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ABSTRACT

Gold nanoparticles (GNP) acquire unique properties that have made significant contributions to clinical and non-
clinical fields, specifically in the application of GNP’s for designing biosensor devices in which exhibit novel functional
properties. Many properties of GNP’s are reviewed in this literature including optical properties, biocompatibility,
conductivity, catalytic properties, high surface-to-volume ratio, and high density of the GNPs, that make them
excellent in the application of constructing GNP-based biosensors. This literature review covers a specific comparison
between the optical, electrochemical, and piezoelectric biosensors, as these are the three most common GNP-based
biosensors. Optical biosensors are optimal due to their ability to cater to surface modification, which then leads to
the ability for selective bonding. Furthermore, with the use of GNP and the sensor's non-invasive and non-toxic
method of use, high-resolution images and signals can be formed. The sensitivity and specificity of electrochemical
biosensors with the conductivity of GNPs, the electrodes of this stable biosensor can detect tumour markers in the
human body. Piezoelectric biosensors are mass sensitive sensors and with the use of GNP, it amplifies the changes in
mass. Through this, these sensors progress to be immunosensors which determine microorganisms and
macromolecular compounds. As well, this review will conclude with an outline of present and future research
recommendations for real-world application of the three GNP-based biosensors discussed.
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1 INTRODUCTION

In Canada, one of the leading causes of high mortality rates for many people is the delay in recognizing symptoms
of diseases and seeking necessary medical attention. For certain diseases prevalent in the current day, the longer the
patient waits to seek medical attention, the more fatal the consequences are to the patient, their friends, family, and
the economy [1]. One of the primary reasons for these consequences is due to the lack of proper health monitoring
of the patients during these wait times [1]. The delay in healthcare monitoring has economic consequences such as
reduced productivity, reduced ability to work caused by untreated medical conditions, increased absenteeism. As
well, the advance of disease during a delay in patient health monitoring can mean having to undergo longer, more
complex and intensive treatments than would be required if the problem symptoms were identified sooner. Thus,
leading to a poorer medical outcome. Over 15 years from 1994-2009, changes in wait times for cardiovascular care
are associated with approximately 662 potentially avoidable deaths, if patients were monitored during their wait
times [1]. Through this research and better implementation of cardiovascular care, patients' cardiovascular health has
been increasingly monitored during wait times using a plethora of biosensing devices (e.g. halter monitors, etc) before
cardiovascular surgery, resulting in a slow reduction in avoidable mortality. Cardiovascular health monitoring is only
one of many applicable examples of how biosensing devices show promising change for patients, healthcare, and the
economy [2]. Biosensors have a wide use in clinical and non-clinical applications; they are able to be used for the
detection of diseases, diagnosis, treatment, patient health monitoring, and human health management. The early-
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stage detection and diagnosis of disease, with a treatment plan to combat the disease and monitoring of the patient's
help, has proven to be the most proactive way to manage the life of a patient [2].

To process early-stage detection, the use of functionality must have properties that are highly sensitive to detect
minuscule differences and that are highly responsive. This can be achieved through the use of biosensors. A biosensor
is a device that is used for analyzing biological samples which helps to find biomarkers in the sample provided [3].
Through the sensor, one can see molecules such as proteins, DNA, and RNA that are expressed in excess or mutilated
[4]. This sensor has the ability to convert chemical, biological, or biochemical responses into electrical signals [5]. The
sensors are able to sense biological structures such as cells, and nucleic acids but also have the ability to measure the
biological process and any physical changes to the patient [6]. Essentially, biosensors consist of 3 essential components
where a bioreceptor reads the sample that is provided, which is then passed to the transducer which will be inputted
into the electronic unit system which consists of the amplifier, processor, and display.

