepared by adding the wet biomass
obtained from the inoculated Lactobacillus sp. to AgNOj solution. The reaction progress was
monitored for color changes along with UV-Vis spectroscopy while keeping the solution at
pH 8. The resulting nanoparticles were found to have an average size of 32.5 nm at variable
shapes, with a dominant spherical form (Figure 5). The selected area electron diffraction
pattern (Figure 5f) confirms the plane (111) of silver oxide. For the exact mechanism for the
biosynthesis of Ag,O from Ag*, the authors proposed the aldehydic groups present in the
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polysaccharides secreted by Lactobacillus sp. acted in the bioreduction of Ag* to Ag” and the
subsequent production of AgyO-NP. The synthesis of AgyO-NPs using Bacillus thuringiensis
SSV1 culture supernatant was reported by Karunagaran et al. [53]. The nanoparticles were
prepared by mixing the supernatant culture and AgNOj solution. The pH of the solution
was adjusted to pH 9 and the solution was in incubation at 80 °C while monitoring the
color change throughout the reaction. The obtained nanoparticles were spherical in shape
with an average size of 30 nm. These nanoparticles were tested for potential cytotoxic
activities. Dharmaraj et al. [18] successfully utilized Bacillus paramycoides in the synthesis of
Ag>O-NPs for antibacterial and cytotoxicity applications. The Ag,O-NPs were prepared
mixing the supernatant culture of bacillus paramycoides, isolated from mangrove sediment,
with AgNOj solution with the reaction temperature kept at 35 °C while monitoring color
changes as an indication of the reaction progress. The products were obtained as spherical
nanoparticles with diameter within 25-70 nm range.

Table 2. Microbe-mediated synthesis of Ag,O-NPs.

Particle Size Characterization

Microbial Source and Shape Technique Applications and Analysis Subject Ref.
Lactobacillus mindensis 32.5 nm, spherical UV-Vis, TEM, XRD - [52]
i inoiensi Cytotoxicit
Bacillus thuringiensis 30 nm, spherical XRD, FTIR, EDX, SEM yrotoactly (53]
SSV1 — HepG2 and Chang liver cell lines
e  Antimicrobial
—  Vibrio parahaemolyticus,
) ) ) UV-Vis, XRD, Salmonella sp., Enterobacter sp.,
Bacillus paramycoides 25-70 nm, spherical FTIR, HRTEM Micrococcus sp. [18]
e  Cytotoxicity
— Ab549 Lung cancer cells
1449 48.97 o  Cytotoxicity
. . . .97 nm, UV-Vis, TEM,
Oscillatoria sp. quasi-spherical XRD, FTIR — CaCo-2, HeLa, and WISH [54]
cell lines
Chlorella vulgaris 85 nm SEM, EDX, UV-Vis - [55]

The use of cyanobacteria in the sustainable preparation of Ag,O-NPs was reported.
El-Sheekh et al. [54] employed Oscillatoria sp. to synthesize AgyO-NPs by mixing the
microalgal biomass with AgNOj3 solution and incubating for 24 h. The obtained nanoparti-
cles, quasi-spherical in shape with 14.42-48.97 nm diameter, were assessed as anticancer
agents. Green microalgae Chlorella vulgaris was used by Yildirim et al. [55] in the fabrication
of AgrO-NPs for biological hydrogen production. Nanomaterials with particle size of
85 nm were produced by mixing the aqueous microalgae extracts with AgNOj3 solution
and heating the mixture to 60 °C in the dark.

Heterogeneous nanomaterial Ag/Ag,O-NPs were also prepared using microbe-mediated
green synthesis. Islam et al. [19] reported the successful biofabrication of water-dispersible
mycogenic Ag/Ag,O-NPs using endophytic fungus Fusarium oxysporum. The nanopar-
ticles were prepared by mixing fungal mycelia with Ag,O micro powder under shaking
conditions with pH 7 at 25 °C. Changes in color of the mixture monitored the reaction
progress. The nanoparticles were obtained as spherical, with particle size ranging between
5-10 nm. The prepared nanoparticles were evaluated for electrochemical glucose sensing,
antibacterial, antifungal, and photocatalytic activity.
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Figure 5. TEM images of silver oxide nanoparticles synthesized by Lactobacillus mindensis (low
resolution images (a—c) and high resolution images (d,e). Selected area electron diffraction pattern
(f)). Reprinted from Ref. [52].

