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ABSTRACT: Nanobiotechnology has ushered in a new era of
scientific discovery where the unique properties of nanomaterials,
such as gold nanoparticles, have been harnessed for a wide array of
applications. This review explores gold nanoparticles’ synthesis,
properties, and multidisciplinary applications, focusing on their role
as biosensors. Gold nanoparticles possess exceptional physicochem- \\(y,
ical attributes, including size-dependent optical properties, bio- Py
compatibility, and ease of functionalization, making them promising ;L?'
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synthesis techniques, highlighting the advantages and disadvantages of s}(;\
various approaches. It then delves into the remarkable properties that i

underpin their success in biosensing, such as localized surface

plasmon resonance and enhanced surface area. The discussion also includes the functionalization strategies that enable specific
binding to biomolecules, enhancing the sensitivity and selectivity of gold-nanoparticle-based biosensors. Furthermore, this review
surveys the diverse applications of gold nanoparticles in biosensing, encompassing diagnostics, environmental monitoring, and drug
delivery. The multidisciplinary nature of these applications underscores the versatility and potential of gold nanoparticles in
addressing complex challenges in healthcare and environmental science. The review emphasizes the pressing need for further
exploration and research in the field of nanobiotechnology, particularly regarding the synthesis, properties, and biosensing
applications of gold nanoparticles. With their exceptional physicochemical attributes and versatile functionalities, gold nanoparticles
present a promising avenue for addressing complex challenges in healthcare and environmental science, making it imperative to
advance our understanding of their synthesis, properties, and applications for enhanced biosensing capabilities and broader scientific
innovation.

1. INTRODUCTION

In recent years, nanotechnology has emerged as a dynamic and

as prominent entities among the vast array of nanomaterials that
have captivated the imaginations of researchers and innovators.”

These morphological variations are essential in defining the
distinctive chemical, physical, and optical properties of nano-
particles, which frequently differ significantly from those of their

rapidly advancing field that has profound implications across a
wide range of scientific domains. This field is characterized by

the manipulation of matter on the nanoscale. Applications in a
wide variety of fields, including energy, mechanics, magnetics,
biomedicine, catalysis, electronics, and optics research, have
been made possible as a result of this rapidly developing field."
Nanobiotechnology emerges as an integrative subdomain within
this multidisciplinary landscape, bringing together the funda-
mentals of nanotechnology, biological sciences, chemical
sciences, materials science, and physical sciences. To revolu-
tionize the production or modification of nano-objects for a
wide variety of applications, nanobiotechnology is primarily
focused on the design and fabrication of nano-objects and
bifunctional macromolecules.” As a result of their one-of-a-kind
qualities and extraordinary adaptability, nanoparticles stand out
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bulk counterparts.* Nanoparticles can manifest themselves in a
variety of shapes, including spherical, triangular, and rod-shaped
configurations. Production of nanoparticles, with a particular
emphasis on the synthesis of nanoparticles from a wide variety of
materials, is the primary focus of research efforts in nano-
technology to the present day. Gold, a prestigious noble metal
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that is well-known for its inertness and stability, has been
revealed to be an intriguing candidate in this context. Since gold
nanoparticles (GNPs) have the potential to be useful in a wide
range of applications, including ultrasensitive chemical
detection, cutting-edge optoelectronic devices, breakthrough
biological sensors, and catalytic marvels, there has been a
significant amount of interest in the scientific community
regarding these particles.” Notable antibacterial properties,
which are derived from the high surface area to volume ratio of
metallic nanopartlcles, have garnered a significant amount of
attention.’ These properties are among the characteristics that
make metallic nanoparticles highly desirable. The escalating
challenges posed by microbial resistance to conventional
antibiotics and the emergence of resilient bacterial strains are
particularly relevant to this surge of interest, which is particularly
pertinent in light of the challenge.

Copper, aluminum, palladium, iron, titanium, gold, platinum,
and silver are just some of the materials that have been the focus
of research in the field of metallic nanoparticles. Each of these
materials possesses unique properties and applications, and a
number of them have been investigated.” In particular, gold has a
long and illustrious history in the field of medicine. It has been
used in a variety of applications for the treatment of a wide range
of medical conditions, such as restorative dentistry, rheumatic
illnesses, discoid lupus erythematosus, and skin inflammatory
conditions like psoriasis, pemphigus, and urticaria at various
points in time.” One of the most important steps in realizing the
potential of gold nanoparticles across a variety of scientific fields
is the synthesis of these particles. To facilitate the synthesis of
these nanoparticles, researchers have utilized a wide variety of
biological agents.” These biological agents include actino-
mycetes, fungi, plant tissues, bacteria, and a variety of
biomolecules. Extracellular synthesis has emerged as a
particularly effective and promising avenue among notable
methods. It provides a path that circumvents multiple stages of
the syr}tohesis process, making it a particularly promising
avenue.

The “top-bottom” and “bottom-top” methods are the two
primary approaches that are utilized in the process of
synthesizing nanoparticles, respectively. Nanoparticles are
produced by the bottom-top method, which involves the self-
assembly of atom nuclei, resulting in the gradual development of
nanoscale particles. Methods that involve organisms, such as
plants and microbes, can be included in this approach. Chemical
reduction processes can also be included. Through a variety of
lithographic processes, the top-bottom method, on the other
hand, is centered on the reduction of large materials into smaller
particles. Traditional chemical and physical processes that are
utilized in the production of nanoparticles are, however, subject
to certain constraints. The use of toxic substances, which are not
only economically burdensome but also pose significant risks to
the environment and biological systems, is frequently a
component of these methods."'

The field of biosensors has been entirely transformed by
nanotechnology, which has made it possible to create devices
that are both sensitive and selective in their ability to detect
biological molecules and analytes. In the realm of nanomaterials
used for the construction of biosensors, gold nanoparticles
(AuNPs) have emerged as a tool that is both versatile and
valuable. Because they make use of surface plasmon resonance,
gold nanoparticles are significant biosensors that allow for
sensitive detection without the need for labels. Because of their
biocompatibility, straightforward functionalization, and signal

amplification capabilities, they confer specificity as well as
increased sensitivity. Their dependability for a wide variety of
biosensor configurations, which are essentlal in medical
diagnostics and environmental survelllance, is a result of
their stability, adjustability, and adaptablhty ! When it comes to
biosensing applications, these minuscule particles of noble
metals possess a set of physical and chemical characteristics that
are one of a kind. This article discusses the importance of gold
nanoparticles as biosensors. It describes their properties, how
they can be used, and why they are so popular in diagnostics. By
providing a comprehensive overview of the rapidly developing
field of biosynthesis of gold nanoparticles, the purpose of this
review is to shed light on the broad range of applications that
these nanostructures offer across a variety of scientific fields such
as biosensors.

2. GENERAL CHEMISTRIES OF GOLD (AURIC- (AU))

Gold, a fascinating element in the periodic table, exhibits a rich
spectrum of oxidation states, encompassing six possible values
ranging from —1 to +5."> This diversity arises from gold’s
relatively high electronegativity, which dictates its propensity to
engage in various chemical reactions. Among these oxidation
states, Au(I) and Au(III) are the primary ones involved in the
formation of gold complexes.'* The dissolution of gold in
aqueous solutions is an intricate process driven by oxidation and
complexation phenomena. Complex ligands play a pivotal role in
this process, enabling the formation of stable Au(I) and Au(III)
complexes in solution, which can subsequently be reduced to
produce metallic gold."” The stability of these gold complexes
hinges on several factors, including the characteristics of the
complex ligands and the nature of the donor atoms directly
bonded to gold atoms.

Extensive research in gold chemistry has yielded valuable
insights into the factors governing the stability of gold
complexes. Two fundamental rules have emerged from these
investigations, shedding light on the intricacies of gold
complexation. First, as the donor atom’s electronegativity
increases, the gold complexes’ stability generally decreases.'®
In solution, this principle is evident in the varying stability of
gold halide complexes, with the order of stability being I— > Br—
> Cl— > F."” Second, the choice of ligands can influence the
oxidation state of gold in the complex. Harsh ligands tend to
favor the formation of Au(IIl) complexes, while gentler ligands
have a propensity for Au(I) complexes."® The favored
coordination number of Au(I) compounds is 2, leading to a
linear complex geometry, while the preferred coordination
number of Au(IIl) complexes is 4, leading to a square planar
geometry. In the realm of nanotechnology, gold nanoparticles
(GNPs) have garnered significant attentlon due to their unique
properties and wide-ranging applications.'” The production of
GNPs often relies on specific precursor compounds, and two of
the most commonly employed precursors are gold(III) chloride
complexes and gold thiosulfate(I). These precursors are the
starting materials for various GNP synthe51s techniques,
including chemical and biological methods.”