In pairing with the biosensors, various metal nanoparticles and nano dimensional conducting polymers have been
used in biosensors [3]. More favourably, gold nanoparticles (GNPs) are used in laboratories due to their unique
properties, and the roles in which they play in different sensing systems [3]. GNPs are favourable because of their
unique optical properties and ease of use with various biomarkers in aqueous solutions [3]. Additionally, GNPs have
a more stable immobilization of large amounts of biomolecules retaining their bioactivity and they permit fast and
direct electron transfer between a variety of electroactive species and materials [3]. Furthermore, the light-scattering
properties and extremely large enhancement ability of the local electromagnetic field enables GNPs to be used as
signal amplification tags in diverse biosensors [3].

In this paper, three types of gold nanoparticles used in biosensors which are optical, electrochemical, and piezo-
electric will be compared. Furthermore, there will be an analysis on which type of gold nanoparticles is most suitable
for different applications. Moreover, there is a discussion on the advantages, disadvantages, and limitations each of
the gold nanoparticles has for various applications and how it can be applied to be used to the best of its abilities.
According to the three types of biosensors, the GNP- based biosensors are discussed separately with images
showcasing the characteristics of each sensor.

2 Gold-Nanoparticle (GNP) Biosensors

Biosensors are increasingly integrating into clinical and non-clinical applications [7]. Their general composition
consists of a functional bioreceptor, transducer, and an analog-to-digital (A/D) converter [8]. Bioreceptors are
materials that interact with a bioanalyte, where the transducer transforms a signal that is produced by this interaction
into a signal that can be quantified and analyzed, as seen in figure 1 [8]. To generalize, biosensors analyze specific,
quantitative information using a bioreceptor.

Figure 1 displays how a signal is produced when a biological element such as an enzyme, DNA, or an antibody,
recognizes the analyte it is trying to combine with. Examples of an analyte are a substrate, complementing DNA, or
antigen. The bioreceptor must be sensitive to the target analyte to generate a signal, as clearly shown in figure 1 [8].
Applications of biosensors stem anywhere from pathology to pollution monitoring, as seen in figure 2 [9].

As of recently, gold nanoparticles (GNPs) have been applied to the production of biosensors. Due to their unique
properties, they show great potential for the development of these sensors to produce accurate analytics, especially
on a molecular scale [10]. GNPs increase the sensitivity, reliability, and selectivity of the biosensing process, however,
although GNP-based biosensors are rapidly integrating into different sectors, they are still in the early stages of being
used in real-world applications [10]. In general, there are three different types of biosensors: optical, electrochemical,
and piezo-electric [11]. This journal explores these three types and the application of GNPs to these biosensors, and
the studies are done to examine their effectiveness.
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Figure 1: Visual representation of functionality of biosensors and how they produce a signal [8].



A Review on Gold Nanoparticles-Based Biosensors in Clinical and Non-Clinical Applications

3 OPTICAL BIOSENSORS

To put it simply, optical sensors measure the changes in light (photons) [3]. They are the most common type of
biosensor and interact with many biological materials, such as enzymes, antibodies, antigens, receptors, or
cells/tissues, to produce a signal. The signal they produce is proportional to the concentration of the measured analyte
(examples listed above) [12]. Figure 3 provides a visual representation of the composition of optical biosensors. It
shows that they are analytical devices consisting of a biorecognition sensing element fused with an optical transducer
system [12].

3.1 Functionality

GNP-based optical biosensors issue a spectrum of possibilities due to the collective oscillation of conduction of band
electrons known as plasmons. These oscillations occur as a result of electromagnetic radiation applied externally [13].
Of all the optical transducers of these biosensors, the surface plasmon resonance (SPR) modality is an attractive choice
for experimental investigation because of the interaction between electromagnetic waves and the conduction
electrons in metals (in this case gold). SPRs are used in the classification of physiochemical changes of thin films on a
metal surface, as seen in figure 4 [3].