2.2. Characterization Technigues

To date, plant-mediated and microbe-mediated sustainable green synthesis meth-
ods for the preparation of AgyO-NPs are gaining popularity for diverse industrial and
biomedical applications such as bioimaging, drug delivery, photocatalysis, antimicrobial,
and cyctotoxity properties, among others. The nanomaterial’s potential in these fields
can be assessed by evaluating the intrinsic properties of the nanoparticles determined by
the optical activity, surface chemistry, particle size, morphology, crystallinity, structure,
and composition [52].

UV-Vis absorption spectroscopy is employed in the determination of the optical absorp-
tion and bandgap of the nanoparticles. This technique is used to identify and characterize
metal-based nanomaterials based on their absorption. Additionally, knowing the optical
band gap is crucial in assessing the photocatalytic potential of the nanomaterial [1,7]. Vital
information about the surface chemistry of the nanoparticles can be obtained by employing
FTIR. Using this technique, functional groups present on the surface of the nanoparticles
can be identified. Therefore, the role of phytochemicals and metabolites on stabilizing the
biosynthesized nanoparticles can be understood [33]. This also helps in the interpretation of
the activity of the nanoparticles such as antimicrobial activity where surface phytochemicals
play a potential role. The bioactive molecules bound on the nanoparticle can be further con-
firmed using high resolution liquid chromatography mass spectroscopy (HR-LCMS) [42].
Transmission electron microscopy and scanning electron microscopy are used in obtaining
information regarding the particle size, purity, internal structure, and morphology of the
nanoparticles [24]. The particle size and hydrodynamic size distribution can be examined
by employing DLS [7]. This technique is also used in investigating the stability of the
nanoparticles. The nanoparticles’ lattice dimension, structure, and crystallinity can be deter-
mined using XRD. Every crystalline solid possesses unique atomic structure, which shows
characteristics of the XRD pattern [33]. In addition, the crystal lattice plane can also be
examined from the selected area electron diffraction pattern obtained from high-resolution
TEM [32]. Energy dispersive X-ray analysis (EDX or EDAX) is employed for elemental
analysis of the composition of the nanomaterial [7,24,56]. The purity of the metal oxide can
be determined using X-ray photoelectron spectroscopy (XPS) by examining the chemical
states and the binding energy peaks of the compound. The absence of unexpected peaks
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indicates purity of the metal oxide. Furthermore, the thermal stability of the nanomaterial
can be determined by thermogravimetric analysis (TGA) [48].

The formation of Ag,O-NPs can be confirmed by the UV-Vis spectrum which ex-
hibits a distinct peak in the range from 420 nm to 440 nm due to the surface plasmon
resonance of AgoO-NPs [18,32,33,41]. The XRD spectrum of the biosynthesized Ag,O-NPs
exhibits distinct peaks corresponding to the (110), (111), 200), (211), (222), and (311) crys-
tallographic planes which are consistent with the standard data for Ag,O-NPs (JPCDS
No. 76-1393) [28,30,40,41,43]. The formation of Ag—O bond can be further confirmed by
the presence of peaks between 450 cm~! and 500 cm ™! in the FTIR spectrum [17,21,28].
The excellent thermal stability of biosynthesized NPs was reported by Zia and Riaz [48]
using TGA by which thermal decomposition of Ag,O to Ag was recorded at 805 °C.

3. Photocatalytic Activity of Ag,O-NP

AgrO-NPs are among the promising, efficient, and cost-effective metal oxides used
as a photocatalyst for sustainable environmental remediation [37]. The narrow bandgap,
1.46 eV, makes silver oxide nanoparticles a suitable photocatalyst for the degradation of
organic dyes under visible light radiation [10,11]. This section reports the photocatalysis
mechanism using Ag,O-NPs and the recent progress in the development and applications
of Ag,O-NPs via green synthesis for such application.

