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Historically, silver has been recognized as a powerful antibacterial agent with a broad spectrum of functions, and it has been
employed safely in healthcare for several years. It seems that the incorporation of silver into embedded medical devices may be
advantageous when particular genetic features, including such antibacterial behavior, are needed for the device to function.
According to current and prior bacterial studies, it appears that the toxicity against bacteria was significantly more significant
than the toxicity against human cells. Silver nanoparticles are nanoparticles with sizes ranging between one and one hundred
nanometers (nm) in size. When it comes to molecular diagnostics, therapies, and equipment that are employed in a wide range
of medical procedures, silver nanoparticles have a number of unique qualities that make them very useful. The physical and
chemical approaches are the two majority ways for the creation of silver nanoparticles. The challenge with chemical and
physical approaches is that the synthesis is complicated and can result in harmful compounds being absorbed onto the surfaces
of the materials. In order to address this, the biological technique offers a viable alternative solution. Bacteria, fungus, and
plant extracts are the three principal biological systems concerned in this process. A complete overview of the mechanism of
action, manufacture, and uses in the medical area, as well as the healthcare and ecological concerns that are believed to be
produced by these nanoparticles, is provided in this paper. The emphasis is on the proper and effective synthesis of silver
nanoparticles even while exploring their numerous promising utility and attempting to assess the current status in the debates
over the toxicity concerns that these nanoparticles pose, as well as attempting to reflect the needs in the debates over the
toxicity concerns that these nanoparticles pose.

1. Introduction catalysis, as well as industrial and farming applications.
Nanostructures are the primary concern for all applications
When applied to science and technology, ecological nano-  of nanotechnology, regardless of where they are found in

technology has proven to be successful in providing answers ~ nature, and the size of nanoparticles (NPs) determines their
for problems in a variety of fields, including healthcare and ~ characteristic qualities. For thousands of years, silver and its
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derivatives have been utilized as antibacterial and medicinal
agents for various purposes. When storing water, food, and
wine, the early Greeks and Romans utilized silverware in order
to prevent decomposition. Historically, Hippocrates employed
silver concoctions to cure ulcers and speed the healing of
wounds. Silver nitrate was also utilized for pain management
and instrument disinfecting [1-3]. Silver nanoparticles are
well-known for their broad antibacterial spectrum and excel-
lent antimicrobial activity; they are capable of killing a wide
range of organisms even at extremely low concentrations.
Silver, which is really a transition metal in the same group as
copper and gold, is a smooth, white, glossy element with sig-
nificant electrical and thermal conductivity [4-7]. Before it
was recognized that bacteria are agents of infection, it was
well-known for its medicinal and therapeutic effects, as well
as its anti-inflammatory properties. Biotechnology, on the
other hand, is concerned with the molecular, hereditary, and
cellular processes that are involved in the development of
medications for agricultural use [8]. It is possible that these lat-
est updates in the farming sector will make a contribution to
overcoming the challenges posed by climate change in terms
of food security in their own right. Farming is the foundation
of emerging countries; 60 percent of the population depends
on their livelihood. Silver nanoparticles, in addition to their
most well-studied antimicrobial and anticancer properties,
have gained attention for their potential use in a variety of
other cutting-edge clinical applications such as wound healing,
tissue repair, tooth material filling, vaccine adjuvants (such as
insulin), antidiabetic agents, and bioimaging [9-25]. In addi-
tion, we will provide a brief overview of these biomedical
applications in this study [9-18]. On a regular basis, various
illness organisms such as the Avian influenza virus, HIV/
AIDS, the Middle East respiratory syndrome (MERS), the
Ebola virus, and the zica virus are exposed to the environment,
making it difficult to cure them [19]. Numerous studies are
concentrating their efforts on employing silver nanoparticles
as a method to combat these diseases because of their distinc-
tive physical-chemical and biological features. This paper
presents an objective evaluation of the usage of silver nanopar-
ticles and their potential toxicity, as well as insights into the
more profound significance of these findings for medical prac-
tice and research.

2. Applications of Silver Nanoparticles

2.1. Applications of Silver Nanoparticles in Pharmacy,
Medicine, and Dentistry

(a) Dermatitis treatment and HIV-1 propagation
suppression [20]

(b) Peptic ulcer and acne medication [21]

(c) Antimicrobial agent used to treat contagious
organisms [22]

(d) Remotely controlled laser induces

microcapsule aperture [23]

intensity

(e) Nanocomposite with a silver medal for cell
labeling [20]

Journal of Nanomaterials

(f) Cancerous cells imaging at the molecular level [24]

(g) Spectrum analysis of improved Raman scattering
(SERS) [25]

(h) Identifying viral components (SERS and silver
nanorods) [26]

(i) Hospital fabric finishing (surgical nightgown and
aspect mask) [27]

(j) Bone cement additives [20]
(k) Stockings for orthopedic use [28]
(1) Wound treatment with hydrogel [29]

(m) Polymerizable alveolar material additive silver-
loaded SiO, nanoparticles [30]

(n) Composite resin filler with a patent (dental resin
composite) [28]

Polythene tubes bearing fibrin sponges were placed in Ag
nanoparticles dispersion and allowed to dissolve. Using anti-
bacterial agents, silver medal nanoparticles are employed for
a variety of purposes, from cleaning medical devices and
household appliances to water purification [1-6]. Further-
more, this gave the textile industry the confidence to use
AgNPs in a variety of textile applications. The antibacterial
effect of AgNPs in cotton fibers towards Escherichia coli was
demonstrated by the researchers [7]. Silver nanoparticles were
discovered to catalyze the chemiluminescent from the lumi-
nol-hydrogen peroxide system exhibiting catalytic activity
superior to that of Au and Pt colloid, demonstrating superior
catalytic activity [8]. Currently, the inkjet technique has been
employed to fabricate flexible electronic circuits at the depres-
sion toll, and numerous research has been published in recent
years to support this claim [9-11]. Due to the extreme homo-
geneity of the nanosized metal particles scattered throughout
the inks and the electrical conductivity of its nanosized metal-
lic particles, nanosized metal particles like Au or Ag are indis-
pensable for the fabrication of electronic circuits. AgNP’s with
minute size can be used frequently, having a high electrical
conductivity, making them suitable for use in the construction
of electronic circuits. Nanoparticles should be sintered in
order to achieve high electrical conductivity in electronic
circuits throughout the manufacturing process.

2.2. Bactericide. The antibacterial activity of Ag nanoparti-
cles toward bacteria from both Gram-positive and Gram-
negative strains may be attributable to either (I) the
establishment of a pore in the cell rampart that also conse-
quently results in the escape of cellular substance or (II)
the silver-grey ion perforate through ion channels that does
not damage the cell tissue layers but moreover denatures the
ribosome as well as inhibits the expression of enzymes con-
taining silver-grey ions. AgNPs play an important role
throughout the respiratory chain by interfering with the
action of enzymes that are attached to the membranes [12].

2.3. Fungicide. Severe fungal infections have had a significant
role in the rising frequency of a certain disease, as well as the
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FiGURE 1: Silver nanoparticles.

increasing mortality of immunocompromised people in
recent years [15]. Candida species, among the most common
pathogens responsible for fungal infections, are among the
most overlooked. It frequently causes nosocomial infection,
which can result in a death rate of up to 40% in hospitalized
patients [16]. A total of 44 antifungal strains of 6 fungal spe-
cies were tested by Sun et al. to establish the antifungal effect
of silver nanoformulation [17]. According to the literature,
AgNPs are effective against Candida glabrata, Candida
albicans, Candida krusei, Candida parapsilosis, and T. men-
tagrophytes in a potent manner. Several recent studies have
demonstrated that AgNPs mediated by Tulasi (Ocimum
sanctum L.) have antifungal efficacy against pathogenic fun-
gal infections in humans [18]. As a result, AgNPs are
believed to be a strong and rapid-acting antifungal against
a broad spectrum of widespread fungus, including those
belonging to the genera Aspergillus, Candida, and
Saccharomyces.

2.4. Antiviral Agent. In particular, the cytoprotective qualities
of silver are well-known, and it has been used to block the con-
tact of the human immunodeficiency virus with host cells [19].
Agonist nanoparticles (AgNPs) can also be utilized to avoid
infection following surgery [20]. Recent investigations have
revealed that AgNPs contact HIV-1 by binding predominantly
to the gpl120 glycoprotein. The minimal contact of AgNPs
with the virus concretely limits the virus’s ability to attach to
host cells [21]. The use of a luciferase-based pseudovirus
entrance experiment demonstrated that AgNPs effectively
blocked viral entry by interfering with the integrity of the
virus. According to these findings, AgNPs are very effective
microbicides towards SARS-CoV-2; nevertheless, they should
be handled with care due to their cytotoxic actions as well as
the possibility of destabilising natural ecosystems if they are
not properly disposed of [31].

3. Medical Devices

3.1. Wound Dressing. When it comes to topical applications,
such as wound care, burn treatment, and infection preven-

tion creams [22], AgNPs have a lot of potentials. AgNPs
are widely used in medical equipment and implants, and
their properties are well understood. In addition, they are
being integrated into consumer goods like colloidal silver gel
as well as silver-embedded fabrics, which are currently being
used in athletic equipment, among other things. In the healing
of wounds or burns, silver-coated biomedical equipment,
implants, or textile fibers are used, as well as on glass windows
and similar surfaces, to keep the environment clean and
sanitary. Given that metallic AgNPs are highly effective micro-
bicidal agents, they have garnered considerable attention in a
variety of applications ranging between paints and textiles.
Figure 1 illustrates the silver nanoparticles.

3.2. Catheters. The bioactive AgNPs are deposited on the
inside of the plastic catheters. The scientists created an appli-
cation approach that resulted in a thin (hundred nm) coat-
ing of silver nanoparticles on the outside of the catheters
after applying the nanoparticles. They are biocompatible
because they are nontoxic and have the ability to release
categorical and prolonged relinquishment of silver at the
insertion site [23-25]. In these catheters, the threat of infec-
tion is greatly reduced owing to the consequential in vitro
antimicrobial action caused by the prohibition of biofilm
shaping using Escherichia coli, Enterococcus, Staphylococci
aureus, coagulase-negative staphylococci, species Pseudo-
monas aeruginosa, and Candida albicans.

3.3. Bone Cement. Bone cement containing AgNPs and the
additive polymethyl methacrylate (PMMA) has been devel-
oped. These bone cements are eager to also have efficacious
antibacterial agents toward methicillin-resistant S. epidermi-
dis and S. aureus. They also demonstrated cognitively
challenged biofilm magnification in the presence of these
bacteria [27]. Because of the inclusion of AgNPs in bone
cement, it has antibacterial properties. Bone cement is a sub-
stance that is used by orthopedic surgeons for annexing
prostheses such as hip and knee replacements. Infection
rates associated with joint supersession surgery are signifi-
cant, ranging from 1.0 to 4.0 percent on average [28]. As a



result of the spread of antibiotic resistance, the use of antibi-
otics is becoming increasingly restricted. This study
indicated that nanosilver-PMMA bone cementum reduces
the comparative incidence of resistance through a variety
of mechanisms. It also received recognition because of its
natural antibacterial activity and low cytotoxic potential.

3.4. Tumor. A build-up of reactive oxygen coinage may
cause serious damage to biological molecules such as pro-
teins, lipids, and DNA, which can ultimately result in the
death of the cell in some cases. Cell death and oxidative
stress have been shown to be induced by AgNPs in skin can-
cer cells and in humans’ fibrosarcoma, according to recent
findings. AgNPs have also been shown to activate the p53-
mediated apoptotic pathway, which would be the pathway
via which the vast majority of chemotherapeutic medicines
cause apoptosis [29, 30]. Additional research has been con-
ducted on the antiproliferative properties of piperidine
derived from Piper nigrum towards cancer cell lines. Silver
nanoparticles decreased by extracts of Piper longum could
have a potent cytotoxic effect on the HEp-2 cell line when
employed at a low dose. As a result, silver nanoparticles
can be used in the creation of anticancerous drugs.

3.5. Water Purification. As a result of their improved anti-
bacterial properties, AgNPs can be used for water treatment
in water filtering systems. In accordance with the World
Health Organization (WHO) guidelines, silver nanotechnol-
ogy can be used in dihydrogen monoxide water treatment.
Antimicrobial compounds are being considered for applica-
tion in biomedical devices and healthcare and also in the
victuals and hygiene sectors, in order to prevent the multi-
plication of harmful microorganisms on the surface of the
equipment or on the surface of the product. Chemically
resistant antimicrobial coatings should have high antibacte-
rial efficacy while also being simple to manufacture and have
low toxicity. Silver and silver-containing surfaces have long
been used as antimicrobial coatings on a variety of surfaces
(32, 33].

3.6. Catalytic Function. With the use of AgNPs produced
from the plant Guggulu tiktakam Kashayam, the researchers
were able to reduce methylene blue (MB) by fourfold [34],
which they found to be highly effective in the reduction of
MB. As previously reported, Waghmode et al. investigated
the strengthened catalytic activity upon on decrease of ben-
zyl cluster chloride through Acacia nilotica pod-mediated
AgNP’s altered glassy carbon electrode even though com-
pared to the activity of glassy carbon as well as metallic silver
electrodes in the presence of Acacia nilotica pod-mediated
AgNP’s altered glassy carbon electrode [35, 36]. The decom-
position of methylene blue by AgNPs in the presence of
Gloriosa splendid extract has been reported [37]. A study
conducted by Kreibig and Vollmer used Triticum aestivum
extract to synthesize AgNPs and found that AgNPs are an
effective nanoaccelerator in the lowering of hydrogen perox-
ide. AgNPs mediated by plant extracts have also been found
to be effective in the degradation of 4-nitrophenol (4-NP)
onto 4-aminophenol (4-AP) [38].
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3.7. Biosensors. It has been shown [38-41] that the size,
shape, and dielectric mass medium surrounding AgNPs
have a significant impact on their plasmonic capabilities.
This dependence may, as a result, contribute to the usability
of AgNPs in biosensor applications. This is because the
refractive strength of biomolecules is greater than that of
buffer storage solutions; as previously stated, surface plas-
mon reverberance (SPR) is used to measure the performance
of biosensors that comprise plasmonic nanoparticles (local
Earth surface plasmon resonance (LSPR)) and commercial-
ized thin, plasmonic Dixie films [42]. They have a greater
spatial resolution than SPR biosensors because they are less
sensitive to changes in bulk refractive index, which reduces
the amount of error introduced by the shift in bulk refractive
index [43]. The variously shaped AgNPs are used in biosen-
sors to detect different types of interactions between them.
Biotin-streptavidin interactions were detected using the
surface-coated nanobiosensor [44], which was developed to
detect interactions among biomolecules. Silver nanoparticles
with cubical or rhombohedral shapes were also employed to
detect protein interactions in a variety of applications
[45-48]. Recently, findings have been published on the use
of AgNPs as predicted biosensors in cancer cells. Scientists
have also established the use of nanosilver covered with silica
as biosensors for the identification of bovine blood serum
albumin (BSA), according to their findings.

3.8. Bioimaging. As a result of their plasmonic features,
AgNPs may be identified using a wide range of optical
microscopy methods, making them an excellent alternative
to routinely employ fluorescent organic dyes that disinte-
grate throughout imaging (photobleaching). In addition to
being photostable, AgNPs have the potential to be used as
biological probes to monitor continuously dynamic events
over an extended length of time. Authentic-time research
of AgNPs was demonstrated by Raja et al. to track early
embryonic development in terms [49]. Such minute metallic
nanoparticles possess unique plasmonic features, which in
turn inspire its application as a medicinal agent. Two
approaches are used to use silver nanoparticle (AgNP) tech-
nology for bioimaging: incubating AgNPs with cells in order
to assess physical contacts and uptake or functionalizing
biomolecule on the surface of AgNPs in order to increase
selectivity for the cell membrane. The former is more
straightforward, but the latter necessitates the use of a cate-
gorical biofunctionalization molecule. The effects of AgNPs
on neuroblastoma cells were investigated in the dark using
a night-field illumination system. After being cultured with
macrophages for a short period of time, AgNPs attached to
iron oxide nanoparticles were imaged using two-photon
imaging to determine whether they had been taken up by
the cells [49-51].

3.9. Agricultural Applications. Nanosilver is the nanoparticle
that has been investigated and used the most in biosystems.
Significant inhibitory and bactericidal properties, as well as a
wide range of antimicrobial activity, have been demon-
strated in studies with this compound. Comparing silver
nanoparticles to bulk silver, silver nanoparticles with a high
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surface area and a considerable fraction of surface atoms
exhibit a significant antibacterial effect. AgNPs have been
investigated as a viable contender for increasing crop pro-
ductivity by promoting seed germination as well as plant
growth, and they have shown promise. It is possible that
the amount of Ag nanoparticles (AgNPs) will have an
impact on the growth rate of plants, either positively or neg-
atively. Bacterial infections are another factor contributing
to major crop yield losses around the world. AgNPs have
been shown to be effective against bacteria that cause plant
disease. When tested against the bacteria Erwinia caroto-
vora, AgNPs show significantly more antimicrobial property
over conventional antibiotics. Double capsulated nanosilver
was created using a chemical process of silver ion with the
assistance of a physical method, a reducing agent, and stabi-
lisers, among other ingredients. It kills bacteria that are
harmful to plants in planter soils as well as hydroponics sys-
tems. Furthermore, silver is a highly effective plant growth
booster [52-66].

4. Miscellaneous Applications of
Silver Nanoparticles

4.1. Water Treatment. Using leaf infusion freshly at 80°C
bud from the genus Anacardium occidentale, we were able
to create stable AgNPs that were used in a unique inquiry
for the detection of chromium ions in common water.
Whenever the concentration of silver nanoparticles made
using Prosopis juliflora leaf extract (10 mg) was combined
with 100 ml of wastewater after six h and step-ups as the
period of brooding growth approached, the number of bac-
teria decreased. Silver nanoparticles (Ag NPs) are incredibly
poisonous to microorganisms. As a result, they exhibit
potent antibacterial properties against a broad spectrum of
pathogens, including viruses, bacteria, and fungi, among
others. Silver nanoparticles, which are effective antibacterial
agents, have been widely employed in the disinfection of
drinking water [52-59].

5. Scientific Applications

(a) Silver nanomaterials can be used in a variety of sci-
entific coatings due to their outstanding physical,
chemical, and optical holding properties, among
other things. Depending on the size, arrangement,
and chemical nature of the nanomaterial, these qual-
ities can be drastically different from one another

(b) Metallic nanoparticles, especially nanosilver, display
surface plasmon resonance (SPR) when exposed to
light, resulting in SPR efflorescence in the ultraviolet
half-dozen wavelength range, which can be used to
detect the particles [54]

(c) An outcome of the exchanges among incident light
and an unbound electron throughout the conduction
band of a nanomaterial, the SPR is produced by the
nanomaterial

(d) Surface plasmon resonance (SPR) peaks are charac-
terized by their breadth and location, which are
determined by the size, structure, and surface fea-
tures of the nanomaterial [55]

(e) Silver nanoparticles are commonly used for surface
improved Raman scattering, and they are particu-
larly effective (SERS). Whereas if analyte molecules
were adsorbed on a hard metal surface, the Raman
scattering by the analyte molecules might be ampli-
fied, resulting in an increase in the enhancement
factor, which would allow for sufficient sensitivity
to identify single molecules [67-73]

(f) Consequently, silver nanomaterials have the poten-
tial to be used in sensing applications such as the
identification of deoxyribonucleic acid chains [56,
57]

(g) Colorimetric detector for histidine, real-time prob-
ing of membrane transport in living microbial cells,
beam desorption mess spectrographic characteriza-
tion of peptides, and a colorimetric detector for
histidine [58, 59]

(h) Colorimetric detector for assessing ammonia water
content biosensors enabling identification of glucose
sensors with medical diagnostics [60, 61]

(i) Silver nanoparticles are also expected to be used in
metal-improved fluorescence activities, according to
recent reports. When metallic nanostructures are
used in conjunction with fluorophores, their intrin-
sic spectral characteristics can be changed [74-78]

(j) The closeness of metallic nanosilver resulted in an
increase in the strength of low quantum proceed flu-
orophores due to the presence of metallic nanosilver.
Fluorophore quenching over small periods,
geographic change of the incident light theatre of
operations, and vicissitudes in the radioactive decay
rate are all factors contributing to the burden [62]

(k) Using nano-Ag in purposes including such immu-
nochemical assays and DNA/RNA detection is made
possible by the device characteristics described
above. Since it was previously stated, the airfoil fea-
tures of the Earth have a significant impact on the
features of the silver nanomaterial used in this
research [64-66, 79-83]

() Using an alkanethiol to modify the surface of a silver
nanooptical prism, which may make them a suitable
candidate for streptavidin as well as antibiotin sens-
ing, as well as for the treatment of Alzheimer’s illness
is a promising approach [84-88]

6. Conclusions

Silver nanoparticles have diverse physical properties that
distinguish them from other biomaterials that are regularly
used in dental care, and they have the potential to be used



in a variety of applications, including restorative dentistry,
prosthetic dental services, endodontics, implantology, oral
cancers, and periodontology. Because of their antibacterial,
antiviral, and antifungal properties, silver nanoparticles have
tremendous potential. Inclusion of AgNPs reduces biofilm
development on nanocomposite, avoiding microleakage
and supplementary caries. The precise mechanisms of con-
nection with silver nanoparticles to bacterial cells must be
clarified, as well as how the surface area of nanoparticles
impacts its killing function. Animal models and clinical trials
must also be conducted in order to gain a better knowledge
of the antimicrobial performance of silver dressings and the
toxicity of silver coatings, if any are used, among other
things. As a result, care must be made to use this marvel
wisely and in a decent, effective, and efficient manner while
also comprehending its limitations and taking every precau-
tion to ensure that it does not hurt people or the ecosystem.
Opverall, silver nanoparticles look to be potential in pharma-
ceutical, biomedical, and related disciplines owing to their
unique silver and nanosized features, provided safety evi-
dence is generated to verify their safety while similarly ruling
out their toxicity.
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The behaviour of hafnium as surface coating in biological environments has not been studied. Little is known about
osseointegration of hafnium-coated titanium implants. Thus, further studies of hafnium coating under biological conditions are
required in order to determine the suitability of this material, as a surface coating for biomedical application. The aim of the
study is to analyse the difference between hafnium-coated titanium and uncoated titanium by evaluating the osseointegration
ability of hafnium metal and mechanism of which promotes better bone integration. The study was conducted with a split
mouth design on 16 Wistar Albino rats of both sexes, at the age of 6-7 months, weighing 2526.5 + 74.4 g. Self-tapping titanium
osteosynthesis screws (4 mm x 2mm) (LeForte System Bone Screw®) were implanted in the mandible of rats: Group A (pure
titanium screws, n = 12) and Group B (hafnium-coated screws, n =12). The implanted screws’ stability was checked and noted
with a specially customised torque apparatus during insertion and removal of implant. The tissue sections were then processed
for hematoxylin and eosin and Masson’s trichrome for bone and connective tissue examination, after 4 and 8 weeks of
placement. Hafnium coating appears to have offered similar biocompatibility (aspartate transaminase (AST), alanine
aminotransferase (ALT), and creatine kinase (CK) enzyme assay), statistically significant improvement (independent Student’s
t-test, p <0.05) in insertion torque (25.42 + 3.965) and removal torque (29.17 + 2.887) than commercially pure titanium with
insertion torque (22.08 +.575) and removal torque (25.42 +2.575). Hafnium coating in the rat mandible showed promising
osseointegration with good tissue biocompatibility. Further human trials of hafnium-coated implants are needed to understand
the biological behaviour better to enhance clinical performance.

1. Introduction tulfilling criteria required for an implant which include excel-

lent chemical stability, body fluid resistance, biological inertia,

Tissue engineering is a novel and well-proven approach for
repair and reconstruction of bone defects. An ideal implant
material should have properties that include biocompatibility,
corrosion resistance, elastic modulus, and favour bone
anchorage [1-14]. One of the most commonly used materials
for this purpose is titanium and its alloys. In various studies
conducted till date, tantalum has revealed superior properties

and remarkable osteoconductivity. Although tantalum is
shown to be promising in bone defect repair, its elastic modu-
lus is much higher than that of human bone tissue and prone
to stress shielding effect [15-25].

We wanted to evaluate alternative elements that may
have the potential to offer equivalent or superior osseointe-
gration. One such element of interest is hafnium. In the
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FIGURE 1: Photograph showing commercially pure self-tapping micro titanium osteosynthesis implant screws (4 mm x 2 mm).

periodic table by ITUPAC, tantalum belongs to period 6 (d
block) of the periodic table. Hafnium belongs to the same
period and block as tantalum, in the periodic table [26-32].

Hafnium is always found in association with zirconium
in mineral ores with zircon Hf/Zr of about 2.5%. In 1984,
Marcel Pourbaix proposed hafnium as a metal to be consid-
ered for surgical implants due to the passive state of the
metal with properties like high ductility, strength, resistance
to corrosion, and mechanical damage. Various in vitro stud-
ies were conducted on hafnium metal [33-42].

To date, the behaviour of hafnium as surface coating in
biological environments has not been studied. Little is
known about osseointegration of hafnium-coated titanium
implants. Thus, further studies of hafnium coating under
biological conditions are required in order to determine
the suitability of this material, as a surface coating for bio-
medical applications.

This study is aimed at evaluating osseointegration of
hafnium-coated titanium as compared to uncoated titanium
implants. This study has two main purposes. One is to find
the osseointegration ability of hafnium metal, and the sec-
ond purpose is to study the mechanism of which promotes
better bone integration.

2. Materials and Methods

The experimental study was conducted in accordance with
the approval from the “Institutional Animal Ethical Com-
mittee,” approval no. BRULAC/SDCH/SIMATS/IAEC/09-
2018/015. The study was conducted on 16 Wistar Albino
rats of both sexes, at the age of 6-7 months, weighing
2526.5+74.4g. Commercially pure self-tapping titanium
osteosynthesis screws with a length of 4mm and outer head
diameter of 2mm and thread diameter of 1.2 mm (LeForte
System Bone Screw, Jeil Medical Corporation, Seoul®) were
used for this experiment.

Two groups were utilized in these studies:

(a) Commercially pure titanium implant (control
group)

(b) Commercially pure titanium implant coated with
hafnium metal (test group)

2.1. Coating Procedure. Commercially pure self-tapping
micro titanium osteosynthesis implant screws 4 mm long
were used with 2mm head and 1.2 mm outer thread diame-
ter, respectively (LeForte System Bone Screw, Jeil Medical
Corporation, Seoul®) (Figure 1).

The implant screws were coated with hafnium metal of
600 nm thickness using a magnetron stirrer. They were pre-
pared by dipping the titanium screws in hafnium metal solu-
tion commercially available for industrial purposes and kept
in a magnetic stirrer at 1000 rpm followed by heat exposure
in a hot air oven at 70-degree Celsius for 4 days, 6 hours
daily. The uncoated (Figure 2) and coated (Figure 3)
implants were observed under a light microscope at 100x
magnification, and the procedure was carried out till an even
coating thickness was obtained.

2.2. Surgical Procedure. Surgical procedures were performed
under sterile conditions in a sterile animal laboratory surgi-
cal room. Rats were anesthetized with ketamine hydrochlo-
ride intraperitoneally and xylazine intramuscularly at the
dosage of 70 mg/kg body weight and 10 mg/kg body weight,
respectively. The ventral part of the neck was shaved and
aseptically prepared with a solution of Betadine. A 2cm
length single median vertical skin incision was made on
the anterior part of the neck, exposing the fascia and muscles
underneath (Figure 4).

These tissues were retracted, and the mandibular bone
was exposed. A standardized, round, through-and-through
osseous defect of 3mm in diameter was created with
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FiGURE 2: Photograph showing uncoated titanium screws under
light microscope at 100x magnification.

Ficure 3: Photograph showing the hafnium-coated titanium
implant screws under light microscope at 100x magnification.

simultaneous driving of implant inside, similarly on the sin-
gle side of the jaw, with a self-tapping screw mounted on a
straight hand-piece driller controlled by the motor regulator.
During the drilling process, the tissues were periodically irri-
gated with saline water. Care was taken during the surgery
not to damage the vessels. Titanium screws were then
implanted in the drilled site, in such a way that the implant
should penetrate the bone slowly by the clockwise self-
tapping procedure.

The implanted screws’ stability was checked and noted
with a torque apparatus during insertion of implant. The
torque apparatus consisted of a torque wrench and an
implant hex drive; the head of which was specially custo-
mised according to the head of the implant screw (Figure 5).

FIGURE 4: Photograph showing a 2 cm length single median vertical
skin incision was made on the anterior part of the neck.

The same procedure was carried in both the groups.
Both the titanium and hafnium-coated screws were
implanted in respective groups (Figure 6).

Then, the tissue flaps were sutured with resorbable
suture threads (Vicryl 5/0, Ethicon®, Somerville, NJ, USA)
and Betadine ointment was applied upon the sutured area,
and then, the rats were isolated in separate cages.

2.3. Postoperative Care for the Animal. Analgesics like Fevas-
tin 10 mg/kg body weight (intramuscularly) and diclofenac
10 mg/kg body weight (orally) were administered. The rats
were examined daily for any change in body weight or signs
of inflammation or infection in the surgical site.

Tissue samples were collected at the end of 4 weeks and 8
weeks by euthanizing the animals in a CO, chamber, and the
mandibular bone alone containing the implant was dis-
sected, photographed, and processed for histopathological
examination. The excess fascial and muscular tissues adher-
ents to the bones were removed. The mandibular bony part
with the implant was fixed in 10% neutral buffered formalin.
The removal torque was measured and noted in the same
manner as mentioned earlier for stability using the torque
apparatus, while the tissue samples were collected.

2.4. Histological Preparation. The fixed tissues were taken
out and later decalcified in 20% formic acid for 7 days. After-
wards, the samples were embedded in paraffin and serial sec-
tions were cut at a thickness of 5 ym. The sections were then
processed for hematoxylin and eosin staining and mounted
permanently in DPX. For bone and connective tissue exam-
ination, the Masson’s trichrome staining was done. The
stained samples were photographed and analysed for
histopathology.

3. Results

3.1. Primary Stability (Insertion Torque) and Removal
Torque. The primary stability measured using removal tor-
que was measured for both groups studied. The mean
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FIGURE 5: Photograph showing torque wrench (range 0-70 N) and an implant hex drive with head specially customised according to the

head of the implant screw.

FI1GURE 6: Photograph showing titanium and hafnium-coated screws implanted in respective sites.

TaBLE 1: Table showing values (mean + SD) of independent ¢-test for insertion torque (primary stability) and removal torque for both the

groups (p <0.05).

Group A (pure titanium screws)  Group B (hafnium-coated screws) Significance
Torque values w
n=12 n=12 (*p value)
Insertion torque or primary stability (N/cm?) 22.08 £2.57 25.42 +£3.96 P <0.05 (0.003)
Removal torque (N/cm?) 25.42 +2.57 29.17 +2.88 p<0.05 (0.023)

*Independent sample ¢-test.

insertion torque/primary stability in the control group (pure
titanium screws) was 22.08 + .57 N/cm? and that in the test
group (hafnium-coated screws) was 25.42 +3.96 N/cm?.
The mean removal torque of the control group was 25.42
+2.57 N/ecm? and that of the test group was 29.17 + 2.88 N
/cm?. The results were statistically significant (p < 0.05)
when the independent Student ¢-test was performed (IBM

SPSS Statistics 20) (Table 1). The corresponding bar graph
for the primary stability and removal torque is depicted
(Figures 7 and 8).

3.2. Histomorphometric Analysis. The histopathological eval-
uation was performed at 2 intervals, viz., 4 weeks (Figure 9)
and 8 weeks (Figure 10), with two stains, namely,



Journal of Nanomaterials

30 H
Z
'3-; 20
2.
=
E
-
-y 10 4
0
4 Weeks 8 Weeks
Weeks
Group
B Control
B Test

FIGURE 7: Bar graph shows mean primary stability torque values
+ 1 SE of titanium and hafnium-coated implant screws.

40

30 +

20

Removal torque

10

4 Weeks

8 Weeks

Weeks

Group
[ Control
B Test

FIGURE 8: Bar graph shows mean removal torque values + 1 SE of
titanium and hafnium-coated implant screws.

hematoxylin and eosin stain and Masson’s trichrome stain
under magnifications 4x, 20x, 40x, and 40x, respectively.

At the end of 4 weeks, histopathological evaluation dem-
onstrated the formation and accumulation of connective tis-
sue fibres adjacent to the implant region in the control and
test groups. The presence of collagen-rich connective tissue
fibres in the test group indicates the course of transforma-
tion and maturation of the endochondral ossification. The
screw threads were tightly lodged in the adjacent cortical
bone tissues.

At the end of 8 weeks, histopathological evaluation dem-
onstrated the accumulation of connective tissue fibres along
with the presence of thin layers of newly transformed bone
(asterisk marked) which are also in connection with trabec-

ular bone in some regions. The difference between the con-
trol and test groups is the site of formation of newly
formed bone. In the control group, it is formed mostly at
the inner core region of the bone away from the bone-
implant contact site (*). But in the test group, the bone is
formed at the implant contact site influencing the implant
surfaces for better osseointegration (). The trabecular bone
tissue formation at the bone-implant contact site depicts
contact osteogenesis confirmed by Masson’s trichrome stain
(40x) visible as green-coloured structures.

3.3. Toxicology. The animals were sacrificed after 4 weeks
and 8 weeks and sent for enzyme toxicity, viz., AST, ALT,
and CK using an ELISA kit (Elabscience®) with 96 wells
and an Automatic ELISA Plate Analyser (Readwell Touch,
ROBONIK®). The data for the enzyme toxicity is listed
(Table 2). It was found that the results are statistically insig-
nificant (p > 0.05) (independent Student’s ¢-test, IBM Statis-
tics 20).

3.4. Body Weight of Animal. The body weight of rats was
measured before the surgery and after each week, and any
signs of inflammation or infection were carefully monitored.
The data for body weight of animals sacrificed after 8 weeks
(Table 3) have been listed. The body weight of the rats stud-
ied for 4 weeks decreased from before surgery till the end of
the 2nd week, after which there was an increase in the body
weight. The body weight of the rats studied for 8 weeks
decreased from before surgery till the end of the 4™ week,
after which there was an increase in the body weight.

4. Discussion

In the current study, hafnium coating appears to have
offered similar biocompatibility (aspartate transaminase
(AST), alanine aminotransferase (ALT), and creatine kinase
(CK) enzyme assay), statistically significant improvement
(independent Student’s t-test, p <0.05) in insertion torque
(25.42 +3.96) and removal torque (29.17 + 2.88) than com-
mercially pure titanium with insertion torque (22.08 +.57)
and removal torque (25.42 +2.57). Hafnium has proved to
have good tissue response and osseointegration, along with
required mechanical properties [39-48]. Though these
results seem to favour hafnium, it is necessary to analyse
the factors that could have confounded our study.

Animal studies must have a proper protocol to be
followed for care of animals used in the study as laid down
by the Institutional Animal Ethical Committee (IAEC).
The health of the animal was monitored throughout the
study. The body weight of the animal was recorded at the
start of the surgery and at the end of each week (Table 3).
Signs of infection or inflammation were also checked. Proper
and timely feeding of the animal was carried out every day to
ensure good health of the animal. The results showed that
there is an increase in the body weight towards the end of
4 weeks as well as 8 weeks, suggestive of a positive growth
phase (Figures 5 and 6). Since it was a split mouth study,
the health of the animal could not have affected the outcome
or caused variation between the test and control groups.



6 Journal of Nanomaterials

Test Test
Control (Hafnium coated Titanium Control (Hafnium coated Titanium
(Titanium implant screws) implant screws) (Titanium implant screws) implant screws)

H&E: 20X
Test Test
Control (Hafnium coated Titanium implant Control (Hafnium coated Titanium implant

(Titanium implant screws) screws) (Titanium implant screws) screws)

H&E : 40X MTC: 40X

FIGURrE 9: Photomicrographs showing the histopathology of the control (titanium implant screws) and the test group (hafnium-coated
titanium implant screws) in 4 weeks.

Test Test
Control (Hafnium coated Titanium Control (Hafnium coated Titanium
(Titanium implant screws) implant screws) (Titanium implant screws) implant screws)

H&E: 20X
Test Test
Control (Hafnium coated Titanium implant Control (Hafnium coated Titanium implant
(Titanium implant screws) screws) (Titanium implant screws) screws)

H&E: 40X MTC: 40X

F1Gure 10: Photomicrographs showing the histopathology of the control (titanium implant screws) and the test group (hafnium-coated
titanium implant screws) in 8 weeks.

The dexterity of the operator could be a confounding  stability could not have been affected by the dexterity of
variable in the current study. However, the implant screws  the implant placement [49-52].
selected were a self-threading type with drill driver provided The implant screws of both groups were placed in the
by the manufacturer of the implant screws. Hence, primary ~ mandible of the animal. As both groups were in the same



Journal of Nanomaterials

TaBLE 2: Table showing data for enzyme toxicity (AST, ALT, and CK) for both the groups (p < 0.05).

Enzyme toxicity Group A (pure titanium screws)

Group B (hafnium-coated screws)

Significance (*p value)

n=12 n=12
AST 80.43 +1.35 79.94+1.78 p>0.05 (NS)
ALT 47.85+2.75 49.27 £3.52 p>0.05 (NS)
CK 0.79 £0.04 0.78 £0.08 p>0.05 (NS)

*Independent sample ¢-test; NS: not significant.

TaBLE 3: Table showing data for body weight of rats before surgery till the 8th week after surgery for both the groups.

Group A (pure titanium screws)

Body weight n=12

Group B (hafnium-coated screws)

n=12 Significance (*p value)

232.66 £ 4.84
230.83 £13.54

Before surgery

After surgery

232.66 £4.84
230.83 £13.54

p>0.05 (0.515)
p>0.05 (0.515)

*Independent sample ¢-test.

anatomic location in the animal, this parameter could not
have affected the outcome of the results. Similar studies
conducted in animals also mention east variations in den-
sity of bone in the anatomically same region [53]. Mag-
netic stirring method was used for coating the implant
screws with hafnium which ensures the same thickness
of coating for all samples. Previous studies have shown
the use of similar coating methods [54, 55], although the
coating thickness or delamination of coating was not
tested for in this study.

The accuracy of histopathology may be affected by the
handling and processing of tissue samples [56, 57]. However,
in this study, histopathology was carried out by an experi-
enced senior pathologist, expert in animal tissue handling
for over 15 years. Utmost care was taken to maintain consis-
tent protocol. Effects of this would not have affected one
group selectively. The limitations of the current study
include the inability to measure the thickness of the coating
prior to placement of the implant screws. Another limitation
of this study is that the delamination of coating was not
tested before the implant screws were placed in the animal
model.

Future scope of the study involves studies on delami-
nation of the coating, the scratch resistance of the coating
in intraoral scenario, biofilm formation on the surface of
the coating, and the side effects of leaching of the metal
in the body. Researchers have emphasized that hafnium
is a potential surface coating solution for titanium
implants that can improve osseointegration. If research
could be expanded to include hafnium as a metal for coat-
ing over dental implants or as a dental implant material to
improve osseointegration, it could be used to investigate
the potential of this metal in the rehabilitation of both
intra- and extraoral defects, as well as in medically vulner-
able patients with compromised bone quality [58].
Research could also be expanded on the possibility of
newer metal alloys with hafnium for use as dental
implants. Meticulous and extensive phase III and phase
IV multicentre randomized control trials are required for
breakthrough in this implant biomaterial.

5. Conclusion

Hafnium coating of endosseous implants in the current
study on rat mandibles showed equivalent osseointegration
and faster healing when compared to the gold standard, tita-
nium. Hafnium is also similar to titanium in its biocompat-
ibility with osseous tissues. Further human trials of hafnium-
coated implants are needed to understand the biological
behaviour better to enhance clinical performance.

