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Abstract

The use of silver nanoparticles (AgNPs) in many consumer products is expected to increase in the future due to their
multifaceted properties. With the increasing demand for AgNPs, manufacturers are focusing more on exploring various
methods for synthesizing AgNPs that are safer, cost-effective, and scalable. Synthesis of AgNPs using biological processes
is advantageous over physical and chemical methods, primarily due to low cost and being free of hazardous chemical rea-
gents. Among the biological processes, various groups of algae have been explored for the synthesis of AgNPs. Different
biogenic substances present in the algae serve as excellent reducing and capping agents for the synthesis of NPs. Moreover,
in comparison to plants and other microorganisms, algae are easy to maintain and show mass multiplication. In this review,
state-of-the-art information has been collected regarding the usage of different groups of algae for the synthesis of AgNPs,
their physico-chemical properties, mechanism of synthesis, and bioactivity in detail. One of the applications of AgNPs i.e.,
antimicrobial activity, is discussed in detail. Further, a conceptual framework regarding various techniques used for charac-
terization of nanoparticles is described.
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SEM Scanning electron microscopy
SPR Surface plasmon resonance

TEM Transmission electron microscopy
TGA Thermogravimetry

UV-Vis spectroscopy  Ultraviolet—visible spectroscopy
XRD X-ray diffraction

Introduction

Nanotechnology is a growing scientific field with many ben-
eficial roles for humans and the environment [1]. In princi-
ple, NPs are described as materials having sizes 1-100 nm
at least in one dimension. The emergence of nanoparticles
(NPs) with unique functions and size-dependent physio-
chemical properties differing from the bulk form make them
useful for various applications [2]. Smaller-sized NPs dis-
play a higher surface versus volume ratio, an essential char-
acteristic for catalytic reactivity, chemical stability, thermal
conductivity, nonlinear optical performance, and antimicro-
bial activity. These features make NPs play an important role
in the medical field diagnostics, drug delivery systems, gene
therapy, cancer therapy, tissue engineering, forensic, agricul-
ture, wastewater treatment, hygiene products, development
of biosensors, printing of holograms, and a variety of coat-
ing areas including energy contact actions, optoelectronics,
electronics, automobiles, etc. [3, 4].

Nanoparticles (NPs) are mainly classified into different
categories. (1) One type is organic NPs (which have carbon
NPs). Examples of carbon-based NPs are fullerenes, car-
bon nanotubes, carbon nanofibers, and lampblack graphene.
Organic NPs also include dendrimers, liposomes, micelles,
polymer NPs, etc. (2) Another type is inorganic NPs that
include noble metal NPs, magnetic NPs, and semiconductor
NPs. Inorganic-based NPs include metals such as Ag, Au,
and metal oxides such as iron oxide and titanium dioxide.
[5]. (3) A third type is composite NPs which include a com-
bination of carbon-based, metal-based, or organic-based NPs
with any sort of metal, ceramic, or polymer bulk materials
[6].

NPs are synthesized via physical, chemical, and biologi-
cal ways. Laser ablation, thermoreduction, ultrasonication,
and electrochemical and microwave-assisted synthesis meth-
ods are used in physical processes. While synthesizing NPs
via physical methods needs high-energy inputs in the form
of pressure and temperature, chemical methods mainly use
various reagents for reduction/oxidation through the sol—gel
processes, atomic or molecular condensation, chemical etch-
ing, sputtering, and spray pyrolysis. At an industrial scale,
NPs are synthesized by chemical and physical methods.
However, in the chemical process, many toxic reagents are
considered unsafe, wherein the physical form uses high-
energy inputs and incurs high manufacturing costs [1, 7].
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In recent years, efforts have been concentrated on devel-
oping methods to fabricate safe and low-cost NPs. The
biogenic synthesis of NPs has been proposed as an envi-
ronmental and cost-effective alternative to the physical and
chemical methods [8]. In this way, the biological process,
known as bio-nanofabrication, is attempted to synthesize
safe, biocompatible, and cost-effective NPs [9, 10]. Biologi-
cally synthesized NPs of metals such as gold, silver, copper,
iron, zinc, and titanium are used in various biomedical appli-
cations including magnetically reactive drug delivery vehi-
cles, photothermal therapy, contrast enhancer for molecular
imaging, etc.

