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Abstract: Nanotechnology has emerged as an effective means of removing contaminants from water.
Traditional techniques for producing nanoparticles, such as physical methods (condensation and
evaporation) and chemical methods (oxidation and reduction), have demonstrated high efficiency.
However, these methods come with certain drawbacks, including the significant energy requirement
and the use of costly and hazardous chemicals that may cause nanoparticles to adhere to surfaces.
To address these limitations, researchers are actively developing alternative procedures that are
cost-effective, environmentally safe, and user-friendly. One promising approach involves biological
synthesis, which utilizes plants or microorganisms as reducing and capping agents. This review
discusses various methods of nanoparticle synthesis, with a focus on biological synthesis using
naturally occurring bioflocculants from microorganisms. Bioflocculants offer several advantages,
including harmlessness, biodegradability, and minimal secondary pollution. Furthermore, the review
covers the characterization of synthesized nanoparticles, their antimicrobial activity, and cytotoxicity.
Additionally, it explores the utilization of these NPs in water purification and dye removal processes.
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1. Introduction

In the modern era, issues with drinking water are common in most countries and are
particularly severe in developing nations [1]. The world faces significant challenges in
meeting the increasing demand for clean water due to factors such as prolonged droughts,
rapid population growth, stricter health regulations, and rising demands [2]. Clean water,
devoid of toxic chemicals and pathogens, is crucial for human health [2]. Protecting
water treatment systems against potential chemical and biological threats is essential
for effective water resource management [3]. Currently, various techniques for water
treatment are employed, including chemical and physical agents such as chlorine and its
derivatives. However, the use of commercial chemicals poses risks to human health and the
environment [4]. Alternatively, bioflocculants which are substances formed by microbes,
like yeast, fungi, bacterium, and algae (as they grow) have been seen as a promising
substitute method for wastewater treatment because of their biodegradability, lack of
secondary pollution, and harmlessness to nature and aquatic life forms [5]. However,
bioflocculants have limitations, such as low yield, short shelf-life, and low flocculating
activity, which restrict their industrial applications [6]. Therefore, there is a pressing need
to explore new eco-friendly technologies for wastewater purification.

Over the past decade, nanotechnology has been seen to possess the ability to revo-
lutionize the field of wastewater treatment [7]. It involves the use of nanoscale materials
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and devices to enhance the treatment process efficiency, reduce energy consumption, and
enhance the quality of treated water [8]. Nanotechnology is a field of science and engi-
neering that deals with the design, production, and application of materials, structures,
devices, and systems with dimensions ranging from 1 to 100 nanometers (nm) [9-11]. It
has the potential to change many aspects of our existence, including medicine, electronics,
energy, and materials science [9,12]. Nanomaterials can be customized to target specific
cells or tissues in the body, which allows for more precise drug delivery [13]. They can
also be utilized for imaging, such as in magnetic resonance imaging (MRI), and for sensing
and detecting diseases at an early stage [14,15]. However, there are also concerns about
the potential risks and unintended consequences of nanotechnology, such as the toxicity
of some nanoparticles and the potential for environmental harm [16]. Therefore, careful
regulation and evaluation of the safety of nanomaterials and devices is important as the
field continues to develop [17].

Various synthesis technologies for nanoparticles, encompassing both physical and
chemical methods, have been extensively documented [18]. Nonetheless, it has become ap-
parent that certain procedures possess inherent drawbacks, notably the substantial energy
requirements and the use of harmful chemicals [19]. In response to these challenges, recent
years have witnessed a notable shift in nanotechnology research toward the development of
environmentally sustainable and economically viable synthesis methods for nanoparticles.
This strategic pivot aims to address the escalating demand for nanoparticles across diverse
industries [8,19]. One promising approach involves the utilization of extracts derived from
plants or microbes as an alternative to conventional chemical and physical techniques,
which often rely on toxic substances and produce hazardous waste [20]. An inherent advan-
tage of this ‘green’ synthesis approach lies in its ability to yield nanoparticles with tailored
properties and functions, such as catalytic, adsorption, and antibacterial activities, contin-
gent upon the specific type of plant extract or microorganism employed [21]. Furthermore,
nanoparticles synthesized through green methods typically exhibit biocompatibility and
biodegradability, rendering them suitable for a wide array of environmental applications,
including wastewater treatment [22].

Among other metals, silver NPs have shown immense promise in various uses and
have contributed positively to the development of nanotechnology [23]. Silver nanostruc-
tures have gained prominence over the past two decades due to their distinct features,
which differ from bulk silver. These properties include the ability to kill microbes, electrical
conductivity, thermal conductivity, optical properties, and mechanical strength [24]. The
antimicrobial properties of silver nanoparticles (AgNPs) have made them particularly
useful in the fields of medicine and therapy, as they can potentially replace traditional
antibiotics, which are becoming less effective due to increasing bacterial resistance [25].
Additionally, developing new antibiotics is expensive and time-consuming, making AgNPs
a more attractive option [26]. AgNPs can be designed to avoid toxicity in cells, which is
important for their medical use [27]. Due to their small size, they can accumulate on the
surface of bacteria and penetrate their membranes, leading to their death.

Another useful application of AgNPs is their ability to coat surfaces and prevent
bacterial growth, making them valuable in the development of sterile catheters capable
of preventing venous and urinary tract infections. Green-synthesized nanoparticles are
being investigated for potential use in wastewater treatment. Some of the nanoparticles
under investigation include silver, copper, iron, and zinc oxide nanoparticles [10,28,29].
These nanoparticles can remove pollutants such as heavy metals, organic compounds,
and dyes, from wastewater through various mechanisms, including adsorption, oxida-
tion, and reduction [30]. Numerous studies have synthesized nanoparticles using plants,
including Brassica oleracea var. botrytis [31], Ephedra Alata [32], Berberis vulgaris [33],
Fagonia cretica [34], Andrographis alata [35], Cymbopogon citratus [36], Sumac [37], Momordica
charantia and Curcuma zedoaria [38], Bombax ceiba [39], Aegle marmelos [40]. However, only
a few studies have explored the synthesis of nanoparticles using bioflocculants. For in-
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stance, Dlamini et al. [41], Adebayo-Tayo et al. [42], Ntombela et al. [10], and Tsilo et al. [43]
synthesized copper, silver, zinc oxide, and iron nanoparticles using bioflocculants.

As a result, the objective of this study is to close the knowledge gap by examining
the most recent improvements in AgNP synthesis utilizing microbial bioflocculants from
January 2015 to December 2023. Furthermore, the research examines the characterization
and use of biosynthesized AgNPs in wastewater treatment [22].

2. Procedures for the Production of Silver NPs

Various techniques can be employed to prepare AgNPs, and these can be categorized
as top-down, bottom-up, chemical, and biological procedures.

2.1. Top-Down and Bottom-Up Approaches

This section explores a diversity of methods for synthesizing silver nanoparticles en-
compassing top-down, bottom-up, chemical, and physical approaches [44]. The top-down
method involves employing massive components as initial materials and utilizing physical
processes to break down large particles into smaller NPs, as illustrated in Figure 1 [45].
Physical methods often utilized in this approach include mechanical milling, laser ablation,
and sputtering [46]. In mechanical milling, starting materials in powder form are loaded
into a milling machine along with milling balls made of materials such as steel, ceramic, or
glass. The milling machine generates high impact and frictional force between the milling
balls and the starting materials, resulting in the production of nanoparticles [47]. Laser
ablation employs a high-power laser to vaporize a target material in a liquid medium,
producing a plasma plume consisting of high-energy particles and atoms. These particles
and atoms rapidly cool down and condense into nanoparticles within the liquid medium.
By adjusting laser parameters such as pulse duration, intensity, and wavelength, along with
the characteristics of the target material and the liquid medium, it is possible to control the
size and shape of the resulting NPs, as demonstrated in Figure 2A [48].

The sputtering technique encompasses the production of NPs through the physical
vapor deposition (PVD) method. To carry out the sputtering process, high-energy particles,
usually ions, are directed at a solid surface called the target within a vacuum chamber,
causing atoms or ions to be ejected from it. The ejected particles can subsequently settle on
a substrate, forming thin films or, under specific circumstances, forming nanoparticles [49].
However, this method may not be appropriate for producing precise metallic nanoparticles,
particularly when a small distribution size is required.

