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zon: unveiling the chemistry,
applications and future prospects of 2D
monolayers of gold nanoparticles (Au-NPs)

Tholkappiyan Ramachandran, *a Ashraf Ali,a Haider Butt,b Lianxi Zheng,b

Firdous Ahmad Deadera and Moh'd Rezeq*ac

Noble 2D monolayers of gold nanoparticles (Au-NPs) have garnered significant attention due to their

unique physicochemical properties, which are instrumental in various technological applications. This

review delves into the intricate physical chemistry underlying the formation of Au-NP monolayers,

highlighting key interactions such as electrostatic forces, van der Waals attractions, and ligand-mediated

stabilization. The discussion extends to the size- and shape-dependent assembly processes of these NP

monolayers, elucidating how nanoparticle dimensions and morphologies influence monolayer formation

and stability. Moreover, the review explores the diverse interfaces—solid, liquid, and air—where Au-NP

monolayers are employed, each presenting distinct advantages and challenges. In the realm of

applications, Au-NP monolayers have shown remarkable promises. In memory devices, their ability to

facilitate high-density data storage through enhanced electron transport mechanisms is examined.

Biosensing applications benefit from the monolayers' exceptional sensitivity and specificity, which are

crucial for detecting biomolecular interactions. Furthermore, the role of Au-NP monolayers in

electrocatalysis is explored, with a focus on their catalytic efficiency and stability in various

electrochemical reactions. Despite their potential, the deployment of Au-NP monolayers faces several

challenges. The review addresses current limitations such as scalability, reproducibility, and long-term

stability, proposing potential strategies to overcome these hurdles. Future prospects are also discussed,

including the development of multifunctional monolayers and integration with other nanomaterials to

enhance performance across different applications. In conclusion, while significant strides have been

made in understanding and utilizing 2D Au-NP monolayers, ongoing research is imperative to fully

exploit their capabilities. Addressing existing challenges through innovative approaches will pave the way

for their widespread adoption in advanced technological applications.
1. Introduction

Gold nanoparticles (Au-NPs) are highly signicant across
a spectrum of scientic and technological domains owing to
their unique properties and versatile functionalities. Gold Au-
NPs offer distinct advantages over bulk gold materials in
various applications, making them preferable in many
scenarios. One signicant advantage of Au-NPs is their high
surface area-to-volume ratio, which enhances surface effects
such as surface plasmon resonance (SPR) and surface reactivity.
This property enables Au-NPs to exhibit tunable optical and
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electronic properties, making them highly desirable for
sensing, imaging, and optoelectronics applications. Gold
nanoparticle assemblies encompass a diverse array of struc-
tures, each with unique properties and applications. Linear
assemblies, formed through self-assembly processes or tem-
plated approaches, consist of gold nanoparticles arranged in
a one-dimensional conguration, exhibiting distinct optical
and electronic properties due to plasmon coupling between
adjacent nanoparticles.1 Two-dimensional monolayer lms,
densely packed on a substrate surface, offer precise control over
interparticle spacing and interaction, facilitating tunable
properties such as enhanced catalytic activity and optical
response.2 Three-dimensional superstructures, including clus-
ters and hierarchical architectures, are constructed through
controlled aggregation or template-directed synthesis, offering
enhanced plasmonic coupling and mechanical strength.3 Core–
shell structures, where gold nanoparticles are coated or
encapsulated with another material, combine the unique
properties of gold with the functional attributes of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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surrounding shell material, enhancing stability and biocom-
patibility for biomedical applications.4 Additionally, hybrid
nanocomposites incorporate gold nanoparticles into matrices
composed of polymers, ceramics, or carbon-based materials,
offering versatility and synergistic effects for applications in
catalysis, electronics, and energy storage. These diverse
assembly types serve as valuable building blocks for a wide
range of applications in science and technology, showcasing the
versatility and potential of gold nanoparticles in various elds.

Recent advancements in assembly approaches for gold
nanoparticles have focused on achieving precise control over
assembly structures, enhancing scalability, and enabling novel
functionalities.5 DNA-mediated assembly techniques utilize
complementary DNA strands attached to gold nanoparticles to
programmable control their assembly into specic structures,
such as DNA origami templates and DNA-based scaffolds.
Directed self-assembly methods leverage external elds, like
electric or magnetic elds, to guide the assembly of gold
nanoparticles into desired congurations, such as ordered
arrays, rings, and lattices. Microuidic-based assembly
approaches offer precise control over uid ow and mixing at
the microscale, enabling the rapid and scalable fabrication of
gold nanoparticle assemblies, including hierarchical structures
and functionalized patterns. Templated assembly techniques
utilize pre-patterned substrates or templates to guide the
arrangement of gold nanoparticles into specic geometries,
such as nanopatterned surfaces and biomolecular scaffolds.
Dynamic assembly approaches involve reversible and
programmable assembly of gold nanoparticles driven by
external stimuli, such as pH, temperature, or light, enabling
dynamic control over assembly and disassembly for applica-
tions in drug delivery, sensing, and nanomachines. These
recent assembly strategies demonstrate the diverse and inno-
vative approaches being pursued to advance the eld of gold
nanoparticle assembly, offering new opportunities for tailoring
nanoparticle properties and functionalities for various
applications.

Monolayer Au-NPs offer a plethora of benets derived from
their unique properties, including high surface-to-volume ratio,
plasmonic, and biocompatibility, rendering them highly cov-
eted for a wide range of applications like catalysts, surface-
enhanced spectroscopy, photothermal therapy, and optical
sensing, drug delivery, imaging, and therapeutics. Monolayer
Au-NPs can be assembled into diverse congurations, including
2D monolayer lms, nanocomposites, and hierarchical struc-
tures, offering tailored materials with specic properties and
functionalities for applications in electronics, photonics, and
energy storage. Across various elds, monolayer Au-NPs nd
applications in drug delivery systems, biosensors, imaging
contrast agents, therapeutic agents for cancer treatment and
diagnostics, catalysis for organic synthesis and energy conver-
sion, biosensors for biomolecule detection, and photonic
devices for telecommunications and data storage. Furthermore,
their versatility extends to environmental applications such as
pollutant detection and remediation, highlighting their poten-
tial to address pressing challenges in sustainability and envi-
ronmental protection. The multifaceted utility of monolayer Au-
© 2024 The Author(s). Published by the Royal Society of Chemistry
NPs underscores their indispensable role in modern materials
science, nanotechnology, biomedicine, and environmental
science, driving innovation and advancement in diverse scien-
tic and technological domains.

Fig. 1 shows the data from Web of Science regarding the
distribution of research on monolayers of gold nanoparticles
across different countries and regions, revealing a diverse
global landscape of scientic inquiry. Notably, the United States
emerges as a signicant contributor, with 2596 records,
constituting the largest share at 24.945%. Following closely
behind is China, with 2133 records, accounting for 20.496% of
the total publications. These two countries together represent
a substantial portion of the research output in this eld. Other
notable contributors include People's Republic of Japan, with
a signicant 818 records (7.86%), and Germany, with 713
records (6.851%). These ndings suggest a widespread interest
in and engagement with the topic across various continents and
regions. Furthermore, while some countries exhibit relatively
lower publication counts individually, their collective contri-
butions underscore the global collaboration and exchange of
knowledge in advancing the understanding and applications of
monolayers of gold nanoparticles. This global distribution
reects the interdisciplinary nature of research, with contribu-
tions from diverse scientic communities around the world.

Fig. 2 shows the data from Web of Science indicates
a consistent interest in monolayers of gold nanoparticles over
the years, with a notable increase in research activity in recent
times. In the nal publication year of 2024, there were 91
records, comprising 0.874% of the total 10 407 publications.
While this constitutes a relatively small percentage, it reects
ongoing interest and exploration in this eld. Looking back,
there has been a steady growth in research output since the
mid-1990s, with occasional uctuations but an overall upward
trajectory. Notably, from 2010 onwards, there has been
a consistent rise in publications, peaking in 2011 with 626
records. This suggests a sustained interest and possibly
advancements in understanding or applications of monolayers
of gold nanoparticles during this period. The data underscores
the enduring signicance of this area of study within the
scientic community, likely driven by its potential in various
elds such as nanotechnology, materials science, and biomed-
ical applications.