Biosynthesized AgNPs are more acceptable for medi-
cal applications due to their superior biocompatibility than
chemically synthesized ones [3]. AgNPs are easy to syn-
thesize, have tunable photophysical attributes, chemical
stability, good conductivity, high thermal conductivity, and
high catalytic and antimicrobial activity than any other noble
metals. AgNPs have various biological applications, includ-
ing bioimaging, biosensors, gene delivery, drug delivery,
catalysis, and antioxidant activity [11]. Further, AgNPs play
an important role as biomedicine against drug-resistant bac-
teria [12]. Ag is generally considered a noble metal used to
treat burns, open wounds, and cuts. Applications of AgNPs
in nanogels, nano solutions, Ag-based dressings, and coating
of medical devices are also in progress [13]. Ag can act as a
medicine in its most varied forms in ionic, colloidal, com-
bined form, or the form of NPs. This element has potentially
been used for a series of treatments of diseases, including
cancer, malaria (vector control), and inflammation, mainly
in the uterus [14]. Further, the AgNPs have received atten-
tion in the area of wastewater treatment, food packaging,
cosmetic products preservation, agriculture, etc. [13, 15, 16].

During the green synthesis of AgNPs, different biomol-
ecules present in the extract act as stabilizing and/or cap-
ping agents, reducing the Ag* to Ag’ [17]. Various studies
revealed that plant phytochemicals such as ascorbic acid,
apiin, cyclic peptide, citric acid, epicatechin gallate, ellagic
acid, gallic acid, galangin, pinocembrin, phyllanthin, sorbic
acid, retinoic acid, and theaflavin had been recognized as
responsible agents for the synthesis of AgNPs [18].

Algae are a rich source of biomolecules, as they con-
tain various carbohydrates, fats, nucleic acids, pigments,
proteins, and secondary metabolites such as some aromatic
compounds, macrolides, terpenes, and peptides [19]. Synthe-
sis of NPs utilizing algae is advantageous over other meth-
ods, including plant extract due to shorter duration and mini-
mum use of solvents/reagents, and accordingly considered
as cost-effective and safe [20, 21]. Due to the rich, diverse
chemical ecology of algae, significant research efforts are
needed to understand the precise mechanism of how algae
are involved in the synthesis of metallic NPs in a more effec-
tive manner, with advantages over other organisms in the
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syntheses of NPs [12]. Many studies have been carried out
over the years on algae for NP synthesis. However, there is
a need to critically analyze the information of various algae
groups used to synthesize AgNPs to understand the role and
efficacy of synthesis decisively.

Further, more insight is required into how the bioactivity
of algae molecules influences the various physico-chemical
properties, viz, size, shape, functional groups, etc. It is worth
studying AgNPs through algae customized for shape, size,
and other valuable properties for better use [19, 22]. This
review attempts to compute and analyze the state-of-the-art
information of understanding the synthesis mechanism and
factors involved in NPs synthesis through various groups of
algae. Further, the surface chemistry of AgNPs leading to
bioactivity will also be discussed [23].

Synthesis of silver nanoparticles mediated
by algae

Many studies have been conducted to evaluate the poten-
tial of different groups of algae for the synthesis of AgNPs.
The following section discusses the various parameters that
influence the size and shape of the AgNPs during biogenic
synthesis using algal extract.

Cyanobacteria

Although cyanobacteria are not per se classified under the
algae, since they are photosynthetic prokaryotes, we have
included the studies of cyanobacteria in this discussion. The
aqueous extract of Trichodesmium erythraeum is used for the
synthesis of AgNPs. The synthesized AgNPs show cubical
and crystalline shapes of 26.5 nm size. The antibacterial
activity of AgNPs is also observed against Proteus mirabilis
and Staphylococcus aureus (clinical strains), S. pneumoniae
(penicillin R), S. aureus (tetracycline R), and E. coli (ami-
kacin R) (drug-resistant bacterial strains). The maximum
anti-cancerous effect was observed at 50 mg concentration
against HeLa and MCF-7 cell lines, and the ICs,, values were
25.0+0.50 mg/ml and 30.0 +£0.50 mg/ml, respectively, at
24 h [24]. In another study, the cell-free aqueous extract
of Microchaete NCCU-342 (cyanobacteria) was found to
reduce agents for the synthesis of AgNPs. The AgNPs were
synthesized at an optimized 1 mM AgNO;, biomass quan-
tity of 80 pg/ml, duration of 60 min UV light exposure, the
temperature of 60 °C, and pH 5.5. The NPs synthesized were
found to be spherical in shape and their size ranges from
60 to 80 nm. The study also found that AgNPs have shown
appreciable dye discoloration capacity compared to cyano-
bacterial extract. Hence, AgNPs can mitigate the contamina-
tion from the dye [25]. In another report, methanol extract
of Oscillatoria sp. was used for the synthesis of AgNPs. In

this report, synthesized NPs were spherical and were found
to be about 10 nm in size. Further, these NPs showed anti-
bacterial and antibiofilm activity. The antibiofilm activity
was reported against S. aureus ATCC 29213, E. coli ATCC
35218, P. aeruginosa ATCC27853, Citrobacter sp., S. typhi
ATCC 14028, E. coli ATCC 11775, and Bacillus cereus.
Maximum inhibition was observed against Pseudomonas
aeruginosa ATCC 27853, and the minimum inhibition was
observed against Citrobacter sp. [26]. These studies revealed
that several parameters such astemperature, species, pH, the
concentration of AgNO;, etc., during synthesis influence the
shape and size of the AgNPs, thereby changing the applica-
tion scenario.