The bottom-up technique in nanoparticle synthesis involves assembling nanoparti-
cles from molecular components, contrasting with the top-down method that starts with
bulk materials and breaks them down into smaller nanoparticles [50]. In the case of sil-
ver nanoparticle formation using the bottom-up approach, silver salts like silver nitrate
(AgNQO3) are chemically reduced with agents such as sodium borohydride, hydrazine,
ascorbic acid, or trisodium citrate, leading to controlled nucleation and development of
silver nanoparticles with varying sizes and shapes (Figure 2B) [51]. Methods like electro-
chemical reduction, microemulsion techniques, and photochemical procedures exemplify
bottom-up strategies, enabling the in situ production of well-dispersed nanoparticles under
mild reaction conditions [52]. While bottom-up techniques are known for creating nanopar-
ticles with a limited size distribution compared to top-down methods like laser ablation
or sputtering, they may suffer from poor mixing causing blockages, scalability challenges
for high-volume production, and issues with process reliability and reproducibility [53].
To address these drawbacks and promote eco-friendliness in nanoparticle synthesis, there
is a growing imperative to develop more sustainable and environmentally friendly meth-
ods [54]. By exploring alternative approaches such as biological synthesis using microor-
ganisms, plant extracts, or enzymes, researchers can mitigate the environmental impact of
nanoparticle production and enhance the overall sustainability of nanotechnology. These
eco-friendly methods offer advantages in terms of reduced toxicity, cost-effectiveness,
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controlled synthesis parameters, and scalability, making them promising avenues for the
future of nanoparticle synthesis [55].
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Figure 1. Top-down and bottom-up methods to synthesize NPs [56]. Created with Lucidchart.
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Figure 2. Physical method (A) and chemical method (B) [56]. Created with Lucidchart.

2.2. Biological Methods for Synthesizing Nanoparticles

Though chemical methods are a simple way to produce Ag nanoparticles, the use of
toxic and expensive reducing agents limits their industrial applications [57]. Toxic reagents
have the potential to generate problems when it comes to biological downstream uses
along with environmental issues. As a solution to this issue, an eco-friendly technique
for synthesizing AgNPs that eliminates the use of harmful chemicals is required [58].
The biological synthesis method is gaining more consideration because it is considered a
sustainable, eco-friendly, cost-effective, and non-hazardous technique [59]. The biological
procedures for synthesizing AgNPs involve the use of microorganisms or their by-products,
as well as plants or plant extracts [60]. Carbohydrates, lipids, nucleic acids, and proteins
are the biological components used in the biosynthesis processes, which offer advantages
such as being widely available, inexpensive, easy to synthesize, and environmentally
friendly [61]. The AgNPs synthesized through green synthesis have many biological uses
including as: microbicidal, anticancer, antiphlogistic, antioxidant, drug-carrier, wastewater-
treatment, and dye-removal agents [62]. The synthesis of silver NPs utilizing living things
including fungi, algae, bacteria, and plants has been described [59]. These methods are
discussed in detail below.
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2.2.1. Green Synthesis of Silver Nanoparticles Using Plant Extracts

Biosynthesis is a biosynthetic mechanism that produces AgNPs by utilizing plant
resources as stabilizing substances. This approach has recently become popular due to
its numerous benefits, including: low cost, accessibility, synthesis at room temperature,
environmentally friendliness, and non-toxicity [63]. Plant extracts are rich in many types
of bioactive compounds, including flavonoids, tannins, and enzymes, which make the
synthesis of bioactive AgNPs more stable and straightforward [64].

The primary approach for extracting plant materials for nanoparticle production
involves washing and boiling plant materials, such as leaves, fruits, or roots, in water [65].
This extraction technique is based on isotropic distillation [66]. The extracted plant material
is then filtered, usually with a muslin cloth or Whatman filter paper, to produce the final
extract [67]. In addition to water-based extraction, other solvents such as ethanol have
also been utilized to extract plant components for nanoparticle production [68]. The
filtered plant extract is then used as a reducing and stabilizing agent, facilitating the
green production of metal nanoparticles. The plant extract is combined with a metal
precursor solution (for example, silver nitrate or gold chloride) under different reaction
parameters such as pH, temperature, and time. Then, a centrifuge is utilized to separate
the nanoparticles from the plant extract.

The plant extract contains phytochemicals such as flavonoids, terpenoids, sugars, and
other biomolecules, which decrease metal ions and stabilize nanoparticle production [69].
The kind and concentration of phytochemicals, metal salt concentration, pH, and temper-
ature all influence the rate of nanoparticle production, as well as their size, shape, and
stability [70]. The plant extract serves a dual purpose, functioning as both a reducing
and stabilizing agent, allowing for the one-pot green production of nanoparticles [71].
The search results show that this green, plant-based technique is a simpler, more conve-
nient, cost-effective, and environmentally friendly way for nanoparticle production than
traditional chemical approaches [72].

Phull et al. [73] indicated the technique for synthesizing metallic nanoparticles using
Euphorbia wallichii extract. The researchers use a living plant system for producing silver
nanoparticles. Silver may be absorbed by Euphorbia wallichii roots and transferred to
plant shoots in the same oxidation state using an agar media. The Ag atoms rearranged
themselves in the shoots to generate silver nanoparticles [74]. Jini and Sharmila [75]
utilized a green production procedure with the help of an aqueous extract of Allium cepa as
a stabilizing agent to produce silver NPs. The color of the mixture changed from transparent
to brown, signifying the successful production of silver nanoparticles.

Hekmati and their co-workers employed a green procedure to synthesize silver NPs.
They combined an extract obtained from three plant species, namely Allium rotundum,
Falcaria vulgaris Bernh, and Ferulago angulate Boiss, with a solution of 0.01 M silver nitrate.
After letting the mixture sediment at room temperature for a day, they observed a color
change and used a UV-visible spectrophotometer to obtain absorbance, which confirmed
the formation of Ag nanoparticles [76].

Castor oil, which is derived from Ricinus communis L. plant seeds, is a thick fluid
that is commonly used to treat inflammation. Researchers utilized ricinoleic acid (RA)
and epoxide ricinoleic acid (ERA) as agents to reduce and stabilize silver nanoparticles
that were synthesized in an alkaline environment. The researchers found that the silver
nanoparticles that were capped with RA were effective in detecting cysteine and that those
prepared with RA were highly stable due to the lengthy preparation time. To obtain RA,
castor oil was subjected to alkaline hydrolysis and then epoxidation to form ERA. The
resulting surfactants were then precipitated using sodium hydroxide. The concentration of
both Ag and surfactants was varied to optimize the yield of silver nanoparticles [77].

Another investigation reported by Singh and colleagues utilized an aqueous extract
obtained from Couroupita guianensis Aubl flower to synthesize AgNPs and determined its
capacity to collect free radicals using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [78].
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Another work by Verma and Preet [79] utilized an extract from the Jatropha integerrima
flower to synthesize AgNPs, which were then tested for anti-dengue activity through
cytotoxicity assessment. The test was carried out at an ambient temperature and observed
within 24 h to detect any change in the color of the mixture from colorless to dark brown,
which would show the production of silver NPs. The silver NPs were also evaluated
against the aquatic larval stages of Aedes aegypti, with the most significant mortality rates
being observed when the AgNPs were combined with the plant’s leaf and flower extract.
Nahar et al. [80] described the eco-friendly production of silver NPs utilizing leaf extract of
Clerodendrum viscosum. The production of silver NPs was verified by a change in color from
colorless to light yellow after mixing Clerodendrum viscosum leaf extract with 0.01 M silver
NOj solution. The color then changed from yellow light to brownish and then became
brown-dark after 60 min at 25 °C. The color intensified with incubation time, and the
yellowish solvent turned brown and dark after 60 min due to a greater amount of NP
concentration. There was no more color change after 24 h. The silver NP color brown
was due to SPR in the media. Hugq et al. [81] stated that plant extracts contain various
components that perform crucial functions in silver salt reduction and act as capping and
stabilizing agents.

2.2.2. Green Synthesis of Silver Nanoparticles Using Fungi

The utilization of fungi to produce silver NPs has garnered considerable curiosity as a
result of its financial advantages and wide-ranging promise in various disciplines. Fungi,
which encompass a diverse group of organisms, possess a variety of enzymes and proteins
with the potential to diminish and stabilize metal nanoparticles [82]. Extensive research has
been done on the production of silver NPs using fungi, and more than 120 fungal species
from various taxa, such as Ascomycota (Alternaria), were discovered to be capable of
forming nanosilver [83]: Helvella [84], Fomes [85], Fomitopsis [86], Penicillium [87], Picoa [88],
Penicillium oxalicum [89], and Sclerotium rolfsii [90].

Basidiomycetes have attracted considerable attention as potential candidates for creat-
ing nanoparticles [91]. Scientists have directed their attention toward the examination of
edible and medical mushrooms, which are frequently grown under controlled conditions.
These particular fungi yield multiple biological compounds that can serve as stabilizers
and capping agents. Furthermore, these compounds possess numerous advantageous
qualities such as anti-cancer, anti-inflammatory, antioxidant, and antimicrobial properties.
This allows nanoparticles to be formed with biomedical attributes [92]. Numerous research
articles on the mycosynthesis of nanosilver have been published and continue to grow in
number including El-Moslamy et al. [93], Ammar et al. [94], and Awad et al. [95], using
endophytic Trichoderma harzianum SYA F4, Pichia kudriavzevii HA-NY2 and Saccharomyces
uvarumHA-NY3, and Aspergillus niger strains. Several recent reviews have highlighted the
biogenic nanoparticle production of this element using fungal cultures [82,96-98].

