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their relevance in the context of specific nanoparticle applications.
Nanoparticles find widespread use in fields such as medicine,
electronics, materials science, and environmental remediation. The
versatility of nanoparticles extends to drug delivery, cancer therapy, catalysis, and advanced
materials development. We discuss these applications, their current challenges, and future
prospects. Furthermore, this review briefly addresses the concerns surrounding nanoparticle
toxicity and environmental impact, emphasizing the importance of responsible nanoparticle
development and disposal. In summary, this review provides a comprehensive overview of
nanoparticles, offering insights into their synthesis, applications, and potential consequences,
underscoring the pivotal role they play in shaping the future of science and technology.
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1. INTRODUCTION

Nanotechnology has gained huge attention over time. The fundamental component of
nanotechnology is the nanoparticles. Nanoparticles are particles between 1 and 100
nanometers in size and are made up of carbon, metal, metal oxides or organic matter.!! The
nanoparticles exhibit a unique physical, chemical and biological properties at nanoscale
compared to their respective particles at higher scales. This phenomena is due to a relatively
larger surface area to the volume, increased reactivity or stability in a chemical process,
enhanced mechanical strength, etc.’) These properties of nanoparticles has led to its use
various applications. or two-dimensional materials with at least one spatial dimension in the
Nano scale range, such as graphitic carbon nitride® (g-C3N4) thin films or Nano sheets and
phosphorenes.” Whether it is Nano sized grains in dense polycrystals or 3D porous
nanostructures, the term three-dimensional means that the 0D, 1D, and 2D components are in
compact, contact-forming surfaces.>®! Nanoparticles come in a wide variety of sizes, shapes,
and compositions. Its sizes range from 1 to 100 nm and its shapes can be described as
spherical, cylindrical, tubular, conical, hollow core, spiral, flat, etc. Surfaces can be smooth
and homogeneous or uneven and wavy. Some nanoparticles have a crystalline or amorphous

structure, with single- or multi-crystal solids that are dispersed or aggregated.!”

There are a variety of synthesis methods under development or improvement to enhance
characteristics and lower manufacturing costs.’*® Process-specific nanoparticles are created
by adapting several approaches in order to improve their optical, mechanical, physical, and
chemical properties.™” Due to the advancements in technology, scientists are now better able
to characterize nanoparticles and find useful applications for them.™ Today, nanoparticles
can be found everywhere from kitchenware to electronics to renewable energy to aerospace.

Nanotechnology has the promise of a bright and sustainable future.

Numerous types of nanoparticles such as metal oxide, perovskite, and composite nanoparticle
have been synthesized with high efficiency in their properties. Hybrid semiconductor
nanoparticles and heterojunction structures are emerging nanomaterials with enhanced
photocatalytic properties. The hybrid system was first demonstrated for the colloidal CdSe
nanorods with the deposition of Au metal. Using advanced synthetic techniques to control the
morphology, size, position, and composition of various components. These HNPs have
performed in photo catalytic water splitting via hydrogen generation through clean solar-to-

fuel conversion. It plays a vital role in photo catalytic CO; reduction. The photo catalytic
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property of HNPs has important environmental applications such as water purification, waste

treatment, and antibacterial activities.[*?]

Excessive consumption of personal care products and pharmaceuticals is drastically
deteriorating the environment. Novel hetero junction structures are being designed as photo
catalysts with high electron-hole segregation rates, low cost, and high redox power such as
CdosZno s nanorods/BiOCI  microspheres. In this structure, CdosZngsS has excellent
photocatalytic potential, strong reducing power, broad solar light response, and abundant
resources. However, its photocatalytic performance is undermined due to carrier reunion,
weak oxidative activity, and photo corrosion. BiOCIl has photocatalytic activities with
properties such as eco-friendliness, facile defect engineering, strong physical stability, and
unique photo/electric properties. However, it also has the problem of having a large band gap
(3.2-3.4) and recombination of photogenerated electron/hole pairs. These problems are
solved by the formation of heterojunction structures. The literature has confirmed that
Cdos5ZnosS /BIOCI heterojunction shows a 2.8-fold and 9.6-fold increase in photo activity
compared to the individual CdgsZnosS and BiOCI, respectively.[**!