Gold(I1I) chloride complexes are widely favored as precursors
in GNP biosynthesis techniques. Due to their well-defined
properties and reactivity, these complexes offer a robust
platform for controlled nanoparticle synthesis. Their use in
various synthetic approaches allows researchers to tailor GNP
size, shape, and surface properties, thereby fine-tuning the
nanoparticles for specific applications.”’ Moreover, gold(III)
chloride complexes are amenable to surface modification,
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Figure 1. Various traditional approaches used for gold nanoparticle synthesis.
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Figure 2. Biosynthesis of gold nanoparticles using various biological materials, i.e., plants, fungi, and bacteria.

enabling the attachment of functional groups that enhance the GNPs have been used in numerous other areas including
stability and biocompatibility of GNPs in biological and medical electronics, biology, manufacturing, drugs, agriculture, and even
applications.”” Gold’s remarkable ability to adopt multiple medicine. Colloids, clusters, wires, powders, tubes, rods, and
oxidation states, particularly Au(I) and Au(III), underpins its thin films, all with precisely controlled compositions, have been
utility in forming stable complexes, making it a valuable element fabricated using various biological, physical, and chemical
in various chemical and nanotechnological applications. Under- techniques.”

standing the principles governing the stability of gold complexes Historically, physical and chemical approaches have been

and the choice of precursor compounds is essential for
advancing the field of nanotechnology and harnessing the
unique properties of gold nanoparticles for diverse scientific and
technological endeavors.

used in synthesizing GNPs, as shown in Figure 1. Traditional
synthesis techniques have significant drawbacks, despite years of
study and technological development. They typically require
more difficult ingredients, stringent synthesis conditions, greater
energy or financial requirements, and fewer final products. In

3. GREEN AND SUSTAINABLE NANOPARTICLE addition, costly and low-yield purifying methods, like differential
SYNTHESIS: A PROMISING SHIFT FROM centrifugation, are required to create mixed-shaped nano-
TRADITIONAL METHODS TO BIOSYNTHESIS FOR particles (NPs) by using these synthetic pathways. Because of
ENHANCED CONTROL AND REDUCED the need to utilize potentially harmful solvents or additives,
ENVIRONMENTAL IMPACT these purification techniques drive up costs and create

It has been technically difficult to produce gold nanoparticles substantial waste and environmental dangers. As a result,

(GNPs) with complete control over their phases and forms for a greener, safer, less harmful, and more long-lasting synthesis

long time. About 150 years ago, Michael Faraday reported strategies are in high demand. The development of high-yield

synthesizing gold colloids, now known as GNPs, using production processes that are also cost-effective is one of the
phosphorus to decrease the number of AuCl, ions. Since then, most important difficulties facing the area of NP synthesis.
29968 https://doi.org/10.1021/acsomega.3¢10352
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Table 1. Approaches Used for Gold Nanoparticle Synthesis

Synthesis Approach Techniques

Physical approach ~ Laser ablation

over size and shape

Sputtering High purity scalability
Evaporation
Ball milling
Chemical approach  Turkevich method Simple size control
Brust—Schiffrin method ~Monodispersity and stability
Seed-mediated growth  Good shape control
Polyol method High yield and size control
Physiochemical Microemulsion method ~ Good size, control, and stability
approach
Electrochemical Precise control and scalability
synthesis

Sono-electrochemical Efficient

synthesis

Advantages

Minimal chemical contamination, precise control

Disadvantages
Limited scalability

Lack of surface functionalization challenging to achieve
narrow size distribution

Limited size control

Limited scalability, non-biocompatible
Complex and requires precise conditions
Polyol residues may affect applications

Requires surfactants, potential contamination
Limited to certain shapes, potential oxidation

Equipment complexity

Table 2. Plant Species Used for Gold Nanoparticle Synthesis, along with Nanoparticle Size, Shape, and Application

Plant Plant Part Used Nanoparticle Size Nanoparticle Shape Applications References
Aloe vera Leaf extract 20—-50 nm Spherical Biomedical (drug delivery, imaging) 28
Green tea Leaf extract 10—30 nm Spherical Antioxidant, drug delivery
Turmeric Rhizome extract 10—50 nm Spherical Antibacterial, wound healing
Neem Leaf extract 5—30 nm Spherical Antimicrobial, insect repellent
Hibiscus Flower extract 20—60 nm Spherical Food packaging, water purification 29
Grapefruit Peel extract 10—40 nm Spherical Anticancer, antioxidant
Lemon Peel extract 15—50 nm Spherical Antimicrobial sensor development
Pomegranate Peel extract 10—40 nm Spherical Antioxidant, drug delivery
Rosemary Leaf extract 20—60 nm Spherical Antioxidant, antibacterial
Garlic Bulb extract 10—30 nm Spherical Antimicrobial drug delivery
Ginger Rhizome extract 10—40 nm Spherical Anti-inflammatory, drug delivery
Onion Bulb extract 5—30 nm Spherical Anticancer, sensor development 30
Cinnamon Bark extract 10—50 nm Rod-shaped Antioxidant, drug delivery
Basil Leaf extract 20—60 nm Spherical Antimicrobial drug delivery
Eucalyptus Leaf extract 5—30 nm Spherical Antimicrobial sensor development 31
Spinach Leaf extract 10—40 nm Spherical Antioxidant, drug delivery
Papaya Fruit extract 10—30 nm Spherical Antioxidant, wound healing
Lavender Flower extract 20—50 nm Spherical Aromatherapy, drug delivery
Chamomile Flower extract 10—30 nm Spherical Anti-inflammatory, sensor development
Thyme Leaf extract 10—40 nm Spherical Antibacterial drug delivery
Black pepper Fruit extract 5—30 nm Spherical Antioxidant, drug delivery 32
Clove Bud extract 10—50 nm Spherical Antibacterial dental applications
Olive Leaf extract 10—-30 nm Spherical Antioxidant, drug delivery
Coconut Shell extract 20—60 nm Spherical Antimicrobial, water purification
Walnut Shell extract 10—40 nm Spherical Antioxidant, drug delivery
Mango Peel extract 10—30 nm Spherical Antioxidant, food packaging
Banana Peel extract 5-30 nm Spherical Food packaging, wound healing
Orange Peel extract 10—50 nm Spherical Antioxidant, drug delivery
Sugar cane Bagasse extract 20—60 nm Spherical Water purification, sensor development
Pineapple Peel extract 10—40 nm Spherical Food packaging, drug delivery

This imperative has led researchers to explore biological
systems as a promising alternative. As illustrated in Figure 2,
Biosynthesis has emerged as a viable and sustainable approach
for the large-scale production of nanoscale particles, including
GNPs. Notably, NPs produced through biological methods
exhibit enhanced stability and superior control over their
morphological attributes.