Green algae

Many studies have been conducted to evaluate the potential
of green algae for the synthesis of AgNPs (Table 1). In one
study, a fresh extract of Caulerpa racemose (marine green
algae) was used to synthesize AgNPs and later analyzed for
their antibacterial activity. The SPR shows a peak at 413 nm,
and synthesis was monitored by UV—Vis spectroscopy. The
FTIR analysis revealed that the functional group (peptides),
present in the extract of Caulerpa racemosa, acts as a stabi-
lizing and reducing agent for AgNPs. The characterization
techniques unravel that the synthesized NPs were crystalline
with FCC geometry with 5-25 nm in size. These AgNPs
showed antibacterial activity against human pathogens such
as Proteus mirabilis and Staphylococcus aureus. The zeta
potential of the particles was —16 mV, indicating moderate
stability of the AgNPs in the environment [27]. In another
study, Chlorella vulgaris was explored to reduce Ag ion,
and the size of the synthesized AgNPs was reported to be
in the range of 820 nm with a mean size of 12.62 nm [28].
A facile, green method has been demonstrated for biogenic
synthesis of highly stable AgNPs using an aqueous extract
from Caulerpa racemosa. The AgNPs synthesized are
very durable and protected by various phytochemicals of
Caulerpa racemosa. The AgNPs synthesized were highly
crystalline and mainly oriented in the plane with the FCC
geometry, supported by the XRD and SAED models. The
average particle size of the synthesized AgNPs is 25 nm
with a deformed spherical shape identified from HR-TEM.
Besides, AgNPs have significant catalytic activity toward
the degradation of methyl bromide. Thus, the synthesized
AgNPs can be used as an active catalyst to degrade methyl
bromide by NaBH, [29]. The bio-reduction of aqueous Ag
ions into AgNPs using Spirogyra varians has also been
demonstrated. The procedure applied is simple, economi-
cal, and environmental friendly. The average size of the syn-
thesized NPs was 17.6 nm, and the SEM image confirmed
the synthesis of relatively uniform NPs. The antibacterial
effect of AgNPs was also tested on several microorganisms
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and sulfated groups of

fucoidan

TEM, XRD, selected

oval

area electron diffraction
(SAED), EDS, FTIR,

DLS, and zeta potential
S, FTIR, XRD and HR-

Antifungal activity [95]

taining amino, sulfo and

Aliphatic compound con-
amide groups

TEM

5-50 nm, spherical

Spatoglossum asperum

32

[68]

Amine groups of proteins

S, TEM, DLS, FTIR

49.58-86.37 nm, spherical,

Padina pavonia

33

triangular, rectangle,

polyhedral and hexagonal

[96]

Amines or alkenes or O-H Antibacterial activity

S, FTIR, SEM, EDS

~25-60 nm, spherical

Padina sp.

34

alcohol groups or poly-
phenolic compounds

by measuring the zone of inhibition, MIC, and MBC. The
results confirmed that NPs could act as a powerful antibacte-
rial agent against various pathogenic bacteria [30]. The algal
extract of Chlorella vulgaris was found to act as a capping,
reducing, and stabilizing agent for the synthesis of AgNPs,
and synthesized AgNPs were used for the synthesis of qui-
nolines. The synthesis of AgNPs from C. vulgaris algae and
its application is a new synthetic approach for the biocata-
lytic conversion of 2-aminobenzyl alcohol into important
substituted quinolines [31]. In another recently performed
study, a green alga Botryococcus braunii was used for the
synthesis of AgNPs. As revealed by SEM, the synthesized
NPs showed a peak at 490 nm and were about 88 nm in
size. FTIR analysis revealed that the polysaccharides, long-
chain fatty acids, proteins, and amides acted as reducing,
stabilizing, and capping agents. These AgNPs were used as
a catalyst for synthesizing 2-arylbenzimidazoles and utilized
to reduce nitroaniline [32]. The synthesis of AgNPs from the
dried biomass of Chlorella ellipsoidea was confirmed by
absorbance at 436 nm on the UV-Vis spectrum. FTIR analy-
sis revealed that the flavonoid/phenolic groups are responsi-
ble for the synthesis of AgNPs. The AgNPs synthesized are
mainly spherical in shape and crystalline in nature. The aver-
age size of the AgNPs was found to be 220.8 +31.3 nm with
a polydispersity index of 0.408. The antibacterial activity of
the synthesized AgNPs showed significant activity against
one Gram-positive bacteria, S. aureus, and three Gram-
negative bacteria, E. coli, K. pneumoniae, and P. aerugi-
nosa, by the disc diffusion method [33]. Likewise, an extract
of Chlorella vulgaris was used for the synthesis of AgNPs.
Characterization of synthesized AgNPs was carried out by
UV-Vis spectrophotometry, SEM, TGA, DLS, EDX, and
XRD. UV-Vis spectrophotometry showed a peak at 300 nm.
DLS measurement showed that the synthesized AgNPs were
82.19 and 505.3 nm with a polydispersity index of 0.505.
The AgNPs were thermally stable and showed antibiofilm
and antibacterial activities [34].