2. CLASSIFICATION OF NANOPARTICLES

2.1. Organic nanoparticles: Organic nanoparticles Dendrimers, micelles, liposomes and
ferritin, etc. are commonly knows the organic nanoparticles or polymers. These nanoparticles
are biodegradable, non-toxic, and some particles such as micelles and liposomes has a hollow
core (Figure 1), also known as Nano capsules and are sensitive to thermal and
electromagnetic radiation such as heat and light.”**! These unique characteristics make them
an ideal choice for drug delivery. The drug carrying capacity, its stability and delivery
systems, either entrapped drug or adsorbed drug system determines their field of applications
and their efficiency apart from their normal characteristics such as the size, composition,
surface morphology, etc. The organic nanoparticles are most widely used in the biomedical
field for example drug delivery system as they are efficient and also can be injected on
specific parts of the body that is also known as targeted drug delivery Dendrites, micelles,
liposomes and ferritin, etc. are commonly knows the organic nanoparticles or polymers.
These nanoparticles are biodegradable, non-toxic, and some particles such as micelles and
liposomes has a hollow core (Figure 1), also known as Nano capsules and are sensitive to
thermal and electromagnetic radiation such as heat and light.!* These unique characteristics

make them an ideal choice for drug delivery. The drug carrying capacity, its stability and
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delivery systems, either entrapped drug or adsorbed drug system determines their field of
applications and their efficiency apart from their normal characteristics such as the size,
composition, surface morphology, etc. The organic nanoparticles are most widely used in the
biomedical field for example drug delivery system as they are efficient and also can be

injected on specific parts of the body that is also known as targeted drug delivery.
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Figure: Organic nanoparticles.

2.2. Inorganic Nanoparticles: Inorganic Nanoparticles that lack carbon atoms are known as
inorganic nanoparticles. Inorganic nanoparticles are typically defined as those composed of

metals or metal oxides.

2.3. Metal based. Nanoparticles: Metal based. Nanoparticles that are synthesized from
metals to Nano metric sizes either by destructive or constructive methods are metal based
nanoparticles. Almost all the metals can be synthesized into their nanoparticles.[16] The
commonly used metals for nanoparticle synthesis are aluminum (Al), cadmium (Cd), cobalt
(Co), copper (Cu), gold (Au), iron (Fe), lead (Pb), silver (Ag) and zinc (Zn). The
nanoparticles have distinctive properties such sizes as low as 10 to 100nm, surface
characteristics like high surface area to volume ratio, pore size, surface charge and surface
charge density, crystalline and amorphous structures, shapes like spherical and cylindrical
and colour, reactivity and sensitivity to environmental factors such as air, moisture, heat and

sunlight etc.

2.4. Metal oxides based: Metal oxides based Nanoparticles The metal oxide based
nanoparticles are synthesized to modify the properties of their respective metal based

nanoparticles, for example nanoparticles of iron (Fe) instantly oxidises to iron oxide (Fe203)
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in the presence of oxygen at room temperature that increases its reactivity compared to iron
nanoparticles. Metal oxide nanoparticles are synthesised mainly due to their increased
reactivity and efficiency.™*"!

2.5. Carbon-Based Nanoparticles: Carbon has played a pivotal role in the development of
human civilization on Earth. When combined with other materials, it creates bonds that are
unrivaled in strength. Different methods of synthesis have led to the development of a wide
variety of carbon-based nanomaterial during the past few decades. As a result of their unusual
shape and varied qualities, they have found application in many multiple sectors.
Nanomaterial’s based on carbon have several potential uses, including storing and producing
energy, treating water and wastewater, and biological applications. There are a number of
allotropic shapes that carbon can take. Diamond, graphite, and buckminsterfullerene are all
examples of allotropes. Graphite possesses the highest thermodynamic stability among them
all. Because of its high conductivity, it can be used in a variety of electronic applications,
including batteries, electrodes, solar panels, etc. Graphite is made up of stacked sheets of
graphene. Graphene is a new type of carbon that consists of a single layer of atoms arranged
in a honeycomb arrangement on a two-dimensional sheet. It is quite useful as a building
block in the creation of other forms of carbon nanoparticles™™® due to its high strength.
Carbon nanotubes are another novel form of carbon (CNTs). Although CNTSs, fullerenes, and
graphene are all synthesized in different ways, their physical properties and chemical
properties are connected. The development of derivatives and composites based on fullerenes
is the most far-fetched because they are the oldest known. Despite this, CNTs and graphene
have vast potential for further study and show promise as viable alternatives in a wide range
of fields.