Data Availability

The authors confirm that the data supporting the findings of
this study are available within the article.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

This work was carried out in collaboration among all
authors. Author 1 designed the study, performed the
research and the statistical analysis, wrote the protocol, and
wrote the first draft of the manuscript. Authors 2, 3, and 4
managed the analyses and revision of the study. Authors 5
and 6 managed the literature searches and manuscript revi-
sion. All authors read and approved the final manuscript.

Acknowledgments

The team extends our sincere gratitude to the Saveetha Den-
tal College and Hospitals for their constant support and suc-
cessful completion of this work.

References

[1] B. A. Fishero, N. Kohli, A. Das, J. J. Christophel, and Q. Cui,
“Current concepts of bone tissue engineering for craniofacial
bone defect repair,” Craniomaxillofacial Trauma & Recon-
struction, vol. 8, no. 1, pp. 23-30, 2015.



(2]

(3]

(4]

6]

(7]

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

M. A. K. Liebschner, “Biomechanical considerations of animal
models used in tissue engineering of bone,” Biomaterials,
vol. 25, no. 9, pp. 1697-1714, 2004.

Y. Zhang, L. Hu, M. Lin, S. Cao, Y. Feng, and S. Sun, “RhBMP-
2-loaded PLGA/titanium nanotube delivery system synergisti-
cally enhances osseointegration,” ACS Omega, vol. 6, no. 25,
pp. 16364-16372, 2021.

M. F. Kunrath, R. P. Dos Santos, S. D. de Oliveira, R. Hubler,
P. Sesterheim, and E. R. Teixeira, “Osteoblastic cell behavior
and early bacterial adhesion on macro-, micro-, and nano-
structured titanium surfaces for biomedical implant applica-
tions,” The International Journal of Oral & Maxillofacial
Implants, vol. 35, no. 4, pp. 773-781, 2020.

B. Moller, H. Terheyden, Y. Acil et al., “A comparison of bio-
compatibility and osseointegration of ceramic and titanium
implants: an _in vivo_ and _in vitro_ study,” International
Journal of Oral and Maxillofacial Surgery, vol. 41, no. 5,
Pp. 638-645, 2012.

A. M. Ektessabi, ]. Mouhyi, P. Louvette, and L. Sennerby,
“Investigation of corrosion and ion release from titanium den-
tal implant,” International Journal of PIXE, vol. 7, no. 3n04,
pp. 179-199, 1997.

R. S.Bedi, D. E. Beving, L. P. Zanello, and Y. Yan, “Biocompat-
ibility of corrosion-resistant zeolite coatings for titanium alloy
biomedical implants,” Acta Biomaterialia, vol. 5, no. 8,
pp. 3265-3271, 2009.

R. Shah, R. Thomas, T. M. Gowda, T. K. A. Baron, G. G. Vema-
naradhya, and S. Bhagat, “In vitro evaluation of osteoblast
response to the effect of injectable platelet-rich fibrin coating
on titanium disks,” The Journal of Contemporary Dental Prac-
tice, vol. 22, no. 2, pp. 107-110, 2021.

Z. Badran, X. Struillou, N. Strube et al., “Clinical performance
of narrow-diameter titanium-zirconium implants: a system-
atic review,” Implant Dentistry, vol. 26, no. 2, pp. 316-323,
2017.

J.Li, J. A. Jansen, X. F. Walboomers, and J. J. van den Beucken,
“Mechanical aspects of dental implants and osseointegration: a
narrative review,” Journal of the Mechanical Behavior of Bio-
medical Materials, vol. 103, article 103574, 2020.

A. Robau-Porrua, Y. Pérez-Rodriguez, L. M. Soris-Rodriguez,
O. Pérez-Acosta, and J. E. Gonzélez, “The effect of diameter,
length and elastic modulus of a dental implant on stress and
strain levels in peri-implant bone: a 3D finite element analy-
sis,” Bio-medical Materials and Engineering, vol. 30, no. 5-6,
pp. 541-558, 2020.

A. Brizuela, M. Herrero-Climent, E. Rios-Carrasco et al.,
“Influence of the elastic modulus on the osseointegration of
dental implants,” Materials, vol. 12, no. 6, p. 980, 2019.

R. N. Salaie, A. Besinis, H. Le, C. Tredwin, and R. D. Handy,
“The biocompatibility of silver and nanohydroxyapatite coat-
ings on titanium dental implants with human primary osteo-
blast cells,” Materials Science ¢ Engineering. C, Materials for
Biological Applications, vol. 107, article 110210, 2020.

J. Knaus, D. Schaffarczyk, and H. Colfen, “On the future design
of bio-inspired polyetheretherketone dental implants,” Macro-
molecular Bioscience, vol. 20, no. 1, article €1900239, 2020.

T. P. Chaturvedi, “An overview of the corrosion aspect of den-

tal implants (titanium and its alloys),” Indian Journal of Dental
Research, vol. 20, no. 1, pp. 91-98, 2009.

N. Adya, M. Alam, T. Ravindranath, A. Mubeen, and B. Saluja,
“Corrosion in titanium dental implants: literature review,” The

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

Journal of Nanomaterials

Journal of Indian Prosthodontic Society, vol. 5, no. 3, p. 126,
2005.

V. K. Balla, S. Bodhak, S. Bose, and A. Bandyopadhyay,
“Porous tantalum structures for bone implants: fabrication,
mechanical and in vitro biological properties,” Acta Biomater-
ialia, vol. 6, no. 8, pp. 3349-3359, 2010.

R. Cohen, “A porous tantalum trabecular metal: basic science,”
The American Journal of Orthopedics, vol. 31, no. 4, pp. 216-
217, 2002.

Q. Wang, H. Zhang, H. Gan, H. Wang, Q. Li, and Z. Wang,
“Application of combined porous tantalum scaffolds loaded
with bone morphogenetic protein 7 to repair of osteochondral
defect in rabbits,” International Orthopaedics, vol. 42, no. 7,
pp. 1437-1448, 2018.

E. H. Mrosek, H.-W. Chung, J. S. Fitzsimmons, S. W. O’Dris-
coll, G. G. Reinholz, and J. C. Schagemann, “Porous tantalum
biocomposites for osteochondral defect repair,” Bone & joint
research, vol. 5, no. 9, pp. 403-411, 2016.

Z.Tang, Y. Xie, F. Yang et al., “Porous tantalum coatings pre-
pared by vacuum plasma spraying enhance bmscs osteogenic
differentiation and bone regeneration in vitro and in vivo,”
PLoS One, vol. 8, no. 6, article 66263, 2013.

M. Arciniegas, C. Aparicio, J. M. Manero, and F. J. Gil, “Low
elastic modulus metals for joint prosthesis: tantalum and
nickel-titanium foams,” Journal of the European Ceramic Soci-
ety, vol. 27, no. 11, pp. 3391-3398, 2007.

T. Lu, J. Wen, S. Qian et al.,, “Enhanced osteointegration on
tantalum-implanted  polyetheretherketone surface with
bone-like elastic modulus,” Biomaterials, vol. 51, pp. 173-
183, 2015.

R. Korabi, K. Shemtov-Yona, and D. Rittel, “On stress/strain
shielding and the material stiffness paradigm for dental
implants,” Clinical Implant Dentistry and Related Research,
vol. 19, no. 5, pp. 935-943, 2017.

R. Saha, R. B. Inturi, and J. A. Barnard, “Effect of thickness and
annealing on stress in tantalum and tantalum nitride thin film
hard Coatings,” MRS Online Proceedings Library, vol. 436,
1996.

]. Rituerto Sin, A. Neville, and N. Emami, “Corrosion and tri-
bocorrosion of hafnium in simulated body fluids,” Journal of
Biomedical Materials Research. Part B, Applied Biomaterials,
vol. 102, no. 6, pp. 1157-1164, 2014.

S. Mohammadi, M. Esposito, M. Cucu, L. E. Ericson, and
P. Thomsen, “Tissue response to hafnium,” Journal of Mate-
rials Science. Materials in Medicine, vol. 12, no. 7, pp. 603—
611, 2001.

H. Matsuno, A. Yokoyama, F. Watari, M. Uo, and T. Kawasaki,
“Biocompatibility and osteogenesis of refractory metal
implants, titanium, hafnium, niobium, tantalum and rhe-
nium,” Biomaterials, vol. 22, no. 11, pp. 1253-1262, 2001.

H. Lee, D.-H. Choe, S. Jo et al., “Unveiling the origin of robust
ferroelectricity in Sub-2 nm hafnium zirconium oxide films,”
ACS Applied Materials & Interfaces, vol. 13, no. 30,
pp- 36499-36506, 2021.

P. Ghana, S. Schrader, T. Rajeshkumar et al., “Reduced arene
complexes of hafnium supported by a triamidoamine ligand,”
Angewandte Chemie, International Edition, vol. 60, no. 25,
pp. 14179-14187, 2021.

E. C. Constable, “Evolution and understanding of the d-block
elements in the periodic table,” Dalton Transactions, vol. 48,
no. 26, pp. 9408-9421, 2019.



Journal of Nanomaterials

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

(45]

P. Parsons, “The periodic table: a visual guide to the elements,”
Teaching Science, vol. 60, 2014.

K. Edalati, Z. Horita, and Y. Mine, “High-pressure torsion of
hafnium,” Materials Science and Engineering: A, vol. 527,
no. 7, pp. 2136-2141, 2010.

X.-W. Gu, J. Pei, K. Shao, H.-M. Wen, B. Li, and G. Qian,
“Chemically stable hafnium-based metal-organic framework
for highly efficient C2H6/C2H4 separation under humid con-
ditions,” ACS Applied Materials & Interfaces, vol. 13, no. 16,
pp. 18792-18799, 2021.

H. Sato, M. Kikuchi, M. Komatsu, O. Okuno, and T. Okabe,
“Mechanical properties of cast Ti-Hf alloys,” Journal of Bio-
medical Materials Research. Part B, Applied Biomaterials,
vol. 72B, no. 2, pp. 362-367, 2005.

M. A. Jenkins, K. E. K. Holden, S. W. Smith et al., “Determina-
tion of hafnium zirconium oxide interfacial band alignments
using internal photoemission spectroscopy and X-ray photo-
electron spectroscopy,” ACS Applied Materials & Interfaces,
vol. 13, no. 12, pp. 14634-14643, 2021.

S.-Y. Chun, “Low resistivity hafnium nitride thin films depos-
ited by inductively coupled plasma assisted magnetron sput-
tering in microelectronics,” Journal of Nanoscience and
Nanotechnology, vol. 21, no. 7, pp. 4129-4132, 2021.

Z.Hu, Y. Wang, and D. Zhao, “The chemistry and applications
of hafnium and cerium(iv) metal-organic frameworks,” Chem-
ical Society Reviews, vol. 50, no. 7, pp. 4629-4683, 2021.

B. R. Levine, S. Sporer, R. A. Poggie, C. J. Della Valle, and J. J.
Jacobs, “Experimental and clinical performance of porous tan-
talum in orthopedic surgery,” Biomaterials, vol. 27, no. 27,
pp. 4671-4681, 2006.

A. Yousef, 1. Akhtyamov, F. Shakirova, L. Zubairova,
E. Gatina, and C. I. C. Aliev, “Effect of hafnium and tita-
nium coated implants on several blood biochemical markers
after osteosynthesis in rabbits,” International Journal of
Clinical and Experimental Medicine, vol. 7, no. 10,
pp. 3473-3477, 2014.

J.-Y. Choi, S. Kim, S. B. Jo et al., “A laminin-211-derived bio-
active peptide promotes the osseointegration of a sandblasted,
large-grit, acid-etched titanium implant,” Journal of Biomedi-
cal Materials Research. Part A, vol. 108, no. 5, pp. 1214-
1222, 2020.

X. Liu, D. Li, Y. Liang et al., “Establishment of anti-oxidation
platform based on few-layer molybdenum disulfide
nanosheet-coated titanium dioxide nanobelt nanocomposite,”
Journal of Colloid and Interface Science, vol. 601, pp. 167-176,
2021.

A. Yousef, I. Akhtiamov, F. Shakirova, L. Zubairova, E. Gatina,
and E. Aliev, “Changes of blood composition in rabbits before
and after osteosynthesis utilizing coated and non-coated metal
implants,” International Journal of Biomedical and Healthcare
Science, vol. 4, no. 1, pp. 21-27, 2014.

T. L. McGinnity, V. Sokolova, O. Prymak, P. D. Nallathamby,
M. Epple, and R. K. Roeder, “Colloidal stability, cytotoxicity,
and cellular uptake of HfO, nanoparticles,” Journal of Biomed-
ical Materials Research Part B: Applied Biomaterials, vol. 109,
no. 10, pp. 1407-1417, 2021.

C. Herranz-Diez, C. Mas-Moruno, S. Neubauer et al., “Tuning
mesenchymal stem cell response onto titanium-niobium-haf-
nium alloy by recombinant fibronectin fragments,” ACS
Applied Materials & Interfaces, vol. 8, no. 4, pp. 2517-2525,
2016.

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

L. Gillentoft, L. M. E. Pettersson, N. Danielsen,
J. Schouenborg, C. N. Prinz, and C. E. Linsmeier, “Size-depen-
dent long-term tissue response to biostable nanowires in the
brain,” Biomaterials, vol. 42, pp. 172-183, 2015.

S. Pereira, P. Veeraraghavan, S. Ghosh, and M. Gandhi, “Ani-
mal experimentation and ethics in India: the CPCSEA makes a
difference,” Alternatives to Laboratory Animals, vol. 32, 1_
suppl, pp. 411-415, 2004.

S. Farnaud, “The Dr Hadwen Trust for Humane Research: 39
years of replacement science,” Alternatives to Laboratory Ani-
mals, vol. 37, Suppl 2, pp. 39-43, 2009.

B. Wilmes and D. Drescher, “Impact of bone quality, implant
type, and implantation site preparation on insertion torques
of mini-implants used for orthodontic anchorage,” Interna-
tional Journal of Oral and Maxillofacial Surgery, vol. 40,
no. 7, pp. 697-703, 2011.

A.Pozzi, G. Tabanella, A. Guida et al., “A novel parallel-walled
dental implant with a self-tapping apex, conical connection,
and platform shifting: short-term results from a retrospective
multicenter clinical study,” The International Journal of Peri-
odontics & Restorative Dentistry, vol. 41, no. 4, pp. 521-529,
2021.

A. Moroi, Y. Saito, A. Takayama, and K. Ueki, “Comparison of
nonself-tapping tapered implant and self-tapping hybrid
implant in terms of implant stability at initial and second fix-
ation: a prospective randomized clinical trial,” Clinical Implant
Dentistry and Related Research, vol. 22, no. 6, pp. 679-688,
2020.

G. Widmark, B. Friberg, B. Johansson, S. Sindet-Pedersen, and
A. Taylor, “Mk III: a third generation of the self-tapping Bra-
nemark System® implant, including the new Stargrip internal
grip design. A 1-year prospective four-center study,” Clinical
Implant Dentistry and Related Research, vol. 5, no. 4,
pp. 273-279, 2003.

A. 1. Pearce, R. G. Richards, S. Milz, E. Schneider, and S. G.
Pearce, “Animal models for implant biomaterial research in
bone: a review,” European Cells & Materials, vol. 13, pp. 1-
10, 2007.

W. Fu, H. Yang, M. Li, M. Li, N. Yang, and G. Zou, “Anatase
TiO, nanolayer coating on cobalt ferrite nanoparticles for
magnetic photocatalyst,” Materials Letters, vol. 59, no. 27,
pp. 35303534, 2005.

D. Djozan, B. Ebrahimi, M. Mahkam, and M. A. Farajzadeh,
“Evaluation of a new method for chemical coating of alumi-
num wire with molecularly imprinted polymer layer. Applica-
tion for the fabrication of triazines selective solid-phase
microextraction fiber,” Analytica Chimica Acta, vol. 674,
no. 1, pp. 40-48, 2010.

J. W. Crissman, D. G. Goodman, P. K. Hildebrandt et al., “Best
practices guideline: toxicologic histopathology,” Toxicologic
Pathology, vol. 32, no. 1, pp. 126-131, 2004.

L. Tomlinson, L. I. Boone, L. Ramaiah et al., “Best practices for
veterinary toxicologic clinical pathology, with emphasis on the
pharmaceutical and biotechnology industries,” Veterinary
Clinical Pathology, vol. 42, no. 3, pp. 252-269, 2013.

V. Rajaraman, D. Nallaswamy, D. M. Ganapathy, and
S. Kachhara, “Osseointegration of hafnium when compared
to titanium-a structured review,” The Open Dentistry Journal,
vol. 15, no. 1, pp. 137-144, 2021.



Hindawi

Journal of Nanomaterials

Volume 2021, Article ID 9132714, 12 pages
https://doi.org/10.1155/2021/9132714

Hindawi

Review Article

Antimicrobial Properties of Silver Nitrate Nanoparticle and Its
Application in Endodontics and Dentistry: A Review of Literature

Lakshmi Thangavelu ,! Abdul Habeeb Adil,> Sohaib Arshad,’> Ezhilarasan Devaraj )
Sreekanth Kumar Mallineni ®,*° Rishitha Sajja,’ Anil Chakradhar ©,’
and Mohmed Isaqali Karobari®®°

'Department of Pharmacology, Saveetha Dental College and Hospital, Saveetha Institute of Medical and Technical Sciences,
Saveetha University, Chennai, India

2Department of Community Dentistry, School of Dental Sciences, Health Campus, Universiti Sains Malaysia, Kubang Kerian,
16150 Kota Bharu, Kelantan, Malaysia

3Periodontics Unit, School of Dental Sciences, Health Campus, Universiti Sains Malaysia, Kubang Kerian, 16150 Kota Bharu,
Kelantan, Malaysia

*Department of Preventive Dental Science, College of Dentistry, Majmaah University, Al-Majmaah, Saudi Arabia

*Department of Pediatric Dentistry, Saveetha Dental College and Hospital, Saveetha Institute of Medical and Technical Sciences,
Saveetha University, Chennai, India

®Department of Research and Development, Bristol Myers Squibb, New Jersey, USA

"Department of Conservative Dentistry, Kathmandu University, Dhulikhel, Kavre, Nepal

SConservative Dentistry Unit, School of Dental Sciences, Universiti Sains Malaysia, Health Campus, Kubang Kerian,

Kota Bharu 16150, Kelantan, Malaysia

°Department of Conservative Dentistry & Endodontics, Saveetha Dental College & Hospitals, Saveetha Institute of Medical and
Technical Sciences University, Chennai, 600077 Tamil Nadu, India

Correspondence should be addressed to Anil Chakradhar; anil254413@gmail.com
and Mohmed Isaqali Karobari; dr.isaq@gmail.com

Received 18 August 2021; Accepted 17 September 2021; Published 9 November 2021
Academic Editor: Jianbo Yin

Copyright © 2021 Lakshmi Thangavelu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. The silver nanoparticles (Ag NPs) are the most acceptable and excellent nanotechnology-based product among all
metallic nanoparticles (noble metals). They are novel in terms of good conductivity, catalytic, chemical stability, and most
significant anti-inflammatory and antiviral activities. Aim. This review is aimed at understanding the synthesis, mechanism, and
applications of Ag NPs in dentistry and their qualities to aid clinicians and researchers. Materials and Methods. A electronic search
for literature was performed on the Google Scholar, PubMed, EMBASE, and Web of Science databases for related articles using
multiple keywords. The keywords used were antimicrobial properties, mechanism of action, and current uses of Ag NPs in
dentistry. The search was limited to articles published in the English language; no deadline was set for publications. Results. About
185 articles were considered relevant to the reported research out of 6420 electronic search results. Only the publications that were
required were received after all abstracts were assessed for relevance. After a final electronic and manual search, roughly 47
research publications were found to be helpful in this study. Conclusion. The Ag NPs, unlike other biomaterials used in dentistry,
have unique biological features and could be used in endodontics, restorative dentistry, periodontology, prosthetic dentistry,
implantology, and oral malignancies, because of their antimicrobial, antifungal, and antiviral effects.
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1. Introduction

It is important to investigate and assess antimicrobial sub-
stances with minimum toxicity to periapical tissues [1].
After careful shaping and cleaning of roots, the hermetic
sealing of the root canal system is critical in endodontics.
Through mechanical and chemical debridement, root canal
therapy is aimed at eradicating microbes from the root canal
system completely. Chemical debridement is linked with
high success rates in bacterial elimination from the root
canal system, whereas mechanical cleaning can minimize
microorganisms in the root canal [2]. However, because it
is impossible to eradicate all microorganisms from the root
canal system throughout the treatment, endodontic mate-
rials must contain specific components that release antibac-
terial substances [3]. The most likely cause for this is the
complex anatomy of the root canal system, which allows
bacteria to colonize in inaccessible places to antimicrobial
agents [4]. Despite cleaning, shaping, and administration
of highly effective antimicrobial agents, clinical trials have
shown that bacteria remain within the root canal system
because bacteria can form biofilms, infiltrate dentinal
tubules, and cause monoinfection [5, 6].

The prefix “nano” has been increasingly applied to vari-
ous domains of knowledge throughout the previous decade.
Nanotechnology is the science of the very small. It involves
the use and manipulation of materials on a very small scale.
The molecules and atoms behave differently at this dimen-
sion, allowing for several unexpected and fascinating appli-
cations [7]. The Ag NPs are highly acceptable and
excellent nanotechnology-founded products among all
metallic nanoparticles (noble metals). They are novel in
terms of good conductivity, catalytic, chemical stability,
and most significant anti-inflammatory and antiviral activi-
ties [8]. The Ag NPs and silver-incorporated compounds
are proven very poisonous to microbes, with substantial bio-
cidal properties upon as many as 16 bacteria species, com-
prising bacteria, fungi, and viruses [9]. The discharge of
silver ions, which increases absorbency and causes injury
to the bacterial DNA and cytoplasm, is responsible for the
antibacterial activity. By interfering with the bacterial metab-
olism, the development of complexes between silver nano-
particles and proteins may result in bacterial mortality.
The bacteriostatic effect may come from particle interaction
with bacterial DNA, inhibiting cell multiplication [10]. Ag
NPs with a 1-10 nm particle size bind to the cell surface with
bacterial breakdowns, such as absorbency and oxygenation
[11]. Nanoparticles are characterized as either naturally
occurring or synthesized based on their composition. In
nature, they are classified as organic or inorganic. They are
categorized as particles, spheres, tubes, rods, plates, and so
on based on their shape, as shown in Figure 1.

Although the antibacterial process of Ag NPs is yet
unknown, several characteristics of their antimicrobial activ-
ity have been identified. Silver ions have the aptitude for
interacting with the cell structures of many bacteria [12].
These silver ions appear to attach to the cytoplasmic mem-
brane and cell wall primarily by electrostatic affinity and
attractiveness for sulphur proteins, therefore increasing the

Journal of Nanomaterials

absorbency of membrane and preceding the distraction of
these structures. DNA, proteins, and lipids are among the
bacterial components that Ag NPs can destroy. Silver nano-
particles also cause bacterial cell death by inducing an oxida-
tive stress response. Bacteria in the mouth prefer to form
biofilms, which provide excellent conditions for develop-
ment, immune elusion, and antibiotic confrontation. The
efficacy of nanoparticles in biofilm has an inverse connection
with their size; nanoparticles larger than 50 nm cannot enter
the biofilm because of their relative self-dispersal coeffi-
cients, which drop exponentially with the square of the
nanoparticle diameter [13]. Furthermore, charged NPs do
not readily disperse across the biofilm, owing to carboxyl
groups and phosphoryl on the bacteria’s surface, which pro-
vides the cell surface an electronegative character [14].

Since their debut, the use of nanoparticles in many disci-
plines of dentistry has increased dramatically because of the
abovestated characteristics, mode of action, and advantages
above other traditional materials. Nanotechnology has pro-
gressed, and the antibacterial capabilities of nanostructured
silver-based formulations have been proven against fungi,
bacteria, and viruses [15-18]. The Ag NPs were shown to
have efficient antimicrobial constituents in adhesives [19],
prosthetics materials [20], and in implants to enhance the
arrest of caries, induce osteogenic induction, and inhibit bio-
film development [21]. Nanomaterials have proven efficacy
in biofilm development, enhancing tooth structure reminer-
alization by preventing the removal of minerals and combat-
ing endodontic microorganisms. In endodontics, these NPs
can be included in an intracanal medicament, obturating
substance, irrigating solutions, and sealer [22]. As a result,
it is realistic to expect Ag NPs to perform a significant role
soon, especially in dentistry. With each passing year, the
impact of nanoparticles in dentistry, for the treatment of
various oral disorders grows exponentially.

Nanoparticles have been used in the development of new
irrigation materials because of the drawbacks of conven-
tional irrigants. The chitosan NPs were shown to have
improved antibiofilm effectiveness and inhibit bacterial
endotoxins [23]. Afkhami et al. compared 2.5% sodium
hypochlorite with the irrigation qualities of 100 ppm Ag
NPs in previous research and found that Ag NPs had more
significant antibacterial activity. Furthermore, when related
to sodium hypochlorite, polyvinyl-coated Ag NPs were
shown to have lower cytotoxicity [24, 25]. Due to their size,
which lets infiltration into the canaliculus of the tooth, Ag
NPs are viable for disinfection methods [26]. Therefore,
these NPs-incorporated materials have immense ability to
be employed as an intracanal medication and/or irrigating
solution during endodontic treatment. Antimicrobial action
was also observed against Streptococcus mutans, E. coli, E.
faecalis, Actinomyces, and Candida albicans when mineral
trioxide aggregate (MTA) and calcium-based cement were
combined with Ag NP. Silver particles can help endodontic
sealers to have better antibacterial qualities by reducing the
adhesion of microorganism to the tooth surface [27, 28].

In the last three years, several significant studies on the
uses of nanomaterials in dentistry were published, each with
a distinct focus. However, the features of Ag NP
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FiGure 1: Classification of nanoparticles.

nanobiotechnological uses and its production were only exam-
ined broadly, not concerning dentistry. As a result, this article
is aimed at presenting a literature review on the potential ther-
apeutic application and antimicrobial properties of silver
nanoparticles in dentistry, particularly in endodontics.

2. Materials and Methods

The relevant MESH terms like antimicrobial, endodontics,
silver nanoparticles, and root canal were used to perform
an electronic search for literature on the Google Scholar,
PubMed, EMBASE, and Web of Science databases. The elec-
tronic literature search was conducted on July 5, 2021. The
keywords used were antimicrobial properties, mechanism of
action, and current applications of silver nanoparticles in
dentistry. The search was limited to articles that were pub-
lished in the English language. There were no deadlines set
for publication. In adjunct, supplementary documents on
the concerns that had been neglected were identified by
scanning the reference lists of each paper presenting data.
The data extracted depends on the antibacterial proper-
ties of Ag NPs. The current review focuses on silver NPs
employed as antimicrobials in root canal infections and their
uses in different fields of dentistry. The following inclusion
criteria were used to refine further the search: root canal
infections, general antibacterial mechanisms of Ag NPs, the

uses of Ag NPs in dentistry, and the antimicrobial effect of
Ag NPs in endodontics.

3. Results and Discussion

Two researchers (A.H.A. and M.LK.) performed the search and
extraction of required data from the papers included in the
current analysis after reading the entire texts. About 185 arti-
cles were thought relevant to the reported investigations out
of 6420 electronic search results. Only the publications that
were required were received after all abstracts were assessed
for relevance. After a final electronic and manual search,
roughly 47 research publications were helpful in this study.

3.1. Synthesis of Ag NPs. The synthesis of Ag NPs is of enor-
mous concern to investigators because of their wide range of
uses. The Ag NPs were first produced by reducing Ag NO,
(silver nitrate) 0.500 mol/L with maltose 1.000 mol/L and then
stabilizing them with 1.0 g gelatin [29]. Physical, chemical, and
biological approaches are used to make Ag NPs [30]. There are
two types of methods to produce Ag NPs: (1) bottom-up
method and (2) top-down method as shown in Figure 2. In
the bottom-up method, the production of Ag NPs is done by
self-gathering of atoms to fresh nuclei that evolves into a
particle, which can be formed by biological and chemical pro-
cesses [31]. For the synthesis of NPs, the ‘bottom-up’ method
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FIGURE 2: Schematic diagram for the bottom-up and top-down approach.

is preferable. It contains a uniform system in which catalysts
(enzymes and reducing agents) generate nanomaterials tracked
by reaction media, catalytic character, and conditions (such as
temperature, solvents, and stabilizers). The chemical reduction
approach, for example, is the most widely utilized synthetic
route for Ag NPs [7]. In the top-down method, specified abla-
tions, such as thermal decomposition, lithography, mechanical
milling, thermal/laser ablation, sputtering, and etching, are
used to break down a suitable bulk substance into nanoparticles
[31, 32]. The Ag NPs are generally created in the top-down
technique by evaporation/condensation in a tube heater at air
compression. The foundation item, held centrally at the fur-
nace within a boat, is boiled away into a carrier gas during this
operation. The manufacturing of Ag NPs in a tube furnace has
various drawbacks, including the fact that it takes up many
places and consumes much power while increasing the ambi-
ent heat near the source substance, as well as the fact that it
takes several minutes to achieve thermal stability [33, 34].
The synthesis of Ag NPs is explained in Table 1.

The use of plant extracts for Ag NP synthesis has piqued
attention because of its environmental friendliness, speed,
nonpathogenic, and cost-effectiveness. The application of
biomolecules such as alkaloids, proteins, amino acids,
enzymes, saponins, carbohydrates, tannins, vitamins, pheno-
lics, enzymes, and terpenoids in the production of Ag NPs
has earlier been founded in medicinal plants extracts. It is
environmentally friendly, but it includes chemically complex
structural elements [35-39].

3.2. Antimicrobial Properties of Ag NPs. The Ag NPs were
reported to have a broad antibiotic action on Gram-positive
and Gram-negative microorganisms and drug-resistant path-
ogens. The release of silver ions mainly causes the Ag NPs’
antibacterial effect. When the fine Ag NPs (<10nm particle
size) are used for antibacterial action, the release of silver is
superior to when bigger Ag NPs are employed [40]. The silver
ions attach to electron donor assemblies in organic compo-
nents comprising nitrogen, causing holes in the bacterial
membrane, the release of cell contents, and bacterial death
[10]. Presently, the silver-based compounds are known to be
hazardous to microorganisms. As a result, numerous medici-

nal systems that discharge silver ions to achieve antibacterial
activity have been developed. Boosting the relative contact
area by reducing the size of silver particles, i.e., NPs, is an effi-
cient technique of increasing their efficacy [41, 42].

The peptidoglycan bacterial cell wall is destroyed, and the
cell membrane is lysed by silver ions. They adhere to DNA
bases, causing DNA condensation. As a result, the bacterial cell
loses its capacity to divide, stopping the binary fission of bacte-
rial growth. They also solubilize ribosomes, preventing protein
synthesis and causing plasma membrane breakdown [30]. The
Ag NPs have germicidal properties against Gram-negative bac-
teria, causing depths to form in their cell walls [43]. Silver inter-
acts with protein DNA of sulthydryl groups, changing hydrogen
bonding, cell growth, respiratory activities, DNA undoing, and
cell wall formation [44]. Another way is that when silver NPs
come into contact with bacteria, they produce free radicals,
which break the cell membrane and render it porous, finally
preceding cell mortality [45]. The process of antimicrobial
action of Ag NPs is shown in Figure 3 and Table 2.

3.3. Ag NP Uses in Restorative Dentistry. Restoration failure
is thought to be caused by restorative materials and mouth
microorganisms in dentistry. Antibacterial agents should
be used to achieve long-lasting restorations. The nanocom-
posites and inorganic nanoparticles are applied as effective
antimicrobial agents [46]. Secondary caries is the significant
cause of dental restorative failure. Several efforts have been
undertaken to extend the lifespan of dental restorations by
integrating antimicrobial bioactive substances. The gradual
discharge of several depleted molecular weight antibacterial
agents such as zinc ions, silver ions, chlorhexidine, antibi-
otics, and iodine was studied [47]. Evidence suggests that
microleakage on restoration edges allows oral bacteria to
colonize, leading to secondary decay. This results in the fail-
ure of restoration and the requirement for replacement or
restoration. Antimicrobial agents, such as Ag NPs, can solve
the problem by including them into adhesive systems and
composite resins [40]. The antibacterial activities of restor-
ative materials containing Ag NPs can minimize the inci-
dence of recurrent decay beneath composite resins due to
microleakage. Because of the high preventive action of
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TaBLE 1: Demonstration of the different approaches in Ag NP synthesis.
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FiGURE 3: The process of antimicrobial activity of Ag NPs.

TaBLE 2: The antimicrobial action of Ag NPs.

Antibacterial action

Antiviral action

Antifungal action

(i) Effective against Gram-positive and
Gram-negative bacteria

(ii) Minimum inhibitory concentration (MIC)
of Ag NPs is in approximately 0.003 mg/mL
for Fusobacterium nucleatum

(iii) 0.04 mg/mL for Streptococcus mutans and
0.5 mg/mL for Actinomyces oris

(iv) Concentration of 50-60 ugcm™ of Ag NPs
causes 100% prevention of bacterial growth
Escherichia coli

(v) Ag NPs in the range of 1-10 nm with direct
contact with cell membrane surface change the
permeability and causes cell damage

(i) Effective against Candida
albicans, Fusarium oxysporum

(ii) Attach with the superficial
proteins of viruses inhibiting their
binding and replication

(i) Effective against arenavirus, HIV, murine
norovirus, hepatitis B virus

(ii) Ag NP action against Candida albicans
could be destruction of cell membrane
preventing the growth of cell

(iii) Concentration of 1 yg/mL of Ag NPs
included in resins have shown strong antifungal
action without any cytotoxicity
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TaBLE 3: Description of the incorporation of Ag NPs into different restorative materials used in dentistry.

Type of restorative

. References
material

Characteristics

(i) As filler particles, Ag NPs have been integrated into composite resins and adhesive systems

(ii) To boost Ag salt solubility in resin solutions, the most frequent way is to add a monomer, commonly
2-(tertbutylamino) ethyl methacrylate

(iii) Improves the antimicrobial properties of composite material

(iv) The mechanical properties of many adhesive systems utilized with such composites are likewise
influenced by Ag+

Composites [30, 41]

(i) The antibacterial action of the newly designed nano-Ag-GIC was demonstrated by diffusion

(ii) The oxidative breakdown of silver ions from the cement matrix is effective in avoiding caries and the
development of biofilms on their exterior

(iii) Ag NPs in GIC give a fast boost of silver and fluoride ions to be exchanged with carious dentin,
demonstrating to be a useful material in the treatment of cavities in patients at high risk

Glass ionomer [30, 41]

TaBLE 4: Description of different materials with Ag NPs used in endodontics.

Type of material used in

) References
endodontics

Characteristics

(i) An Ag NP-based solution for irrigation proved equally effective as sodium hypochlorite in the

removal of Staphylococcus aureus and Enterococcus faecalis

(ii) In comparison to sodium hypochlorite, a low concentration of Ag NPs demonstrated higher  [48, 70,
biocompatibility 71]
(iii) In comparison to sodium hypochlorite and chlorhexidine solutions, silver-based root canal

irrigant successfully continued their antibacterial activity

Root canal irrigant

(i) Calcium hydroxide in comparison to the 0.01 percent Ag NP gel and calcium hydroxide
groups, biofilms treated with 0.02 percent Ag NP gel as a medicament for 7 days considerably
eliminated the formation with the least amount of residual functional E. faecalis cells

(ii) Mineral trioxide when compared to unmodified MTA, the MTA containing 1% ag NPs have a
stronger antibacterial activity against bacteria and fungi. Mineral trioxide aggregate with Ag NPs is
biocompatible and does not cause inflammation

Intracanal medicament [72, 73]

(i) Gutta-percha coated with Ag NPs have antibacterial and antifungal characteristic which made
them as effective as in preventing bacterial leakage

(ii) Given the antibacterial properties of Ag NPs coated gutta-percha, it is possible that using this
form of gutta-percha in endodontic treatments might be more effective

(iil) Substantial antimicrobial effect against Staphylococcus aureus, Candida albicans, E faecalis,

Gutta-percha [74-76]

and E coli

Root canal sealer

(i) A new endodontic sealer with Ag NPs has potent antibiofilm abilities
(ii) Do not cooperate the sealing and physical assets of a sealer

(77]

bacteria causing caries, restorative adhesives containing Ag
NPs may interfere with biofilm growth [48]. Cheng et al.
[49] investigated the mechanical characteristics and biofilm
formation of Ag NPs inserted into composite resin in a study
published in 2013. According to this study, the mechanical
characteristics of composites were not affected when Ag
NPs were added at concentrations of 0.028 and 0.042. When
the Ag NP concentration was 0.042, however, Streptococcus
mutans colony-forming units were reduced by 75%. The
types of material used in restorative dentistry with incorpo-
ration Ag NPs were explained in Table 3.

3.4. Ag NPs Used in Endodontics. Antibiotic resistance and
recurrent infections, which can lead to treatment failure, are
critical issues in the field of endodontics [6]. For a successful
root canal therapy, complete inhibition and eradication of

microorganisms from the root canal system is critical. Subse-
quently, after rigorous root canal disinfection, instrumentation,
and obturation, microorganisms can still be found in the root
canal [50]. According to research on unsuccessful endodontic
therapy, apical periodontitis in root canal-treated teeth is
frequently composed of several types of microbial infections.
Many samples have been found to contain Enterococcus faeca-
lis [51, 52]. While E. faecalis infects the dentinal tubules and
cementum, it is resistant to most root canal disinfectants and
can persist for extended periods inside the dentinal tubules,
even in diminished nutrient environments [53]. When com-
pared to 2% chlorhexidine, Ag NPs had the maximum zone
of inhibition (19.55mm) and the lowest zone of inhibition
(10.32mm) against E. Faecalis, indicating that it might be
employed as an alternate antibacterial for endodontic disinfec-
tion [54]. The discharge of Ag+ ions, which provide an
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TaBLE 5: Demonstration of material combinations with Ag NPs used in dentistry.

Department of
dentistry

Biomaterials

References

Prosthodontics

(i) Acrylic resin—the Ag NPs can be mixed into acrylic resin to stop the development of
microorganisms like Streptococcus aureus, E. coli, and Staphylococcus mutans

(ii) Porcelain—the latent compressive stress induced by a differential thermal expansion and ion
exchange reaction of silver nanoparticles in porcelain is responsible for its reinforced mechanical
qualities, including as hardness and fracture toughness

[78, 79]

Periodontics

(i) Guided tissue regeneration (GTR)—the GTR membrane with Ag NPs decreased the bacterial
adhesion and permeation, treating intrabony defects and increase clinical outcomes

(ii) Periodontal dressings—periodontal dressings A (25 percent v/v) and B (50 percent v/v) of Ag NP
concentration were utilized to determine the optimal Ag NP dosages for postsurgery healing of
periodontal wounds

(iii) Capping agent—sodium alginate capped Ag NPs encourage the suppression of Gram-negative
bacteria, which are the most common cause of periodontal diseases

(40, 48]

Orthodontics

(i) Adhesives—when compared to conventional adhesives, Ag NPs significantly reduced adhesion of
streptococci to orthodontic adhesives while maintaining shear bond strength

(ii) Cements—cements with Ag NPs could be used to avoid white spot lesions in orthodontic
treatments

[40]

Dental implants

(i) Modification of implant surfaces with Ag NPs utilizing numerous doping approaches is presently a
hot topic, related to the safety and effective bactericidal capabilities of Ag NPs

(ii) Dental implants made of titanium infused with Ag NPs can improve bone mineral thickness, bone
growth, and trabecular shape while causing no damage to the tissues surrounding the implants

(80]

(i) Cements—the antibacterial activity is mediated by the discharge of Ag ions, who induces oxidative
breakdown in the cement substance, preventing the formation of oral biofilms and suppressing tooth

Pedodontics caries

(57]

(ii) Resins—Ag NPs was added into a resin matrix, which is employed in chitosan polymer-based
restorations of deciduous and permanent dentitions

(i) Silver ions can precipitate and penetrate in carious lesions, causing enamel hardness

Preventive dentistry
practice to remineralize incipient lesions

(ii) Dental surgeons employ varnish like silver nanofluoride and silver diamine fluoride in the clinical

(81]

(i) Anticancer effect—early detection of malignancies and the use of a drug delivery method to a

Oral and maxillofacial

surgery
effects

cancer-affected spot can be advantageous because it reduces the patient’s anxiety
(ii) The green route method for Ag NPs was discovered to have an immediate suppressive anticancer

[40]

electrodynamic affinity to sulphur proteins, causes adhesion to
bacterial cell membrane and rupture. Silver ions taken in the
cell can cause malfunction of respiratory enzymes, causing
responsive oxygen groups to form and adenosine triphosphate
production to be disrupted. Direct denaturation of DNA and
ribosomes can also be caused by silver ions [55]. Since it suc-
cessfully dissolved E. faecalis biofilm and removed the bacteria
from infected dentinal tubules, the Ag NP solution is an effec-
tive root canal irrigant [30]. The different uses of Ag NPs used
in endodontics are explained in Table 4.