During the production of silver nanoparticles (AgNPs) using fungus, the AgNPs are
mostly created extracellularly, employing fungal extracts or culture supernatants, rather
than inside the fungal cells or on the cell surface [99]. The procedure involves cultivating the
fungal strain with appropriate growth conditions, preparing the fungal cell filtrate or cul-
ture supernatant, and adding it to an aqueous solution of silver nitrate (AgNO3) [100]. This
commences the reduction of Ag* ions, which results in the creation of AgNPs. The reaction
mixture is then incubated at room temperature, allowing AgNPs to be synthesized extra-
cellularly using the reducing and stabilizing biomolecules found in fungal extracts [101].
Monitoring the formation of AgNPs involves observing color changes in the reaction mix-
ture and characterizing the nanoparticles using techniques like UV-vis spectroscopy, XRD,
and TEM. The extracellular synthesis method is favored for its environmental friendliness
and simplification of the process by eliminating extraction and purification steps [102].
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2.2.3. Green Synthesis of Silver Nanoparticles Using Algae

Algae play a significant role in producing silver nanoparticles using a fast and in-
expensive procedure. The surface of algal cells carries the negative charge that speeds
up the nucleation and growth of crystals, which accelerates the overall process [82]. The
extraction technique for producing silver nanoparticles from algae begins with washing,
drying, and grinding the algae biomass to increase surface area. Bioactive components
such as polysaccharides and proteins are then extracted from algal biomass using solvent
extraction or microwave-assisted extraction methods. These chemicals serve as reducing
and stabilizing agents throughout the synthesis process. The extracted bioactive chemicals
are then combined with a silver precursor solution, commonly silver nitrate, to begin
the reduction of silver ions and the production of silver nanoparticles. Characterization
methods such as TEM, SEM, XRD, and FTIR are used to examine the characteristics of the
produced nanoparticles. This green synthesis process demonstrates the potential of algae
in nanoparticle manufacturing, providing a sustainable and ecologically friendly approach
with numerous applications in a variety of fields [103].

El-Rafie et al. [104] used water-soluble polysaccharides from four marine macro-
algae (Pterocladiacapillacae, Janiarubins, Ulva faciata, and Colpmeniasinusa) to produce silver
nanoparticles. These polysaccharides served as reducers and stabilizers. Oztiirk et al. [105]
used an extract of red algae Gelidium corneum as a reducing agent to produce silver NPs in
a greener procedure. In addition, Fatima et al. [106] utilized red algae Portieriahornemannii
for the efficient production of silver nanoparticles.

2.2.4. Green Synthesis of Silver Nanoparticles Using Bacteria

Green synthesis mediated by microbes holds a distinct place despite the many natural
resources for the green production of nanoparticles [107]. The simplicity of manipulation,
high growth percentage, ease of culturing, and potential to grow in ambient temperature,
pH, and pressure, are all reasons for “bacterial preference” for NP production [108,109].
Various groups of microorganisms can be categorized based on where they synthesize NPs.
The extraction technique for producing silver nanoparticles using bacteria is a biogenic
strategy that utilizes the advantage of bacterial cells” specific capabilities to decrease silver
ions and enhance nanoparticle synthesis. Initially, an effective bacterial strain is chosen
based on its capacity to generate enzymes or proteins that can function as reducing agents.
The chosen bacteria are cultivated in a nutrient-rich medium under regulated conditions
to stimulate growth and metabolic activity. When the bacterial culture reaches a specified
growth phase, it is exposed to a silver precursor solution, usually silver nitrate, which
is subsequently reduced by the bacterial cells to produce silver nanoparticles. UV-vis
spectroscopy is commonly used to monitor the reduction process and track nanoparticle
production. After production, the silver nanoparticles are removed from the bacterial cells
using centrifugation or filtering. TEM, SEM, XRD, and FTIR are used to characterize the
size, shape, crystallinity, and chemical composition of the produced nanoparticles [110].

Bharti et al. [111] synthesized AgNPs using extracellular Thiosphaera pantotropha, while
intracellular production of AgNPs utilizing Rhodococcus spp. was conducted by Otari
et al. [112]. Table 1 shows some AgNPs synthesized using diverse bacterial strains.

Table 1. Some bacteria strains were reported in the synthesis of AgNPs.

Nanometal Bacteria Size (nm) Shape Citation
Bacillus siamensis 25-50 Spherical [113]
Klebsiella pneumonia 26.84-44.42 Spherical [114]
AgNPs Bacillus subtilis 3-20 Spherical [115]
Lactobacillus bulgaricus 30.65-100 Spherical [116]
Bacillus cereus 45.4 and 90.8 Spherical and polygon [117]
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2.2.5. Synthesis of AgNPs Using Bioflocculants

Bioflocculants are natural, biodegradable compounds derived from natural sources
such as microbes, plants, and algae [118]. They are essential as effective and eco-friendly
methods of nanoparticle production. During synthesis, bioflocculants function as reducing
and stabilizing agents for ions and nanoparticles by promoting aggregation and settling
of particles to assist in the removal of pollutants from water sources [119]. Bioflocculants
stabilize nanoparticles by using functional groups in their structure, such as hydroxyl,
carboxyl, and sugar derivatives [120]. These groups interact with the nanoparticles” surface
to avoid agglomeration and ensure their stability. They have a substantial influence on both
the shape and size of nanoparticles. Bioflocculants can alter the morphology of nanoparti-
cles, resulting in the formation of particles with certain forms such as spherical or rod-like
structures. In addition, bioflocculants can affect the size distribution of nanoparticles,
impacting their characteristics and applications.

To produce bioflocculants, microorganisms such as bacteria, fungi, and actinomycetes
are isolated and screened for their bioflocculant production capability [121]. Once identi-
fied, these microorganisms are grown in a medium containing carbon and nitrogen sources
to promote their development and bioflocculant production. During fermentation, which
may take several days, microorganisms produce the bioflocculant. After fermentation,
the bioflocculant is recovered from the culture broth using centrifugation and precipita-
tion with solvents such as ethanol. Additional purification techniques, such as solvent
extraction, dialysis, or chromatography, are used to produce a pure bioflocculant product.
Analytical methods are also utilized to characterize the bioflocculant, determining its con-
tent, structure, and characteristics. To improve bioflocculant yield and performance in a
variety of applications, production factors such as microbe selection, growing conditions,
and purification processes can be adjusted [118].

Several research have also reported the production of Ag using natural sources [122].
However, few studies have gone through the fabrication of silver NPs utilizing biofloccu-
lants. Therefore, in this review, we will concentrate on certain of the latest work published
on the production of silver NPs utilizing bioflocculants from the year “January 2015 to De-
cember 2023”. Adebayo-Tayo et al. [42] employed bioflocculant from B. subtilis to produce
AgNPs. To achieve this, about 10 mL of the bioflocculant was added to 10 mL of 10 mM
AgNOs solution. The resultant mixture was stored at an ambient temperature in the dim
area for 24 to 27 h. Controls were made and studied utilizing similar testing conditions but
without the addition of silver nitrate. The change in color from lemon yellow to chocolate
brown implies the production of AgNPs. However, under the same conditions, no change
in color was detected in the sample control (bioflocculants without silver solution).

Adebayo et al. [123] researched the synthesis of AgNPs employing bioflocculant
extracted from a combination of Bacillus, Klebsiella, Acinetobacter, and Providencia species.
To synthesize AgNPs, a reaction vessel with 25 mL of 1 mM AgNO3 was made, and then
a cell-free bioflocculant of 1 mL was added separately. The mixture was then exposed to
sunlight and the color change was visually monitored to observe the formation of AgNPs.

Another study performed by Hassan et al. [124] described the production of silver NPs
using bioflocculant derived from Psychrobacter cibarius H41A KF207755. The researchers
noticed the solution’s color change from yellowish to brown which indicates the creation of
the Ag nanoparticles.

Ajani and colleagues synthesized silver nanoparticles using the bioflocculant extracted
from Streptomyces sp. HDW?7 and Nocardia sp. OX5. The microbial-flocculant was utilized to
produce AgNPs by employing its supernatant. To synthesize the nanoparticles, a solution
of 2 mM AgNO3; was mixed with 1:1 (v/v) of each bioflocculant. The resulting solution
was left in a dark place overnight. The control was AgNOj3 without the addition of a
bioflocculant. The transformation in color from pale AgNOs5 to yellowish was observed by
Ajani et al. [125].

