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ABSTRACT

The creation of artificial nanoparticles has led to recent progress in nanotechnology. The
biomedical field has made extensive use of metallic nanoparticles, with particular emphasis on
gold nanoparticles (AuNPs). As a result of the crucial role they play, sphere and gold nanorods
(AuNPs) have recently garnered a lot of interest. Their unique optical, electronic, physicochemical,
and surface plasmon resonance (SPR) properties, which can be tuned by adjusting particle
characteristics like size, shape, and environment, along with their amenability to synthesis and
functionalization, have led to a wide range of applications in biomedicine, including sensing,
targeted drug delivery, imaging, photothermal and photodynamic therapy, and the modulation of
two-photon absorption and emission. In this review, we had a look at how to make Au NPs and

discussed their many uses, notably in the field of biological sensing.
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1. Introduction

Because their colors change with their form and aggregation, they are easily functionalized, gold
nanoparticles, also known as Au NPs, are good platforms for creating colorimetric biosensors.
This is because Au NPs can be easily functionalized. During the last 10 years, a wide range of
biosensors has been designed to take advantage of the magnitude of color changes that occur when
nanoparticles either collect or disperse in the presence of analytes. The fact that the behavior of
the systems must be both repeatable and predictable is of the utmost significance in designing these
approaches. In recent years, considerable progress has been made in understanding the interactions
between a broad variety of substrates and AuNPs, and how these interactions may be exploited as
colorimetric reporters in biosensors.

Nevertheless, despite these advancements, only a small number of biosensors have been put into
operation to detect analytes in biological samples. Moving biosensors from the proof of concept
stage to the commercial market requires significant long-term reliability and shelf life testing, as
well as adjusting protocols and design elements to make the biosensors user-friendly and risk-free

for the general public. As new innovations are brought forward to enhance existing designs'

52
JQUS: Vol. 2, Issue 1, 51-73



analytical performances and usability, the next decade will witness the adoption of user-friendly
biosensors for point-of-care and medical diagnostics. These developments are expected to take
place in the next decade. This paper explores the processes behind using Au NPs as colorimetric

biosensors and the tactics, recent advancements, and prospects for the field.

2. The synthesis of gold nanoparticles

It has been documented how to synthesize gold nanoparticles using a variety of chemical and
physical processes. The production of gold nanoparticles (AuNPs) with size, stability, and
functionality that can be tuned has been the focus of significant effort over the last two decades
[1-6]. Despite this, there has been a growing interest in most chemical technique because it is better
than physical approaches in terms of scalability, repeatability, and adaptability. The use of wet
chemistry in aqueous and organic solutions is an effective method for synthesizing gold

nanoparticles (NPs) of varied sizes and functionalities [7].

2-1 The synthesis process based on Citrate reduction

During the standard procedure that Turkevich established recently, au compounds are reduced by
adding citrate as a reducing agent. This leads to the nucleation of seeds, which is then followed by
the production of crystals. Turkevich's technique was standardized in 1971. The process through
which the sources transform into NPs [8-12]. The reaction is commonly carried out at a
temperature of 100 degrees Celsius with high-speed agitation to reduce the localized concentration
of metal ions Au(IIl) and hasten the reaction's pace. Charged citrate ions act as a stabilizing agent,
helping to stabilize already-formed gold nanoparticles.

It is possible to manufacture gold nanoparticles (AuNPs) with diameters that can be controlled
by adjusting the molar ratio of sodium citrate to gold (III); for example, Au NPs with a size of 13
nm may be produced at a citrate/Au(IIl) molar ratio of 3.88 [13-16]. In the presence of a high
citrate/Au(IIT) molar ratio, nucleation takes precedence, which leads to the creation of gold
nanoparticles with a highly tiny size. However, in the presence of low citrate/Au(IIl) ratios, big
Au NPs emerge because the development of Au seeds becomes predominant. Because of its ease
of use and consistent results, this technique is the one that is used most commonly for the

production of gold nanoparticles ranging in size from 5 to 100 nanometers.
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2-2 The Brust—Schiffrin technique.

A powerful reductive agent, such as sodium borohydride, is often needed to create microscopic
gold nanoparticles with a size of five nanometers or less. Although it is feasible to generate tiny
gold nanoparticles (3.5 nm) using sodium borohydride, the propensity of the as-prepared gold
nanoparticles to aggregate restricts both their ability to be stored and the uses to which they may
be put. Utilizing the strong thiol-gold bond [17]. Within one minute, the color of the solution shifts
from yellow/orange to brown due to the addition of sodium borohydride, in contrast to the
reduction caused by the citrate. The size of as-formed gold nanoparticles (Au NPs) is typically
between 1.5 and 5 nanometers. The extraordinary stability of these Au NPs may be attributed to
the formation of a thiolate ligand shell on the surface of each gold core due to intensive interactions

between thiol and gold.