3.5. Ag NPs Used as Biomaterials in Dentistry. The application
of Ag in dentistry dates back to the 19th century and exhibits
various uses, owing to silver ions’ antibacterial properties. [56].
Meanwhile, the emergence of nanotechnology in the twenty-
first century gave rise to a new viewpoint on using silver in
dentistry in the type of Ag NPs, which exhibit antibacterial
properties owing to the slow discharge of silver ions [57].
The Ag NP research has risen in popularity in the modern
era. The primary factor is that Ag NPs may modify the growth
processes and nucleation with various synthetic chemicals.

Secondly, molecular covering agents like chemical groups
and proteins can be used to precisely form Ag NPs. Thirdly,
Ag NPs have a powerful antimicrobial impact that enhances
clinical treatment results [58]. The primary goal of incorporat-
ing Ag NPs into dental products is to prevent or reduce the
development of biofilms and the proliferation of microbes
[59]. Therefore, the discovery of broad-spectrum antimicro-
bials that can be successfully included in dental biomaterials
is critical. As a result, uniform silver nanoparticles with regu-
lated size, shape, and action can be considered multipurpose
parts in various dental biomaterials [48]. They have a superior
antibacterial effect without altering the material’s mechanical
qualities due to their higher volume to surface area ratio and
lesser particle dimension. The Ag NPs have unique features
that make them ideal fillers for various biomaterials, where
they play a critical role in improving qualities [40]. The uses
of Ag NPs in different biomaterials are explained in Table 5.

3.6. Toxicity of Silver Nanoparticles. The biosafety and biocom-
patibility aspect of using Ag NPs in managing the individual
illness, healing intervention, and directed medicine distribution



is the most significant and critical challenge. The growing pop-
ularity of Ag NP-based antimicrobials raises concerns about
the clinical risks and biosafety they pose to humans [31].
The Ag NPs have a constant set of flexible features that make
them suitable for various biomedical and associated applica-
tions. The Ag NPs were subjected to several in vivo and
in vitro investigations over the years in order to learn more
about their harmful effects on live tissues and organisms.
Because of their antibacterial properties, Ag NPs remain the
most extensively used nanocompound on the market. As the
use of Ag NP products grows, so does the risk of negative
effects on the environment and human health. The Ag NPs
have distinct physiochemical qualities (surface area, size,
capacity to aggregate, chemical composition of surface chem-
istry, and solubility) and biological activities than pure silver.
These physiochemical traits result in a greater surface area,
which increases toxicity [60]. Recent research has linked Ag
NPs of various sizes and shapes to inflammatory, pulmonary
inflammation, hepatotoxic, cytotoxic, neurotoxic, and geno-
toxic effects [61]. The dose limit for the usage of Ag NP in
dentistry is considered to be less than 18 mg/kg of body
weight, whereas greater than 20 mg/kg body weight is toxic
[62]. The toxic effects of Ag NPs were shown to be precisely
connected to the interaction of free Ag ions discharged in
the medium [58]. Orally administered silver has been found
in the range of 0.4-18mg particles/kg of body weight/day
and 18 percent in animals and humans, respectively. Silver
appears to be distributed throughout all the organs examined,
with the highest concentrations seen in the intestine and stom-
ach. Silver causes argyria, a blue-grey staining of the skin [63].
The Ag NPs can easily disrupt human organ’s biological mol-
ecules and cells due to their nanosize. According to some lab-
oratory research, Ag NPs can cause oxidative emphasis in
human cells and disrupt the function of mitochondria [64].
When silver and Ag NPs were given orally, the nanoparticles
were shown to be less absorbed, with increased fecal excretion
and lower amounts in organs [65]. Nanoparticles have a more
complicated absorption mechanism than smaller molecules.
Orally administered nanoparticles are absorbed primarily by
macrophages and lymphatic uptake, while subcutaneous,
intramuscular, and inhaled nanoparticles are absorbed pri-
marily through paracellular transport, transcytosis, and M cell
uptake in the GI tract [66]. Ag NPs were shown to pass the
blood-brain barrier in rats, causing neural necrosis and deteri-
oration due to long-term buildup in the brain [67]. Following
a 28-day repeated oral exposure to 14 nm PVP-coated Ag NPs
or silver acetate in rats, researchers found low silver excretion
in urine (0.1% of 24 h intake for both groups) but high excre-
tion of silver in feces (63 and 49% of daily dose for Ag NPs and
silver acetate groups, respectively, and high excretion of silver
in feces (63 and 49% of daily dose for Ag NPs and silver acetate
[66]. The biological half-life of silver in humans (liver) ranges
from several to 50 days [68]. The toxic effects of Ag NPs on the
human body are explained in Figure 4.

3.7. Future Implications and Recommendations. Because lab-
oratory conditions do not wholly replicate oral situations,
one of the most crucial experiments to conduct is applying
bench data to in vivo research. Another element to be exam-
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Affected system or organ Pathologic changes

(i) Brain (i) Alzheimer’s disease
Eyes (ii) Asthma, bronchitis,

(ii) Lungs (iii) Pneumonia, pulmonary
Hepatobiliary system (iv) Necrosis

(iii) Kidneys (v) Acute tubular necrosis

(iv) Genital organs (vi) Malformations, infertility

(v) Skin (vii) Agyria

(vi) Lymphatic system (viii) Leukocytosis

FIGURE 4: The toxic effects of Ag NPs.

ined is the long-standing efficiency of Ag NPs related to den-
tal materials, as they should have a long-lasting antibacterial
activity [59]. However, there has been a global rise in publica-
tions and technical progress on Ag NP in the health field, indi-
cating a rise in investigations on this expertise, which has
presently demonstrated the antimicrobial property of Ag NPs
in nanocomposites or when combined with biomaterials. For
restorative, prosthetic, periodontal, endodontic, orthodontic,
and implant treatment, a rising variety of dental materials,
including Ag NPs, are being manufactured and are shown in
Figure 5. Human cells were found to be cytotoxic by silver
nanoparticles in several laboratory investigations. However,
the statistical significance of silver nanoparticles’ possible toxic-
ity is uncertain. Because clinical data is currently minimal,
more research is needed [48]. When used at concentrations
low in cytotoxicity to the patient’s cells, the Ag NPs appear as
antimicrobial means for preventing pathogens, inflammation
of tissue, caries’ activity, and bone loss [57]. Since Ag NPs are
frequently related to dental biomaterials, the breadth of techno-
logical areas is still more apparent, such as the discovery of the
Ag-PMMA nanocomposite film established on Aristo lochia
bracteolate with preventive action on E. coli, growth of Bacillus
cereus and E Coli in aqueous liquids [69]. There are numerous
viable products and therapeutic applications like wound cover-
ings, which have already been established for Ag NPs, while
many other potential applications are being thoroughly
researched. Because of the anti-inflammatory, antiviral, anti-
bacterial, and antifungal capabilities, the Ag NPs have much
potential, and recent research has discovered new osteoinduc-
tive assets as well. Though, the processes and biological rela-
tions that underpin these characteristics are still unknown
[67]. Another innovation is putting Ag NPs on the surface of
a tooth implant to provide it antibacterial qualities. This is an
example of surfacing and coated technology as well as the phar-
maceutical technological arena. Some patents also cover pre-
ventative dentistry, such as antibacterial, antifungal, and local
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anesthetic oral and throat care medicines that can be adminis-
tered daily. They also have organoleptic qualities essential for
dental treatments such as gum strengthening and gingival
bleeding reduction [57]. Clinical trials are required before Ag
NPs or Ag NP-based formulations can treat human therapeu-
tic interventions or disease management. There are, neverthe-
less, some significant impediments. In this regard, we believe
that further research should occur in three steps before Ag
NPs can be used in therapeutic interferences, clinical trials,
or drug release therapies. However, there are issues and
controversies about the safe application of Ag NPs in the treat-
ment of diseases and healthcare, and there are some benefits to
using them. According to research so far, the Ag NPs can be
modified to boost their antibacterial stability, usefulness, bio-
safety, specificity, and biocompatibility for larger therapeutic
assistance and condensed possible toxicity.

4. Conclusion

The Ag NPs, unlike other biomaterials used in dentistry, have
unique biological features and could be used in endodontics,
restorative dentistry, periodontology, prosthetic dentistry,
implantology, and oral malignancies, because of their antiviral,
antibacterial, and antifungal properties. The Ag NPs are
among the most outstanding nanomaterials used in industrial
and commercial applications. Antimicrobial, technological,
and biomedical products have all made substantial use of it.
This narrative review provides a broad summary of Ag NPs,
including synthesis, antimicrobial properties, use in restorative
dentistry, use in endodontics, Ag NPs in dental biomaterials,
and potential toxicity concerns.
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Background. The direct or indirect effect of chemicals on the nervous system of humans or animals is referred to as neurotoxicity.
Trimethyltin chloride (TMT) intoxication causes behavioral and cognitive deficiencies in humans and experimental animals. TMT
has long been used as a model toxicant in the study of central nervous system (CNS) toxicity. Momordica charantia, which is used
in traditional herbal medicine, has a variety of pharmacological functions. Mesoporous silica nanoparticles have a higher loading
capacity, are less dense, and have a larger specific area. Objectives. To investigate a possible nanotherapy for Alzheimer’s disease
caused by trimethyltin chloride in freshwater zebrafish. Methods. An aqueous extract of M.charantia was used to perform the
primary and secondary screening. The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay was used to determine
the antioxidant capacity of crude aqueous extracts of M. charantia. Mesoporous silica nanoparticles are made using a CTAB
surfactant chemical process and tetraethyl orthosilicate. UV-Vis spectroscopy, Fourier transform infrared spectroscopy,
scanning electron microscope, and EDAX were used to characterize it. Danio rerio was used to test the trimethyltin chloride
for Alzheimer’s disease. The M. charantia and mesoporous silica nanoparticles were then tested in the same method. Resultfs.
The extract has no adverse effects on zebrafish, indicating that M. charantia is safe for human consumption. The
histopathological findings indicate that the tissues of the fish infected with the extract had no pathological modifications.
Conclusion. The M. charantia showed higher antioxidant activity and anticholinesterase activity, and upon further
characterization and assessment, this could be a safe and potential drug candidate for Neurotoxicity.
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1. Introduction

Trimethyltin chloride (TMT) has been found in drinking water
sources, household water systems, marine environments, and
aquatic specimens [1]. Between 1978 and 2008, TMT poisoned
1849 people in 67 deaths around the world. The most frequent
acute TMT exposures tend to be environmental, occurring dur-
ing plastic manufacturing or other industrial processes involv-
ing plastic heating. Ingestion of organotin-contaminated food
or water in places where plastics manufacture is prevalent is also
expected to become a growing concern [2]. TMT intoxication
causes severe behavioral and neurological problems in humans
and laboratory animals. A limbic-cerebellar syndrome is the
most common neurotoxic presentation in human cases, with
symptoms such as memory loss, confusion, epilepsy, tinnitus,
insomnia, and depression [3]. TMT has long been used as a
model toxicant in the study of CNS toxicity. Experiments in
the marine fish Sebastiscus marmoratus have led to suggestions
that the glutamatergic receptor NMDAR and its signaling path-
way components are essential for TMT neurotoxicity [4]. Neu-
rotoxicity is a dynamic condition that is difficult to be
successfully treated with a single treatment or other interven-
tion. Current strategies are aimed at assisting patients in main-
taining brain function, managing behavioral effects, and
slowing the progression of disease symptoms. Cholinesterase
inhibitors are not widely used in allopathic medicine, and exist-
ing therapies may not result in enough acetylcholine activity to
assist with neurotoxicity control. The study of natural com-
pounds with antioxidative and antiaging properties that may
also be beneficial for neurodegenerative diseases has evolved
into the area of phytochemicals. Donepezil is a cholinesterase
agent that inhibits the degradation of acetylcholine in the brain.
It is used to relieve effects in mild, moderate, and extreme cases.
Various plants have been used as medicine all over the world
since ancient times. For thousands of years, Momordica charan-
tia (Momordica species) has been popular as a medicine and a
vegetable. M. charania is a Cucurbitaceae plant that is widely
known as bitter gourd, balsam pear, or bitter melon. The fruit
of M. charantia is a thin cucumber-like spindle with pimples
on the surface; the young fruit is emerald green and becomes
orange when ripe, while the flesh becomes scarlet from white
when it matures. The fruit can be eaten at any point of its
growth, and it is widely consumed as a vegetable in various
regions of the globe [5]. The whole plant, especially the seeds
and fruit, has considerable pharmacological effects, for example,
it has been used in the treatment of diabetes since ancient times
and continues to play an important role in diabetes prevention
and treatment in many developing countries. This plant is used
in conventional herbal medicine and has several pharmacolog-
ical properties, including antidiabetic, abortifacient, anthelmin-
tic, contraceptive, antimalarial, and laxative properties.
Dysmenorrhea, eczema, gout, jaundice, leprosy, piles, measles,
psoriasis, rheumatism, and scabies are all treated by it [5]. The
future applications of mesoporous silica nanoparticles (MSNs)
have piqued the interest of many scientists over the last decade.
Because of their higher loading volume, lower density, and the
larger specific area, hollow mesoporous silica nanoparticles
(HMSNSs) with a deep central hole and an external mesoporous
silica shell provide additional benefits.
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TaBLE 1: Phytochemical analysis of M. charantia.

S. No. Phytochemical tests Results
1 Test for steroid Present
2 Test for alkane Present
3 Test for flavonoids Present
4 Test for saponins Present
5 Test for terpenoids Present
6 Test for phenols Absent
7 Test for cocumarins Present
8 Test for emodols Absent
9 Test for phlobatannis Absent
10 Test for phlobatannis Present
11 Test for phlobatannis Absent
12 Test for phytosterol Present
13 Test for reducing compound Present
14 Test for cardiac glycosides Absent

Mesoporous silica nanoparticles due to their low toxicity
and high drug loading capacity so are used in controlled and
target drug delivery systems. Silica is widely present in the
environment in comparison to other metal oxides like tita-
nium and iron oxides, and it has comparatively better bio-
compatibility [6]. The mesoporous form of silica has
unique properties, particularly in the loading of therapeutic
agents at high quantities, and in the subsequent releases.
Due to the strong Si-O bond, silica-based mesoporous nano-
particles are more stable to external responses such as degra-
dation and mechanical stress as compared to niosomes,
liposomes, and dendrimers which inhibit the need for any
external stabilization in the synthesis of MSNs [4, 7]. The
mesoporous structure such as pore size and porosity can
be tuned to the size and type of drugs.

Furthermore, MSN is very effective in a variety of applica-
tions, including enzyme encapsulation, drug transport and
delivery, reactive material packaging, and light emitting. How-
ever, they have received little attention as corrosion inhibitor
nanocarriers, with just a few studies conducted on them [8].
The zebrafish (Danio rerio) belongs to the minnow family of
freshwater fish. Cypriniformes (Cyprinidae) is a family of fish
in the class Cypriniformes. The zebrafish (Danio rerio) is an
important model organism for vertebrate evolution, genetics,
and human biology and disease, as well as a common tropical
fish pet. Danio rerio has many characteristics, including large
family size, external growth, and low maintenance and produc-
tion expense [9].

This research is aimed at investigating a possible
nanotherapy for neurotoxicity induced by trimethyltin chlo-
ride in freshwater Danio rerio (zebrafish).

2. Materials and Methods

2.1. Chemicals. Tetraethyl orthosilicate (100ml) was pur-
chased from the Sigma Industry, and trimethyltinchloride
was purchased in TCI Chemicals 1g (India) Pvt. Ltd.
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FIGURE 2: Fourier transform-infrared (FT-IR) spectrum of M. charantia extract.
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FiGure 3: UV-visible spectrophotometer analysis of mesoporous
silica nanoparticle.

2.2. Collection and Authentication of the Sample (Momordica
charantia). M. charantia fruit samples were collected from
a local farming field at Ayyarmalai village near Karur,
Tamil Nadu. The M. charantia was air-dried and pulver-
ized, sieved to get a coarse powder, and stored in airproof
containers until their experimental use. The collected fruit
was authenticated from the department of Botany, St.Jo-
seph’s College, Trichy, with a voucher specimen submitted
and got the reference number of K.B.001.

2.3. Extraction of M. charantia (Cold Extraction). M. charan-
tia powder was mixed with a suitable amount of ethanol
(95%), extracted in an orbital shaker for 72h, and then fil-
tered through muslin cloth and dry extraction by using a
vacuum.

2.4. Preliminary Screening of Phytochemical Analysis. The
ethanol extract was assessed for the existence of the phyto-
chemical analysis by wusing the following standard
method [9].

2.5. High-Performance Thin Layer (HPTLC) Identification.
The solution was packed with 95% ethanol. The stationary
phase was a silica gel-coated sheet, and the mobile phase
was ethyl acetate: methanol: distilled water 75:15:10 ratios.
The Rf was observed as a violet spot [6].

2.6. Fourier Transform-Infrared (FT-IR) Spectrum Analysis
of M. charantia Extract. FT-IR was used to record the infra-
red spectrum (Shimadzu). To make the pellet samples, the
M.charantia sample and KBr were mixed in a 1:10 ratio in
a KBr press. The spectra were recorded at wavenumbers
ranging from 4000 to 400 cm™ [7].

2.7. Synthesis of Mesoporous Silica Nanoparticle. To reach a
pH of 123, cetyltrimethylammonium bromide (0.5g),
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2.0M NaOH (1.75ml), and deionized water (120g) were
heated at 80°C for 30 minutes. 2.5ml of TEOS (tetraethyl
orthosilicate) is dissolved into this transparent solution
under intense stirring. Within three minutes of stirring at
550 rpm after the injection, white precipitation is noticeable.
For 2 hours, the reaction temperature is maintained at 80°C.
Hot filtration is used to isolate the product, which is then
washed with a large volume of water and methanol (5ml
every three times). At 60°C for 6 hours, an acid extraction
was carried out in methanol (100 mL) with a mixture of con-
centrated hydrochloric acid (1.0 mL) and as-made materials
(1.0g). The solid products that had been separated from the
surfactant were filtered, washed with water and methanol
and then dried under a vacuum.

3. Characterization of Nanoparticle

3.1. UV-Vis Spectroscopy. A 1.2mg sample was collected
after sample preparation and subjected to UV-Vis spectros-
copy. A miniature fiber optic spectrometer was used to
record UV-Vis spectra using versatile lamps optimized for
the visible-near infrared Vis-NIR (200-500 nm). The sam-
ples had been diluted 100 times before being measured.
Averaging 1000 single observations yielded the findings
described here [6].

3.2. Fourier Transform-Infrared Spectroscopy Analysis of
Mesoporous Silica Nanoparticle. After sample preparation
and Fourier transform infrared spectroscopy, a sample of
mesoporous silica nanoparticle 0.5mg was taken (FT-IR).
The vibrational stretch frequency of metal-oxygen bonds is
revealed by Fourier transform infrared spectroscopy. A con-
tinuum source of light is used to emit light over a wide range
of infrared wavelengths for Fourier transform infrared spec-
troscopy. Light commuting electrons are excited from their
ground state to an excited state as an atom or molecule
absorbs energy. The atoms in a molecule will vibrate and
rotate in response to one another. These vibrations and rota-
tions also have discrete energy levels, which can be consid-
ered as being packed on top of each electronic level. The
absorption of visible or UV radiation occurs to the excitation
of outer electrons [7].

3.3. Scanning Electron Microscopy with EDAX. Sample of
mesoporous silica nanoparticle 1 g was taken after prepara-
tion of sample and scanning electron microscope. The elec-
tron beam used to probe the sample is produced by the
electron gun in a scanning electron microscope. Electrons
are emitted from a cathode, accelerated by electrical fields,
and focused on the source’s first optical image. The size
and shape of the apparent source, beam acceleration, and
current are the primary determinants of a scanning electron
microscope’s performance and resolution. Spot welded to
metal posts is a bent tungsten wire filament with a diameter
of around 100 micrometers. These posts are embedded in a
ceramic holder and extend out the other side to provide elec-
trical connections. In operation, the filament will be heated
by passing an electrical current through it. The optimum fil-
ament temperature for the thermionic emission of electrons
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FIGURE 5: (a, b) Scanning electron microscopy analysis of mesoporous silica nanoparticle.

Line 24210313170206864D 1.05 pc

3.69K -
328K o
2.87 K A
246 K
2.05K A
1.64 K A
1.23K A
0.82K ~
0.41 K ~

Si

Si

Mg X
dltl o

0.00 K

0.0

0 Crts

T T T T T T
2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
0000 keV  Date element C28 lock map/line elements

F1GURE 6: EDS analysis of synthesized mesoporous silica nanoparticles.



Journal of Nanomaterials

F1GURE 8: (b) Group 2: brain treated damaged (day 1: trimethyltin
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FIGURE 10: (d) Group 4: brain treated [trimethyltin chloride + FDA
approved drug (donepezil)].

FIGURE 11: (e) Group 5: brain treated (trimethyltin chloride +
charantin).

is around 2700K. The accelerating voltage, generally,
between —500 volts and—50,000 volts DC, is applied to the
Wehnelt cylinder. Energy dispersive X-ray analysis (EDX),
referred to as EDS or EDAX, is an X-ray technique used to
identify the elemental composition of materials.

3.4. Trimethyltin Chloride. Two micromolar solutions of tri-
methyltin chloride are prepared by adding 0.0003g in
1000 ml water. 1h before the experiment, the zebrafish was
directly placed in the above trimethyltin chloride solution.

3.5. Donepezil. Donepezil 1.5mg was dissolved in 1 mL of
water. 2.5uL is pipetted out into an Eppendorf tube, and
25 uL water was added to it. This solution contains 3.75 ug
of donepezil in 25 uL water. From the above solution, 5uL
is sucked into a pipette and directly administered to zebra-
fish feed, where 5 yL contains 0.75 pug of donepezil.

3.6. Model Animals. Adult zebrafish (Danio rario) weighing
0.5-1.0g is procured from a local aquarium pet store. They
were left in housing tanks with water at a density of 5 ani-
mals per 3L at 14-10 h light and dark photoperiod with con-
tinuous aeration and pellet diet for about 10 days before the
commencement of the experiment.

3.7. Cell Viability Test. MTT assay can be used to determine
the extract’s cytotoxic activity. In a summary, 104 murine
macrophage cell line RAW 264.7 cells per well were seeded
in a 96-well microplate and treated for 72 hours with varying
concentrations of M. charantia extracts. 15 yl of MTT will be
added at the end of the treatment period and incubated at
37°C for 4 hours. The formazan products will be dissolved
in 150 ul of DMSO, and their absorbancxe will be measured
at 370nm [10]. The percent cell cytotoxicity will be calcu-
lated using the formula:

%Cytotoxicity = 100 — {O.D control - O.D test x 100/0.D control

(1)

3.8. Drug Loading on Mesoporous Silica Nanoparticle. Drug
loading on mesoporous silica nanoparticles dissolves
100mg of the momordica charanthin drug in ethanol
(Iml). Add 100mg of MSNP to the clear solution of the
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Ficure 12: (f) Group 6: brain treated [trimethyltin chloride +
(charantin + mesoporous silica nanoparticle)].

drug and the solvent. Stir the sample and MSNP mixture at
300 rpm for 24 hours [10].

3.9. In Vivo Method Group of Fish (Danio rario). This is a list
of groups in untreated fish (Danio rario).

Group 1—control.

This is a list of groups in treated fish (Danio rario).

Group 2—(day 1) trimethyltin chloride.

Group 3—(day 2) trimethyltin chloride.

Group 4—trimethyltin chloride + FDA approved drug
(donepezil).

Group 5—trimethyltin chloride + charantin.

Group 6—trimethyltin chloride + (charantin + mesopo-
rous silica nanoparticle).

Histological examinations were carried out in the way
described by [11], with a few modifications. Following fixa-
tion, the samples were dehydrated, embedded in paraffin
wax, sliced at 3-5um with a microtome, and stained with
hematoxylin and eosin. DPX mountant was used to make
the stained slides permanent for microscopic examinations
after staining. The slides were blinded to the observer, and
all serial sections were scored histopathologically. Previ-
ously, whole fish sections of untreated zebrafish were used
to determine zebrafish histology. The slides were examined
under a x40 microscope.

4. Neurochemical and Antioxidant Estimations

4.1. Acetylcholinesterase Activity Assay. The AChE was made
from the brain homogenate of 30 fishes, centrifuged, and the
supernatant was collected and used as an enzyme source for
the AChE assay. Differential concentrations (100-
500 mg/mL) of aqueous extracts of M. charantia were incu-
bated for 45 minutes at room temperature with 50 ul of
AChE makeup and 200ul of tris-HCL. 125ul of 3mM
DTNB was applied to the reagent mixtures, and the total
volume was increased to 650ul with tris-HCl buffer
(pH 8.0). To initiate enzyme activity, 1 mM ATCI was added
to 25 ul of the reaction mixture. A UV-visible spectropho-
tometer was used to detect the formation of 5-di-this-2-
nitrobenzoic acid anion, and the absorbance was measured
at 405 nm. The tests were performed in triplicate. The med-
ication donepezil was used as a standard [12].

4.2. DPPH (2, 2-Diphenyl-1-Picrylhydrazyl) Assay. To pre-
pare the stock solution, 1.97 g of DPPH was dissolved in
50 mL of methanol. Various concentrations of M.charantia
aqueous extract were analyzed using a dilution process.
100 mg-500 mg extracts were used in 10 mg in 1 mL water,
and their various concentrations were prepared. The mix-
ture was shaken and sets it aside for 30 minutes at room
temperature. Then, at 517nm, the absorbance was mea-
sured. All of the tests were performed in triplicates with
ascorbic acid as the standard [13].

4.3. Assay of Total Reducing Power. Various concentrations
of M. charantia fruit ethanol extract (10 mg/1mL) were
combined with phosphate buffer (0.5mL, 0.2 M, pH6) and
potassium ferricyanide [K;Fe (CN) 6] in 1 mL of distilled
water (0.5mL, 1 percent). For 20 minutes, the mixture was
incubated at 50°C. Trichloroacetic acid (10%) aliquots
(0.5mL) were added to the mixture, which was then centri-
fuged for 10 minutes at 2500 rpm. The absorbance of the
upper layer of solution (0.5 mL) was measured in a spectro-
photometer at 700 nm using distilled water (0.5 mL) and fer-
ric chloride FeCl; (0.5mL, 0.1%). Increased reaction mixture
absorbance indicates increased reducing power.

4.4. Assay of Lipid Peroxidation. The peroxidation of lipids
was measured using thiobarbituric acid reactive substances.
The brain homogenate (10 ml) was mixed with 150 ml of
acetic acid (20%), 150ml of thiobarbituric acid (0.8%),
20 ml of sodium dodecyl sulfate (8.1%), and 50 mL of dis-
tilled water (reaction mixture); heated for 30 min at 95.8°C;
and then cooled and centrifuged (3000g during 10 min at
15°C) by adding 100 ml of water and 500 ml of n-butanol.
The fluorescence of the supernatant organic phase (150 ml)
was calculated in a microplate reader at the wavenumbers
515nm-553nm. The concentration of TBARS was deter-
mined using the standard tetra methoxy propane (TMP).

4.5. Assay of Total Antioxidant. The ability of the sample to
reduce ferric tripridytriazine (Fe (II)-TPTZ) complex to
intense blue-colored ferrous tripyridyltriazine (Fe (II)-
TPTZ, which is read at 593 nm, is required for the FRAP
assay. First, 1.5ml of freshly prepared FRAP reagent (25 ml
of 300 mM/L acetate buffer pH 3, 2.5ml of 10 mM/L TPTZ
in 40 mM/L HCI, 20 mM/L ferric chloride solution) is mixed
with 50 ul of varying concentrations of M. charantia (100-
500 ul) extracted successively in different solvents and
150 ul of distilled water. At 593 nm, absorbance was mea-
sured for 4 minutes (every 10 seconds).

5. Statistical Analysis

One-way ANOVA was used for data analysis and presented
as a mean * sandard error of the mean. Latencies of multiple
groups were compared using Dunnett’s multiple comparison
test.

6. Results and Discussion

By exposing the ripe fruits to an orbital shaker, a sample of
M.charantia was collected (cold extraction). It was collected
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FIGURE 13: Acetylcholinesterase assay (M. charantia).
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FIGURE 14: DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical scavenging activity (M. charantia, A.a: ascorbic acid).
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FIGURE 15: Reducing power assay (M. charantia, A.a: ascorbic acid).
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FiGure 17: Lipid peroxidation assay (M. charantia, A.a: ascorbic acid).

in the form of a brownish yellow colloidal crude. Similar to
[14], preliminary phytochemical screening of M.charantia
aqueous extract revealed the presence of phytochemicals
such as steroids, alkane, flavonoids, saponins, terpenoids,
cocumarins, and alkaloids, and reducing compounds were
all included in M.charantia ethanol extract (Table 1). Phe-
nols, emodols, photobatanins, tannis, and cardiac glycosides
were not reported. The collected findings can be used as a
starting point for identifying bioactive compounds in
M.charantia ethanolic extract.

According to the results of High-Performance Thin-
Layer (HPTLC) Identification, the Rf value of 0.44 at
700nm reveals that the compound was stigmasterol in
Figure 1(a), while the Rf value of 0.37 at 700 nm verifies that
the compound was lupeol in Figure 1(b).

The unmodified M. charantia FTIR spectrum (Figure 2)
is surprisingly clear and well assigned. Methylene (>CH2)
was assigned to the bands at 2923.13 cm-1. At 3401.91 cm,
the hydroxy group H-bonded OH vibrations can be seen.
The C=C-C aromatic ring stretch peaks at 1590.56cm’,
the C-N primary amine peaks at 1044.38 cm™’, and the aro-

matic secondary amine C-N stretch peaks at 1280.08 cm-1.
The FTIR results indicate similar O-H vibrations and peak
area values, according to previous findings [15].

6.1. Synthesis of Mesoporous Silica Nanoparticle. The forma-
tion of white shading precipitation after applying TEOS
(Tetra Ethylene Ortho Silica) to the CTAB surfactant
arrangement while nonstop blending confirmed the synthe-
sis of mesoporous silica nanoparticles using the CTAB sur-
factant process. The MSNs are mixed at a low surfactant
concentration to ensure that the organized mesophases
depend heavily on the cationic surfactant’s cooperation with
the forming anionic oligomer orthosilicic corrosive, limiting
the size of the mesophases collected. Micrometer-sized par-
ticles with circularly requested mesopores were the primary
material detailed by versatile analysts.

6.2. Characterization of Nanoparticle

6.2.1. UV-Visible Spectrophotometer. The prepared mesopo-
rous silica nanoparticles were characterized using a UV-
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visible spectrophotometer, which reported a peak at
392.5nm (Figure 3). This is likely due to the amino group
found in silica nanoparticles, in similar study led by (Fran-
cesco Armetta et al., 2020). In the present study, the highest
absorbance peak was observed within 200-500 nm on the
UV-visible spectrophotometer, which agrees with the litera-
ture that nanoparticles were synthesized. The results of the
FTIR spectrum of the mesoporous silica nanoparticle are
turther supported by this observation from the UV-visible
spectrophotometer.

6.2.2. Fourier Transform-Infrared (FT-IR) Spectrum Analysis
of Mesoporous Silica Nanoparticle. The Si-O stretching and
asymmetric stretching vibrations bands at 1077.38 cm™ cor-
respond to silica, respectively (Figure 4). Because of the pres-
ence of surfactant templates, the symmetric and asymmetric
C-H motions can be seen at 2923.76cm™’. However, after
removing the templates, these peaks disappeared, indicating
that the surfactants had been removed, and a mesoporous
structure had been formed, as seen in Figure 4. N-H stretch
aromatic primary amine has a peak at 3415.75cm™’, >N-H
secondary amine has a peak at 1588.56 cm™, C-H aromatic
C-H in pane bend has a peak at 956.19 cm™", and methylene
C-H bend has a peak at 1475.96 cm™". The FTIR results sug-
gest similar C-H vibrations and peak area values, according
to prior studies [16].

6.2.3. Scanning Electron Microscopy Analysis of Mesoporous
Silica Nanoparticles. A silica nanoparticle is a novel type of
mesoporous silica nanomaterial that has a hollow spherical
shape. Figures 5(a) and 5(b) show an SEM image of mesopo-
rous silica nanoparticles. Tetraethyl orthosilicate (TEOS) as
the silica precursors and cetyl trimethyl ammonium bro-
mide (CTAB) as the pore-forming agent were used to make
mesoporous silica nanoparticles with a mean diameter of
around 350 nm. The solid stober spheres were successfully
converted into homogeneous hollow spheres when simply
treated with Na,CO; in the presence of CTAB at an appro-
priate concentration. The energy dispersive spectrum on the
SEM was used to perform elemental analysis on the mesopo-
rous silica nanoparticles. The EDS spectrum of spherical
nanoparticles prepared using CTAB as a pore generating
agent is shown in Figure 6. The binding energies of O and
Si are shown by the peaks around 0.5kV and 1.9kV, respec-
tively. Silica makes up 23.59 percent of the total weight. The
EDS spectrum’s remaining lines correspond to the other ele-
ments (Na, K, and Al).

6.2.4. Drug Loading on Mesoporous Silica Nanoparticle.
Sample extract and mesoporous silica nanoparticles stirred
24 hrs. Mesoporous silica nanoparticles are used to load
samples or drugs onto honey comps. It is employed in fur-
ther pharmacological treatment investigations in zebra-
fish [17].

6.3. Acute Toxicity Study. Acute toxicity study of a test sub-
stance is employed as an excellent tool for assessing its tox-
icity risk in the human health and the environment [18]. The
results of acute toxicity studies indicate that M.charantia did
not cause any adverse behavioral changes or mortality upon
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treatment. At the end of the study, all fishes were sacrificed,
and the organ was collected and subjected to histopatholog-
ical analysis.

6.4. Histopathological Examination of Tissues. The histo-
pathological analysis was done for the organ (brain) of the
fishes subjected to acute toxicity studies. Fishes from six dif-
ferent groups (group 1-control, group 2-(day 1) trimethyltin
chloride, group 3-(day 2 trimethyltin chloride), group 4-
trimethyltinchloride + FDA approved drug (donepezil),
group 5-trimethyltin chloride + charantin, group 6-
trimethyltin chloride + (charantin + mesoporous silica
nanoparticle) were the organs were collected. Histopathol-
ogy sections are viewed under x40 and x40 magnification
photomicrograph (Figures 7-12).

6.4.1. Group I: Brain (Control). The section shows brain tis-
sue with four layers, undamaged structure, and cellular
morphology.

6.4.2. Group II: Brain (Day 1: Trimethyltin Chloride). The
section shows cerebellar tissue with areas of degeneration,
microinfarcts, the proliferation of ganglion cells, and diffuse
inflammation.

6.4.3. Group III: Brain (Day 2: [Trimethyltin Chloride]). The
section shows normal cerebellar tissue with focal Purkinje
cell proliferation, mild edema, and degenerative changes.

6.44. Group 1V: Brain [Trimethyltin Chloride + FDA
Approved Drug (Donepezil)]. The section shows thinned-
out normal cerebellum, occasional prominent congested ves-
sels, and neurofilaments tissue with focal very minimal
degenerative changes.

6.4.5. Group V: Brain (Trimethyltin Chloride + Charantin).
The section shows brain tissue with normal structure and
cellular morphology with focal degenerative changes.

6.4.6. GroupVI: Brain [Trimethyltin Chloride + (Charantin +
Mesoporous Silica Nanoparticle)]. The section shows brain
tissue with thinning of Purkinje cell layer, mild edema, and
preservation of rest of the normal brain tissue. The zebrafish
brain was identified by the various significant studies done
by Dr. Ezhilvizhi Alavandar (Pathologist), Kilpauk Medical
College, Chennai, Tamilnadu.

6.5. Acetylcholinesterase Activity Assay. One of the various
therapeutic options is the use of AChE inhibitors, which
enhance the quantity of acetylcholine present in the synapses
between cholinergic neurons. The AChE inhibitory activity
of various concentrations (10-50 g/mL) of ethanol extract of
M.charantia is demonstrated in strategies to enhance cholin-
ergic functions in the brain. The results (Figurel3) demon-
strated that ethanol extract showed inhibitory action that
was concentration-dependent. The testing results show that
at a concentration of 50 g/mL, the ethanol extract of M.char-
antia exhibited significant AChE assay activity (81 + 5.86%)
when compared to the standard drug (86 + 7.75%).
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6.6. DPPH (2, 2-Diphenyl-1-Picrylhydrazyl) Radical
Scavenging Activity. DPPH free radicals are very stable, and
it is a widely used method for determining the antioxidant
potential in less time. The capacity to scavenge was tested
using different concentrations of aqueous extracts of M.
charantia and ascorbic acid as a standard antioxidant (posi-
tive control). The results of the assay indicate that the aque-
ous extract of M. charantia exhibited significant DPPH
radical scavenging activity (66 + 8.58%) at a concentration
of 10 g/mL. As the concentration was raised, the percentage
of inhibition went up as well (82 + 4.44 percent) in 50 g/mL,
as seen in Figurel4.

6.7. Reducing Power Assay. The total reducing power assay
was used to assess the antioxidant potential of M. charantia
ethanol extract. The ability to scavenge was evaluated using
different concentrations of aqueous extracts of M.charantia
and ascorbic acid as a standard antioxidant (positive con-
trol). The results of the assay indicate that the aqueous
extract of M. charantia exhibited significant total reducing
power activity (69 +2.15) at a concentration of 10g/mL.
As the concentration was increased, the percentage of inhi-
bition went up as well (80+2.15) in 50 g/mL, as seen in
Figure 15.

6.8. Total Antioxidant Assay. Total antioxidant activity is a
widely used method for determining the antioxidant poten-
tial of natural compounds in a short period because it is rel-
atively stable. The ability to scavenge was evaluated using
various concentrations of ethanol extracts of M. charantia
and ascorbic acid as a standard antioxidant (positive con-
trol). The results of the assay indicate that the ethanol
extract of M. charantia exhibited significant total antioxi-
dant activity (0.168 +£0.00025%) at a concentration of
10g/mL. When the extract concentration was increased,
the mean was also raised (0.0325+0.00026 percent) at
50 g/mL, as shown in Figurel®6.

6.9. Lipid Peroxidation Assay. The lipid peroxidation assay
was used to assess the antioxidant potential of M. charantia
ethanol extract. Malondialdehyde was used as a standard
antioxidant, and various concentrations of ethanol extracts
of M. charantia were used to evaluate the scavenging activ-
ity. The results of the assay suggest that the ethanol extract
of M. charantia exhibited lipid peroxidation activity at a
concentration of 10g/mL (69 +1.313). The percentage of
inhibition increased when the concentration was increased
(87 +3.474) in 50 g/mL, as seen in Figurel7.

