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Abstract

Nanoparticles are typically nanoscopic materials with at least one of the dimensions below 100 nm having diverse ap-
plications in many industries. The latest developments in nanotechnology provide a wide range of methods for studying
and monitoring various medical and biological processes at the nanoscale. Nanoparticles can help diagnose and treat
diseases, such as cancer, by carrying drugs directly to cancer cells. They can also be used to detect disease biomarkers in
the body, helping to provide early diagnosis. It is plausible that nanoparticles could be used in theranostic applications
and targeted drug delivery. This could significantly improve patient outcomes and reduce the amount of time, effort,
and money needed to diagnose and treat diseases. It could also reduce the side effects of treatments, providing more
precise and effective treatments. Nanoparticles for biomedical applications include polymeric and metal nanoparticles;
liposomes and micelles; dendrimers and quantum dots; etc. Among the nanoparticles, gold nanoparticles (GNPs) have
emerged as a promising platform for drug delivery applications. GNPs are highly advantageous for drug delivery appli-
cations due to their excellent biocompatibility, stability, and tunable physical and chemical properties. The present review
provides an in-depth discussion of the various approaches to GNPs synthesis and drug delivery applications.

Keywords: Bio-degradable; gold nanoparticles; drug delivery; drug targeting; cancer therapy; gene delivery; protein

delivery, Vaccine delivery; siRNA delivery.

1. Introduction

Researchers across the world have offered viable
solutions for the optimal delivery of challenging therapeu-
tic agents so as to achieve the best clinical outcomes in di-
verse disease conditions. In this scenario, nanotechnolo-
gy-driven technology platforms stood very effective for
drug delivery and other biomedical applications.!® One of
the first metals discovered, gold, has had a long and illus-
trious study and implementation chronology. Arab, Chi-
nese, and even Indian researchers attempted to create col-
loidal gold as early as the fifth and fourth century BC,
according to early treatises on the subject. European alche-
mist laboratories investigated and used colloidal gold dur-
ing the Middle Ages for the treatment of various ailments
including syphilis, leprosy, plague, epilepsy, diarrhea, and
mental disorders. In the last few years, nanoparticles based
on gold chemistry have drawn considerable research and
practical attention. They are versatile biological agents that
can be used in a variety of applications, including very sen-

sitive analytical assessments, the creation of ablation heat
and radiation, and the transfer of drugs and genes.”!! In
order to interact with cells or biomolecules in biomedical
applications, gold nanoparticles (GNPs) must be external-
ly functionalized. A high surface area to volume ratio, the
ability to be modified with ligands containing functional
groups such as thiols, phosphines, and amines, and the
ability to bind to gold surfaces are some of the unique
properties of the GNP that have been developed.!?1* Ad-
ditional moieties, including proteins, oligonucleotides,
and antibodies, can be attached to the ligands using these
functional groups. Compared to GNPs, silver nanoparti-
cles can be more reactive and prone to oxidation, poten-
tially limiting their stability and performance over time.!

While silver nanoparticles have antimicrobial prop-
erties, excessive release of silver ions from the nanoparti-
cles can raise toxicity concerns, particularly in biological
and environmental contexts. GNPs are favored for their
biocompatibility, stability, and functionalization capabil-
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ities, making them suitable for biomedical and targeted
delivery applications. These nanoparticles can be easily
functionalized with biomolecules, such as antibodies and
peptides, for targeted drug delivery and molecular interac-
tions. The stability of GNPs ensures that these functional-
ized coatings remain intact, allowing for precise and con-
trolled interactions with biological systems. GNPs exhibit
unique catalytic properties, particularly in selective oxida-
tion reactions. While silver nanoparticles also possess cat-
alytic activity, the selectivity and efficiency of GNPs make
them preferable for certain catalytic applications. These
unique physical and chemical properties of GNPs allow
for various applications. Recent research suggests that
GNPs can be used as efficient medication carriers since
they can enter organelles in addition to infiltrating blood
vessels to reach the tumor's site.1#1¢ GNPs can also release
their payload at the target spot in response to an internal
or external stimulus. Our review makes an effort to present
a thorough overview of the most promising uses of GNPs
in contemporary scientific studies, while also taking into
account the amount of data produced and the rate at which
it is updated.

2. Synthesis of GNPs

Synthesis of GNPs follows the same "Top-Down" and
"Bottom-Up" methodologies as other inorganic and metal
nanoparticle synthesis. Synthesizing GNPs from bulk ma-
terial and breaking them down into nanoparticles in a va-
riety of ways is the top-down approach. On the other hand,
nanoparticles are synthesized using the bottom-up meth-
od, which begins at the atomic level. Laser ablation, ion
sputtering, ultraviolet, and infrared irradiation, and aero-
sol technology are all examples of top-down approaches to
synthesis, while the reduction of gold III ions (Au**) is an
example of a bottom-up strategy.!” The synthesis strategies
are discussed in the following section. (Figure 1).

o O Turkevich method
' Brust-Schiffrin strategy
Electrochemical strategy

{,‘ Seeding growth strategy
B
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Figure 1: Strategies for synthesis of gold nanoparticles.

2. 1. Citrate Reduction (Turkevich Method)

Most methods of synthesizing GNPs require reduc-
ing an aqueous gold solution to gold nanoparticles (in

fact, elemental gold) using specific reducing chemicals,
followed by stabilizing the newly created nanoparticles. In
the second stage of stabilization, sulfonated and non-sul-
foned sulphur compounds, polymers, and surfactants are
all utilized to prevent GNPs from aggregating.'1°

Recently few green approaches have also been in-
troduced for the fabrication process. Green chemistry re-
fers to chemical synthesis techniques that are safe for the
environment and do not harm live organisms.!® There is
evidence that the biomaterial Egg shell membrane (ESM)
can be used to effectively produce GNPs via green biosyn-
thesis."’