The work by Muthulakshmi et al. [126] detailed the bioflocculant that was isolated
from the fermented liquid of Bacillus sp. The liquid obtained from fermentation was sub-
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jected to centrifugation at a speed of 12,000 rpm for 30 min at ambient temperature. The
resulting liquid above the sediment, known as the supernatant, was collected and utilized
as a substance that reduces and binds during the production of silver NPs. Researchers ob-
served the color change which was indicative of the successfully synthesized nanoparticles
which were later confirmed using UV-vis spectroscopy.

Sajayan et al. [127] described the production of silver NPs using bioflocculant derived
from Bacillus cereus. A 1 mM solution of AgNO3; was made in a 100 mL Erlenmeyer flask.
In the same flask, equal amounts of the produced bioflocculant and silver NO3 solution
(in a 1:1 ratio, v/v) were combined. The mixture was then placed in a dark environment
and incubated at 28 °C for 96 h. During this time, the flask was monitored for a color
transformation from yellow to brown which indicated the formation of silver nanoparticles.
After the incubation period, the produced silver NPs were assembled by subjecting the
mixture to centrifugation at a speed of 10,621x g and air-dried to produce a powder.
The synthesis of NPs by bioflocculant extracted from Bacillus cereus was validated and
confirmed by spectrophotometry of the solution in the UV-vis range.

3. Factors Influencing the Production of Silver NPs

The synthesis, characterization, and application of NPs are controlled by various
factors. According to several researchers, the nature of the nanoparticles synthesized
can vary based on the adsorbable type and the function of the catalysts throughout the
production procedure [26,128]. Certain researchers have also observed that the synthesized
NPs exhibit dynamic behavior, showing different symptoms and implications over time and
in different environments [129]. Other significant parameters that influence nanoparticle
synthesis include solution pH, temperature, the concentration of extracts and raw materials
utilized, size, and the procedures used during the synthesis process [130]. Below are some
significant factors that have a dominant impact on the production of silver NPs.

3.1. Effect of Starting Time and pH on AgNPs

pH is one of the important parameters that need to be optimized when assessing
nanoparticle performance. Furthermore, it serves a vital function in preventing the forma-
tion of extra site product which acts like an impurity in the desired product [131]. Several
studies have shown that alkaline pH levels lead to the formation of small nanoparticles,
whereas acidic pH levels result in the production of larger NPs. Other researchers stated
that the texture and size of the produced nanoparticle are caused by the medium solution’s
pH [132]. Thus, by adjusting the pH of the broth solution, the nanomaterial size can also
be adjusted.

The effect of time on nanoparticle (NP) formation is an important factor that influences
the properties and behavior of the produced nanoparticles. Time is critical to the production
and development of silver nanoparticles (AgNPs). Longer reaction durations result in
the progressive creation of AgNPs, as demonstrated by color changes in the solution,
increased particle size, and silver nanocrystal aggregation [133]. Furthermore, the size of
AgNPs was shown to increase with reaction time, indicating a clear link between time
and nanoparticle size [133]. Furthermore, the crystallite size of NPs tends to decrease
with longer reaction periods, indicating the possibility of lower crystallite sizes with
longer reaction durations [134]. AgNPs’ stability and toxicity are also affected by time,
with storage conditions influencing aging and physicochemical qualities, with possibly
harmful consequences. Monitoring the development of nanoparticles over time is critical
for assuring their integrity, improving their characteristics, and determining their safety in
diverse applications. Understanding and managing the temporal elements of NP synthesis
is critical for realizing nanoparticles’ full potential in a variety of applications [135].

Fu et al. [136] deliberate the effect of stirring time and pH value on the production
of silver nanoparticles. The experiment was conducted in two stages. During the initial
phase, AgNO; and Na3CyH507 were mixed for varying durations of 0 to 60 min. In the
second stage, sodium borohydride was added to initiate the production of AgNPs. The
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results indicated that the stirring time during the first stage influenced the characteristics
of the AgNPs produced. After analyzing all of the synthesized AgNPs after 120 min,
it was determined that an agitation period of 10 min in the initial stage provided the
optimum conditions for subsequent AgNP production. AgNOj3 and trisodium citrate were
successfully added and disseminated within the mixture when the mixing duration was
less than 10 min. If the agitation time was reduced to 10 min, the reaction reagents were at
risk of being lost. As a consequence, the ideal reaction time was 10 min for shaking in the
initial stage, followed by 120 min for AgNP formation in the second stage.

The researchers also investigated how pH influences AgNP behavior. They used citric
acid and sodium hydroxide to alter the pH of the AgNP solution from 4 to 12. Absorption
spectra were obtained in the range of 300-600 nm wavelength. The Ag nanoparticles pH
of the colloidal medium was initially set at 8. The reported absorbance values dropped
when the mixture was exposed to an acidic condition. In an alkaline environment, however,
the absorbance values of AgNPs increased. This behavior can be attributed to AgNPs’
inability to survive in acidic or neutral conditions, preferring an alkaline condition. Earlier
research has shown that the level of pH has a substantial impact on silver nanoparticles
by modifying their charge surface and hence incidentally impacting their aggregation
and stability [137].

Silver nanoparticles are particularly unbalanced in neutral and acidic conditions,
according to the literature. AgNPs gain more prominent surface charges under these
conditions, resulting in greater aggregation and larger particle size. The shifting of peak
absorption in the spectroscopy of surface plasmon resonance may account for the lower
absorbance values of silver NPs. The work by Iqtedar et al. [138] supported the optimum
production of silver NPs at pH 8.0. Another work by Elsayed et al. [139] observed that an
optimum pH of 7.0 is effective in the formation of silver nanoparticles.

3.2. Effect of Temperature

In any production of NPs, the temperature is widely recognized as an important factor.
Temperature is a crucial factor in the size, shape, and yield of nanoparticles [28]. The
physical technique necessitates a higher temperature, above 350 °C, while the chemical
method requires temperatures below 350 °C [140]. Nanoparticle fabrication using green
procedures usually need a temperature of less than 100 °C [141]. The temperature of the
reaction medium defines the character of the nanoparticles [142]. The increase in reaction
temperature results in a reduction in nanoparticle size, whereas a decrease in temperature
results in an increase in nanoparticle size [143].

Saeed et al. [144] examined the impact of temperature on the synthesized silver NPs at
three different temperature levels, ranging from 28 to 45 °C. The findings revealed that the
culture supernatant exhibited the highest UV-visible absorption at 37 °C, which remained
consistent. This suggests that at 37 °C, there was a greater amount of kinetic energy present
in the silver nanoparticles, resulting in a more stable and faster production of AgNPs. The
particle size of the produced AgNPs has a peak due to the effect of temperature because of
the intricate relationship between temperature and the growth of silver nanoparticles [145].

Another report by Liu et al. [146] examines the impact of dissimilar temperatures. It
was found that at temperatures starting from 40, 60, and 90 °C, the particle sizes were
17.6 £4.5nm, 15.3 & 3.7 nm, and 7.8 £ 2.3 nm, respectively.

In a study by Vivekanandhan et al. [147], the performance of silver NPs at various
temperatures was investigated by exposing liquids containing C. tropicum and F. oxysporum
to AgNO3 within the temperature range of 25 °C to 30 °C. The rate at which silver nanopar-
ticles formed was found to be influenced by the temperature of incubation, with higher
temperatures resulting in faster particle growth. The impact of temperature was estimated
using a micro-scan reader, and it was observed that a rise in temperature from 25 °C to
30 °C led to a rise in the production and absorption of silver nanoparticles by C. tropicum
and F. oxysporum. At the lower temperature of 25 °C, the majority of silver nanoparticles
were smaller in size. Upon further incubation at 30 °C and increased concentration, the
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quantity of smaller particles decreased, giving rise to the formation of larger particles
exhibiting distinct shapes typical of silver nanoparticles. This observation establishes a
direct correlation between the solutions” absorbance and temperature, as evidenced by the
equation derived from the experimental data.

3.3. Effect of Pressure on Nanoparticle Formation

Pressure has also been reported as a crucial factor in nanoparticle production [148].
The shape and magnitude of the produced nanomaterial are impacted by the tension that
is applied to the media reaction [140]. In another work by Zikmund et al. [149], reports
state that during the silver NP fabrication, the pressure was observed to increase when the
particle size increased. The study discovered clear relationships between the aggregation
distance chamber and mean particle size. Another study on the structural behavior of
AgNPs discovered a size of 10 nm, indicating that as pressure increases, the size of the
nanoparticles also increases [150]. Another work on AgNPs for fluorescent nanocomposites
using magnetron high-pressure sputtering discovered that the size of the nanoparticles
decreases with pressure [149], which contradicts previous studies where the nanoparticles
reportedly increase with pressure [151]. According to the reports, the relationship between
pressure and nanoparticle size is complex and depends on multiple influences such as the
type of nanoparticle, the synthesis method, and the pressure range. Due to this, a more
extensive study is required to properly comprehend the relationship between pressure and
nanoparticle size.

