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ABSTRACT

The sol-gel technique has emerged as a convenient and versatile method for the synthesis of metal oxide nanoparticles using various
precursors such as metal alkoxides, metallo-organic salts, and inorganic salts in suitable solvents. Compared with conventional
nanoparticle synthesis methods, the sol-gel process is economical, flexible, less complex, and can be carried out at relatively low
temperatures. This technique offers excellent control over particle size, purity, homogeneity, and morphology. Sol-gel-derived materials
have wide-ranging applications in medicine, biology, catalysis, electronics, cosmetics, antimicrobial therapy, drug delivery, and
environmental sciences. This review summarizes the principles of the sol-gel process, sequential synthesis steps, preparation of selected
metal oxide nanoparticles, and their important biomedical and industrial applications.

Keywords: Metal oxide nanoparticles, Sol-gel technique, Nanotechnology, Biomedical applications, antimicrobial activity, Drug

delivery.

1.Introduction

The sol-gel process [1] is an important wet-chemical method
used for the synthesis of nanoparticles and advanced materials.
In this process, metal ions are dissolved either as alkoxides,
metallo-organic compounds, or inorganic salts in suitable
solvents such as alcohol or water. These precursors undergo
hydrolysis, condensation, and polymerization reactions,
resulting in the formation of highly condensed three-
dimensional network structures known as gels. The term “sol-
gel” originates from the transformation of a colloidal
suspension (sol) into a semi-rigid network (gel). Sol-gel
processing differs from precipitation methods because it
stabilizes a finely dispersed colloidal phase in solution.
Typically, the formation of metal oxides through the sol-gel
route involves the formation of M-O-M or M-OH-M bridges,
leading to metal-oxo or metal-hydroxo polymers.
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The major advantages of the sol-gel method include:
A.Low-temperature processing

B. High purity and homogeneity

C. Better control of particle size and morphology

D. Uniform composition

E. Cost-effectiveness

F. Easy fabrication of films, fibers, powders, and coatings

Because of these advantages, the sol-gel method is extensively
applied in the preparation of metal oxide nanoparticles such as
silver oxide, silica oxide, zinc oxide, iron oxide, alumina, copper
oxide, and titanium oxide nanoparticles.

1.Sol-gel process

The sol-gel process’ is a wet-chemical technique used for the
fabrication of materials at relatively low temperatures. It begins
either with a chemical solution or with colloidal particles (sol),
which subsequently form an interconnected three-dimensional
network known as a gel. In general, the sol-gel process involves
three major stages: preparation of the sol, gelation of the sol,and
removal of the solvent. The overall sol-gel process can be
represented by the following sequence of transformations:

Precursor - Sol - Gel -» Product

Precursors: Precursors are starting materials that contain the
required metalions in the desired stoichiometric ratio. Common
precursorsinclude:

A.Metal alkoxides

B. Metal chlorides

C.Metal nitrates

Sol: A sol is a colloidal suspension of particles in a liquid
medium. The particle size generally ranges from 1 to 100 nm.
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Gel: A gel is a semi-rigid three-dimensional network containing
both solid and liquid phases. Gels may be:

* Colloidal gels

* Polymericgels

2.Sequential Steps Involved in Sol-Gel Synthesis

Hydrolysis

Hydrolysis involves the reaction of inorganic or organometallic
precursors with water or suitable solvents atambient or slightly
elevated temperatures. Acidic or basic catalysts are often added
toaccelerate the reaction.

Polymerization (Condensation)

In this step, adjacent molecules undergo condensation reactions
in which water or alcohol is eliminated, leading to the formation
of metal-oxide linkages. As the reaction progresses, polymeric
networks grow to colloidal dimensions in the liquid (sol) state.

Gelation

Gelation results in the formation of a three-dimensional
network throughout the liquid medium due to the
interconnection of polymeric chains, converting the sol into a
semi-rigid gel.