2.1.1. Fullerenes. Fullerenes (C60) is a carbon molecule that is spherical in shape and made
up of carbon atoms held together by sp2 hybridization. About 28 to 1500 carbon atoms forms
the spherical structure with diameters up to 8.2 nm for a single layer and 4 to 36 nm for

multi-layered fullerenes.

2.1.2. Graphene. Graphene is an allotrope of carbon. Graphene is a hexagonal network of
honeycomb lattice made up of carbon atoms in a two dimensional planar surface. Generally

the thickness of the graphene sheet is around 1 nm.
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2.1.3. Carbon Nano Tubes (CNT). Carbon Nano Tubes (CNT), a graphene nanofoil with a
honeycomb lattice of carbon atoms is wound into hollow cylinders to form nanotubes of
diameters as low as 0.7 nm for a single layered and 100 nm for multi-layered CNT and length
varying from a few micrometres to several millimetres. The ends can either be hollow or

closed by a half fullerene molecule.

2.1.4. Carbon Nanofiber. The same graphene nanofoils are used to produce carbon

nanofiber as CNT but wound into a cone or cup shape instead of a regular cylindrical tubes.

2.1.5. Carbon black. An amorphous material made up of carbon, generally spherical in
shape with diameters from 20 to 70 nm. The interaction between the particles is so high that

they bound in aggregates and around 500 nm agglomerates are formed.

3. SYNTHESIS OF NANOPARTICLES

3.1. Bottom-Up Method: The bottom-up, or self-assembly, method of nanofabrication
involves the utilization of chemical or physical forces acting at the nanoscale to combine
building blocks into functional structures. In bottom-up synthesis, materials are synthesized
from the atomic to the cluster to the nanoparticle level. Biological systems are the inspiration
for bottom-up techniques since they use chemical forces to build everything necessary for
existence. Scientists aim to mimic nature by creating atomic clusters that can self-assemble
into increasingly complex shapes. Sol—gel, spinning, chemical vapor deposition (CVD),
pyrolysis, and biosynthesis are the bottom-up processes that are utilized most frequently in

the fabrication of nanoparticles.

3.1.1 Sol-Gel Method

The sol-gel technique is a highly adaptable soft chemical process that is extensively utilized
in the synthesis of metal oxides, ceramics, and glasses. Ultrafine or spherical powders, thin
film coatings, ceramic fibers, and microporous inorganic membranes are only some of the
additional ceramics and glasses that may be available commercially.*®! Primitives for the
sol—gel process typically include metal alkoxides or organometallic inorganic salts. This
process involves a chain reaction of hydrolysis and polycondensation that results in a
colloidal suspension or a sol from the precursor. The molecules in a system go from a
homogenous liquid (or “sol”) to a solid (or “gel”) state during the sol-gel process, which
occurs at room temperature and pressure.?® After preparing the gel, the nanopowder of metal

oxide is obtained by drying and calcining the gel at various temperatures. The shape,
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morphology, and textural qualities of the resulting materials can be adjusted with the sol—gel

process. The sol—gel approach offers many.

3.1.2 Spinning. The synthesis of nanoparticles by spinning is carried out by a spinning disc
reactor (SDR). It contains a rotating disc inside a chamber/reactor where the physical
parameters such as temperature can be controlled. The reactor is generally filled with
nitrogen or other inert gases to remove oxygen inside and avoid chemical reactions.” The
disc is rotated at different speed where the liquid i.e. precursor and water is pumped in. The
spinning causes the atoms or molecules to fuse together and is precipitated, collected and
dried.’?” The various operating parameters such as the liquid flow rate, disc rotation speed,
liquid/precursor ratio, location of feed, disc surface, etc. determines the characteristics

nanoparticles synthesised from SDR.

3.1.3. Chemical Vapour Deposition (CVD): Chemical vapour deposition is the deposition
of a thin film of gaseous reactants onto a substrate. The deposition is carried out in a reaction
chamber at ambient temperature by combining gas molecules. A chemical reaction occurs
when a heated substrate comes in contact with the combined gas.’®! This reaction produces a
thin film of product on the substrate surface that is recovered and used. Substrate temperature
is the influencing factor in CVD. The advantages of CVD are highly pure, uniform, hard and
strong nanoparticles. The disadvantages of CVD are the requirement of special equipment

and the gaseous by-products are highly toxic.