The most popular technique for generating GNPs is
the Turkevich reductive approach.?’ In this process, sodi-
um citrate (Na;CgH50,) and chloroauric acid (HAuCl,)
react to produce colloidal gold.?! The reduction of citrate
was modified by the group of scientists led by Frens to get
GNPs with sizes ranging from 2 to 330 nanometers.?>>
The particle size of the GNPs fabricated via the Turkevich
method is grossly affected by various parameters like the
molar ratio of the reactants, production batch size, reac-
tion temperature, pH, and the order of addition of reac-
tants.?’

2. 2. Brust-Schiffrin Strategy

GNPs with lower dispersion values may be produced
via Brust Schiffirin reaction.?! The procedure involves pro-
ducing GNPs from chloroauric acid (HAuCl,) in a
non-aqueous solution by reducing Au(II) with sodium
borohydride and tetraoctyl ammonium bromide.?? The
addition of the reducing agent causes the organic phase to
change color from orange to dark brown. This demon-
strates the existence of GNPs.

The Brust-Schiffrin strategy has been widely applied
in the preparation of GNPs, and it has played a significant
role in the advancement of nanotechnology.?? GNPs have
unique properties due to their small size and high surface
area-to-volume ratio, making them attractive for various
applications in catalysis, electronics, medicine, and more.
Let's explore how the Brust-Schiffrin strategy is helpful in
the preparation of gold nanoparticles:

Core Formation: The first step in the Brust-Schiffrin
method involves functional group transformations.?* In
the context of GNPs synthesis, this step focuses on creat-
ing a gold core with the desired size. Usually, a gold pre-
cursor, such as gold chloride (AuCls), is reduced using a
suitable reducing agent. For example, sodium borohydride
(NaBH,) is a common reducing agent in this context. The
reduction reaction leads to the formation of tiny gold clus-
ters or nuclei.?

Surfactant-Mediated Growth: The Brust-Schiffrin
strategy relies on surfactants, which are molecules that can
stabilize and control the growth of nanoparticles. In the
case of GNPs, ligands like alkanethiols or alkylamines are
commonly used as surfactants.?* These surfactants bind to
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the GNPs' surfaces, preventing them from agglomerating
and stabilizing their size and shape.

Convergent Assembly: After obtaining the gold nu-
clei, the next step is the convergent assembly, where the
small gold clusters are brought together to grow into larger
nanoparticles.? In this process, the surfactants play a cru-
cial role. They act as linkers, guiding the gold clusters to-
ward each other, resulting in the formation of larger nano-
particles.

Protecting Group Strategy: In the context of GNPs
synthesis, the protecting group strategy is not directly in-
volved, as it is typically applied in multi-step organic syn-
thesis.?2 However, the surfactants mentioned earlier can be
considered akin to protecting groups, as they prevent the
gold clusters from coalescing and facilitate controlled
growth.

The Brust-Schiffrin strategy in GNPs synthesis has
many advantages. The modular nature of the strategy al-
lows for the synthesis of GNPs with different sizes and sur-
face functionalities. By controlling the starting materials,
surfactants, and reaction conditions, researchers can fine-
tune the properties of the nanoparticles for specific appli-
cations. The strategy enables precise control over the size
of the resulting nanoparticles. The initial size of the gold
nuclei can be adjusted by varying the amount of reducing
agent and reaction time. The surfactants further regulate
the growth of the nanoparticles, ensuring a uniform and
controlled size distribution. Furthermore, the use of sur-
factants in the Brust-Schiffrin method promotes the for-
mation of monodisperse nanoparticles, meaning that the
particles have a narrow size distribution. This is crucial for
many applications where consistent particle size is desira-
ble. The Brust-Schiffrin strategy often yields a high per-
centage of monodisperse nanoparticles, contributing to its
efficiency and cost-effectiveness. Hence, the Brust-Schif-
frin strategy has proven to be a valuable approach for the
preparation of GNPs. It offers control over the size, shape,
and surface properties of the nanoparticles, making them
suitable for various applications in nanotechnology and
beyond. The ability to synthesize GNPs with precise char-
acteristics has opened up new possibilities in fields such as
catalysis, sensing, imaging, and targeted drug delivery.??

2. 3. Electrochemical Strategy

GNPs can be created electrochemically in a two-elec-
trode cell with the cathode reduced and the anode oxi-
dized. Reetz and Helbig (1994) introduced the concept of
creating nanoparticles via electrochemical techniques.??
This method has been considered preferable to other ways
of nanoparticle synthesis because of its low processing
temperature, low cost, high quality, simple equipment,
and ease of process management.?> The electrochemical
synthesis method was used to create GNPs on the sur-
face of multi-walled carbon nanotubes with glassy carbon
electrodes. 2° Tetra dodecyl ammonium bromide as a sur-

factant stabilizer has been used to stabilize the size-con-
trolled GNPs fabricated via electrochemical synthesis.?’