Ageing

Ageing refers to the continuous structural and property changes
occurring in a gel that remains immersed in liquid after gel
formation and before solvent removal. During ageing, smaller
polymeric units gradually aggregate into the main network
structure. Solvent molecules remain trapped within the pores of
the gel, while prolonged ageing may lead to gel shrinkage.

Drying

Drying involves the removal of solvent at moderate
temperatures (generally below 200 °C), leaving behind the solid
residue. During this process, the gel shrinks because of the loss
of pore fluid and maintenance of the liquid-vapour interface at
the external surface of the gel.

Xerogel Formation

Conventional evaporative drying, such as oven heating, creates
capillary pressure within the pores, which may collapse the
porous network. The resulting material is called a xerogel,
characterized by relatively low surface area and pore volume.

Aerogel Formation
In supercritical drying, capillary stress is minimized, preventing
collapse of the porous structure. The resulting material, known
as an aerogel, possesses high pore volume, large surface area,
and low bulk density.

Cryogel Formation

Freeze drying of solvents at low temperature under reduced
pressure produces cryogels. This method is similar to the
lyophilization process widely used in the pharmaceutical
industry.

Sonogel Formation

When the gel is subjected to ultrasonic vibrations at room
temperature for solvent removal, the resulting material is
termed a sonogel.

Drying Control Chemical Agents (DCCAs)

Drying control chemical agents significantly influence the
texture, porosity, and morphology of the particles. Commonly
used DCCAs include:

A.Formamide

B. Glycerol

C.Oxalicacid

Calcination

Calcination temperature plays an important role in controlling
the pore size, crystallinity, density, and overall properties of the
synthesized materials.

Figure 1: Sequential steps involved in the sol-gel process
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3. Synthesis of Some Metal Oxide Nanoparticles by Sol-Gel
Technique

3.1 Synthesis of Silver Oxide Nanoparticles’ by Sol-Gel
Technique (Ag,0)

Materialsand Methods

Silver nitrate (AgNO3) procured from Loba Chemicals was used
as the precursor material. Analytical-grade ethanol, acetic acid
(CH3COOH), sodium hydroxide (NaOH), hydrazine hydrate
(N,H4-H,0), and ammonia solution were used without further
purification. Deionized water (DIW) was used throughout the
experiment. [nitially, 100 mL aqueous solutions of AgNO3 with
concentrations of 6 mM, 7 mM, and 8 mM were prepared
separately. A mixture containing 0.1 M acetic acid and 0.1 M
sodium hydroxide in a 1:1 ratio was added to each solution. The
pH of the resulting solution was gradually adjusted to 7 by the
slow addition of ammonia solution under vigorous stirring.
Subsequently, hydrazine hydrate solutions of concentrations 12
mM, 16 mM, and 20 mM were added separately to prepare three
different samples. The solutions were stirred vigorously
throughoutthe process. Upon addition of hydrazine hydrate, the
solution turned black, indicating the reduction of silver ions and
formation of silver oxide nanoparticles. The reaction mixture
was continuously stirred for 3 hours at room temperature. After
completion of the reaction, the solution became transparent
with visible shining silver particles inside the flask. The
synthesized nanoparticles were collected by filtration, washed
several times with

2AgNO3(aq) + CH3COONa(aq) — Ag.0(s) + 2NaNOz(aq) +
CH3;COOH(])
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Table 1: Particle size of Silver oxide nanoparticles

MixerSolution

Sample (AgNOsmixture+N;H,.H,0) Particle size(nm)
1. 6 mM +12 mM 6.22
2. 7 mM +16 mM 19.19
3. 8 mM +20 mM 22.50

AgNO, mixture (1:1): 100 ml of aqueous solution of AgNO, (6mM, 7mM, and 8mM) , 0.1 M of
acetic acid with 0.1Msodium hydroxide and NH, solution was added at pH 7and stirred
vigorously.

3.2 Synthesis of Silica Oxide Nanoparticles by Sol-Gel
Technique (Si0;) [4]

Materials and Methods

Tetraethyl orthosilicate [Si (OC,Hs) 4] (TEOS) procured from
Loba Chemicals was used as the precursor material. Analytical-
grade ethanol (C,HsOH) and acetic acid (CH;COOH) were used
without further purification. Deionized water (DIW) was used
throughoutthe study.