3.1. Mechanism

The high stability of AgyO-NPs is one of their interesting attributes, resulting in
high photocatalytic activity. Wang et al. reported that during photocatalysis of organic
substances, there is a partial formation of metallic Ag on the surface of the Ag,O, which
aids in maintaining the stability of the nanophotocatalyst. The metallic Ag also participates
in the photodegradation of the organic pollutants, thus making the photocatalysis process
more efficient [12]. The photocatalysis mechanism and the self-stabilization process of
Ag,O-NPs during photocatalysis are shown in Figure 6 and described by Equations (4)—-
(12) [1,12].

A0+ hv — A0 (ecy +hirg) 4)
A0+ hv — Ag0 (ecy +hfp) (5)
A0 +ecp — AgT + Oy (electron transfer) (6)
Ag" +ecp — Ag (electron trapping) (7)
O+ ecp +2H" — Hy0, 8)

HyO2+ ecy — OH™ + eOH )

H>O + hi;y; — H' +eOH (10)

Dye + eOH — degradation products (11)

Dye + hi;y — oxidation products (12)

Upon irradiation, the Ag,O-NPs photocatalyst absorbs photon resulting in the forma-
tion of electron-hole pair (Equation (4)) by which the electron (e ™) moves to the conduction
band (CB), and the hole (h*) moves to the valence band (VB). Since Ag,O has a more
negative potential (0.2 V vs. NHE) than Ag*/Ag (0.7991 V vs. NHE) but is more positive
compared to the O, /H,O (—0.046 V vs. SHE), the Ag™ lattice captures the photogenerated
electrons (Equation (6)) from the CB of the Ag,O-NP. The reduction of Ag* results in the
formation of the metallic Ag on the surface of the Ag,O. These metallic Ag clusters formed
on the photocatalyst surface serve as an electron pool during the multistep photocatalysis.
When some amount of metallic Ag has been accumulated, the following photogenerated
electrons are expected to transfer to the metallic Ag sites subsequently captured by O,
dissolved in solution in a multielectron-transfer route (Equations (7) and (8)). The removal
of the organic pollutant, such as organic dyes, happens when the generated hydrogen
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peroxide captures an electron, and the holes in the valence band are captured by the surface
water molecule creating the reactive hydroxyl radical species that subsequently attack
the organic substance (Equations (9)—(11)). Moreover, the direct capture of the organic
molecule’s photoinduced holes also results in the direct oxidation of the target organic
pollutant (Equation (12)) [1,11,12,31].

Ag,0 Ag,0—Ag

CB . CB

e __, . R - 26_/46_
L ; A ’
Visible _ t & H,0,/H,0
light S

Visible !
light —

-
>

h+—b h+_..

Oxidation Oxidation
of organic of organic
VB substances VB substances
Unstable Stable

Figure 6. The schematic diagram showing the self-stabilizing process of Ag,O-NPs during photo-
catalysis. Adapted from Ref. [12], Copyright 2011 Wiley.