In an electrochemical cell, the cathode is immersed
in an electrolyte solution containing gold ions, such as
HAuCl4. An external power source, such as a battery or a
potentiostat, is connected to the cathode and anode, cre-
ating an electric potential between the two electrodes. At
the cathode, gold ions (Au**) from the electrolyte solution
gain electrons and undergo reduction, resulting in the for-
mation of elemental gold (Au®) nanoparticles on or near
the cathode surface.?® This reduction process is the key
step in the electrochemical synthesis of GNPs. Simultane-
ously, at the anode, a counterreaction occurs to balance the
reduction process at the cathode. In the case of an aqueous
electrolyte, water molecules may be oxidized to produce
oxygen gas and protons (H*). The size and shape of the
synthesized GNPs can be controlled by adjusting the ex-
perimental parameters, such as the applied potential, the
concentration of gold ions in the electrolyte, and the re-
action time.

Electrochemical methods offer several advantages
for GNPs synthesis, including precise control over the size
and shape of the nanoparticles and the ability to perform
the synthesis in a more environmentally friendly manner.
Additionally, this approach can be easily scaled up for
large-scale production of GNPs.

Role of Electrodes: The cathode is the electrode
where reduction reactions occur. In the case of GNPs syn-
thesis, the cathode serves as the site for the reduction of
gold ions (Au3+) to elemental gold (Au®) that forms the
nanoparticles.?® Electrons from an external power source
are supplied to the cathode, promoting the reduction re-
action. Typically, the cathode is made of a conductive ma-
terial, such as a metal or a conductive glass substrate. On
the other hand, the anode is the electrode where oxida-
tion reactions occur. During the electrochemical synthesis
of GNPs, the anode is typically made of an inert material
that does not participate in chemical reactions. Its primary
function is to provide a site for the oxidation of a coun-
ter-reaction that balances the reduction occurring at the
cathode. For example, in an aqueous solution, water mol-
ecules can be oxidized to produce oxygen gas and protons
(H+), thus balancing the reduction of gold ions at the cath-
ode.2829

2. 4. Seeding Growth Strategy

Since several years ago, attention has been focused
on the large-scale synthesis of GNPs in order to meet the
huge demand for these materials. Using Oleyl amine as
a reducing and stabilizing agent, GNPs with an average
diameter of 9 nm were created in toluene.*® These GNPs
operate as seeds for subsequent growth reactions in which
the identical precursors are progressively added to the re-
action vessel (Figure 2). Tan et al (2015) synthesized sta-
ble GNPs (size ranging 7-30 nm) using a seeding growth
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technique.®! The dispersion is highly disseminated and
consistent with the particle size, as seen by the Transmis-
sion electron microscopy (TEM) images and optical ab-
sorption spectra of the GNPs.

Reducing solution Precursor solution

Au Seed Solution

Figure 2. Synthesis of gold nanoparticle via seeding growth strategy.

In this approach, the synthesis is initiated using pre-
formed seed nanoparticles with specific crystal facets. The
seed nanoparticles act as nuclei for further crystal growth,
guiding the formation of anisotropic shapes like gold na-
norods, nanostars, nanocubes, and nanoplates.*

Compared to other synthesis methods, the seeding
growth strategy offers several advantages. One notable ad-
vantage is the ability to precisely control the size and shape
of the nanoparticles by adjusting the seed size and growth
conditions. This level of control is particularly important
in nanotechnology and nanoscience applications where
specific shapes are required to tailor the nanoparticles'
properties for different uses.

Once the seed nanoparticles are synthesized, they
can be used as templates for the large-scale production of
anisotropic GNPs.?? The ability to synthesize a large num-
ber of nanoparticles with consistent shapes and sizes is ad-
vantageous for industrial applications, where reproduci-
bility and scalability are critical factors.

Furthermore, the seeding growth method enables
the synthesis of complex nanoparticle shapes that might be
challenging to achieve using other techniques. For exam-
ple, gold nanostars, with their unique sharp protrusions,
have specific plasmonic properties that make them attrac-
tive for biomedical imaging and therapeutic applications.

In research and industrial settings, large-scale syn-
thesis of GNPs with controlled shapes is essential for vari-
ous applications. For instance, in the field of catalysis,
well-defined nanoparticle shapes can enhance catalytic
activity and selectivity. In biomedicine, the size and shape
of GNPs play a crucial role in their interactions with bio-
logical systems, influencing their behavior as drug carri-
ers, imaging agents, or therapeutics.

To demonstrate the significance of the seeding

growth strategy, researchers often specify the number of
nanoparticles synthesized. The ability to produce grams or
even kilograms of anisotropic GNPs with reproducible
shapes and properties showcases the suitability of this
method for practical applications.>?

Overall, the seeding growth strategy for GNPs syn-
thesis is a versatile and efficient method for large-scale
production of nanoparticles with tunable shapes. Its po-
tential for creating well-defined anisotropic shapes makes
it an attractive choice for various technological and bio-
medical applications. Researchers continue to refine and
optimize this method to meet the increasing demand for
tailored nanoparticles with precise properties and func-
tionalities.

2. 5. Photochemical Strategy

Due to the improved spatial and temporal control
that these technologies provide, photochemical approach-
es have attracted a lot of attention in the production of me-
tallic NPs.>* A typical experiment involves irradiation of
visible or ultraviolet (UV) light on solutions containing
the metal precursors. Photochemical routes in nanotech-
nology are preferable to other approaches, such as chemi-
cal approaches, because they avoid the use of toxic or
harmful compounds, do not require expensive equipment
or highly skilled personnel, and, most importantly, can be
completed at ambient conditions, such as room tempera-
ture and atmospheric pressure.34-3¢

The photochemical method for GNPs synthesis is a
versatile and widely used approach that involves the use
of light energy to drive the reduction of gold ions and the
subsequent formation of GNPs.” This method typically
employs a photosensitive compound, known as a photo-
sensitizer or a stabilizer, which absorbs light and transfers
the energy to the gold ions, initiating the reduction pro-
cess (Figure 3).

oo
LA '&5
K™ Photosensitizer

Figure 3. Photochemical synthesis of gold nanoparticles.