A 0.086 M solution of tetraethyl orthosilicate (18 mL) was mixed
with 72 mL of deionized water and added to a 0.6 M acetic acid
solution (36 mL) containing 6.4 mL of distilled water as the
solvent system. The mixture was stirred thoroughly to obtain a
homogeneous solution. The ageing time for the prepared sols
was varied to 2, 4, and 6 hours. The resulting colloidal sol was
then centrifuged and washed with 20 mL of ethanol, followed by
repeated centrifugation to remove impurities. The obtained
precipitate was dried at 60 °C for 24 hours. Subsequently, the
dried material was calcined at temperatures of 600 °C and 700
°Cfor 1 hourand 30 minutes to obtain white silicanano powder.

Si(0C,Hs), + 4H,0 - Si(OH), + 4C,HsOH
Si(OH)4 - Si0, + 2H,0

Figure 2: Process Flow of Silica Oxide Nanoparticle
by Sol-Gel Technique
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3.3 Synthesis of Zinc Oxide Nanoparticles’ by Sol-Gel
Technique (ZnO)

Materials and Methods

Zinc acetate dihydrate [Zn (CH3COO) ,:2H,0] (299% purity)
procured from HmbG Chemicals was used as the precursor
material. Sodium hydroxide (NaOH, =298%, Sigma-Aldrich),
ethanol (C;HsOH, HmbG Chemicals), and deionized water
(DIW) were used throughout the study. To prepare the
precursor solution, 2 g of zinc acetate dihydrate was dissolved in
15 mL of distilled water. Separately, 8 g of sodium hydroxide was
dissolved in 10 mL of distilled water. Both solutions were stirred
continuously for approximately 5 minutes to obtain
homogeneous mixtures. The sodium hydroxide solution was
then slowly added to the zinc acetate solution under constant
stirring using a magnetic stirrer for about 5 minutes.
Subsequently, 100 mL of ethanol was added dropwise to the
reaction mixture using a burette. After completion of the
reaction, a white precipitate was formed, indicating the
formation of zinc oxide nanoparticles. The white precipitate was
collected, washed thoroughly with deionized water and ethanol
to remove impurities, and then dried to obtain ZnO
nanoparticles.

Zn(CH3C00);:2H,0 + 2NaOH —» ZnO + 2CH;COONa + 3H,0

3.4 Synthesis of Iron Oxide Nanoparticles *’by Sol-Gel
Technique (Fe;0,4 / Fe,03)

Synthesis of Fe;0, Nanoparticles

Materialsand Methods

Iron (III) chloride hexahydrate (FeCl;:6H,0), iron (II) chloride
tetrahydrate (FeCl,-4H,0), and ethylene glycol [C;HsO, or
(CH,0H) ,] of analytical grade were procured from Sigma-
Aldrich Chemical Company. All reagents were used without
further purification. Initially, 2.35 g of iron (III) chloride and
8.35 g of iron (II) chloride were dissolved in 60 mL of ethylene
glycol and stirred vigorously for 3 hours at 45 °C to form a
homogeneous solution. The prepared sol was then heated and
maintained at 80 °C until a dark-colored gel was formed. The
obtained gel was aged for 72 hours and subsequently dried at
140 °C for 5 hours. The resulting xerogel was annealed at
temperatures ranging from 200 °C to 400 °C under vacuum
conditions to obtain magnetite (Fe30,) nanoparticles of
different particle sizes. Finally, the synthesized Fe30,
nanoparticles were washed several times with acetone and
ethanol to remove impurities and dried properly.

4FeCl3-6H,0 + 30, - 2Fe,03 + 12HCl + 18H,0
5FeCl,4H,0 +2.50, - Fe30, + Fe,0; + 10HCl + 15H,0

Thus, high-temperature hydrolysis of FeCl;-6H,0 and
FeCl,-4H,0 in the presence of oxygen leads to the formation of
ultrafine iron oxide powders, predominantly Fez0,
nanoparticles.