3. Properties

3-1 Surface plasmon resonance in Au NPs

The localized surface plasmon resonance (LSPR) that comes from the oscillation of conduction
electrons at the surface of Au NPs in response to an incoming electromagnetic field is one of the
optical features of Au NPs that is considered to be among the most exciting and intriguing of all
of their other qualities [18,19]. Because the LSPR accounts for both absorption and scattering,
most studies choose to measure something called extinction rather than absorbance. The
electromagnetic field at the surface of the Au NPs makes it possible for the optical characteristics
to be improved, which results in an extraordinarily LSPR band. This extinction coefficient is often
several orders of magnitude higher than traditional organic pigments. The vivid colors of Au NPs
may be attributed to the fact that the LSPR resonance of these nanoparticles is positioned in the
visible spectrum. The fact that Au NP has both a high attenuation coefficient and a vivid color

makes it easier to develop various optical sensing devices based on the material [20-22].

3-2 Colorimetric assays
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The color of the colloid solution shifts from red to blue due to the accumulation of gold
nanoparticles (Au NPs), however, the color shift may be reversed by redispersing the accumulated
Au NPs, which causes the color to shift from blue to red. The color change that occurs during the
aggregation or redispersion of Au NPs offers a broad platform for the absorption-based
colorimetric detection of analytes that may directly or indirectly trigger the Au NP aggregation or
redispersion. Because of their unusually high extinction coefficient and considerable distance-
dependent LSPR absorption ability, gold nanoparticles (AuNPs) are well-suited for colorimetric
analysis. In addition, the readout of Au NP-based assays may be viewed with the naked eye or
recorded using a UV-vis spectrophotometer. Both of these methods are possible. As a result,
numerous colorimetric chemo/biosensors based on Au NPs have been successfully fabricated for

detecting inorganic ions, small molecules, oligonucleotides, and proteins (Figure 1).

Fig. 1. DNA sandwich assay on single Au NPs. (ref. No. 23)

Colorimetric procedures on individual Au NPs, colorimetric detection generated by accumulation,
and colorimetric detecting caused by disassembly are the three main types of these sensors

[23-30].

3-3 Proteins.
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Since aberrant quantities of protein or protein variation may be accompanied by illnesses and
diagnostics emphasize accurate and rapid protein detection. A wide variety of ligand-
functionalized Au NPs have been reported to detect proteins. These ligand-functionalized Au NPs
work in one of three different ways: either protein-ligand binding induces Au NPs accumulation,
protein-catalyzed ligand cleavage/polymerization induces Au NP aggregation or protein-promoted
generation of product induces Au NP aggregation/growth. For example, several carbohydrate-
functionalized gold nanoparticles (Au NPs) have been created to detect carbohydrate-binding
proteins such as communis agglutinin 120 and lectins. These lectins are found in plants. By
exploiting the biotin-specific interaction with streptavidin [31-35], biotin-modified Au NPs could
detect streptavidin with a limit of detection (LOD) of just 24 nM. Protein-functionalized Au NPs
have been utilized to detect various proteins [36-43]. These NPs trigger the regular protein-protein
exchange, known as the antigen-antibody interaction. For instance, several antigens functionalized
Au NPs were used to detect antigens with a significant limit of detection (LOD) values [44-47].
Chang et al. discovered susceptible platelet-derived growth factors (PDGFs) when they used
aptamer-Au NP probes based on aptamer-protein interactions [48,49]. Using a combination of
aptamer-modified Au NPs (13 nm) and fibrinogen-adsorbed Au NPs (56 nm), they could detect
picomolar levels of PDGF with increased sensitivity. This identification method mediated by
aptamers has also been used in detecting other proteins, such as thrombin [50-52].

Because of the strong catalytic efficiency, sensitive detection of thrombin was possible with a limit
of detection (LOD) of 0.04 pM. They also used this technology to detect plasmin based on plasmin-
induced fibrin structure breakdown. The LOD for this detection method in serum was found to be
0.4 nM. The concept has been used to analyze additional proteins, such as adenosine deaminase,
methyltransferase, and acetyltransferase [53,54]. Hydrolysis products can directly trigger the
aggregation of citrate-stabilized gold nanoparticles (Au NPs), which may result in a color change
in the Au NPs solution. In light of this approach, acetylcholinesterase was readily identifiable using
Au NPs as a detection method [55]. Thiocholine is produced when acetylcholinesterase catalyzes
acetylthiocholine to form thiocholine. Thiocholine attaches to the citrate Au NP surface through
Au-S interactions and causes aggregation of Au NPs via electrostatic attraction. A similar enzyme
called S-adenosylhomocysteine hydrolase could be identified with a limit of detection (LOD) of 6
nM [56,57].
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The production of homocysteine due to the hydrolysis of S-adenosylhomocysteine in the presence
of S-adenosylhomocysteine hydrolase ultimately leads to the aggregation of the functional
Au NPs. The use of exonuclease-assisted cascaded recycling amplification in building Au NP-
based sensing systems has been done to increase the sensitivity of the detection of proteins
(enzymes) [58,59]. In the absence of exonuclease, the hybridization of two ssDNA probes results
in the formation of dsDNA, which in turn leads to the accumulation of Au NPs. Incorporating
exonuclease causes the generated dsDNA to be digested, which then liberates the individual
Au NPs into the solution. As a direct result, the solution's color shifts from blue to red. TATA-
binding protein can form a compound with double-stranded DNA, which then blocks the digestion
of the DNA. The limit of detection (LOD) for TATA-binding protein provided by this colorimetric
test is 10 nM.81 The detection of thrombin with a sensitivity of 5.6 pM at the detection limit was