3.4. Particle Size and Shape

Particle size is crucial when it comes to assessing the NPs’ properties. For example,
when nanoparticles reach the nanometer scale, their melting point decreases [91]. The
energy of nanoparticles of various configurations is similar, which makes the process
of shape transformation simple [20]. The type of energy frequently employed during
nanomaterials investigation results in a change in the nanoparticle’s structure [20]. The
dynamic nature and form of formed NPs have a substantial influence on their chemical
characteristics [152].

Ahmad et al. [153] revealed a rounded-form silver NP with a normal particle size
of 15-25 nm. Additionally, AgNPs were found to be uniformly dispersed without any
evidence of clustering or aggregation. Dynamic light scattering (DLS) measurements were
used to determine particle size and distribution. The DLS observations revealed that the
biogenic silver NPs were from 10 to 20 nm, with the majority of particles clustered around
15 nm. Some of the optimized parameter during synthesized nanoparticles is given in
Table 2 below.
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Table 2. Factors affecting biosynthesis of silver nanoparticles.

NPs Bacteria Optimized Parameters Optimized Conditions Nanoparticles Characteristics Citation
AgNPs Bacillus ROM6 Temperature 35°C 25 nm, spherical [154]
. Concentration, inoculum size, ° .
Bacillus cereus temperature, time, and pH AgNO; (1 mM), 8.7mL, 48.5°C,69h, pH9 5 to 7.06 nm, spherical [155]
Kocuria rhizophila BR-1 Temperature, concentration, pH, and time 54.07 °C, 1.17 mM, 9.89 pH, 13.24 h 10-200 nm, spherical [156]
Lactobacillus bulgaricus Temperature and concentration 30 °C, AgNO; (4 mM) 30-100 nm, spherical [116]
Lactobacillus spicheri G2 (JX481912) Temperature and pH 37°C,pH7 20 nm, spherical/square in shape [157]
Spirulina platensis Temperature and pH 50 °C, pH 10 2.23-14.68 nm, spherical [158]
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4. Characterization of the Synthesized AgNPs

Understanding the nanoparticles’ physical and chemical characteristics is crucial for
several reasons, including the way they behave, circulation in biological systems, safety,
and effectiveness [159]. Consequently, it is necessary to analyze the AgNPs to investigate
the functionality aspects of the produced particles. Many analytical procedures, such
as UV-visible spectroscopy, X-ray diffractometry (XRD), Fourier transform infrared spec-
troscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), dynamic light scattering (DLS),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM), are employed for characterization [160]. Numerous authoritative
publications have explained the concepts and possible uses of the aforementioned methods
for characterizing AgNPs. However, the following section provides a simplified overview
of the fundamental procedures employed for AgNP characterization.

4.1. UV-Visible Spectroscopy

UV-vis spectroscopy is a valuable and dependable method for analyzing synthesized
nanoparticles, particularly in the case of AgNPs [161]. It allows for the monitoring of
AgNPs’ synthesis and stability by exploiting their unique optical properties and interaction
with specific light wavelengths. UV-vis spectroscopy offers numerous advantages, such
as its speed, simplicity, sensitivity, selectivity for different types of nanoparticles, and the
fact that it needs just a short measurement time without the need for standardization
when characterizing colloidal suspensions of particles [162]. In AgNPs, the conduction
and valence bands are located at nearly the same energy, which allows for the free circu-
lation of electrons [163]. This results in surface plasmon resonance (SPR), where the joint
oscillation of molecules in the Ag nanoparticles resonates with the photon wave, leading
to band absorption. AgNP absorption is impacted by factors such as the particle size,
the surrounding chemical environment, and the dielectric medium [145]. The presence
of a peak related to SPR, which represents this collective electron oscillation, has been
well-documented for many metal NPs starting from 2 to 100 nm in size. UV-visible spec-
troscopy has been successfully used to observe the synthesized silver NP stability through
biological procedures for over 12 months. In various studies, the presence of a plasmon
resonance surface peak at an identical frequency was consistently observed employing
ultraviolet-visible spectroscopy [164].

4.2. X-ray Diffraction

X-ray diffraction (XRD) is an essential procedure that can identify crystalline structures
at the atomic level [165]. It is a non-destructive practice that shows promise for character-
izing both organic as well as inorganic crystalline substances. This technique has diverse
applications across various fields such as geology, polymers, environment, pharmaceuticals,
and forensics, allowing phase identification, quantitative analysis, and the determination
of structural imperfections [164]. Additionally, XRD has expanded its applications to the
characterization of nanomaterials and their properties [166]. The idea behind X-ray diffrac-
tion is Braggs’ law, where X-rays are elastically scattered at wide angles [167,168]. X-ray
diffraction (XRD) is also employed for the qualitative identification of different compounds,
quantitative resolution of chemical species, measuring crystallinity [169], studying isomor-
phous substitutions [170], determining particle sizes [171], and more. When X-rays interact
with a crystal, they produce multiple diffraction patterns that reveal the chemical and
physical features of the crystal shape [172]. In the case of a powdered sample, the diffracted
beams are scattered by the sample and reveal structural and physicochemical properties.
As a result, XRD can analyze the structural features of various materials, including inor-
ganic catalysts, superconductors, biomolecules, glasses, polymers, and others [173]. The
analysis of these materials heavily relies on the interpretation of diffraction patterns. The
identification of each material can be accomplished by comparing the diffracted beam with
its distinctive diffraction pattern to the standard records available in the Committee Power
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Joint Standards Diffraction (CPJSD) database. Moreover, pattern diffraction can signify the
occurrence of impurities in the sample, allowing XRD to be employed in the characteri-
zation and identification of large and tiny materials, forensic specimens, manufacturing
samples, and chemical substances [174].

4.3. Dynamic Light Scattering (DLS)

The study of biological activities utilizing scattering radiation procedures relies on
the physicochemical characterization of prepared nanomaterials, which is an important
factor [164]. DSL is a technique that uses light interaction with particles to explore the dis-
tribution size of tiny materials in suspension that ranges from small to one nanometer [175].
DLS is a commonly employed technique for characterizing nanoparticles [176]. It has the
potential to determine the scattered light from suspended nanoparticles as a beam of light
moves through a matrix, primarily relying on Rayleigh scattering [176]. The hydrodynamic
size of NPs can be calculated by examining the change of scattered light intensity over
time [177]. Characterizing nanomaterials in solution is crucial for evaluating their toxic
potential [164], and DLS is most commonly employed to evaluate particle size and particle
size distribution in solution form [79]. It is worth mentioning that the size achieved via
DLS is often larger than that produced through TEM, possibly due to the impact of the
principle’s Brownian motion. DL scattering is a non-destructive technology that delivers
the mean size of nanoparticles scattered in solution and has the benefit of investigating a
bigger number of particles. Nevertheless, it also has some limitations specific to the sample
being analyzed [178].

4.4. Fourier Transform Infrared (FT-IR) Spectroscopy Analysis

FT-IR spectrometry is defined as a highly accurate and reproducible method that
can produce a favorable signal-to-noise ratio [179]. It is capable of detecting small ab-
sorbance changes as low as 10~2, making it ideal for difference spectroscopy, which allows
the differentiation of active residues from the absorption background of a protein as a
whole [164]. FT-IR is useful in determining whether biomolecules participate in the produc-
tion of nanoparticles, particularly in academic and industrial research [178]. This technique
was additionally utilized for the investigation of nano-scale substances, including the affir-
mation of functional compounds directly attached to Ag, carbon nanotubes, graphene, and
AuNPs, as well as interactions that occur between the substrate and the enzyme during a
catalytic process [180]. Another advantage of the FT-IR technique is that it is a non-invasive
technique [181]. Moreover, FT-IR spectrometers offer several benefits over dispersive ones,
such as fast data collecting, producing a powerful signal, low ratio of noise to signal, and
minimal sample heat-up [164]. Attenuated total reflection (ATR)-FTIR spectroscopy is
a recent advancement in FI-IR methodology. ATR-FI-IR is capable of determining the
chemical features of the surface polymer, and the preparation of the sample is compara-
tively straightforward compared with traditional FT-IR [182]. Consequently, FI-IR is an
appropriate, beneficial, non-invasive, affordable, and easy approach to identifying the
biological functional compounds involved in reducing silver NO3 to Ag [183].