3.1.4. Pyrolysis: Pyrolysis is the most commonly used process in industries for largescale
production of nanoparticle. It involves burning a precursor with flame. The precursor is either
liquid or vapour that is fed into the furnace at high pressure through a small hole where it
burn.” The combustion or by-product gases is then air classified to recover the

nanoparticles.

3.1.5. Biosynthesis: Biosynthesis is a green and environmental friendly approach for the
synthesis of nanoparticles that are nontoxic and biodegradable.’® Biosynthesis uses bacteria,
plant extracts, fungi, etc. along with the precursors to produce nanoparticle instead of
convention chemicals for bioreduction and capping purposes. The biosynthesised
nanoparticles has unique and enhanced properties that finds its way in biomedical
applications.!?®!
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3.2. Top-down method: Top-down or destructive method is the reduction of a bulk material
to nanometric scale particles. Mechanical milling, nanolithography, laser ablation, sputtering

and thermal decomposition are some of the most widely used nanoparticle synthesis methods.

3.2.1. Mechanical milling: Among the various top-down methods, mechanical milling is the
most extensively used to produce various nanoparticles. The mechanical milling is used for
milling and post annealing of nanoparticles during synthesis where different elements are
milled in an inert atmosphere.””! The influencing factors in mechanical milling is plastic
deformation that leads to particle shape, fracture leads to decrease in particle size and cold-

welding leads to increase in particle size.

3.2.2. Nanolithography: Nanolithography is the study of fabricating nanometric scale
structures with a minimum of one dimension in the size range of 1 to 100 nm. There are
various nanolithography processes for instance optical, electron-beam, multiphoton,
nanoimprint and scanning probe lithography.® Generally lithography is the process of
printing a required shape or structure on a light sensitive material that selectively removes a
portion of material to create the desired shape and structure. The main advantages of
nanolithography are to produce from a single nanoparticle to a cluster with desired shape and

size. The disadvantages are the requirement of complex equipment and the cost associated.?

3.2.3. Laser ablation. Laser Ablation Synthesis in Solution (LASIS) is a common method for
nanoparticle production from various solvents. The irradiation of a metal submerged in a
liquid solution by a laser beam condenses a plasma plume that produces nanoparticles. It is
a reliable top-down method that provides an alternative solution to conventional chemical
reduction of metals to synthesis metal based nanoparticles. As LASIS provides a stable
synthesis of nanoparticles in organic solvents and water that does not require any stabilising

agent or chemicals it is a ‘green’ process.

3.2.4. Sputtering: Sputtering is the deposition of nanoparticles on a surface by ejecting
particles from it by colliding with ions.®™ Sputtering is usually a deposition of thin layer of
nanoparticles followed by annealing. The thickness of the layer, temperature and duration of

annealing, substrate type, etc. determines the shape and size of the nanoparticles.!®”

3.2.5. Thermal decomposition: Thermal decomposition is an endothermic chemical

decomposition produced by heat that breaks the chemical bonds in the compound.®® The
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specific temperature at which an element chemically decomposes is the decomposition
temperature. The nanoparticles are produced by decomposing the metal at specific
temperatures undergoing a chemical reaction producing secondary products. Table 1 lists
some of the nanoparticles synthesized from these methods.

4. APPLICATIONS OF NANOPARTICLES
Below are some of the significant applications of nanoparticles.

4.1. Cosmetics and Sunscreens: The conventional ultraviolet (UV) protection sunscreen
lacks long-term stability during usage. The sunscreen including nanoparticles such as
titanium dioxide provides numerous advantages. The UV protection property of titanium
oxide and zinc oxide nanoparticles as they are transparent to visible light as well as absorb
and reflect UV rays found their way to be used in some sunscreens. Some lipsticks use iron

oxide nanoparticles as a pigment.

4.2. Electronics: The higher necessity for large size and high brightness displays in recent
days that are used in the computer monitors and television is encouraging the use of
nanoparticles in the display technology. For example nanocrystalline lead telluride, cadmium
sulphide, zinc selenide and sulphide, are used in the light emitting diodes (LED) of modern
displays.® The development in portable consumer electronics such as mobile phones and
laptop computers led to the enormous demand for compact, lightweight and high capacity
batteries. Nanoparticles are the ideal choice for separator plates in batteries. A considerable
more energy can be stored compared to traditional batteries due to their foam like (aerogel)
structure. Batteries made from nanocrystalline nickel and metal hydrides, due to their large
surface area require less recharging and last longer.*®! The increase in electrical conductivity
of nanoparticles is used to detect gases like NO2 and NH3.®"! This is due to increase in the
pores of nanoparticles due to charge transfer from nanoparticles to NO2 as the gas molecules

bind them together making them better gas sensors.