3.2. Photocatalytic Degradation of Organic Pollutants

The biofabrication and development of Ag,O-NPs photocatalysts via green synthesis
has now gained valuable research attention and promising applications for the photodegra-
dation of organic pollutants. Li et al. [24] reported the preparation of Ag,O-NPs from
the plant powders of Lippta citriodora via green combustion synthesis. The photocatalytic
potential of the obtained Ag,O-NPs was examined against acid orange 8 (AO8) dye as a
target organic pollutant under UV light irradiation, displaying over 40% degradation of the
dye over 150 min. As already mentioned previously, a similar green combustion method
was used by Rashmi et al. [31] to synthesize Ag;O-NPs from medicinal plants Centella
asiatica and Tridax plant powders. The photocatalytic activity of the nanoparticles prepared
from both plants exhibited potentially high degradation of the AO8 dye. Interestingly,
the nanoparticles prepared from Tridax recorded 70% photocatalytic degradation which
is higher than that of the NPs prepared from Centella Asiatica (40%) under 140 min of
UV irradiation. The potential of AgrO-NPs in the degradation of caffeine, was recently
reported by Muthukumar et al. [33]. The AgrO-NPs were prepared using green amaranth
leaf extract. A notable photocatalytic degradation of 99% of caffeine was observed after 15 h
of irradiation with compact fluorescent lamp illumination. These results offer cost-effective
and eco-friendly method of removing caffeine as a water pollutant whose elimination using
conventional treatment was found rather difficult [57]. El-Ghamari et al. [45] synthesized
15.51 nm Ag,O-NPs using the extracts of Herniaria hirsute (H. hirsute) wild plant. When
used as a photocatalyst to degrade the target pollutant methylene blue dye in solution in
the presence of NaBH, reducing agent, an 88.6% photodegradation was observed only
within 35 min of white light irradiation at room temperature. The same target pollutant
was used in the study reported by Shah et al. [34] wherein Ag,O-NPs synthesized us-
ing Paeonia emodi showed 97.78% degradation of methylene blue after 3 h of irradiation.
Green-synthesized AgyO-NPs are also an effective photocatalyst for the degradation of the
toxic Malachite green dye, as reported by Aiswariya and Jose [42]. As already mentioned,
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in their study, Ag,O-NPs were prepared using the aqueous rhizome extract of Curcuma
zanthorriza Roxb. (Cz) and the obtained nanoparticles were used to degrade the Malachite
green dye under sunlight and UV light irradiation for 4 h and 24 h, respectively. Inter-
estingly, the decolorization of the Malachite green solution treated with Ag,O-NPs was
more rapid under sunlight irradiation resulting in 94.7% degradation within 4 h, while
only 22.83% degradation was recorded under UV irradiation. Further characterization of
the photodegradation by-products revealed the absence of toxic chemical entities after the
degradation process.

Ag/AgrO-NPs heterogeneous photocatalysts prepared using green synthesis were
reported efficient in the photocatalytic removal of organic pollutants. Laouini et al. [47]
reported Ag/AgyO-NPs biosynthesis using leaf extracts of Pheonix dactylifera L. as a reaction
mediator, giving nanoparticles with size ranging from 28 to 29 nm. The photocatalytic
activity of the nanoparticles was examined against Congo red and Methylene blue dyes.
An 80% photodegradation of Congo red was recorded after 60 min of irradiation, while
84.5% of the Methylene blue dye in the presence of NaBH, was photodegraded after
50 min. Zia and Ruiz [48] used Osmium sanctum plant extract to biofabricate crystalline
Ag/Ag,O-NPs with sizes ranging between 36 and 40 nm. The photocatalytic potential of
the prepared heterogeneous Ag/Ag,O-NPs was examined against paracetamol drug in
which 46% degradation was recorded after 20 min of microwave irradiation. When the
heterogeneous photocatalyst was sensitized with polythiophene (PTh) a notable 80% of the
paracetamol was degraded after 20 min, implying the enhancement of the Ag/Ag,O-NPs
due to the PTh. A recent study published by Islam et al. [19] reports the biosynthesis of a
highly stable, water-dispersible mycogenic Ag/Ag,O-NPs using the endophytic fungus
Fusarium oxysporum via a top-down approach. When used for catalytic degradation against
Methylene blue dye in the presence of NaBHj, a photodegradation of 86.5% was recorded,
notably higher in comparison to the Ag,O micro powder control photocatalyst, which only
showed 50.6% photodegradation.

4. Biomedical Applications of Ag,O-NPs
4.1. Antimicrobial Effects

One of the main problems today is the antibiotic resistance of bacteria, which makes
the treatment of infectious diseases increasingly difficult. Recently, nanomaterials have
emerged as new antibacterial agents and their properties as antibacterial and antifungal
agents are now of great interest and therefore intensively investigated. AgoO-NPs penetrat-
ing the bacteria is thought to interact highly with molecules with sulfur and phosphorus
groups like DNA. The DNA then loses its ability to replicate, halting the cell cycle at the
G2 phase (phase directly preceding mitosis) because of the damage [9]. The nanoparticles
induce the generation of reactive oxygen species (ROS) that leads to apoptosis or cell
death [58,59]. Another notion for the bactericidal effects of the Ag,O-NPs is the release
of silver ions after penetration [9,60]. The release of atomic Ag® and ionic Ag* clusters
causes cell death following inhibition of a respiratory enzyme by these clusters, resulting
in the production of reactive oxygen species such as hydrogen peroxide and the other free
radicals, thereby rendering bacterial enzymes inactive [61].