Brown algae

Brown algae are primarily marine and have unique bio-
chemistry with regard to cell wall composition (having
alginic and fucinic acid), pigment (Chl-a, Chl-c, violax-
anthin, fucoxanthin, etc.), and stored food (laminarin,
mannitol, etc.). Therefore, the extract of brown algae is
expected to have a different profile, and utilizing the poten-
tial of that extract might be important. In this direction,
Dhas et al. reported the synthesis of AgCINPs using an
aqueous extract of the brown alga, Sargassum plagiophyl-
lum, in 1 mM AgNO; treated for 24 h at RT. The size of
the spherical AgCINPs varied from 18 to 42 nm with an
Amax at 417 nm. The chlorine content of the extract was
attributed to the formation of AgCINPs. In this study, the
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AgCINPs have been shown to inhibit Gram-negative bac-
teria, E. coli, in a dose-dependent manner [35].

Similarly, Rajesh Kumar et al. reported that expo-
sure time and pH play an essential role in controlling the
synthesis of NPs using an aqueous extract of Sargassum
longifolium. The maximum biosynthesis of spherical
AgNPs was at pH 8.4 after 64 h, as observed by a color
change from yellow to brown and an A, at 460 nm. In
this investigation, the biomedical potential of the particles
for their antifungal activity was evaluated against three
pathogenic fungi, Candida albicans, Aspergillus fumiga-
tus, and Fusarium sp. [36]. The potential of brown algae is
not fully explored. More investigation is required to under-
stand the role of different biochemical profiles of brown
algae for the green synthesis of AgNPs.

Red algae

The red algae have a different set of dominant pigments
(Chl-a, Chl-d, and r-phycoerythrin), and floridean starch
is the reserve food material. Therefore, investigating the
potential of red algae for the biogenic synthesis of AgNPs
is of considerable interest. To understand this potential,
the aqueous extract of Turbinaria conoides (seaweed) was
used as an effective reducing and capping agent for the
biosynthesis of AgNPs and AuNPs [37]. The AgNPs have
been biosynthesized by macro marine algae, such as Ulva
fasciata, Gelidium crinale, Corallina elongate, Cystoseira
myrica, Laurencia obtuse, and Turbinaria turbinata. The
AgNPs, biosynthesized by Turbinaria turbinata, were the
most cytotoxic against Ehrlich ascites carcinoma (EAC).
The AgNPs biologically formed by Turbinaria turbi-
nata have uniform shape and are very small in size, and
these properties indicate these AgNPs as having marked
cytotoxic activity [38]. The AgNPs synthesized using an
extract of Laurencia aldingensis and Laurenciella sp.
were characterized by UV-Vis spectroscopy, XRD, EDX,
HR-TEM, and zeta potential measurements. Besides, cell
viability was tested to assess the cytotoxicity of these
AgNPs on the P4 human foreskin fibroblast cell line and
in human uterine sarcoma (MES-SA) and the correspond-
ing doxorubicin-resistant mutant MES-SA/DxS5 cells. High
toxicity was observed in the two cancer cell lines tested
with ICs, values ranging from 1 to 4 pM; however, there
was no toxicity in P4 cells. The biological method allows
the use of renewable and disposable algae extracts, which
leads to the preparation of AgNPs with remarkable cyto-
toxicity against sarcoma tumor cells [39]. These different
studies revealed the potential of other algal groups for the
biogenic synthesis of AgNPs (Table 1). Based on these
studies, a consensus reduction mechanism was drawn and
is explained in the next section.

Reduction mechanism during the biogenic
synthesis of AgNPs

The synthetic/chemical approach involves the synthesis of
metal NPs in the solution by employing three significant
components: (1) metal precursors, (2) reducing agents, and
(3) stabilizing agents or capping agents. The most commonly
used reducing agents in these methods are sodium citrate,
sodium borohydride, ethylene glycol, and glucose. These
reducing agents are responsible for reducing metal ions,
followed by nucleation and finally lead to metal NPs. The
stabilizing agents are added during the preparation, which
aids the growth of NPs and protects the NPs from forming
agglomeration.