7. Conclusion

The preliminary phytochemical analysis of the aqueous
extract of M. charantia revealed the presence of steroids,
tannins, flavonoids, terpenoids, etc., The HPTLC analysis
revealed the presence of 12 compounds of steroids with bio-
active potentials. The bioactive compound was confirmed
and chactertized by Fourier transform infrared spectroscopy.
The antioxidant potential of crude aqueous extracts of M.
charantia was assessed by DPPH (2, 2- diphenyl-1-picrylhy-
drazyl) radical scavenging assay, and the results suggest that
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the extract showed excellent antioxidant activity. The tri-
methyltin chloride was subjected to Alzheimer’s studies
using Danio rario. At the end of the Alzheimer’s treatment
study, the behavioral and mortality changes were assessed,
and the results show that the extract did not cause any
adverse effects on zebrafish, which suggests that the M. char-
antia is safe for consumption. The histopathological analysis
was done for the organ (brain), and the results show that
there are no pathological changes in tissues of the fish
treated with the M. charantia extract. The effect of the etha-
nol extract of M. charantia was also analyzed by the cell via-
bility test (MTT assay) in fibroblast (normal cell line), and
the results revealed that the extract did not affect the func-
tions of normal cells. Since the M. charantia showed higher
antioxidant activity and anticholinesterase activity, upon
further characterization and assessment, this could be a safe
and potential drug candidate for neurotoxicity. In the future,
the study can be developed to formulate a drug against
neurotoxicity.
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Hepatic stellate cells (HSCs) exist in the liver’s perisinusoidal space, are phenotypically activated, and acquire myofibroblast-like
phenotype. This phenotypic transformation is accountable for the accumulation and production of various extracellular matrix
(ECM) proteins, involving different fibril-forming collagens in the perisinusoidal space, producing altered hepatic function and
portal hypertension and increased vascular resistance, fibrosis, cirrhosis, and hepatocellular carcinoma. The activated
HSCs/myofibroblasts are principal collagen-producing cells in the damaged liver. Therefore, fibrosis treatments are often
targeting HSCs. HSCs store most of the total body’s retinol in their cytoplasm, and hence, antifibrotic nanomedicines are often
targeted with vitamin A decoration. Vitamin A-decorated nanomedicines with siRNAs for transforming growth factor-beta,
collagen, and connective tissue growth factors target to inhibit fibrogenesis and the ECM-associated gene expressions, leading
to fibrosis regression. Similarly, a variety of miRNAs play pro- and antifibrotic function. In the fibrotic liver, the profibrotic
miRNAs are targeted with their respective antagomir and the antifibrotic miRNAs are targeted with their respective agomirs
along with HSC-specific nanodecoration. These miRNA treatments reduce fibrogenesis by downregulation of ECM-related
gene expressions. However, liver fibrosis is caused by the upregulation of a different type of profibrotic signaling pathways
associated with ECM accumulation in the fibrotic liver. Therefore, specific gene silencing by siRNAs or targeting particularly
miRNA may also not effectively reduce fibrosis to a greater extent. However, nanodecoration of a drug is useful to deliver
drugs into activated HSCs in the injured liver. Therefore, the aim of this review is to focus on targeted drug delivery towards
activated HSC:s in the persistently damaged liver.

1. Introduction

Chronic liver diseases are the main cause of universal
health problem. Approximately, 2 million annual deaths
are attributed to cirrhosis and its associated complications,
hepatocellular carcinoma (HCC) and viral hepatitis [1].
Hepatic fibrosis is the common sequel of chronic liver dis-
eases. If fibrosis is not properly treated, then it progresses
into cirrhosis and its related complications like portal
hypertension and HCC. Cirrhosis is considered as the most
advanced stage of hepatic fibrosis. Cirrhosis and HCC rank
11" and 16™, respectively, in causing global deaths.
Together, HCC and cirrhosis account for 3.5% of mortalities

worldwide [1, 2]. Liver fibrosis is caused by chronic injury
due to chronic ethanol intake, hepatitis infections, and meta-
bolic disorders [3]. Fibrosis of the liver is classically distin-
guished by the increased synthesis and a net accumulation
of a variety of extracellular matrix, comprising collagens I,
IIL, and V, elastin, tenascin, and fibronectin in the perisinu-
soidal space of the liver [4]. Thus, increased ECM synthesis
and scar formation are considered as the initial event of liver
fibrosis mediated by the hepatic stellate cell (HSC), which is
the principal collagen-producing cell in the chronically
injured liver [5]. Over the last two to three decades, our
understanding of the pathophysiology of fibrosis is instru-
mental; several studies have identified potential antifibrotic
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targets either to halt progression or reverse fibrosis [6].
Chronic liver diseases are often reversible after the with-
drawal of underlying etiology, and their treatment mainly
focused on etiology-specific. However, presently, no accepted
antifibrotic treatments are available for human use [7]. The
hepatic stellate cells (HSCs) are strategically placed in the
perisinusoidal area of the liver in such a way that they com-
municate with hepatocytes, immune cells, and sinusoidal
endothelial cells in the liver. Hence, HSCs are one of the
prime targets for treating fibrotic liver [8]. However, the
development of natural and synthetic antifibrotic drugs
targeting HSCs in the fibrotic liver has faced challenges such
as poor solubility, lack of HSC-specific targeted delivery, and
less effectiveness [9]. Thus, studies have principally targeted
HSCs with several nanoformulations to control or regress
the ongoing liver fibrosis. This review is primarily focusing
on novel nano-based drug delivery systems targeting HSCs
in the fibrosed liver.

2. Hepatic Stellate Cells

Hepatic stellate cells exist in the perisinusoidal space or
Disse space in the liver. Upon chronic liver injury, HSCs
are phenotypically transformed and activated into myofibro-
blasts. This process is termed as HSC activation [10]. The
activated myofibroblasts/HSCs are liable for the expression
and secretion of numerous chemokines and profibrotic
cytokines [11]. Thus, activated HSCs retain the pathophysi-
ological status of the damaged liver by expressing platelet-
derived growth factors (PDGEF), transforming expressing
growth factor-f (TGF-p), retinol binding protein (RBP)
receptor, Kriippel-like factor 4, endothelin-1, and a-smooth
muscle actin, modulating a variety of tissue inhibitors of
metalloproteinases (TIMPs) and matrix metalloproteinase
(MMPs). This process is known as perpetuation. In a normal
liver, HSCs are quiescence and are liable for the preservation
of normal ECM homeostasis. However, the phenotypically
activated myofibroblasts or activated HSCs are liable for
the accumulation and synthesis of an enormous amount of
ECM to substantiate the ongoing injury of the liver [12].
Anatomically, the excessive ECM deposition in the perisinu-
soidal space of the chronically injured liver hinders the
solute transport between hepatocytes and liver sinusoidal
endothelial cells (LSECs), heading to functional alteration
of the liver and an increase in intrahepatic resistance-
mediated portal hypertension [13]. Functionally, activated
HSCs interact with several cell types in the perisinusoidal
milieu by releasing PDGF, TGF-, TIMPs, MMPs, endothe-
lin-1, and others [14]. These signaling molecules from
activated HSCs, act on themselves via an autocrine manner
also activate other cells such as quiescent HSCs, hepatocytes,
and LSECs via a paracrine manner. For instance, activated
HSCs and LSECs communicate each other with ET-1,
leading to portal hypertension [15]. Activated HSCs induce
the proliferation and activation of quiescent HSCs by
expressing PDGF and TGF-f, which increases the burden
of ECM synthesis. The role of HSCs in the normal and
injured liver is presented in Figure 1.
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3. Existing Strategies Targeting Activated
HSCs in the Fibrotic Liver

Since HSCs perform a pivotal role in fibrogenesis, several
studies have targeted HSCs to regress fibrogenesis [16].
Accumulating experimental evidence suggests that the liver
fibrosis process can be controlled by decreasing HSC activa-
tion and perpetuation. Previous studies have targeted HSCs
for therapeutic purpose in the chronically injured liver by
(i) decreasing the HSC proliferation via PDGF signaling,
(ii) decreasing fibrogenesis through inhibition of TGF-f sig-
naling, (iii) targeting HSCs to promote the ECM degradation
by modulating MMPs and TIMPs, (iv) inducing the clear-
ance of activated HSCs by apoptosis, (v) inducing senes-
cence of activated HSCs, (vi) inhibiting the proliferation of
activated HSCs by halting their cell cycle, (vii) suppressing
the parenchymal and qHSC activation by removal of
underlying etiologies, (viii) neutralizing the oxidative stress
environment of the injured liver by using antioxidants, (ix)
silencing the activated HSC genes responsible for ECM syn-
thesis, (x) targeting the profibrotic miRNAs in activated
HSCs via antagomirs, (xi) decreasing epigenetic alteration
in activated HSCs, and (xii) decreasing the extracellular ves-
icles released from activated HSCs [17-23]. The above strat-
egies were employed by previous experimental studies by
using natural and synthetic drug candidates to regulate the
activated HSCs in the chronically damaged liver. However,
these drugs have several disadvantages like poor bioavail-
ability and solubility, less targeted, and off-target effects on
drug delivery. The liver contains heterogenous cell popula-
tion, predominantly HSCs, hepatocytes, LSECs, Kupfter
cells, portal fibroblasts, and other non-resident immune
cells. However, HSCs activation often leads to the overex-
pression of several cell surface receptors such as collagen
type 4, TGF-f, connective tissue growth factor receptors,
PDGEFRf, RBP receptor, synaptophysin, cluster of differenti-
ation 44 (CD44), insulin-like growth factor-II receptor
(IGF2R), and low-density lipoprotein receptor [24]. In pre-
vious studies, these receptors have been primary targeted
to direct nano-based drugs towards activated HSCs. There-
fore, targeting phenotypically activated HSCs in the dam-
aged liver by nano-based drug preparation could be one of
the possible strategies to increase the targeted drug delivery
to HSCs. Thus, HSC-specific nanodrug construction may
direct the drug towards activated HSCs in the fibrosed liver.

4. Nanotargeting of Activated HSC Surface
Proteins and Signaling

Conventionally, inorganic nanoparticles like silver, gold,
titanium dioxide, silicon dioxide, and cerium oxide are used
without targeting activated HSCs in the fibrotic liver [25,
26]. Later, nanocarriers like liposomes and hyaluronic acid
micelles are used to carry antifibrotic drugs and target HSCs
in the injured liver [27, 28]. These nanocarriers targetedly
deliver nanoparticles into activated HSCs in the fibrotic
liver. During chronic liver injury CD44 and phenotypic
receptors are increasingly expressed after HSC activation.
Therefore, CD44 ligands are previously targeted along with
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F1GURE 1: Hepatic stellate cells (HSCs) in the normal and fibrotic liver. In normal liver, quiescent HSC (qHSC) stores vitamin A and it is also
responsible for the secretion of non-fibril-forming collagens, which gives functional support to the liver. In the fibrotic liver, qHSCs are
phenotypically activated (activated HSCs (aHSCs)) and acquire myofibroblast (MFB) phenotype. The aHSCs are responsible for the
enhanced secretion of extracellular matrix (ECM) via modulation of matrix metalloproteinases (MMPs) and tissue inhibitor of
metalloproteinases (TIMPs). GFAP: glial fibrillary acidic protein; a-SMA: alpha-smooth muscle actin; PDGF: platelet-derived growth
factor; TGF-p: transforming growth factor-beta; ET-1: endothelin 1; HCC: hepatocellular carcinoma.

nanoparticles to precisely deliver numerous synthetic and nat-
ural antifibrotic agents [29]. For instance, avf33 integrin is
greatly expressed in activated HSCs and degradation of av33
ligands was found in activated HSCs during the resolution of
liver fibrosis. Therefore, a previous study targeted avf33 on
activated HSCs [30]. Hedgehog (Hh) signaling p,lays a pivotal
role in the pathophysiology of liver fibrosis [24]. Hedgehog
signaling components and receptors Ihh, smoothened (Smo),
patched (Ptc), and glioma-associated oncogene (Gli) 2 and
Gli3 were highly expressed in HSCs [31]. Sterically steady lipo-
somes that comprise the cyclic peptides (cCRGDyK) with an
excessive attraction to avf33 were developed to attain precise
delivery to activated HSCs. CRGDyK-guided liposomes were
specifically adopted into activated HSCs in vivo and in vitro.
However, cRGDyK-guided liposomes uptake was minimal in
quiescent HSCs, Kupffer cells, hepatocytes, biliary cells, or
sinusoidal endothelial cells. Vismodegib (GDC), a Hh inhibi-
tor loaded with cRGDyK-directed liposomes, prevented Hh
signaling only in activated HSCs. In vivo, GDC-loaded
cRGDyK-guided liposome treatment attenduated thioaceta-
mide induced liver fibrosis in mice or attenuated bile duct liga-
tion (BDL) [32]. Peroxisome proliferator-activated receptor y
(PPAR-y) overexpression prevents HSC activation in the
damaged liver [33]. Rosiglitazone (RGZ), a PPAR-y agonist,
was shown to alleviate liver fibrosis via HSC activation [34].
Therefore, methoxy-polyethylene-glycol-b-poly(carbonate-
co-lactide) [mPEG-b-p(CB-co-LA)] was produced and encap-
sulated GDC and RSZ with the encapsulation efficiency being
5.0% and 2.0% w/w for GDC and RSZ, respectively, to target
against BDL-caused liver fibrosis in rats. Systemic administra-
tion of drug-encapsulated nanoparticles (120-130 nm-sized)
protected liver injury in BDL-induced liver fibrosis by decreas-
ing inflammatory cytokines and controlling the activation of

HSCs. GDC- and RSZ-loaded nanoparticles reduced Hh
ligand molecule (Shh, Smo, Ptch-1, and Gli 1) expression
and fibrosis marker expressions (a-SMA, fibronectin-1, and
TGEF-f31) [35]. These studies suggest that nanoparticles with
Hh inhibitor and PPAR-y agonist could target activated HSCs
and reduce the fibrogenic potential.

Interestingly, activated HSC integrin was targeted using
plant-derived active compound quercetin and along with
gadolinium. RGD-hepatitis B core (HBc)/quercetin and
RGD-HBc/quercetin-gadolinium nanocages (29.6 + 3.1 nm)
were prepared with the surface-presented RGD-directing
ligand. These nanocages display high binding attraction with
integrin av33 and thereby achieved targeted delivery towards
activated HSCs. These nanocages effectively prevented the HSC
proliferation and their activation in vitro. This study shows that
multifunctional avf33-directed NPs could deliver quercetin to
the activated HSCs [36]. Germacrone (GMO), a major bioactive
component of Curcuma zedoaria, and miR-29b, an antifibrotic
miRNA encapulated into nanoparticles based on poly(ethylene
glycol)-block-poly(lactide-co-glycolide) (PEG-PLGA), were
developed with cyclical RGD peptides (231.2nm size) for an
active ligand to integrin av/33 binding. This nanoparticle system
efficiently internalized into HSCs via av/33-mediated endocyto-
sis. GMO and miR-29b inhibit the proliferation of activated
HSCs and collagen 1 expression, and in vivo, this nanoparticle
system ameliorated CCl,- induced liver fibrosis in mice [37].

5. Vitamin A- (VA-) Coupled Nanoparticles
Targeting activated HSCs

HSCs store 80% of the body’s total retinol existing as retinyl
esters inside their lipid droplets. Vitamin A storage is a char-
acteristic feature of HSCs [38], and therefore, this property



has been applied as a mechanism for targeting HSCs. Most
of the natural antifibrotic compounds have poor solubility
and bioavailability [9]. Hence, to achieve targeted drug deliv-
ery to HSCs, VA decoration may be a useful strategy to direct
the antifibrotic compounds towards activated HSCs in the
damaged liver [3, 39]. In a study, zein/phospholipid composite
NPs coupled with VA (192nm) were formed as a delivery
platform for gallic acid (GA-CACNP/VA), a polyphenolic
compound, reportedly having antifibrotic effects. These NPs
showed high (60%) entrapment efficiency (EE%), selectively
distributed in the liver and highly internalized into HSCs.
GA-CACNP/VA evidently inhibited HSC activation, induced
activated HSC apoptosis, and repressed collagen deposition
[40]. This study implies that VA decoration can lead to
HSC-specific efficient drug delivery in the injured liver. In a
study, retinol was conjugated with polyethyleneimine, which
turther combined with an antisense oligonucleotide to form
retinol-conjugated polyethyleneimine (RCP) nanoparticles.
Retinol conjugation caused specific recruitment of retinol-
connecting protein in the corona that effectively directed the
nucleotide-laden nanoparticles into HSCs in the fibrotic liver.
The oligonucleotide-laden RCP nanoparticles suppressed col-
lagen 1 expression and attenuated CCl,- and BDL-caused liver
fibrosis in mice [41].

Imatinib, a second-generation tyrosine kinase inhibitor
(TKI), has been significantly employed for the treatment of
HCC, gastrointestinal stromal tumors, and chronic myelog-
enous leukemia [42]. Imatinib was shown to inhibit TGF-f8
signaling and profibrotic PDGF pathways [43]. Therefore,
VA-combined imatinib-rich liposomes (spherical and 71.9
+2.6nm-sized) have been targeted against HSCs in the
fibrotic liver in rats. The VA-coupled imatinib liposomes
are acumulated in the fibrotic liver when compared to the
normal liver in rats. A single intraperitoneal injection of this
liposome had 13.5 folds higher hepatic accumulation. Colo-
calization of VA-coupled liposome-rich Nile Red with
immune-fluorescently labeled PDGFR in frozen liver tissue
sections confirmed HSC directing [44]. The acumulation of
different ECM in the liver perisinusoidal space is the chief
pathological feature of liver fibrosis [8]. Thus, acceleration
of matrix degradation is considered one of the therapeutic
strategies for fibrosis regression. In a study, collagenase I, a
collagen 1-degrading enzyme, and retinol-codecorated poly-
meric micelle that possesses nano-drill-like and HSC target
function based on poly-(lactic-co-glycolic)-b-poly(ethylene
glycol)-maleimide (PLGA-PEG-Mal) (CRM) was prepared.
The spherical CRM (87.6 +8.3nm) had a nano-drill-like
function and effectively degraded pericellular collagen I.
CRM loaded with nilotinib, a second-generation TXKI,
showed antifibrotic activity against CCl,-induced liver
fibrosis [45].

6. Nanotargeting of activated HSCs for
Portal Hypertension

Increased intrahepatic resistance and portal hypertension
are major complications of advanced fibrosis and cirrhosis.
HSC activation and subsequent ET-1 release from myofibro-
blasts and LSECs cause portal hypertension [15]. The
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influence of angiotensin II receptor antagonist, i.e., valsar-
tan, on portal hypertensiand hepatic fibrosis has been stud-
ied in hepatic cirrhotic patients [46, 47]. Valsartan reduced
portal hypertension in hepatic cirrhosis patients [48]. How-
ever, valsartan exhibits poor water-soluble (0.18 mg/ml)
property and it has ~23% of oral bioavailability [49]. There-
fore, liposome-based nanocarriers for valsartan were devel-
oped to improve its permeability. These valsartan-loaded
liposomes (VLL) (spherical and 169.9 + 2.4 nm-sized) are
coupled with VA for HSC specific targeted delivery. The
orally administered VLL preferentially accumulated in the
fibrotic liver for six days [50]. Further, reduced PPAR-y
nuclear receptor expression was reported during HSC acti-
vation, while its upregulation was responsible for the regres-
sion of fibrosis and downregulation of fibrosis-associated
gene expressions and fibrosis resolution [33]. VLL exhibits
poteintal antifibrotic effects with PPAR-y agonistic activity
and prolonged delivery [50]. Nitric oxide is a potent vasodi-
lator, and it was shown to inhibit HSC activation and
regulate portal hypertension [15]. Therefore, nitric oxide
(NO) donor molecule-based drug delivery systems have
been developed. For instance, silica and gold nanoparticle-
arbitrated drug delivery systems containing NO donors have
been tried against liver fibrosis. NO released from silica and
gold nanoconjugates inhibited HSC proliferation, activation,
and their vascular tube formation ability [51]. Similarly,
polymeric nanoparticles incorporating nitric oxide donor
molecules (S-nitrosoglutathione), conjugated with VA
(25-35 nm-sized), were studied in vitro and in vivo. The
VA decoration led to the polymeric nanoparticles specifically
target rat primary HSCs and LX-2 cells. This nanoparticle
system significantly inhibited fibrogenic marker gene expres-
sions such as collagen and a-SMA without inducing cytotox-
icity in primary HSCs isolated from rats and in human HSC
cell line (LX-2). Further, NO-delivering nanoparticles have
reduced the ET-1 and portal pressure (approximately 20%)
in BDL rats [52]. These studies indicate that gold, silver,
and polymeric nanoparticle system may serve as a novel
delivery platform to deliver anti-hypertensive drugs and
vasodilators like NO into activated HSCs responsible for
portal hypertension during chronic liver diseases.

7. RNA Interference-Based Targeted Drug
Delivery in liver fibrosis

RNA interference is one of the valuable approaches to
regress fibrosis of the liver by silenceing specific gene expres-
sion in activated HSCs [53]. The activated HSCs are liable
for the accumulation of a variety of ECM proteins in the
perisinusoidal space of chronically injured liver, which
causes liver fibrosis. Therefore, ECM-specific gene silencing
may reduce the ECM accumulation in the liver, decreasing
fibrosis and associated complications [54]. siRNA-based
nanopreparation offers promissing and targeted drug deliv-
ery. For instance, siRNA-mediated interference of poly(rC)
binding protein 2 (PCBP2) gene inhibits the expression of
a-complex protein-2 («CP2) in HSCs, which is accountable
for stabilization of collagen a1(I) mRNA. The decay rate of
the collagen «l(I) mRNA was shown to increase
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FIGURE 2: Targeted drug delivery for activated HSC (HSCs) in the fibrotic liver. miRNA: microRNA; siRNA: RNA silencing; PNP: polymeric
nanoparticles (NPs); VA: vitamin A; GA-CACNP: gallic acid- (GA-) zein/phospholipid composite NPs coupled with VA; RCP NPs: retinol-
conjugated polyethyleneimine nanoparticles; CRM: collagenase I and retinol codecorated polymeric micelle based on poly-(lactic-co-
glycolic)-b-poly(ethylene glycol)-maleimide; NO: nitric oxide; LSECs: liver sinusoidal endothelial cells; TD: targeted delivery; ECM:
extracellular matrix; PDGF: platelet-derived growth factors; TGF-p: transforming growth factor-beta.

significantly after streptavidin, siRNA, cholesterol, and prot-
amine (SSCP) nano-multifaced treatment in activated HSCs
[55]. Later, Shukla et al. [56] demonstrated the intracellular
transferring of oligonucleotide siRNA and their effective dis-
charge into the HSC cytosol. After internalization, the
siRNA nanocomplex with protamine and streptavidin
entrapped in early endosomes undergoes exocytosis, entrap-
ment in lysosomes, and endosomal escape. This caused a
substantial quantity of siRNA dissociation from the nano-
complex to utilize gene silencing activity.

The IGF2R is increasingly expressed in activated HSCs.
Therefore, biotin-conjugated IGF2R-specific peptide, vita-
min A, and cholesterol were used as the targeting ligands
for the neutravidin-based siRNA nanocomplex to deliver
PCBP2 siRNA to activated HSCs. Interestingly, IGF2R-
specific siRNA-neutravidin-peptide-protamine nanocom-
plex (228 nm) showed a maximum targeting effect to human
(LX-2) and rat (HSC-T6) HSCs and activated initial rat
HSCs as compared to cholesterol (191 nm) and vitamin A
(167 nm) nanocomplexes. IGF2R-specific siRNA-neutravi-
din-peptide-protamine nanocomplex exhibited the highest
liver uptake than lung and kidney in CCl,-induced fibrotic
rats. IGF2R-specific siRNA-neutravidin-peptide-protamine
nanocomplex had maximum PCBP2 silencing and pre-
vented the migration of activated HSCs [57]. Though

siRNA-neutravidin-peptide-protamine nanocomplex pos-
sesses greater than 228nm size due to higher molecular
weight of the peptide ligand, still they achieved the maxi-
mum liver intake. Vitamin A nanocomplexes have less than
200 nm size as compared to the cholesterol based nonoco-
plex. However, for liver directing, the avergage particle size
was defined to be less than 200 nm, which highly promotes
passive liver targeting [39]. Therefore, a study from Zhao
et al. [57] suggests that nanoparticles with more than
200 nm particle size also possibly target the liver.

The chitosan is a natural, recyclable and hydrophilic poly-
mer; it is commonly used in the development of nanoparticles
(NPs) for delivery of drug, particularly for nucleic acid and
protein delivery [58]. Chitosan nanoparticles have an innate
affinity for ECM proteins such as collagen, suggesting that
they could be used to transport drugs to fibrotic livers. A
previous study developed TGF-f-siRNA-loaded chitosan
NPs (spherical shaped, zeta potential (ZP) of 35+ 1 mV, and
hydrodynamic diameter (HD) 110+ 6nm) to promote
efficient delivery into activated HSCs via modification with
PDGF-$ binding peptides. The addition of collagenase
increased the internalization of TGF-f-siRNA-rich chitosan
NPs and delivered anti-TGF-f1 siRNA into activated HSCs
in vitro and in vivo. Collagenase-containing nanoparticles
may help to degrade the collagen-rich fibrotic scar in the



chronically injured liver [59]. Tenascin-C (TnC), an ECM
protein secreted by HSCs is minimally detected in normal liver
cells; however, it is transiently expressed during tissue damage
and performs an important role in tumorigenesis and fibro-
genesis [60]. TnC promotes HSC activation, migration, and
TGF-3-mediated type I collagen production in the chronically
damaged rat liver [61]. In a study, functionalized mesoporous
silica NPs (size 40 + 5 nm; HD 157 + 15 nm) were used for the
efficient transport and delivery of siTnC in HSCs. Inhibition of
TnC by mesoporous silica NP-loaded siTnC prevents HSC
activation-mediated cell migration and prevents the elevation
of proinflammatory gene expression in macrophages [62].

A wide variety of microRNA (miRNAs) is modulated
during HSC activation [8]. Among these, miRNA-122 was
identified as the human liver-specific miRNA and miRNA-
29b was also considered a vital therapeutic focus for liver
fibrosis [5]. miRNA-29b and miRNA-122 inhibit HSCs acti-
vation and proliferation and collagen synthesis via targeting
profibrotic signaling pathways such as hedgehog or TGF-
B1/Smad3 pathways [63-65]. Therefore, to selectively target
and to deliver these microRNAs into activated HSCs, a pH-
sensitive, magnetic resonance imaging visible VA decorated
with a copolymer polyethylene glycol (PEG)-polyethylenei-
mine-poly (N-(N',N'-diisopropylamino ethyl)-co-benzyla-
mine) aspartamide (T-PBP) nanoparticle was developed. It
was assembled into MRI contrast agent superparamagnetic
iron oxide-patterned cationic micelle for miRNA-29b and
miRNA-122 delivery. Due toVA decoration, T-PBP micelle
efficiently delivered both miRNAs into HSCs, resulted in
synergistic antifibrotic effects through downregulation of
HSC activation and ECM-related marker gene expressions
(a-SMA and type 1 collagen and TIMP 1, respectively) [66].

Herbal-based hepatoprotective preparations have poor
solubility, bioavailability, and rapid clearance. Therefore, to
increase their solubility and bioavailability, nano-based
approach is commonly used in experimental studies and
tested against fibrosis models [9]. The herbal-based antifi-
brotic drug nanopreparation may be useful to target HSCs.
For instance, a previous study desinged and optimized a
reverse micelle-loaded lipid nanocapsule using Box-
Behnken design to deliver GA, which has antifibrotic effect,
directly into activated HSCs. These 30.35 + 2.34 nm-sized
GA nanoparticles had high EE (63.95 +2.98%w/w) with
effective internalization into activated HSCs and reduced
their proliferation and induced apoptosis. In vivo, these
NPs accumulated in the liver and downregulated the fibrotic
marker gene expressions [67]. San-Huang-Xie-Xin-Tang
decoction containing Rhei rhizome, Coptidis rhizome, and
Scutellariae radix, a traditional herbal medicine of China,
is extensively used as hepatoprotective treatment. These
dried herbal mixtures were nanoscaled using a pulsed air
flow pulverizer. These pulverized nanoscale herbal mixtures
induced cytotoxicity in HSCs. This nanoherbal extract has
also upregulated MMP-2 gene expression and inhibited
TIMP-1 gene expression [68]. However, RNA interference
using siRNA and miRNAs encounters many challenges after
its systemic administration. Successful and consistent siRNA
delivery to activated HSCs in the fibrotic liver remains a vital
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issue for the synthesis of siRNA-based therapies. The
targeted drug delivery for activated HSC in the fibrotic liver
is presented in Figure 2.

8. Conclusion and Perspectives

Undoubtedly, vitamin A-conjugated nanoparticles or
siRNAs or miRNAs or drugs successfully deliver antifibrotic
drugs into activated HSCs in the chronically injured liver
and reduce profibrotic protein and gene expressions.
Vitamin A-conjugated nitric oxide donor molecules and
other antihypertensive drugs selectively deliver drugs into
activated HSCs and reduce portal hypertension. To achieve
better liver targeting, the average particle size was defined
to be less than 200 nm, which greatly promotes passive liver
targeting. However, Zhao et al. [57] developed a siRNA-neu-
travidin-peptide-protamine nanocomplex that achieved
maximum targeted liver delivery with the particle size of
228 nm. Therefore, size is not the only factor to achieve the
highest theranostic potential of a nanocomplex. Hepatic
fibrosis is a consequence of the accumulation of numerous
ECM proteins in the damaged liver. Therefore, targeting
one protein expression via gene silencing using siRNA-
based nanoconstruct may not give us efficient results and
this is one of the main limitations of siRNA-based therapeu-
tics. However, nanodecoration of HSC-specific molecules
provides better siRNA delivery. Further, exocytosis is one
of the main factors responsible for the transient silencing
activity of non-viral siRNA delivery, and therefore, exocyto-
sis inhibitor combination may prolong the silencing activity
of siRNA. However, this approach should be studied in
detail in the near future. Moreover, a variety of miRNAs
are modulated during HSC activation. They have specific
profibrotic and antifibrotic properties; therefore, their spe-
cific antagomir- and agomir-based nanopreparations should
be studied in an eloborate manner, respectively. Thus, liver-
or HSC-specific nanopreparation remains a gold standard
strategy to deliver siRNA/miRNA/drugs into activated HSCs
in the fibrotic liver.
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Green nanotechnology is an expanding branch of knowledge in relation to producing efficient antifungal compounds with
potential applications as nanomedicines. The aim of the current investigation was to mycosynthesize functional vanadium
oxide nanoparticles (V,0sNPs) by Fusarium oxysporum cell-free filtrate using ammonium metavanadate (NH,VOj;) as the
substrate. Various spectrometric methods and electron microscopy were used to confirm the production of
mycosynthesized V,O,NPs. FESEM and TEM images showed that V,O,NPs were in the size ranging from 10 to 20nm in
a spherical shape. The XRD pattern revealed the presence of crystalline, dominantly spherical V,0O,NPs in the sample with
a size ranging from 10 to 20nm. The XRD peaks 15.2, 20.1, 21.6, 26.1, 30.9, 32.2, 33.1, 34.2, 41.0, 41.8, 45.3, 47.2, 48.6,
51.1, 51.9, 55.4, and 58.8 can be assigned to the plane of vanadium crystals and indicate that the V,0O.NPs were face-
centered, cubic, and crystalline in nature. The FTIR results showed the presence of some biomolecules in fungal cell-free
filtrate that act as a bioreducing and capping agent for V,0O.NP mycosynthesis. DLS showed that the size of V,O,NPs was
10-20nm. Zeta potential showed -35.09mV for V,0O,NPs with a single peak. Study of antifungal activity of V,O,NPs
against various pathogenic fungi in concentrations of 5, 25, 50, and 100 ug/mL showed that V,O;NPs strongly inhibited
both mycelium growth (20.3 to 67.3%) and spore germination (64.8 to 89.9%) dose-dependently. V,O.NPs showed strong
cytotoxicity against breast cancer cell-line MCF-7 with an IC;, value of 55.89ug/mL. Microscopy images showed
morphological changes and reduction of cancer cell populations in V,0O;NP-treated MCF-7 cell-line. Taken together, our
results demonstrated that bioactive V,0O;NPs successfully synthesized by F. oxysporum could be considered a potential
candidate in drug development against life-threatening fungal pathogens and as a feasible anticancer agent.

1. Introduction

Nowadays, nanoparticles (NPs) have been widely studied for
their antimicrobial activities and anticancer properties and
to combat any life-threatening disease as medicine [1-3].
Most of the current approaches for manufacturing NPs are

based on the usage of chemicals, including strong reducing
agents, organic solvents, or surfactants [4-6]. Although
chemically synthesized NPs possess unique properties with
potentially broad-ranging application, there is a clear ten-
dency toward synthesis of NPs by nontoxic safe green
approaches using microorganisms and plants [7-9].
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Development of clean and ecofriendly procedures is essen-
tial in the nanotechnology field, as many organisms like
plant, fungi, and bacteria have the capability to produce
inorganic nanostructures and organic NPs [10]. A wide
array of established and newly developed physical, chemical,
physicochemical, and biological methods have been success-
tully used for producing various NPs [11, 12].

Fungi are being employed in nanotechnology for the
manufacture of NPs; biosynthesis using various fungi has
displayed that this environmentally benign and renewable
source can be operated as an effective bioreducing agent
for the biosynthesis of NPs [13]. The biosynthesis of NPs
by fungi (yeasts, molds, and mushrooms) and their subse-
quent application, exclusively in medical science, are studied
under “myconanotechnology.” The possible use of fungi
because they are simple to culture in bulk form [14]. Extra-
cellular secretion of enzymes/proteins to produce NPs has
an additional advantage in the handling of biomass and
downstream processing [15]. Extracellularly secreted fungal
biomolecules are able to trap heavy metals and metal salts
on the cell surface and subsequently bioreducing them by
enzymes/proteins to easily recover from the process, while
in intracellular biosynthesis, heavy metal ions are trans-
ported into the microbial cell to produce NPs in the atten-
dance of enzymes, and the NPs are difficult to recover in
pure form [16].

Vanadium (V) metal was first isolated in 1869 by the
English chemist named Henry Enfield Roscoe. V generally
has diverse oxidation numbers that give various oxide struc-
tures, for instance, VO, V,0;, VO,, and V,Oq, of which the
latter is possibly the most investigated one, due to its ther-
modynamic stability. Vanadium oxide (V,0;) appears as a
yellow to red crystalline powder or orange solid which plays
an important role in the industry, agriculture, and medicine
especially in producing biologically active nanomaterials
[17-21].

Vanadium nanoparticles have received major consider-
ation due to their unique characteristics and various applica-
tions in the structure of sensors, electrode materials for
electrochemical capacitors, electrochromic and optical
switching devices, and windows for solar cells [22]. Vana-
dium oxide nanoparticles (V,O;NPs) have been successfully
synthesized by conventional approaches using chemical
compounds as the base source and capping agent [23]. With
the growth of knowledge in science and technology,
V,0:NPs can be now biosynthesized with safe and effective
green chemistry using microorganisms and plants. To our
knowledge, green synthesis of V,O.NPs is still limited, for
instance, to Saccharomyces cerevisiae, leaf extract of Moringa
oleifera, and Foeniculum vulgare stem extract [24, 25].

The present study brings the information about myco-
synthesis on V,0;NPs using a cell-free filtrate of the fila-
mentous fungus, F. oxysporum PTCC 5115, as a
bioreducing and stabilizing agent for the first time. Success-
tully synthesized V,0O,NPs were characterized using differ-
ent techniques such as UV-visible spectroscopy, Fourier
transform infrared spectroscopy (FTIR), transmission elec-
tron microscopy (TEM), field emission scanning electron
microscope (FESEM), X-ray diffraction (XRD), and dynamic
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light scattering (DLS) techniques. Furthermore, the antifun-
gal activity of mycosynthesized V,0O;NPs was evaluated
against different plant and human fungal pathogens, and
their cytotoxic effects against the human breast cancer
MCEF-7 cell-line was investigated.

2. Materials and Methods

2.1. Chemicals. Ammonium metavanadate (NH,VO,) was
purchased from Sigma-Aldrich, USA. Sabouraud dextrose
agar (SDA), potato dextrose agar (PDA), potato dextrose
broth (PDB), glucose, peptone, malt, and yeast extract were
purchased from Merck, Germany. All other solvents and
reagents were of analytical grade prepared from interna-
tional companies.

2.2. Strain, Culture Conditions, and Preparation of Fungal
Cell-Free Extracts. Fusarium oxysporum PTCC 5115 (CBS
620.87) was obtained from the Iran Research Organization
for Science and Technology, Tehran, Iran (https://irost.org/
ptec/ptccdb/node/649). The fungus was grown on SDA
slants for 5 days at 28°C. The mycelia were separated from
the culture medium and aseptically transferred to a liquid
medium containing glucose 10g, peptone 5g, yeast extract
3 g, malt extract 3g, and 1000 mL distilled water [26]. The
submerged cultures were incubated on a shaker incubator
(LABTECH, Korea) for 4 days at 26°C with shaking
(200rpm). Fungal biomass was washed three times with
sterile distilled water under aseptic conditions to remove
any medium residual component from the respective bio-
mass and subcultured to new cultures in sterile distilled
water at the above conditions for 2 days. Finally, cultures
were centrifuged (5000 x g, 20 min, 4°C, AWEL Centrifuge,
France) to remove fungal mycelia. The clear cell-free was
obtained by filtration (Whatman filter paper) and stored at
—70°C for further use in V,O.NP synthesis.

2.3. Mycosynthesis of V,0OsNPs. The extracellular myco-
synthesis of the V,O.NPs was carried out using cell-free fil-
trate of F. oxysporum with some modifications [27, 28]. 1 mL
of fungal cell-free filtrate was mixed with 1 mL of NH,VO,
(1mM solution). The mixture was shaken for further 96 h
at room temperature under dark conditions. The secretion
of large amounts of bioactive substances into the superna-
tant led to the mycosynthesis of V,0,NPs. Absorption spec-
tra of the supernatant contained V,O;NPs were recorded on
a PerkinElmer EZ301 UV-visible spectrophotometer.

2.4. Characterization of Mycosynthesized V,0;NPs. Charac-
terization of mycosynthesized V,0O.NPs was performed
using different approaches including the UV-visible spec-
troscopy, FTIR, DLS, FESEM, and TEM.

2.4.1. UV-Visible Spectrophotometry. UV-Vis spectroscopy
was used to confirm mycosynthesized V,O.NPs. The wave-
length of green-synthesized V,0,NPs based on light absor-
bance (300 to 700nm) with resolution of 1nm was
measured by loading 2 mL of sample in a quartz cuvette in
a UV-Vis spectroscope (PerkinElmer, United States). The
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reaction was monitored by measuring the absorbance at 1, 8,
16, 32, 48, 72, and 96 h [24, 25].

2.4.2. DLS Analysis. The dynamic light scattering (DLS) par-
ticle size analysis was considered a very fast, reproducible,
and reliable technique to measure a wide range of NPs
[29]. In the present study, the DLS (Malvern Zetasizer Nano
ZEN3600, United Kingdom) was used to measure the size
and distribution pattern of mycosynthesized V,0O.NPs. A
sample of 50 ug of V,0O,NPs was dispersed in 20 mL ultra-
pure water and sonicated for 20 min. 5mL of the dispersed
V,0:NPs was loaded on DLS to determine the size of myco-
synthesized V,0.NPs. The stability of the V,0O.NPs was
assessed in terms of zeta potential using the above DLS
allowing to run from -200mV to +200mV and plotting
the data in a graph.

2.4.3. FESEM Examination. The field emission scanning
electron microscope (FESEM-FEI NanoSEM 450) was used
to image the V,O.NPs. A sample of 50 ug of V,0O.NPs was
dispersed in 20mL ultrapure water and sonicated for
20min. A small drop of sample was used, and the images
were captured at various magnifications [30].