Table 2: Particle Size of Fe; 0, Nanoparticles

Sample Calcination temperature (°C) particle size (nm)
1. 200 2.02
2. 300 5.58
3. 400 8.35
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Synthesis of Fe,03; Nanoparticles

Materialsand Methods

Iron nitrate [Fe (NO3) 3-6H,0] (Aldrich, 98%) and
monohydrated citric acid (Aldrich, 98%) were used as
precursor and ligand materials, respectively. A 200 mL solution
of 0.1 M iron nitrate was prepared and gelated using 800 mL
monohydrated citric acid solution (0.05-0.2 M) in distilled
water. The iron nitrate solution was added dropwise into the
citric acid solution under vigorous stirring. The resulting
mixture was heated to 70 °C while continuously stirring until gel
formation occurred and the solvent evaporated completely. The
dried gel was then annealed at temperatures ranging from 180
°C to 400 °C, producing approximately 1.6 g of Fe,03
nanoparticles with particle sizes ranging from 22-56 nm.

Fe(NO3)3'6H,0 —» Fe, 03+ 12HNO; + 18H,0

Table 3: Particle Size of Fe, 0; Nanoparticles

Sample Calcination temperature (0C) particle size (nm)
1. 180 36
2. 210 33
3. 230 31
4. 250 24
5. 400 22

Note: Allsamples were prepared using a 0.1 M citric acid concentration.

3.5 Synthesis of Alumina Nanoparticles’ by Sol-Gel
Technique (Al,03)

Materialsand Methods

Acetylacetone (ACA), ethyl acetoacetate (EACA), and acetic acid
(Ac) of analytical grade were procured from Merck Company
(Germany). Ethanol of two different purities, 96% and 99.99%,
was used throughout the investigation.

(a) Sol-Gel Method Using ACA Chelating Agent (ACA)

Initially, 24 g of AICl3-6H,0 was added to 100 mL of ethanol and
stirred for 2.5 hours to obtain a primary gel. Subsequently, 10.5
mL of acetylacetone was added, and stirring was continued for
another 3 hours to obtain a xerogel. The xerogel was dried in an
oven at 120 °C for approximately 48 hours. The dried material
was then sintered at 1000 °C for 3 hours to convert y-Al,03 into
stable a-Al,03. A porous, low-density white material was
obtained, which was finally ground using a ball mill to produce
alumina nanopowder.

(b) Sol-Gel Method Using ACA Chelating Agent with
Reduced Stirring Speed (ACA-RSS)

In this method, 24 g of AlCl;-6H,0 was dissolved in 100 mL of
ethanol with stirring for 2.5 hours. Then, 10.5 mL acetylacetone
was added, and stirring was continued for 4 hours. The stirring
speed was reduced to half of that used in the previous process to
study its effect on gel formation. Since no major changes
occurred after 13 hours of stirring, the sol was allowed to stand
undisturbed for 24 hours. Stirring was then resumed at 70 °C for
6 hours to obtain the xerogel. Drying at 120 °C required a longer
duration compared with the previous method. Subsequent
processing steps were similar, resulting in the formation of a-
Al,03 nanoparticles.

(c) Sol-Gel Method Using ACA with Increased Amount of
Solvent (ACA-IAS)

This method followed the previous procedure, except that the
amountof ethanol solvent was doubled.

The increased solvent volume prolonged the time required for
primary gel formation. The remaining preparation steps were
identical, resultingin the formation of Al,03 nanoparticles.

(d) Sol-Gel Method Using ACA with Increased Solvent and
Addition of Water (ACA-IAS + Water)

In this method, the amount of ethanol was increased to 200 mL.
After sol formation, 10 mL of distilled water was added under
continuous stirring at 70 °C. The addition of water significantly
reduced gel formation time compared with the previous
methods. The subsequent drying and calcination steps were
carried out similarly, producing Al,03; nanoparticles.