The key steps involved in the photochemical synthe-
sis of GNPs are as follows:
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Photosensitizer Selection: The choice of a suitable
photosensitizer is crucial in this method. Photosensitizers
are molecules that have the ability to absorb light energy
and undergo a photochemical reaction. These molecules
should be compatible with the gold precursor solution and
facilitate the reduction of gold ions when excited by light.

Light Irradiation: The photosensitizer-bound gold
precursor solution is exposed to light of a specific wave-
length that matches the absorption spectrum of the photo-
sensitizer.’” This light irradiation leads to the activation of
the photosensitizer, resulting in the generation of reactive
species or electrons with high reducing potential.

Gold Ion Reduction: The activated photosensitizer
transfers the energy to the gold ions present in the solu-
tion. The excited gold ions then undergo reduction to form
GNPs. The reaction typically involves the transfer of elec-
trons from the excited state of the photosensitizer to the
gold ions, leading to the conversion of Au3+ (gold ions) to
Au0 (elemental gold).

Nanoparticle Stabilization: As the reduction process
proceeds, the formed GNPs are often stabilized and capped
by the surrounding stabilizing agents or the photosensitiz-
er itself. These stabilizing agents prevent the nanoparticles
from aggregating and aid in controlling the size and shape
of the nanoparticles.

The photochemical method offers several advantages
for GNPs synthesis. One of the significant advantages is
the ease of control over the size and shape of the nanopar-
ticles. By adjusting the light intensity, duration of light ex-
posure, and concentration of the photosensitizer, research-
ers can tune the synthesis conditions to obtain GNPs with
specific properties tailored for different applications.>”

Moreover, the photochemical method is relatively
fast, allowing for rapid nanoparticle synthesis. It also offers
the potential for spatial control over nanoparticle forma-
tion, enabling localized synthesis in specific regions using
patterned light sources or photomasks.

Researchers have explored various photosensitizers
for GNPs synthesis, including organic dyes, metal com-
plexes, and semiconductor nanomaterials like quantum
dots.®8 Each type of photosensitizer has its specific advan-
tages and can lead to different nanoparticle properties.

The photochemical method has found applications
in diverse fields, including nanomedicine, catalysis, and
sensing. The ability to use light as a trigger for nanoparticle
synthesis offers unique opportunities for on-demand and
controlled nanoparticle production, making it a promising
technique for future advancements in nanotechnology and
nanoscience.

It is worth noting that while the photochemical
method is powerful, the choice of the photosensitizer, light
source, and reaction conditions should be carefully opti-
mized to achieve desired nanoparticle properties and pre-
vent unwanted side reactions.® Therefore, researchers
continue to explore and develop this method, advancing
the synthesis of GNPs for a wide range of applications.

2. 6. Ultrasound-aided Synthesis of GNP

Sonochemistry, a rapidly growing area of chemistry
that is focused on the ultrasonic (US) effect and acoustic
cavitation, has grown significantly during the past sever-
al decades. In a liquid media, US-induced pressure vari-
ations cause bubbles to develop, expand, and implosively
collapse. There is a significant buildup of energy inside the
bubble as a result of the bubble collapsing. The tiny bub-
bles may potentially deagglomerate nanoparticles, break
larger particles into smaller ones, or collapse at the surface
of a solid substrate and activate it. Researchers across the
world tried this technology for the fabrication of GNPs.%0-
4 GNPs synthesized with ultrasound have been shown to
have a smaller particle size (13.65 nm vs 16.80 nm), and
greater yield than their non-ultrasound counterparts.**
In another effort, Chen et al (2011) reported a single-step
fabrication of spherical and plate-shaped GNPs using the
ultrasonication method.*

Significance of the Cavitation Process

In the ultrasound-aided synthesis of GNPs, the phe-
nomenon of cavitation plays a crucial role in enhancing the
nanoparticle formation process. Cavitation is a physical
process that occurs when ultrasound waves pass through
a liquid medium, leading to the formation, growth, and
implosion of microscopic bubbles.

During the ultrasound-assisted synthesis of GNPs,
the gold precursor solution is exposed to ultrasonic
waves.?>46 These waves create alternating high-pressure
and low-pressure regions in the liquid medium. When the
pressure in the low-pressure regions drops below the va-
por pressure of the liquid, small gas bubbles are formed.
These bubbles continue to grow during the low-pressure
phase of the ultrasound wave.

As the ultrasound wave progresses to its high-pres-
sure phase, the surrounding pressure rapidly increases.
The rapid change in pressure causes the bubbles to violent-
ly collapse or implode. This implosion generates intense
localized energy, resulting in high temperatures and pres-
sures in the vicinity of the collapsing bubbles. These ex-
treme conditions trigger the reduction of gold ions present
in the solution, leading to the formation of GNPs.*

The cavitation process during ultrasound-aided
GNP synthesis enhances the kinetics of the reduction re-
action and promotes the formation of smaller and more
uniform nanoparticles. The violent collapse of bubbles
generates hotspots with high energy, which facilitate the
reduction of gold ions to elemental gold more efficiently.
Additionally, the turbulence created by cavitation helps in
mixing and homogenizing the reaction mixture, leading to
better control over nanoparticle size and shape.