2.4.4. TEM Observations. Transmission electron microscopy
(TEM-Philips CM200) was used to image the mycosynthe-
sized V,0O,NPs. For the above purpose of the pasteurizing
image, V,0;NPs were dispersed in ultrapure water and son-
icated for 20 min. The resultant solution (a small drop) was
placed on a 300-mesh lacy carbon-coated copper grid and
dried, and the images were captured [31].

2.4.5. XRD Analysis. The air-dried V,0O,NPs were coated
onto an X-ray diffraction (XRD) grid and analyzed for the
formation of V,0O;NPs by a Philips PW 1390 X-ray diffrac-
tometer at a voltage of 20-100 kV. Two grams of fine-powder
V,0;NPs with thickness of 0.2 cm in a uniform layer on one
side was used for tacking diffractograms. The diffracted
intensities were recorded from 20 angles, and a graph was
drawn by the standard method [24, 31].

2.4.6. FTIR Analysis. For the FTIR analysis, a sample of 50 ug
of V,0;NPs was used, and the spectra were scanned (400-
4000 cm’™, resolution of 4cm™) for the characterization of
chemical functional groups present over the surface of
mycosynthesized V,0O,NPs. The FTIR data measures the
interaction between V,O, and biomolecules [24, 25].

2.5. Effects of V,OsNPs on Fungal Radial Growth and Spore
Germination. The effect of the V,O.NPs on the growth of
selected fungi Fusarium oxysporum PTCC 5115, Fusarium
graminearum PFCC 573, Aspergillus fumigatus PTCC
5009, Aspergillus niger PTCC 5010, Aspergillus flavus PFCC
113, Alternaria alternata PFCC 436, and Penicillium citri-
num PFCC 549 obtained from Iran Research Organization
for Science and Technology, Tehran, Iran (PTCC strains),
and Pathogenic Fungi Culture Collection of the Pasteur
Institute of Iran, Tehran, Iran (PFCC strains), was studied
using the food-poisoning process [32]. V,O;NPs at variable
concentrations were poured into each sterile Petri dish; a

PDA medium was added to each sterile Petri dish which
gave a PDA-V,O.NP mixture with corresponding 5, 25,
50, and 100 ug/mL V,O;NP concentrations. These Petri
dishes were softly rotated to ensure dispersion of the
V,0.NPs. The agar-V,0.NP combination was allowed to
solidify. All Petri dishes were inoculated at the center with
a thickness of 4 mm diameter agar containing a pure culture
of each fungus. The control trial was used with distilled
water without the addition of V,0O,NPs. Then, Petri dishes
were incubated at 28°C for 5 days. Finally, the fungal growth
inhibition induced by V,O;NPs was calculated according to
the technique described by Ebadzadsahrai et al. [32].

The effect of various concentrations of the V,0O.NPs on
spore germination of selected fungi was investigated. Spore
suspensions of selected pathogenic fungi were prepared from
7-day-old pure cultures on potato dextrose agar (PDA)
slants by gentle rubbing of culture surfaces using a sterile
glass rod. Spore suspension of each fungus (10° spores/mL)
was exposed to V,0.NPs in various concentrations (5, 25,
50, and 100 ug/mL) in Falcon tubes containing potato dex-
trose broth (PDB). After 30 min incubation of tubes at
28°C, one drop of lactophenol cotton blue was separately
added to the spore suspension of each fungus on glass slides,
and the percentage of spore germination was recorded under
microscope (x400) according to Begum et al. [33].

2.6. Cytotoxicity Effect of Mycosynthesized V,O;NPs

2.6.1. MTT Assay of Mycosynthesized V,0sNPs. The cytotox-
icity effect of V,0.NPs was determined by the MTT assay
[34]. The MCF-7 cell-lines were obtained from the National
Cell Bank (NCBI), Pasteur Institute of Iran, Tehran, Iran.
The cancerous MCF-7 cell-lines were cultured into Dulbec-
co’s modified Eagle’s medium (DMEM) containing fetal
bovine serum (10%, FBS), glutamine (2 mM), and antibiotics
(amphotericin B, penicillin G, and streptomycin, 50, 60, and
100 mg/L, respectively) under a relatively humid atmosphere
(37°C, 5% CO,). Briefly, 1 x 10° cells/well were treated with
diverse concentrations of V,O,NPs (10-100 yug/mL). After
a 24 h incubation, the cells were washed two times by sterile
phosphate-buffered saline (PBS), and 3-[4, 5-dimethyl-
thiazol-2-yl]-2, 5-triphenyltetrazolium bromide (MTT or
thiazolyl blue; 0.5 mg/mL PBS) was added to the wells and
incubated at 37°C for 4h. The blue formazan crystals that
formed were dissolved through adding dimethyl sulfoxide
(100 puL/well), and the absorbance was read by a microplate
scanning spectrophotometer at 570nm (ELISA reader,
Organon Teknika, Netherlands). The IC;, wvalues of
V,0:NPs on cancerous cells lines were then determined.

2.6.2. Cell Cytotoxicity Analysis by Optical Microscopy. Opti-
cal microscopic evaluation of the MCF-7 cells was per-
formed to observe the morphological changes after
exposure to V,0O,NPs [35, 36]. MCF-7 cells were grown
in a well plate and treated with V,0O.NPs at the ICs,
concentration for 24h. The morphological changes of
cells were observed under an invert optical microscope
(Olympus, Japan).



2.6.3. Cell Cytotoxicity Analysis Using AO/EB Staining. Study
of acridine orange (AO)/ethidium bromide (EB) fluorescent
staining was performed according to the previous method
with a few modifications [35]. Briefly, the MCF-7 cells
(1 x 10°/well) were deposited in a plate and treated by the I
Cs, concentration of V,0,NPs at 37°C for 24h. The cells
were collected, washed once with sterile PBS, and then sus-
pended with sterile PBS. For AO/EB fluorescent staining,
1uL of AO/EB (Sigma) dye mixture (10 mg/mL of AO/EB
in PBS) was added to 9 uL of cell suspension and then cov-
ered with a cover slip on a clean slide. After incubation for
3 min, the cells were observed under a fluorescence micro-
scope (Olympus, Japan).

2.6.4. Cell Cytotoxicity Analysis Using SEM and TEM. MCF-
7 cells were prepared for scanning (SEM) and transmission
electron microscopy (TEM) analysis according to the previ-
ous method with a few modifications [37]. Briefly, the cells
were incubated for 24 h with mycosynthesized V,0-NPs at
the IC5, concentration. The cells were harvested and fixed
in 2.5% glutaraldehyde, washed with sodium cacodylate
buffer, postfixed with 1% osmium tetroxide, dehydrated
using gradual concentrations of ethanol, and dried using
hexamethyldisilazane. Finally, the morphological changes
of the cells were observed using SEM and TEM microscopy.

2.6.5. Cell Cytotoxicity Analysis by DNA Fragmentation.
DNA fragmentation was performed according to a previous
method [35]. An amount of 1x10° MCF-7 cells was
exposed to V,O.NPs at IC;, concentrations at 37°C for
24h. After slight harvesting with centrifugation, the cells
were suspended in 10mL of 10mM TE buffer solution
(pH8.0, 10mM EDTA, 10mM Tris-HCI, 2% SDS, and
20 mg/mL proteinase K). The mixture was incubated for
3h at 37°C, followed by DNA extraction. The DNA was
treated with DNase-free RNase (20 mg/mL concentration,
4°C for 45min) and precipitated with sodium acetate
(100 mL, 2.5M) and three volumes of absolute ethanol. A
DNA fragmentation study was carried out with 10 uL of
DNA prepared from treated cells by mycosynthesized
V,0.NPs at the IC;, concentration and analyzed by electro-
phoresis on 1.5% agarose gel containing ethidium bromide
for a period of 45min at 100V.

2.7. Statistical Analysis. The data were analyzed using the
GraphPad Prism software Version 9.0, and P values under
0.05 were considered significant.

3. Results

3.1. Mycosynthesis of V,O;NPs. Exposure of the cell-free fun-
gal culture filtrate of F. oxysporum to NH,VO; (1 mM final
concentration) resulted in a time-dependent color change
of the reaction mixture from light-yellowish to dark-brown,
suggesting the successful biosynthesis of V,O.NPs. The
change in color indicated the completion of reaction with
vanadium ions. The intensity of color was correlated with
the increase in the number of mycosynthesized V,O;NPs.
At the same condition, the fungal culture filtrate (positive
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control) and the NH,VO, solution (negative control) did
not show any visual alteration.

3.2. Characterization of Mycosynthesized V,0sNPs

3.2.1. UV-Visible Spectrophotometric Results. The absorption
peak was obtained in the visible range at 410 nm after 96 h
(Figure 1(a)). The UV scan of mycosynthesized V,0.NPs
revealed an absorbance peak of 410nm, implying that
V,0.NPs were successfully synthesized. Figure 1(b) shows
the absorption peak of fungal cell-free filtrate and the
NH, VO, solution.

3.2.2. DLS Observations. The DLS data has revealed that the
size of mycosynthesized V,0O.NPs was around 10-20 nm
(Figure 2(a)). Further zeta potential of V,0O,NPs was found
to be —35.09 mV indicating its good stability of the biore-
duced V,0O.NPs (Figure 2(b)). The negative zeta potential
value could be due to the capping of natural compounds
present in the fungal cell-free filtrate. This negative value
has indicated the strong repellent forces between particles
due to high electrical charge on the surface of V,0O;NPs,
which in turn results in higher stability by preventing the
aggregation of V,0O;NPs.

3.2.3. FESEM and TEM Observations. Figures 3(a)-3(c)
show the FESEM images of the mycosynthesized V,0;NPs
in three magnifications implying that V,0.NPs were mostly
spherical in shape with the estimated size ranging around
10-20 nm. Figure 3(d) shows the TEM analysis of the myco-
synthesized V,0.NPs. TEM confirmed that the V,O.NPs
were spherical in shape with the size ranging around 10-
20 nm.

3.2.4. XRD Results. The crystallographic nature of the myco-
synthesized V,0.NPs was determined through XRD analy-
sis, and the obtained results are demonstrated in Figure 4.
The distinctive major diffraction peaks appeared at 20 =
15.2,20.1,21.6, 26.1, 30.9, 32.2,33.1, 34.2,41.0, 41.8, 45.3,
47.2,48.6,51.1,51.9,55.4, and 58.8 that corresponded to hkl
, (200), (001), (101), (110), (310), (011), (111), (310), (002),
(102), (411), (600), (302), (020), (601), (121), and (611)
index planes. The obtained consequences were in good
agreement with their standard JCPDS card No. 41-1426.

3.2.5. FTIR Spectroscopy. The V,0-NPs mycosynthesized by
the cell-free fungal filtrate of F. oxysporum were not in direct
contact, signifying stabilization of the NPs by a capping
agent which was confirmed using the FTIR analysis.
Figure 5 shows the FTIR spectrum of F. oxysporum cell-
free filtrate, NH,VOj;, and mycosynthesized V,0,NPs. The
FTIR spectrum of mycosynthesized V,0.NPs showed five
distinct peaks, 1311, 1759, 2090, 2521, and 3403 cm L

3.3. Effects of V,OsNPs on Fungal Radial Growth and Spore
Germination. The results of antifungal activity of V,0,NPs
are summarized in Table 1 which shows the inhibition of
fungal growth in the range of 20.3 to 67.3%. As shown in
Figure 6, the dose-dependent inhibition of mycelium growth
was observed for all tested fungi compared with nontreated
controls. The V,0O.NPs were able to inhibit the spore
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bioreduced V,0,NPs.

germination of all selected fungi in the range of 64.8 to
89.9% with the maximum inhibition at the 100 yg/mL con-
centration (Table 1). The highest inhibition in spore germi-
nation was reported for Aspergillus fumigatus.

3.4. Cytotoxic Effect of Mycosynthesized V,0sNPs

3.4.1. In Vitro Cytotoxicity in MTT Assay. Figure 7 indicates
the results obtained by MTT on MCF-7 cells exposed to 1-
100 ug/mL of V,O;NPs after 24h. A concentration-
dependent reduction in the viability of MCF-7 cancer cell-
line was reported in the range of 10.74% to 85.45% which
was significant compared to the nontreated control at all
concentrations. The IC;, of the V,0O,NPs for MCF-7 was
calculated as 55.89 yg/mL.

3.4.2. Cell Cytotoxicity Results in Optical Microscopy. As
indicated in Figure 8, the chromatids of cancer cells were
condensed in a sample treated with the IC,, concentration
of V,O.NPs. Progressive structural modification and reduc-
tion of cancer cell populations were also evident.

3.4.3. Cell Cytotoxicity Observations by AO/EB Staining. As
shown in Figure 8, the morphology of the necrotic/dead,
apoptotic, and normal/untreated cells of MCF-7 cells was
recognized separately using fluorescence microscopy after
staining by AO/EB based on the cell-membrane integrity.
MCEF-7 cells displayed a green fluorescence color that shows
the presence of live cells in controls (untreated cells). Oran-
ge/yellow-colored cells contain proapoptotic bodies and red
necrotic/dead cells found in the mycosynthesized V,O.NP-
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FIGURE 3: (a—c) The FESEM image of mycosynthesized V,0O;NPs in different magnifications. The image indicates that V,O,NPs were
mostly spherical in shape with the estimated size ranging around 10-20 nm. (d) TEM image of V,0;NPs mycosynthesized by fungal cell-

free filtrate confirmed the FESEM image.

treated MCEF-7 cell-lines (Figure 8). Microscopic observation
indicated that the untreated viable cells were detected to be
green because of the binding of AO into cell membranes,
whereas proapoptotic cells were detected as orange/yellow-
colored bodies due to the shrinkage of nuclei and nuclear
blebbing because of the induction of EB into cells. However,
the dead/necrotic cells were turned into a red color due to
their loss of outer membrane integrity using mycosynthe-
sized V,0O-NPs.

3.4.4. Cell Cytotoxicity Results by SEM and TEM. After treat-
ment with mycosynthesized V,O;NPs, the morphological
changes were observed in treated MCF-7 cell-lines and also
compared with normal/untreated cells. Figure 8 shows the
SEM and TEM micrographs of the MCEF-7 cell-line. The
SEM micrograph shows that normal MCF-7 cancer cells
(untreated) are round in shape and are characterized using
short lamellipodia, whereas V,0O,NP-treated cells show a
semiflattened surface structure containing microvilli with
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Ficure 4: XRD spectra of V,0,NPs mycosynthesized by
extracellular fungal filtrate. The typical main diffraction peaks
appeared at 20=15.2,20.1,21.6,26.1,30.9,32.2,33.1, 34.2,41.0,
41.8,45.3,47.2,48.6,51.1,51.9, 55.4, and 58.8 corresponding to hk
1, (200), (001), (101), (110), (310), (011), (111), (310), (002),
(102), (411), (600), (302), (020), (601), (121), and (611) index
planes.
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F1GURE 5: The FTIR spectrum of fungal cell-free filtrate, NH,VO,, and V,0,NPs mycosynthesized by extracellular fungal filtrate. For fungal
cell-free filtrate, the peak at 3364 cm™' was associated with N-H stretching, peak at 2521 cm™" with S-H stretching, peaks at 2200 cm™ with
C=C stretching, peaks at 1940 and 1797 cm™" with C-H bending, and peaks at 1434 and 1316 cm™ with O-H bending. For mycosynthesized
V,0.NPs, the peak at 3403 cm™' was associated with N-H stretching, peak at 2521 cm™ with S-H stretching, peaks at 2090 cm™* with C=C
stretching, peak at 1759 cm™ with C-H bending, and peak at 1311 cm™ with O-H bending. It was also confirmed that the carbonyl group
from the protein and amino acid had stronger ability to bind with V,O,NPs or act as capping and stabilizing agents.

TasLE 1: Effect of V,O;NPs on spore germination (%) and radial mycelium growth (% of inhibition) of pathogenic fungi in comparison with

non-V,0;NP-treated control.

V,0O;NP concentration (pg/mL)

Fungi 5 25 50 100 5 25 50 100
Spore germination (%) Inhibition of mycelia growth (%)
Fusarium oxysporum 31.3 22.6 154 12.2 20.3 28.6 46.1 67.3
Fusarium graminearum 33.2 26.5 17.8 16.3 252 30.5 52.0 62.2
Aspergillus fumigatus 29.7 232 15.6 10.1 28.3 32.1 46.6 61.0
Aspergillus niger 27.2 214 17.1 19.7 26.2 30.4 43.3 55.7
Aspergillus flavus 34.7 312 25.5 20.6 28.1 33.4 40.5 48.6
Alternaria alternata 352 27.2 22.8 183 322 432 56.1 57.0
Penicillium citrinum 323 279 19.6 14.3 282 48.2 52.5 58.0

Control: sterile distilled water.

extending lamellipodia known as membrane ruffles. The
TEM micrograph displays morphological change in apopto-
tic characters in the mycosynthesized V,O,NP-treated
MCE-7 cells. The cells show shrinkage, chromatin condensa-
tion, and integrity of plasma membrane.

3.4.5. Cell Cytotoxicity Observations by DNA Fragmentation.
Study of DNA fragmentation/damage was carried out to
detect whether the death of MCF-7 cells had occurred out-
standing to the cytotoxic effect of mycosynthesized
V,0O.NP treatment. As shown in Figure 9, DNA ladder for-

mation with low molecular weight was detected in the
V,0.NP-treated cells, while an intact DNA band was
noticed in the control (normal/untreated) cell with high
molecular weight.

4. Discussion

Like many other transition metals, vanadium possesses use-
ful optical, electronic, magnetic, and catalytic properties.
Vanadium nanoparticles have received major consideration
in recent years due to use in developing of compounds with
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FIGURE 6: The radial growth of fungal mycelia of different pathogenic fungi exposed to various concentrations of V,O;NPs. A dose-
dependent inhibition of fungal growth is evident for all tested fungi in comparison with nontreated controls. The highest inhibition of

fungal growth is evident for 100 pg/mL of V,O.NP concentration.

novel biological applications and pharmacological proper-
ties [23].

In the present study, V,O-NPs were successfully synthe-
sized by a green approach using F. oxysporum as a fungal cell
factory. Synthesized V,0,NPs showed maximum absorption
peak at around 410 nm. They were mostly spherical with size
around 10-20 nm with a zeta potential value of -35.09 mV,
indicating that capped biomolecules have a highly negatively
charged surface. FTIR confirmed that the carbonyl group
from the protein(s) and amino acid has a stronger ability
to bind with V,O,NPs or acts as capping and stabilizing
agents. Synthesized V,0.NPs showed strong antifungal
properties against a wide variety of pathogenic fungi, cell
cytotoxicity toward MCF-7 cancer cell-line which showed
shrinkage, chromatin condensation, integrity of plasma
membrane, and DNA fragmentation indicating possible
cancer cell apoptosis.

Although biosynthesis of various metal nanoparticles by
F. oxysporum has been reported and confirmed by different
researchers [38-41], little has been documented about green
synthesis of V,0O,NPs using fungi. Likewise, in most cases,
the biological activity of synthesized V,O;NPs has not been
studied.

100
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FIGURE 7: In vitro cytotoxicity of V,0OsNPs for MCF-7 cell-lines
examined by the MTT assay. All data were obtained from three
independent (N =3) biological replicates in two separate
experiments. Meaningful dose-dependent reduction in cell
viability in the range of 10.74% to 85.45% is evident for all
concentrations compared to nontreated control (**P<0.01, ***P
<0.001, ****P <0.0001).

Aliyu et al. [25] reported green synthesis of vanadium
nanoparticles with spherical shape by leaf extract of Moringa
oleifera [25]. Synthesized NPs showed antibacterial activity
toward Escherichia coli and Salmonella typhi, but they did
not show any obvious antifungal activity against Candida
tropicalis and Candia albicans. Prasad et al. [42] reported
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Ficure 8: The optical, fluorescence, SEM, and TEM microscopy images of mycosynthesized V,0,NP-treated using IC;, concentration
(55.89 ug/mL) and normal/untreated MCF-7 cells. The morphological changes and reduction of cancer cell populations were observed in
treated MCF-7 cell-line exposed to V,0O;NPs compared with normal/nontreated cells. Optical microscopy showed that chromatids of
cancer cells were condensed, when treated with the IC, concentration of V,0O,NPs. AO/EB staining displayed that the nontreated
proapoptotic cells and dead/necrotic cells were detected to be green, orange, or yellow, and because of the binding of AO into cell
membranes, proapoptotic cells were detected as orange/yellow red color, respectively. TEM and SEM showed cell shrinkage, chromatin
condensation, and integrity of plasma membrane after being treated with V,0O,NPs.

green synthesis of vanadium oxide (10-60 nm) nanorods
using Phyllanthus amarus [42]. They found that synthesized
NPs had antibreast cancer properties. Farahmandjou and
Abaeiyan [23] synthesized vanadium oxide NPs by a simple
chemical technique using sodium metavanadate as a precur-
sor and cetyltrimethylammonium bromide as the surfactant
[23]. Synthesized NPs were in the range size of 5-10 nm.

Jabbar et al. [24] synthesized V,O.NPs using the Foeni-
culum vulgare stem. Synthesized NPs were around 78 nm
with cubic-like agglomerated morphology. The maximum
absorbance of the NPs was 452 nm at 50 minutes. The FTIR
of their NPs showed three peaks at 940 cm™, 835cm™, and
718cm’’. NPs showed 2 peaks at 20 = 20° and 26° with the
structural planes (001) and (101) in XRD [24].

Wasmi et al. [43] synthesized vanadium pentoxide NPs
by the solvothermal synthesis process that has almost perfect
rods with 60-90 nm in size [43]. Taylor et al. [44] synthe-
sized vanadium pentoxide NPs using pulsed laser ablation.

Synthesized NPs have nearly spherical and flower-like mor-
phologies. The colloidal solution of NPs had a zeta potential
of =51 mV. Indeed, solutions with zeta potential smaller
than —30mV or larger than +30mV were considered sta-
ble [44].

Pinto et al. [45] synthesized vanadium NPs with size
around 7nm on activated carbon by the reduction of VCl,
salt. Rasheed et al. [46] green-synthesized vanadium oxide-
zirconium oxide nanocomposite using Daphne alpine leaf
extracts. The size of their NPs was 41.74nm with different
shapes. The diffraction bands appeared at the 20 position
with corresponding hkl value positions of 21.40 (200),
28.16 (103), 34.04 (004), 36.67 (213), 42.80 (303), 43.68
(400), and 56.43 (501). The FTIR of their NPs was showed
stretching vibration of the OH group at around 3499 cm™".
The peaks at around 3000 and 2942 cm ™" are for C-H bend-
ing, whereas the band at 1725cm ™" may be due to the car-
bonyl group of ester and carboxylic acid. The bands at
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FIGURE 9: DNA fragmentation analysis of MCF-7 cell-lines. First
line: 100bp DNA ladder, second linee DNA from
untreated/normal MCEF-7 cell-line, and third line: DNA from
mycosynthesized V,O;NP-treated MCF-7 cell-line. It was clear
when the DNA of MCF-7 cell-line was treated with
mycosynthesized V,0;,NPs, DNA fragmentation has occurred
compared with nontreated cell-line.

1433 and 1220cm™" are attributed to the N=O bending
mode and carbonyl stretching, respectively [46].

5. Conclusions

In the present study, we successfully synthesized biologically
active V,O:NPs by a green approach using an extracellular
fungal filtrate from a hyaline hyphomycete, F. oxysporum,
in a single-step bioreduction of vanadium ions for the first
time. Our green-synthesized V,O;NPs displayed strong
inhibitory activity toward the growth and spore germination
of a wide variety of pathogenic fungi indicating that they
may be considered as potential therapeutic agents in drug
development against life-threatening fungal pathogens. Fur-
thermore, cytotoxic effects of V,0O.NPs against the breast
cancer MCF-7 cell-line make them suitable in the line of
anticancer studies. Further works on in vivo cytotoxicity
and antifungal activity of green-synthesized V,O,NPs in
animal experimental models are recommended.
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Nanotechnology recently emerged among the most exciting science-related innovations. Nanotechnology-produced metal
nanoparticles got a lot of attention. This is emerging as a rapidly developing field due to its effective applications that targeted
the manufacturing of new materials at the nanoscale level. There is considerable interest in the application of nanomaterials in
many areas of industry including agrifood and biomedical products. In the agrifood area, nanomaterials have benefits in
diverse areas which include fertilizers, herbicides, pesticides, sensors, and quality stimulants, among other food processing,
food packaging, and nutraceuticals to improve nutritional value. These applications in agriculture result in enhanced quality
and crop yield, reduction in pollution caused by various chemicals, etc. In the pharmaceutical area, nanomaterials are claimed
to ameliorate drug safety and efficacy, as well as bioavailability. They are utilized for targeting various drugs to a specific
location in the body. However, there are also concerns that some nanoparticles may have adverse effects on human health.
These include titanium dioxide, copper oxides, and other nanomaterials which lead to liver damage, skin damage, lung
damage, and various other human health-related problems. This review is aimed at presenting a briefing on the state of the art
in the application of nanotechnology in food and human nutrition and drug administration, consumer attitudes, and their
challenges and opportunities with future perspectives.

1. Introduction

In today’s society, consumer demand for higher quality,
safer, and healthier food and natural products is increasing
[1-3]. Nanotechnology may play a significant role to pro-
tect and conveyance active compounds (hydrophobic and

hydrophilic) through incorporation into food products, to
enhance nutraceuticals, functional foods [4, 5]. Nanotech-
nology typically refers to the use of nanomaterials between
1 and 100nm in size [6-9]. The fundamentals of nano-
technology consist of materials adopting alternative and
often more beneficial properties at their nanosize when
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TaBLE 1: Types of nanoparticles and their applications in biomedicine and food industry [25-29].

Type of nanoparticle Structure

Properties Functions

Application

Phospholipid bilayer in an

(i) Drug and gene delivery

N D [ ii) Text i i
(i) Biocompatibility (ii) Texture in cosmetic

(i) Medicine

(ii) Cosmetic

industry
(iii) Food industry

(i) Medicine
(ii) Food industry

Liposome . G, o products
aqueous environment (ii) Biodegradability (iii) Application in dairy
products
Can be either polymer- (i) Polymer protein
- L poy enhances protein stability (i) Drug delivery systems
Polymer protein conjugates or . e .
. (ii) Polymer drug promotes  (ii) Functional foods
polymer-drug conjugates .
tumour targeting
(i) High symmetry ((13 Ic)lriag Tigiljjry
Carbon

Many points of attachment

(i) Fullerenes for binding

(ii) Nanotubes

Coated in other materials to
prevent leakage of toxic
materials

Quantum dots

Can be spherical, triangular,
hexagonal, rod-shaped,
polyhedral, cubic, etc.

Metal nanoparticles

Can be spherical, hexagonal,
triangular, rod-shaped,
polyhedral, cubic, etc.

Metal oxide
nanoparticles

(i) Electrical conductivity
and strength

(ii) Can be single or
multiwalled

(i) Semiconductors
(ii) Fluorescent

(i) Biocompatibility
(ii) Biodegradability

(i) Biocompatibility
(ii) Biodegradability

(i) Medicine

(i) Delivery of
therapeutic molecules

(ii) Uses in milk and
other proteins

(1) Medicine
(ii) Food industry

(i) Cell tracking (i) Medicine
(i) Application in
— food industry
(ii) Medicine
(i) Application in
environmental
remediation
(ii) Pharmaceutical

N.B. Applications in medicine may also include nutritional supplements.

compared to their normal size, due to an increase in surface
area [10-13]. Nanomaterials can be created in one (nano-
scale), two (nanowires and nanotubes), or three dimensions
(nanoparticles) [14-16]. There are several techniques used
to form nanomaterials; these include bottom-up and top-
down approaches [17]. Bottom-up approaches involve the
self-assembly of individual atoms using scanning tunnel
microscopy; this process is time-consuming due to the vast
number of atoms to be assembled. Top-down approaches
are also used to create nanomaterials; large materials are
transformed into smaller ones via atomic force microscopy.
Current funding is supplied on a yearly basis; apart from a
few expensive pieces of equipment, nanotechnology is rela-
tively inexpensive [18]. Nanomaterials include nanofilms,
nanotubes, and nanoparticles among others [17, 18]. Nano-
particles are a particular type of nanomaterial that can occur
naturally, be created unintentionally, or indeed be engineered
on purpose. Although benefits of these engineered nanopar-
ticles (ENPs) are well recognised in many industries, more
attention is needed on potential toxicity and its adverse
effects [19]. Nanotechnology can be applied in a number of
fields including medicine, agriculture, food science, food
technology, recreation, and civil engineering [20-22]. There
is exciting potential of nanotechnology in these areas, and
some applications are already of great benefit to industries
and consumers. Engineers have used nanotechnology to
create substances for products, which are stronger, lighter,
rustproof, and stain/fire resistant [23]. Advances in nano-
technology have been made in a number of areas; however,

development and acceptance of the technology are slow in
the food industry [23]. This is mainly due to a mixed
consensus from the public; many are unaware and do not
understand nanotechnology as a science [24]. Nevertheless,
consumers need to recognise that both natural and processed
foods already contain nanoparticles. Milk is characterised as
a nanofood, and meat is composed of nanosized protein
fibres. Meat processing procedures practiced for many years
alter the nanostructure of muscle [23]. In addition to that,
we are exposed to naturally occurring and engineered nano-
particles every day (Table 1). This study will provide an
overview of the current state of the art in the use of nanotech-
nology in food and human nutrition, medication administra-
tion, consumer attitudes, difficulties, and possibilities, as well
as future prospects.

2. Applications of Nanomaterials in
Agrifood Industry

Nowadays, with growing population, food demand is on the
rise and food safety is a matter of concern. Nanoscience has
emerged as one of the most innovative technologies in the
field of agriculture and food industry chain. Nanomaterials
can be utilized in the agrifood industries as nanoformula-
tions for crop improvement, in crop protection for the
identification of diseases, nanodevices for the genetic manip-
ulation of plants, plant disease diagnostics, etc. [30]. A num-
ber of nanoparticles (mostly metal-based and carbon-based
nanomaterials) have been exploited to improve the growth
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FIGURE 1: Application matrix of nanotechnology in the food industry.

and development of crop food plants [31]. This positive
impact has led to enhanced germination percentage, bio-
mass production along with enhancement of physiological
parameters such as photosynthesis and nitrogen metabolism
in many food crops including alfalfa, cucumber, corn, let-
tuce, onion, pumpkin, ryegrass, rape, radish, spinach, soy-
bean, tomato, and wheat [32]. Nanomaterial has given a
promise in plant protection, via genetically modified crops
to produce a plant disease resistance to pathogen infections
and is crucial to ensure sustainable food and agriculture
[33]. Nanoencapsulation displays the advantage of more effi-
cient use and safer handling of pesticides, fertilizers, and
vaccines with less exposure to the environment that guaran-
tees eco-protection [34]. Nanofertilizers have unique fea-
tures like ultrahigh absorption which is a route to enrich
the soil with adequate essential nutrients gradually, thus pre-
venting pollution of water resources and it is well known to
improve the quantity of fruit and biological production [35].

3. Applications of Nanomaterials in
Food Industry

Nanotechnology has much potential to improve and pro-
duce new food concepts beyond capabilities in the current
domain. It can be applied to all aspects of the food sector
including agriculture, food processing, food packaging, and
supplements. Food packaging may be developed in order
to prevent the invasion of microorganisms or alert con-
sumers if food is no longer edible via nanosensors. Through
nanotechnology, food can also be made healthier for con-
sumers [6]. However, such scientific breakthroughs may
not be utilized if the public is uncertain about the technol-
ogy. Applications in packaging are currently more accepted
than uses in food itself; trust issues occur concerning natu-
ralness. Nonetheless, it is predicted that nanotechnology will
become increasingly important in the future [6]. Much
research into nanotechnology is still warranted, especially
in relation to food applications. Nanomaterials in food can

be described as both “soft” and “hard.” Soft nanomaterials
are formed from natural ingredients or components of food
during processing; examples include homogenised milk,
ricotta cheese, and coenzyme Q10 (use in supplements).
Hard nanomaterials however are more of a concern to the
Food Standards Agency (FSA). Such materials are insoluble,
and little is known regarding the properties in which they
possess. Metals, among others, are characterised as hard
nanomaterials [36]. As outlined by the FSA, current
approval of nanotechnology foods and processes would be
required in line with the “Novel Foods Regulation” (Regula-
tion (EC) No. 258/97) [37].

Existing hazards associated with nanotechnology in the
food industry are somewhat unknown. The EFSA expressed
concern over the lack of methods in which to detect and
measure engineered nanomaterials and the effect they may
have on both consumers and livestock. Toxicity levels must
be defined along with ways to identify engineered nanoma-
terial concentrations in food, feed, and biological tissues
[38]. There is a need for greater awareness and understand-
ing of nanotechnology; this will result in more productive
and informed decisions. Following this, consumers may also
perceive nanotechnology in a more positive light. Nanotech-
nology has wide range of applications within the food
industry (Figure 1). However, some applications could fall
into the arbitrary grey regions where overlapping of these
categories occurs.

Table 2 shows specific examples of their potential usage
into the four main categories related to agriculture, food
processing, food packaging, nutraceuticals, and biomedicine
[34, 36, 39]. Despite most of these applications being in the
research and development (R&D) stages, food industries
have been very careful in making decisions on whether or
not to adopt these technologies due to concerns on con-
sumer perceptions, which will be discussed in the later sec-
tions [39]. Advancing knowledge within this field in order
to set the appropriate regulatory measures appears to be
even more complex as it involves confidentiality, openness,
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and transparency issues relating to commercial interests as
addressed by [40]. Nowadays, consumers are increasingly
demanding high-quality, safe, and healthy food products.
Nanofood has the potential to change the whole food indus-
try chain and is often associated with colour and flavour
improvement, storage, preservation, pathogen detection,
antimicrobial properties, and intelligent packaging [41].

4. Nutritional Benefits of Using Nanoparticles

Foodborne microbial pathogens can potentially cause illness
and fatality; this problem is hard to solve due to the increas-
ing resistance of microbial strains [42, 43]. Nanotechnology
can play a role in the detection of pathogens or pesticides in
food. They can also monitor the temperature and pH of
foods to prevent the presence of these unwanted organisms
through the use of nanosensors [44]. Thin inorganic coat-
ings act as protective layers on food products to enhance
shelf life, by producing moisture- or oxygen-resistant mate-
rials. This knowledge led scientists and researchers to use
similar methods to prevent spoilage by microbes and oxida-
tion to prolong shelf life, using nanocomposite materials in
food storage [42]. Nanocomposite materials favour conven-
tional food packaging materials due to their superior poly-
meric properties reinforced by nanoparticles. This structure
gives an advantage to food storage because it is less perme-
able to gases than other materials. Therefore, oxidation and
consequently food spoilage are reduced. Nanocomposites
with added nanoparticles can maintain resistance to these
gases at half the thickness of others, meaning production
costs are also reduced [42]. Macro- and micronutrients of
low bioavailability have limited absorption in the body.
However, by making these smaller with the use of nanotech-
nology, the particles can enhance bioavailability due to the
increased surface area, improving absorption rates in the
stomach and small intestine [42]. Therefore, nanotechnol-
ogy has the potential to alter nutrient intakes through
enriched and fortified food products [45]. Nanodrops have
been used as an additive in canola oil which is designed to
carry vitamins, minerals, and phytochemicals through the
digestive system and urea [15].

Iron is the fourth most abundant mineral on earth, yet
iron deficiency is the most common mineral deficiency in
the world as over 2 billion people worldwide are anaemic
[46]. It does not help that iron has an estimated lower bio-
availability than other nutrients at 14-18% for mixed diets
and 5-12% for vegetarian diets in subjects with no iron
stores [47]. One solution to this could be to fortify foods
with iron; however, this is often challenging because it can
seriously affect the taste, smell, and appearance of foods
[48]. Scientists in Switzerland addressed the problem of iron
deficiencies and came up with a solution to enrich food with
iron using nanotechnology. Iron was first dissolved in water
then sprayed over a fire. The intense heat evaporated the
water leaving minute iron crystals each about 10 nm in size.
These nanoparticles can then be added to foods, and it was
reported that they did not alter food in any way. However,
this experiment was carried out in rats, so it is hard to deter-
mine if the taste of food was affected [48].

Drug delivery

Biomedical
applications of
Nanotechnology

Imaging Biosensors

Therapeutics

FIGURE 2: Application of nanotechnology in the biomedical sector.

5. Nanotechnology in Biomedical Application

Nanotechnology plays a significant role in biomedical and
pharmaceutical products as it facilitates from syndrome
diagnoses to drug delivery to human organs in order to tar-
get infectious diseases. Nanoparticles have unique biological
properties which can be used for detection, prevention, and
treatment of diseases, drug delivery, and gene therapy of
cancer as well as pulmonary diseases [54, 55] (Figure 2),
due to having capability to bind, absorb, and carry small-
molecule drugs, DNA, RNA, and proteins with high effi-
ciency [15]. Indeed, liposomal drug formulations (i.e., doxo-
rubicin) are widely used for the treatment of breast and
ovarian cancers and Kaposi’s sarcoma successfully [56].
Incorporation of liposomal drug formulations to amphoter-
icin and hamycin cancer drugs exhibited much better effi-
cacy and safety as compared to conventional preparations
[57]. Quantum dots are inorganic nanoparticles that consist
of 10-50 atoms, and their diameter ranges from 2 to 10 nm
[15]. Because of their high-sensitivity and multicontrast
imaging properties, they have been used for the detection
and diagnosis of cancer cells in in vivo conditions [58]. In
addition to that, nanobiosensors can be employed for the
early detection of leading causes of cancer such as envi-
ronmental pollutants, pathogens, and carcinogenic gases
[59, 60]. Nanomaterials have been incorporated into a
drug formulation, such as active constituent (nanocrystals),
excipients (drug-metal complexes), drug carriers (lipo-
somes), or as complexes/conjugates (drug-protein) [54].
Nanotechnology may also have future nutritional health ben-
efits. People with type one diabetes are expected to be able to
consume a nanoengineered biodegradable material contain-
ing insulin, which can be released as a response to high blood
glucose concentrations [61]. There is also interest in the
application of nanotechnology-derived anti-inflammatory
agents to the mucosal lining of patients with inflammatory
bowel disease or Crohn’s disease. It is also thought that the
use of nanotechnology on some nutrients can enable individ-
uals to expand their limited food tolerances or choices. There
are various nanoparticle-based delivery systems that have
been exploited for diagnostic and therapeutic applications
as illustrated in Tables 1 and 2.
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FIGURE 3: Hazardous effect of nanotechnology in human health.

6. Potential Hazards in the Use of
Nanotechnology/Nanomaterials for
Human Health

Although an increase in certain micronutrient intakes may
be beneficial, it is also important to realise that the overcon-
sumption of these nutrients can lead to toxicity, which may
result in more severe problems (Figure 3). There are several
potential challenges derived from the emergence of the use
of nanotechnology. This includes toxicity and environment,
health, social, ethical, legal, and cultural implications [62].
Nanoparticles are widely produced from nanotechnology
and are presently utilized in a broad range of industrial sec-
tors. These sectors include agriculture, healthcare, materials,
and energy, therefore increasing the likelihood of exposure
to consumers and workers [20]. Humans can be exposed
to ENPs (engineered nanoparticles) from various pathways
such as ingestion, inhalation, absorption through skin, and
direct injection for medicinal purposes [63].

The detriments caused by inhalation of nanoparticles,
titanium dioxide (TiO,) taken in food in rats and humans
[64] and also in sunscreen and carbon nanoparticles in
rodents [65, 66], were subject to investigation by researchers
and found that inhaled particles into the lungs can lead to
damage and scarring and this especially with long-term
exposure could affect the lung wall, reduce absorbed oxygen,
decrease carbon dioxide, and then trigger breathing difficul-
ties [63]. Despite the lack of evidence for toxicity, results
suggest that potential hazards of carbon nanotubes may
cause inflammation in the lungs [65]. This is very similar
to the process by which asbestos fibres cause asbestosis
[63]. However, little research is known about toxicity of
cerium oxide nanoparticles (CeO, NPs), which are used to
increase fuel efficiency and reduce its emissions of car, but
a recent study revealed it may cause lung cancer [67]. Studies

show that by reducing the surface area from large scale to
nanoscale enables its toxicity to damage organs and the best
example is nanocopper particles ingested by mice induce
severely toxicological effects on the liver, kidney, and spleen
[68]. Similarly, copper nanoparticles can enter the human
body through food, water, drugs, cosmetics on the skin,
nails, hair, [69], etc. If the intake of copper exceeds the
capacity of the human body, it will result in toxic effects such
as haemolysis, jaundice, and even death [68].