(e) Sol-Gel Method Using EACA Chelating Agent (EACA)

In this process, 24 g of AlCl;-6H,0 was dissolved in 100 mL of
ethanol and stirred for 2.5 hours to form a primary gel. Then, 10
mL ethyl acetoacetate was added. The mixture was stirred for
approximately 13 hours until a transparent and colorless gel
formed. Stirring was then stopped, and the solution was left
undisturbed for 24 hours, producing a white colloidal gel.
Restirring was continued for 2 hours, followed by drying and
calcination steps similar to previous methods to obtain alumina
nanopowder.

(f) Sol-Gel Method Using EACA Chelating Agent and Acetic
Acid (EACA +Ac)

This method was similar to the previous experiment, except that
10 mL of acetic acid was added along with ethyl acetoacetate to
prepare the primary gel under acidic conditions. This
experiment was conducted to investigate the influence of pH on
gel formation. Subsequent procedures for nanoparticle
preparation were similar to those described earlier, resulting in
the formation of alumina nanoparticles. The synthesized
alumina nanoparticles appeared as fine white nanopowders
after calcination and milling.

2AICl; + 3H,0 - Al, 05 + 6HCI

Figure 3. Flowchart for the synthesis of aluminum oxide
nanoparticles (Al,0;) using the sol-gel technique.
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Table 5: The particle size of Aluminum oxide nanoparticles uses either acetylacetone or
ethyl acetoacetateas chelating agents

Sample Product particle size (nm)
ACA v-Al203 37.37
ACA-RSS a-Al03 38.63
ACA-1AS y-Al203 5.32
ACA-IAS +Water v-Al203 5.59
EACA a-Al203 35.43
EACA+Ac a-Al203 36.38

3.6. Synthesis of Copper Oxide Nanoparticles by Sol-Gel
Technique (Cu0) [9-10]

Materials and Methods

Copper chloride dihydrate (CuCl,-6H,0) was procured from
Loba Chemicals. Analytical grade ethanol (C,HsOH) and sodium
hydroxide (NaOH) were used in the study. Deionized water
(DIW) was used throughout the experiments. In the synthesis
procedure, 0.9 g of copper (II) chloride was dissolved in 25 mL of
ethanol, while 1.5 g of sodium hydroxide was dissolved in 80 mL
of ethanol. The sodium hydroxide solution was added dropwise
to the copper chloride solution under constant stirring at room
temperature for 30 minutes. During the reaction, the colour of
the solution changed from dark blue to black, indicating the
formation of copper oxide nanoparticles. The resulting gel was
filtered using filter paper and washed thoroughly with water.
The sample was then dried at room temperature and annealed
at 700 °C using a Carbolite CWF 1200 laboratory chamber
furnace. Finally, the annealed copper oxide nanoparticles were
ground into fine powder.

CuCl;*6H;0 + 2NaOH - Cu(OH); + 2NaCl + 6H,0
Cu(OH); » CuO + H,0

Alternative Sol-Gel Method for CuO Nanoparticles

All chemicals, including CuSO,:-7H,0, Tween 80, NaOH, and
soybean oil. All reagents were of analytical grade and used
without further purification. In this method, 0.80 g of
CuS04-7H,0 dissolved in 3 mL of water and 6.5% Tween 80
were added to 80 mL of purified soybean oil under mechanical
stirring at 2500 rpm until a nearly clear emulsion was obtained.
This mixture was designated as Solution A. Separately, 0.45 g of
NaOH was dissolved in 2.8 mL of water and added to Solution A
under continuous mechanical stirring at 2100 rpm for 3.5 hours
at room temperature. The reaction mixture was then filtered,
and the precipitate was washed four times with distilled water
(3 x 600 mL). The obtained material was calcined in an electric
oven at 220 °C for 5 hours. This technique enabled the
preparation of ultrafine CuO nanoparticles with particle sizes
ranging from 50-60 nm.