Furthermore, the cavitation phenomenon can aid in
the reduction of polydispersity, resulting in a narrower size
distribution of the synthesized GNPs.*” The rapid and lo-
calized nature of the cavitation process also enables the
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synthesis of GNPs with shorter reaction times compared
to conventional methods.

The ultrasound-aided synthesis of GNPs through
cavitation has found applications in various fields, includ-
ing catalysis, biomedical imaging, and drug delivery. The
ability to control nanoparticle size and morphology with
enhanced efficiency makes this approach valuable for tai-
loring GNPs for specific applications.

However, it is important to carefully optimize the ul-
trasound parameters, such as frequency, power, and expo-
sure time, to avoid undesired effects like overheating or the
formation of non-uniform nanoparticles.*>*”4® Research-
ers continue to explore and refine ultrasound-aided syn-
thesis methods to harness the benefits of cavitation for
precise and controlled nanoparticle synthesis.

2. 7. Laser Ablation Synthesis of GNPs

Pulsed lasers are utilized nowadays to treat materials
and advance numerous chemical reactions. When a target
submerged in a liquid is exposed to pulsed laser energy,
the target and solution form a dispersion after cavitation
bubbles, shock waves, and secondary photons are pro-
duced.

By using laser ablation, precise and repeatable re-
sults have been achieved in terms of both form and size.
Sahebi et al (2019) reported the fabrication of colloidal
GNPs using pulsed laser ablation reduction of aqueous
gold precursor.®® By applying the laser ablation ap-
proach with a low-power neodymium yttrium alumi-
num garnet (Nd:YAG) laser at the fundamental wave-
length, high-purity GNPs have been effectively
produced by Khumaeni et al.>® In order to create GNPs,
an experimental pulse laser beam was focused onto a
high-purity gold sheet, which was then placed into
deionized water. GNPs were produced in tetrahydrofu-
ran utilizing the pulsed laser ablation approach in an-
other investigation.’! The average size of produced
GNPs was reduced from 11 nm to 6 nm after 30 minutes
of ablation. According to the report, these observations
were triggered by the quick laser pulse's forced convec-
tion flow and shock waves, which fragmented the ablat-
ed GNPs even more into tiny sizes.

In recent times, pulsed lasers have been used to treat
materials and enhance various chemical reactions. When
a target is immersed in a liquid and exposed to pulsed la-
ser energy, the target, and solution form a dispersion due
to the formation of cavitation bubbles, shock waves, and
secondary photons.>?

In summary, the use of pulsed lasers in the prepara-
tion of GNPs has shown promising results, with research-
ers achieving high purity and controlled sizes by utilizing
the laser ablation approach. The technique offers a reliable
and efficient way to synthesize GNPs with potential appli-
cations in various fields, including catalysis, biomedicine,
and nanotechnology.

2. 8. Biological Method

The biosynthesis of nanoparticles is a straightfor-
ward, one-step, green process. The dissolved metal ions
are converted into nanometals by biochemical reactions in
biological agents. For the production of metal nanoparti-
cles, many biological agents are used, such as plant tissues,
fungi, bacteria, etc.>® To begin the synthesis of GNPs, the
biological extract (such as bacterial, fungal, or plant mate-
rial) is added to the gold (III) chloride (HAuCl,) solution
and thoroughly mixed. Gold III (Au®*) is reduced to gold
with a neutral charge (Au’) in the first stage of biosynthe-
sis, and then GNPs are formed as a result of agglomeration
of atoms and stabilization in the second step.>® It's interest-
ing to note that a wide range of bio-compounds, including
enzymes, phenols, sugars, and others, can take part in both
the stabilization and capping of nanoparticles as well as the
reduction of gold.>*

Eco-friendly extracellular production of metallic
GNPs was carried out using leaf extracts from two plants,
Magnolia kobus and Diopyros kaki.>> By employing plant
leaf extracts as reducing agents to process an aqueous chlo-
roauric acid (HAuCl,) solution, stable GNPs were created.
Scanning electron microscopy SEM and Transmission
electron microscopy (TEM) pictures revealed that smaller
spherical forms were produced at higher temperatures and
leaf broth concentrations, while a mixture of plate (trian-
gles, pentagons, and hexagons) and spherical structures
(size, 5-300 nm) were generated at lower temperatures
and leaf broth concentrations.> In another study, Brazil-
ian Red Propolis extract was used for the biosynthesis of
GNPs.> The outcomes revealed a potential low-cost green
technique to create GNPs with considerable biological
characteristics by using Brazilian red propolis. GNPs with
spherical shape and an average size of 15 nm were syn-
thesized at 20-50 °C using different volumes of the using
Platycodon grandiflorum plant leaf extracts.”” The diverse
phenolic compounds present in the natural extracts has
the potential to reduce Au (I11).%>” Brazilian Red Propolis
is a unique type of propolis found in Brazil, specifically in
the state of Alagoas, and is known for its distinct red color
and potent biological properties.’>*’ Propolis is a resinous
substance that bees collect from various plants and trees,
which they then modify by mixing it with their enzymes
and beeswax. The resulting propolis is used by bees to seal
and protect their hives from external threats, such as bac-
teria, fungi, and other pathogens.