Molecules of the target analyte bind to the surface of the metal film, causing change in the dielectric constant.
This also leads to a change in the reflection as a result of the laser and the metal-liquid surface [3]. It is important to
note that the gold-nanoparticles (GNPs) contain an extremely sensitive dielectric constant due to the gold material,
adding to the list of reasons why GNPs have been investigated in SPRs for more accurate analyses [3].
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Figure 2: Applications of Biosensors and the different sectors they are used in [9].
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Figure 3: Flow chart of optical biosensor composition and how a signal is produced [12].
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Figure 4: Diagram of the oscillation from excited electrons from electromagnetic radiation(resonance).

3.2 Properties of GNPs in Optical Biosensors

As mentioned, gold-nanoparticles display a range of optical properties that are explained by plasmonic effects, hence
the desirability of the surface plasmon resonance (SPR) technique. The optical properties of GNPs are capable of
altering their size, shape, composition, and coupling with other plasmonic nanoparticles in order to display the
intensity of colour under light [14]. Gold-nanoparticles are also able to amplify other optical signals, which is key in
biosensor development [14].

In addition to their optical properties, GNPs are advantageous because of their biocompatibility, inertness, easy
use, and intense colours [14]. The specific property that GNPs possess that cater to the development of biosensors is
surface modification. Through a variety of biomolecules, such as proteins, the development of biosensor platforms is
possible. This is accomplished as the biomolecules form stable bonds leading to the creation of selective bonding [14].
Furthermore, there are a variety of biosensing practices (localized surface plasmon (LSPR), surface-enhanced Raman
scattering (SERS), fluorescence, etc), but this section focuses specifically on surface plasmon resonance. Surface
plasmon resonance can be modified into different sizes, shapes, and surface coupling among the nanoparticles, as
mentioned above. This is achieved through the excitation of free electrons within gold-nanoparticles once irradiated
with light. Following non-propagating oscillations of SPR. Gold surface plasmons are also greatly absorbent (with
light) and contain a strong scattering of light; this property makes GNPs a focal point in the development of biological
sensing and imaging probes [14].

3.3 Applications: Optical Biosensors in Colorimetric Bioassays

Optical biosensors are emerging in the biomedical engineering field at a rapid pace. Generally, optical
biosensing/imaging is a non-invasive and non-toxic method in developing high-resolution images and signals.
Through the integration of gold-nanoparticles, these output responses have become significantly more sensitive,
specific, contrast, and multi exhibitable. Over the development of GNP optical biosensors, scientists have developed
a spectrum of gold nanostructures of which each contains its range of optical properties, such as nanospheres,
nanorods, and nanoshells, to name a few [15]. Figure 5 displays the developing applications of GNP-optical
biosensors and the three methods (LSPR, SERS, and fluorescence) mentioned above with respect to optical biosensing
and optical bioimaging [15].

Focusing on LSPR optical biosensing, colorimetric bioassays are a successful example of these devices. They
function as a result of wavelength shift from changes in interparticle distance. Through GNPs, the selectivity and the
sensitivity of the device improve leading to greater control of interparticle forces. Another advantage to this device
is its simplicity in digital monitoring. The assays can be used with smartphone imaging for convenience and near-
patient testing platforms. Figure 6 provides an example of a microfluidic colorimetric bioassay used in E. coli detection
[15]. The device is composed of 2 mixing channels: one for separation and the other for detection, the device is based
on horseradish peroxidase (HRP), hydrogen peroxide, and tyramine. Once the aggregation process has been
undergone, the size of the GNPs exponentially grows (in terms of wavelength) from ~13 nm to ~670 nm. This
colour change is detected through a smartphone app. In conclusion, GNPs will continue to integrate into optical
biosensing/imaging techniques due to their non-invasive nature, specificity, high sensitivity, and reliability to
provide/conduct accurate analyses.
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Figure 6: Smartphone based GNP optical biosensor for colorimetric assays for E. coli. (A) Labelled diagram of the
biosensor; (B) result of mixing GNPs with various cross-linking agents; (C) Hues of colour changed; (D) TEM image
before aggregation; (E) TEM image after aggregation; (F) Schematic of functionality of biosensor; (G) SPR band
changes [15].