4.5. Scanning Electron Microscopy

Nanosciences, such as nanotechnology, have served as pivotal forces in the develop-
ment of numerous high-resolution microscopy techniques that employ a strong probe to
electrons on a small scale [184]. One such technique is SEM, which is a surface imaging
method that can effectively examine the size of particles, distribution size, nanomaterial
structure, and morphology surface of produced materials at the small and nanoscales [185].
By using SEM, we can examine particle morphology and create a histogram from images,
either by manually counting and measuring the particles or by utilizing specialized soft-
ware. When paired with energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM) can be used to examine the morphology and chemical composition of
silver materials [185]. However, SEM is unable to resolve internal structures, even though
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it can still offer helpful data on purity particles and the amount of agglomeration [186].
Modern high-resolution SEMs are capable of identifying nanoparticle morphology at sizes
of less than 10 nm [178].

4.6. SEM-EDX Analyser

SEM-EDX is frequently used in conjunction with SEM to perform elemental analy-
sis. EDX detects the characteristic X-rays emitted by the sample and provides explana-
tions based on the elemental composition of the nanoparticles. By measuring the energy
and intensity of the X-rays, EDX can identify the elements present and estimate their
relative abundances [187].

4.7. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an essential and frequently utilized method
for analyzing nanomaterials [188]. It plays a crucial role in obtaining quantitative data
regarding grain size, distribution size, and structure [189]. The level of magnification
achieved in TEM primarily depends on the gap between the objective lens and the specimen,
as well as the distance between the objective lens and its plane image [189]. Compared
to scanning electron microscopy (SEM), TEM offers two advantages: superior spatial
resolution and the ability to perform more analytical measurements [190]. However, there
are some limitations to TEM, including the necessity for an intense vacuum and a tiny
sample portion [191]. One vital aspect of TEM is the time-consuming nature of sample
preparation, which is crucial for acquiring high-quality images [192]. Therefore, utmost
attention must be given to sample preparation to obtain the best possible images.

4.8. Thermogravimetric Analysis

TGA is a characterization technique employed to investigate the thermal properties
of materials [187]. It entails subjecting a sample to measured temperature changes while
determining its weight as a function of temperature or time. TGA gives useful information
regarding a material’s thermal stability, decomposition behavior, moisture content, and
composition [193]. During TGA analysis, the sample is typically heated in a controlled
environment, such as a furnace, while its weight is continuously monitored [194]. As the
temperature increases, various thermal events can occur, leading to weight changes in the
sample. These events include dehydration, decomposition, oxidation, phase transitions,
and volatilization. It can be used to determine important parameters such as the onset
temperature of thermal events, the rate of weight change, the presence of multiple decom-
position steps, and the residual mass of the sample after complete decomposition [187].
TGA is useful in various departments, including materials science, chemistry, polymers,
pharmaceuticals, and environmental analysis [195]. It provides crucial information for
understanding the thermal behavior and stability of materials, aiding in material selection,
process optimization, quality control, and product development [195].

5. Physicochemical Properties of the Produced AgNPs

Adebayo and colleagues reported UV—vis spectroscopy at 570 nm and 460 nm for
AgNPs synthesized from a consortium of Bacillus, Klebsiella, Acinetobacter, and Providenci.
For the consortium, FT-IR peaks of AgNPs were observed at 3525, 3284, and 1179 cm L
corresponding to alcoholic groups, amide groups, and alcohol, respectively, and 3611, 3307,
and 2492 cm™~!, corresponding to aromatic primary amines, carboxylic acids (CA) and
amines, respectively [123].

Manivasagan et al. [196] revealed that the XRD study confirmed the natural crys-
tallinity of the silver nanoparticles, with the peaks at 26 values of 38.25°, 44.37°, 64.60°, and
77.64°, corresponding to 111, 200, 220, and 31 planes of the face-centered cubic (fcc) struc-
ture of silver, respectively. FT-IR study discovered the occurrence of functional groups on
the surface of the AgNPs, which may contribute to their stability and reactivity. UV-visible
spectroscopy showed a characteristic absorption peak at around 418 nm, indicating the
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presence of AgNPs in the solution. UV-vis absorption spectra displayed the broad surface
plasmon resonance at 420 nm. The analysis of the FI-IR spectrum indicates that there are
peaks of absorption at 3428, 2071, 1634, 1067, and 687 cm~ L. These peaks were observed in
the biosynthesis of silver nanoparticles and are attributed to O-H stretching (3428 cm 1),
C-0 (2071 ecm™ 1), N-H bend (1634 cm™!), C-N (1067 cm~!), and C-Br (687 cm™!). To
prevent the NPs from coagulating due to Van der Waals forces, nanoparticles need to be
stabilized during the formation process. The data from the FI-IR analysis supports the
occurrence of O-H stretching (3428 cm 1) which could be liable for the reduction of ions
metal into their corresponding NPs.

Nabil-Adam and Shreadah [197] reported the results for EDX which revealed the occur-
rence of carbon, oxygen, chlorine, sulfur, and sodium in addition to Ag. Yumei et al. [198]
reported the X-ray diffraction (XRD) pattern of the AgNPs to display four prominent
peaks at 38.2, 44.3, 64.4, and 77.5 in the 2-theta range. These peaks correspond to the
(111), (200), (220), and (311) crystallographic planes of silver. The presence of silver in
the nanoparticles was further confirmed by surface plasmon resonance (SPR) bands with
the aid of a UV-vis spectrometer. The observation indicated that the AgNPs had a robust
SPR transition and absorbed radiation within the 400-500 nm visible range. The FI-IR
spectral analysis indicated the existence of the primary absorption peaks at 3098, 1604, and
1078 cm !, which were caused by O-H stretching, C-H stretching, and C=0 stretching.
The change in the position of the C=O and —-OH absorption peaks before and after AgNP
production validated the role of the bioflocculant in reducing Ag* ions and stabilizing
AgNPs as capping agents. Additionally, the occurrence of Ag—O van der Waal interactions
between 472 and 594 cm~! was observed, which was not apparent in the bioflocculant
extracted from the Arthrobacter sp. spectrum.

In the study by Nabil-Adam and Shreadah [197], the AgNDP size was determined
to be 19.66 to 26.96 nm. Manivasagan et al. [196] synthesized AgNPs using a biofloccu-
lant produced by a bacterial Streptomyces sp. MBRC-91. The TEM images showed that
the synthesized AgNPs were spherical with an average size of 35 nm. In the study by
Yumei et al. [198] silver nanoparticles using a bioflocculant extracted from Arthrobacter sp.,
the geology of the silver nanoparticles (AgNPs) was examined through the capture of
high-resolution transmission electron microscopy (HRTEM) images. The particle size dis-
tribution was then determined using Image J software to analyze the (HRTEM) images.
The obtained results indicated that the nanoparticles possessed a generally spherical shape,
with diameters of 9 to 72 nm.

6. Application of Silver Nanoparticles

Silver NPs are recognized for their unique features and are frequently employed in
several settings, involving water treatment, healthcare, and preservation of food, as well
as nature [199]. Many reviews and book chapters have explored the different uses of
AgNPs [200]. This article focuses specifically on their applications in wastewater treatment
and biomedical fields, including their antimicrobial activity, and antibacterial and anticancer
properties. The article reviews earlier foundational works before offering the newest
information. A representative illustration of the numerous silver NP applications is shown
in Figure 3.
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Figure 3. Applications of silver nanoparticles [23]. Created with Lucidchart.
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6.1. Antimicrobial Activity of Silver NPs

Various accredited bodies, such as USFDA, USEPA, Korea's testing body, and SIAA of Japan
Institute of Research, have approved products that are made using silver nanoparticles [201].
These products, which incorporate silver sulfadiazine, are known for their antimicrobial
and antibacterial potential and are used in burn treatments to prevent infections. Silver
nanoparticles have become more prevalent within nanotechnology applications and are
now found in various products produced for public consumption, including acne creams
and deodorizing sprays [202]. The effectiveness of the antimicrobial properties of silver
nanoparticles is affected by elements like size, pH levels, and tonic strength, as well as
the capping agent used. Current work has publicized that combining silver NPs with
some antibiotics like ampicillin, amoxicillin, and chloramphenicol can result in improved
antimicrobial activity [203]. However, some reports suggest that combining silver nanopar-
ticles with amoxicillin or oxacillin antibiotics can lead to an antagonistic interaction [204],
while others have suggested that the combination may improve therapeutic activity [23].
Ghiuta et al. [205] observed the antimicrobial effectiveness against C. albicans to be signifi-
cantly greater in comparison to the control antibiotic. The Fluconazole disks alone showed
minimal to no impact on the C. albicans strain, but when used together with AgNPs, a mea-
surable zone of inhibition was observed. The positive impact of AgNPs on the antibiotics’
effectiveness was determined by calculating the percentage increase in antibacterial effect.