3. Morphology of GNPs

GNPs can be synthesized using various methods,
each yielding nanoparticles with different shapes and mor-
phologies. The Brust-Schiffrin method typically results in
the formation of spherical GNPs. In this method, gold ions
are reduced by sodium borohydride in the presence of a
capping agent like alkylthiols, which controls the nanopar-
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ticle size and stabilizes the particles in a spherical shape.?>

Similarly, the Turkevich method predominantly produces
spherical GNPs with sizes ranging from 10 to 100 nanom-
eters.2®> In this approach, gold ions are reduced with cit-
rate ions, leading to the formation of well-defined spheri-
cal nanoparticles.

Anisotropic GNPs with diverse shapes can be syn-
thesized through the seed-mediated growth method. De-
pending on the reaction conditions, growth time, and sur-
factant types, this method can yield gold nanorods,
nanostars, nanocubes, and nanospheres. Seed-mediated
growth relies on controlling the crystal growth direction
and adding seeds with specific crystal facets to induce ani-
sotropic growth and shape control. Electrochemical syn-
thesis of GNPs can also produce various shapes depending
on the applied potential and reaction conditions.?”?® This
method can yield gold nanospheres, nanorods, nanowires,
and nanoplates. By controlling the potential and electro-
lytes, researchers can tailor the shape and size of the nano-
particles to suit specific applications.

Template-assisted synthesis involves using templates
such as porous materials or dendrimers to guide the for-
mation of unique GNPs shapes. Depending on the struc-
ture and dimensions of the templates, this method can
produce gold nanotubes, nanocages, or nanowells. Micro-
wave-assisted synthesis is a rapid and controlled method
that can produce various shapes of GNPs, including nano-
spheres, nanorods, and nanoplates. The use of microwave
irradiation allows for fast and efficient heating, leading to
controlled nanoparticle growth.®

To accurately determine the shape of synthesized
GNPs, researchers often use advanced characterization
techniques such as transmission electron microscopy
(TEM), scanning electron microscopy (SEM), atomic
force microscopy (AFM), or X-ray diffraction (XRD).2
These techniques allow researchers to visualize and con-

Table 1. Overview of gold nanoparticles in drug delivery applications.

firm the morphology and size of the nanoparticles, ensur-
ing the desired properties for specific applications. The
ability to control the shape of GNPs is crucial as it impacts
their physical, chemical, and optical properties, making
them suitable for a wide range of applications in catalysis,
biomedical imaging, drug delivery, and sensing.

4. Delivery of Therapeutic Agents
Using GNPs

Recent years have seen a significant increase in inter-
est in drug delivery techniques for the best and safest de-
livery of therapeutic agents.”’! Nanotechnology-based
platforms are among the cutting-edge methods for deliver-
ing pharmacologically active compounds that are the sub-
ject of extensive research.>%3%4 Diverse categories of na-
nocarriers have been exploited by researchers to deliver
challenging therapeutic molecules. Metal nanoparticles
are also in the race and GNPs found many applications in
drug delivery apart from other biomedical applications.
The following section discusses the recent drug delivery
applications of GNPs. However, delivery strategies of pro-
tein conjugates and antibodies for the treatment of cancers
are not included in this review. A very brief overview of
the drug delivery aspects of GNPs is presented in Table 1.

4. 1. Small Molecule Drugs Delivery

GNPs have become increasingly popular for deliv-
ering small-molecule drugs during the last few decades.
These nanosized carriers provide a suitable method of de-
livering small compounds as well as biomacromolecules
to cells/tissues due to their distinct size-dependent phys-
icochemical properties, flexibility, sub-cellular size, and
bio-compatibility.

Therapeutic agent delivered Objective of delivery Level of proof References
5-fluorouracil, and doxorubicin ~ Targeted delivery Glioblastoma cell model (64]
Doxorubicin, and aptamer Targeted delivery A549 and 4T1 cells [65]
Doxorubicin Extended delivery MDA-MB-468, fTC-3, and HFb cell lines [66]
Withaferin A Targeted delivery Murine melanoma cells, Chinese hamster ovary, [67]
and mouse embryonic fibroblast cells
Betulinic Acid Targeted delivery Human Caco-2, HeLa and MCF-7 cancer cell lines [68]
Doxorubicin pH dependent targeted delivery Human breast, cervical, and hepatocellular carcinoma  [69]
cell lines
Linalool Targeted delivery breast cancer cell line [70]
Doxorubicin Targeted delivery HeLa cells [71]
EGFR siRNA Lung cancer treatment BEAS-2B, and A549 cells [72]
Bcl-2 siRNA and doxorubicin Breast cancer treatment Triple-negative breast cancer, and MCEF?7 cell line [73]
siRNA Targeted controlled release Immunodeficient mice bearing A549 tumor xenograft  [74]
siRNA Laser transfection Canine pleomorphic adenoma ZMTH3 cells [75]
siRNA Topical delivery Normal human keratinocytes, spontaneously [79]