The biosynthesis using plant extracts has been favorably employed compared to other
synthesis techniques because of their availability and presence of various phytochemicals
that act as reaction mediators and capping agents for the production of nanoparticles. Some
plants also already display antimicrobial activities that may be beneficial to the production
of nanoparticles requiring antimicrobial properties. Moreover, AgyO-NPs prepared using
plant-based green method showed increased antimicrobial activity due to the presence of
the bioactive functional groups adsorbed on the surface of the nanoparticles [40]. Ag,O-
NPs have been synthesized from Ficus benghalensis prop root extract, and its antibacterial
activity against the dental bacterial strains Streptococcus mutans and Lactobacillus acidophilus
was assessed [44]. It was shown that a blend of the plant extract plus the produced
Ag,O-NPs showed high antibacterial activity greater than commercial silver nanoparticles
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(AgNPs) and it was suggested that the blend can be useful for the production of toothpaste.
Furthermore, the biosynthesis of AgyO-NPs using the extracts of Centella asiatica and Tridax
has been studied to show antibacterial activities against Staphylococcus epidermidis and
Staphylococcus aureus and antifungal activities against Aspergillus fumigates and Aspergillus
aureus [31]. AgrO-NPs synthesized using the leaf extracts of Rhamnus virgata also exhibited
bactericidal potential against Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis,
Klebsiella pneumonia, and Escherichia coli. Antifungal activity was also observed against
Aspergillus flavus, Fusarium solani, Aspergillus niger, Candida albicans, and Mucor racemosus.
Among the targets, the maximum antimicrobial potential was recorded against Bacillus
subtilis, Escherichia coli, Mucor racemosus, and Aspergillus niger [40]. Ag,O-NPs produced
from the flowers of Zephyranthes Rosea also showed potential antimicrobial activities against
the bacteria Escherichia coli, Staphylococcus aureus and Streptococcus mutants [43]. AgoO-NPs
prepared using the leaf extracts of Cyathea nilgiriensis also showed antimicrobial activity
against Staphylococcus aureus, Bacillus subtilis, Micrococcu luteus, Escherichia coli, Salmonella
paratyphi, Klebsiella pneumoniae, Candida albicans, and Aspergillus niger [38]. Biosynthesized
Ag/Agr)O-NPs using the extract of Eupatorium odoratum leaves showed antimicrobial
activity against the Escherichia coli, and Salmonella typhi, Bacillus subtilis, Staphylococcus aureus,
and Candida albicans [20]. Ag,O-NPs biosynthesized using Lippia citriodora extract also
showed antimicrobial activity against Staphylococcus aureus and antifungal effects against
Aspergillus aureus [24]. The antimicrobial effects of Ag,O-NPs have also been employed
into fabrics [61-63]. A suspension of Ag,O-NPs in chitosan solution was incorporated
into a cotton fabric and its antimicrobial activity has been found to be effective against
Staphylococcus aureus and Escherichia coli at pH 5 and 7 [62].

Antimicrobial activities of biosynthesized Ag,O-NPs using fungus were also reported.
AgyO-NPs prepared using the supernatant culture of Bacillus paramycoides showed antibac-
terial properties against marine biofilm forming bacteria Vibrio parahaemolyticus, Salmonella
sp., Enterobacter sp., and Micrococcus sp. The FTIR analysis on these nanoparticles con-
firmed the presence of the metabolite functional groups, which aid in the antibacterial
activity. The study reported that treating the bacterial cell with Ag,O-NPs damages the
cell membrane, forcing the release of intracellular constituents and thereby resulting in
bacterial cell death [18]. These antimicrobial studies show the great potential of Ag,O-NPs
for various applications in the biomedical field.