2AgNO, + 2NaBH, — 2Ag(s) + B,H, + H, + 2NaNO;.

AgNOj acts as a precursor in this chemical reaction, and
NaBH, acts as a reducing agent [40]. The chemical method
utilizes high-energy and toxic chemicals. In the biological
process, natural reducing and capping agents are used to
synthesize NPs without any harmful by-products (Fig. 1).
Different biomolecules are present in the extract of the other
organisms (algae, plant, fungi, bacteria, etc.), which act as
a reducing agent to reduce metal salt into metal NPs [41].

Biomolecule serves as a reducing agent for reducing the
Ag* ion into neutral Ag® during the initial steps of the syn-
thesis of AgNPs. Reducing agents provide electrons to Ag*
and release hydrogen atoms in the reaction medium, which
causes the acidification of the media. The neutral Ag® is
then partially covered up by these reducing agents, which
now serve as a capping agent. Therefore, during the green
synthesis of NPs, a cocktail of biomolecules that initially
serves as reducing agents can be used as a capping agent.
In contrast, during chemical synthesis, separate reducing
agents and capping agents are employed to synthesize NPs.
Partially capped Ag particles result in crystal structures
after nucleation and these grow in size by adsorption of
more Ag particles. Capping agents stabilize these crystal

m“
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Fig.1 Comparison of chemical-mediated synthesis of NPs to the
plant and algae-based approach
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structures of nano-size particles (Fig. 2). Reduction of
Ag™ into Ag’can be monitored and confirmed by the color
change of the solution using UV—Vis spectra [42]. X-ray
photoelectron spectrophotometry can be employed to mon-
itor the reduction reaction of Ag* into Ag® [43]. AgNO,
itself is gradually reduced in the water, while in reducing
agents the rate of reduction rapidly increases [44]. ICP-
AES is mainly used to measure the alteration of Ag* to
AgNPs [45].

During the biogenic synthesis of NPs, many different
kinds of natural components act as reducing agents for Ag*,
such as amino acids, proteins, enzymes, vitamins, alkaloids,
flavones, terpenoid, phenolic, tannins, saponins, polysac-
charides, and alcoholic components [42]. In the membrane
of algae, polysaccharides, proteins, and lipids are present,
which act as reducing agents. Functional group of alka-
loids, flavones, and anthracenes, such as -C—O—C—, -C-O-,
—C=C-, and -C=0-, act as a reducing agent. Different

Fig.2 Schematic representation
of reduction mechanism during
biogenic synthesis of AgNPs
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agents such as enzymes, citric acid, polyphenols, biodegrad-
able polymers, silica, and vitamins (B, C, D, and K) can sta-
bilize and functionalize the NPs without unfavorable effects
on the environment and biosynthesis [46]. Metallic NPs,
viz., copper, cobalt, silver, gold, platinum, palladium, iron,
zirconium, cadmium, and metal oxides such as zinc oxide,
titanium oxide, magnetite, etc. have been the particular focus
of green biosynthesis [47].

The coat of biomolecule on the surface of NPs makes
them biocompatible compared to the NPs synthesized by
chemical strategies [47]. The biocompatibility of NPs plays
a significant role in biomedicine and related fields [41]. Pro-
gress in nanotechnology has enabled us to modify the surface
of NPs with various moieties, including chemical and func-
tional groups, radioactive agents, and biological molecules
according to the target application [48]. The synthesized
NPs have been used to target cancer sites by modifying the
surface with various moieties such as proteins, antibodies,
and aptamers. Aptamers are short single-stranded oligonu-
cleotides that are less immunogenic. In the cancer cell mem-
brane, highly expressed AS1411 protein-specific aptamer
exhibited conjugation and were internalized in cancer cells
[49]. Therefore, it is possible to design the surface chemistry
of NPs in such a way that they can bind specifically to the
cancerous cells and destroy them. Research in this direction
of making designer NPs is required in the future.

Antimicrobial activity of AgNPs

The AgNPs have a broad spectrum of antibacterial, anti-
viral, and antifungal properties. The NPs of silver can
penetrate bacterial cell walls, alter the structure of cell
membranes, and even cause cell death. Their efficiency is
due to their nano-scale size and their large surface area to
volume ratio. They can increase the permeability of cell
membranes, produce reactive oxygen species, and inter-
rupt deoxyribonucleic replication by releasing silver ions
[50]. The interaction between AgNPs and microorganisms
begins with the adhesion of AgNPs to the wall and mem-
brane of microbial cells, which is based on the electro-
static attraction between the negatively charged microbial
cell membrane and positively or less negatively charged
AgNPs [51]. During such attraction and interaction, mor-
phological changes in membrane structure are triggered by
the nanoparticle, thus leading to disruption of membrane
permeability and respiratory functions via membrane
depolarization, and finally to the disruption of cell integ-
rity and cell death [52]. Uptake of NPs by bacteria occurs
via diffusion, endocytosis, phagocytosis, etc. [53].
Further, AgNP uptake is possible via the flip-flop
mechanism of a membrane or direct penetration via an ion
channel (Fig. 3). Active transport also exists with passive