This review article aims to delve comprehensively into the
multifaceted realm of two-dimensional (2D) monolayers of Au-
NPs, with a focus on elucidating their formation mechanisms,
unique physicochemical properties, and diverse applications
across different interfaces. By synthesizing recent research
ndings and insights, the objective is to provide a thorough
understanding of the intricate physics and chemistry under-
lying the assembly and stabilization of Au-NP monolayers.
Special emphasis is placed on exploring key interactions such as
electrostatic forces, van der Waals attractions, and ligand-
mediated stabilization, and how these interactions inuence
the size- and shape-dependent assembly processes. Further-
more, the review seeks to examine the performance of Au-NP
monolayers in various technological applications, including
but not limited to memory devices, biosensing, and
Nanoscale Adv., 2024, 6, 5478–5510 | 5479
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Fig. 1 Global distribution of research on monolayers of gold nanoparticles: (a and b) country-wise contribution when searched with keyword
“monolayers of gold nanoparticles (Topic)” [Web of Science].

Fig. 2 Impression of the research contributions related to monolayer
Au-NPs when searched with keyword “monolayers of gold nano-
particles (Topic)” [Web of Science].
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electrocatalysis. Specically, it aims to elucidate how the unique
properties of Au-NP monolayers, such as their high electron
transport efficiency, exceptional sensitivity, and catalytic
activity, contribute to enhancing device performance and
functionality in these applications. In addition to highlighting
the potential of Au-NP monolayers, the review also addresses
the current challenges hindering their widespread deployment.
These challenges encompass issues related to scalability,
5480 | Nanoscale Adv., 2024, 6, 5478–5510
reproducibility, and long-term stability, which are crucial for
practical applications. To tackle these challenges, potential
strategies and future prospects are discussed, including
advancements in synthesis techniques, surface engineering
approaches, and integration with other nanomaterials to
develop multifunctional monolayers with enhanced perfor-
mance characteristics. In conclusion, this review underscores
the signicant strides made in understanding and harnessing
the capabilities of 2D Au-NP monolayers, while also empha-
sizing the importance of ongoing research to fully exploit their
potential. By identifying current challenges and proposing
innovative solutions, the review aims to catalyze further
advancements in the eld and pave the way for the widespread
adoption of Au-NP monolayers in advanced technological
applications.
2. Key aspects of the chemistry
behind the Au-NPs monolayer

Understanding the key aspects of the physical chemistry gov-
erning the formation of these lms is essential for harnessing
their full potential in various elds. At the heart of the chemistry
behind the formation of 2D Au-NP monolayer lms lies the self-
assembly process. Self-assembly is a spontaneous and highly
organized process driven by the interactions between individual
nanoparticles. In the case of Au-NPs, self-assembly occurs on
a substrate surface and is mediated by a combination of inter-
molecular forces, including electrostatic interactions, van der
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Waals forces, and ligand-mediated interactions. These forces
orchestrate the arrangement of Au-NPs into ordered arrays,
ultimately dictating the structure and properties of the resulting
monolayer lms.
2.1. Electrostatic interactions

The physical chemistry underlying the formation of 2D mono-
layer lms of Au-NPs through electrostatic interactions is
a burgeoning eld with signicant implications for various
applications. Electrostatic forces, a fundamental aspect of
colloidal science, play a pivotal role in guiding the assembly of
Au-NPs on substrates. This assembly process relies on the
interaction between charged species present on the surface of
the Au-NPs and those on the substrate. The charged entities can
originate from capping ligands on the nanoparticles or func-
tional groups on the substrate surface. When these charged
entities have opposite charges, electrostatic attraction drives the
assembly of the Au-NPs into well-dened monolayer lms. The
mechanism of assembly via electrostatic interactions involves
several key steps. Initially, the substrate surface is modied to
carry a specic charge, either positive or negative, depending on
the desired assembly conguration. This modication can be
achieved through functionalization with charged molecules to
induce surface charging. Subsequently, Au-NPs capped with
ligands bearing complementary charges are introduced into the
system. The electrostatic attraction between the charged ligands
on the Au-NPs and the oppositely charged surface facilitates the
adsorption and self-assembly of the nanoparticles onto the
substrate. It is reported from C. Burns et al.5 reported an
intriguing phenomenon during their routine investigation of
surface-modied Au-NPs. They observed that this nding aligns
with the understanding that surface charge, arising from
adsorbed species on the Au-NPs surface, signicantly affects the
stability of the nanoparticle solution and the mean distance
between particles during Brownianmotion. Since ionic strength
directly inuences the Debye length surrounding the particles,
it was hypothesized that variations in ionic strength could alter
the mean closest approach distance between Au-NPs. By
controlling the ionic strength, it is therefore possible to ne-
tune the mean encounter distance between the nanoparticles,
potentially offering a method to regulate their interactions and
assembly in solution.

In the literature, numerous studies have demonstrated the
versatility and controllability of electrostatic-driven assembly
approaches for fabricating 2D Au-NP monolayer lms. For
example, Smith et al. (2018)6 explored the assembly of Au-NPs
on positively charged surfaces, leveraging electrostatic interac-
tions to achieve highly ordered arrays. By tuning the surface
charge density and the concentration of Au-NPs, they demon-
strated precise control over the packing density and
morphology of the monolayer lms. Similarly, Chen et al.
(2021)7 investigated the assembly of Au-NPs on negatively
charged substrates, highlighting the role of electrostatic inter-
actions in dictating nanoparticle organization. Further insights
into the mechanism of electrostatic-driven assembly have been
gained through theoretical modeling and computational
© 2024 The Author(s). Published by the Royal Society of Chemistry
simulations. These studies have elucidated the interplay
between electrostatic forces, steric effects, and solvent interac-
tions, providing a comprehensive understanding of the factors
governing nanoparticle assembly at the molecular level.

By incorporating such insights, researchers can design
strategies to optimize the assembly process and tailor the
properties of Au-NP monolayer lms for specic applications,
ranging from catalysis and sensing to nanoelectronics and
biomedical imaging but is not without its limitations and
challenges. One of the primary difficulties lies in controlling the
uniformity and precision of the assemblies, as electrostatic
interactions are highly sensitive to minor changes in environ-
mental conditions such as ionic strength, and temperature.
This sensitivity can lead to irregular or non-uniform assemblies,
reducing reproducibility and precision. Moreover, the stability
of these assembled structures is oen limited; they can disas-
semble or aggregate over time, especially when exposed to
uctuating environmental conditions, which poses a signicant
challenge for applications requiring long-term stability.
Another limitation is the narrow range of conditions in which
this self-assembly process is effective. Outside specic ionic
strengths, the electrostatic forces may either be too weak to
induce assembly or too strong, leading to unwanted aggrega-
tion. This restricts the versatility of the method across different
environments or applications. Additionally, in complex solu-
tions, competing interactions such as van der Waals forces,
steric hindrance, or specic chemical interactions can interfere
with the electrostatic self-assembly, making it difficult to ach-
ieve consistent and predictable outcomes. Scaling up the self-
assembly of gold nanoparticles via electrostatic interactions
presents another challenge, particularly due to charge
screening in high ionic strength environments. As ionic
strength increases, the Debye length shortens, reducing the
effectiveness of electrostatic forces and leading to inconsistent
or uncontrolled assembly. This variability, coupled with the
sensitivity of the assemblies to external conditions like
temperature and mechanical stress, compromises their struc-
tural integrity and limits practical applications. Additionally,
the need for specic surface charges restricts functionalization
exibility, further constraining the ability to tailor assemblies
for specic purposes. These challenges underscore the need for
optimized strategies to improve the stability and scalability of
gold nanoparticle assemblies. In summary, the chemistry of 2D
monolayer lms of Au-NPs assembled via electrostatic interac-
tions represents a rich area of research with broad implications.
Through a detailed understanding of the underlying mecha-
nisms and careful control over experimental parameters,
researchers can harness electrostatic forces to create functional
nanomaterials with tailored properties and enhanced
performance.
2.2. Van der Waals interactions

Experimentally the formation of 2D monolayer lms of Au-NPs
via van der Waals forces represents a fascinating area of study
within nanomaterials chemistry. Van der Waals interactions,
which encompass dispersion forces and induced dipole–dipole
Nanoscale Adv., 2024, 6, 5478–5510 | 5481
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interactions, play a crucial role inmediating the assembly of Au-
NPs into ordered arrays on a substrate. This assembly mecha-
nism relies on the weak, non-covalent interactions between
neighboring nanoparticles, which allow them to adhere to each
other and to the substrate surface, forming stable monolayer
lms. The detailed mechanism of assembly via van der Waals
forces involves several key steps. Initially, Au-NPs dispersed in
solution are brought into close proximity with a substrate,
typically through methods such as drop-casting or spin-coating.
As the solvent evaporates, the nanoparticles undergo Brownian
motion and become conned to the substrate surface. Van der
Waals interactions between adjacent nanoparticles promote
their lateral aggregation, leading to the formation of compact
monolayer lms. The morphology and packing density of these
lms can be inuenced by factors such as nanoparticle size,
shape, and surface chemistry.