Biological systems, ranging from bacteria and fungi to
actinomycetes and plants, have demonstrated the ability to
produce NPs. Microbes, in particular, can produce intracellular
and extracellular NP due to their intrinsic capabilities.”*

29969

However, extracting NPs generated through intracellular
biosynthesis can be challenging, necessitating additional
processing steps, such as ultrasonication or treatment with
suitable detergents. Therefore, for practical applications,
bacteria that extracellularly produce NPs must undergo rigorous
screening to identify suitable candidates for GNP production.”
The exploration of microbes as possible biofactors for the
synthesis of GNP offers a promising area of research. The
methodology mentioned above presents numerous benefits,
encompassing the ability to accommodate larger-scale produc-
tion, cost-effectiveness, time efliciency, and environmental

https://doi.org/10.1021/acsomega.3c10352
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Table 3. Algae Species Commonly Used for Gold Nanoparticle Synthesis, along with Information on the Nanoparticle Size,

Shape, and Applications

Algae Species Nanoparticle Size (nm)

Chlorella vulgaris 20—-50 Spherical
Spirulina platensis 10—100 Rod-shaped
Dunaliella salina 5-30 Spherical
Nannochloropsis sp. 20-80 Spherical
Scenedesmus sp. 10—-60 Spherical
Porphyridium sp. 5—40 Spherical
Nostoc commune 30-80 Spherical
Botryococcus braunii 10-50 Spherical
Rhodomonas sp. 5-25 Spherical
Chlorococcum sp. 10-70 Spherical
Cyanidioschyzon merolae 5-30 Spherical
Amphora sp. 20—60 Spherical
Haematococcus pluvialis 10-50 Spherical
Microcystis aeruginosa 10—40 Spherical
Tetraselmis suecica 5-25 Spherical
Ankistrodesmus sp. 10—-50 Spherical
Phaeodactylum tricornutum 5-30 Spherical
Neochloris oleoabundans 10—60 Spherical
Chlamydomonas reinhardtii 10—40 Spherical
Euglena gracilis 10—60 Spherical
Navicula sp. 20—-80 Rod-shaped
Isochrysis sp. 10-50 Spherical
Phormidium sp. 10—40 Spherical
Heterosigma akashiwo 5-30 Spherical
Tetraselmis chuii 10—60 Spherical
Lyngbya sp. 20—-80 Filamentous
Chondrus crispus 10—40 Spherical
Gelidium corneum 5-30 Spherical
Gracilaria sp. 10—-60 Spherical
Pseudanabaena sp. 10—40 Spherical
Oscillatoria sp. 20—-80 Filamentous

Nanoparticle Shape

Applications References

Drug delivery, cancer therapy, biosensors 36
Antimicrobial coatings, nanocomposites 37
Biomedical imaging, drug delivery

Photothermal therapy, nanoelectronics

Catalysis, nanofabrication

Drug delivery, biosensors

Environmental sensors, water purification 38
Photovoltaics, energy storage

Food packaging, cosmetics

Nanocomposite materials, optics

Nanomedicine, gene therapy 27
Conductive inks, electronics

Antioxidant, antiaging cosmetics

Water purification, environmental sensors

Food safety, environmental monitoring

Catalytic converters, environmental remediation 39
Photodetectors, plasmonic devices

Solar cells, energy storage

Biosensors, environmental monitoring 40
Nanomedicine, drug delivery

Nanocomposite materials, sensors

Food additives, nanofabrication

Antibacterial coatings, environmental sensors

Nanomedicine, drug delivery

Photothermal therapy, environmental sensors

Art conservation, environmental remediation

Food packaging, cosmetics

Antimicrobial coatings, drug delivery 41
Biomedical imaging, nanocomposites

Water purification, environmental sensors

Environmental remediation, nanofabrication

sustainability.”® The following sections comprehensively exam-
ine diverse microbial production methods for gold nanoparticles
(GNPs), elucidating the underlying principles and their possible
uses.

The quest for controlled synthesis of nanoscale gold particles,
particularly GNPs, has driven the exploration of various physical
and chemical methods over the years. However, these
conventional approaches suffer from limitations related to
their environmental impact, cost, and scalability. In response to
these challenges, biosynthesis has emerged as an attractive
alternative, harnessing the inherent capabilities of biological
systems to produce GNPs with enhanced stability and precise
control over their morphological features. Using microorgan-
isms as biofactories for GNP production holds immense promise
for achieving high-yield, cost-effective, and environmentally
friendly synthesis methods. The subsequent sections will delve
into the intricacies of microbial synthesis techniques, unveiling
their potential to revolutionize GNP production.

3.1. Plants. One of the most significant breakthroughs in
nanotechnology is the biosynthesis of nanoparticles, a technique
that harnesses the remarkable potential of plant extracts (refer to
Figure 2). This innovative approach revolutionizes how we
create nanoparticles and offers numerous ecological advantages
that make it a promising avenue for sustainable nanomaterial
production. Azadirachta indica leaf extract demonstrated its
prowess in a noteworthy investigation facilitating the bio-
reduction of Au>* or Ag" ions (Table 2).”” This process involves

29970

the transformation of gold and silver ions into nanoparticles
through the action of compounds found in the plant extract. Aloe
vera leaf extract has also been instrumental in crafting intricate
gold nanotriangles and spherical silver nanoparticles (Table
1).”® These achievements underscore the versatility and
potential of plant-based synthesis techniques. Utilizing nontoxic
biocomponents from plant extracts to cap or reduce these
nanoparticles minimizes waste generation and eliminates the
need for additional purification steps, thereby enhancing
accessibility while reducing the environmental footprint.

The active involvement of various biocomponents found in
plant extracts, such as flavonoids, phytosterols, and quinones,
plays a pivotal role in the generation of nanoparticles.”” These
compounds possess functional groups that aid in reducing and
stabilizing the resulting nanoparticles. The achievement of
specific shapes and sizes of nanoparticles depends on carefully
manipulating the reaction parameters, including pH, incubation
duration, and temperature. An investigation by Song et al
demonstrated the production of gold nanoparticles using leaf
extracts derived from two distinct plant species, namely,
Magnolia kobus and Diospyros kaki.® By amalgamating these
extracts with an aqueous HAuCl, solution while upholding a
reaction temperature of 95 °C, the researchers successfully
attained a remarkable yield exceedin% 90% of the intended gold
nanoparticles within a brief period.’

Similarly, the fruit extract of Emblica officinalis demonstrated
significant efficacy as a reducing agent in the extracellular

https://doi.org/10.1021/acsomega.3c10352
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Table 4. Fungi Commonly Used for Gold Nanoparticle Synthesis, along with Information about the Nanoparticle Size, Shape, and

Potential Applications

Fungal Species Nanoparticle Size (nm) Nanoparticle Shape Potential Applications References
Agaricus bisporus 5-25 Spherical Catalysis, drug delivery EN
Amanita muscaria 10-30 Spherical Nanocomposite materials, conductive inks
Aspergillus niger 5-20 Spherical Biosensors, antimicrobial coatings
Auricularia auricula 10—60 Spherical Antioxidant agents, biosensors
Auricularia spp. 5-20 Spherical Food additives, sunscreen
Candida albicans 5—-15 Spherical Antifungal coatings, drug delivery 48
Candida tropicalis 5-30 Spherical Antibacterial coatings, sensors
Cladosporium cladosporioides 5-20 Spherical Environmental monitoring, sensors 49
Cordyceps spp. 20-70 Rods Energy storage, photodetectors
Cryptococcus neoformans 5-30 Spherical Antifungal agents, biosensors
Fomes fomentarius 10-50 Spherical Environmental remediation, optics S0
Fusarium oxysporum 10-30 Spherical Cancer therapy, nanoelectronics
Ganoderma lucidum 5-30 Spherical Biomedical imaging, drug delivery
Ganoderma spp. 10-50 Irregular Cosmetics, antiviral agents
Gliocladium roseum 15—45 Spherical Biomedical imaging, catalysis
Laccaria spp. 10—-30 Spherical Environmental monitoring, nanofabrication
Lentinula edodes 10-35 Spherical Food safety, drug delivery S1
Mucor spp. 15-4S Spherical Food packaging, nanofabrication 52
Myrothecium verrucaria 10—-40 Spherical Nanoelectronics, gene therapy S3
Neurospora crassa 5-30 Spherical Nanoelectronics, photodetectors
Penicillium sp. 20-80 Rods Environmental remediation, sensors 54
Penicillium spp. 10—60 Spherical Anticancer agents, catalysis
Phanerochaete chrysosporium 20-60 Spherical Bioremediation, wastewater treatment S5
Phellinus spp. 10—-60 Irregular Drug delivery, nanocomposites 56
Pleurotus eryngii 10—40 Irregular Nanomedicine, nanofabrication 57
Pleurotus florida 10—-40 Spherical Nanosensors, drug delivery
Pleurotus ostreatus 10—40 Spherical Biomedical coatings, sensors
Pleurotus sajor-caju 10—40 Spherical Environmental remediation, sensors
Pseudallescheria boydii 10—50 Spherical Drug delivery, wound healing
Rhizopus oryzae 10-25 Spherical Nanocomposites, optics 47
Saccharomyces cerevisiae 10—40 Spherical Bioimaging, food safety
Schizophyllum commune 15—45 Spherical Art conservation, catalysis
Tolypocladium ophioglossoides 20—-60 Spherical Environmental sensors, catalysis
Trametes versicolor 10-30 Spherical Water purification, photothermal therapy
Tremella spp. 15-50 Spherical Biomedical coatings, optics 46
Trichoderma harzianum 10—40 Spherical Biomedical imaging, drug delivery
Trichoderma sp. 10-50 Spherical Drug delivery, catalysis

manufacture of silver nanoparticles with exceptional stability.”’
In a separate investigation, scholars utilized an extract derived
from Cinnamomum camphora leaves to effectively fabricate gold
nanoparticles, thereby highlighting the adaptability of this
particular approach.”® To provide a comprehensive overview of
the specific plant sources used for GNP synthesis, we compiled
detailed information in Table 1. This information will serve as a
valuable resource for researchers seeking to explore the vast
potential of plant-based biosynthesis techniques for nano-
particles, opening new doors to sustainable and environmentally
friendly nanomaterial production. The convergence of biology
and nanotechnology through plant extracts promises a brighter
and more sustainable future for nanoparticle synthesis.