Fig.3 Toxicity mechanism 0
behind the antibacterial activ- 2
ity of AgNPs. Ag ions can

be entered inside the cell via

ion channel or by diffusion or
leakage, etc. Once inside, Ag
ion can inhibit the electron
transport chain, disrupt the
double-helical structure of the
DNA, inhibit the protein synthe-
sis, and hamper the enzymatic
activity. Further, increase in Ag
ion concentration can lead to

an increase in reactive oxygen
species (ROS) and disrupt the
signal transduction pathway
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transport. Due to increased membrane permeability and
disruption of the cell wall, the cell content, including
proteins, enzymes, DNA, ions, metabolites, and energy
reservoir, also leaks into the environment. Therefore,
the disintegration of the cell wall by adhesion of NPs is
believed to be the primary mechanism of antimicrobial
action. Also, AgNPs have been shown to cause irregular
well formations on the cell wall, allowing NPs to enter the
periplasmic space and finally inside the cell [54]. After
a brief contact of AgNPs with bacterial cells, peripheral
damage and dense pits on the cell surface and structural
changes in bacterial cell morphology were observed [52].

Gram-negative bacteria are more sensitive to AgNPs
because the cell wall of Gram-negative bacteria is thinner
than that of Gram-positive strains. The thick cell wall can
reduce the penetration of NPs into cells [55]. Addition-
ally, the role of capping agents acts multidimensionally in
a way that they (1) prevent the agglomeration of the NPs,
(2) enhance antimicrobial action, and (3) reduce toxicity
[52]. Capping agents create electrostatic and electros-
teric repulsions between particles to prevent aggregation
of AgNPs [56]. When an excess of AgNPs is present in
the cells, it interacts with biomolecules such as proteins,
lipids, and carbohydrates and triggers the signaling path-
way to generate ROS. ROS are oxygen-containing mole-
cules with high redox potential. Under normal conditions,
the production of ROS and the antioxidant capacity of
the cell are balanced. However, if there is an imbalance
between the antioxidant mechanism and excessive ROS
production, the redox balance of the cell promotes oxida-
tion, leading to oxidative stress [57]. ROS is responsible
for the denaturation of protein and nucleic acid damage
due to the strong affinity of silver with sulfur and finally
causes apoptosis. After that, inhibition of cell prolifera-
tion occurs. The AgNPs release Ag* in or outside of the
bacteria. The smaller size of AgNPs with high surface
area results in faster Ag”* release than large size AgNPs
with a low surface area. Ag* can interact with sulfhydryl
groups in protein and enzymes [58]. ROS is a primary
agent in causing cell membrane disruption and modifica-
tion of DNA. As sulfur and phosphorus are essential com-
ponents of protein and DNA, the interaction hinders DNA
replication, cell reproduction or even leads to the termina-
tion of transcription of microorganisms. Also, Ag" can
inhibit protein synthesis by denaturation of ribosomes
in the cytoplasm [50]. AgNPs can interfere with bacte-
rial signal transduction. Bacterial signal transduction is
influenced by phosphorylation of protein substrates, and
NPs can dephosphorylate tyrosine residues on peptide
substrates. Disruption of signal transduction can lead to
cell apoptosis and termination of cell multiplication [59].
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Techniques used for characterization
of nanoparticles

Important properties of NPs such as size, shape, crystal
nature, surface properties, aggregation state, solubility,
structure, and chemical composition play an important role
in downstream application in different biotechnological,
biomedical, and environmental fields [60]. Many analyti-
cal techniques have been used to assess the synthesized
nanomaterials, including the color change of the solu-
tion, which is monitored by ultraviolet—visible spectros-
copy (UV—Vis spectroscopy). For the characterization of
NPs, some techniques that are reported in the scientific
literature are transmission electron microscopy, scanning
electron microscopy, X-ray diffraction, Fourier transform
infrared spectroscopy, zeta potential, etc. We can deter-
mine the size and shape and crystal nature by these tech-
niques. Characterization of AgNPs after synthesis, such as
shape, size, size distribution, solubility, aggregation, and
surface, is necessary because physico-chemical properties
of a particle could have a significant impact on their bio-
logical properties and should be assessed before assessing
toxicity or biocompatibility [3]. In this section, details of
these individual techniques are discussed.