Several studies have explored the role of van der Waals forces
in the assembly of 2D Au-NP monolayer lms and compared
them with other assembly mechanisms. For instance, Wang
et al. (2019)8 investigated the assembly of Au-NPs on various
substrates and found that van der Waals interactions domi-
nated the assembly process, particularly in systems with low
surface energy. They demonstrated that by tuning the substrate
properties and nanoparticle concentration, it was possible to
control the morphology and structural integrity of the resulting
monolayer lms. Similarly, Li et al. (2020)9 compared the
assembly kinetics of Au-NPs driven by van der Waals forces
versus electrostatic interactions and found that while both
mechanisms contributed to nanoparticle aggregation, van der
Waals forces played a predominant role in determining the nal
lm structure. Further insights into themechanism of assembly
via van der Waals forces have been gained through advanced
characterization techniques such as atomic force microscopy
(AFM) and scanning tunneling microscopy (STM). These tech-
niques enable researchers to directly visualize the arrangement
of nanoparticles within the monolayer lms and to quantify
parameters such as particle size, spacing, and orientation. The
assembly of 2D monolayer lms of Au-NPs via van der Waals
forces can be described by theoretical models based on inter-
particle interactions. One suchmodel is the Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory, which considers both attrac-
tive van der Waals forces and repulsive electrostatic forces
between nanoparticles. The total interaction energy (U) between
two Au-NPs can be expressed as:

U = UvdW + Uelec (1)

Where UvdW represents the van der Waals interaction energy
and Uelec represents the electrostatic interaction energy. The van
der Waals interaction energy UvdW can be calculated using the
Hamaker constant (A) and the separation distance (d) between
nanoparticles:

UvdW = −6d2A (2)

Additionally, the electrostatic interaction energy Uelec can be
described using the classical DLVO expression:
5482 | Nanoscale Adv., 2024, 6, 5478–5510
Uelec = 4pe0erdZ1Z2e
2 (3)

Where Z1 and Z2 are the charges on the nanoparticles, (e) is the
elementary charge, (e0) is the vacuum permittivity, (er) is the
relative permittivity of the medium, and (d) is the separation
distance between nanoparticles.

In comparison with the literature, experimental observations
of nanoparticle assembling kinetics and lm morphology can
be interpreted in the context of theoretical models such as
DLVO theory. For example, studies by Wang et al. (2019)8 and Li
et al. (2020)9 have demonstrated a good agreement between
experimental data and theoretical predictions, supporting the
importance of van der Waals forces in driving nanoparticle
aggregation and lm formation. By correlating experimental
observations with theoretical models of van der Waals interac-
tions, researchers can deepen their understanding of the
assembling process and optimize conditions for the fabrication
of tailored Au-NP monolayer lms with desired properties. In
summary, the chemistry of 2D monolayer lms of Au-NPs
assembled via van der Waals forces offers a versatile platform
for engineering functional nanomaterials. By exploiting weak,
non-covalent interactions between nanoparticles, researchers
can achieve precise control over the structure and morphology
of the resulting lms, paving the way for applications in catal-
ysis, sensing, and nanoelectronics.
2.3. Ligand-mediated interactions

The chemistry underlying the formation of 2D monolayer lms
of Au-NPs via ligand-mediated interactions involves the inter-
play of various forces, including covalent bonding and non-
covalent interactions between ligands and substrate surfaces.
Thiol-based ligands, commonly used to functionalize Au-NP
surfaces, forming robust covalent bonds with gold atoms on
the nanoparticle surface. This chemistry can be described by
the following general reaction:

Au–S + Au–S / Au–S–Au + S (4)

Here, Au–S represents the thiol ligand bound to the gold
surface, and Au–S–Au represents the bridging ligand formed
when two Au-NPs are brought into close proximity on the
substrate surface. The assembly mechanism via ligand-
mediated interactions can be further understood through
theoretical models and experimental studies. For instance, the
Langmuir–Blodgett technique involves the transfer of Au-NPs
from a liquid subphase onto a solid substrate, facilitated by
the formation of a monolayer at the air–water interface. The
surface pressure (P) exerted during compression of the mono-
layer can be described by the equation:

P = F/A (5)

Where (F) is the force applied perpendicular to the surface, and
(A) is the area of the surface. By controlling the compression
process, researchers can achieve precise control over the
packing density and morphology of the resulting monolayer
lms. Another example, the “graing to” approach involves the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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direct attachment of pre-synthesized ligand-functionalized Au-
NPs onto a substrate modied with complementary ligands.
In contrast, the “graing from” approach involves the in situ
growth of ligands on the substrate surface followed by the
addition of Au-NPs. These assembly strategies offer different
levels of control over the nanoparticle packing density and
morphology, depending on factors such as ligand density, chain
length, and solvent conditions.

In the literature, numerous studies have investigated the role
of ligand-mediated interactions in the assembly of 2D Au-NP
monolayer lms and compared them with other assembly
mechanisms. For instance, Liu et al. (2017)10 demonstrated the
fabrication of highly ordered Au-NP monolayer lms using
a combination of self-assembly and surface-initiated polymeri-
zation techniques. They found that the density and orientation of
the Au-NPs could be precisely controlled by adjusting the poly-
mer brush thickness and surface coverage. Similarly, Zhang et al.
(2019)11 reported the formation of Au-NP monolayer lms with
tunable plasmonic properties through the selective replacement
of ligands on the nanoparticle surface. Further insights into the
mechanism of assembly via ligand-mediated interactions have
been gained through advanced characterization techniques such
as X-ray photoelectron spectroscopy (XPS) and Fourier-transform
infrared spectroscopy (FTIR). These techniques allow researchers
to probe the chemical composition and structure of the assem-
bled monolayer lms, providing valuable information about the
interactions between the ligands and the substrate surface. By
correlating experimental observations with theoretical models,
researchers can develop strategies to optimize the assembly
process and tailor the properties of Au-NP monolayer lms for
specic applications, ranging from catalysis and sensing to
nanoelectronics and biomedicine. In summary, the chemistry of
2D monolayer lms of Au-NPs assembled via ligand-mediated
interactions offers a versatile platform for engineering func-
tional nanomaterials. By harnessing the strong binding affinity
between thiol-based ligands and gold surfaces, researchers can
achieve precise control over the structure and properties of the
resulting lms, opening up new opportunities for the develop-
ment of advanced nanotechnologies.
3. Size-dependent formation of 2D
monolayer films of Au-NPs

Understanding the formation of 2D monolayer lms of Au-NPs
is crucial for tailoring their properties and optimizing their
applications. This phenomenon is intricately linked to the size
of the nanoparticles and involves a complex interplay of forces
during self-assembly. The mechanism of size-dependent
formation involves several key steps. Initially, Au-NPs are
synthesized through methods like the Turkevich or citrate
reduction method, yielding nanoparticles with different sizes.
Upon dispersion onto a substrate, such as a silicon wafer or
mica, the nanoparticles self-assemble due to various forces,
including van der Waals (FvdW), electrostatic (Felec), and steric
(Fsteric) interactions. Detailed studies have elucidated the role of
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticle size in the formation of 2D monolayer lms. For
instance, the Langmuir adsorption isotherm equation,

G = CeqA/RT (6)

where G is the surface coverage, (Ceq) is the equilibrium concen-
tration of Au-NPs, (A) is the area per nanoparticle, (R) is the gas
constant, and (T) is the temperature. The equation has been used
to describe the adsorption process. Zhang et al. (2012)12 demon-
strated that smaller Au-NPs tend to form denser monolayers
compared to larger nanoparticles. This size-dependent behavior is
attributed to the increased surface area of smaller nanoparticles,
leading to stronger interparticle interactions and closer packing.
Additionally, larger nanoparticles may exhibit a greater tendency
to aggregate due to decreased surface-to-volume ratio.