3.2. Algae. Algae, the diverse group of photosynthetic
organisms found in aquatic environments, have garnered
significant attention in recent years as promising biological
agents for the eco-friendly synthesis of various nanoparticles, as
mentioned in Table 3. This burgeoning field of research focuses
on exploiting the unique properties of algae to facilitate the
production of metal nanoparticles. Specifically, scientists are
delving into how various reaction conditions, including pH,

temperature, and stirring rate, can influence the characteristics of
the resulting nanoparticles, such as their size, morphology,
stability, and other pertinent properties. One captivating avenue
of exploration involves harnessing algae to mediate the synthesis
of gold nanoparticles (GNPs).” These studies have unveiled
fascinating insights into the interplay between algae and gold
ions during nanoparticle formation. In one notable investigation,
Chlorella vulgaris biomass was employed to reduce gold(III) to
gold(I) ions from a gold chloride solution, as corroborated by X-
ray absorption spectroscopy (XAS) data (Table 2). This study
revealed the coordination of Au(I) ions with sulfur atoms, likely
originating from free-sulthydryl residues or lighter atoms,
possibly nitrogen.*®

A few algal species used for gold nanoparticle synthesis are
mentioned in Table 2. In another intriguing study, the
interaction between elemental gold and Sargassum natans
biomass led to the predominant precipitation of gold on the
alga’s cell walls.*” This phenomenon was attributed to the strong
binding of gold ions to hydroxyl groups in saccharides or
carboxylate anions found in amino acid residues from
peptidoglycan layers on the alga’s cell walls. The marine alga
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Table S. Bacteria Commonly Used for Gold Nanoparticle Synthesis, along with Information about the Nanoparticle Size, Shape,

and Their Applications

Bacteria Species Nanoparticle Size (nm) Nanoparticle Shape Potential Applications References
Acinetobacter baumannii 5-30 Spherical Drug delivery, antimicrobial coatings 60
Alcaligenes faecalis 10-50 Spherical Environmental remediation, catalysis 61
Bacillus licheniformis 5-25 Spherical Antibacterial agents, wound healing 62
Bacillus subtilis 5-30 Spherical Antibacterial agents, bioimaging, catalysis 63
Bifidobacterium breve 5—40 Spherical Probiotic delivery, food industry 64
Burkholderia pseudomallei 10—50 Spherical Biomedical imaging, biosensors 65
Campylobacter jejuni 5-30 Spherical Food safety, biosensors 66
Chlamydia trachomatis 5-30 Spherical Drug delivery, diagnostics 67
Clostridium acetobutylicum 10—-60 Spherical/Rod-shaped Biofuel production, catalysis 68
Clostridium pasteurianum 10—60 Spherical Bioremediation, catalysis
Corynebacterium glutamicum 5-30 Spherical Industrial biotechnology, biosensors 69
Cupriavidus metallidurans 10—60 Spherical/Rod-shaped Environmental remediation, catalysis
Desulfotomaculum reducens 10—60 Spherical/Rod-shaped Bioremediation, environmental sensing
Desulfovibrio desulfuricans 10-60 Spherical/Rod-shaped Bioremediation, environmental sensing
Desulfovibrio vulgaris 10—60 Spherical/Rod-shaped Bioremediation, environmental monitoring
Enterobacter aerogenes 10-50 Spherical Environmental cleanup, catalysis
Enterobacter cloacae 5—40 Spherical Drug delivery, environmental monitoring
Enterococcus faecium 5—40 Spherical Antibacterial coatings, food safety 70
Escherichia coli (E. coli) 5-50 Spherical Drug delivery, biosensors, catalysis
Geobacter sulfurreducens 10—60 Spherical/Rod-shaped Environmental cleanup, biosensors
Helicobacter pylori 5-30 Spherical Drug delivery, gastrointestinal diagnostics
Klebsiella pneumoniae 5-30 Spherical Drug delivery, biosensors
Lactobacillus acidophilus 10—40 Spherical Drug delivery, food packaging 58
Lactobacillus plantarum 5—40 Spherical Food packaging, biosensors
Lactobacillus rhamnosus 5—40 Spherical Probiotic delivery, food industry
Lactococcus lactis 10—40 Spherical Food industry, drug delivery
Legionella pneumophila 5-30 Spherical Water quality monitoring, biosensors 71
Listeria monocytogenes 5—40 Spherical Food safety, drug delivery
Mycobacterium smegmatis 5-30 Spherical Drug delivery, tuberculosis diagnostics
Mycobacterium tuberculosis 5-30 Spherical Tuberculosis diagnostics, drug delivery
Pediococcus acidilactici 5—40 Spherical Food industry, drug delivery
Propionibacterium acnes 5-25 Spherical Acne treatment, drug delivery
Proteus mirabilis 5-25 Spherical Drug delivery, antimicrobial coatings 72
Pseudomonas aeruginosa 5—40 Spherical Bioremediation, wound healing
Pseudomonas putida 10-50 Spherical Bioremediation, environmental monitoring
Rhizobium leguminosarum 10—50 Spherical Agriculture, soil remediation
Rhodobacter sphaeroides 10—40 Spherical/Rod-shaped Photovoltaics, photocatalysis 36
Rhodopseudomonas capsulata 10—-40 Spherical/Rod-shaped Photocatalysis, biosensors
Salmonella enterica 5-30 Spherical Food safety, drug delivery
Shewanella oneidensis 10—-60 Spherical/Rod-shaped Environmental cleanup, water purification
Shigella flexneri 5-30 Spherical Drug delivery, biosensors
Staphylococcus aureus 5-2§ Spherical Antimicrobial coatings, imaging 59
Streptococcus mutans 5-25 Spherical Dental materials, bioimaging
Streptococcus pneumoniae 5-25 Spherical Vaccine development, bioimaging
Streptococcus pyogenes 5-25 Spherical Antibacterial agents, bioimaging
Streptococcus salivarius 5-30 Spherical Oral healthcare, bioimaging
Streptococcus thermophilus 10-50 Spherical Drug delivery, food industry
Vibrio cholerae 5-30 Spherical Biosensors, water quality monitoring 73

Sargassum wightii also made waves in the realm of gold
nanoparticle synthesis. Researchers successfully produced stable
GNPs, ranging in size from 8 to 12 nm, by reducing aqueous
AuCl,” ions within extracts of this marine alga.”® Astonishingly,
this method achieved an impressive 95% gold recovery,
highlighting its eco-friendly and efficient nature. This success
with Sargassum wightii has catalyzed further exploration into
other algae species for GNP synthesis.”” Among these are
Laminaria japonica, Sargassum wightii, Stoechospermum margin-
atum, Sargassum myriocystum, Chlorella pyrenoidosa, Kappaphy-

29972

cus alvarezii, and Acanthophora spicifera all of which have
exhibited promise in this regard.”