made possible using magnetic nanoparticles in conjunction with the aforementioned method [60].

4. Applications of AuNPs
4-1 Sensing

Scientists are actively encouraging the development of novel low-cost and quick-to-apply
analytical techniques. Highly sensitive and selective optical chemical sensors are capable of doing
this. Careful consideration of the substrate's properties may boost optical chemical sensors'
performance [61-69]. Chemical and biological sensing are two essential uses for gold nanoparticles
(AuNPs). Utilizing the inherent properties, gold nanoparticles have been used as effective sensors
for detecting various analytes, including metal ions, anions, and compounds such as saccharides,
nucleotides, proteins, and toxins [70-73]. Figure 2 depicts a variety of nano biosensors that are
based on the properties of AuNPs. The sensor has been built with consideration given to the varied
features of Au NPs and the desired detection of these particles. Following the sensing approach,
the Au NPs sensors may be colorimetric, fluorescence-based, electrical and electrochemical,
surface plasmon resonance, surface-enhanced Raman scattering (SERS)-based, quartz crystal
microbalance-based, or Bio-Barcode assay sensors [74,75]. The unique properties of Au NPs have
been used in a variety of nano biosensor configurations. Due to the numerous and one-of-a-kind

optical features that gold nanorods possess, they have attracted much interest in biosensing among
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the many forms of AuNPs. The primary indicators for developing sensitive biosensors are

variations in optical absorbance and the optical absorbance itself [76,77].

Fig. 2. Protein analyte (shown in blue) displaces quenched fluorescent polymer (shown in dark green;

fluorescence off) and simultaneously restores fluorescence. (ref. No. 74)

4-2 Photodynamic therapy

Using photosensitizers as light-sensitizing agents and a laser (the wavelength associated with a
peak of dye absorption) is the foundation of photodynamic therapy (PDT), which is well-
recognized as an effective treatment for oncological disorders. PDT may also be used to treat
specific skin or infectious diseases. Singlet oxygen and highly active free radicals produced due to
the energy provided by photosensitizers may cause tumor cells to undergo apoptosis or necrosis
[78,79]. In photodynamic treatment, uroporphyrin nanoparticles (Au NPs) have been exploited due
to their ability to effectively quench fluorescence and absorb surface plasmon resonance (SPR). In
addition, gold conjugation makes intracellular penetration easier because of gold's propensity to

bond with thiols, disulfides, and amines [80]. This makes intracellular penetration easier.

4-3 X-ray imaging
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As an X-ray contrast agent, Au NPs have garnered the majority of interest because they have a
high X-ray absorption coefficient, are simple to manipulate synthetically, are non-toxic, and may
have their surfaces functionalized to increase colloidal stability and targeted administration. Low-
molecular-weight substances are often used as vascular contrast agents. Some examples of these
substances are iodinated compounds. These iodinated aromatic compounds have a high water

solubility, indicating they are not hazardous.

Despite this, the period spent in circulation in the blood is brief and removed from the body very
quickly via the kidneys. As a result, an imaging window that is too short could call for numerous
injections, putting the patient in danger of developing thyroid dysfunction. The obstacles have
been easily overcome by Au NPs [81,82]. Due to the presence of essential qualities in Au NPs
[83,84], the formation of an imaging window due to a longer vascular retention period than

conventional agents has occurred.