4.2. Cytotoxicity

Ag,O-NPs have shown antioxidant and cytotoxic properties in several studies. A study
reporting the biosynthesis of AgyO-NPs using Bacillus paramycoides showed significant
cytotoxicity on A549 lung cancer cells, with ICsq values as 58.5 pg mL~!, showing signs of
apoptosis as observed under fluorescent microscope [18]. As was mentioned above, it is hy-
pothesized that the nanoparticles induce apoptosis through generation of reactive oxygen
species as found by Hsin et al. [58]. These cytotoxicity studies show that AgrO-NPs show
promise as an anticancer agent. The anticancer properties of AgrO-NPs were evaluated
by Igbal et al. [56], confirming the characteristics of biointeraction and physicochemical
properties as an anticancer agent of the AgoO-NPs. At 60 g mL~! Ag,O-NPs concentra-
tion, 70% cell viability loss was recorded for HepG2. Analysis on reactive oxygen species
revealed that cell death is caused by oxidative stress. Furthermore, the study showed the
benefit of keeping these anticancer characteristics at a localized required site. Another study
on biosynthesis of Ag,O-NPs using Callistemon lanceolatus extract also showed high cyto-
toxic activity against brine shrimp nauplii in various in vitro applications, further showing
potential for biomedical applications [30]. The biosynthesis of silver oxide nanoparticles
using Cyathea nilgiriensis Holttum also showed significant anticancer properties. The in vitro
cytotoxicity of the AgrO-NPs was evaluated using Trypan blue dye assay method. The sil-
ver oxide nanoparticles were found to have effective cytotoxic effects, especially increasing
concentrations from 10 to 200 pg mL~1 [38].
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Abbasi et al. [40] reported that the AgrO-NPs synthesized using the leaf extracts of
Rhamnus virgata exhibited strong anticancer activity against HUH-7 and HepG2 cell lines. At
a concentration of 900 ug mL~!, the AgyO-NPs synthesized from aqueous extracts showed
79% and 83% mortality against HUH-7 and HepG2 cells, respectively. On the other hand,
77.56% and 78.31% mortality against HUH-7 and HepG2 cells, respectively, were recorded
using the same concentration of the nanoparticles prepared from ethanolic extracts. These
nanoparticles also showed potential cytotoxicity against Leishmanial parasite and brine
shrimp. In another study, the Ag,O-NPs prepared using Callistemon lanceatus D.C. also
showed cytotoxicity against brine shrimp [30]. In addition, the Ag/Ag,O-NPs synthesized
using Eupatorium odoratum exhibited high larvicidal activity against IIl and IV instar larvae
of Culex quinquefasciatus noting its great potential for biological application to reduce
problems associated with mosquitoes and other insects [20]. Potential antitumor property
of AgrO-NPs prepared using leaf extracts of Helleborus odorus Waldst. and Kit. Ex Willd was
reported. Cytogenotoxicity test using Allium assay showed the mitodepressive action of
the Ag,O-NPs. Cytological aberration was also observed, which could be caused by the
penetration of the nanoparticles on the cell membrane, resulting in membrane disruption
and eventually cell death [28].

4.3. Antioxidant Activity, Enzyme Inhibition, Anti-Inflammatory, and Wound Healing Property

The antioxidant properties of the biosynthesized Ag,O-NPs were also reported. In sep-
arate studies, Ravichandran et al. [30] and Kokila et al. [41] investigated the antioxidant
property of biosynthesized Ag,O-NPs. The findings from the various antioxidant as-
says, including 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical scavenging activity,
2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonicacid) (ABTS) decolorization, and ferric ion
reducing antioxidant power (FRAP) assays, showcased the significant antioxidant potential
of the biosynthesized Ag,O-NPs. The observed antioxidant activity could be attributed
to the phytochemicals like flavonoids and other phenolic molecules which serve as the
capping agents of the metal oxide.