CuS0,:7H,0 + 2NaOH - Cu(OH); + Na,S0, + 7H,0
Cu(OH); = CuO + H,0

3.7. Synthesis of Titanium Oxide Nanoparticles by Sol-Gel
Technique (Ti0;) [16-17]

Materials and Methods

Titanium tetrachloride (TiCl,, 99.99%, BDH, England) and
absolute ethanol (C;Hs0H, 99.99%, GCC, U.K.) were used as
precursor materials. In the synthesis procedure, 14 mL of
titanium tetrachloride was added slowly in a dropwise manner
into 140 mL of absolute ethanol under continuous stirring at
room temperature. The reaction was carried out inside a
chemical fume hood due to the evolution of chlorine (Cl;) and
hydrochloricacid (HCI) gases during the reaction.

The resulting yellow solution was allowed to stand and cool to
room temperature after cessation of gas evolution. The pH of the
solution was maintained in the range of 1-2. The obtained
suspension was dried in an oven at 80 °C for several hours until
amorphousdried TiO, particles were formed. The dried powder
samples were then calcined in a box furnace at temperatures
ranging from 550-600 °C for 2 hours under ambient
atmospheric conditions. After calcination, the powder
transformed into TiO, nanoparticles in the anatase phase.

TiCl, +4C,HsOH - Ti(OC;Hs) 4 +4HCI
Ti(OCzHs5)4+2H,0 - TiO, + 4C,HsOH

Alternative Sol-Gel Method Using Titanium Tetra
Isopropoxide (TTIP)

Materials and Methods

Titanium tetra isopropoxide [Ti(OCH(CHz),)4] (TTIP, Sigma-
Aldrich, 97%), iso-propanol [(CH3),CHOH, Sigma-Aldrich,
99.7%], and nitric acid (HNO3) were used without further
purification. In this method, 20 mL of titanium tetra
isopropoxide solution was added dropwise into 22 mL of a
solution containing 10 mL of isopropanol and 12 mL of
deionized water under constant stirring at 80 °C in a round-
bottom flask. After 1 hour, 0.8 mL of concentrated nitric acid
diluted with deionized water was added to the TTIP solution.
The mixture was continuously stirred at 60 °C for 6 hours until a
highly viscous sol-gel was formed. The prepared sol-gel was
then heated at 300 °C for 2 hours in an open atmosphere. After
annealing, approximately 2 g of TiO, nanocrystalline powder
was obtained.