4-4 Drug delivery

As was mentioned earlier, the many advantageous characteristics of AuNPs, including their
superior optical and physicochemical properties, biocompatibility, functional flexibility, tunable
monolayers, controlled dispersity, high surface area for loading the density of drugs, stability, and
absence of toxicity, make them an effective nanocarrier for use in drug delivery systems (DDSs)
[85,86]. These efficient nanocarriers can transport a wide variety of medications, including
chemotherapeutic agents [87,88], small interfering RNAs (siRNAs), plasmid DNAs (pDNAs), and
peptides [89,90], proteins [91,92], and plasmid DNAs (pDNAs). A recent study has shown that
stable colloidal gold nanorods may be an effective agent for drug administration in addition to
spherical nanoparticles. By circumventing the reticuloendothelial system (RES) clearance,
PEGylated Au NRs can facilitate an adequate drug transfer. The second potential option is
nanocages made of gold. Targeted medication delivery may be achieved by attaching cancer cell
receptors to the surface of nanocages conjugated with bioactive molecules such as antibodies. Both
Verigene (which has been authorized by the FDA) and Aurimmune (which is in Phase II) are

examples of gold-based nanomaterials being developed for use in therapeutics [93,94].
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4-5 Treatment for Cancer

Cancer is characterized by an unregulated proliferation of aberrant cells that may metastasize
(spread to other body regions). Cancer cells become increasingly heterogeneous as the tumor
develops because they begin to express a wider variety of markers. This variation raises the risk
of tumor development, therapeutic resistance, metastasis, and recurrence [95-97]. In light of these
considerations, fresh approaches to cancer diagnosis, therapy, and recurrence prevention are
required. Cancer treatment, including detection, medication and gene delivery, and hyperthermia

[98], are three areas where nanomedicine is showing significant promise today (Figure 3).
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Fig.3. This diagram depicts the label-free colorimetric detection of heparin. (ref. No. 98)
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Gold nanoparticles, particularly, are attracting much interest in cancer treatment because of their
impressive set of features. Biosynthesized gold nanoparticles have been found to have in-vitro

anticancer efficacy against many cancer types.

The CC50 value for cytotoxicity against HL-60 leukemia cells was 5.14 M for freshly produced
Au NPs from the aqueous floral extract of C. guianensis. DNA fragmentation was used to establish
that apoptosis was induced by the biosynthesized Au NPs in HL-60 cells [99]. Some medicinal
anticancer plants were employed to manufacture Au NPs with a potent cytotoxic impact on cancer
cells. The biosynthesized Au NPs had antitumor efficacy that increased with increasing doses. The
formation of reactive oxygen species (ROS), mitochondrial malfunction, and the activation of
intrinsic and extrinsic apoptotic pathways are all possible methods by which Au NPs exert their

anti-cancer effects. The protein structure is altered, and the cell cycle is stopped [100,101].
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Fig. 4. Nanoparticle silver and gold biosynthesis: cytotoxic effects. (ref. No. 100)

5. Conclusion and summary
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Creating a biosensor that can quickly and easily detect chemical and biological substances is
crucial. Colorimetric assays based on Au NPs show promise since the whole assay can be
conducted in a single solution containing the target and probes without washing stages. The color
change may be seen immediately with the naked eye, eliminating the need for expensive
equipment. As a result, the operational processes are greatly simplified, the detection times are
shortened, and the assay costs are dramatically reduced using these methods. Furthermore, such
colorimetric assays may be readily adapted to smartphone-based devices, which can be a robust
platform for detecting, transducing, and analyzing real-time sensing data [102-104]. Using a

smartphone-based approach is a fantastic strategy to advance colorimetric sensors.

Recent advancements in colorimetric techniques based on Au NPs, such as aggregation, etching,
growth, and enzyme for sensing applications, were described in this overview. Many kinds of
AuNP colorimetric tests have been presented, and some fascinating new approaches that provide
excellent sensor performance have been explored. Nonetheless, a few significant problems will
require fixing down the line. First, conventional Au NP-based systems are typically unable to
detect biological and chemical targets at concentrations below the crucial threshold values, which

is the case for many analytes, including tumor indicators and antibiotics.

Colorimetric strategies based on Au NPs have been integrated with other signal amplification
techniques to increase sensitivity. On the downside, these amplification procedures often extend
the detection time and add complexity to the experiment. One potential next step is to create
ultrasensitive colorimetric sensors based on Au NPs that don't need amplification. Second, there
has been a lot of interest in methods that allow for the simultaneous detection of numerous analytes
in the same solution since doing so offers considerable advantages in speed, ease, and reagent use.
Colorimetric sensors based on Au NPs have many applications and are easy to use, although they
are often limited to single-target experiments. Because of developments in material science and
analytical methods, a novel multicolor Au NPs sensor may be developed to detect many targets

simultaneously.

While it's common knowledge that Au NPs may be manufactured on a large scale for use in
colorimetric sensing applications, their potential in the industrial setting has not yet been
investigated. There is a significant difference in the sensitivity and specificity of analyte tests in

pure systems and complex samples. This may explain why many colorimetric assays based on
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Au NPs are still at the proof-of-concept stage. In addition, the colored signal may be impacted by

the color of the backdrop in actual sample solutions like human blood or industrial effluent.
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