The monolayer formation process involves the adsorption of
Au-NPs onto the substrate surface, followed by their diffusion
and rearrangement to minimize the system's free energy.
Theoretical models, such as Monte Carlo simulations, have
been employed to understand the kinetics and thermodynamics
of this process. For instance, a study by Nie et al. (2017)13

utilized Monte Carlo simulations to investigate the effect of
nanoparticle size and substrate interaction on the self-assembly
process. They found that smaller nanoparticles exhibit faster
diffusion and higher mobility on the substrate, leading to more
rapid monolayer formation. Comparisons with literature high-
light the complex interplay among nanoparticle size, surface
chemistry, and substrate properties in monolayer formation.
For example, a study by Liu et al. (2019)14 explored the inuence
of surface ligands on the self-assembly behavior of Au-NPs. They
found that modifying the surface chemistry of nanoparticles
can alter their interaction strength and packing density on the
substrate, thereby affecting the morphology of the resulting
monolayer. Overall, understanding the size-dependent forma-
tion of 2D monolayer lms of Au-NPs is essential for tailoring
their properties and optimizing their performance in various
applications. The major challenges in forming Au-NPs mono-
layers due to size inuence include achieving uniform coverage,
as smaller NPs tend to aggregate and larger ones may settle in
clusters. Electrostatic repulsion is more pronounced for smaller
particles, complicating uniform deposition, while larger parti-
cles face alignment and packing issues. Diffusion rates differ
with size, affecting assembly dynamics and potentially leading
to non-uniform layers. Mechanical instability in smaller NPs
can cause defects, while larger particles may require precise
eld strength for effective deposition. Variability in surface
chemistry and the need for optimized synthesis parameters
further complicate the process, and accurate characterization of
monolayers is challenging due to size-dependent behaviors.

4. Shape-dependent formation of 2D
monolayer films of Au-NPs

The formation of 2D monolayer lms of Au-NPs is also intri-
cately inuenced by their shape, which plays a pivotal role in
tailoring their functionalities across various elds such as
catalysis, sensing, and biomedicine. The mechanism governing
Nanoscale Adv., 2024, 6, 5478–5510 | 5483
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shape-dependent formation involves a complex interplay of
forces during self-assembly onto a substrate. Synthesis
methods, such as seed-mediated growth or template-assisted
synthesis, yield Au-NPs with distinct shapes, such as spheres,
rods, or triangles, each exhibiting unique self-assembly
behavior. Research exploring the shape-dependent formation
of Au-NP monolayers has provided valuable insights into
assembly kinetics and thermodynamics. For instance, Studies
by Smith et al. (2015)15 revealed that the shape of Au-NPs
signicantly impacts their packing density and arrangement
in monolayer lms. Anisotropic nanoparticles, such as rods or
triangles, oen form more ordered assemblies compared to
spherical counterparts due to their distinct surface properties
and aspect ratios. Wang et al. (2020)16 explored the inuence of
solvent properties on the self-assembly behavior of Au-NPs with
various shapes. Their ndings emphasized the importance of
solvent characteristics in modulating nanoparticle interactions
and monolayer structure. Understanding the shape-dependent
formation of 2D monolayer lms of Au-NPs holds immense
signicance for tailoring their properties and functionalities
across diverse applications. By elucidating the underlying
mechanisms and drawing comparisons with existing literature,
researchers can advance the design and optimization of Au-NP-
based materials with enhanced performance and versatility.

Shape-dependent challenges in forming Au-NPs monolayers
include difficulties in achieving uniform alignment and
packing, as non-spherical particles oen result in irregular
deposition. Variations in surface interactions due to anisotropic
shapes can lead to uneven monolayer formation. Assembly
dynamics are complicated by shape-induced anisotropy, which
may cause incomplete or non-uniform coverage. Additionally,
non-spherical particles may exhibit varying mechanical
stability, affecting the monolayer's integrity. The inuence of
electrostatic and van der Waals forces can differ with particle
shape, complicating deposition, while the orientation of the
electric eld relative to the particles also needs careful control
to ensure consistent results.
5. Different interfaces of Au NPs
monolayer

Au-NPs monolayers can form various interfaces depending on
their arrangement and the surrounding environment. The
formation of Au-NP monolayers at the air–liquid–solid interface
is a complex and fascinating process driven by interfacial forces
and molecular interactions. This process involves the interplay
between three phases: air, liquid, and solid, and the self-
assembly is inuenced by the chemistry of the ligands or
surfactants on the Au-NP surfaces. These ligands typically
possess hydrophobic alkyl chains and hydrophilic functional
groups, providing the nanoparticles with amphiphilic charac-
teristics. When a dispersion of Au-NPs is applied to a water
surface in contact with a solid substrate, the hydrophobic tails
of the ligands orient towards the air to avoid contact with water
molecules, while the hydrophilic heads remain in the aqueous
phase, facilitating the assembly at the interface.
5484 | Nanoscale Adv., 2024, 6, 5478–5510
5.1. Gas–water interface

The formation of Au-NP monolayers at the gas–water interface
is an intriguing phenomenon driven by interfacial forces and
molecular interactions. The chemistry of this self-assembly
process centers around the ligands or surfactants attached to
the Au-NP surfaces. These ligands typically have hydrophobic
alkyl chains and hydrophilic functional groups, giving the
nanoparticles amphiphilic properties. When a dispersion of Au-
NPs is introduced to the water surface, the hydrophobic tails of
the ligands orient toward the air phase to avoid contact with
water molecules, while the hydrophilic heads remain in the
aqueous phase. This alignment facilitates the spontaneous
formation of a densely packed monolayer of Au-NPs at the
interface. Understanding the underlying thermodynamic and
kinetic processes is essential for optimizing the conditions
needed to achieve stable and high-quality monolayers.

5.1.1. Thermodynamic considerations. From a thermody-
namic standpoint, the Gibbs free energy (DG) of Au-NPs at the
air–water interface can be calculated using the equation:

DG = −pR2gair/water(cos q − 1)2 (7)

where: q is the contact angle of Au-NPs in aqueous solution, R is
the particle radius, gair/water is the interfacial tension between
air and water.

This equation shows that DG is always negative, indicating
that the transfer of Au-NPs to the air–water interface reduces
Gibbs free energy. Consequently, this process is thermody-
namically spontaneous regardless of the hydrophobicity of the
Au-NPs. Therefore, the transfer of Au-NPs from the solution to
the interface is inherently favorable.

5.1.2. Kinetic considerations. Despite favorable thermody-
namics, the spontaneous assembly of Au-NPs at the interface is
oen hindered by kinetic barriers. The primary kinetic obstacle
is the high sorption potential barrier (G), which impedes the
adsorption of particles onto the interface. Overcoming this
barrier typically requires additional driving forces. Experi-
mental studies and simulations have identied several effective
strategies for reducing the sorption barrier and promoting
assembly: (1) addition of electrolytes: – electrolytes lower the
surface charge density of Au-NPs, reducing electrostatic repul-
sion and facilitating assembly. Initially, strong electrolytes were
used, but they oen led to bulk coagulation, making the process
uncontrollable. A more rened approach involves using weak
electrolytes. (2) Hydrophobic modication: – enhancing the
hydrophobicity of Au-NP surfaces increases their affinity for the
air–water interface, promoting self-assembly. (3) Surface active
solvents: – using solvents that reduce interfacial tension can
also help overcome kinetic barriers, leading to more efficient
assembly. These methods underscore the need to balance
thermodynamic driving forces with kinetic facilitators to ach-
ieve optimal monolayer formation.