4 ELECTROCHEMICAL BIOSENSORS

Electrochemical biosensors produce useful signals as a result of the conversion of biological binding events into these
signals. They provide fast, simple, and low-cost detection properties. Additionally, the biocompatibility, conductivity,
and catalytic properties make these types of biosensors, specifically GNP electrochemical biosensors, desirable for
further research [3].

4.1 Functionality

In electrochemical biosensors, GNPs play many possible roles including electron wires, an immobilization platform,
and an electrocatalyst. Beginning with GNPs as electron wires (electron transfer), the fundamental concept of this
role revolves around bioelectrochemical reactions, in other words, redox reactions. The electron transfer that occurs
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between the electrode surface and the redox protein is the main reaction under scrutiny. A fallback of the interaction
between electrodes and the active centres of oxidoreductases in the surrounding thick insulating protein that
encompasses these active centres. This protein shell blocks the electron centre for these reactions, which results in a
lack of analytics. However, the conductivity of GNPs enhances the electron transfer, regardless of the protein shell,
and so the GNPs act as “electron wires” since they connect and improve the interaction between active centres of
proteins and electrodes of the biosensor.

Electrochemical biosensors function based on bioelectrochemistry. Specifically, the bioactivity, stability, and
quantity of biological recognition elements that are immobilized on the electrodes of these sensors. This process
usually results in denaturation and loss of bioactivity in the absorption of biomolecules that are placed directly on
that surface of bulk materials. The benefits of GNPs to resolve these losses are their absorption properties. The
absorption of biomolecules on the surface of GNPs leads to the maintenance of bioactivity and stability as a result of
the biocompatibility of GNPs and their high surface free energy. As mentioned in varying sections of this review,
GNPs contain a higher surface area than flat gold surfaces. This allows for a larger protein loading and greater
sensitivity.

The final role that GNPs play in electrochemical biosensors is an electrocatalyst. Although gold is chemically inert,
GNPs showcase great promise for catalytic activity. These catalytic properties stem from the GNP’s quantum scale
dimension, large surface-volume ratio, and interface-dominated properties. These qualities are capable of decreasing
overpotentials of electrochemical reactions, reverse some redox reactions, and could potentially allow the fabrication
of enzyme-free biosensors. It should be noted that the properties listed of each role of GNPs in electrochemical
biosensors will be explained in the next section, and that quantum scale dimension is beyond the scope of this review
and will not be discussed herein.

4.2 Properties of GNPs in Electrochemical Biosensors

As seen in section 3.1, there are many desirable properties of GNPs used for each aspect of electrochemical biosensors.
To list the ones above, conductivity, biocompatibility, high surface free energy, sensitivity, selectivity, and high
surface-volume ratio.

The conductivity of GNPs allows and enhances electrochemical reactions to take place, which is essential to the
fundamentals of electrochemical biosensors. Biocompatibility and the high surface free energy of these special
nanoparticles allow for absorption to take place in these sensors to maintain the bioactivity and their stability. The
sensitivity and selectiveness allow for selective electrochemical analysis as well as their high surface area that leads to
improved sensitivity of these devices. Finally, the high surface-volume ratio is among the many properties that cause
catalytic behaviours in GNPs. These GNP properties advance the electrochemical analytical characteristics and overall
enable this biosensor to play many important roles.

4.3 Applications: Electrochemical Biosensors in Clinical Diagnosis

Electrochemical biosensors are used to detect tumour markers in the human body. Focusing specifically on prostate
cancer biomarkers known as prostate-specific antigen, or PSA [16]. The electrodes of the electrochemical biosensor
used in this biomarker detection are composed of gold nanoparticles/graphene oxide, anti-Total PSA monoclonal
antibody, and anti-Free PSA antibody. It became evident that this biosensor possesses a high sensitivity toward total
and free PSA, as well as high selectivity for PSA in comparison to other tumour markers. Electrochemical biosensors
are desirable devices for detecting tumour markers due to their simplicity, fast response, and miniaturization, and the
use of GNPs has added to this desirability to improve the sensitivity of these biosensors [16]. Additionally, since GNPs
are inert/stable, biocompatibility/less hazardous, and simple, they can enhance catalytic activity, and conductivity
[16], as described in section 3.2.