Natarajan [206] used well and disk diffusion methods to examine the effectiveness
of AgNPs in combating different microorganisms that contribute to environmental degra-
dation. The researchers measured the diameter of the zone surrounding each well and
disk where the growth of microorganisms was inhibited. The results indicated that Ag-
NPs exhibited the greatest antimicrobial activity against Bacillus subtilis, with Pseudomonas
aeruginosa and Acidithiobacillus ferredoxin dans following closely behind. The bactericidal
properties of AgNPs were found to be consistently effective across the various bacterial
strains tested.

Other work by Saeed et al. [144] reported AgNPs with a high surface area-to-volume
ratio to be particularly effective at inhibiting the growth of bacteria. The researchers used
bacterial-mediated silver nanoparticles in an agar well diffusion experiment to assess their
antibacterial properties. They examined the antimicrobial activity against 13 different
harmful bacteria and quantified the clear zones surrounding the wells. Their findings
indicated that silver nanoparticles helped treat multidrug-resistant bacteria and other
harmful microorganisms.

6.2. Antibacterial Activity of AGQNPs

AgNPs are potential alternatives to antibiotics for fighting bacterial infections, as
they can overcome bacterial resistance [207]. As a result, the development of AgNPs as
antibacterial agents is critical. AgNPs stand out among promising nanoparticles because of
their substantial surface-to-volume ratios and surface crystalline structure, which makes
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them effective against bacteria [208]. A significant study conducted by Sondi and Salopek-
Sondi confirmed the antimicrobial properties of silver NPs against Escherichia coli. The
study found that E. coli cells treated with AgNPs showed the accumulation of AgNPs in the
cell wall, resulting in the formation of “pits” and eventual cell death [209] Gudikandula and
Charya Maringanti [210] have shown that silver nanoparticles produced using biological
means using fungi (Pycnoporus sp.) exhibit stronger antibacterial properties in comparison
to silver nanoparticles produced through chemical methods. The experiments included
testing the antibacterial activity against both gram-positive and gram-negative bacteria.

Verma and Maheshwari [211] found that the nanocrystalline chlorhexidine silver
(CHX Ag) compound had significant antibacterial action on Gram-positive/negative
and methicillin-resistant Staphylococcus aureus (MRSA) strains. The MICs of nanocrys-
talline Ag (III) CHX were significantly lower than those of the ligand (CHX), AgNO3, and
silver sulfadiazine.

Tang and Zheng [212] reported that smaller AgNPs with higher surface-to-volume
ratios exhibited greater antibacterial activity compared to larger particles. For example, they
observed that smaller AgNPs, which have strong antibacterial properties, outperformed
larger AgNPs [213]. Their findings demonstrated that AgNPs with a size of 9 nm had
approximately nine times higher antibacterial activity compared to their larger counterparts
measuring 60 nm. The researchers speculated that the primary explanation for the observed
antibacterial effects of silver nanoparticles is the oxidation (Ag*) of the smaller AgNPs,
as they are highly susceptible to oxidation. To test this hypothesis, zerovalent (reduced)
AgNPs were synthesized in an oxygen-free environment and compared their antibacterial
activity to AgNPs that had been partially oxidized. Researchers observed that the reduced
AgNPs had minimal toxicity against E. coli cells, whereas the oxidized AgNPs demonstrated
significant inhibition of cell survival and depletion of APT content. Saravanan et al. [214]
reported silver nanoparticles (AgNPs) to exhibit antibacterial effects against multidrug-
resistant (MDR) strains like Salmonella typhi and Staphylococcus aureus.

6.3. Antifungal Activity of AGNPs

The usage of antifungals for silver nanoparticles (AgNPs) has been thoroughly re-
searched and confirmed in several research publications. AgNPs have demonstrated sub-
stantial antifungal activity against Candida species, particularly Candida albicans, making
them a prospective treatment for fighting fungal infections [215]. Studies have compared
the antifungal effectiveness of AgNPs to traditional antifungal medicines such as Ampho-
tericin B, Fluconazole, Grisofulvin, and Itraconazole, revealing that AgNPs are effective
antifungal agents. AgNPs effectively suppress Candida albicans growth, with MIC values
ranging from 0.125 to 64 pug/mL. Furthermore, AgNPs were discovered to be more pow-
erful than standard antifungal drugs, emphasizing their promise as a novel and effective
antifungal therapy alternative.

Khatoon et al. [216] found that silver nanoparticles produced from tulsi leaf extract
had considerable antifungal action, limiting the development and pathogenicity of Can-
dida, an opportunistic human fungal infection. According to the researchers, the in-
hibitory impact may be caused by the degradation of fungal cell membrane integrity and
virulence components.

6.4. Anticancer Activity of AQNPs

During our lifetime, approximately one out of every three individuals faces the risk
of developing cancer [217]. Although numerous chemotherapy drugs are presently uti-
lized for treating different types of cancer, their significant side effects, coupled with the
laborious process of administering them through intravenous infusion, pose considerable
challenges [164]. Hence, it is crucial to explore technologies that can minimize systemic side
effects. Consequently, numerous scientists are involved in initiating the NPs as a substitute
strategy to formulate treatments that specifically mark cell tumors [119,218].
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Various research laboratories have employed different cell lines to investigate the
potential of discovering novel molecules for combating cancer [218]. In this summary,
we have compiled the findings from several laboratories which highlight the anti-cancer
activity of these molecules by both in vitro and in vivo models. Gopinath and colleagues
conducted a study to investigate the silver nanoparticles mechanism, and their findings
revealed that the concentration of AgNPs influenced automatic cell death. They also found
that there was a synergistic effect on apoptosis when using cells expressing uracil phospho-
ribosyltransferase (UPRT) and non-UPRT-expressing cells in the presence of fluorouracil
(5-FU). The researchers observed that AgNPs not only induced apoptosis but also sensitized
cancer cells in these experimental conditions [219].

Ahmad et al. [153] reported the biocompatibility of the silver nanoparticles to be used
and evaluated using the J-774 cell line. The results of the cytotoxicity test, which varied
depending on the dosage, indicated that both types of silver nanoparticles demonstrated
excellent compatibility with cells within the dose range of 5-40 pug/mL after a 24 h in-
cubation period. When exposed to concentrations above 50 pg/mL, the nanoparticles
exhibited moderate cytotoxicity, resulting in a 75% survival rate for the cells. However,
this concentration was still higher than the minimum inhibitory concentration required to
inhibit the growth of the tested bacterial strains. Consequently, these findings suggest that
the silver nanoparticles synthesized through this method can potentially serve as safe and
effective antimicrobial agents.

6.5. Wastewater Treatment

Silver nanoparticles are widely studied and used in various applications, including
water and wastewater treatment. Presently there is an increased interest in the use of AgNPs
as an upcoming approach to conventional water treatment methods as a result of inimitable
properties including great surface area, reactivity, and antimicrobial agents [220]. The
ability of silver NPs to remove pollutants is one of the most interesting uses of silver NPs
in water and wastewater purification [221]. Silver nanoparticles are effective in removing
toxic metals such as lead, cadmium, and mercury from polluted water sources [222]. This
is due to the high reactivity of AgNPs with metal ions, resulting in the formation of metal
nanoparticles which can be easily removed through sedimentation or filtration [222]. In
addition, silver NPs were found to be successful in eliminating organic contaminants such
as dyes, pesticides, and pharmaceuticals from wastewater. The large surface area of AgNPs
permits the increased adsorption of these pollutants, while their antimicrobial activity
can also help to degrade them [223]. AgNPs can potentially be utilized as a disinfecting
agent in water purification. The antimicrobial properties of AgNPs can help to inactivate
bacteria, viruses, and other pathogens, making them a potential alternative to traditional
disinfectants such as chlorine [224].

Adebayo-Tayo et al. [42] observed a decrease in the levels of chemical oxygen demand
(COD), biological oxygen demand (BOD), total soluble solid (TSS), total dissolved solids
(TDS), and turbidity after AgNPs synthesized from Bacillus subtilis B2 bioflocculant were
applied. The results indicated the largest decreases in BOD, COD, TSS, and turbidity,
with reductions of 33.33%, 71.44%, 83.70%, and 85.69%, respectively. Furthermore, AgNPs
were more effective in removing metals in comparison with potassium aluminium sulfate
(Alum). AgNPs also displayed antibacterial activity against the studied E. coli strains,
resulting in a 100% reduction in the coliform count of the treated dairy effluent samples.