4.3. Catalysis Nanoparticles: contain high surface area that offers higher catalytic activity.
Due to their extremely large surface to volume ratio the nanoparticles function as efficient
catalyst in the production of chemicals.*® One of the important applications is the use of
platinum nanoparticles in the automotive catalytic converters as they reduce the amount of
platinum required due to very high surface area of the nanoparticles thus reducing the cost
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significantly and improving performance. Some chemical reactions for example, reduction of

nickel oxide to metal nickel (Ni) is performed using nanoparticles.

4.4. Medicine Nanotechnology: has improved the medical field by use of nanoparticles in
drug delivery. The drug can be delivered to specific cells using nanoparticles.** The total
drug consumption and side effects are significantly lowered by placing the drug in the
required area in required dosage. This method reduces the cost and side effects. The
reproduction and repair of damaged tissue (Tissue engineering) can be carried out with the
help nanotechnology. The traditional treatments such as artificial implants and organ
transplants can be replaced by tissue engineering. One such example is the growth of bones
carbon nanotube scaffolds.[*”! The use of gold in medicine is not new. In Ayurveda an Indian
medical system, gold is used in several practices. One common prescription is the use of gold
for memory enhancement. To enhance the mental fitness of a baby gold is included in certain

medical preparations.*!

4.5. Food: The improvement in production, processing, protection and packaging of food is
achieved by incorporating nanotechnology. For example a nanocomposite coating in a food
packaging process can directly introduce the anti-microbial substances on the coated film
surface. One of the example is the canola oil production industry includes nanodrops, an
additive designed to transfer the vitamins and minerals in the food.!*?

4.6. Construction Nanotechnology: improved the construction processes by making them
quicker, inexpensive and safer. For example when nanosilica (SiO2) is mixed with the
normal concrete, the nanoparticles can improve its mechanical properties, and also
improvements in durability. The addition of hematite (Fe203) nanoparticles increases the
strength of the concrete. Steel is the most widely available and used material in the
construction industry. The properties of steel can be improved by using nanotechnology in
steel for example in bridge construction the use of nano size steel offers stronger steel
cables.”) The other important construction material is glass. Extensive research is being
performed on the application of nanotechnology in construction glass. Since titanium dioxide
(TiO2) nanoparticles has sterilizing and anti-fouling properties and catalyse powerful
chemical reaction that breakdown volatile organic compound (VOV) and organic pollutants it
is used to coat glazing.™*!! The use of nanotechnology provides a better blocking of light and
heat penetrating through the windows. The paints with self-healing abilities and corrosion
resistance and insulation are obtained by adding nanoparticles to the paints. The hydrophobic

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1410



Yadav et al. World Journal of Pharmaceutical Research

property of these paints repels water and hence can be used to coat metal pipes to offer
protection from salt water attack. The addition of nanoparticles in paints also improves its
performance by making them lighter with enhanced propertiesi*! so when used for example
on aircraft, it might reduce their overall weight and the amount of paint required, which is

favorable to the environment as well the company to improve cost savings.

4.7. Renewable energy and environmental remediation: The unique physical and chemical
properties of nanoparticles have made them an ideal choice to be used nowadays in
environmental remediation to enhancing the performance in renewable energy sector.[*!
Nanoparticles occur in nature themselves and some of them are found to cure the
environment. Environmental remediation using nanoparticles or Nano remediation is
successfully being used to treat or decontaminate the air, water and soil for over a decade.*”!
Nano remediation is one of the effective solutions as it offers in situ treatment eliminating the
necessity of pumping the ground water out for treatment and the need for excavation to reach
the target destination. The nanoparticles are injected into the desired location and get carried
along the groundwater flow and decontaminate the water by immobilizing the contaminants.
The general mechanism involving in decontamination is the redox reactions. The
nanoparticles are used to treat the surface water by disinfection, purification and desalination.
Some of the contaminants are most likely to be heavy metals, pathogens and organic
contaminants. It has proven to be efficient and eliminating the need for chemicals that may
sometime produce secondary reaction products. Oil spill is one of the major problems
worldwide as it may spread over very long distances. Cleaning them by conventional
methods is difficult and time consuming that makes the situation worse as it may spread
more. The nanoparticles are also used to clean-up oil spills and has also established to be
effective method. The major use of nanoparticles is to treat municipal and industrial
wastewater as well as the sludge produced. The replacement of nanoparticles for
conventional chemicals is due to less cost, higher efficiency and lower quantity required for
treatment. Nano filtration is a recent membrane filtration system for water purification widely
used in food and dairy industries. Soil contamination is also an increasing concern.
Contaminated soil is cleaned or treated using nanoparticles by injecting the nanoparticles into
specific target locations for heavy metal contamination, toxic industrial waste, etc. The higher
surface area of certain nanoparticles has been used as a Nano catalyst in gaseous reactions.
The most widely used area is in industrial stacks to reduce the contaminant level to