immortalized cells, and HeLa cells
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A pH-responsive drug delivery system composed of
GNPs and chitosan with aptamer was reported to deliv-
er anticancer agents (5-fluorouracil and doxorubicin).®®
The drug-loaded GNPs were found monodispersed with
a mean size of 196.2 = 2.89 nm. Cellular internalization
of the nanoparticles was also confirmed by transmission
electron microscopic investigations.®® In another intrigu-
ing research, GNPs-chitosan conjugates with aptamers
were deployed successfully for the targeted delivery of
doxorubicin.®® The tumor specificity of the nano drug
delivery system was confirmed in the in vivo studies®®
Surface functionalization of GNPs with chondroitin sul-
fate and chitosan was successful for extended delivery of
doxorubicin.®” Glucocorticoid receptor-dependent can-
cer cell-selective cytotoxicity was demonstrated by GNPs
conjugated with thiol-modified dexamethasone and with-
aferin.®® These compounds also inhibited the growth of
an aggressive mouse melanoma tumor, decreased mouse
mortality, and prevented tumor cell metastasis. A success-
ful mitochondrial targeting of betulinic acid was report-
ed deploying functionalized GNPs.%° The effectiveness of
mitochondrial targeting was shown by these conjugated
GNPs, which significantly inhibited the development
of cancer cells. In vitro, the targeted nano complexes re-
corded ICs, values in the range of 3.12-13.2 micro mo-
lar (uM) compared to that of the free betulinic acid (BA)
(9.74-36.31 uM). High amplitude mitochondrial depolar-
ization, caspase 3/7 activation, and an associated arrest at
the GO/G1 phase of the cell cycle were implicated in their
modes of action.® Spherical-shaped GNPs fabricated with
sodium tripolyphosphate as a linking agent and function-
alized with chitosan and folate-linked chitosan exhibited
a pH-dependent doxorubicin release.”’ The nanoconju-
gates were found superior to free doxorubicin in terms
of chemotherapeutic activities against cancer cell lines.
Linalool-loaded GNPs conjugated with a penta peptide
Cys-Ala-Leu-Asn-Asn (CALNN) peptide exhibited prom-
ising anticancer activities against breast cancer Michigan
Cancer Foundation (MCF-7) cell line.”! Doxorubicin
was delivered using GNPs made from Azadirachta indica
leaf extract.”? The GNPs were found to be stable due to
the biological capping agents. The resulting complex was
found less hazardous to normal cells Madin-Darby canine
kidney (MDCK cells) and highly toxic to malignant cells
(HeLa cells).”?

4. 2. Nucleic acids / Small Interfering RNAs
Delivery

Small interfering RNAs (siRNAs), among other nu-
cleic acids, are commonly delivered using nanosized car-
riers in therapeutic settings. Cell membrane interaction is
essential for controlling absorption in different delivery
modalities. Different portals that enter mammalian cells
have different types, sizes, destinations, and cargo fates.
A nucleic acid's ability to be released at its site of action

and function depends on the mechanism of cellular entry.
For delivering siRNA-loaded nanoparticles to specific in-
tracellular locations for a distinct biological impact, small,
monodisperse nanoparticles with a defined potential and
surface chemistry work best. SIRNA therapies have made
great progress, but optimal delivery remains a problem be-
fore they can be used clinically.

However, siRNAs are large, negatively charged mole-
cules, which makes it difficult for them to passively diffuse
through the cell membrane. They require assistance to en-
ter the target cells. Techniques that focus on changing the
size and surface characteristics of nanoparticles make ex-
cellent models for understanding drug targeting and cel-
lular absorption. SiRNA and oligonucleotides have been
delivered into cells using GNPs.

GNPs were fabricated with biocompatible collagen
to improve siRNA loading capacity carrying epidermal
growth factor receptor siRNA to treat lung cancer.”® The
conjugated GNPs were biocompatible to normal airway is
a well-established and widely used human bronchial ep-
ithelial cell line epithelial cells (BEAS-2B) than to cancer
cells (A549). The nanocomplexes were comparable or even
more efficient, compared with lipofetamine, in carrying
siRNA to knock down Epidermal Growth Factor Receptor
(EGFR of A549) cells.” Tunc et al. (2022) made an intrigu-
ing effort by implementing an approach that combined the
use of gene therapy and chemotherapy.”

For the regulated delivery of siRNAs to the target
cells, a nanoconjugate of GNP and oligonucleotides was
created.”> In comparison to the commercial transfection
reagent lipofectamine 3000, the core 3D shell nanocon-
struct with the outer coating made up of aptamer-incorpo-
rated Y-shaped backbone-rigidified triangular DNA bricks
was more effective at inducing tumor cell apoptosis. It also
effectively reduced the expression of PLK1 mRNA, refers
to the messenger RNA (mRNA) molecule that encodes
for the PLK1 gene (PLK1 mRNA) and PLK1 protein.”” In
order to successfully bind siRNA at the right weight ratio
by electrostatic force and produce well-dispersed nano-
particles, polyethyleneimine-capped GNPs were created.”®
Although confocal laser scanning microscopy observa-
tion and fluorescence-activated cell sorting analyses have
shown more internalized polyethyleneimine (PEI) and
small interfering RNA (siRNA) (PEI/siRNA) complexes in
cells, polyethyleneimine-capped GNPs induced more sig-
nificant and enhanced reduction in targeted green fluores-
cent protein expression in metastatic ductal adenocarcino-
ma (MDA-MB-435s) cells with siRNA binding.”® Topical
routes of drug delivery have been greatly exploited for the
clinical management of diseases which largely manifest
on the skin. However, macromolecules or proteins cannot
penetrate through the epidermal barrier when delivered
via the transdermal route due to their large size.””~”° Spher-
ical nucleic acid nanoparticle conjugates were created for
simultaneous transfection and gene regulation in another
intriguing study.®’ These nanoparticle conjugates didn't
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need to be altered or transfected with cationic components
to stimulate cellular entrance. Nearly all of the cells in the
more than 50 cell lines, primary cells, cultured tissues, and
whole organs that these nanostructures entered.®