Gadkari et al. [225] stated the possible practice of AgNPs covered by the foam of
polyurethane as an antibacterial water purifier. The researcher utilized a 1.5 L solution
of the nanoparticles for a coating saturated with 20-25 cm foamy and an 8 mm width.
Overnight, the foamy was submerged in a silver mixture. This covered foam was then
tested for antibacterial filtering action. The bacteria concentration in the input water was
approximately 1105-1106 colony-forming units (CFU)/mL, while no microbes had been
discovered in the water outflow. Furthermore, no growth of bacteria was found in the
foam beneath.
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Liu et al. [226] discovered that silver nanoparticles were adsorbed onto a mesoporous
silica matrix and used to eliminate ciprofloxacin in wastewater. The results showed that
the AgNPs-silica composite had a high adsorption capacity and could remove up to 98%
of ciprofloxacin from wastewater. Sharma et al. [157] reported that silver nanoparticles
embedded in a chitosan/poly (vinyl alcohol) (CS/PVA) matrix were able to eliminate heavy
metal ions from wastewater. The results showed that the AgNPs-CS/PVA composite had a
high adsorption capacity for heavy metal ions, such as Cu (II), Pb (II), and Cd (II).

A study conducted by Mohammed [227] revealed that silver nanoparticles were used
as a disinfectant for wastewater treatment. The AgNPs were added to the wastewater, and
the disinfection efficiency was evaluated using Escherichia coli as the indicator organism.
The results showed that the AgNPs effectively killed the bacterium and could be used as a
disinfectant for wastewater treatment.

Another study by Bhatt et al. [221] used AgNPs to remove heavy metals and or-
ganic pollutants from wastewater. The results showed that AgNPs were effective in
removing copper, lead, and zinc ions from wastewater, as well as reducing the levels of
organic pollutants.

Allam et al. [228] examined the success of AgNPs in eliminating heavy metals from
wastewater. The results showed that AgNPs were able to remove up to 90% of the heavy
metals in the wastewater. Adebayo et al. [123] reported the successful elimination of all
the microbes in fecally contaminated wastewater using AgNPs synthesized consortium
bioflocculant, which had a concentration of 146 CFU/mL when the AgNPs were present
at a concentration of 20 pg and diluted by a factor of 10~°. These findings indicate that
AgNPs produced by a bioflocculant and free of cells, possess antibacterial properties and
can be employed as an effective agent for purifying water.

The costs associated with employing silver nanoparticles (AgNPs) for wastewater treat-
ment are numerous. While the material costs of AgNPs can be somewhat costly, advances
in green synthesis techniques based on plants or microbes provide a more cost-effective
option for production [229]. Despite the initial investment, AgNPs are viewed as a compet-
itive alternative to existing wastewater treatment technologies because of their simplicity,
adaptability, eco-friendliness, and overall cost-effectiveness. The capacity to regenerate and
reuse AgNP-based materials after adsorbing pollutants improves their economic feasibility
by increasing utility while decreasing treatment costs. Continued study into optimizing
synthesis procedures, recovery methods, and regeneration techniques will be critical in
increasing the cost-effectiveness of using AgNPs for wastewater treatment [145].

6.6. Dye Removal

Dyes are chemical substances that are used to add color to a variety of products, includ-
ing textiles, paper, plastics, and inks. When dyes enter water bodies such as rivers, lakes, or
groundwater, they can negatively affect human health along the environment [230]. Silver
NPs have been shown to have the potential the eliminate dyes from effluent [231]. Multiple
research projects have recently been initiated to assess the efficacy of Ag nanoparticles in
eliminating various types of dyes from water [232,233]. A work by Marimuthu et al. [232]
investigated the use of AgNPs in removing methylene blue dye from water. The study
found that the nanoparticles were able to effectively remove the dye, with a removal ef-
ficiency of up to 95%. The researchers also found that the removal efficiency improved
with rising concentrations of silver NPs. Another study by Ali et al. [234] investigated
the use of silver nanoparticles in removing Congo red dye from water. The researcher
testified that nanoparticles were successfully eliminated from the dye, with a removal
efficiency of up to 98%. The researchers also found that the removal efficiency increased
with increasing concentrations of silver nanoparticles and with increasing contact time
between the nanoparticles and the dye.

Anil et al. [235] developed a 50 mg/L employed-solution standard for the dyes Congo
and Methyl orange. About 50 mL of this solution was transferred to each of the four
100 mL conical flasks. Following that, each flask containing the dye solution received 1 mg
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of biosynthesized silver nanoparticles. The mixture was then ultrasonically mixed at a
frequency of 20 kHz for 15 min. After mixing, a solution of 2 mL was removed at regular
intervals. The samples’ optical densities (OD) were calculated at 415 nm for Methyl orange
and 495 nm for Congo red. These findings were taken at hourly intervals starting from 0 h
up to 12 h. After 24 h, a final OD measurement was taken. For analyzing the solution, a
UV-vis spectrophotometer was utilized specifically at a wavelength of 495 nm. The percent
degradation at every single time interval was performed. The researchers reported that the
highest degradation of Congo red, with a degradation percentage of 87.36 & 0.637% was
achieved while degradation of Methylene orange was observed to be 71.20 & 0.179%.

7. Cytotoxicity of Silver Nanoparticles

In general, it is critical to assess the detrimental impact of silver nanoparticles on cells
to ensure the well-being of individuals, preserve the environment, adhere to regulatory
standards, and make progress in our understanding of nano-toxicology [236]. In biomedical
applications involving nanoparticles, biologically generated silver NPs were discovered
to show toxicity influence towards many cell types through different mechanisms. These
mechanisms include disruption of the mitochondrial membrane, alteration or induction
of apoptosis (cell death), and the induction of DNA damage [237]. The use of AgNPs for
their antiproliferative effect has potential applications in cancer chemotherapy, as they can
affect cancerous cells in different ways [238]. This variation in reaction could be due to
AgNPs interfering with cellular processes such as the induction of changes in chemistry
cellular, and protein function in the cells, such as unfolded and agglomeration [238].
AgNPs are harmful to both mice of fibroblast NIH3T3 embryonic cells and MDA-MB-
231 breast human cancer cells, inducing genotoxicity and cytotoxicity, as well as changes
in cell shape and oxidative stress [239]. The harmfulness effect of silver NPs on cells is
proportional to the silver nanoparticles concentration utilized. Multiple concentrations
of AgNPs were investigated, and it proved that silver NPs did not affect cell viability at
50 ng/mL. However, at a concentration of 1000 ug/mL, the viability of the cell lines was
significantly reduced [240].

Eghbalifam et al. [241] also revealed that the level of toxicity exhibited by AgNPs
relies on their concentration. Nonetheless, even at very low concentrations, AgNPs possess
antibacterial properties against prokaryotic organisms. The researchers observed also that
AgNPs do not harm eukaryotic cells to the same extent as prokaryotic cells; likely due to
the larger size and greater structural and functional redundancy of eukaryotic cells. As a
result, bacterial cells are effectively targeted while no discernible detrimental effects are
observed in eukaryotic cells.

8. Conclusions and Future Research Needs

This review examines the current techniques for synthesizing silver nanoparticles. It
has been determined that over the last ten years, numerous efforts have been attempted to
achieve a biological nanoparticle synthesis. This approach offers several advantages over
chemical and physical methods since it is less expensive, less harmful to the environment,
and scaled up quickly for massive production scale. Due to a growing interest in green
chemistry and the desire to develop sustainable methods for producing metal nanoparticles,
particularly silver nanoparticles, there has been a rise in the utilization of green synthesis
routes. While many studies have employed extract of the plant as stabilizing or protecting
agents for nanoparticle production, there have been a few investigations into the use of
bioflocculant for the synthesis of nanoparticles. The current review focuses on the synthesis,
characterization, and application of silver nanoparticles, with a particular emphasis on their
synthesis employing micro-organism by-products, and their use in wastewater treatment
and dye removal. In the past ten years, significant advancements have been made in the
field of using marine microorganisms to produce metallic nanoparticles for biological and
biomedical purposes. However, there is still a lot of work needed to create a green synthesis
process that can control particle size and shape. The poor speed of this process makes
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managing the size, shape, and consistency of nanoparticles a considerable problem, which
might be improved by shortening the synthesis time. Currently, there is limited research
on the green synthesis of metallic nanoparticles using bioflocculants, and more studies on
extracellular biosynthesis are necessary.

Despite this, the biosynthesis process and its industrial applications are still at the
laboratory stage, and more efforts are required to scale up production. Although there
are many established techniques for creating nanoparticles, it is still necessary to optimize
and develop new approaches to enhance their yield, size, and shape. Understanding the
properties and behavior of nanoparticles is essential, and new approaches are required
to characterize them in different environments, including in vivo and in real-time, to in-
vestigate their interactions with biological systems. The potential application of silver
nanoparticles is vast and varied, and further research should aim to develop innovative
uses in domains such as health care, electricity, and the remediation of environments.
However, as with any emerging technology, it is crucial to thoroughly investigate the
environmental impact of nanoparticles to avoid unintended consequences. Future research
should therefore focus on analyzing nanoparticles” environmental impact, including their
persistence in the environment, ability to aggregate in living creatures, and consequences
on ecosystems. More studies are required for better comprehension of the mechanisms of
AgNP cytotoxicity.
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