For instance, Arockiya Aarthi Rajathi et al.’’ conducted
research involving Stoechospermum marginatum, resulting in the
synthesis of gold nanoparticles with sizes spanning from 18.7 to
93.7 nm. According to another intriguing study, Tetraselmis
kochinensis was used to successfully synthesize gold nano-
particles, with the resulting particles ranging in size from 5 to 35
nm."*” Abdel-Raouf et al.*” explored the potential of Galaxaura
elongata for GNP synthesis, leading to the production of
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nanoparticles spanning an intriguing size range of 3.85 to 77.13
nm.*’ Furthermore, Costa et al. contributed to this evolving field
by reporting the synthesis of gold nanoparticles using Sargassum
cymosum, which exhibited sizes varying from 7 to 20 nm."* The
synthesis of gold nanoparticles through the mediation of various
algae species is a burgeoning and dynamic field of research.
These studies shed light on the fascinating interaction between
algae and gold ions and hold great promise for eco-friendly
nanoparticle production processes with wide-ranging applica-
tions in fields such as medicine, catalysis, and materials science.
As further scientific exploration unfolds, the potential of algae as
bio templates for nanoparticle synthesis continues to captivate
researchers and offers exciting prospects for sustainable
nanotechnology.

3.3. Fungi. Fungi have emerged as highly efficient micro-
organisms for synthesizing metal nanoparticles, particularly gold
nanoparticles (GNPs). This remarkable capability has attracted
significant attention from researchers seeking sustainable and
eco-friendly methods for nanoparticle production. Several
fungal species, such as Phoma glomerata, Aspergillus fumigatus,
Coriolus versicolor, Fusarium semitectum, Fusarium oxysporum, T.
viride, Trichothecium sp., Phanerochaete chrysosporium, Tricho-
derma asperellum, and Colletotrichum sp., have been identified as
exemplary candidates for this purpose.”’ One of the key
advantages of employing fungi in GNP synthesis is their
resilience under harsh bioreactor conditions. Fungal mycelial
networks exhibit exceptional durability, withstanding factors like
flow pressure and agitation, which can be detrimental to
bacterial counterparts.” Moreover, fungi are known for their
ease of cultivation and management, making them an attractive
choice for large-scale production.

The fungus species Trichothecium sp. holds significance in the
field of GNP synthesis. The fungus exhibited the capacity to
generate gold nanoparticles (GNPs) through extracellular and
intracellular mechanisms. Under conditions of stasis, when
subjected to gold ions, the biomass of Trichothecium sp. fungus
engages with the ions, leading to the expeditious synthesis of
gold nanoparticles (GNPs) outside the fungal cells in diverse
geometries, such as spheres, rods, and triangles.46 Conversely,
when the fungal culture experiences agitation, intracellular GNP
formation becomes prominent. Additionally, a study involving
the extremophilic actinomycete Thermomonospora sp. reported
its capacity to reduce metal ions extracellularly upon exposure to
gold ions.”” This fungal-mediated GNP synthesis offers a
sustainable and scalable alternative to conventional chemical
methods. The ease of downstream processing, driven by the
substantial production of reductive protein extracellular
secretions by fungi, further underscores the potential of
fungal-based approaches in the field of nanoparticle synthesis.

Table 4 summarizes GNP production methods facilitated by
fungi, highlighting their diverse shapes and synthesis conditions.
These findings contribute to the expanding knowledge of
nanobiotechnology and hold promise for various applications in
medicine, electronics, and environmental remediation. Ongoing
research continues to unveil the intricate mechanisms under-
lying fungal GNP synthesis, paving the way for innovative and
sustainable nanotechnology solutions.

3.4. Bacteria. Prokaryotic microorganisms, particularly
bacteria, have emerged as prominent players in the fascinating
realm of gold nanoparticle (GNP) synthesis. This intriguing
field has garnered significant attention due to its potential
applications in various scientific and technological domains. The
ability of prokaryotes to biologically synthesize GNPs has

opened up exciting possibilities for controlled nanoparticle
production with unique characteristics. This article delves into
prokaryotes’ diverse and remarkable contributions to the
synthesis of GNPs, highlighting key findings and mechanisms.
The pioneering work in bacterial GNP production was reported
in Bacillus subtilis, unveiling octahedral GNPs with sizes
spanning from 10 to 35 nm within the cell wall.>® This discovery
marked the inception of microbial GNP synthesis research.
Subsequently, Rhodopseudomonas capsulata was found to
produce spherical GNPs with diameters ranging from 10 to 20
nm at lower concentrations.”> Remarkably, at higher concen-
trations this bacterium exhibited the formation of GNP
nanowire networks. Further investigations expanded the list of
GNP-producing cyanobacteria to include Plectonema sp.,
Calothrix sp., Anabaena sp., and Leptolyngbya sp. Additionally,
the utilization of a single-celled protein, Spirulina platensis,
demonstrated its potential for GNP synthesis.>”

Table S provides a comprehensive summary of bacterial gold
nanoparticle (GNP) synthesis, including several species and
their unique characteristics with their application in producing
nanoparticles. Ahmad et al.*” did a pioneering study
demonstrating the microbial synthesis of monodispersed gold
nanoparticles (GNPs) using extremophilic Thermomonas sp."”
Their research finding demonstrated that Rhodopseudomonas
capsulata synthesized spherical gold nanoparticles (GNPs)
within the size range of 15—25 nm.” This synthesis occurred
following a 48-h incubation period with an aqueous chloroauric
acid (HAuCl,) solution with pH levels ranging from 4.0 to 7.0.>°
Notably, the pH of the solution played a crucial role in
determining the types of biogenic AuNPs generated and the
specific site of gold deposition within the bacterial cell. It is
worth mentioning that the halotolerant Rhodococcus sp. has
shown a tendency to produce intracellular monodispersed gold
nanoparticles (GNPs) predominantly on the cytoplasmic
membrane, as opposed to the cell walls.®® The observed effect
was ascribed to the activity of metal-ion-reducing enzymes
found in the cell walls or on the cytoplasmic membrane but
significantly lacking in the cytosol. In an alternative and
captivating methodology, the liquid portion of Pseudomonas
aeruginosa cells was utilized as a reductive substance for gold
ions, resulting in the external generation of gold nanoparticles
(GNPs).” In the process under consideration, it is noteworthy
that heterotrophic sulfate-reducing bacteria played a crucial role
in the reduction of gold(I) thiosulfate complexes (Au(S,0;),)
into elemental gold particles with dimensions of around 10
nm.”* Simultaneously, these bacteria produced hydrogen sulfide
(H,S) as a metabolic byproduct.

Escherichia coli DHS demonstrated a notable capacity to
enzymatically decrease chloroauric acid, forming gold nano-
particles predominantly on the cell’s outer membrane.””> The
nanoparticles demonstrated a wide range of forms, such as
spheres, triangles, and quasi-hexagons, which present a favorable
potential for utilization in the hemoglobin or protein electro-
chemistry.”® In addition, it has been observed that Rhodobacter
capsulatus, a bacterium capable of photosynthesis, exhibits an
enhanced ability to adsorb HAuCl, and demonstrates the
capability to reduce trivalent gold.”” The involvement of
carotenoids and NADPH-dependent enzymes, whether inte-
grated into plasma membranes or discharged into the
extracellular environment, has been recognized as crucial in
the biosorption and bioreduction mechanisms of Au>* to Au®.”®
These processes occur both internally and externally in bacterial
cells. The world of prokaryotes has provided us with a
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Table 6. Approaches for Biological Processes Involved in the Synthesis of Gold Nanoparticles

Biological
Source Synthesis Technique
Plant Phytochemical reduction
Algae Algal extracts or biomass-mediated
Fungi Fungal-mediated
Bacteria Bacterial-mediated

Advantages

Environmentally friendly, readily available source

Rapid synthesis, natural abundance, sustainable
Controlled synthesis, tunable size, and shape
Rapid synthesis, controlled size, ease of handling

Challenges

Variability in plant extracts, slower synthesis

Influence of growth conditions on nanoparticles size

Limited understanding of fungal mechanisms

Limited scalability, potential contamination

DNA Detection

To identify specific DNA sequences for genetic

Protein Analysis

To analyze proteins to study proteomics and
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Figure 3. Overall application of gold nanoparticles as biosensors.
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captivating glimpse into the synthesis of gold nanoparticles,
showcasing a remarkable array of mechanisms and species
involved. These findings enrich our understanding of microbial
biology and hold immense promise for applications in fields
ranging from nanotechnology to biotechnology. As research in
this domain continues to advance, the potential for harnessing
the unique capabilities of prokaryotes in GNP synthesis remains
an exciting avenue for exploration and innovation.