prescribed limits or to remove completely that reduces the air pollution. Extensive research is
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being carried out in the use of nanoparticles for renewable energy. Higher light and UV
absorption with a very low reflection coatings in solar cells has improved their efficiency by
considerable extent. The hydrophobic property of some nanoparticles has led to self-cleaning
solar cells. High thermal conductivity and heat absorption capacity of certain nanoparticles

are used to coat boilers and solar concentrators to improve their thermal efficiency.!*®

CONCLUSION

In conclusion, this review has provided a comprehensive overview of nanoparticles, spanning
their introduction, classification, synthesis methods, and wide-ranging applications. As we
look to the future, it is clear that nanoparticles will continue to drive innovation and shape the
landscape of science and technology. Researchers and industries alike must stay attuned to
the evolving possibilities that nanoparticles offer, ensuring their responsible use and ethical
implementation as they play an increasingly pivotal role in addressing some of our world's

most pressing challenges.

REFERENCE

1 Altammar KA. A review on nanoparticles: characteristics, synthesis, applications, and
challenges. Front Microbiol, 2023; 14: 1155622.

2 Phan HT, Haes AJ. What Does Nanoparticle Stability Mean?. J Phys Chem C Nanomater
Interfaces, 2019; 123(27): 16495-16507.

3 Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio F. The History of Nanoscience and
Nanotechnology: From Chemical-Physical Applications to Nanomedicine. Molecules,
2019; 25(1): 112.

4 QiK,LiY, XieY, etal. Ag Loading Enhanced Photocatalytic Activity of g-C3N, Porous
Nanosheets for Decomposition of Organic Pollutants. Front Chem., 2019; 7: 91.

5 Kumar S, Bhushan P, Bhattacharya S. Fabrication of Nanostructures with Bottom-up
Approach and Their Utility in Diagnostics, Therapeutics, and Others. Environmental,
Chemical and Medical Sensors, 2017; 167-198.

6 Jeevanandam J, Barhoum A, Chan YS, Dufresne A, Danquah MK. Review on
nanoparticles and nanostructured materials: history, sources, toxicity and
regulations. Beilstein J Nanotechnol, 2018; 9: 1050-1074.

7 Banerjee A, Qi J, Gogoi R, Wong J, Mitragotri S. Role of nanoparticle size, shape and
surface chemistry in oral drug delivery. J Control Release, 2016; 238: 176-185.

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1412



Yadav et al. World Journal of Pharmaceutical Research

8

10

11

12

13

14

15

16

17

18

19

20

21

National Research Council (US) Committee on Challenges for the Chemical Sciences in
the 21st Century. Beyond the Molecular Frontier: Challenges for Chemistry and Chemical
Engineering. Washington (DC): National Academies Press (US), 2003; 3.

Nam NH, Luong NH. Nanoparticles: synthesis and applications. Materials for Biomedical
Engineering, 2019; 211-240.

Wang EC, Wang AZ. Nanoparticles and their applications in cell and molecular
biology. Integr Biol (Camb), 2014; 6(1): 9-26.

Malik S, Muhammad K, Waheed Y. Nanotechnology: A Revolution in Modern
Industry. Molecules, 2023; 28(2): 661.

Murthy SK. Nanoparticles in modern medicine: state of the art and future challenges. Int
J Nanomedicine, 2007; 2(2): 129-141.

Awfa, Dion et al. “Photodegradation of pharmaceuticals and personal care products in
water treatment using carbonaceous-TiO, composites: A critical review of recent
literature.” Water research, 2018; 142: 26-45.