UV-visible spectroscopy

UV-Vis spectroscopy is usually the first technique to con-
firm the formation of NPs due to change in the chromatic
property during synthesis. The synthesis of AgNPs can
be confirmed by visual observation of the mixture of pale
yellow to dark brown; the color change is due to the vari-
ation of the surface of plasmon [61]. The bio-reduction of
Ag ions to nano-Ag in the solution has been characterized
using UV-visible spectrophotometer at a different wave-
length range of 300-700 nm, with the standard peak value
for monitoring of synthesis of AgNPs ranges between
415 and 417 nm [62]. NPs with unique optical proper-
ties show a surface plasmon resonance (SPR) effect due
to the excitation of an electron on the metal surface. The
excitation varies depending on the shape, size, and concen-
tration of the metal ions that have been studied by using
UV-Vis spectra [63]. Spectrophotometric absorbance peak
observed at a specific wavelength, due to the phenomenon
of SPR presented by the AgNPs, showed the production
of AgNPs [64]. The spectroscopy works dependent on the
standard of the light retained or dispersed by the metal
NPs in the UV and visible region of the electromagnetic
spectrum. The metal NPs with novel optical properties
display surface plasmon resonance (SPR) impact because
of the excitation of an electron on the metal surface.
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X-ray diffraction (XRD) analysis

X-ray beam diffraction is a popular technique used to ana-
lyze the geometry of the unknown sample. X-ray diffraction
is based on the phenomenon of constructive interference
produced by monochromatic X-rays and material. X-rays
are produced by a cathode ray tube. These X-rays are filtered
to produce monochromatic radiation and then paralleled to
concentrate and directed toward a material. Powder forms
of NP are analyzed between the range of 2—80 6, and the
corresponding peaks produced are recorded. The crystalline
nature of the sample can be recognized from their diffraction
patterns according to the law of Bragg [53], and the results
are analyzed.

Law of Bragg: 2d sine = nA, where d is the spacing
between the diffracting planes, o the incident angle, n any
integer, and A the wavelength of the beam.

This technique works based on the principle that when
a beam of X-rays with a wavelength range of 0.5-2 Ais
incident on the material, it gets diffracted by its crystalline
surfaces. It additionally provides information about the scat-
tering peaks, which corresponded to an interplanar spacing
of the crystal lattice. This technique also analyzed the crystal
size by using the Scherrer equation [63]:

D =094/pcos @,

where 0.9 is the shape factor, A is the wavelength of
X-ray, f is the line broadening at half the maximum intensity
in radians, and O is the Bragg angle.

In one of the studies published recently, the XRD analysis
revealed the crystalline nature of the synthesized AgNPs.
Four significant Bragg's reflections detected are at 37.53,
44.16, 66.22, and 76.74, corresponding to the planes 111,
200, 220, and 311, respectively. These peaks are well
attributed by the Joint Committee on Powder Diffraction
Standards (JCPDS) of the AgNPs of the face-centered cubic
(FCC) crystal lattice structure (JCPDS no. 01-1164). The
average crystallite size of the synthesized AgNPs is consid-
ered by using the Debye—Scherer equation [33].

Fourier transform infrared spectroscopy (FTIR)

During FTIR analysis, NPs absorb electromagnetic energy
in the infrared region of the spectrum and cause the suba-
tomic molecules to vibrate. These vibrations are quantized
at specific positions, and the absorption is designated by a
particular wavenumber. This wavenumber has a range from
4000 to 400 cm™!. A recorded spectrum shows the position
of bands related to the nature and strength of bonds and spe-
cific functional groups [65]. The size of the NP depends on
the intensity of the peaks, and the shape of the NPs depends

on the position of the band obtained in the FTIR spectrum
[63]. Samples are prepared by mixing 1% (w/w) specimens
with 100 mg of potassium bromide (KBr) powder and press-
ing the mixture into a thin slice. The samples are character-
ized by FTIR using absorbance mode and KBr pellet under
1:99 ratio of sample and potassium bromide [66, 67]. Then,
the spectrum is recorded at a resolution of 4 cm™! [67].
FTIR spectrum reveals the presence of functional groups in
the biomolecule. Biomolecules that are responsible for the
reduction of the Ag ions and capping of the reduced AgNPs
are analyzed by FTIR [68]. FTIR analyses have revealed the
presence of functional groups of carbonyl/amine/hydroxyl,
which are involved in the reduction and capping of NP dur-
ing the synthesis process [23].

Transmission electron microscopy (TEM)

This technique is based on the principle that an electron
beam transmitted through the surface of the NPs and the
interaction of transmitted electrons create an image. This
investigation provides information about the particle shape
and size [63]. For this purpose, stock solutions are prepared
with 10 mg of AgNPs in 100 ml deionized water. Then
samples are sonicated for about 5 min. Then two drops of
the diluted sample are deposited on a carbon-coated copper
TEM grid and allowed to dry before measurement. After
that, the high-resolution images obtained with a transmission
electron microscope are analyzed for particle size, shape,
and morphology of metal NP [69]. The size of the NPs’,
mono-dispersity, shape, aggregation state, etc., are detected
using TEM. Further, a selected area diffractogram is used to
analyze the crystalline structure of the synthesized AgNPs
[70].