5.1.3. Applications and further research on air–water
interface Au-NPs monolayer assembly method. The properties
and stability of Au-NP monolayers at the air–water interface are
inuenced by various factors, including the length and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure of the ligands, the size and shape of the nanoparticles,
and the surface tension of the water. For instance, longer alkyl
chains and stronger hydrophobic interactions typically result in
more stable monolayers with higher packing densities.
Numerous studies have explored the self-assembly behavior and
properties of Au-NP monolayers at the air–water interface. For
example, Huang et al. (2015)17 investigated how ligand chem-
istry and nanoparticle size affect the stability and packing
density of Au-NP monolayers. They discovered that longer alkyl
chain ligands produced more stable monolayers with higher
packing densities, enhancing surface properties. Additionally,
Smith et al. (2018)18 used in situ techniques to study the
dynamics of Au-NP monolayers at the gas–water interface. They
observed the formation of dynamic domains within the
monolayer and elucidated the mechanisms underlying nano-
particle rearrangement at the interface. Understanding the
chemistry and properties of Au-NP monolayers at the air–water
interface is crucial for various applications, including surface
engineering, biosensing, and colloidal stabilization. Continued
research in this area could lead to the development of advanced
materials and technologies with tailored interfacial properties
for specic applications. By integrating thermodynamic and
kinetic insights with practical strategies for reducing kinetic
barriers, researchers can better control the formation of 2D Au
monolayers at the air-liquid interface. This comprehensive
understanding is essential for advancing applications in catal-
ysis, sensing, and nanoelectronics.
5.2. Solid substrate interface

At the interface with a solid substrate, monolayers of Au-NPs are
formed through intricate self-assembly processes governed by
interparticle interactions and interfacial forces with the
substrate surface. The underlying chemistry involved in this
assembly hinges upon a complex interplay of factors, including
the surface chemistry of the substrate, the composition of
ligands or surfactants coating the Au-NPs, and the solvent
environment in which the assembly takes place. Typically, Au-
NPs are dispersed within a solvent and carefully deposited
onto the surface of the solid substrate. Here, they undergo
a process of self-organization, driven by a delicate balance of
attractive and repulsive forces. The ligands or surfactants
surrounding the Au-NPs play a pivotal role in mediating these
interactions, offering stability and exerting control over the
assembly dynamics.

A breadth of research has delved into unraveling the intri-
cacies of self-assembly behaviors and properties exhibited by
Au-NPs monolayers at the solid substrate interface. Notably,
investigations by Lee et al. (2016)19 have probed into the inu-
ence of substrate chemistry and nanoparticle dimensions on
the morphology and structural characteristics of resulting
monolayers. Their ndings illuminate how factors such as
substrate hydrophobicity can drive closer packing of nano-
particles, thereby enhancing surface coverage and monolayer
stability. Furthermore, the work of Zhang et al. (2019)20 has shed
light on the profound impact of solvent evaporation kinetics on
assembly dynamics and monolayer structure. Their
© 2024 The Author(s). Published by the Royal Society of Chemistry
observations elucidate how varying rates of solvent evaporation
yield differing levels of order and packing density within the
monolayer, with slower evaporation fostering more organized
and densely packed assemblies. Understanding the nuanced
chemistry and inherent properties governing Au-NPs mono-
layers at the solid substrate interface holds paramount impor-
tance across a spectrum of applications, from precision surface
patterning to the development of advanced nano electronic
devices and catalytic systems.

5.3. Liquid–liquid interface

The phenomenon of self-assembly of Au-NPs into lms at uid
interfaces has garnered considerable attention due to the
inherent uidity of the interface, which aids in the annealing of
defects within the assembled lm.21 Various methodologies
have been devised to transfer nanoparticles from colloidal
solutions to uid interfaces, involving the addition of inorganic
or organic compounds to the aqueous colloid to either reduce
the surface charge or thin the electrical double layer of
nanoparticles.22–25 One commonly employed technique utilizes
ethanol as an economical reagent to extract nanoparticles from
aqueous colloids to oil/water interfaces, resulting in the
formation of large-area, close-packed nanoparticle
monolayers.25–27 However, the ethanol-mediated method has its
drawbacks, notably the inclusion of toluene or heptane and the
disruptive nature of gradual ethanol addition. The use of
toluene or heptane, particularly toluene, poses health risks to
operators and is unsuitable for large-scale production of
nanoparticle lms. Additionally, the gradual addition of
ethanol constantly disturbs the assembling location for nano-
particles, i.e., the interface, leading to the formation of large
voids and three-dimensional (3D) aggregates within the result-
ing monolayer. To address these limitations, Min-Hua Wang
et al.28 devised a method to fabricate close-packed Au-NP
monolayers with sub-10 nm interparticle spacing by simply
covering n-butanol on the surface of an Au aqueous colloid. This
novel approach not only eliminates the need for hazardous
substances like toluene or heptane but also circumvents the
disruptive effects of gradual ethanol addition. Consequently,
the resulting close-packed nanostructure can further transform
into two-dimensional (2D) aggregates with varying degrees of
aggregation upon aging for several days as shown in Fig. 3.

5.4. Gas–solid interface

The gas–solid interface assembly of Au-NPs monolayer is
a sophisticated technique used to create a uniform, single layer
of nanoparticles on a solid substrate, signicant for various
applications such as catalysis, sensing, and electronic devices.
Au-NPs are typically synthesized using chemical reduction
methods like the Turkevich method, where gold salts are
reduced by agents such as citrate, forming colloidal Au-NPs. To
ensure stability and facilitate controlled interaction with the
substrate, these nanoparticles are oen functionalized with
ligands, including thiols, amines, or polymers, which prevent
aggregation and enhance substrate affinity. Substrate prepara-
tion is crucial and involves meticulous cleaning and sometimes
Nanoscale Adv., 2024, 6, 5478–5510 | 5485
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Fig. 3 TEM images of Au-NP monolayers: (A) without aging, (B) aging
for 3 days, (C) aging for 7 days, and (D) aging for 10 days. Reproduced
from ref. 28 with permission from [IOP Publishing], copyright [2010].
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modication to increase surface energy and promote nano-
particle adhesion. Common techniques for assembling
a monolayer of Au-NPs at the gas–solid interface include the
Langmuir–Blodgett (LB) method, drop-casting, spin coating,
and self-assembly from the vapor phase. The LB method forms
amonolayer at the air–water interface, which is then transferred
to the substrate. Drop-casting involves placing a colloidal
solution on the substrate and allowing the solvent to evaporate,
although this can result in non-uniform layers due to the
“coffee-ring effect,” where particles accumulate at the edges of
the droplet. Spin coating uses centrifugal force to spread the
solution uniformly, while self-assembly from the vapor phase
deposits nanoparticles as the solvent vapor condenses on the
substrate. During deposition, Au-NPs adsorb onto the substrate
due to van der Waals forces, electrostatic interactions, or
specic binding interactions between the ligands and the
substrate. Post-assembly treatments such as annealing and
chemical modication can further enhance the monolayer's
properties. Annealing improves adhesion and removes residual
solvents, while chemical modication tailors surface properties
for specic applications. Wang's team29 reported signicant
variations in the nal assembled morphologies of Au-NPs
depending on their shapes. They also highlighted that adjust-
ing the droplet size is an effective strategy to mitigate the coffee-
ring effect. When the droplet size is relatively small, it evapo-
rates quickly, leaving insufficient time for the solute to migrate
to the edges. Conversely, Wong and colleagues30 observed that
the coffee-ring effect becomes more pronounced as the droplet
size increases. Furthermore, strengthening the interactions
between Au-NPs can help to diminish the capillary ow, further
reducing the coffee-ring effect.
5486 | Nanoscale Adv., 2024, 6, 5478–5510
5.5. Electric eld driven assembly of Au-NPs monolayer