Karunakaran G, Sudha KG, Ali S, Cho EB. Biosynthesis of Nanoparticles from Various
Biological Sources and Its Biomedical Applications. Molecules, 2023; 28(11): 4527.
Tiwari G, Tiwari R, Sriwastawa B, et al. Drug delivery systems: An updated review. Int J
Pharm Investig, 2012; 2(1): 2-11.

De Jong WH, Borm PJ. Drug delivery and nanoparticles:applications and hazards. Int J
Nanomedicine, 2008; 3(2): 133-149.

Khine EE, Kaptay G. Identification of Nano-Metal Oxides That Can Be Synthesized by
Precipitation-Calcination Method Reacting Their Chloride Solutions with NaOH Solution
and Their Application for Carbon Dioxide Capture from Air-A Thermodynamic
Analysis. Materials (Basel), 2023; 16(2): 776.

Baabu PRS, Kumar HK, Gumpu MB, Babu K J, Kulandaisamy AJ, Rayappan JBB. Iron
Oxide Nanoparticles: A Review on the Province of Its Compounds, Properties and
Biological Applications. Materials (Basel), 2022; 16(1): 59.

Paramasivam G, Palem VV, Sundaram T, Sundaram V, Kishore SC, Bellucci S.
Nanomaterials: Synthesis and Applications in Theranostics. Nanomaterials (Basel), 2021,
11(12): 3228.

Esposito S. "Traditional™ Sol-Gel Chemistry as a Powerful Tool for the Preparation of
Supported Metal and Metal Oxide Catalysts. Materials (Basel), 2019; 12(4): 668.
Chaudhary P, Fatima F, Kumar A. Relevance of Nanomaterials in Food Packaging and its
Advanced Future Prospects. J Inorg Organomet Polym Mater, 2020; 30(12): 5180-5192.

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1413



Yadav et al. World Journal of Pharmaceutical Research

22

23

24

25

26

27

28

29

30

31

32

33

34

Stoller M, Ochando-Pulido JM. ZnO Nano-Particles Production Intensification by Means
of a Spinning Disk Reactor. Nanomaterials (Basel), 2020; 10(7): 1321.

Xue J, Wu T, Dai Y, Xia Y. Electrospinning and Electrospun Nanofibers: Methods,
Materials, and Applications. Chem Rev., 2019; 119(8): 5298-5415.

Saeed M, Alshammari Y, Majeed SA, Al-Nasrallah E. Chemical Vapour Deposition of
Graphene-Synthesis, Characterisation, and Applications: A Review. Molecules, 2020;
25(17): 3856.

Huston M, DeBella M, DiBella M, Gupta A. Green Synthesis of
Nanomaterials. Nanomaterials (Basel), 2021; 11(8): 2130.

Kuppusamy P, Yusoff MM, Maniam GP, Govindan N. Biosynthesis of metallic
nanoparticles using plant derivatives and their new avenues in pharmacological
applications - An updated report. Saudi Pharm J., 2016; 24(4): 473-484.

Sandoval SS, Silva N. Review on Generation and Characterization of Copper Particles
and Copper Composites Prepared by Mechanical Milling on a Lab-Scale. Int J Mol Sci.,
2023; 24(9): 7933.

Fan P, Gao J, Mao H, et al. Scanning Probe Lithography: State-of-the-Art and Future
Perspectives. Micromachines (Basel), 2022; 13(2): 228.

Paras, Yadav K, Kumar P, et al. A Review on Low-Dimensional Nanomaterials:
Nanofabrication, Characterization and Applications. Nanomaterials (Basel), 2022; 13(1):
160.

Sportelli MC, Izzi M, Volpe A, et al. The Pros and Cons of the Use of Laser Ablation
Synthesis for the Production of Silver Nano-Antimicrobials. Antibiotics (Basel), 2018;
7(3): 67.

Sui M, Li MY, Kunwar S, Pandey P, Zhang Q, Lee J. Effects of annealing temperature
and duration on the morphological and optical evolution of self-assembled Pt
nanostructures on c-plane sapphire. PLoS One., 2017; 12(5): e0177048.

Odularu AT. Metal Nanoparticles: Thermal Decomposition, Biomedicinal Applications to
Cancer Treatment, and Future Perspectives. Bioinorg Chem Appl., 2018; 2018: 9354708.
Wang EC, Wang AZ. Nanoparticles and their applications in cell and molecular
biology. Integr Biol (Camb), 2014; 6(1): 9-26.