Evidently, the electrochemical biosensor amplifies the signals received from the tumour markers. Figure 7 [16]
provides a visual representation of how a biosensor records and amplifies these signals. It is noted that the
electrochemical signals that are recorded are directly proportional to the sandwich-like system on the electrode
surface. Due to the properties of GNPs and the loading of anti-free PSA antibodies, specific recognition, the antibody’s
high binding affinity, and the selectivity and sensitivity of the sensor are improved [16]. Figure 8 [16] provides a side-
by-side comparison of the GNP/graphene oxide electrochemical biosensor discussed in this paper. The results stem
from the analysis of six patients where these graphs indicate that selectivity is an important characteristic to consider
in biosensors.

5 PIEZOELECTRIC BIOSENSORS
Generally, piezoelectric biosensors are capable of measuring the mass changes as a result of the biological recognition
process. The principle by which this biosensor functions, stems from the relation between mechanical stress and an
electrical charge in a solid, first discovered in 1880 by the Curie brothers. It was concluded that when mechanical
stress is applied to a crystal, there are electrical changes present with a voltage that is proportional to the stress [3,
17]. There is a diverse range of materials that showcase the piezoelectric principle such as quartz (5iO2) due to the
quartz crystal microbalance (QCM).

Since GNPs are high in density as well as surface-volume ratios, they can amplify mass changes within crystals,
research is being conducted on coupling GNPs with the QCM process to improve analytical sensitivity [3].
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Figure 7: (A) Synthesis of graphene oxide, GNPs and anti-total PSA antibody; (B) anti-total PSA antibody is attached
to the surface of the electrode of the biosensor to capture antigens; (C) Following a sandwich-like system, the resulting
product from (B) is incubated with graphene oxide and GNPs [16].
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5.1Functionality

As mentioned above, piezoelectric biosensors are mass-sensitive devices and GNPs increase the analytical sensitivity
of these devices through the amplification of mass change [3]. It is important to note that the process of a material
under mechanical stress produces a voltage, and also works in the opposite direction (a voltage given to the surface
of material causes mechanical stress). In biosensors, the alternating voltage is given on a surface by two electrodes.
The alternating voltage produces mechanical oscillations of the material and the frequency of the oscillations is
measured and recorded as the oscillation circuit processes. The change in frequency is a result of the analyte on the
surface of the electrodes (on the crystal) [18].

Regarding biosensors specifically, the piezoelectric effect is an ideal platform for the development of these devices.
It can record affinity interactions independently through the sensitivity in micrograms that lead to evident changes in
oscillations. The principle of affinity interaction is defined as the strength of binding between a molecule and its
ligand (or binding partner) [18]. For example, the binding interaction between a protein and an inhibitor.

These principles are essential to the piezoelectric effect and development of piezoelectric biosensors [18]. In regard
to GNP-based piezoelectric biosensors, the nanoparticle’s ability to enhance the sensitivity of the mechanisms leads
to surface and mass enhancement effects [3]. In conclusion, the sensitivity and regeneration ability of biological
recognition elements on the electrode surface of these biosensors is determined by the quantity and activity of those
elements on the electrode surface [3].
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5.2 Properties of GNPs in Piezoelectric Biosensors

The main properties of gold nanoparticles that are attractive for the improvement of piezoelectric biosensors are as
follows: surface area-volume ratio, biocompatibility, and density [3]. Beginning with the first property listed above,
the surface area-volume ratio is high in gold nanoparticles. In piezoelectric biosensors, this provides a large number
of interaction sites to amplify the sensing surface area, meanwhile maintaining bioactivity. This overall improves the
quantity, quality, and activity of biological recognition elements [3]. Due to the incredible biocompatibility of GNPs,
the stability of biological recognition in piezoelectric biosensors is greatly improved [3]. This is a result of elemental
gold’s non-harmful effect on living tissue. Finally, the high-density gold nanoparticles allow for mass amplification. It
is generally applied via the interaction between an analyte and the sensing surface of the GNPs.