In addition to shape and droplet size, other factors inuencing
the assembly of Au-NPs include solvent properties, substrate
characteristics, presence of surfactants and the electric eld.
Firdous Ahmad Deader31 has reported a novel physical fabrica-
tion method for forming monolayers of Au-NPs on planar silicon
surfaces using an electric eld. By creating an electric eld of
5.71 × 104 V m−1 between the parallel plates of a capacitor and
applying a DC voltage, this technique effectively guides the self-
assembly of nanoparticles. The Au-NPs, with a diameter of 20 nm
and a zeta potential ranging from −250 to −290 mV, are inu-
enced by the externally applied electric eld, which drives their
orderly deposition on the silicon substrate. The mechanism
behind this monolayer formation was further analyzed using
nite element simulation, revealing that the enhanced electric
eld around the Au-NPs reaches an order of 108 V m−1. This
intense eld indicates a high surface charge density on the
nanoparticles, resulting in a signicant electric force per unit
area that aids in their uniform settlement on the silicon surface.
The detailed process of Au-NP deposition on the silicon substrate
includes setting up the experiment by placing a drop of Au-NP
solution in the electric eld created between the parallel plates
of a capacitor, as depicted in Fig. 4. Side and top views show the
monolayer formation under the inuence of the electric eld and
the diffusion of Au-NPs. This electric eld-driven self-assembly
technique is signicant for several reasons: it ensures a highly
uniform monolayer of Au-NPs, which is crucial for applications
requiring consistent surface properties; it is scalable and repro-
ducible with high precision, making it suitable for industrial
applications; and it is versatile, potentially adaptable for other
substrates, broadening its applicability. The development of this
technique opens up new possibilities in nanotechnology and
material science. Future research could focus on optimizing
electric eld parameters and nanoparticle properties to achieve
even more precise control over the assembly process, exploring
the combination of Au-NPs with other nanomaterials to create
multifunctional surfaces with enhanced properties, and applying
this technique in elds such as electronics, photonics, and bio-
sensing, where uniform and well-ordered nanoparticle layers can
lead to signicant advancements. In summary, the electric eld-
driven self-assembly method developed by Firdous Ahmad
Deader et al. represents a promising approach for fabricating
highly uniform monolayers of gold nanoparticles on silicon
substrates. This technique's scalability, precision, and potential
for adaptation make it a valuable tool in the advancement of
nanotechnology and its applications.
5.6. Chemical exfoliation method

In 2024 Shun Kashiwaya et al.32 reported a novel synthetic
pathway, which has been devised to exfoliate goldene from
Ti3AuC2, a nano-layered MAX phase consisting of transition
metal (M), group A element (A), and either carbon (C) or
nitrogen (N) (initially formed by substituting Au for Si in
Ti3SiC2), as shown in Fig. 5. This process involves wet-chemical
etching of the carbide layers using Murakami's reagent,
employing cetrimonium bromide (CTAB) or cysteine. Notably,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Outlines the Au-NP deposition process on a silicon substrate. (a) Shows the experimental setup for NP deposition under an electric field.
(b) Provides a schematic of the monolayer formation of Au-NPs on the substrate. (c) Depicts both side and top views of themonolayer formation
influenced by the electric field and NP diffusion, (d) SEM image and (e) COMSOL simulation of electric field effect on the negatively charged Au-
NPs. Reproduced from ref. 31 with permission from [ACS Publications], copyright [2023].

Fig. 5 Preparation of goldene material via chemical exfoliation method. Reproduced from ref. 32 with permission from [Springer Nature],
copyright [2024].
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this method is both straightforward and scalable, and impor-
tantly, it does not involve the use of hydrouoric acid.

The etching mechanism facilitated by Murakami's reagent
stems from the generation of radical nascent oxygen [O] during
the reaction between potassium ferricyanide and alkali in close
proximity to the surface of metal carbides, which exhibits an
affinity for oxygen. When the surface is exposed to potassium
ferricyanide (K3[Fe(CN)6]) and KOH, the Ti3C2 slabs absorb
nascent oxygen from KOH, leading to the formation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
potassium ferrocyanide (K4[Fe(CN)6]) as a by-product. Subse-
quently, Ti3C2 slabs undergo oxidation by nascent oxygen, with
Ti and C being selectively oxidized due to their higher ionization
tendency and susceptibility to oxidation compared to Au.

4K3[Fe(CN)6] + 4KOH / 4K4[Fe(CN)6] + 2H2O + 2[O] (8)

2Ti3C2 + 11[O] / 3Ti2O + 4CO2
Nanoscale Adv., 2024, 6, 5478–5510 | 5487
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Fig. 6 Schematic of the EPD process showing nanospheres deposited
onto EBL fabricated ITO–PMMA template. Reproduced from ref. 44
with permission from [ACS Publications], copyright [2018].
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2Ti3C2 + 7[O] / 3Ti2O + 4CO

2Ti3C2 + 3[O] / 3Ti2O + 4C

In contrast, Au remains inert to both potassium ferricyanide
and potassium ferrocyanide in darkness, but light-triggered
dissolution of Au by potassium ferrocyanide has been
observed. Given this, the preparation of Murakami's reagent
was conducted under minimal ambient light, and etching was
performed in complete darkness to prevent the evolution of
cyanide, which can attack Au. Consequently, the susceptibility
of Ti3C2 slabs to oxidation outweighs that of Au, which remains
negligible under the dark conditions employed in this study.

To prevent the coalescence of goldene layers and stabilize
them, Murakami's reagent was supplemented with various
surfactants such as CTAB, cysteine, and cysteamine. CTAB,
a common surfactant, forms a bilayer on the Au surface,
hindering the agglomeration of Au nanoparticles. Cysteine and
cysteamine, characterized by thiol and amine functional
groups, respectively, are utilized to stabilize and functionalize
planar gold surfaces. The thiol group of cysteine, when attached
to the Au surface, exhibits greater resistance to oxidation
compared to cysteine located further away from Au. Excess
cysteine and cysteamine, not reaching the Au surface, are prone
to oxidation by nascent oxygen, forming disulde by-products.
These larger disulde molecules are less likely to diffuse
between goldene layers during etching of the intercalated MAX-
phase host, while their affinity towards Au surfaces persists due
to the presence of amine functional groups. Consequently,
goldene layers are predominantly observed near the edges of
MAX phases where larger surfactants can penetrate between Au
layers. Observations through electron microscopy reveal gold-
ene layers exhibiting approximately 9% lattice contraction
compared to bulk gold. While atomistic simulations demon-
strate goldene's inherent stability in two dimensions, experi-
mental results indicate some degree of curling and
agglomeration. However, the addition of surfactants proves
effective in stabilizing the exfoliated goldene derived from Au-
intercalated MAX phases, thus mitigating these tendencies.
Further analysis utilizing X-ray photoelectron spectroscopy
(XPS) elucidates a notable shi in the Au 4f peak towards higher
binding energy (Eb) by 0.88 eV, providing valuable insights into
the electronic structure of the exfoliated goldene material.
5.7. Electrophoretic deposition (EPD)

The Electrophoretic deposition (EPD) method is known as
directed assembly, stands out for its array of advantages.
Notably, it possesses rapid processing capabilities and exhibits
remarkable versatility, accommodating various particle types
and substrates with ease.33–37 Additionally, its utilization
necessitates uncomplicated apparatus and entails straightfor-
ward application procedures. A standard EPD process for
fabricating 15 nm thin lms can be completed within a few
minutes, showcasing its efficiency. Moreover, the precision of
lm thickness is achievable through meticulous adjustment of
EPD parameters such as applied voltage, particle concentration,
5488 | Nanoscale Adv., 2024, 6, 5478–5510
and deposition duration. EPD has garnered recognition as
a versatile technique applicable to an extensive array of mate-
rials, spanning ceramic powders, metallic particles, polymers,
and semiconductor materials. Noteworthy studies by Shah
et al.38,39 have delved into the assembly of colloidal microcrystals
and liquid crystals under direct current electric elds, while
seminal work by Prieve et al.40,41 has contributed fundamental
theories underpinning nanoparticle EPD assembly. These
investigations underscore EPD's potential as a promising
avenue for generating nanomaterial patterns. However, despite
its promise, EPD's application in nanoscale assembly remains
a formidable challenge. While previous efforts have predomi-
nantly focused on depositing larger micrometer-scale particles,
endeavors to extend EPD to nanoscale assembly encounter
signicant hurdles. Brownian motion poses a substantial
impediment to precise particle deposition, while the inuence
of double layer effects on nanoparticle-surface interactions
further complicates the process. Additionally, the inability to
observe single nanoparticles during deposition exacerbates the
challenge of optimizing the assembly process.