Furthermore, particles 7000 nm or smaller can penetrate
the skin and have the ability to impair them [70]. Nanopar-
ticles or nanoemulsions are used to manufacture sports
equipment, biomedical applications, electronic components
[71], clothing, cosmetics, shaving creams, sunscreens, sham-
poos, and toothpastes. Many of these are produced to deal
with the skin and to treat damaged skin or hair and therefore
can penetrate the skin. Such diseases such as dermatitis,
acne, and psoriasis, as a result of simple actions, for instance,
injuries (sunburns, cuts, or scrapes) or shaving, can lead to
more cutaneous permeability [66]. Once particles are
absorbed through the skin, they can be toxic to cellular
and subcellular levels and damage the DNA [72].

However, the risks of toxicity of nanotechnology-derived
food and food packaging for consumers are largely not very
well understood [73], but recent studies demonstrate that
silver nanoparticles (AgNPs) can be applied to food, food
packaging, and other consumer products due to their anti-
bacterial properties. These smaller AgNPs (AgNPs-5) can
enter human cells much more easily than bigger ones
(AgNPs-20 and AgNPs-50) which may lead to higher toxic
effects than silver ions in cells [63, 74]. Research demon-
strates that ENPs are able to cross the blood-brain barrier
and induce direct damage to neuronal cells, neuroinflamma-
tion, and prooxidant changes because of their nanosizes
[20]. It has been proposed that not all nanomaterials will
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TaBLE 3: Literature studies on potential nanotechnology-related health hazards.
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Inhaled titanium dioxide (TiO,) particles from food colouring into the lungs can lead to

[nhalation breathing difficulties. [63,79]
Little known about toxicity of carbon nanotubes (CNTs) which may cause to inflammation in the lungs. [65]
Intake of TiO, particles (150-500 nm) through food can translocate to the blood, liver, and spleen. [64]
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Ski rrati Particles size of 7000 nm or smaller can penetrate the skin and have ability to damage DNA. [70]
in penetration
P May be toxic to cellular and subcellular levels and damage to DNA; inconclusive data to show toxicity. [66]

have adverse effects on human health due to differences in
their surface, size, and formulation of the material in the
products [75]. Although there are appropriate techniques
available to assess many of the risks related to the consumer
products and processes in which nanoparticles are involved,
it seems to be not adequate to address all the hazards. There-
fore, more studies should be done.

There are toxicity concerns with nanoparticles and ultra-
fine particles in particular, due to their increased surface area
and potential to bioaccumulate in cells [76]. The potential
problems are unknown as they do not normally occur with
bulk materials. However, most of this research is limited to
animal models due to ethical reasons. Nanotechnology pack-
aging also has its concerns due to the possibility of particle
migration into foods [77]. Currently, safe limits are not
defined by legislation due to limited knowledge in this area.
Therefore, it is unknown if the levels used in food packaging
or the food itself may be detrimental to health. Table 3 gives
an overview of the potential hazards of exposure to nanoma-
terials via different routes. Assessment methods to detect the
level of nanomaterials are limited; therefore, it is difficult to
establish toxicity and exposure levels. For this reason, the
development of technology is needed to establish a valid
method of assessing nanomaterial exposure levels. Due to
the novelty of this technology in food-related applications,
long-term risks are not fully understood. Short-term stud-
ies must be considered carefully as their reliability is ques-
tionable [78].

7. Consumer Attitudes to Nanotechnology

Consumer perceptions of nanotechnology applications in
the food industry are varied. This mixed consensus is
thought to be largely accounted to limited awareness and
understanding of the emerging nanotechnology science.
Numerous studies have shown that consumer attitudes
towards nanotechnology in the food industry differ accord-
ing to the application [79]. Research carried out in France
by [6] suggested that French citizens were sceptical about
both nanotechnology food and packaging applications.
However, research in Switzerland suggested consumers
tended to accept the concept of nanotechnology packaging

but not the application of nanotechnology in food. These
two pieces of research could suggest that the consumer’s atti-
tude towards nanotechnology has changed within the time
period between the two studies. Conversely, it could be that
different cultures have different perceptions of nanotechnol-
ogy, creating a need for cultural perceptions to be addressed
individually.

The consumers’ opposition to nanotechnology applica-
tions in the food industry is thought to be multifactorial:

(i) Poor knowledge of the concept of nanotechnology
(ii) Lack of trust in governmental agencies
(iii) Low perceived level of naturalness

(iv) Limited knowledge of the benefits

It is advisable to acknowledge sceptical consumer
outlooks in the early stage of developing nanotechnology
products in order to gain consumer trust. To encourage pub-
lic approval of nanotechnology, the government and NGOs
will need to address the subject appropriately to ensure the
public develops an informed view of the technology [6].
Consumer willingness to buy health beneficial foods, pro-
duced using nanotechnology, has recently been investigated
[80]. The finding displayed evidence for naturalness has
been a very important factor in deciding whether or not to
purchase functional food. Hence, as consumers currently
view nanotechnology as unnatural, they will need to be
convinced that the concept is natural before they willingly
purchase nanotechnology functional foods. Vandermoere
et al. [24] completed a study using risk-benefit trade-offs
to distinguish supporters (benefit > risk), doubters (risk =
benefits), and opponents (risk > benefit) of nanotechnology
food packaging and nanotechnology food.

When familiarity of nanotechnology was accounted for,
there were no differences in opinion between gender and/or
educational background. Prior to the survey, 57.6% of the
participants were not aware of what nanotechnology was
and only 5.1% reported having good knowledge of nano-
technology. This demonstrates the limited public knowledge
of nanotechnology and provides evidence that there is a
need to educate the public about nanotechnology. There



are fears that consumers may express negativity towards
nanotechnology applications as it becomes commercialised;
this concern stems from the adverse public reaction to GM
(genetically modified) applications. Therefore, the learnings
as to why consumers did not trust GM when the concept
was released must be unraveled and where possible applied
in the context of nanotechnology in order to reduce the
potential negativity which is speculated [79]. Currently, there
is no legislation regarding labelling of nanotechnology prod-
ucts, although it is often discussed. One study investigated
how labelling nanotechnology products affected consumer
perception. The findings suggested that labelling sunscreen
as “nanotechnology sunscreen” was reason of a higher level
of perceived risk and a lower level of perceived benefits.
Although this is not a food product, consideration is needed
as the consumer attitude would likely be similar for food [81].

8. Conclusion

Nanotechnology plays a significant role in biomedical and
pharmaceutical products. Nanomaterials are an efficient tool
for the improvement of agricultural and pharmaceutical
industry. They are utilized for the protection of plants, crop
improvement, drug delivery, biosensors, etc. Though it
shows different activities, nanotoxicological effects need to
be found out. Different factors may be responsible for the
negative impact of nanomaterials. Therefore, research is
needed to clarify a number of issues including knowledge
and understanding from both industry and consumer per-
spectives, detection methods of nanomaterial exposure levels,
and effects of long-term exposure to consumers. If these
problems are addressed appropriately, the public may start
to accept the use of nanomaterials for industrial purposes.
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Nanoparticles are important advanced materials with numerous uses in a variety of fields. Novel antibacterial nanocomposites
with synergistic capabilities can be created by combining metal nanoparticles with biopolymers of various functionalities. This
research evaluates an antimicrobial and antioxidant-rich chitosan-based silver nanocomposite synthesized by using citrus
lemon extract as a reducing and capping agent. UV-vis spectrophotometer, scanning electron microscope, elemental dispersive
analysis, X-ray diffraction assay, atomic force microscope, Fourier transform infrared spectroscopy, UV-near infrared
spectroscopy, and transmission electron microscopy were used to characterize the chitosan-based silver nanocomposite (CS-Ag
nanocomposite). The nanocomposite synthesized is used to demonstrate antioxidant and antimicrobial activity against fungal

pathogens.

1. Introduction

Nanoparticles and nanocomposites are employed in a variety
of applications across a wide range of industries. Silver nano-
particles have a wide range of applications as antimicrobial
agents, including wastewater treatment, food preservation,
clothe and textile preservation, detergents, and medical
implants [1]. Plant extracts can be used to make silver nano-
particles that are both environmentally friendly and cost-
effective [2]. Plant extracts such as Boerhavia diffusa leaves
[3], Piper nigrum stem and leaf [4], Avicennia marina man-
grove plant [5], Cissus quadrangularis [6], Parthenium hyster-
ophorus [7], Manilkara zapota seeds [6], and Chrysanthemum
flower extracts [8] and fruit extracts of pomegranate [9], Dille-
nia indica [10], Solanum xanthocarpum [11], and Crataegus
douglasii [12] were employed, and it was used for antibacterial,
antifungal, and antioxidant properties. Chitosan is a harmless,
biodegradable polymer found in natural resources such as crab
and prawn shells, as well as other marine and terrestrial inver-
tebrates. Because of its excellent antibacterial and biocompat-
ibility qualities, it has a wide range of biological uses [13].
Once silver nanoparticles are mixed with other polymers, they

can generate nanocomposites with a variety of benefits. The
antimicrobial activity of silver with agar against Listeria mono-
cytogenes and Escherichia coli [14], the antimicrobial activity
of polysulfone with silver to inhibit biofilm growth on down-
stream membrane surfaces [15], and the bacterial cellulose
with silver magnetic nanocomposites are used for high antimi-
crobial activity against the model microbes Escherichia coli
and Bacillus subtilis [16], and agar-based silver nanocomposite
films are prepared using red alga Gracilaria dura to control
Bacillus pumilis bacterial growth [17]. Chitosan-based silver
nanocomposites, which include chitosan with silver nanopar-
ticles, are being developed for a variety of commercial uses.
The Bacillus subtilis-based silver nanocomposites were tested
against disease-causing pathogens such as Staphylococcus
aureus, Pseudomonas aeruginosa, Aspergillus niger, and Can-
dida albicans [18], and the chitosan-based silver and fluoride
nanocomposites were tested against disease-causing patho-
gens such as Staphylococcus aureus, Escherichia coli, and Can-
dida albicans using microdilution technique [19]. In this
research, we employed citrus lemon juice to synthesize
chitosan-based silver nanocomposites (CS-Ag nanocompos-
ite). UV-vis  spectrophotometer, scanning electron
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FIGURE 1: Visual observation: (a) initial observation of lemon extract and AgNO;; (b) color change after 2 hours; (c) color change after

adding chitosan.
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FIGURE 2: UV-spectrum of CS-Ag nanocomposites.

microscope, elemental dispersive analysis, X-ray diftraction
assay, atomic force microscope, Fourier transform infrared
spectroscopy, and UV-near infrared spectroscopy were used
to characterize the nanocomposites. Finally, antioxidant and
antibacterial activity against fungal infections is performed to
the nanocomposites which have been synthesized.

2. Materials and Methods

2.1. Preparation of Fruit Extract. Lemon fruit was purchased
from Vellore market and washed thoroughly under tap water.
The lemons were cut into four pieces, and the fresh juice was
extracted, filtered using Whatman No.1 filter paper.
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FIGURE 4: FTIR spectra of chitosan and chitosan-based silver nanocomposites.

2.2. Synthesis of CS-Ag Nanocomposite. To synthesize CS-Ag
nanocomposite, 1 mM of silver nitrate was added to 95 ml of
distilled water. 5 ml of filtered fresh lemon juice extract was
added to 95ml of silver nitrate solution. The reaction mix-
ture was placed on a magnetic stirrer at 700 rpm for 3h to
detect color changes. Figure 1 depicts a visual observation
of the synthesized silver nanoparticle solution. After 3h,
0.25¢g of chitosan was added to the solution and stirred for
3h in a magnetic stirrer at 700 rpm. The CS-Ag nanocom-
posite solution was then centrifuged for 10 minutes at
8000 rpm. The pellet was collected after centrifugation, and
the supernatant was discarded.

2.3. Characterization of CS-Ag Nanocomposite. During the
reduction of Ag+ to Ag NPs, UV-vis absorption analysis
was carried. It was often scanned in the 300-500 nm wave-
length range. XRD measurements at 40kV and 30mA,
equipped with a Cu anode and a ceramic X-ray tube, were
used to assess the crystalline nature and structure of AgNPs
incorporated with chitosan. The functional groups present
in the CS-Ag nanocomposite were analyzed using FT-IR in
the range of 4000-500cm™'. The microstructure of lemon
extract mediated CS-Ag nanocomposite was analyzed using
a scanning electron microscope (SEM) and atomic force
microscope (AFM) to determine the size shape and
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morphology of the CS-Ag nanocomposite. Energy-
dispersive X-ray analysis spectrum was also recorded.

2.4. Antibacterial Activity. The agar well diffusion method
was used to test antibacterial activity. The Mueller-Hinton
agar was sterilized and prepared. The Muller-Hinton agar
was poured and solidified in aseptic condition on clean
and sterilized Petri plates. Swabs of pathogenic organisms
such as Streptococcus sp, Rhizobium radiobacter, Klebsiella
pneumoniae, and Escherichia coli were cultured in liquid

broth. After 5 minutes, wells were punched in the agar plate
with a 5mm gel puncher. The results were seen after differ-
ent concentrations of nanoparticles of 25 ul, 50 ul, and 75 pul
were loaded into each well and incubated for 24 hours. The
antibacterial activity was determined by measuring the
diameter of the inhibitory zone generated around the well
and recording the mean results.

2.5. Antifungal Activity. The agar well diffusion method was
used to test antifungal activity. Rose Bengal Agar was
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sterilized and prepared. The Rose Bengal Agar was poured
and solidified in sterile conditions on clean and sterilized
plates. Cultures of pathogenic organisms like Aspergillus
niger, Fusarium oxysporum, and Aspergillus fumigatus were
inoculated and swabbed. After 5 minutes, wells were
punched in the agar plate with a 5 mm gel puncher. Different
concentrations of nanoparticles of 25ul, 50 ul, and 75pul
were loaded into each well and incubated for 24 hours before
the data were analyzed. The antifungal activity was deter-
mined by measuring the diameter of the inhibitory zone that
formed around the well and recording the mean results.

2.6. Antioxidant Activity of Nanocomposites. Based on previ-
ous findings [8], the free radical scavenging activity of the
lemon juice mediated CS-Ag nanocomposite was evaluated
using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay.
0.78 mg of DPPH was added to 10 ml of methanol to make
DPPH. Five different concentrations of extracts (20 ul,
40 ul, 60 ul, 80 yl, and 100 ul) were added to 2ml of this
DPPH solution. The antioxidant ascorbic acid was utilised
as a standard. The samples were incubated for 30 min in
dark. The absorbance was measured using a spectrophotom-
eter at 517 nm. The blank was prepared without the addition
of extract. Lower absorbance of the reaction mixture indi-
cates higher free radical scavenging activity. The capability
to scavenge the DPPH radical was calculated using the fol-
lowing equation:

A control — A test x 100

DPPH Scavenged (%) = A control
contro

(1)

where A control is the absorbance of the control reaction
and A test is the absorbance in the presence of the sample of
the extracts.

3. Result and Discussion

3.1. Color Change and Visual Observation. Figure 1(a) shows
the silver nitrate solution, which changed color from pale
yellow to brown after adding lemon juice, indicating the syn-

thesis of silver nanoparticles. Fruit extracts are a great source
for making silver nanoparticles because they quickly change
the color of silver nitrate solution into silver nanoparticles
[9]. AgNPs were expected to form in the CS-Ag nanocom-
posite as a result of AgNO; reduction. Depending on the
concentration of AgNPs, the chitosan films loaded with
AgNPs turned from pale brown to dark brown. Figure 1(c)
depicts the color change of silver nanoparticles in chitosan
solution to turbid solution.

3.2. UV-Visible Spectroscopy. The UV-vis absorption spectra
of Ag nanoparticles and AgNP-based chitosan nanocompos-
ites are shown in Figure 2. Figure 2 displays a peak at
420 nm, due to the plasma vibrations of silver nanoparticles
and another peak at 470 nm showing some possible interac-
tion between chitosan and silver nanoparticles. The absorp-
tion peaks of the UV-vis spectra shifted to a longer
wavelength when the particle diameters were increased
[20]. Based on the size of the AgNPs, the SPR band at 420-
460nm represents silver nanoparticles, and the peak
increases when chitosan is added to the solution [21, 22].
The nanocomposite was again analyzed for its surface plas-
mon resonance at 48h and 7™ day. The peaks are near to
the value of after the addition of chitosan values confirms
the stability of nanocomposites.

3.3. X-Ray Diffraction Analysis. Figure 3 shows the XRD pat-
terns of the CS-Ag nanocomposite spheres. The (111), (121),
and (200), crystallographic planes of the face-centered cubic
silver crystals might be attributed to three distinctive peaks
of silver nanoparticles corresponding to 260 =(28.01°),
(32.18°), and (46.16%). The position and relative intensity of
all the diffraction peaks of the samples were compatible with
the crystalline pattern of silver, indicating that the produced
nanoparticles were silver nanoparticles. Furthermore, the
chitosan utilised in the synthesis procedure did not induce
silver oxides to develop. Since the chitosan polymer and sil-
ver nanoparticles were present, the shape of each peak was
broadened.
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3.4. FTIR Spectroscopy. FTIR spectra of CS-Ag nanocompos-  alkyne group. The band between 1728.22cm™ was related
ites are shown in Figure 4. The band between 3273.20cm™  to stretching vibration of C=O from ester groups. The band
was related to the stretching vibration of =C-H from the  between 1543.05cm™ was related to the bending vibration of
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(a)

(b

FIGURE 9: Antimicrobial activity of CS-Ag nanocomposite against (a) Rhizobium radiobacter, (b) Escherichia coli, (c) Klebsiella pneumoniae,

and (d) Streptococcus sp.

N-H from the amine secondary group. The band between
1367.53 cm™ was related to bending vibration of N=O from
the nitro group. The band between 1215.15cm™ and
1020.34cm™ was related to the stretching vibration of C-O
from the ester group. The silver nanoparticles were bonded
by protein, which served as a stabilizing agent, either
through the free amine group or cysteine residues. These
proteins could reduce AgNO; ions to form silver nanoparti-
cles [4, 23].

3.5. Scanning Electron Microscopy. SEM analysis was used to
determine the size and shape of nanocomposites. Figure 5(a)
clearly shows the SEM micrograph of the silver nanocom-
posite. The composite particle has an average diameter of
about 200 nm and a uniform particle size. The morphology

of the chitosan spheres is shown in Figure 5(b), which have
relatively smooth structures when compared to the CS-Ag
nanocomposite spheres. The background of chitosan and sil-
ver nanoparticle binding is clearly shown in Figures 5(b) and
5(c). Youssef et al. previously reported to synthesize
chitosan-based silver and gold nanocomposites [18] in
which SEM images clearly show the binding of chitosan
and silver nanoparticles.

3.6. EDX Spectrum Analysis. The EDX analysis was used to
determine the elements in chitosan-based silver nanocom-
posites, and the results are shown in Figure 6. The EDX
analysis confirmed that the nanocomposites contained
approximately 15% silver and chitosan, 35% carbon, 44%
oxygen, and 4% nitrogen. The metallic element, Ag, was
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FiGure 10: Antifungal activity of chitosan/silver nanocomposite against (a) Aspergillus fumigates, (b) Fusarium oxysporum, and (c)

Aspergillus niger.

present in all of the chitosan-based silver nanocomposite
films, and the amount of elemental silver in the CS-Ag nano-
composite films increased as the content of AgNP increased.

3.7. TEM Analysis. The morphology of nanoparticles and
nanocomposites prepared using green synthesis methods is
greatly aided by TEM analysis [24, 25]. The various shapes
and sizes produced by silver nanoparticles with chitosan
are clarified by TEM analysis. Silver nanoparticles with sizes
ranging from 15 to 25 nm have been discovered, and the size
of the nanocomposite is 150 to 200 nm. The chitosan nano-
composites were clearly observed to be embedded with silver
nanoparticles, confirming the nanocomposite formation.
Figures 7(a) and 7(b) show different spherical-shaped nano-
particles and the background light color, which was discov-
ered to be chitosan.

3.8. AFM Analysis. AFM was used to perform topographical
imaging on the surface roughness of the film sample. In
Figure 8, an AFM image of silver nanoparticles with
chitosan-formed nanocomposites clearly matches the SEM
and TEM images.

3.9. Antibacterial Activity. Figure 9 depicts the antibacterial
activity of CS-Ag nanocomposite against bacterial pathogens.
At a concentration of 75 pl, the maximum zone of inhibition
was obtained in the gram-positive bacteria Streptococcus, with
a zone diameter of 12.47 + 0.26. At a concentration of 25 yl,
the gram-negative bacteria Klebsiella pneumoniae had the
smallest zone of inhibition, with a zone diameter of 10.27 +
0.18. The difference in inhibition is due to the arrangement
of cell walls in gram-positive and gram-negative organisms.
Streptococcus pneumoniae, which causes pneumonia, wound
infection, and skin infection, can be killed by CS-Ag nanocom-
posites. Silver nanoparticles are an excellent antibacterial
agent, and when combined with chitosan, they may be even
more effective against other bacterial pathogens [21, 22, 26].

3.10. Antifungal Activity. Figure 10 depicts the antifungal
activity of chitosan/silver nanocomposites against fungus.
It had the highest fungal activity against Aspergillus niger
and the smallest inhibition zone against Aspergillus fumiga-
tus and Fusarium oxysporum. The fungus’ cell wall is very
strong, and it may prevent fungal growth from being killed.
Silver nanoparticles have been shown to suppress fungal
infections on their own [27].
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3.11. Antioxidant Activity by DPPH Assay. The silver nano-
particles synthesized using plant extracts are having very
good antioxidant property [8, 28]. DPPH has been used
extensively as a stable free to evaluate reducing substances,
and it is a useful reagent for investigating free radical scav-
enging activity of the component. The free radical scaveng-
ing activity by DPPH in graphical representation is shown
in Figure 11. It demonstrates the highest antioxidant activity
at higher concentration such as 100 gl which implies a dose-
dependent manner (Bedlovicova et al.,2020).

4. Conclusion

Lemon juice extract was shown to form a silver
nanoparticle-based chitosan nanocomposite. Characteriza-
tion of the material using XRD, UV-vis spectroscopy, and
FT-IR techniques confirmed the production of the nano-
composite. AFM, SEM, and TEM were used to analyze the
morphology of nanocomposite. The nanocomposites were
found to be spherical using SEM. The synthesis of the nano-
composite was confirmed by the formation of chitosan in the
presence of silver nanoparticles in TEM. Agar well diffusion
was used to test the antibacterial properties of nanocompos-
ites against Streptococcus, Rhizobium radiobacter, Klebsiella
pneumoniae, and Escherichia coli. The findings demon-
strated that silver nanoparticles with chitosan layer exhibited
outstanding antibacterial and antioxidant properties, sug-
gesting that they could be used as advanced biomedicine in
the future.
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Comparison of green and chemical precipitation method syntheses of zinc oxide nanoparticles (ZnO NPs) was performed,
and antimicrobial properties were investigated. Avocado, mango, and papaya fruit extracts were carried out for the green
synthesising methods, while the chemical precipitation method was chosen from chemical synthesis methods. Zinc nitrate
was used as a salt precursor, whereas leaf extract was served as a reducing agent for green synthesising methods. In
addition, sodium hydroxide, polyvinyl alcohol, and potassium hydroxide were used as reducing agents in the case of
chemical precipitation synthesis methods. ZnO NPs were characterised by characterizing techniques such as Fourier
transform infrared (FT-IR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The antimicrobial activities
of prepared nanoparticles were evaluated on Bacillus subtilis (B. subtilis), Staphylococcus aureus (S. aureus), and Salmonella
typhimurium (S. typhimurium). The particle sizes of the prepared samples which were evaluated by the Scherrer equation
were in the range of 11-21nm for green synthesis, while 30-40nm for chemical precipitation synthesis methods. Small
agglomerations were observed from SEM results of prepared ZnO NPs from both methods. Prepared ZnO NPs were
showed strong antimicrobial properties. From the result, the inhibition zone was in the range of 15-24 mm for the green
route and 7-15mm for chemical precipitation methods, where the standard drugs have 25 mm of the zone of inhibition. A
green synthesised method of preparing ZnO NPs gives promising antimicrobial properties compared to chemical synthesis
and is also eco-friendly and safe compared to the chemical synthesis.

1. Introduction

In the previous period, nanoscience and technology of nano-
composite materials are emerging in material science fields.
It manipulates matter at the atomic scale that produces a
nanoproduct of new novel properties [1]. Nanomaterials

are manufacturing and engineering materials that are
characterised at least in one dimension in nanoscale
(1 nm-100 nm). It is useful to develop structures and devices
of various materials [2]. Nanoparticles are the parts of nano-
metres widely used in the application of medicine [3], envi-
ronmental protection [1, 3], sunscreen [4], and cosmetics
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technology. Biomaterials make challenges while researchers
are studying material science fields. Researcher loses a lot
of time to generate a new idea, especially on biomaterials
in medicine applications on antibiotic resistance microor-
ganism [1, 3, 4]. Physical and chemical differences of charac-
terisation of nanocomposite materials include mechanical
and biological properties [5]. A nanoparticle gave greater
properties than bulk materials and had an appreciation
application in human life. It has a lower surface area to vol-
ume ratio and shows essential properties like versatility, high
strength, and electrical conductivity; in comparison to bulk
material with the same chemical makeup, this material has
superior strength and affinity [6]. New materials with inno-
vative purposes can be created by manipulating the shape
and size of atoms and molecules on the nanoscale. [7] Nano-
particles (NPs) have a wide range of applications along with
memory schematics and cordless electronic logic as well as
chemical sensing and electrometers as well as computer
transistors. They also have antibacterial and catalytic
behaviour as well as magnetic characteristics, mechanical
resistance, and conductivity. Those nanoparticles can also
be used in various other fields, such as tumour heating,
medicine administration, filtration, nanocomposites, and
diagnostic scanning, to name a few. Since the last few gen-
erations, there has been much interest in inorganic NPs
with increased characteristics [8]. Through the use of NP
characterisation, it is possible to determine the direction,
fractal sizes, crystallinity, and a number of the
interactivities.

ZnO NPs are used as supercapacitors because of their
high energy density, electrochemical activity, environmental
friendliness, abundant availability, and inexpensive cost.
Because of its large surface area, ZnO nanoparticles (ZnO
NPs) have been used to eliminate arsenic and sulphur from
water. ZnO nanopowders are commonly employed in sec-
tors such as blue laser diodes, solar cells, and conductive thin
films [2, 4-8]. When compared to green synthetic methods,
these methods have some disadvantages, such as being chal-
lenging to operate, costly, emitting radiation, requiring very
high pressure, and being toxic [9]. The medical uses of some
technologies are harmed by the adsorption of hazardous
chemical species on the surface. Green synthesis has been
developed to prevent chemical toxicity and an intense envi-
ronment of physical and chemical processes. They are suit-
able for biomedical applications due to their characteristics.
The shape of the NPs is influenced by a variety of factors
during green synthesis, including plant extract content, pH,
temperature, reaction duration, and solvent [10]. Because
of the existence of useful photochemicals such as ascorbic
acids, phenols, and carboxylic acids, plant biodiversity was
being extensively employed in the production of green syn-
thesis. Therefore, the aims of this study are to synthesise
ZnO NPs by green and chemical precipitation methods
and examine its antimicrobial properties.

2. Experimental Details

2.1. Materials and Chemical Used in Green Synthesis. Here,
avocado, papaya, and mango fruits were collected from the
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land farm of Kellem Wollega Zone, Mugi Woreda. In addi-
tion, zinc nitrate hexahydrate Zn(NO,),.6H,0, zinc acetate
dihydrate (Zn(CH,COO),.2H,0), zinc sulphate heptahy-
drate (ZnSO,7H,0) of 99% pure, sodium hydroxide
(NaOH), polyvinyl alcohol (PVA), potassium hydroxide
(KOH), and ethanol were purchased from Addis Ababa
Chemical Shop, Piazza. Different types of glasses of
double-distilled water were used for washing.

2.2. Green Synthesis/Methods of Extractions. The green syn-
thesis methods were developed from the procedure devel-
oped in Safavinia et al. (2021). Avocado fruit sizes were
reduced using a knife by cutting and washed six times by
double distilled and three times by ethanol. 16 g of avocado
was mixed with 170 mL of double-distilled water and then
continuously heated for the duration of 30 min on a mag-
netic stirrer. The aqueous solution of avocado extractions
was obtained and filtered by Whatman paper and stored at
normal temperature for later use. 10g of Zn(NO,),.6H,0
were measured by triple bean balance and dissolved in
30mL of double-distilled water by using a high-speed
magnetic stirrer at constant temperature for 30 min. Then,
1.75M of avocado extract were added to Zn(NO,),.6H,O
combination mixture and continuously stirred for 1hr.
The solutions were now settled for 24hr at normal tem-
perature. Similar procedures were repeated for papaya
and mango.

2.3. Chemical Precipitation Methods of Zinc Oxide
Nanoparticles. The chemical precipitation methods used
in the chemical synthesis were Zn(NO,),.6H,0,
Zn(CH,;CO00),.2H,0, and ZnSO,.7H,0O as salt precursor,
while NaOH, PVA, and KOH are reducing agents.
According to the procedure developed in Bekele et al.
(2021), zinc oxide nanoparticles were prepared. All zinc
salts and reducing agents were measured by beam balance.
12gm of the sodium hydroxide (NaOH) solution was
blended in 70mL of twice distilled water and agitated.
Under gentle magnetic stirrer for 30 min. Again, 4gm of
Zn(NO,),.6H,O was dissolved into double-distilled water
of 30mL and stirred continuously for 20 min. Slowly drop
by drop, Zn(NO,),.6H,O solution was added to NaOH
solution and stirred continuously for 2hr at 60°C. At this
stage, gel-like solutions were formed and left to cure in an
oven at a temperature of 160°C for 10 hr overnight. Then,
the sample was taken furnace (Model: MC2-5/5/10-12,
BIOBASE, China) and calcinated at 300°C for 6 hrs. Simi-
lar procedures were followed for other salt precursors, zinc
acetate (Zn (CH,COO),.2H,0), and zinc sulphate hydrate
(ZnSO,.7H,0).

2.4. Characterisation Techniques. In order to report the pres-
ence of functional groups attached to a surface of the synthe-
sised nanoparticles, the Perkin Elmer FT-IR spectrum was
used in the scanning region of 4000-400 cm™ and a resolu-
tion of 4cm™ for the analysis of the connected functional
groups to the exterior of the synthesised ZnO NPs. The X-
ray diffraction (XRD) distribution of ZnO nanoparticles
was acquired utilising an XPERT-PROX-ray diffractometer
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that generated Cu-K radiation (with an angular resolution of
1.5418 angstroms). It is being employed to evaluate the crys-
talline particle size that has been manufactured. For the pur-
poses of characterisation, a tiny quantity of powder samples
was used. At room temperature, when the X-ray generators
were working at 40kV and transmitting a charge of 30 mA
to the target, it was considered a successful hit. Properties
were measured at room temperature in steps of 0.02, over
an ambient temperature of 100 to 800 degrees Celsius, with
the diffractometer connected to a computer for the collec-
tion of data and presentation of characterisation results. It
was necessary to authenticate the structure of the crystal by
comparing its peak positions with those of the existing stan-
dard data. For each sample, about 0.4g of produced ZnO
NPs were grinded to tiny powders and quantified using a
beam balance before being transferred to a metal plate. Once
the nanoparticles had been formed, it was discovered that
the nanoparticle morphology might be investigated using a
scanning electron microscope (Hitachi, H-7600), which
functions under extreme vacuum as well as have magnifica-
tions varying between 20x to around 30,000x, with resolu-
tions varying between 50 and 100nm. Increased
magnification of the ZnO NPs was achieved by reducing
the raster width of the specimen, and vice versa, for the
ZnO NPs with fixed sizes. A quartz cuvette with a diameter
of 1 cm has been used to examine the absorbance spectra of
produced ZnO NPs utilising UV-vis spectroscopy (Perkin
Elmer Lambda 950), which was run over a wavelength range
of 200-500 nm. The ZnO NPs were combined using double-
distilled water until being placed in a quartz cuvette to pro-
duce their solutions, which were then analysed. After that,
the cuvette was placed in an ultraviolet-visible spectropho-
tometer, where the absorption spectra of ZnO NPs were
determined.

2.5. Antimicrobial Activity. The green and hydrothermal
methods of synthesised zinc oxide nanoparticles were evalu-
ated for antibacterial activities through disc-diffusion
methods as developed in literature [11-14]. A growing
media was created, autoclaved, and then moved to a putre-
faction Petri plate in order to execute the technique. It was
necessary to prepare the growing media, autoclave it, and
transfer it aseptically to sterilised Petri plates. Slants of test
tube media were transferred to Petri plate media, and sterile
and dried paper discs (6 mm) were inoculated with 10L of
freshly prepared ZnO NPs, either through a 0.45-millipore
filter or through a 0.45-millipore filter with freshly prepared
ZnO NPs for both the synthetic and the synthesis methods.
The discs that had been impregnated were cured in a lami-
nar flow cabinet. Controls and discs were planted on newly
seeded microbial lawns in conjunction with the experimen-
tal discs. Negative controls included sterile water (10L per
disc) and streptomycin (1 per cent per disc), while positive
controls included 1 per cent streptomycin (10L per disc).
Several investigations were carried out in triplicate to ensure
accuracy. With a zone reader, the regions of inhibition or
antimicrobial activities were counted in millimetres (mm)
on the Petri plates after they had been incubated at their
respective temperatures.

3. Results and Discussion

3.1. FT-IR Spectral Analysis of ZnO NPs. ZnO NPs were pre-
pared by green and chemical precipitation synthesised tech-
niques. Green synthesising methods of ZnO NPs from
avocado, mango, and papaya extracts and chemical synthesis
by hydrothermal methods were depicted in Figures 1(a) and
1(b), respectively. ZnO NPs were prepared by hydrothermal
methods from zinc nitrate hexahydrate (Zn (NO,),.6H,0)
and sodium hydroxide (NaOH), zinc sulphate heptahydrate
(ZnSO,.7H,0) and polyvinyl alcohol (PVA), and zinc
acetate dihydrate (Zn(CH,COO),.2H,0) and potassium
hydroxide (KOH) as S1, S2, and S3, respectively. The FT-
IR spectrum shows the transmission band around 487, 808,
1425, 1594, 2341, 2919, and 3435cm™ in the region of
400-4000cm™. The transmission band observed at 487
and 808 cm™' shows the presence of ZnO NPs for all extracts
[13]. The peak observed at 1425, 1594, and 2341 cm™" shows
the presence of carbonyl (-C=0) groups are stretching vibra-
tion, CN stretching, and COO- antis metric stretching,
respectively [14]. The peak observed around 2919 and
3435cm™" depicts the presence of C-H stretching vibrations
to CH, and CH, [15]. Bioactive compounds were also found
in the region between 808 and 1425cm’. Similarly, broad
transmission peaks were depicted from chemical synthesis
by the hydrothermal method. FT-IR spectrum shows trans-
mission peaks at 498, 895, 1892, 2279, 2689, 3321, 3689,
and 3896 cm™ for all chemical synthesis of S1, S2, and S3.
ZnO NPs were observed at and around the 498 and
895cm™, where the textile bond and oxygen vacancies were
observed [15]. The peaks observed at 1892 and 2279 cm™
represents symmetrical stretching of zinc carboxylate for
all samples. The peaks observed at 2689 and 3321 cm™ rep-
resents the O-H hydroxyl group’s fluctuation [16]. In addi-
tion, the transmission band observed at 3689 and 3896 cm’
' depicts the valence vibrations of water molecules. The
broad peaks of ZnO NPs were observed in chemical synthe-
sis methods than in the green synthesis methods. As the
dimension of zinc oxide nanoparticles increases, the content
of the impurities attached to the samples were decreased for
both synthesising methods.

3.2. XRD Spectral Analysis. ZnO NPS were synthesised
through green and chemical precipitation methods (as
shown in Figures 2(a) and 2(b)). The XRD pattern of ZnO
NPs was generated using avocado, mango, and papaya
extracts in green synthesis methods and S1, S2, and S3 sam-
ples of zinc nitrate, zinc acetate, and zinc sulphate salts with
their corresponding reducing agents of sodium hydroxide,
polyvinyl alcohol, and potassium hydroxide, respectively.
In accordance with JCPDS card no. 36-1451, many of the
XRD diffraction patterns of ZnO NPs are in perfect agree-
ment with the hexagonal wurtzite structure (hexagonal
phase, crystal structure P63mc) with lattice parameters of a
=b=3.249 and ¢ = 5.206 as reported in the recovered prod-
ucts [17]. Nine well-defined spectral peaks were observed at
31°, 34°, 367, 47°, 56, 62°, 667, 68°, and 69° with their corre-
sponding reflection (100), (002), (101), (102), (110), (103),
(200), (112), and (201) crystal planes, respectively, for green
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F1GURE 1: FT-IR spectral analysis of (a) green synthesis of ZnO NPs from avocado, mango, and papaya extract. (b) Chemical precipitation
synthesis of ZnO NPs from Zn(NO,),.6H,0 (S1), Zn(CH;COO),.2H,0 (S2), and ZnSO,.7H,O (S3) salt precursors.

synthesis methods for mango and papaya extracts. Thereisa  tallised. The diffraction peaks of chemical precipitation syn-
shift towards a smaller angle in the case of the avocado  thesising methods for samples S1, S2, and S3 of zinc salt
extract by ten degrees when compared to the other extracts.  precursors correspond to Bragg reflections with two theta
From the graph, the narrow and sharp peaks of diffractions ~ values of 17.29°, 35.08°, 38.39°, 40.12°, 47.95°, 53.93°, 62.95°,
were observed that the prepared nanoparticles are well crys- ~ 70.77°, and 76.10° to their corresponding Miller Bravais
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ZnO NPs from Zn(NO,),.6H,0 (S1), Zn(CH,;COO0),.2H,0 (S2), and ZnSO,.7H,0 (S3) zinc salt precursors.

indices (100), (002), (101),(102), (110), (103), (200), (112),
and (201) planes of hexagonal structure phases of ZnO,
respectively. These XRD patterns of the samples are in good
agreement with the standard data of the hexagonal ZnO
wurtzite structure of standard JCPDS card 36-1451. Sharp
and intense peaks of chemically prepared nanoparticles were
indicated that ZnO NPs with highly crystalline were success-
fully prepared. The average particle sizes of green and chem-
ically prepared ZnO NPs were calculated by the Scherrer
equation.

0.94

t= |
B cos 0

(1)

whereby ¢ is the mean dimension of nanoparticles, k is the
frequency of radiation, 8 is the whole width half peak in
radians, and 6 is the degree diffraction [15-18]. Avocado,
mango, and papaya extracts of green methods have been
used to synthesis nanoparticles with mean sizes of 11 nm,
16 nm, and 21 nm, respectively. The average sizes of the
nanoparticles produced with avocado, mango, and papaya
extracts are tabulated in Table 1.

The average sizes of the zinc oxide nanoparticles pro-
duced by chemical precipitation methods are seen in
Table 2. Based on the foregoing findings, it can be inferred
that throughout the instance, green synthesising methods
gave smaller nanoparticles which is more applicable for bio-
medical application [18, 19].

3.3. SEM Analysis of ZnO NPs. Figure 3(a) shows the scan-
ning electron microscope (SEM) morphology of green syn-
thesised ZnO NPs from avocado, mango, and papaya

TaBLE 1: Average particle size, FWHM, and angle of diffraction of
avocado, mango, and papaya extracted of green synthesis methods
of ZnO NPs.