5.3 Applications: Piezoelectric Biosensors as Immunosensors

Piezoelectric biosensors have been developed into immunosensors. They are analytical devices used to determine
macromolecular compounds and microorganisms. These biosensors consist of a biorecognition element, which in this
case is an antibody. The specificity of the antibody impacts the specificity of the immunosensor as a whole [18].
Generally, the specificity of the immunosensor is indicated by the specificity of the antibody and the electrode,
whereas the remaining piezoelectric material will not be sensitive to any non-specific reactions with interfering
compounds [18]. The fundamental principle of piezoelectric biosensors indicates that the voltage produced by
mechanical stress also works in the opposed situation (mechanical stress produced by a voltage). This same principle
applies to immunosensors since the immobilized antibody can recognize antigens, as well as the vice versa, as seen in
figure 9 [18]. This is an indication that the device contains an immobilized antigen that can then be used for the
recognition of just the antibody as the molecule under analysis, making piezoelectric immunosensors a crucial and
attractive tool in diagnosing diseases [18].

The quartz crystal microbalance (QCM) process is used in conjunction with GNPs due to QCM’s vast use in
electronic devices as well as its commercial availability [18]. An example of GNPs and QCM being used in
immunosensing is a dendritic amplification immunoassay using GNPs. A GNP immunocomplex was able to
successfully detect low IgG (immunoglobulin G) levels, approximately 3.5 ng/mL in humans [3]. Using a gold
electrode surface of the QCM via a protein, goat anti-human 1IgG was immobilized. The dendritic amplification
process occurs through the interaction of the goat anti-human IgG with 1gG-functionalized GNPs. As well, the
successive interaction between the immunocomplex of the protein and the 1gG altered GNPs [19].
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Figure 9: Principle of piezoelectric immunosensors [18].

6 ADVANTAGES AND DISADVANTAGES

Optical Biosensors have improved sensitivity for instance in DNA sensors with GNPs responses 1000 times more
sensitive than without [20]. Electron transfer rate of 5000 per second with GNPs while 700 per second without
GNPs [21]. This speed of transfer is very advantageous and in pairing with the immunity of the signal to either the
electrical or magnetic interference makes optical biosensors extremely favourable to be continued to be integrated
into biosensing/imaging techniques. The main disadvantage of the use of optical biosensors is the high cost of
instrumentation [21]. Within the last decade, there have been great advancements in the use of optical biosensors
however, they cannot completely cover the conventional methods of the technology used in many fields such as the
biomedical field [21]. Some of these drawbacks include the ability for biomaterial immobilization where the material
loss of biomolecules is observed [22] in order. Furthermore, contamination and uniformity of the biosensors is also
a drawback where biomolecules and chemicals leak out of the biosensors causing there to create contamination.
Moreover, when using optical biosensors, the selection range must be a large selection range in order for the sensor
to detect the variety of biomaterials. However, with the substantial use of optical biosensors in not only the
biomedical field but also in fields such as environmental monitoring, industrial and food processes, health care, clinical
analysis [23], there is an increased array of testing and usage where these drawbacks can be overcome and fixed.
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Electrochemical Biosensors have improved sensitivity and stability for instance in glucose biosensors with GNPs
achieving detection limits of 0.18 uM [24]. An NADH sensor based on GNPs shows a 780 mV overpotential decrease
without any electron transfer mediators [3]. Furthermore, the electrochemical biosensors require less sample volume
and have a cost-effective rapid response output. Moreover, electrochemical biosensors enable regions with limited
resources to perform healthcare diagnostics without the need for trained professionals [4]. However, with these
advantages, there are some disadvantages such as the sensitivity of the electrochemical biosensors to the sample
matrix effects and the lower shelf life of the sensor [4]. Through future research and collaborations with hospitals,
there can be greater fundamental use of the electrochemical biosensor when used for improving disease diagnosis
and treatment [4]. Piezoelectric biosensors have improved sensitivity for instance in DNA sensors using GNPs as
amplification tags with a detection limit [3]. These sensors have the principle detection of identifying changes in mass
[3]. In the GNPs, Piezoelectric Biosensors play a vital role in amplifying specific changes in mass. Furthermore, these
biosensors are high in density, have a large surface volume ratio and are biocompatible. The advantages of these
sensors are that they contain an improved sensitivity, as listed in Table 1 [3].