Ti(OCH(CH;);)4 + 2H,0 - TiO, + 4(CH;),CHOH

4. Applications of Metal Oxide Nanoparticles

4.1. Antimicrobial, Anticancer, and Cosmetic Properties of
ZnO Nanoparticles

Zinc oxide nanoparticles (ZnO NPs) are among the most
important metal oxide nanoparticles due to their wide range of
biomedical applications. They exhibit significant antibacterial,
antimicrobial, anti-inflammatory, anticancer, drug/gene
delivery, cell imaging, and biosensing properties. [13-16] ZnO
nanoparticles were initially utilized in the rubber industry
because they improve the wear resistance, toughness,
mechanical strength, and anti-ageing properties of rubber
composites [16-17]. Due to their strong ultraviolet (UV)
absorption capability, ZnO nanoparticles are extensively used in
cosmetics and sunscreen formulations. Their excellent UV-
blocking properties have also increased their application in the
textile industry, where ZnO-coated fabrics exhibit antibacterial,
deodorizing, and UV-resistant properties [18-19]. Zinc is an
essential trace element present in various body tissues such as
the brain, muscles, bones, and skin. It plays a vital role in
enzymatic reactions, protein and nucleic acid synthesis,
hematopoiesis, and neurogenesis. Nano-sized ZnO particles
enhance zinc absorption in the body because of their small
particle size. Consequently, nano-ZnO is widely used as a food
additive [14-17]. Moreover, ZnO is classified as a “GRAS”
(Generally Recognized as Safe) substance by the U.S. Food and
Drug Administration (FDA). Owing to these beneficial
properties, ZnO nanoparticles have attracted considerable
attention in biomedical applications, including diabetes
treatmentand targeted drug delivery systems [18-20].
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4.2. Antitumor Properties of Fe;0, Nanoparticles
Superparamagnetic iron oxide nanoparticles (SPIO-NPs, Fe;0,)
have emerged as promising materials for enhancing antitumor
efficacy while reducing systemic side effects. Nanoparticulate
drug delivery systems have gained significant attention in
cancer nanotechnology because they enable the selective
delivery of anticancer drugs to tumour tissues [21]. Various
nanoparticulate carriers such as liposomes, polymeric micelles,
and nanoparticles have been investigated for efficient cancer
therapy. Swellable hydrophilic polymer nanoparticles are
particularly attractive due to their nanoscale size (50-200 nm),
high stability, and suitability for intracellular and intravenous
drug delivery [22]. These systems can also encapsulate
bioactive macromolecules such as proteins. One major
challenge in cancer therapy is the reduced sensitivity of tumour
cells to cytotoxic drugs. Therefore, polymeric nanospheres and
magnetic nanoparticles have been developed to improve drug
delivery efficiency and achieve site-specific targeting [23].
Superparamagnetic iron oxide nanoparticles possess excellent
biocompatibility, chemical stability, low toxicity, and magnetic
responsiveness, making them suitable for targeted and
sustained drug delivery applications [24]. Amaneh ]. et al.
reported the successful entrapment of doxorubicin within SPIO
nanoparticles modified with heparin for active targeting of
cancer cells [25]. This modified nanoparticle system
demonstrated promising potential in cancer treatment.

4.3. Catalyticand Regioselective Properties of Ag, Cu, Mn, Fe,
and Co Nanocatalysts

Controlled regioselectivity is an important aspect in the
synthesis of pharmaceutically significant molecules with
defined regio- and stereoselectivity. Several methods have been
developed for the synthesis of 3-ylidenephthalides and
isocoumarins through conventional methods as well as C-H
bond functionalization techniques [26]. In the regioselective
synthesis involving 5-exo-dig and 6-endo-dig cyclization
reactions, only a limited number of regioselective catalytic
methods have been reported, including Cu®*-nanocatalyzed and
acid/base-controlled reactions [27-29]. Recently, Ag-based
nanocatalysts have been employed in oxidative coupling and
annulation reactions of benzoic acids with terminal alkynes,
yielding 3-ylidenephthalides and isocoumarins with excellent
yields and complete Z-selectivity through C-H bond activation
mechanisms [30-34]. Transition metal nanoparticle catalysts
such as Cu, Mn, Co, and Fe nanoparticles have attracted
significant interest because of their high catalytic activity and
unique reactivity compared to conventional Pd and Ni catalysts.
Silver nanoparticles can coordinate simultaneously with triple
bonds and electron-rich substituents such as Cl, Br, and OMe
groups, thereby promoting regioselective cyclization reactions.

4.4.Microbicidal Properties of Ag Nanoparticles

Silver nanoparticles (Ag NPs) possess strong microbicidal
activity againsta broad spectrum of microorganisms. De Matteis
et al. reported that the bactericidal effect of Ag NPs is dose-
dependent [35]. Silver ions interact specifically with thiol
groups present in cysteine residues of bacterial enzymes,
thereby inhibiting essential metabolic pathways and leading to
bacterial cell death. The antibacterial activity of Ag
nanoparticles is strongly influenced by particle size. Smaller
nanoparticles exhibit greater bactericidal activity because they
can penetrate bacterial cell wall “pits” more effectively than
larger particles [36].

Gurunathan et al. demonstrated that Ag nanoparticles with an
average size of 5 nm showed stronger antibacterial activity than
antibiotics such as ampicillin and vancomycin against certain
bacterial strains [37-38]. Ag nanoparticles exhibit potent
antibacterial activity against pathogens such as Escherichia coli
0157:H7, Streptococcus pyogenes, Salmonella enterica,
Staphylococcus aureus, and Enterococcus faecalis [39-40].
However, their activity against Gram-positive bacteria is
comparatively weaker because the thick peptidoglycan layer in
Gram-positive cell walls can trap silver ions and prevent their
penetration into the cell membrane [41-42]. Environmental
factors such as temperature, chlorine concentration, thiol
groups, and oxygen-carrying proteins also influence the
microbicidal activity of Agnanoparticles.