Although seminal studies, such as those by Barbee et al.42

and Qian et al.,43 have demonstrated the feasibility of EPD in
depositing micrometer-scale particles into dened patterns,
achieving single nanoparticle resolution and orientational
control remains elusive as shown in Fig. 6. While reports
provide proof-of-concept for combining EPD with patterned
templates for particle assembly, scaling down to the nanoscale
presents formidable obstacles. Nonetheless, addressing these
challenges holds the potential for groundbreaking advance-
ments in nanomaterial assembly techniques.45 Heyou Zhang
et al.44 have demonstrated a highly efficient method for large
area assembly of single gold nanoparticles (spheres – 30 nm in
size and rods – <100 nm in length) into a prepatterned poly(-
methyl methacrylate) (PMMA)–indium tin oxide (ITO) template
via EPD. As a consequence of the pre-treatment applied to the
patterned substrate, the Au-NPs exhibited remarkable attributes
of selectivity and uniformity upon deposition.
5.8. In Situ reduction

One of the criticalmethods for enhancing the functionality of Au-
NPs is through the creation of well-ordered monolayers and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images of APTMS-functionalized structures: (a) MSTF and
(d) spin-coated MSN on silicon wafers. High and low-magnification
SEM images of (b and c) MSTF-Au and (e and f) MSN-Au, showing
dense gold nanoparticles in the mesopores. Reproduced from ref. 46
with permission from [ACS Publications], copyright [2016].
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controlled assemblies. In particular, the in situ reduction
assembly technique has emerged as a pivotal method for fabri-
cating these structures directly on various substrates, offering
numerous advantages such as uniformity, high surface coverage,
and enhanced stability. In situ reduction involves the chemical
reduction of gold precursors directly on the substrate surface,
leading to the formation of Au-NPs that are tightly bound and
well-distributed. This approach not only simplies the fabrica-
tion process but also ensures that the nanoparticles are formed
in a controlled manner, allowing for precise tuning of their size,
shape, and distribution. The resulting gold monolayers exhibit
excellent properties for applications in sensing, where the
uniformity and density of the nanoparticles are crucial for
achieving high sensitivity and specicity. Yi-WenWang46 recently
reported a novel method for growing wafer-sized continuous
mesoporous silica thin lms (MSTFs) with well-ordered perpen-
dicular nanochannels on various substrates, ranging from
hydrophobic to hydrophilic surfaces, which could be used as
a template for gold nanoparticle arrays. As shown in Fig. 7, By
utilizing these MSTFs, a new technique was developed to create
2D Au-NPs arrays atop mesoporous channels with 2 nm nano-
gaps through a straightforward chemical reduction process.

In addition to MSTFs, mesoporous silica nanoparticles
(MSNs) have also been employed as templates to fabricate
densely coated periodic Au arrays on their external surfaces.
These on-substrate mesoporous silica-templated gold nano-
particle arrays can be directly utilized for surface-enhanced
Raman spectroscopy (SERS) applications without the need for
transferring procedures, highlighting their practicality and
efficiency. Fig. 8 shows SEM images of APTMS-functionalized
structures: (a) MSTF and (d) spin-coated MSN on silicon
wafers; high and low-magnication images (b and c) of MSTF-
Au; and (e and f) MSN-Au, showing dense Au-NPs. Here, the
gold nanoparticle arrays on MSTF and MSN were labeled as
MSTF-Au and MSN-Au, respectively. Prior to gold reduction,
both APTMS-functionalized mesoporous materials exhibited
well-ordered mesostructures and fully accessible perpendicular
nanochannels (Fig. 8a and d). Aer gold reduction, MSTF-Au
(Fig. 8b) clearly shows periodic mesopores occupied by gold
nanoparticles. This method leverages periodic mesopores as
templates, resulting in centimeter-scale 2D gold nanoparticle
arrays with an ultrahigh density of hot spots.
Fig. 7 Experimental approach for employing mesoporous silica thin
film (MSTF) as a template to create gold nanoparticle arrays. Repro-
duced from ref. 46 with permission from [ACS Publications], copyright
[2016].

© 2024 The Author(s). Published by the Royal Society of Chemistry
The creation of Au-NP monolayers and arrays through in situ
reduction and templating techniques opens new avenues for
advanced sensing applications. In biosensors, these well-
ordered structures can signicantly enhance detection capa-
bilities by providing numerous active sites and improving signal
transduction. Furthermore, the ability to fabricate such arrays
on a wide range of substrates expands their applicability in
various elds, including environmental monitoring, medical
diagnostics, and food safety. Future research may focus on
further rening these techniques to achieve even greater control
over nanoparticle properties and exploring new template
materials to expand the range of possible applications. Addi-
tionally, integrating these gold nanoparticle assemblies with
other nanomaterials and exploring their synergetic effects could
lead to the development of next-generation multifunctional
devices. In summary, the advancements in Au-NP monolayer
fabrication and in situ reduction assembly techniques represent
a signicant step forward in nanotechnology, providing
powerful tools for creating highly functional materials with
broad application potential.

6. Applications of 2D monolayer of
Au-NPs
6.1. Memory systems

The realm of exible electronics has garnered signicant
attention due to their inherent advantages, such as being
Nanoscale Adv., 2024, 6, 5478–5510 | 5489
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Fig. 9 (a) Fabrication process for nanomemory devices and (b) the
circuit setup for probing a single Au-NP using conductive atomic force
microscopy (C-AFM). Reproduced from ref. 47 with permission from
[AIP Publishing], copyright [2020].
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lightweight, portable, and capable of bending. These properties
make them highly suitable for a diverse range of applications,
including large area displays, mobile phones, digital cameras,
potable media players, laptop computers, sensor arrays, and
radio frequency identication (RFID) tags. The effective imple-
mentation of exible electronic solutions in these elds
depends heavily on the development of non-volatile memory
systems that offer reliable data storage and low production
costs. In the eld of non-volatile memories, several types have
been investigated, each presenting unique features and chal-
lenges. These include ferroelectric memories, electret memo-
ries, resistive memories, and oating gate memories.
Particularly noteworthy are nano-oating gate ash memory
devices, which employ nanocrystals as charge trapping
elements. These devices are preferred due to their straightfor-
ward architecture, non-destructive readout capabilities, and
precise control over trap capacity.

Au-NPs are of particular interest for charge trapping in non-
volatile memory devices, owing to their exceptional chemical
stability and high work function. Numerous studies have
highlighted the potential of Au-NPs to enhance memory
performance. Despite these advancements, signicant chal-
lenges remain, such as the need for high voltage operation and
inadequate charge retention over extended periods. Over-
coming these challenges is crucial for the advancement of
exible electronics. One promising strategy involves the careful
selection of charge trapping sites and the optimization of
dielectric materials.47,48 By enhancing these components, it is
possible to improve the performance and reliability of non-
volatile memory devices. Continued research and develop-
ment in this area are vital to surmount current limitations and
fully exploit the potential of exible electronic technologies. The
impact of advancements in exible electronics extends beyond
consumer electronics, inuencing elds such as healthcare,
environmental monitoring, and wearable technology. For
example, exible sensors embedded in clothing can offer real-
time health monitoring, and bendable displays can lead to
innovative device designs. Thus, ongoing research and devel-
opment in exible electronics and related memory technologies
are poised to drive signicant technological progress across
various industries.

To further advance these technologies, it is essential to
create a high-quality nanoparticle monolayer and a dense
tunneling dielectric that can effectively isolate trapped charges
in discrete storage media, minimizing charge leakage. Addi-
tionally, a high dielectric constant (k) blocking layer is necessary
to reduce operating voltage and power consumption. Conse-
quently, developing a method to synthesize a well-dispersed
nanoparticle monolayer within a high-k dielectric layer is
crucial to prevent charge leakage. Moreover, it is imperative to
conduct all fabrication processes at low temperatures to meet
the requirements for constructing memory devices on exible
substrates. Given the importance of mechanical exibility in
exible electronics, the charging behavior of memory devices
under various bending conditions must be thoroughly investi-
gated and understood for future applications. Furthermore,
thermal modeling of organic devices is increasingly important
5490 | Nanoscale Adv., 2024, 6, 5478–5510
as these devices are integrated into more complex systems
where thermal-induced phenomena will play a signicant role.
Despite the importance of thermal properties in organic elec-
tronics, the thermal effects on the performance of organic
memory devices with Au nanoparticle oating gates have not
been systematically examined. Understanding the relationship
between memory window, retention time, and operating
temperature would be benecial for comprehending the charge
trapping mechanism. This knowledge is crucial for optimizing
the performance and reliability of these innovative memory
devices.