Table 1: Summary of the GNP based biosensors [3]

Biosensor Principle of detection  Role of GNPs Properties of GNPs Advantages Application
Optical Changes in optical Enhancement of Larger dielectric Improved Colorimetric
Biosensors (light) properties refractive index changes constant, high density sensitivity Bioassays
Large area-volume
ratio, biocompatibility,
. Improved
. . . « s high surface energy, e Tumour
Electrochemica  Changes in electrical Electron wires”, . sensitivity, X
. i S e conductivity, quantum L Biomarker
| Biosensors characteristics catalysis, immobilization - . f selectivity, .
dimension, interface- - Detection
. - stability
dominated properties,
large surface area
High density, large
Piezoelectric . Amplification of changes  surface-volume ratio, Improved Immunosenso
. Changes in mass - . - . I
Biosensors in mass biocompatibility, high sensitivity rs
density
7 RECOMMENDATIONS

Gold nanoparticle-based biosensors present promising opportunities for advancing and developing analytical systems
in many clinical and non-clinical applications. This is due to the unique properties of GNPs that show a variety of
superior analytical behaviours. This review has demonstrated the many advantages of GNPs for the three most
common types of biosensors, as well as the role in which the GNPs play in the process of biosensing discussed in
terms of sensitivity, selectivity, reliability, etc. There are many implementations of GNP-based biosensors in different
sectors. The following is a list of recent advances and future applications:

1. Intracellular microRNA Quantification [25].

a. Mass-sensitive microRNA sensing surface uses a probe, established by gold-nanoparticles.

b. The sensing method is to pick up on the frequency shift of QCM (quartz crystal microbalance) sensors
(Piezoelectric biosensors concept).

c. QCM sensors are compatible with different operating conditions (gaseous or liquid mediums) [26] making it
a useful technique in health care.

d. Gold-nanoparticles amplify the signal while coupled with an enzymatic amplification process. The sensor
detects microRNA-203 in MCF-7 cells (typically seen in tumour growth) with exceptional sensitivity and
selectivity.

2. Localized Surface Plasmon Field - Fibre-Optic Biosensor [27].

a. The benefits of gold-nanoparticles for localized plasmon resonance (LSPR) optical sensors is the depth of
penetration of surface plasmons - affecting the sensitivity.

. The size of the GNP affects the penetration depth of the LSPR biosensor.

c. Ultimately, the greatest diameter exhibited the greatest penetration depth - indicating that the size of the
GNP directly impacts the functionality of the LSPR sensor.

3. Enhancement of Direct Electron Transfer of Glucose Oxidase [28].

a. Gold nanoparticles are used with titanite nanotubes (TNT). TNT aids in the direct electron transfer of
glucose oxidase.

b. Combined with the GNP-TNT nanocomposite is an ionic liquid (bromated 1-decyl-3-methyl imidazole) to
immobilize the structure and further promote the electron transfer between glucose oxidase and the
electrode. Volumetric results showed that there is a strong electrocatalytic capability towards glucose -
electron transfer rate constant of 7.1 s-1 at 180 mVs-1.
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c. High sensitivity in the calibration for glucose - 5.1A mM-1.

d. The measured parameters indicate superior analytical performance of the biosensor - compared to those
developed with other nanoparticles. As well, increased biocompatibility and electrical conductivity of the
nanocomposite became evident.