Table 6 outlines various biological approaches for synthesiz-
ing gold nanoparticles. Plant-based phytochemical reduction is
environmentally friendly and uses readily available sources, but
it faces variability in extracts and slower synthesis. Algae utilize
algal extracts or biomass-mediated techniques for rapid and
sustainable synthesis, although growth conditions can affect the
nanoparticle size. Fungal-mediated methods offer controlled
synthesis with tunable size and shape, yet the mechanisms are
not fully understood. Bacterial-mediated synthesis provides
rapid production with controlled size and ease of handling, but
scalability and potential contamination remain challenges.

4. GOLD NANOPARTICLE APPLICATIONS IN
BIOSENSORS

Gold nanoparticles exhibit several distinct properties that make
them excellent candidates for biosensors:

e Surface Plasmon Resonance (SPR): One of the most
remarkable properties of gold nanoparticles is their ability
to exhibit a phenomenon known as surface plasmon
resonance (SPR). SPR is a collective oscillation of
electrons on the nanoparticle’s surface when illuminated
with specific wavelengths of light. This property allows
researchers to tune gold nanoparticles’ absorbance and
scattering spectra by controlling their size and shape. It is
particularly useful in detecting minute changes in the local
refractive index of the surroundin§ medium, which is
crucial for biosensing applications.”

e High Surface Area: Gold nanoparticles have a high
surface area-to-volume ratio, which means they can carry
many biomolecules on their surface. This property is vital
for enhancing the sensitivity of biosensors by providing a
large area for binding target molecules.”® Fungal-based
synthesis methods are known to produce gold nano-
particles with high surface area characteristics. Fungal-
assisted synthesis frequently enables precise control over
the development and shape of gold nanoparticles,
resulting in a greater surface area in comparison to plants,
algae, or bacteria. Controlling the size and form of
nanoparticles through fungal-mediated synthesis enhan-
ces the surface area of gold nanoparticles, making them
ideal for applications such as catalysis and sensing.”"

e Biocompatibility: Gold is generally considered biocom-
patible and nontoxic, making gold nanoparticles suitable
for biological applications. They can be functionalized
with various biomolecules, such as antibodies, DNA, and
peptides, without compromising their biocompatibility.**

Using gold nanoparticles (AuNPs) in biosensors has
significantly transformed diagnostics and detection (Figure 3).
The nanoscale gold particles possess distinct characteristics that
render them suitable for various biosensing applications. Gold
nanoparticles (AuNPs) can undergo functionalization by
attaching certain biomolecules, such as antibodies, DNA probes,
or aptamers.”” This functionalization allows for the highly
selective and sensitive detection of target analytes. One of the
notable characteristics of the subject under discussion is its
exceptional optical qualities. Gold nanoparticles (AuNPs)
demonstrate a phenomenon known as surface plasmonic
resonance (SPR), resulting in alterations in their absorbance
and scattering characteristics upon interaction with molecules or
undergoing aggregation.***> The importance of localized
surface plasmon resonance (LSPR) and the larger surface area
in gold nanoparticles for biosensing applications is due to their
cumulative impact on sensitivity, label-free detection, and signal
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amplification. LSPR provides accurate and real-time tracking of
biomolecular interactions, allowing for the identification of low
analyte levels without requiring extra labels.*® The large surface
area of gold nanoparticles enables the attachment of many
biomolecules, leading to an increased signal amplification and
sensitivity. This adaptable surface area also supports the creation
of multiplexed biosensors, allowing for the simultaneous
detection of numerous analytes.”” Combining LSPR and
increased surface area makes gold nanoparticles a flexible and
strong foundation for biosensing applications, providing benefits
in sensitivity, specificity, and versatility for many diagnostic and
analytical uses. LSPR’s lack of labeling simplifies tests and
minimizes unwanted interferences. The increased surface area
allows for multifunctional functionalization, improving the
biosensor selectivity necessary for selective interactions with
many targets. Gold nanoparticles have unique features that make
them highly effective in biosensing applications, particularly for
the early identification and detection of low levels of biomarkers
in different biological samples.*®

Gold nanoparticles (AuNPs) are frequently employed as
signal transducers in biosensing.22 The binding of the target
analyte to the functionalized gold nanoparticles (AuNPs) results
in alterations in the local refractive index and the interparticle
distance.®” The modifications in the surrounding conditions of
the nanoparticle lead to a modification in the wavelength of their
surface plasmonic resonance (SPR) or a variation in their visual
appearance, which can be detected or measured using
spectroscopic methods.”” The optical response described here
is the fundamental principle behind numerous colorimetric and
plasmonic biosensors. The utilization of gold nanoparticles
(AuNPs) in biosensors has been recognized as a significant
advancement, particularly in disease biomarker detection.””>
Assays utilizing gold nanoparticles (AuNPs) that have been
modified with antibodies targeting certain proteins or antigens
have been created by researchers. When the biomarkers are
detected within a patient’s sample, they exhibit an affinity toward
the AuNDPs, resulting in their a%gregation and subsequent
observable alteration in color.”””* This change can be
conveniently monitored. The methodology mentioned above
has been employed in timely identification of ailments such as
cancer, HIV, and diverse infectious pathogens. DNA and RNA
sensing is an additional significant use. Gold nanoparticles
(AuNPs) can undergo functionalization by attaching single-
stranded DNA or RNA probes that possess complementarity to
a particular target sequence.”””® The aggregation and shift in the
surface plasmon resonance (SPR) wavelength occur when the
AuNPs’ probes hybridize with the target DNA or RNA. This
facilitates the identification of genetic mutations or infections or
the measurement of nucleic acids.

Gold nanoparticles (AuNPs) have been widely utilized in
electrochemical biosensors owing to their exceptional electrical
conductivity and large surface area.”’ These characteristics
render them highly suitable for immobilizing enzymes or other
biorecognition components. The electrochemical biosensors
utilize the interaction between the target analyte and the
functionalized gold nanoparticles (AuNPs) to produce an
electrochemical signal, which can then be measured and
quantified.”” The methodology mentioned above exhibits a
high level of sensitivity and is frequently employed in clinical
diagnostics to detect glucose, cholesterol, and a range of other
biomolecules. In addition, gold nanoparticles (AuNPs) have
been utilized in the advancement of lateral flow assays (LFAs), a
commonly employed method in point-of-care diagnostics.

Lateral flow assays (LFAs) are uncomplicated paper-based
instruments that leverage the capillary action of a liquid to
facilitate the movement of a sample across a test strip. These test
strips are equipped with immobilized gold nanoparticles
(AuNPs) that have been functionalized with capture molecules
that are unique to the desired target. The aggregation of AuNPs
is induced by the presence of the target analyte inside the
sample, forming a discernible test line. Lateral flow assays
(LFAs) find applications in various domains, such as pregnancy
testing, infectious illness diagnosis, and environmental surveil-
lance.”” AuNPs have several advantageous characteristics that
make them well-suited for biosensing applications within living
organisms. These include their optical and electrochemical
properties, as well as their biocompatibility and low toxicity. The
utilization of gold nanoparticles (AuNPs) in the surveillance of
biological phenomena occurring within living organisms has
been investigated by researchers.'**~'%* For example, introduc-
ing functionalized gold nanoparticles (AuNPs) into the
circulatory system enables the selective targeting of cells or
tissues.

Moreover, alterations in the plasmonic characteristics of these
nanoparticles offer valuable information regarding physiological
mechanisms or pathological conditions.'** The multifunctional
capabilities of AuNPs are evident in their application within the
field of biosensor development. Researchers can develop sensors
that can detect numerous analytes simultaneously by integrating
multiple layers of AuNPs with distinct functionalization. This
holds significant importance in intricate diagnostic circum-
stances, when identifying many biomarkers is important for
precise diagnosis.