4.5. Antiviral Properties of Ag Nanoparticles

Research on the antiviral properties of silver nanoparticles is
comparatively limited, and the exact mechanism of antiviral
action is still under investigation. Ag nanoparticles are believed
to act primarily on the viral surface, preventing viral attachment
and entry into host cells [40-43]. Particle size plays a critical role
in antiviral efficacy. Speshock et al. reported that Ag
nanoparticles <25 nm effectively inhibited arenavirus
replication [44]. Similarly, Gaikwad et al. demonstrated that Ag
nanoparticles ranging from 7-20 nm exhibited antiviral activity
against herpes simplex virus (HSV-1 and HSV-2) and human
parainfluenza virus type-3 [45]. Smaller nanoparticles showed
superior antiviral activity compared to larger particles. Ag
nanoparticles have also demonstrated inhibitory effects against
HIV, influenza virus, and Monkeypox virus (MPV) [46-49]. Mori
et al. reported that Ag nanoparticles <10 nm were effective
against HIN1 influenza virus [32-33]. Interestingly, larger Ag
nanoparticles (25-80 nm) were found to enhance MPV plaque
formation, possibly due to nanoparticle agglomeration
facilitating viral internalization [49-50] Therefore, nanoparticle
sizeisacritical determinantin antiviral applications.

4.6.Applications for Healthcare Workers (HCWs)

Emerging infectious diseases (EIDs) such as Ebola virus disease
(EVD), Middle East Respiratory Syndrome coronavirus (MERS-
CoV), Severe Acute Respiratory Syndrome (SARS), MRSA
infections, and cholera pose serious occupational hazards to
healthcare workers (HCWs). During the Ebola outbreak in West
Africa, a substantial number of healthcare workers were
infected and many lost their lives [52]. MERS-CoV infections
have also shown high fatality rates among HCWs [53]. Due to
their broad-spectrum antimicrobial and antiviral activities, Ag
nanoparticles have significant potential in protective healthcare
applications. Ag nanoparticles generate reactive oxygen species
(ROS) and release silver ions, leading to oxidative stress and
microbial cell death. [50-51] Therefore, Ag NP-based materials
can help reduce the risk of contact infections among healthcare
workers. Researchers have developed microbicidal and
antiviral materials by incorporating Ag nanoparticles onto
chitin nanofiber sheets (CNFS) [34-55]. These materials
exhibited strong antimicrobial activity against E. coli and
antiviral activity against HIN1 influenza virus [32-55]. Such
nanomaterials have potential applications in medical uniforms,
protective gowns, masks, gloves, plastics, and surface
disinfectant materials [48]. Although Ag NP-based protective
materials show excellent antimicrobial performance, further
studies are required to evaluate their long-term stability, safety,
and potential effects on human health.
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Conclusion

The sol-gel technique is an effective and versatile method for
controlling material dimensions at the nanometer scale from
the initial stages of synthesis. This method offers several
advantages, including low-temperature processing, high purity,
improved homogeneity, controlled morphology, net-shape
casting, film coating, and fiber formation. Compared to
conventional nanoparticle synthesis techniques, the sol-gel
method is economical, flexible, and capable of producing
nanoparticles with superior physicochemical properties. Metal
oxide nanoparticles synthesized by the sol-gel technique
exhibit promising biomedical and industrial applications,
including anticancer, antibacterial, antiviral, anti-inflammatory,
antidiabetic, drug delivery, bioimaging, catalytic, cosmetic, and
textile applications. Therefore, sol-gel-derived metal oxide
nanoparticles continue to be an important area of research in
nanotechnology and pharmaceutical sciences.
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