The wound healing effects and anti-inflammatory properties of metal oxides were
also investigated. In a study reported by Gouda [63], gauze fabrics treated with Ag,O-NPs
were tested on rabbit skin and showed substantial wound healing properties, showing
a noteworthy effect on granulation tissue formation, infiltrating cells, and a minor effect
on the degree of re-epithelialization. This wound healing activity of the AgyO-NPs was
also shown by Li et al. [24]. A hydrogel was developed using Ag,O-NPs biosynthesized
using Lippia citriodora extract and treated to albino mice and showed accelerated wound
healing effects. Maheshwaran et al. [43] reported the anti-inflammatory effects of Ag,O-NPs
synthesized from Zephyranthes Rosea. When used in Bovine serum albumin (BSA) technique,
the prepared Ag,O-NPs showed significant inhibition of the denaturation process of the
albumin, resulting in 97.19% inhibition at a nanoparticle concentration of 500 pg/mL.

Enzyme inhibition is among the potential application of biosynthesized Ag,O-NPs.
In a study conducted by Abassi et al. [40], already mentioned, Ag,O-NPs were used as an-
tidiabetic agents by investigating their potential in the inhibition of a-amylase, the enzyme
responsible for the conversion of carbohydrates to glucose. The Ag,O-NPs prepared using
aqueous and ethanolic extracts of R. Virgata showed x-amylase inhibition of 25% and 23%,
respectively, at 900 ug/mL nanoparticle concentration. In a separate study using AgoO-NPs
prepared using Zephyranthes Rosea flower extract, an x-amylase inhibition activity of 75.7%
was observed at a nanoparticle concentration of 500 pg/mL [43].

4.4. Hemolytic Activity and Biocompatibility

Since some of the biomedical applications of metal oxides involves direct blood contact,
the blood compatibility of the metal oxide nanoparticle must be scrutinized in order to
ensure biocompatibility and biosafety. The small size and high surface of nanomaterial may
meddle with their hemolytic activity. When exposed to the bloodstream, the nanomaterial
may cause the red blood corpuscles (RBCs) to lysis and release the hemoglobin, relating
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to health ailments. Kokila et al. [41] scrutinized the biocompatibility of biosynthesized
Ag>O-NPs using the flower and stem extracts of Thunbergia mysorensis. Apparently the
Ag,O-NPs produced from the flower and stem extracts showed hemolysis activity of 1.0%
and 1.4%, respectively. With hemolysis activity values lower than 2-5%, the biosynthesized
nanoparticles are considered safe and non-hemolytic. Nonetheless, it is important to stress
that the bio effects caused by Ag,O-NPs could be dependent on concentration and nanopar-
ticle size as well as blood pH [32,41]. The concentration-dependent hemolytic activity of
AgrO-NPs prepared using Rhamnus virgata extracts was also reported, confirming that the
Rhamnus virgata-mediated AgyO-NPs are not hemolytic at low concentrations against RBCs.
These findings conclude the biocompatibility of the biosynthesized Ag,O-NPs [40].

5. Conclusions

Green synthesis is by far the best sustainable method for the preparation of nanopar-
ticles, employing plant sources and microbes as redox mediators in converting metallic
cations to metal/metal oxide nanoparticles. Extracts from the plant sources and microbe
contain variable phytochemicals and metabolites, which can also serve as capping agents
that stabilize the biosynthesized nanoparticles.

The advantages with respect to traditional synthetic approaches are low costs, safety,
and eco-friendliness, thus justifying the increasing interest which green synthesis gained in
the last decades.

In this review, many studies on the fabrication of Ag,O-NPs via plant-mediated and
microbe-mediated green synthesis found in the recent literature are reviewed and discussed.
Several plant sources have been considered such as Lippia citriodora, Tridax procumbens, Cen-
tella asiatica, Carica papaya, Curcuma zanthorrhiza, Helleborus odorus, Trigonella foenum-graecum,
Amaranthus sp., Paeonia emodi, Pavetta indica, Daphne alpina, Rhamnus virgata, to name only a
few. Many of them are also medicinal plants already known for their therapeutic uses. On
the other hand, several microbial sources, including bacteria, cyanobacteria, and fungus,
have been considered as well. The synthetic approaches employing extracts of plants and
microbial sources have been briefly discussed, together with the characterizations and per-
formances of the biosynthesized Ag,O-NPs, highlighting their potential in photocatalysis
and biomedical applications.
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