Green synthesis 2 FWHM  Average particle size
methods theta (3] (1)
Avocado 3833  0.0995 11+20nm
Mango 3833  0.0673 16 + 30 nm
Papaya 2629 0.0568 21+10nm

TABLE 2: Average particle size, FWHM, and angle of diffraction of
chemical precipitation method synthesis of ZnO NPs.

Chemical precipitation 2 FWHM  Average particle
methods theta (3] size (t)
(anl()No3)2' OH,0 + NaOH 3¢ 33 03345 40 + 10 nm
Zn(CH,C00),2H,0 .

+ 2
+PVA (S2) 38.33 0.02931 36 £ 20 nm
ZnSO,.7H,0 + KOH (S3) 2629 0.02134 31+20nm

extracts. An avocado extract of SEM image depicts that the
prepared nanoparticle is rod-like images, while flower
images were observed in the case of mango extract with
small agglomerations. It is noticed that small agglomeration
of green synthesis methods were probability obtained from
the escape of volatile substances or gases during the calcina-
tion process. Nanotube-like images without any agglomera-
tion were also seen from SEM results of papaya extracts,
and the same results were reported in the literature of [20].
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Figure 4 depicts SEM morphology of ZnO NPs by
chemical precipitation method from zinc nitrate hexahy-
drate, zinc acetate dehydrate, and zinc sulphate heptahydrate
from sodium hydroxide, polyvinyl alcohol, and potassium
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hydroxide as reducing agents, respectively. Highly magnified
semispherical shape of prepared nanostructured was seen in
case of SI and uniform distributed spherical shape in S2 pre-
pared sample. In addition, an almost nearly spherical shape
was observed in the case of sample S3. In both green and
chemical synthesising methods, SEM results confirm the
crystalline nature of the ZnO NPs [21].

3.4. Antimicrobial Investigations of ZnO NPs. The antibacte-
rial investigation of green and chemical precipitation
methods of prepared ZnO NPs was estimated on three
bacteria such as B. substilis (Bacillus subtilis), S. aureus
(Staphylococcus aureus), and S. Typhimurium (Salmonella
Typhimurium) as shown in Tables 3. It is known that some
bacteria consist of the cell membrane, cytoplasm, and cell
wall. Especially, peptidoglycan membrane cell is found in
Gram-positive bacteria and has hard cell wall 20-80 nm
[22]. In addition, Gram-negative bacteria have a double cell
membrane, i.e., plasma and outer cell, which have 7-8 thick-
ness [19, 21]. But ZnO NPs able to penetrate easily through
this hard, strong cell membrane. ZnO NPs exert antimicro-
bial action and destroy bacterial growth [23].

In this study, green synthesis methods of ZnO NPs from
avocado, mango, and papaya extracts were subjected to anti-
bacterial activity to investigate antimicrobial activities which
are shown in Figure 5. From all extracted samples, avocado
extract has more inhibition potential on all bacterial strains.
ZnO NPs applied on Bacillus subtilis show high inhibition
potential than others. In other words, because the particle
size of these strains has been in the nanoscale, which can
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TaBLE 3: Chemical precipitation of ZnONPs.

Zone of inhibition (mm)
Green synthesis of

ZnONPs Chemical

precipitation of
ZnONPs

Bacteria stains Avocado Mango Papaya S1 S2 S3

Basillus subtilis 24 20 16 12 15 12
Staphylococcus aureus 20 18 17 11 13 10
Salmonella typhimurim 17 16 15 9 14 7

Green synthesis method of ZnONPs
using avocado, mango, and

304 papaya extracts
254
o 20
=1
1<
N
o
S 15
2
=
= 104
5]
04
B.subtilis  S.aureus S.typhimurim
Bacterial strains
m Avocado
= Mango
Papaya

FIGURE 5: Antimicrobial activities of ZnO NPs prepared by green
methods from avocado, mango, and papaya extracts.

easily impede the development of these strains, the inhibition
of such strains did not take particle size into consideration
[24]. Figure 6 illustrates the antimicrobial activities of ZnO
NPs prepared by chemical precipitation methods of S1, S2,
and S3 samples of zinc salt precursors. These results have
good agreements with standard references of antimicrobial
activities (streptomycin).

As shown in Figure 6, The sample S1 is the most effective
of the inhibitors when compared to the other salt precursors.
Antimicrobial activities of sample S3 were low compared to
S1 and S2. Chemical precipitation methods of ZnO NPs
have more inhibition potential on the bacterial strains of S.
aureus. ZnO NPs prepared by both chemical and green syn-
thesis have been found to be key interest in antimicrobial
activities [25-28]. ZnO NPs prepared by green synthesis
methods were found to be more active against this selected
B. subtilis, S. aureus, and S. Typhimurium compared to
chemical precipitation methods and have highly antibacte-
rial agents. The results of this finding have a good agreement
with previous studies [27]. Furthermore, ZnO NPs prepared
from avocado, mango, and papaya extract were highly active

Chemical precipitation method of prepared ZnONPs
as sample S1, S2, and S3
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FIGURE 6: Antimicrobial activities of ZnO NPs prepared by
chemical precipitation methods of S1, S2, and S3 samples of zinc
salt precursors.

antimicrobial properties with slight differences. Hence, fab-
rication of ZnO NPs from avocado, mango, and papaya
extracts are highly recommended rather than chemical syn-
thesis for microbial agents. In the green route, bioactive
compounds were present as stabilising, reducing, and cap-
ping agents [28-30]. Furthermore, green extracts produce
several biomolecules, including carbohydrates and proteins;
accompanying prime metabolites and secondary metabolites
that have been linked to the elimination of metal ions and
stability has been linked to nucleic acids [31-40]. Not only
antimicrobial agents but also green synthesis is also needed
for environmental pollution protections by developing and
adopting benign eco methods [41-50].

4. Conclusions

Comparison of green and chemical precipitation method
synthesis of zinc oxide nanoparticles (ZnO NPs) was per-
formed, and antimicrobial properties were calculated. Avo-
cado, mango, and papaya fruit extracts were carried out for
the green synthesising methods, while the chemical precipi-
tation method was chosen from chemical synthesis methods.
Zinc nitrate was used as a salt precursor, whereas fruit
extracts were served as reducing agents for green synthesis-
ing methods. In addition, sodium hydroxide, polyvinyl alco-
hol, and potassium hydroxide were used as reducing agents
in the case of chemical precipitation synthesis methods.
ZnO NPs were characterised by characterizing techniques
such as Fourier transform infrared (FT-IR), X-ray diffraction
(XRD), and scanning electron microscopy (SEM). The anti-
microbial activities of prepared nanoparticles were evaluated
on E. coli and S. aureus. The particle sizes of the prepared
samples which were evaluated by the Scherrer equation were
in the range 11-21 nm for green synthesis, while 30-40 nm
for chemical precipitation synthesis methods. Small agglom-
erations were observed from SEM results of prepared ZnO



NPs from both methods. Prepared ZnO NPs showed strong
antimicrobial properties. From the result, the inhibition
zones were in the range of 15-24 mm for the green route
and 7-15mm for chemical precipitation methods, where
the standard drugs have 25mm of the zone of inhibition.
A green synthesised method of preparing ZnO NPs gives
promising antimicrobial properties compared to chemical
synthesis and is also eco-friendly and safe compared to the
chemical synthesis. The results of this finding have good
agreement with previous studies. Furthermore, ZnO NPs
prepared from avocado, mango, and papaya extract were
highly active antimicrobial properties with slight differences.
Hence, fabrication of ZnO NPs from avocado, mango, and
papaya extracts is highly recommended rather than chemical
synthesis for microbial agents.
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Recycling wastes and providing their use in useful fields attract attention every day. In our study, with the extract prepared from
the parts of the Cynara scolymus L. (artichoke) plant that is not suitable for human consumption, silver nanoparticles were easily
synthesized in an ec-friendly, energy-free way. Characterization of the obtained nanoparticles was done with a UV-visible
spectrophotometer (UV-Vis.), fourier transform infrared spectroscopy (FTIR), X-ray diffraction diffractometer (XRD),
scanning electron microscope (SEM), transmission electron microscopy (TEM), and zeta potential analysis data. In these data,
it was determined that AgNPs have a maximum absorbance at 458.8 nm wavelength, a crystal nanosize of 28.78 nm, and a
spherical appearance. The zeta potential of (-) 16.9mV indicates that silver nanoparticles exhibit a stable structure. Particles
show antimicrobial effects on pathogenic species at concentrations of 0.03-0.25 ug/ml, and it was determined by using the
minimum inhibition concentration (MIC) microdilution method. By examining their cytotoxic effects on U118, CaCo-2, and
Skov-3 cancer cell lines and healthy HDF cell lines by the MTT method, concentrations of inhibitive effects on survival were
determined.

1. Introduction

Metallic nanoparticles are valuable materials with their wide-
spread use. Nanoparticles such as silver (Ag), gold (Au), iron
(Fe), and zinc (Zn) are some of them. There are different
methods such as heat treatment and photochemical and
chemical processes in obtaining them [1]. Although the appli-
cation stages of these methods are difficult, they also bring
high costs. Another disadvantage is that it contains toxic che-
micals in the process. Against these methods, the synthesis of

metallic nanoparticles with ecofriendly biological methods has
recently attracted considerable attention [2].

Silver nanoparticles (AgNPs) are used in many different
fields such as medical [3], bioremediation studies [4], catal-
ysis applications [5], food [6], cosmetics industry [7], agri-
cultural activities [8], and electronics [9]. Biological
resources such as algae [10], bacteria [11], fungi [12], and
plants [13] are used in the synthesis of AgNPs by biological
methods. Among these, the use of plant sources, when com-
pared to other organisms, to obtain a greater amount of
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nanoparticles, the more stable particles obtained [14], the
simpler and more economical application steps [15] increase
the preference for this field. Plants’ leaves [16], fruits [17],
roots [18], flowers [19], and aboveground parts of the plant
[20] are structures used for the synthesis of AgNPs.

Bioactive components such as alcohols, flavonoids, phe-
nols, and terpenoids found in the structure of plant sources
form AgNPs by reducing Ag+ions in the aqueous structure
to the Ago form [21].

Cynarascolymus L. (artichoke) is a herbaceous plant cul-
tivated in the Mediterranean region since ancient times.
Today, it is widely cultured in many parts of the world.
The leaf contains caffeinated quinic acid derivatives, flavo-
noids, lactones, tannin, and inulin. It prevents lipid peroxi-
dation through polyphenols and flavonoids in artichoke
content. It is known that this effect is caused by strong anti-
oxidants such as cynarin and silymarin [22]. The head part
is the popular vegetable consumed. It is consumed by mak-
ing salads, jams, and canned food [23]. It creates a large
amount of waste, except for the consumed part.

This study is aimed at synthesizing and characterizing
AgNPs by using the extract obtained with the parts of the
artichoke in a waste state economically and simply, with an
eco-riendly method, and to examine their antimicrobial
and cytotoxic activities.

2. Material and Method

2.1. Plant Material. Artichoke (Cynarascolymus) is a peren-
nial herb with purple flowers belonging to the Asteraceae
(Compositae) family. Artichoke, which is rich in antioxi-
dants, is often grown in Mediterranean countries. As the
study material, the parts of the artichoke fruit that are not
consumed as food were used [23].

2.2. Instruments. The analysis was made by using, respec-
tively, PerkinElmer one UV-visible spectrophotometer
(UV-Vis.), Rad B-DMAX II computer-controlled X-ray dif-
fractometer (XRD), EVO 40 LEQ scanning electron micros-
copy (SEM), and Jeol Jem. 1010 transmission electron
microscopy (TEM), RadB-DMAX II computer-controlled
energy dispersive X-ray diffraction (EDX), and Malvern zeta
potential devices were used to determine the formation,
presence, crystal structure, dimensions, morphological
appearance, and surface structures of AgNPs. Besides, Perki-
nElmer one fourier transform infrared spectroscopy (FTIR)
device was used to evaluate the bioactive groups in the
extract participating in reduction. The OHAUS FC 5706
model refrigerated centrifuge (6000 rpm) was used to sepa-
rate the AgNPs from the extract at the end of synthesis.

Sigma-Aldrich brand solid compound form of % 98.8
AgNO; (silver nitrate) was used. Commercially purchased
vancomycin, colistin, and fluconazole were used as standard
antibiotics.

2.3. Plant Extract and Solution Preparation. The edible part
of the 3kg artichoke fruit is approximately 500g. The rest
is in the waste state as it is not consumed. After weighing
200 g of the parts to be discarded, they were cut into small
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pieces and dried under room conditions for use as material.
It undergoes a series of washing processes to purify it from
material residues. The extraction process was carried out at
room temperature using a heated magnetic stirrer (150 rpm).
In the extraction process, after the mixture reaches boiling
temperature, it is left to boil for 5 minutes. Then, it was cooled
at room temperatureand then the extract and residue are sep-
arated using Whatman no. 1 filter paper. The obtained extract
was made ready to use for synthesis.

A solution with a concentration of 20 mM (millimolar)
was prepared from the AgNO, salt.

2.4. Synthesis of AgNPs and Characterization. 500 ml of plant
extract and 20 mM AgNO,; solution was transferred into a
2000 ml glass flask. It was left on a stable surface at room
conditions after simple mixing. Observations were made
depending on the time. Samples were taken according to
the color change, wavelength, and absorbance measure-
ments were made in the UV-vis spectrophotometer.

To detect the formation and presence of AgNP analyses,
the UV-visible spectrophotometer was used. Functional
groups of bioactive components involved in reduction were
evaluated with FTIR analysis data. A high-speed centrifuge
was used to separate the AgNPs from the liquid phase after
synthesis. After the reaction was finished, the dark solution
was centrifuged at 6000 rpm for 25 minutes. The centrifuge
process was repeated several times by adding distilled water.
Then, the removed particles from the residue were left to dry
at 80°C.The dried and powdered material was used in FTIR
analysis. XRD analysis results were examined to determine
the crystal sizes and structures. SEM, TEM, and EDX data
were evaluated to determine the morphological structure
and element composition content. The zeta potential analy-
sis results were examined in the surface analysis of nanopar-
ticles and in determining the charge distribution.

2.5. Determination of Antimicrobial Activity Using the
Minimum Inhibition Concentration (MIC) Microdilution
Method. Staphylococcus aureus (S.aureus) ATCC 25923,
Escherichia coli (E. coli) ATCC25922 strains, and Candida albi-
cans (C.albicans)clinic isolate were obtained from In6énii Uni-
versity Medical Faculty Hospital Microbiology Laboratory,
and Bacillus subtilis (B. subtilis) ATCC 11774 and Pseudomo-
nas aeruginosa (P. aeruginosa) ATCC27853 were obtained
from Artuklu University Microbiology Research Laboratory.

Gram-positive (S. aureus and B. subtilis) and Gram-
negative (P. aeruginosa and E. coli) bacteria were inoculated
on a nutrient agar medium. C. Albicans yeast was inoculated
on sabouraud dextrose agar medium and left to grow in an
oven at 37°C overnight. Following the growth control the
next day, microorganism suspensions were prepared accord-
ing to McFarland standard 0.5 [24] (the colony in 1.5 x 108
units (CFU) ml™") concentration for each of the microor-
ganisms grown from the plates in solid form.

Muller Hinton broth (for bacteria), RPMI (Roswell Park
Memorial Institute) broth for yeast, and AgNP solution pre-
pared at concentrations of 20 ug/ml~" were added to 96 well
microplates. A series of dilutions were made to the first well
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FIGURe 1: UV-vis showing the formation and presence of AgNPs: spectrophotometer data.

and then the other wells. Then, suspension prepared for each
microorganism was added to each diluted well.

To compare the effects of AgNPs, the same application
steps were repeated using vancomycin for Gram-positive
strains, colistin for Gram-negative, and finally fluconazole
antibiotics for the yeast C. albicans. Microplates were allowed
to grow at 37°C for 24 hours. At the end of the period, the con-
centration of the well before the well where the growth started
was determined as the minimum inhibition concentration.

2.6. Analyzing of Cytotoxic Effects of AgNPs. Cytotoxic effect
application was made in Dicle University Scientific Research
Centre Cell Culture Laboratory with human dermal fibroblast
(HDF), glioblastoma (U118), human colorectal adenocarci-
noma (CaCo-2), and ovarian sarcoma (Skov-3) cells obtained
from the American Type Culture Collection (ATCC).

The 3 cell types used were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) 75 t-flasks that include 10%
FBS, 100U/ml penicillin-streptomycin (Penstrep.), and
2mM L-glutamine.Over sarcoma (Skov-3) cells were cul-
tured in Roswell Park Memorial Institute (RPMI) 75t-
flasks that include %10 FBS and 100 U/ml penstrep.

The cultured flasks were incubated at 37°C, 5% CO,,
95% air, and humidity conditions. After the cells reached
approximately 80% confluence in the hemocytometermea-
surement, they were suspended in different concentrations,
transferred to 96 well microplates, and subjected to an over-
night incubation. The next day, cells were treated with nano-
particles with concentrations of 200 ug/ml, 100 ug/ml,

50 pug/ml, and 25 pug/ml and incubated for 48 hours. After
waiting, MTT solution was added to the plate wells, 3 hours
of incubation, and then DMSO was added and left at room
temperature for 15 minutes. The absorbance of the micro-
plates at 540 nm wavelength was measured using the Multi
ScanGo, Thermo instrument.

Using these absorbance values, the concentration in
which the percentage of viability of AgNPs is inhibited on
cells was calculated: %viability = U/C x 100 [25, 26].

U defines absorbances of cells treated with AgNPs, and C
defines the absorbance values of control cells.

3. Result and Discussion

3.1. UV-vis. Spectrophotometer Data. Colour transformation
from yellow to dark brown was observed one hour after mix-
ing the plant extract and 20mM AgNO, solution [2]. This
color change is caused by the reduction of Ag+ ions to Ago
while transforming to AgNPs and the occurrence of vibra-
tions (SPR) on the plasma surface [27, 28]. On the UV vis.
device readings of samples taken regarding color changes,
maximum absorbance value was found at 458.8 nm wave-
length (Figure 1). It refers to the samples taken every two
minutes in the UV-Vis spectrophotometer.

These peaks represent the maximum absorption of sam-
ples taken at different times.

The results of color change and maximum absorbance
wavelength are the data showing the formation and presence
of AgNPs in the dark-colored liquid [24, 29].
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FIGURE 2: Infrared spectra of (a) extract of Cynara scolymus L. and (b) the reducing functional groups that play a role in the formation of
AgNPs.

In synthesis studies using plant extracts, the maximum  3.2. FTIR Analysis Data. The functional groups involved in
absorbance wavelength results of 460 nm [30] and 453nm  reduction were evaluated by looking at the FTIR results. Fre-
[9] have been associated with the presence of AgNPs. quency shifts occurred at 3336.99-3324.35cm’’, 1635.26-
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FIGURE 3: X-ray diffraction data of the crystal pattern of AgNPs.

163531 cm™, and 2114.04-2121.27 cm™". The shifts in these
frequencies suggest that -OH (hydroxyl) groups [15], N-H
amine groups [31], and C=C alkyne groups [32] are func-
tional groups involved in the reduction (Figure 2).

3.3. XRD Analysis Data. At 20, in the XRD results, it was
seen that the crystal structure of silver was cubic, and the
peaks belong to 111, 2007, 2207, and 311" [33]. The values
of these peaks were read as 32.16, 46.10, 64.44, and 76.68,
respectively (Figure 3).

Using the peak values, the crystal nanosize was calcu-
lated according to the Debye-Scherrer equation (D= KA/
(B cos 0) [33].

The meanings of the symbols in this equation are D is
the particle size, K is the constant value (0.90), X-ray wave-
length A value (1.5418A), B value of peak at maximum
height (FWHM), and Bragg 0 angle of a high peak. As a
result of the calculation, it was concluded that it has a crystal
nanosize of 28.78 nm. In other studies calculating the crystal
nanosize of AgNPs using the Debye-Scherrer equation,
35nm [18] and 40 nm [34] crystal nanosizes were calculated.

3.4. SEM, TEM, and EDX Analysis Data. SEM, TEM, and
EDX analysis data were used to determine the morphologi-
cal structures and element compositions of AgNPs obtained
after synthesis (Figure 4). It was determined that obtained
AgNPs are in spherical view [34, 35]. Strong peaks of silver
in EDX data indicate that the element composition is
largely silver content and the presence of AgNPs [36].
Weak C and O peaks are due to contamination from extract
[37] (Figure 4).

3.5. Zeta Potential of AgNPs. In the zeta potential analyses
made to determine the surface charges of AgNPs, it was

examined whether AgNPs were negatively or positively
charged. As seen in Figure 5, the zeta potentials of AgNPs
obtained were measured as -16.9mV. When AgNPs are in
positive and negative charges, they show clustering and
clumping features [26]. The (-)16.9mV value we obtained
shows that AgNPs have only negative charges and exhibit a
stable structure. Since the silver nanoparticles we synthesize
are of plant origin, it is natural to have a negative zeta poten-
tial. We think that this is due to the negatively charged struc-
tures in the plant structure. Having only a negative charge
indicates that there is no clustering and clumping [38].
These negative charges may be due to the extract. The zeta
potentials of AgNPs were found to be -14mV [25] and
-19mV [26] in the studies. In a synthesis study, a zeta poten-
tial value of +5.68 mV was found, and it was reported that
AgNPs exhibit clustering and clumping character [2].

3.6. Evaluation of Antimicrobial Activities of AgNPs. When
we evaluated the activities of AgNPs, we obtained on patho-
gen species, and we determined that concentrations of 0.12
and 0.25ug/ml and were effective on Gram-positive S.
aureus and B.subtilis bacteria, respectively. We determined
that the concentration of 0.07 and 0.13 ug/ml was effective
on P. aeruginosa and E. coli in Gram-negative bacteria,
respectively. The lowest concentration where AgNPs are
effective is the concentration of 0.03 ug/ml on C. albicans
yeast. When we compared the effects of AgNPs obtained
with silver nitrate solution and antibiotics, we concluded
that they were effective at lower concentrations against these
groups (Figure 6 and Table 1).

Silver ions ionize in an aqueous structure and show a
high level of reactivity. Positive silver ions interact with the
negatively charged cell membranes of microorganisms with
an electrostatic attraction force. After this interaction, they
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FIGURE 4: Morphological images and element composition of AgNPs: (a) SEM, (b) TEM images, and (c) EDX profile element.
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FIGURE 5: The zeta potential data of the surface charge distributions of AgNPs.

cause an increase in reactive oxygen species (ROS). With the
increase of ROS, the cell wall structure is disrupted. The
functions of the cell membrane and the nucleus membrane
are impaired and undergo structural changes. The functions
of structures such as DNA, RNA, and protein synthesis that
have an affinity for these species are disrupted. Cell death
occurs with cellular destruction [39-42].

When we examined some researches on the antimicro-
bial effects of AgNPs, it was found that the AgNPs are
obtained using the plant extract of Pistacia vera L., and it
was observed to be effective on S. aureus, E. coli, and C. albi-

cans species at concentrations of 0.04, 0.66, and 0.16 yg/ml,
respectively [15]. In a study aimed at obtaining AgNPs in
different sizes, it was determined that those with 5nm sizes
were effective on B. subtilis, S. aureus, and E. coli with con-
centrations of 0.8-6 ug/ml [43]. In another study, it was
emphasized that AgNPs were effective at 30 yg/ml concen-
tration on P.aeruginosa [24].

AgNPs may show different effects in different strains.
Among the factors that affect their activities, characteristics
such as concentration, size, shape, microorganism wall
structure, temperature, and pH play a decisive role [42, 44].
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TaBLE 1: MIC values where AgNPs, silver nitrate, and antibiotics
are effective in antimicrobial activity.

. AgNPs  Silver nitrate  Antibiotic
Tested organism
ug/ml pg/ml pg/ml

S. aureus ATCC 29213 0.12 2.65 2

B. subtilis ATCC 11773 0.25 1.32 1

E. coli ATCC25922 0.13 0.66 2

P. aeruginosa

ATCC27833 0.07 1.32 4

C. albicans 0.03 0.66 2

3.7. Cytotoxic Activities of AgNPs. The data on the cytotoxic
activities of the AgNPs we obtained on U118, HDF, CaCo-2,
and Skov-3 cell lines are presented in Figure 7 and Table 2.
44.76% viability was seen on HDF cells at a concentration
of 25ug/ml. On the U118 and Skov-3 cell lines, 58.98%
and 74.55% viability was determined at a concentration of
25 ug/ml, respectively. A concentration of 25ug/ml was
toxic in the U118 and CaCo-2 cell lines. The increase in
the percentage of viability versus the concentration of
AgNPs in the U118 cell line is due to the proliferative prop-
erties of cancer cells [45].

AgNPs exhibit strong oxidative properties. The release of
the Ag+form may induce immunological, cytotoxic, and
genotoxic responses in biological environments; therefore,
it is of great importance to examine its effects[46]. AgNPs
settle at different points in the cells. These spots are the cell
membrane, nucleus, and mitochondria. AgNPs show toxic
effects by inducing apoptosis with ROS increase [45, 47].

In cell line studies on the cytotoxicity of AgNPs, it was
determined that CaCo-2 cells at 3.75 ug/ml [46] and Skov-
3 cells at 9.4 ug/ml [25] had toxic effects. In a study con-
ducted on HDF cell lines, it was stated that a concentration
of 100 pg/ml has a toxic effect [48].

Several parameters can have a significant effect on the
toxicity of nanomaterials. Some of them are concentration,
exposure time, charge, the chemistry of surface composition,
degree of deposition, shape, and size [41].

The different cytotoxic concentrations of AgNPs we
obtained in all these studies and ourselves maybe since
AgNPs are synthesized from different sources and have dif-
ferent sizes and morphological structures.

4. Conclusion

Artichoke (Cynara scolymus L.) is a plant that cannot be
used except for the edible part and generates a large amount
of agricultural waste. We synthesized AgNPs with an easy,
economical, and ecofriendly method with the extract we pre-
pared from these parts to transform these wastes into useful
fields for human life. We characterized the AgNPs obtained
with UV-vis,, FTIR, SEM, TEM, EDX, XRD, and zeta poten-
tial analysis data. According to the results of the XRD anal-
ysis, the average nanosize was calculated to be 28.78 nm. As
can be seen from the SEM images, it was determined that the
silver nanoparticles were spherical, and the AgNPs averaged
10.59 in the TEM analysis. It was determined that AgNPs
showed antimicrobial effects at low concentrations such as
0.03-0.25 yg/ml. It is important to examine and determine
the toxic effects of AgNPs for their use as anticancer and
antimicrobial agents in medicine. Cytotoxic effects of AgNPs
on U118, HDF, CaCo-2, and Skov-3 cell lines were
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FIGURE 7: Viability rates of HDF, U118, CaCo-2, and Skov-3 cell lines 48 hours after interaction with AgNPs.

TABLE 2: Viability-suppressing concentrations of AgNPs on HDF,
U118, CaCo-2, and Skov-3 cell lines.

Cell lines 25 yg/ml 50 yg/ml 100 pg/ml 200 pg/ml
HDF 44.76 21.52 8.61 10.44
U118 58.98 62.65 63.52 64.70
CaCo-2 55.64 33.37 20.624 22.50
Skov-3 74.15 73.62 65.57 24.25

examined. We determined an approximately 50% inhibition
on cancer cell lines at a concentration of 25 ug/ml. These
rates can be increased by developing method steps. It can
be qualified to supply the demand for antimicrobial and
anticancer agents.
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The production of zinc oxide nanoparticles (ZnO NPs) utilizing different vegetable extracts (onion, cabbage, carrot, and tomato)
was performed in this research owing to its excellency over other methods of synthesis, namely, simplicity, environmental
friendliness, and the elimination of harmful compounds. Fresh extracted onion, cabbage, carrot, and tomato of ZnO NPs are
characterized by Fourier transform infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-
visible spectroscopy. FTIR findings demonstrate that the prepared nanoparticles were observed in the spectrum of 626 cm™ -
1219 cm™ with some other functional groups. Wurtzite hexagonal structure of the prepared ZnO NPs was observed from XRD
results. In addition, the prepared nanoparticles were failed into nanoscales (17 nm, 18 nm, 24 nm, and 15nm) calculated from
Scherrer’s equation. Nearly spherical shapes were seen from SEM image for onion and tomato extraction while rod and tube
for carrot and cabbage, respectively. Two broad peaks were observed from UV-vis spectroscopy results for each extract. The
presence of a wide range of energy bandgaps in the region of 3-4eV was detected, indicating that ZnO NP material can be
employed in metal oxide semiconductor-based systems. The dye-sensitive solar cell based on ZnO NPs has been successfully
synthesized, and the efficiency of the device has been evaluated by measuring the current density-voltage behaviour under the
presence of artificial sunshine. The increased effectiveness of the manufactured dye-sensitive solar cell is attributable to a large
improvement in dye molecular adsorption onto the surface of ZnO NPs. Thus, the usage of the green produced ZnO NPs with
creating dye sensitivity solar cell is a simple and viable way for the well-being of our future.

1. Introduction tions in the contemporary era. Its usage is among the most

significant aspects in everyday living interaction of human
Power originates in numerous forms as a result of burning  beings. Nevertheless, the primary resources of energy that
forests to produce fire in ancient times to electrical produc-  human beings utilized in the reaping have exhibited signs
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of insufficiency due to the rise in industrial development in a
large number of countries. As an outcome, growing concerns
about energy crisis, global warming, lack in fossil fuels, and
environmental problems are encouraging the research work to
produce clean, affordable, and sustainable sources of the energy
that will propel the world into the future [1]. Latest advance-
ment in solar energy transformation innovations that use biose-
miconductors as the light harvesting layer makes use of metallic
oxide semiconductor (MOS) nanostructures for reliability. Both
electrode and the biomolecules are involved in charge extrac-
tion and transportation, according to the National Renewable
Energy Laboratory [2]. Nanoscience is a broad topic that con-
cerns of the research and implementation of materials on a
nanoscale. It is becoming increasingly popular. When com-
pared to their bulk counterparts, nanoparticles (NPs) demon-
strate new and enhanced qualities as a result of changes in
their characteristics such as form size, size distribution, and a
greater measure of the relationship between surface area and
volume [3]. Metal nanoparticles (metal NPs) have found a wide
range of applications in the fields of science and innovation in
recent years, owing to their distinctive electrical, mechanical,
optical, and magnetic characteristics [1-3]. Because of its vital
applications as antibacterial agents, photovoltaic cells, textile
fabrics, and polymers to eradicate microorganisms, zinc oxide
nanoparticles (ZnO NPs) have garnered a considerable deal of
interest from researchers in recent years [3].

The need for environmentally friendly energy sources
has prompted extensive study into nanomaterials to meet
these needs. When it comes to technology, nanotechnology
is a branch that analyzes diverse materials on a nanometric
scale. Its applications can be discovered in materials science,
engineering, and electronic engineering. Nanoparticles
exhibit a wide range of magnetic and optoelectronic proper-
ties that are influenced by their size and form distribution, as
well as their composition. Due to the fact that this technique
of synthesis eliminates the need for harmful chemicals, as
well as its ease and environmental friendliness, the synthesis
of nanoparticles employing vegetable extract is becoming
increasingly popular [3-5]. In addition to its unique charac-
teristics and high excitonic binding energy, zinc oxide (ZnO)
is used in this application [1-5].

It is routinely possible to synthesize ZnO NPs using var-
ious methods, including but not limited to hydrothermal,
solvothermal, sol-gel, direct oxidation, chemical vapour
deposition (CVD), electrodeposition (ED), sonochemical,
chemical bath deposition (CBD), microwave, and other
approaches [5]. These approaches, on the other hand, are
expensive, hazardous, and unfriendly to the natural environ-
ment. Nowadays, there is a growing demand for developing
ZnO that has excellent yielding, has moderate cost, and is
nontoxic by utilizing biological sources and environmentally
acceptable techniques of exploration and production. To
synthesize zinc oxide nanoparticles using a green synthesis
approach, environmentally friendly resources including such
plant extracts (leaf/flower/bark/root/seed/peel) and also the
bacteria/fungi/enzymes are used for the manufacture of zinc
oxide nanoparticles [6]. Vegetable removal was employed in
this investigation due to its plentiful affordability. It has been
observed that diverse vegetable extracts can be used to pro-
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duce zinc oxide nanoparticles [6-8]. Different scholars have
documented the usage of ZnO NPs in the production of dye-
sensitive solar cells in their research. The green synthesis of
zinc oxide nanoparticles employing onion, cabbage, carrot,
and tomatoes as a resource for dye-sensitive solar cell imple-
mentation has not been documented, and no comparisons
have been done between them. In the present research,
ZnO nanoparticles are synthesized using the green synthesis
technique, with preparations of tomato, onion, cabbage, and
carrot serving as reducing and stabilising agents in addition
to the ZnO. The nanoparticles that were synthesized were
analyzed using a variety of techniques, including Fourier
transform infrared, X-ray diffraction, scanning electron
microscopy, and an ultraviolet/visible spectroscope. One of
the objectives of this research is to synthesize and analyze
zinc oxide nanoparticles based on extracts of onion and cab-
bage. Another is in order to look into the use of zinc oxide
nanoparticles in the manufacture of dye-sensitive solar cells
utilizing extracts of carrot and tomato.

2. Experimental Details

2.1. Synthesis Methods. Fresh onion, carrot, cabbage, and
tomato were acquired in a market of Dambi Dollo Town.
Zinc acetate dihydrates (99.7%) and ethanol (99.5%) as a sol-
vent were also purchased from the market. First, the onion,
cabbage, carrot, and tomato were chopped into tiny slices
and rinsed three times with distilled water. Next, the onion,
cabbage, carrot, and tomato were weighed and blended into
the distilled water, and the process was repeated three more
times. Aqueous extracts were obtained after mixing 22
grams of onion powder, 30 grams of cabbage powder, 20
grams of carrot powder, and 22 grams of tomato powder
in 200 millilitres of distilled water in various beakers for 20
minutes at a time until the mixtures came to a boil. Follow-
ing freezing, the combinations were filtered through what
man paper and kept at 40°C until they were needed for
another application. The green syntheses of ZnO NPs were
performed out in accordance with published procedures
[9]. 2M concentration of zinc acetate dihydrate
Zn(CH,C00),-2H,0 was made in a beaker using sonication
to dissolve 15 g of Zn(CH;COO0),-2H,0 in 1 litre of distilled
water. The mixture was stored in the refrigerator until it was
needed. The preparations of onion (10 mL), tomato (10 mL),
cabbage (10 mL), and carrot (10 mL) were combined with a
10mL solution of Zn(CH;COO),-2H,0 in a beaker using a
stirrer for 10 minutes and then allowed to stand at room
temperature for 24 h before testing. The decrease of Zn-ion
was seen as a change in colour from white to pale brown
and then to a deep brown over time, as shown by the shifting
of colour to white to light brown and then to dark brown.
Because of the manufacture of ZnO NPs, the texture of the
mixture had been changing. In the following 24 hours, the
produced nanoparticles were whirled at 12000 rpm for 15
minutes and rinsed six times using ethanol and distilled
water before being used. Following collection of the samples,
they were moved to a Petri dish and dried for 12 hours at
70°C in a vacuum oven.
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2.2. Characterization Techniques

2.2.1. FTIR Analysis. In order to study and characterize the
connected functional groups to a surface of the synthesized
ZnO nanoparticles, the PerkinElmer FTIR Spectrum One
was used with a scanning spectrum of 4000-400cm™ and a
resolution of 4cm™ for the analysis of the connected func-
tional groups to the exterior of the synthesized ZnO nano-
particles. For both the FTIR evaluations, the specimen was
consistently and appropriately mixed with solid KBr, which
was squeezed to settle down on an extremely thin film, and
this relatively thin film was used for the FTIR analysis, which
was stored in the scanning chamber of the instrument.

2.2.2. X-Ray Diffraction and SEM Analysis. The X-ray dif-
fraction (XRD) distribution of ZnO nanoparticles was
acquired using an X'Pert Pro X-ray diffractometer that gen-
erated Cu Ka radiation (with an angular resolution of 1.5418
angstrom). It is being employed to evaluate the crystalline
particle sizes that have been manufactured. For the purposes
of characterization, a tiny quantity of powder sample was
used. At room temperature, X-ray generators were running
at a voltage of 40kV and applying a current of 30 mA to
the target. Temperature-dependent strengths were recorded
at ambient temperature in steps of 0.02, throughout a range
of 100 to 800°C, with the diffractometer attached to a com-
puter for data collection and characterization displays. It
was necessary to authenticate the structure of the crystal by
comparing its peak positions with those of the existing stan-
dard data. For each sample, about 0.6 g of the produced ZnO
NPs was ground to tiny powders and quantified using a
beam balance before being transferred to a metal plate. Once
the nanoparticles had been formed, the particle morphology
was examined by utilizing a scanning electron microscope
(Hitachi, H-7600) that operates under high vacuum and
has magnifications ranging from 20x to about 30,000x, as
well as spatial resolutions of 50 to 100 nm. Greater magnifi-
cation of ZnO NPs was attained by decreasing the raster
width of the sample, and vice versa, for the fixed sizes of
the ZnO NPs. A quartz cuvette with a diameter of 1cm
was used to measure the absorbance spectra of obtained
ZnO NPs employing UV-vis spectroscopy (PerkinElmer
LAMBDA 950), which was operated throughout a wave-
length range of 200-500 nm. Approximately 0.3g of ZnO
NPs was mixed with double distilled water before being
placed into a quartz cuvette to form their solutions. After
that, the cuvette was placed in an ultraviolet visible spectro-
photometer, where the absorption spectra of ZnO NPs were
determined.

3. Results and Discussion

3.1. FTIR Analysis. In order to identify the probable func-
tional groups in biomolecules contained with the presence
of a natural extract that are due to the reduction of the zinc
ion into ZnO NPs, a Fourier transform infrared spectral
analysis (FTIR) was performed. FTIR spectra of the prepared
ZnO NPs with vegetable extracts are observed in Figure 1.
FTIR spectrum of ZnO NPs synthesized with onion, cab-

bage, carrot, and tomato extracts demonstrated almost the
absorption peaks at 626, 1219, 1392, 1744, and 2361 cm’l.
The N-H, O-H, and H-bonded phenols and alcohols stretch-
ing oscillations of amide groups are represented because of
the powerful and broad peak at 1500-2000 cm ™', which cor-
responds to the N-H, O-H, and H-bonded phenols and alco-
hols stretching vibrations of amide groups, respectively. The
C-O stretch oscillations are represented by the bands that
occur in the vicinity of 2361 cm™. The appearance of a band
in the spectrum in the ranges of 626 cm™ to 1219 cm™ indi-
cates the formation of ZnO NPs, and the results are in great
deal with the literature [10-12].

3.2. X-Ray Diffraction Analysis. The XRD pattern of ZnO
NPs that were generated utilizing samples of onion, cabbage,
carrot, and tomato is presented in Figure 2, and it can be
seen in Figure 3. In accordance with JCPDS card no. 36-
1451, all XRD diffraction profiles of ZnO NPs are all in
excellent accordance with the hexagonal wurtzite architec-
ture (hexagonal phase, space group P63mc) having lattice
parameters of a=0b=3.249 and ¢=5.206 as described in
the retrieved products [10, 12, 13]. Two broad diffraction
peaks were observed at 27.39° and 40.64° with corresponding
crystal planes of (100) and (002), respectively. Here, the
onion-extracted nanoparticles have shown two broad peaks
only. In addition, 47.31°, 53.60°, 72.63°, and 73.75° were
observed with (101), (102), (200), and (112) of crystal
planes, respectively, in all the extracted samples except in
the case of onion. The most intense peak was observed at
(100) and shows the preferred growth plane; therefore, it
demonstrated to the high level of purity of ZnO NP prod-
ucts. The XRD pattern of green synthesized ZnO NPs
reported in the literature [14] is incongruous in accordance
with the trend illustrated in Figure 2. Thus, utilizing XRD,
the formation of ZnO NPs was established. The dimensions
of the nanoparticles were determined using the assistance of
the following Scherrer’s equation.