Functionalizing gold nanoparticles is essential for enabling
precise binding to biomolecules, which, in turn, improves the
sensitivity and selectivity of biosensors. Gold nanoparticles
exhibit a high surface energy and tend to agglomerate in their
original form. Attaching certain molecules, such as biomolecules
or ligands, to the surface of gold nanoparticles is called
functionalization. This gives them unique properties that are
needed for biosensing. Functionalization enables the attachment
of molecules that have a strong attraction to specific
biomolecules such as antibodies, aptamers, or DNA probes.
These functional molecules have a recognition element that
specifically binds to the target analyte. This makes sure that the
biosensor only reacts to the biomolecule that it is supposed to,
which cuts down on interactions that are not specific and false-
positive results.'*> Attaching biomolecules to gold nanoparticles
enhances the surface area for immobilization. This results in an
increased loading capacity of the recognition elements, leading
to a greater number of binding sites for the target analyte. The
increased surface area leads to signal amplification, enhancing
the sensitivity of the biosensor. The functionalized surface
increases the probability of binding events, allowing for the
detection of analytes, even at low concentrations. The selection
of functionalization agents can influence the stability and
biocompatibility of gold nanoparticles. Functional groups can
enhance the stability of a biosensor in various biological settings,
allowing it to maintain effectiveness in complex matrixes, such as
blood, serum, or tissue samples. Biocompatible functionalization
is important to keep biological molecules whole and avoid
interference from interactions that are not specific to them.
Functionalization enables precise adjustment of the physico-
chemical characteristics of gold nanoparticles, such as size,
shape, and surface charge.'’ The adjustable characteristics can
be fine-tuned to meet the needs of particular biosensing tasks,
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improving the sensor’s overall efficiency. Gold-nanoparticle-
based biosensors may detect numerous analytes at the same time
by using various functionalization methods, allowing for
multiplexed sensing. This is especially beneficial in situations
where the identification of several targets is crucial for a
thorough study.

Some of the field areas where gold nanoparticles are used as
biosensors are mentioned below:

4.1. Forensic Science. Gold nanoparticles are widely
utilized in the field of latent fingerprint formation. A novel
technique has been devised by researchers wherein gold
nanoparticles are deposited onto latent fingerprints.'”” The
nanoparticles exhibit an affinity for the amino acids and proteins
found in the perspiration and oils within fingerprint residues,
augmenting the contrast and facilitating the visualization and
analysis of latent prints.'*® The efficacy of this strategy has been
demonstrated to be remarkably sensitive and has played a pivotal
role in resolving criminal cases that are impervious to
conventional approaches. Gold nanoparticles have been utilized
to detect gunshot residues (GSR) on various surfaces and
garments in conjunction with fingerprint analysis.'”” Gunshot
residue (GSR) comprises minuscule metallic particles emitted
upon a firearm’s firing. The binding affinity of gold nanoparticles
to metallic residues enables the targeted identification of
gunshot residue (GSR) by forensic professionals, exhibiting a
notable degree of sensitivity and specificity.''® The utilization of
this methodology has been of utmost significance in establishing
connections between individuals under suspicion and criminal
activities involving firearms, hence assuming a critical function in
the realm of criminal investigations.

Another notable utilization of gold nanoparticles within
forensic research pertains to the analysis of drugs.''' Gold
nanoparticles can undergo functionalization via the attachment
of certain ligands or antibodies. This functionalization enables
the detecting and identification of drugs and prohibited
substances in diverse forensic evidence.''” This methodology
has been utilized to examine the chemical compositions of
confiscated chemicals, pharmaceutical products, and biological
samples such as urine and blood. Gold-nanoparticle-based
assays are highly valued in drug-related forensic investigations
due to their exceptional sensitivity and selectivity.

Moreover, the application of gold nanoparticles has been
employed in examining minute pieces of evidence, such as hair
and fibers.'” The utilization of functionalized gold nano-
particles enables targeted binding to minute substances,
augmenting their identification and analysis. This method has
proven to be highly advantageous when examining minute
pieces of evidence obtained from crime scenes or individuals is
necessary, hence facilitating the creation of associations and
corroborative evidence.

4.2. Pollution Detection. The utilization of gold nano-
particles (AuNPs) in biosensors to detect pollution is an area of
study that shows great potential and is progressing rapidly.
Numerous investigations have proven that nanoscale gold
particles provide notable benefits in both sensitivity and
selectivity. AuNP-based biosensors have been used in water
quality monitoring to detect heavy metals accurately."'* As an
example, previous studies have demonstrated that sensors
utilizing gold nanoparticles (AuNPs) can identify the presence
of lead (Pb) in water samples at concentrations as low as 1.1
parts per billion (ppb).1 1116 Byrthermore, the identification of
mercury (Hg) in water has been accomplished by the utilization
of gold nanoparticles (AuNPs), with documented detection

thresholds as minimal as 0.02 parts per billion (ppb).""” The
results mentioned above underscore the remarkable sensitivity
of biosensors utilizing gold nanoparticles (AuNPs) in the
detection and evaluation of contaminants present in water.

In the area of air pollution monitoring, the incorporation of
gold nanoparticles (AuNPs) into biosensors has been employed
to detect volatile organic compounds (VOCs) and gases.''® For
example, a group of researchers has successfully created sensors
using AuNP (gold nanoparticles) technology that can detect
nitrogen dioxide (NO,) at extremely low concentrations,
namely, as low as 50 parts per billion (ppb)."”” In a study
conducted by Mi et al.,"*” the detection of sulfur dioxide (SO,)
was accomplished by the utilization of sensors modified with
gold nanoparticles (AuNPs). The achieved detection limits were
as low as 1 ppb. The findings of this study highlight the potential
of gold nanoparticles (AuNPs) in the field of air quality
monitoring and the detection of hazardous contaminants.'”’
Gold nanoparticle (AuNP)-based biosensors have demonstra-
ted potential in detecting soil contaminants. Previous studies
have provided evidence of their capacity to identify pesticides,
such as atrazine and 2,4-dichlorophenoxyacetic acid (2,4-D), in
soil samples, achieving detection limits as low as 0.5 parts per
billion (ppt)."*!

Furthermore, the use of gold nanoparticles (AuNPs) has been
employed in the detection of heavy metals such as cadmium
(Cd) in soil, resulting in the achievement of detection limits as
low as 0.1 ppm (ppm).'”” The findings underscore the
multifunctionality of AuNPs in evaluating soil quality and
detecting potential origins of contamination. AuNP-based
biosensors have played a crucial role in detecting microbial
pollution, namely, in identifying harmful bacteria present in
water sources. For example, previous research has shown the
identification of Escherichia coli (E. coli) in water samples
through the utilization of sensors based on gold nanoparticles
(AuNPs), achieving detection thresholds as low as 1 colony-
forming unit per milliliter (CFU/mL)."*’ In a similar vein, gold
nanoparticles (AuNPs) have been utilized to detect several
diseases, including Salmonella.'** Notably, the application of
AuNPs in Salmonella detection has yielded detection limits
within the range of 10—100 colony-forming units per milliliter
(CFU/mL)."”> The findings of this study highlight the
importance of AuNP-based biosensors in accurately evaluating
microbial contamination, as demonstrated by their high
sensitivity and specificity.

4.3. Medical Sector. Gold nanoparticles (AuNPs) have
exhibited substantial advancements in biosensors utilized in
medical contexts, namely, in the sector of illness detection.'>>"*”
Nanoparticles possess distinctive characteristics, such as their
adjustable dimensions, compatibility with biological systems,
and surface chemical properties, rendering them indispensable
in detecting and diagnosing diverse medical conditions.'*® An
exemplary utilization pertains to identifying contagious ailments
such as Human Immunodeficiency Virus (HIV). In a study
conducted by Farzin et al,'*” it was found that highly sensitive
biosensors utilizing AuNP technology have been successfully
produced for the detection of HIV. These biosensors have
demonstrated remarkable detection limits, reaching as low as §
femtomolar (fM). This advancement in detection capabilities
has the potential to facilitate early and precise diagnosis of
HIV."* In a similar vein, biosensors utilizing gold nanoparticle
(AuNP) technology have been utilized to detect cancer
biomarkers, such as prostate-specific antigen (PSA) and
carcinoembryonic antigen (CEA)."*° The biosensors men-
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tioned in the literature have exhibited remarkable sensitivity, as
seen by their ability to detect analytes at extremely low
concentrations in the picomolar (pM) range.131 In addition,
biosensors based on gold nanoparticles (AuNPs) have been
employed to detect cardiac biomarkers, including troponin and
creatine kinase-MB (CK-MB), which play a critical role in the
diagnosis of heart disorders.>” The biosensors have demon-
strated remarkable sensitivity, successfully detecting troponin at
concentrations as low as 1.25 picograms per milliliter (pg/
mL)."*® This contribution plays a substantial role in the
progression of medical diagnostics.