4. Microfluidic-based Biosensor [29].

a. One of the fastest-growing technologies among biosensors.

b. Gold nanoparticles play the main role in their development in order to promote biomolecular detection
with higher sensitivity and effectiveness.

5. Gold-Nanoparticles for Biosensors in Healthcare [30].

a. Scientists define an Elite Group of Nanomaterials, including Graphene, CNTs (Carbon Nanotubes), ZnO,
and Gold. These nanomaterials are used in the modification of electrodes for Electrochemical Sensing of
Analytes.

In addition to healthcare, these biosensors show promise for on-site detection of explosives.

c. Development of genosensor, immunosensor, and enzymatic biosensors are in progress using the Elite
Group of Nanomaterials. Gold shows the greatest promise in the detection of immunological molecules
and is more commonly used in immunological sensing.

d. The best results are shown when a combination of these materials is used with the electrodes. This
promotes great stability, reproducibility, and sensitivity, and signal amplification as a result of
electrochemical and electrocatalytic properties of these materials.

e. Detection of glucose, 1gG, IgE, sequence-specific DNA, amino acids, viruses and bacteria.

6. Plasmonic Biosensors [14].

a. GNPs allow for the altercation of size, shape, composition, coupling of intense colours under light, enhance
optical signals (i.e. fluorescence and Raman scattering, and improve plasmonic properties in specific optical
systems.

Patterning GNPs on electrodes (LSPR).

Controlling gap distance between particles for SERS-based biosensor.

d. In a fluorescent signal, controlling the distance between a GNP and a fluorophore. As well as the control of
the dispersion stability in the development of colorimetric biosensors.

e. Used in the detection of cancer biomarkers [31].

o o

8 CONCLUSIONS

1. Gold colloids are becoming a key component to many industries such as health care, food, engineering, etc.

2. Gold particles are used in immunochemistry, photothermal therapy agents and detection of cancerous cells -
these properties are now being applied to engineering and biosensing application:s.

3. Biosensors are becoming increasingly relevant in the food industry to ensure quality and safety. As well as the
fermentation industry for the detection of glucose concentrations, and metabolic engineering in the monitoring
of cellular metabolism. In general, the use of biosensors has diverse applications due to their diverse
functionality.

4. Gold nano-particle properties include biocompatibility, conductivity, catalytic properties, high surface-to-
volume ratio, and high density. This makes the nanomaterial grow exceptionally in the bioassay field.

5. It was discussed how these distinct properties can make each kind of biosensor most effective for specific
applications, such as colorimetric bioassays, tumour biomarker detection, and immunosensors.

6. The field of research around GNP-based biosensors is still in its infancy in terms of real-world applications, as
widespread use is not currently possible since there remain challenges to be addressed before the full potential
of applications can be realized. In order to fully exploit the potential applications of GNP-based biosensors, the
following research areas should be given attention:

a. Design of GNP-based biosensors for high throughput and multiplexed identification of biomarkers.

b. Production of GNPs with long-term sustainability in a variety of environments.

¢. Nanostructure and size of the GNPs, as this affects various optical and electrical properties.

d. Improvement for design and synthesis of GNPs with better-defined geometrical properties that will
promote more applicable uses.

e. Compositing other nanomaterials with GNPs; hybrids of other nanomaterials in combination with GNPs
have the potential to acquire more distinct, and useful properties.

f. Improvement for the analytical performance of GNPs at the present stage (e.g. preventing non-specific
adsorption of biomolecules or shortening the length of analysis time).
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