0.91

t=[3cos9’ v

where t is the mean dimension of nanoparticles, k is the fre-
quency of radiation, 8 is the whole width half peak in
radians, and 6 is the degree diffraction [12-14].

Onion, cabbage, carrot, and tomato preparations have
been used to synthesize nanoparticles with mean sizes of
17 nm, 18 nm, 24 nm, and 15nm, respectively. The average
sizes of the nanoparticles produced with onion, cabbage, car-
rot, and tomato extracts are seen in Table 1. Based on the
foregoing findings, it can be inferred that throughout the
instance of tomato extracts, smaller nanoparticles are
generated.

3.3. SEM Analysis. Figure 3 demonstrates the SEM morphol-
ogy of the extracted ZnO nanoparticles synthesized by
onion, cabbage, carrot, and tomato, respectively. SEM
images depict the spherical surface morphology in the case
of onion and tomato extractions, while nearly nanorod and
nanotube are synthesized using carrot and cabbage,
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respectively. Because of their small size, the green synthe-
sized structures are uniform in nature, with little aggrega-
tion. Instead of using costly and harmful capping agents to
minimize agglomeration, plant extract works as a reducing
agent as well as a capping agent. As a result, this process is

more cost-effective and environmentally benign than the
other certain technique of producing ZnO NPs. The narrow
assimilation SEM image in onion and tomato extracts of the
prepared ZnO NPs depicts detail wurtzite hexagonal struc-
ture where their adjacent contacting surface is smooth and
has well-defined shapes [15-18].

The optical bandwidth of the produced ZnO NPs was
studied using UV-vis spectroscopy [16, 18]. To obtain a
homogeneous solution, the produced ZnO NPs were scat-
tered evenly in the triple filtered water employing an ultraso-
nicator for 5 minutes. The UV-visible spectrum of the green
produced ZnO NPs retrieved from onion, cabbage, carrot,
and tomato is shown in Figure 4. The spectrum reveals a
wide absorption peak at 276nm and 375nm for onion-
extracted nanoparticles. In addition, 217nm and 310nm,
214nm and 338 nm, and 215nm and 343nm are for cab-
bage-, carrot-, and tomato-extracted zinc oxide nanoparti-
cles, respectively. These peaks are caused by ZnO NPs’
surface plasmon absorption characteristics. When electro-
magnetic waves impact the surface plasmon absorption, a
phenomenon happens owing to the cumulative oscillation
of the open conduction band electrons [17, 18].

This current study of UV-visible absorption peak for
ZnO NPs is similar to prior results [19]. Planck’s equation
was used to compute the bandgap energy (E) of the pro-
duced ZnO nanoparticles.

E=—, (2)
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FIGURE 3: SEM images of the extracted ZnO NPs from onion, cabbage, carrot, and tomato through green synthesis methods.

TaBLE 1: Average particle size, FWHM, and angle of diffraction of
onion, cabbage, carrot, and tomato extracted from the prepared
ZnO NPs.

Extracted samples 2 theta FWHM () Average particle size (t)

Onion 40.64 0.07345 17.10
Cabbage 40.64 0.05325 18.20
Carrot 40.64 0.04687 24.20
Tomato 40.64 0.08767 15.20

where E is the energy bandgap, h is the Planck constant =
6.626 x 1074 Js, ¢ is the speed of light=3 x 10® nms™, and
A is the wavelength.

Conversion of electron volt to joule is calculated as 1
eV =1.6x 1077 ] [20]. Table 2 shows the computed band-
gap energy value for greatest wavelengths. ZnO’s inherent
bandgap absorption is caused by electron transitions
between the valences to the conduction bands. Because
ZnO nanoparticles absorb UV light, they can be employed
in medicinal purposes such as sunscreen protection or anti-
bacterial ointments [16]. A wide range of energy bandgaps
was discovered in the 3-4eV range, indicating that ZnO
NP powder can be employed in metal oxide
semiconductor-based systems [19].

The characterization of the extracted zinc oxide nano-
particles was calculated using fill factor for dye-sensitive
solar cell by using the following equation:

]max X Vmax

ff: ]SC X VOC

, (3)

where J .o Vo Joo and V. represent the peak power
point current density and voltage, small current density
(J.) of an observed current at 0V, and open-circuit voltage
(Vo) respectively [21].

The following Equation (4) calculates the energy conver-
sion efliciency (n percent), which is the ratio of maximum

power (p,...) to electrical input power (p,,):

nszXVOCX]SC’ (4)

SXp in
where “s” is the area of dye-sensitive solar cell [22].

Figure 1 shows the electrical density (j-v) curve of a dye-
sensitive solar module based on zinc oxide nanoparticles at
various light intensities (a, b). DSSC variables like open volt-
age (V.), shorter-circuit current density (J,.), fill factor (ff
), and efficiency (n) were determined from the j-v curves
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TaBLE 2: Energy bandgap of the prepared ZnO NPs extracted from  using Equations (3) and (4). Table 1 shows the computed

onion, cabbage, carrot, and tomato.

values for the DSSC parameters [23-33].

When compared to research having comparable ZnO

Extracted sample  Maximum wavelength _ Energy bandgap 1\, oparticle architectures in the literature, it was discovered
Onion 375nm 3.31eV that the ZnO-based DSSC made n percent quite good [22].
Cabbage 310 nm 4.01eV The immersion duration of ZnO NPs together into sensitiz-
Carrot 338 nm 3.68 eV ing dye had been demonstrated to be an important factor in
Tomato 343 nm 362eV the solar cell properties of the ZnO-based DSSC [34]. When

compared to similar research [12-15], the manufactured
ZnO-based DSSC showed better performance in a lesser
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TaBLE 3: Performance parameter of DSSC by the extracted ZnO NPs through green synthesizing methods.
Extracted sample Jo (Acm™) Ve (V) Jonax (Acm™) Vinax (V) ff n%
Onion 6.22x107° 0.38 3.20x107° 0.26 0.38 0.0055
Cabbage 8.43x107° 0.22 421x107° 0.19 0.34 0.0069
Carrot 2.99x107* 0.37 3.01x 107 0.30 0.70 0.080
Tomato 6.01 x 107 0.36 0.40 x 107 0.28 0.61 0.122
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FIGURE 5: Current versus voltage curves of green synthesized ZnO NPs by (a) onion extract and (b) cabbage, carrot, and tomato extracts.

period of sinking time [35-44]. The enhanced absorption
due to the larger amount and the better performance can
also be expressed by the dye molecules that have been
adsorbed onto the ZnO surface which can also expressed
the better performance. As a result of the simplicity of the
approach and the ease with which the specimens can be gen-
erated, through utilization of ZnO nanoparticles in photo-
voltaics seems to hold long-term prospects. The current
density was discovered to be considerably lower. The photo-
current is the greatest significant parameter that defines the
system’s total performance limit. Then, because of their high
surface area, parental substances act differently, and surface
energy increases when the particle dimension is going
towards that of a nanoscale [23, 24, 34]. The average crystal-
lite dimensions of the ZnO nanoparticles were generated to
be within 15nm and 20nm. As a result, we can anticipate
considerable photochemical characteristics. A low hardness
factor, reflection or dispersion, minimal injection perfor-
mance, and charge collecting efliciency can all contribute
to a low [16-18]. As the light intensity rose, the short-
circuit voltage output grew progressive to near-saturation
levels. Increased photogenerated excitons were linked to
the linear increase in J . [20-22, 34, 45]. As a result, at
greater light intensities, larger electron densities were trans-
mitted to ZnO. Table 3 shows that “n” and “J..” readings
improved even as applied light density has improved. The

improvement in charge generation is a result of an elevation
in light intensity. Comparable outcomes had previously been
reported for ZnO-based DSSC materials [19, 20, 45]. These
findings reveal that increasing the intensity of illumination
to 100mW cm™ has no effect on transport, injection, or
recombination mechanisms as shown in Figure 5.

4. Conclusion

ZnO NPs were completely synthesized through simple and
eco-friendly vegetable-mediated green synthesizing tech-
nique from onion, cabbage, carrot, and tomato fruit extrac-
tion. FTIR, XRD, SEM, and UV-visible spectroscopy were
accustomed to characterize the produced nanopowders.
The crystal structures of synthesized ZnO NPs were with
particle sizes where observed from XDR results. According
to Scherrer’s equation, the produced ZnO NPs have a
single-phase hexagonal geometry having mean particle sizes
of 17nm, 18 nm, 24 nm, and 15nm. Small agglomeration of
the extracted nanoparticles was observed from SEM results.
Because extract capping agents are poisonous, they were
not employed to minimize the clustering; nonetheless, the
vegetable retrieving itself would work as a diminishing agent
or a capping agent depending on the situation. As a result,
the green synthesizing process is more cost-effective and
environmentally friendly than conventional ways for



producing ZnO NPs. The ZnO NP UV-visible spectroscopy
revealed a large surface plasmon resonance absorption spike
of the dye-sensitive solar cell based on ZnO NPs was effec-
tively manufactured, and its performance was studied using
current density-voltage behaviour below the influence of
artificial sunlight. Due to a significant enhancement in dye
molecule absorption upon this surface of ZnO NPs, a signif-
icant rise in the performance of the produced DSSC can be
attributed to this. As a result, the employment of the green
produced ZnO nanoparticles in the construction of dye-
sensitive solar cells is a simple and promising strategy for
the future’s well-being. ZnO nanoparticles can be used as
intelligent weapons toward a wide range of drug-resistant
microbes, as well as a capable antibiotic replacement.
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A green deposition method of zinc oxide nanoparticles using coffee leaf extraction was successfully prepared. The use of these
preparation techniques is accepted by many researchers because it is nonexpensive and simple and has no environmental
impact during the operation. The determination and reduction of Zn ions to ZnO NPs were characterized by using a UV-visible
spectroscope. The UV-visible spectroscopy result reveals that the large band gap energy is observed in the visible region at the
wavelength of 300 nm. X-ray diffraction and SEM analysis confirm that the deposited nanoparticle is highly crystalline with
(111), (222), and (100) planes and cubic shape structure. The coffee leaf extraction serves as a reducing agent for stability of the
particle length, where its medicinal value outcome showed an important antibacteria of the pathogenic type which appeared on
the wound. The present research deals with the green synthesis of ZnO NPs as well as its application in toxicity reduction.

1. Introduction

Nanotechnology is the greatest innovative research part in
today’s condensed material science which basically includes
nanoparticles [1, 2]. Nanoparticles are types of materials with
a 3D structure, changing in magnitude from 1 to 100 nano-
meters. This material contains lots or 100s of atoms
(molecules) that comprise different forms such as crystal
structure, spherical, tubes, and amorphous [3]. Nanoparticles
of metals like zinc have exceptional optical properties and
electrical and magnetic material goods that make them

broadly used in study and manufacturing events. Amongst
the numerous behaviors of metal nanoparticles, the optical
studies are more protuberant. The properties of metallic
nanoparticles are because of occurrences called surface-
plasmonic resonance. The applications of metal nanoparti-
cles includes the following: their contribution in the area of
electricity as well as thermal conductors, sensors, optical
and electrochemical detectors, antibacterial materials, super
paramagnetic materials [4, 5]. Mineral nanoparticles have
numerous likely applications for medicinal imaging and
illness cure, and they are used extensively for their diverse
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features, such as in elevation availability, good ecofriendliness,
their skill in drug transmission, and governor of medication
statement [6]. A massive list of properties used in the biological
synthesis of metal nanoparticles exists. Plant parts, algae, fun-
gus, bacteria, and viruses are used in the biological synthesis
of nanoparticles [7]. Herbal cuttings arranged from leaf, stalks,
origins, florae, and pips of plants, because of differences in
composites, have unlikely possessions on the quantity and
physiognomies of created nanoparticles [8, 9]. Shrubberies
have a great deal of ordinary reformative and steadying mate-
rials. Plants are broadly dispersed and simply available, and
they are sources of various metabolites [10]. Actual phyto-
chemicals in the manufacture of nanoparticles contain ter-
penes, flavonoids, ketones, aldehydes, and carboxylic acid [11].

Additionally, reducing agents like protein, enzymes, and
others have a vital role in metallic nanoparticle creation by
green plants [12]. The biosynthesis techniques grow nano-
particles of good surface morphology and clear size as related
to some of other physicochemical synthesization techniques
[13]. The biological growth of nanoparticles depends on the
existence of enzymes as well as proteins included in their
depositions. Nanoscience has numerous advantages in smart
medicinal providing systems. In these schemes, the medicine
is endangered and preserved from the location of the
entrance to the nerve [14]. The coffee plant is a climber of
one to seven meters long, and it has opposite-sided leaves
with bulbous moods on both edges. The parts that are com-
mercially used are the leaves, seeds, and stems. In Oromia,
Ethiopia, the leaf of coffee is not functional and no studies
were conducted, and they simply drop to the ground and lead
to environmental toxicity. Using this leaf regardless of its
seed incorporation reduces toxicity of the water, air, and
environment [15].

Deposition of green nanoparticles from the leaf extract is
simpler to use. It is nontoxic, and there is no contagion exposed
to the surroundings. Additionally, it is better to be substituted
with other techniques of synthesization of nanoparticles. Due
to the above declared evidences about the medicinal ideals of
the coffee plant, the present study brought a biomimetic
approach for the green synthesis of ecofriendly zinc oxide
nanoparticles from coffee leaves through UV-visible spectro-
scopic, scanning electron microscope, X-ray diffraction charac-
terization, and photoluminescence spectral studies.

2. Materials and Methods

For the synthesization of nanoparticles cut from the coffee
leaf, zinc-nitrate hexahydrate and triple distilled water were
arranged. All important materials are cleaned by using nitric
acid and additionally by deionized water, then dehydrated by
keeping it in a rotisserie before the preparation of nanoparti-
cles. The leaves of the coffee plant were gathered from Dambi
Dollo town, Ethiopia.

3. Preparation of Extraction from Coffee
Plant Leaves

The leaves of the coffee plant (Figure 1) are collected and
washed by using warm water to eradicate dirt adverts. The
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FiGure 1: Coffee plant originally taken from Dambi Dollo town,
Kellem Wollega, Oromia, Ethiopia.
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F1GURE 2: XRD patterns of ZnO nanoparticles from extract of coffee
leaves.

leaves become dried in air after three weeks, since the season
at which the present research was conducted was summer;
after drying, the leaves were powdered by using a metal mor-
tar and wood pestle till the ground very well. The extraction
of coffee leaves was organized by alternatively changing the
masses of prepared ZnO nanoparticles as 10g, 15¢g, 20g,
and 25 g of powder of coftee leaves which was put into 95 mil-
liliters of distilled water at an adjusted temperature of 100°C
for 30 min, and the pH value of the solution was measured to
be 5. The solution was finally filtered and kept in a freezer at
7°C for further work.

4. Deposition of ZnO Nanoparticles from Coffee
Leaf Extraction

The precursor basis for the zinc ion used in this study was
zinc-nitrite hydrooxide which was taken from shops from
Finfinnee, Ethiopia. The elucidation of zinc-nitrite hydroox-
ide was set in deionized water. For synthesization of ZnO
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FIGURE 3: Scanning electron microscope analysis of ZnO nanoparticles at different masses of 10g, 15g, 20 g, and 25g.

nanoparticles, the flask volume of 250 mL and the source of
zinc (0.1 M) was mixed with 20 mL of the leaf extract of the
coffee leaf and stimulated on a magnetic stirrer heated at
80° C, and the stirring was nonstop until a uniform solution
was accomplished. The homogenous solution was dehy-
drated in a hot air oven at the temperature of 120-150°C for
120 min. Currently, the color of prepared nanoparticles is
yellow and is crumpled in a metallic mortar-pestle to get a
green preparation of ZnO nanoparticles.

5. Characterization Techniques

XRD (Shimadzu, 50 kilovolts and 20 milliamperes with Cu-Ka
radiation with wavelength or A =1.541 A) was cast off for
crystal-structure examination. A Shimadzu ultraviolet-visible
spectrophotometer was employed to assess the optical behav-
iors, and photoluminescence (PL) spectroscopy was also used
to analyze the optical properties of the sample. Surface mor-
phological study of the deposited nanoparticle was accompa-
nied using scanning electron microscope (SEM) [15-17].

6. Analysis of Crystal Structure of ZnO
Nanoparticle Extracts of Coffee Leaves

X-ray diffraction patterns of deposited ZnO NPs show that
peaks observed agree with the ordinary data. The existing
peaks of XRD (Figure 2) finely agreed with the cubic crystal
structure [18]. The fitted sharp as well as peaks involving
intensity in Figure 3 reveals that the nanoparticles are enor-

TaBLE 1: Evaluation of calculated crystal size D (nm) from XRD
results.

No. 2 theta (degree) FWMH (radians) D (nm)
1 25.61 0.195 85.51
2 26.32 9.85 2.50
3 32.70 0.255 56.01
4 34.09 8.06 1.88

mously crystalline. The phase can be indexed for diffractions
from the (222), (111), and (100) planes.

From the XRD graphing data, the peaks produced are
extensive; the portentous crystallites have sizes in the nano-
meter range and the diameter was calculated using Scherer’s
theories, given by

KA

Dzﬁcose’ 1)

whereas K is the Debye-Scherrer constant number, A is the
X-ray wavelength, f is the width of the peak of half maxi-
mum, and 6 is the diffraction position [19]. The calculated
crystalline size of green synthesized is dignified by XRD
obtained around 40 nanometers. The crystal size calculation
of the ZnO nanoparticle is shortly discussed in Table 1.
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7. Scanning-Electron Microscope (SEM)
Analysis of ZnO Nanoparticles from Coffee
Leaf Extract

Subsequently, the validation of X-ray diffraction outputs was
further regulated for the surface morphology of scanning-
electron-microscope characterization. The shape as well as
crystal size and surface morphology of the ZnO nanoparticle
are evidently shown by micrograph of a scanning electron
microscope as shown in Figure 3.

Comprehensive structural analyses prove that the
produced outputs are cubic shaped and crystal in a nice
arrangement. The measured diameters were about 40 nm.
Nanoparticles at 10g and 15g have an astounding shape
and those at 20g and 25¢ are like fixing wood. Generally,
the micrograph observed has no void and cracks, and this
shows high crystallinity of the sample prepared. These results
agree with what has been reported [20].

8. Ultraviolet (UV-Vis) Analysis of ZnO
NPs from Coffee Leaf Extract

As demonstrated in Figure 4, the immersion spectrum of
the equipped ZnO nanoparticles with the absorption peak
is nearly 360 nm. It shows the ZnO nanoparticles’ exposi-
tion, excitation, and absorption (at 360 nm) because of
their big excitation binding energy at room temperature.
The bands of zinc colloids were alleged at 360 nm, which
reveals that the zinc ion is capably minimized by coffee
leaf extraction. The appearance of the blue-shifted absorp-
tion spectrum with deference to the large value (300 nm)
of the ZnO nanoparticles appropriate for the wavelength
of the 300-nanometer fascination peak, due to the quan-
tum captivity effect, which is in good agreement with the
previously reported [21-23].

Journal of Nanomaterials

4000 -
3500
3000 -

2500
2000 - L
1500 -
1000 - L
500 A

O_L

300 350 400 450 500 550 600 650 700

PL Absorption spectrum

Wavelength (nm)

—— 25g
— 20g

— 15g
— 10g

FIGURE 5: Photoluminescence spectra of ZnO NPs with different
masses of 10g, 15¢,20¢g, and 25g.

9. Photoluminescence (PL) Spectral Analysis

Photoluminescent nanoparticles progress as dissimilarity
or theranostic proxy assurances to make conceivable the
inspection of a precise biological phenomenon as well as
the action of diseases with a maximum degree of discern-
ment. Consequently, novel nanoscale ingredients on condi-
tion of having higher finding limits, multimodal imaging
modalities, and improved therapeutic effects are currently
under study. This characterization technique is also used
to analyze the optical emission properties of ZnO nano-
particles [24-32].

The PL behaviors of the deposited nanoparticles are
shown in Figure 4. Based on the peaks of photolumines-
cence radiations, it was perceived that with addition of
volume of nanoparticles of ZnO NPs, the intensity of
photoluminescence peak was increasing with large area
to volume rate for small-sized crystalline. This could be
predictable to number of icons in the nanoparticles super-
ficial fustily increases as crystal sizes decreases. Hence, the
nanoparticles with a small crystal size can characterize the
highest luminescence intensity related to the biggest crystal
solid [24-29]. This could be predictable to number of ions
in the nanoparticles superficial fustily increases as crystal
size declines. Moreover, as shown in Figure 5, the trailer
recombination rate rises as the size declines due to the
increase in intersection between the electron (e-) and hole
(P+) with increasing volume of ZnO NPs of 10g, 15g,
20g, and 25g [33-47].

10. Conclusion

The green synthesis method of ZnO NPs was efficaciously
formed using the leaf of the coffee plant. The biological syn-
thesis method used is meek, easily biodegradable, and pre-
pared in a short period of time. The existing yellow color
shows the deposition of zinc oxide nanoparticles, which has
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supplementarily long established the minimization of zinc
ions in zinc oxide nanoparticles by using UV-Vis spectros-
copy. The ultraviolet spectroscopic absorption records the
highest peak at 300 nm, and PL analysis also confirmed this
statement. X-ray diffraction and scanning electron micro-
scope analysis show that the particle-prepared behavior was
polycrystalline with no void cubic-shaped zinc oxide nano-
particles. Finally, very high-quality green-synthesized ZnO
nanoparticles are obtained for medical application and toxic-
ity reduction.
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Selenium is a trace element in the human body present in various enzymes with antioxidant activities and several functional
proteins. This study is aimed at synthesizing selenium nanoparticles using Brassica oleracea (broccoli) and characterizing and
assessing the antioxidant and antimicrobial effectiveness against cariogenic microorganisms. UV-visible spectrum displayed a
peak at 370nm which confirms the formation of SeNPs. TEM images of synthesized selenium nanoparticles showed
polydisperse nanoparticles, spherical. The size of the particles ranged from 10 to 25 nm, and the average particle size obtained
was 15.2+1.9nm. SEM images of nanoparticles were spherical and ranged in size from 10 to 28 nm. The SeNPs showed
effective antimicrobial activity against cariogenic pathogens. The SeNPs synthesized with Brassica oleracea extract can be
incorporated in toothpaste, gums, and mouthwashes that are cost-effective and biocompatible and used for the prevention of

dental caries.

1. Introduction

Owing to their characteristic attributes, nanoparticles find
extensive implementation in several scientific, medicinal,
and industrial domains [1, 2]. Among the various kinds of
nanoparticles, selenium has attracted appreciable interest
due to its greater bioactivity, protein interactions, strong
absorption capability, and reduced toxicity, together with
interdisciplinary applications in medicine, therapeutic sci-
ences, nanobioinformatics, and nanobiotechnology [3].

Selenium corresponds to Group VT in the periodic table
as an integral trace element. Numerous antioxidant enzymes
and functional protein molecules contain selenium and
maneuver a crucial role in mitigating oxidative stress, thus
minimizing the damage in cardiovascular diseases, cancer,
diabetes, and hypercholesterolemia. On the other hand, the
intake of selenium is necessary for different metabolic pro-
cesses and indiscriminate intake beyond acceptable concen-
tration leads to selenium toxicity [4-6].

Selenium is found in nature as ionic forms of selenite
(Na,SeO,), selenate (Na,SeO,), and selenium oxide (SeO)
among the other forms. Elemental selenium nanoparticles
manifest lesser cytotoxicity compared with selenite (SeO;)
and selenate compounds (SeO,) and show anticancer and
several therapeutic properties that enable them to be utilized
in versatile medicinal applications [7, 8]. Researchers have
reported on the antioxidant function of SeNPs. SeNPs can
unswervingly scavenge the free radicals in a size-dependent
manner within the size ranging from 5 to 200 nm [9].

Traditional physiochemical methods of SeNP synthesiz-
ing are cumbersome, nonecological, and require prerequi-
sites such as high temperatures, toxic substances, reagents,
precursors, and complicated procedures. Besides, in the con-
ventional process, the form, size, and instability of the syn-
thesized particle are the main limitations [10]. This creates
a great desire to synthesize nanoparticles with harnessed size
and nanometer morphology in an eco-friendly mode [11].
The size and the shape of nanoparticles are permanently
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related to the unique characteristics, work, and application of
nanomaterials [12, 13]. Because of its eco-friendliness, low
toxicity along with increased stability, small size, and shape
distribution, emerging advances in nanoparticle generation
using green syntheses are attracting much attention today
(14, 15].

Brassica oleracea (broccoli) has all the nutrients that
prove its exceptional health benefits, including vitamins,
minerals, secondary metabolites, and fiber. The active princi-
ples for demonstrating medicinal properties are the break-
down products of sulfur-containing glucosinolates, phenolic
isothiocyanates, antioxidants, vitamins, and dietary minerals.
These bioactive compounds most likely mediate the medici-
nal properties of broccoli consumption by the inducement
of a range of functions such as antioxidant behavior, enzyme
regulation, and the control of apoptosis [16].

Organic chemicals such as S-methyl cysteine sulfoxide
and glucosinolates present in Brassica oleracea in conjunc-
tion with other ingredients inclusive of vitamins C, K, and
E and minerals like selenium, iron, and zinc and polyphenols
such as kaempferol, glucosides of quercetin, and isorhamne-
tin are likely to be accountable for the various health benefits
of broccoli [17, 18].

Concerning dental problems, caries is one of the most
common human diseases characterized by susceptibility to
enamel and dentin tissue damage due to acidic by-
products generated from dietary carbohydrates owing to
bacterial fermentation [19]. This problem is initiated by
the acid production from bacteria that ferment carbohy-
drates resulting in demineralization of dental enamel and
the development of caries. Supplementation of calcium
and phosphate can aid in the rarefy demineralization of
teeth to avoid dental caries. Such ions are also present in
the saliva, and their concentration determines reminerali-
zation and demineralization [20, 21].

Nanocarriers are presently being reasoned for their appli-
cation in dentistry, and their particular characteristics iden-
tify possible use in the delivery of antimicrobial agents in
the prevention and management of oral diseases caused by
microbial invasion. Implementation of nanomaterials in den-
tistry may be divided into two major categories: dental pre-
ventive and restorative care [22]. According to caries
research, novel approaches to prevent and manage dental
caries have been implemented through nanotechnology, in
particular through plaque-related biofilm regulation and
remineralization of carious lesions [23].

In this area, nanotechnological advances have also pro-
vided advantages as novel drivers of innovation. It has been
shown that natural biomineralization, which is an integral
repair mechanism, is induced by the use of nanotechnology.
For enhancing oral health through the prevention of dental
caries, the use of nanomaterials in toothpaste and other
mouth rinsing solutions can be recommended. Caries is often
arrested by nanomaterials used in polishing agents and den-
tal restorative materials. Per se, antimicrobial nanoparticles
can inhibit the growth of bacteria inducing dental caries [24].

Dental caries can be addressed by nanotechnology in two
primary methods. In the first method, fluoride- and calcium-
releasing nanomaterials such as calcium fluoride, calcium
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phosphate, hydroxyapatite, and fluorohydroxyapatite are
used in a process called remineralization. The second method
is to imbibe antimicrobial nanomaterials such as selenium,
platinum, quaternary ammonium compounds, and zinc
oxide nanoparticles [25, 26]. To present better results, a
blend of these two methods can also be used. The anticario-
genic effects of selenium nanoparticles through inhibition
of cariogenic microbes were not studied extensively and thus
need to be explored further. Hence, this study was formu-
lated with the aim to green synthesize selenium nanoparticles
using Brassica oleracea and study its characterization and
antioxidant and antimicrobial effectiveness against cario-
genic microorganisms.

2. Material and Methods

2.1. Preparation of Broccoli Extract. Brassica oleracea was
procured from organic farms in Poonamallee. Broccoli was
washed thoroughly under tap water and made into small
pieces to shade dry it for 3-4 days. After that, the shade-
dried broccoli pieces were ground into a fine powder. From
that, finely grounded broccoli powder 0.7 g was taken and
added to 70 mL distilled water. The mixture was kept in a
heating mantle at 60-80°C for 10 minutes. Then, the boiled
mixture was filtered using Whatman No. 1 filter paper. The
filtered broccoli extract was stored in the refrigerator for sele-
nium nanoparticle synthesis.

2.2. Preparation of Selenium Nanoparticle. 30 mM of sodium
selenite was prepared in 70 mL distilled water. To that 30 mL
filtered broccoli, the extract was added and kept in a mag-
netic stirrer for 2-3 days at 650-800 rpm to obtain uniform
dispersion, a mandatory condition in nanoparticle synthesis.
The color changes in the reaction mixture were noted contin-
uously using a double-beam UV-visible spectrophotometer
at the different wavelength range from 250 to 650 nm. The
synthesized broccoli extract-mediated selenium nanoparti-
cles were centrifuged at 8000rpm for 10 minutes. The
obtained selenium nanoparticle pellet was powdered using
a hot air oven at 70°C for 2 hours and preserved in airtight
vials for further use.

2.3. Characterization of Selenium Nanoparticles. The maxi-
mum absorbance of broccoli-mediated selenium nanoparti-
cles was measured by using a double-beam UV-vis
spectrophotometer (UV-2450, Shimadzu) in the wavelength
range of 250-650 nm. The morphological features such as size
and shape were analyzed by TEM. The functional groups
present in the synthesized selenium nanoparticles were iden-
tified by using FT-IR analysis and also subjected to test the
elemental analysis using an energy-dispersive X-ray detector
(EDX) attached to the SEM machine.

2.3.1. Antioxidant Activity. The DPPH assay was used to test
the antioxidant activity of biogenic synthesized selenium
nanoparticles. Diverse concentrations (2-10 yg/mL) of broc-
coli extract-interceded selenium nanoparticle were mixed
with 1mL of 0.1mM DPPH in methanol and 450 uL of
50mM Tris HCl buffer (pH 7.4) and incubated for 30
minutes. Later, the reduction in the quantity of DPPH free
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FiGure 1: Color changes on selenium nanoparticles synthesis: (a) broccoli; (b) plant extract; (c) selenium nanoparticles.
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FIGUre 2: UV-vis spectroscopic analysis of broccoli-mediated
selenium nanoparticles at different time intervals and wavelength
is from 250 nm to 650 nm.

radicals was assessed depending on the absorbance at
517nm. BHT was employed as control. The percentage of
inhibition was determined from the following equation:

Absorbance of control — Absorbance of test sample

% 100.
Absorbance of control

(1)

2.3.2. Anticariogenic Activity. The anticariogenic activity of
broccoli-mediated selenium nanoparticles was tested against

%inhibition =

100 nf

Accelerating vo
-

TIndicated magnification: 19kx

FIGURE 3: Transmission electron microscopic image of selenium
nanoparticles synthesized using broccoli extract and scale
measures at 100 nm.

oral pathogens such as S. mutans, S. aureus, E. faecalis, Lacto-
bacillus, and C. albicans. Mueller Hinton agar was utilized for
this activity to determine the zone of inhibition. Mueller Hin-
ton agar was prepared and sterilized for 45 minutes at 120 Ibs.
Media were poured into the sterilized plates and let it stabi-
lize for solidification. The wells were cut using the good cut-
ter, and the test organisms were swabbed. The selenium
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FIGURE 4: Selenium nanoparticles: (a) scanning electron microscopy image; (b) elemental X-ray diffraction spectrum.

nanoparticles with different concentrations were loaded, and
the plates were incubated at 37°C for 24 hours. After the incu-
bation time, the zone of inhibition was measured.

3. Results and Discussion

Compared to physical or chemical approaches of nanoparti-
cle synthesis, one of the effective methods is the generation of
nanoparticles utilizing green sources such as plant phyto-
compounds, proteins, and enzymes as reducing agents in
the case of microbes. The benefits are that they are nontoxic
materials, requiring relatively less complicated and affordable
equipment, biodegradable material processing, improved
selectivity, and high yields.

Visual coloring is the first stage in the moulding of
nanoparticles. It was observed following the incubation
period that the color changed to brown. The reaction mix-
ture with Brassica oleracea and sodium selenite during
incubation showed a time-dependent color shift of 48h
at 30°C, as shown in Figure 1. At the primary reaction
stage, the color of the concoction was yellow, which pro-
gressively changed to brown over time. After 48 hours of
incubation, no further alteration in color was observed.
This brown color may be attributed to the arousal of the
surface plasmon vibrations by the selenium nanoparticles
and thus render beneficial spectroscopic evidence of their
formation.

UV-visible spectra have shown a large peak at 370 nm,
supporting the formation of SeNPs [27]. The peak intensity
increased over time. No further significant elevation in peak
intensity was observed after 48 hours of the reaction. The

peak amplitude has increased over time because of the reduc-
tion of SeO; 2- to Se0. No further peak increase was observed
rafter 48 h, suggesting a maximum conversion of SeO; 2- to
Se0 (Figure 2). Transmission electron microscopy (TEM)
images of selenium nanoparticles synthesized in nutrient
broth supplementation with 1.0 mM selenite at 72 hours of
incubation are shown in Figure 3. The generated nanoparti-
cles were polydisperse, shaped spherically; the particle size
ranged from 10 to 25 nm, and the mean particle size that pre-
vailed from the distribution of the corresponding diameter
was approximately 15.2 + 1.9 nm (Figure 3).

Synthesized plant extracts, such as hydrogen bond and
the electrostatic interaction, were present in the SEM image
of SeNPs and were mounted on the surface because of the
interaction with the bioorganic capping molecules attached
to the SeNPs. Synthesized SeNPs with sizes ranging from
10.32nm to 25.88nm were observed (Figure 4(a)). SEM
study of the synthesized SeNPs was easily distinguishable
due to their size variation. The SEM picture showed the
majority of nanoparticles are spherical in size, ranging from
10 to 25nm, and uniformly distributed. SEM analysis of
SeNPs was readily distinguishable due to the size difference
of synthesized SeNPs. Elemental X-ray diffraction assay was
used to assess the elemental percentage and presence; sele-
nium nanoparticles synthesized with broccoli extract had
an elemental presence of selenium with a 28.02 percent
weight percentage and a 7.09 percent atomic percentage
(Figure 4(b)).

FT-IR estimation was performed to determine the possi-
ble bands present in the biomolecules accountable for near
capping peaks and effective stabilization of the metal NPs
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FIGURE 6: Anticariogenic activity against caries-causing microbes (S. mutans, Lactobacillus sp., E. faecalis, S. aureus, and C. albicans) at
different concentrations and zone of inhibition was measured in millimeter.

synthesized by broccoli extract. FT-IR estimation revealed a
weak broad peak at 3235.32cm™ indicating the presence of
alcohol functional group with O-H stretching, strong to
medium peaks at 1595.30 cm ™' indicating amine group with
N-H bending, 1407.07 cm™" indicative of fluoro compounds
with C-F stretching, and 1099.56 cm™ indicating aliphatic
ether with C-O stretching (Figure 5).

Selenium nanoparticles displayed potent antimicrobial
activity against caries-causing microorganisms at all concen-
trations closely comparable to the antibiotic controls. The
maximum antimicrobial activity against S. mutans was
observed (Figures 6 and 7). Figure 8 shows the antioxidant
activity by DPPH was also important and displayed more
efficacy than the controls at concentrations of 10uL and
20 uL selenium nanoparticles. Selenium has a major biologi-
cal role in species health and is an important component of

the composition of glutathione peroxidases, thioredoxin
reductases, and other selenoenzymes [4]. Glutathione perox-
idase is an enzyme that prevents tissue oxidative stress and
can thus inhibit the activity of harmful free radicals.

UV-vis spectroscopy is one of the most commonly used
methods for the structural characterization of SeNPs. The size
and shape of the tracked aqueous suspension NPs can usually
be analyzed by UV-vis spectroscopy. Our outcome indicates
that C leaf extract synthesizes SeNPs. Measurements based
on data and spectrophotometers range from 200 to 700 nm
with a 420 nm peak indicating SeNP performance.

Energy-dispersive microanalysis spectroscopy was carried
out using EDX techniques to gain further perception of the
SeNPs’ functionality. Our results suggest that selenium bind-
ing energies have EDaX peaks of approximately 72.64. The
outcome indicates the presence in the pure form of SeNPs of
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FIGURE 7: Anticariogenic activity of selenium nanoparticles: (a) S. mutans; (b) Lactobacillus sp.; (c) E. faecalis; (d) S. aureus; (e) C. albicans.

the reaction product. For synthesized extracts of SeNPs, the
recorded EDaX showed a strong signal of 3keV selenium.

In our study, the bacterial growth was affected by the addi-
tion of various sodium selenite concentrations under aerobic
conditions to the growth medium. Elevated concentrations
of sodium selenite induce a lot of impairment to the genetic
configuration in microbes. Thus, significant numbers of bacte-

ria perish because of the stress caused by the existence of toxic
inorganic compounds in the atmosphere, thereby reducing the
production of selenium nanoparticles [8].

It has also been shown that selenium dioxide (SeO,) as
Na,SeO; causes noxious effects on microbial plasmid DNA
under stress conditions of H,0,, but with greater intensity,
whereas other selenium-containing compounds such as
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Na,SeO, and Na,Se have some inhibitory effects on Escheri-
chia coli plasmid DNA. Previous studies support our study of
the antibacterial activity of selenium on Staphylococcus and
suggest that selenium is capable of preventing the develop-
ment of biofilms by bacteria and cytotoxic effect has been
demonstrated by SeNPs [28]. In live aureus assays, it was
demonstrated that SeNPs inhibited pneumonia in cell lines
[29]. In this analysis, the antimicrobial impact of SeNPs on
microbes was observed.

The mechanism attributed may be owed to the interrup-
tion of the cell wall, indicating that the selenium nanoparti-
cles were able to penetrate the cell wall. The antibacterial
role of these selenium nanoparticles can be distinguished by
morphological alterations in bacterial strains both intracellu-
lar and extracellular. The antimicrobial behavior of selenium
nanoparticles is mainly due to the formation of reactive oxy-
gen species, which contributes to the disruption of bilayer
phospholipids where intracellular proteins are associated
with and inactivated by SeNPs or where the sulthydryl and
the thiol groups existing in membrane proteins can react
with and eventually denature them. By altering the cycle of
protein synthesis, interfering with the mechanism of respira-
tory or food metabolism, or impairing the replication of
DNA, oxidative stress caused by reactive oxygen induces cell
death [30].

Toxicological examinations have demonstrated that
small selenium nanoparticles possess a higher surface area
and those particle numbers per unit mass can induce harmful
respiratory damage and inflammation. The larger particles
about 100nm are more easily engulfed by macrophages.
Their aggregation can, thus, decrease the toxicity of the nano-
particles [31, 32].

Selenium nanoparticles can be used in various applica-
tions in the prevention of caries in dental tissues. Incorporat-
ing selenium nanoparticles in toothpaste, chewing gums, and
mouthwashes can potentially help control the growth of car-
ies causing microbes. Similarly, selenium nanoparticles can
be incorporated in luting cement, endodontic sealers, pit
and fissure sealants, and restorative cement to control sec-
ondary dental caries. Further extensive research in these
domains will enhance our understanding of the therapeutic
effectiveness of selenium nanoparticles in the prevention of
dental caries.

4. Conclusion

Nanomaterials have emerged as promising therapeutic
agents in the prevention and treatment of dental caries. In
this study, SeNPs were synthesized using Brassica oleracea
extract, characterized using UV-vis spectroscopy which con-
firmed the SeNP formation and electron microscopic images
from TEM and SEM which showed nanoparticles less than
50nm, and evaluated for the antibacterial activity against
dental caries-causing pathogens, and it was found that SeNPs
showed effective antimicrobial activity against cariogenic
pathogens. The SeNPs synthesized with Brassica oleracea
extract can be incorporated in toothpastes, gums, and
mouthwashes that are cost-effective and also biocompatible
and effective for the prevention of dental caries.
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