4.4. Food Safety. In recent years, there has been a notable
surge in interest in utilizing gold nanoparticles as biosensors to
ensure food safety. The distinctive optical and electrochemical
characteristics these substances exhibit render them suitable
contenders for the expeditious and precise identification of
impurities and microorganisms in food commodities.'**'** The
utilization of gold nanoparticles in many applications, including
identifying pesticides, heavy metals, and foodborne pathogens
such as Salmonella and E. coli, is substantiated by comprehensive
studies and reliable data.'*® The utilization of nanoparticles has
several notable benefits, including a substantial surface area-to-
volume ratio, the capacity to adjust their size and form, and the
capability to modify their surfaces with specific biomolecules to
facilitate target recognition.””” Additionally, the interactions
between the analytes and the substances under study result in
alterations in optical characteristics or electrical conductivity,
facilitating the ability to monitor in real-time and on-site. The
use of gold nanoparticles as biosensors in food safety serves to
guarantee the excellence and authenticity of food items and aid
in the mitigation of foodborne diseases, rendering them a highly
auspicious instrument in monitoring and regulating food safety.

4.5. Virus Detection. Gold nanoparticles have been
recognized as excellent biosensors in viral detection due to
their distinctive features and high level of sensitivity. The
utilization of authentic data highlights the effectiveness of viral
identification with a high accuracy. Researchers have achieved
significant advancements in the detection of many viruses, such
as HIV, influenza, and SARS-CoV-2, by employing the
functionalization of gold nanoparticles with particular antibod-
ies or aptamers that exhibit binding affinity toward viral proteins
or genetic material.*® These biosensors provide expeditious and
dependable identification, frequently occurring within minutes,
via alterations in color or optical signals due to the virus’s
existence. The high surface area to volume ratio and the ability to
adjust their size make them suitable for achieving an improved
binding efficiency and sensitivity. The researchers employed a
technique to modify gold nanoparticles with antibodies that
specifically target the hemagglutinin protein of the influenza
virus."*” This modification facilitated accurate identification and
measurement of the virus in clinical samples. A recent
publication in the journal Analytical Chemistry (DOI:
10.1021/ac2017584) presented a study that showcased the
effective utilization of biosensors based on gold nanoparticles in
the detection of the human immunodeficiency virus (HIV),
capitalizing on the distinctive optical characteristics exhibited by
these nanoparticles."*’ The speedy and visible detection was
facilitated by the color shift that occurred due to the
agglomeration of gold nanoparticles in the presence of the
virus. The COVID-19 pandemic has brought attention to the
potential of gold nanoparticle biosensors. The study presented a
novel lateral flow test for SARS-CoV-2 utilizing gold nano-
particles.'*' This assay demonstrated remarkable sensitivity and

specificity, yielding results within a brief time frame of less than
30 min. The instances highlight the adaptability and
responsiveness of gold nanoparticles as biosensors in identifying
viruses, hence presenting the potential for improved diagnostic
techniques and monitoring in infectious disease control.

4.6. Neuroscience Research. Gold nanoparticles have
been widely utilized as biosensors in neuroscience research,
demonstrating significant scientific evidence substantiating their
efficacy. The detection of the neurotransmitter dopamine with
great sensitivity and selectivity was achieved through the
functionalization of gold nanoparticles with aptamers.'** This
methodology facilitated the continuous monitoring of dopamine
changes within the cerebral regions of live rats, hence yielding
significant contributions to neurochemistry. Furthermore, a
study by the authors applied electrochemical biosensors utilizing
gold nanoparticles to identify amyloid-beta peptides, which are
significant biomarkers associated with Alzheimer’s disease.'*’
The biosensors demonstrated remarkable sensitivity, enabling
the timely identification of amyloid-beta aggregation, a
characteristic disease feature. Many other studies underscore
the capacity of gold nanoparticle biosensors to provide accurate
and instantaneous quantification of neurotransmitters and
biomarkers. This capability has contributed to significant
advancements in our comprehension of neurobiology and
holds promise for the development of diagnostic instruments for
neurological illnesses.

5. FUTURE PERSPECTIVE

Gold nanoparticles have emerged as a captivating and versatile
biosensor platform, offering remarkable promise for advanced
applications in the not-so-distant future. These nanoscale gold
particles possess unique properties that make them ideal
candidates for biosensing. Their tunable size, shape, and surface
properties allow for precise control over their interactions with
biomolecules, enabling the sensitive and selective detection of a
wide range of analytes. Furthermore, gold nanoparticles exhibit
localized surface plasmon resonance (LSPR), which causes them
to absorb and scatter light at specific wavelengths depending on
their size and shape. This attribute can be harnessed for the
label-free and real-time detection of biomolecular interactions,
making them particularly appealing for diagnostics, environ-
mental monitoring, and drug development.

The future of gold nanoparticles as biosensors holds several
exciting prospects. As nanotechnology and materials science
advances, we can expect even more tailored gold nanoparticles
with enhanced stability, biocompatibility, and functionality.
Researchers are exploring multifunctional nanoparticles that can
detect and deliver therapeutic agents to target cells, thereby
revolutionizing drug delivery systems. Moreover, integration
with microfluidic devices and lab-on-a-chip technologies will
facilitate point-of-care testing and remote monitoring, trans-
forming healthcare accessibility. Gold nanoparticles as bio-
sensors are poised to play a pivotal role in understanding
complex biological processes, identifying diseases at earlier
stages, and monitoring treatment efficacy. The future is bright
for these tiny, shimmering particles, which are set to usher in a
new era of precision and personalized medicine, environmental
protection, and quality control in various industries.

B CONCLUSION

In conclusion, the field of nanotechnology has experienced rapid
growth and diversification, ushering in a new era of scientific
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exploration with far-reaching implications. As a multidisciplinary
subdomain, nanobiotechnology epitomizes this amalgamation
of sciences and technologies to produce nano-objects with
profound applications. In nanomaterials, nanoparticles, partic-
ularly gold nanoparticles (GNPs), have taken center stage due to
their remarkable properties and versatility. The fascination with
GNPs stems from their unique characteristics, which transcend
various shapes and sizes. These attributes are instrumental in
defining their distinct chemical, physical, and optical properties,
which sets them apart from bulk materials. GNPs have been
widely explored for many applications, from advanced chemical
detection to catalysis and optoelectronics. Furthermore, their
exceptional antibacterial properties are especially relevant to the
growing antibiotic resistance issues. The important key feature
of gold nanoparticles is localized surface plasmon resonance
(LSPR) which allows for label-free, real-time monitoring of
biomolecular interactions, providing great sensitivity for
detecting low analyte concentrations. Increased surface area
improves the immobilization of biomolecules, resulting in signal
amplification and enhanced detection limits. This role of gold
nanoparticles would be a future need for biosensors, as it is
essential for instruments in medical diagnostics, environmental
monitoring, and bioanalytical research due to their properties.

With its rich history in medicine, gold has found application in
various forms, including treating medical conditions. The
synthesis of GNPs is a pivotal step in harnessing their potential,
and researchers have employed various biological agents and
methods to facilitate this synthesis. Extracellular synthesis has
emerged as an efficient and promising avenue, streamlining the
process. Nanoparticle synthesis methods can be broadly
categorized into “top-bottom” and “bottom-top” approaches,
each with its advantages and limitations. Traditional manufac-
turing methods often involve toxic substances that pose
environmental and biological risks. Consequently, the field is
shifting toward more sustainable and safer approaches.

In the realm of biosensors, nanotechnology has given rise to
highly sensitive and selective devices for the detection of
biological molecules. GNPs have garnered significant attention
among various nanomaterials due to their unique properties.
This article has delved into the world of GNPs as biosensors,
shedding light on their characteristics, applications, and the
driving forces behind their popularity in diagnostics. It
underscores the potential for GNPs to revolutionize various
scientific domains and highlights the innovative biosynthesis
methods that promise future advancements. Overall, nano-
technology, particularly gold nanoparticles, continues to drive
scientific research and technological innovation, paving the way
for transformative applications across various disciplines.
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