Scanning electron microscopy (SEM)

SEM is the technique used for studying the morphology and
surface topology of the material. In this technique, a sample
is made into thin films by placing it on a carbon-coated cop-
per grid. The morphological characters of the synthesized
AgNPs are analyzed from SEM [62]. When an electron
beam is incident on the material, interaction happens, which
causes the emission of secondary electrons, backscattered
electrons, and auger electrons. The emission of such elec-
trons depends on the surface geometry of the material and
its chemical composition. These collections of electrons are
detected in scanning electron microscopy, and the produced
signal gives information about the material. The imaging of
the surfaces is done with a resolution of about 1 nm, and it
depends on the electron probe and their interaction with the
material. Due to its high-resolution capacity, this technique
has been efficiently utilized to characterize NPs [63].
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Energy-dispersive radiographic analysis (EDAX)

The presence of element Ag in the sample can be further
characterized by energy-dispersive spectroscopy (EDS) or
energy-dispersive radiographic analysis (EDAX) technique
[62]. Predictable percentages of carbon, oxygen, chlorine,
potassium, etc., indicate the presence of biomolecules, while
the carbon-coated copper grids used in the EDX analysis are
attributed to the carbon and copper signals [33].

Zeta potential

Zeta potential is an essential parameter to analyze the stabil-
ity and aggregation of the NPs in a dispersed state using the
Zeta Sizer instrument. The electrostatic interaction between
the surface charges of the NP with the oppositely charged
ions present in the solution creates a double layer of ions,
and the electric potential at the boundary of this layer is
termed as zeta potential. The values are estimated in the
range of + 100 mV —100 mV. NPs with high degrees of sta-
bility are detected in the range greater than+25 mV or less
than —25 mV [63].

Dynamic light scattering (DLS)

Dynamic light scattering is one of the most common meth-
ods used to determine the size of NPs within a suspension.
The technique works on changing the Brownian movement
of NPs caused by the penetration of laser light. Light trans-
mission causes Doppler shift relative to particle size. The
shifts are calculated to assess the particle size by measuring
the coefficient of distribution by the autocorrelation func-
tion. The average particle size, the polydispersity indicator,
and the zeta potential of the synthesized NPs are obtained
by DLS [66].

Conclusion

Different algae have been investigated to synthesize AgNPs
of various physico-chemical properties with assorted bio-
activity such as antimicrobial, anticancerous effect against
different cell lines, and so forth. The main advantage of
the AgNPs synthesized by algae is the diversity of the size
and shape utilizing different algae groups, indicating that
distinctive reducing/capping agents are engaged in the syn-
thesis process. This review reasoned that varieties of func-
tional groups in various biomolecules of algae-like proteins
(—=OH"), carbohydrates (-COO~, OH~, C-O-C), alkynes in
lipids, secondary metabolites (alkaloids, flavonoids, poly-
phenols; -OH™, -C-O-C-, -C-O-, -C=C-, -C=0-),
and so forth act as reducing and capping agent. Further, it
is discovered that synthesizing AgNPs using green algae
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(Chlorophyceae group) brings about the formation of rela-
tively smaller NPs, as can be observed in most of the reports
(Table 1), while other groups of algae and cyanobacteria
ensue synthesis of moderately larger NPs. Our discussion
further envisages that diverse algae groups can synthe-
size AgNPs with greater control over stability, size, shape,
and functional groups. Consequently, these AgNPs can be
applied more copiously in different applications, including
bioimaging, biosensors, gene delivery, catalysis, antimicro-
bials, antioxidants, and anticancer agents. With the advance-
ment in AgNPs applications, the current issues in medical
sciences such as microbial drug resistance, targeted drug
delivery, upgradation in the current regime, diagnosis, and
imagining technologies have been improved.

Nanotechnology has apparently provided much improve-
ment in many sectors, and it is anticipated that targeted
delivery using nanosized materials can completely cure
incurable diseases such as HIV and cancers without harm-
ing unnecessary cells [71]. However, there are still multiple
disadvantages of biologically synthesized AgNPs. Future
investigation should focus on mitigating shortcomings of
this technique such as different parameters including pH,
the concentration of metal solutions, and the concentra-
tion of algal extract, which directly affect the synthesis of
AgNP synthesis, thus influencing their shape and size [71].
The biological method for the synthesis of AgNP is a slow
process compared to the chemical and physical methods.
Future studies should focus on reducing the reaction time for
the synthesis of nanoparticles, which will make the process
easier to scale up [72].
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