Smijs TG, Pavel S. Titanium dioxide and zinc oxide nanoparticles in sunscreens: focus on
their safety and effectiveness. Nanotechnol Sci Appl., 2011; 4: 95-112.

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1414



Yadav et al. World Journal of Pharmaceutical Research

35

36

37

38

39

40

41

42

43

44

45

Harish V, Tewari D, Gaur M, et al. Review on Nanoparticles and Nanostructured
Materials: Bioimaging, Biosensing, Drug Delivery, Tissue Engineering, Antimicrobial,
and Agro-Food Applications. Nanomaterials (Basel), 2022; 12(3): 457.

Joudeh N, Linke D. Nanoparticle classification, physicochemical properties,
characterization, and applications: a comprehensive review for biologists. J
Nanobiotechnology, 2022; 20(1): 262.

Zhang XF, Liu ZG, Shen W, Gurunathan S. Silver Nanoparticles: Synthesis,
Characterization, Properties, Applications, and Therapeutic Approaches. Int J Mol Sci.,
2016; 17(9): 1534.

Jeyaraj M, Gurunathan S, Qasim M, Kang MH, Kim JH. A Comprehensive Review on
the Synthesis, Characterization, and Biomedical Application of Platinum
Nanoparticles. Nanomaterials (Basel), 2019; 9(12): 17109.

De Jong WH, Borm PJ. Drug delivery and nanoparticles:applications and hazards. Int J
Nanomedicine, 2008; 3(2): 133-149.

Patra, J.K., Das, G., Fraceto, L.F. et al. Nano based drug delivery systems: recent
developments and future prospects. J Nanobiotechnol, 2018; 16: 71.

Patra JK, Das G, Fraceto LF, et al. Nano based drug delivery systems: recent
developments and future prospects. J Nanobiotechnology, 2018; 16(1): 71. Published
2018 Sep 19. doi:10.1186/s12951-018-0392-8

Duncan TV. Applications of nanotechnology in food packaging and food safety: barrier
materials, antimicrobials and sensors. J Colloid Interface Sci., 2011; 363(1): 1-24.
d0i:10.1016/j.jcis.2011.07.017

Mohajerani A, Burnett L, Smith JV, et al. Nanoparticles in Construction Materials and
Other Applications, and Implications of Nanoparticle Use. Materials (Basel), 2019;
12(19): 3052. Published 2019 Sep 20. doi:10.3390/mal12193052.

Bautista-Gutierrez KP, Herrera-May AL, Santamaria-Lopez JM, Honorato-Moreno A,
Zamora-Castro SA. Recent Progress in Nanomaterials for Modern Concrete
Infrastructure: Advantages and Challenges. Materials (Basel), 2019; 12(21): 3548.
Published 2019 Oct 29. d0i:10.3390/ma12213548

Khan K, Ahmad W, Amin MN, Nazar S. Nano-Silica-Modified Concrete: A
Bibliographic Analysis and Comprehensive Review of Material
Properties. Nanomaterials (Basel), 2022; 12(12): 1989. Published 2022 Jun 9.
d0i:10.3390/nan012121989.

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1415



Yadav et al. World Journal of Pharmaceutical Research

46 Martinez G, Merinero M, Pérez-Aranda M, et al. Environmental Impact of Nanoparticles'
Application as an Emerging Technology: A Review [published correction appears in
Materials Materials (Basel), 2020; 14(1): 166.

47 Rahman MM, Ahmed L, Anika F, et al. Bioinorganic Nanoparticles for the Remediation
of Environmental Pollution: Critical Appraisal and Potential Avenues. Bioinorg Chem
Appl., 2023; 2023: 2409642. Published 2023 Apr 10. doi:10.1155/2023/2409642

48 Guerra FD, Attia MF, Whitehead DC, Alexis F. Nanotechnology for Environmental
Remediation: Materials and Applications. Molecules, 2018; 23(7): 1760. Published 2018
Jul 18. doi:10.3390/molecules23071760.

49 Patwekar M, Patwekar F, Sanaullah S, llyasM, Sabi K, Mukim M, et al. Omicron
Variant:Similar or Different Than Other Sars-Cov-2 Variants? Along With Significance
of Nanomaterial in Omicron. SunText Rev Med Clin. Res., 2022; 3(4): 164-1609.

www.wipr.net | Vol 13, Issue 5,2024. |  1SO 9001:2015 Certified Journal | 1416