5. Cellular Uptake Mechanism of GNPs

Cellular entry mechanisms, especially related to
GNPs, involve various processes by which these nan-
oparticles are taken up by mammalian cells. GNPs have
gained considerable attention in biomedical research due
to their unique physicochemical properties and potential
applications in drug delivery, imaging, and therapeutics.
Understanding the mechanisms of cellular entry is cru-
cial for optimizing GNP-based applications and ensuring
their safe and effective use. Endocytosis is a fundamental
cellular process through which cells internalize extracel-
lular materials, including nanoparticles, into intracellular
vesicles. Several types of endocytosis exist, and the most
relevant to GNPs are clathrin-mediated endocytosis, ca-
veolae-mediated endocytosis, and macropinocytosis.31-83
Clathrin-mediated endocytosis involves the formation of
clathrin-coated pits on the cell membrane, which then
invaginate and pinch off to form clathrin-coated vesicles
containing the GNPs. Caveolae are small invaginations of
the cell membrane that play a role in the uptake of cer-
tain nanoparticles, including GNPs. In micropinocytosis,
the cell engulfs extracellular fluid along with the GNPs
into large endocytic vesicles called macropinosomes. For
small-sized GNPs (less than 5-6 nm), passive diffusion
across the cell membrane can occur. However, this mech-
anism is not as prevalent for larger-sized GNPs, as their
entry is hindered by the cell's lipid bilayer.?

Some GNPs can exploit specific cell surface recep-
tors by attaching ligands (e.g., peptides, antibodies) to
their surface. This ligand-receptor interaction facilitates
receptor-mediated endocytosis, leading to the internaliza-
tion of the GNP-receptor complex into the cell.®> Certain
types of GNPs, particularly those functionalized with fu-
sogenic peptides or lipids, can undergo direct membrane
fusion with the cell membrane. This process allows the
GNPs to enter the cell cytoplasm without the need for en-
docytosis.’

It's important to note that the cellular entry mech-
anisms of GNPs can be influenced by various factors, in-
cluding their size, shape, surface charge, surface function-
alization, and the type of mammalian cell involved.32-348587
Additionally, the cellular entry pathways may vary de-
pending on the specific GNP formulation and the cellular
context.

Researchers continue to investigate these mecha-
nisms to optimize GNP-based applications and improve
their targeting, delivery, and safety profiles. Understand-
ing the cellular entry of GNPs is a critical step in harness-
ing their potential for various biomedical applications.

6. Conclusion

The biocompatibility, variable size, and easy func-
tionalization make GNPs appealing delivery vehicles for
nucleic acids. GNP-based covalent and non-covalent nu-
cleic acid carriers alter cellular uptake, endosomal escape,
and nucleic acid release. To present, the promise of these
systems has primarily been shown in vitro; nonetheless,
there remain difficulties to overcome before GNP-nucle-
ic acid conjugates may be used in clinical settings. First,
short- and long-term GNP cytotoxicity must be reduced.
Numerous studies have shown the biocompatibility of
therapeutic NPs using basic cytotoxicity trials.88-** How-
ever, a full toxicological assessment (cell membrane dam-
age, oxidative stress, genotoxicity, etc.) must be addressed.
To reduce negative effects, these vehicles must be target-
ed to particular organs and tissues. This targeting can
be achieved by decorating delivery vehicles with specific
antibodies targeting disease cells and (ii) grafting non-in-
teracting functional groups (e.g., polyethylene glycol and
zwitter ionic entities) on the surface to avoid plasma pro-
tein adsorption, improving pharmacokinetics and evading
immune surveillance. Immunological concerns must be
investigated before the clinical usage of any novel sub-
stance. AuNPs offer a platform with all the features needed
to tackle these problems and should continue to provide
essential in vitro tools and therapeutically relevant deliv-
ery vehicles.
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Povzetek

Nanodelci so obi¢ajno nanoskopski materiali z vsaj eno od dimenzij pod 100 nm, ki se uporabljajo v tevilnih panogah.
Najnovejsi razvoj na podrocju nanotehnologije omogoca $iroko paleto metod za proucevanje in spremljanje razlicnih
medicinskih in bioloskih procesov na nanometrski ravni. Nanodelci lahko pomagajo pri diagnosticiranju in zdravljenju
bolezni, kot je rak, saj dostavljajo zdravila neposredno do rakavih celic. Uporabljajo se lahko tudi za odkrivanje bioloskih
oznacevalcev bolezni v telesu, kar pomaga pri zgodnjem diagnosticiranju. Verjetno je, da bi se nanodelci lahko upora-
bljali v teranosti¢nih aplikacijah in pri ciljani dostavi u¢inkovin. To bi lahko bistveno izboljsalo izide zdravljenja bolnikov
ter zmanj$alo koli¢ino casa, truda in denarja, potrebnega za diagnosticiranje in zdravljenje bolezni. Prav tako bi lahko
zmanjsalo stranske ucinke zdravljenja ter zagotovilo natan¢nejse in ucinkovitejSe zdravljenje. Nanodelci za uporabo v
biomedicini vklju¢ujejo polimerne in kovinske nanodelce, liposome in micele, dendrimere, kvantne pike itd. Med nan-
odelci so se zlati nanodelci (GNP) izkazali kot obetavna platforma za uporabo pri dostavi zdravil. GNP so zaradi svoje
odli¢ne biokompatibilnosti, stabilnosti ter nastavljivih fizikalnih in kemijskih lastnosti zelo primerni za dostavo zdravil.
Pregledni ¢lanek vsebuje poglobljeno razpravo o razli¢nih pristopih k sintezi GNP in aplikacijah za dostavo ucinkovin.
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