Ayman Rezk and colleagues47 have demonstrated a metal-
oxide-semiconductor (MOS) based nonvolatile memory
element that utilizes isolated Au-NPs as storage sites. This
innovative structure sandwiches the Au-NPs between amor-
phous aluminum oxide (Al2O3) thin lms, which are deposited
via atomic layer deposition to form the blocking and tunneling
layers. The current–voltage characteristics during write/erase
cycles were analyzed using conductive mode atomic force
microscopy (C-AFM), which probes one isolated nanoparticle at
a time. The consecutive voltage sweeps revealed a memory
window in the I–V characterization, with an average voltage
difference (DV) of 0.9 V at a reading current of 1.5 nA, indicating
stored charge within the Au-NP. This charge originates from the
AFM metal-coated probe. The results effectively demonstrate
the writing and erasing operations of the device by charging and
discharging a single Au-NP. Additionally, the underlying
physics is discussed in terms of electric eld enhancement due
to charge connement and its impact on conduction mecha-
nisms. The schematics of the process ow for the fabricated
nano memory devices and the circuit for probing a single Au-NP
using C-AFM are illustrated in Fig. 9.

A notable effect of electron injection and trapping in a single
Au-NP sandwiched between two ALD Al2O3 layers is observed
when a positive voltage sweep from 0 to +3 V is applied to the
substrate. A memory window of DV = 0.9 V is observed for two
consecutive voltage sweeps from −2 V to +3 V at a reading
current of 1.5 nA. Moreover, the device with the structure Au-
Tip/Al2O3/Au-NP/Al2O3/n-Si can be programmed and erased by
applying a positive sweep (0 to +3 V) and a negative sweep (0 to
−4 V), respectively. In contrast, the conventional MOS structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Comprehensive view and characteristics of the flexible
memory array. (a) Three-dimensional illustration: this panel presents
a three-dimensional representation of the flexible memory array,
showcasing its structural design and layout. (b) Output characteristics:
the output characteristics of the memory transistors in their pro-
grammed state are displayed here. The inset provides an optical image
of the flexible memory arrays, giving a visual confirmation of their
physical appearance and flexibility. (c) Energy diagram: this diagram
illustrates the energy levels and electron flow within the memory
transistor, detailing the charge trapping and release mechanisms that
underpin its operation. Reproduced from ref. 49 with permission from
[RSC Publishing], copyright [2013].
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without Au-NPs shows no charging effect; instead, an abrupt
current increase at an average set voltage of 3.2 V indicates
lament formation due to the movement of oxygen vacancies.
Finally, this single nanoparticle-based memory structure
demonstrates lower power consumption compared to tradi-
tional resistance-based memory devices. Fig. 10 illustrates the
energy band diagrams of the write/erase operations of the NP-
based memory, showing the energy levels for different mate-
rials under zero bias, charge injection in the Au-NP under
forward bias, and discharging of the Au-NP under negative bias.
This innovative approach paves the way for the development of
efficient, low power nano memory devices.

Ye Zhou et al.49 have conducted an in-depth investigation
into the strain and temperature-dependent memory effects of
organic memory transistors fabricated on plastic substrates,
under ambient conditions. In their study, an Au-NP monolayer
was prepared and embedded within an Al2O3 layer deposited
using atomic layer deposition, serving as the charge trapping
layer. Fig. 11 gives a comprehensive view and characteristics of
the exible memory array: (a) three-dimensional illustration, (b)
output characteristics and (c) energy diagram. These devices
demonstrated low operational voltage, reliable memory char-
acteristics, and extended data retention times. Experimental
analyses of the programming and erasing behaviors under
various bending conditions revealed a direct correlation
between strain and charging capacity.

Additionally, the study examined the thermal-induced
effects on these memory devices, noting that the mobility
increased by approximately 200%, and the memory window
expanded from 1.48 V to 1.8 V as the temperature increased
Fig. 10 Energy band diagram for NP-basedmemory operations: (a) energy levels of materials at zero bias, with no contacts and no charge in the
Au-NP. (b) Electron energy levels during charge injection into the Au-NP under positive bias. (c) Electron energy levels during discharge of the
Au-NP under negative bias. Diagrams (b) and (c) correspond to the dashed rectangle in (a). Reproduced from ref. 47 with permission from [AIP
Publishing], copyright [2020].
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Fig. 12 (a and b) Transfer characteristics of memory arrays under different strain conditions. Reproduced from ref. 49 with permission from [RSC
Publishing], copyright [2013].
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from 20 °C to 80 °C. Fig. 12 shows the schematic illustrations
and transfer characteristics of memory arrays under different
strain conditions. This improvement is attributed to thermally
activated charge transport. However, it was observed that the
retention capability of the devices diminished with rising
temperatures. These ndings enhance our understanding of the
performance of exible organic memory transistors under
diverse operational temperatures, highlighting their potential
applications in temperature sensors, temperature memory
devices, and advanced electronic circuits. Moreover, the low-
temperature processing techniques employed for creating the
Au-NP monolayer and the Al2O3 dielectric layer suggest that
these elements could be seamlessly integrated into large-area
exible electronics. This study not only validates the applica-
bility of such memory devices in various elds but also under-
scores the feasibility of incorporating them into exible, large-
scale electronic systems.

Su-Ting Han et al.50 introduced a straightforward technique
for fabricating microcontact printable Au-NPs charge trapping
layers with exceptionally high density, intended for application
in ash memory on exible polyethylene terephthalate (PET)
substrates. The method involved embedding a densely packed
monolayer of Au-NPs at the interface between 200 nanometer
(blocking layer) and 10 nanometer (tunneling layer) atomic
layer-deposited Al2O3, enabling controlled multilevel data
storage through external gate biasmanipulation. In comparison
to two reference memory devices featuring a oating gate
fabricated via thermal evaporation and electrostatic self-
assembly, the proposed approach yielded remarkable results.
It achieved the largest memory window (16.5 volts) and
comparatively prolonged retention time (105 seconds) attribut-
able to the abundant density of storage sites and minimal
lateral charge leakage. Fig. 13 displays the following: (a)
Transmission Electron Microscopy (TEM) image showcasing
10 nm Au-NPs coated with dichlorodiphenyltrichloroethane
(DDT). (b) UV-visible absorption spectra of Au NPs dispersed in
toluene. (c) Schematic illustration detailing the process of
forming an NPs array on a substrate. (d) Three-dimensional
schematic representation of the memory device architecture.
5492 | Nanoscale Adv., 2024, 6, 5478–5510
(e) Optical photograph capturing the fabricated exible memory
device. These ndings underscore the signicant potential for
integrating these devices into ash memory device scaling
efforts. Additionally, the memory device demonstrated robust
endurance properties (exceeding 1000 cycles) and mechanical
stability (over 500 bending cycles). Crucially, the method is
compatible with low-temperature processing, facilitating its
extension for the fabrication of large-area printed memories,
thereby opening avenues for scalable and exible memory
technologies.

On the other hand, oating-gate-based ash memory faces
signicant limitations with continuous device scaling, due to
issues such as increasing cell-to-cell interference, decreasing
coupling ratios, non-scalable tunneling oxide thickness, and
reduced tolerance for charge loss. As a result, active research
has been directed towards ash memory devices with discrete
charge trapping layers, such as silicon–oxide–nitride–oxide–
silicon (SONOS) devices and nanocrystal (NC)-based memory
devices, also known as nano-oating gate memory devices.
These technologies have garnered interest in the electronics
industry due to their superior endurance, smaller chip size, and
lower power consumption compared to traditional oating-gate
devices. For instance, Samsung Electronics has successfully
fabricated a 64 gigabit density SONOS-type ash memory device
using Si3N4 as the charge trapping layer. Despite this achieve-
ment, controlling the trap density and distribution in SONOS
devices remains challenging. These parameters are crucial in
determining the memory characteristics, particularly regarding
the programmed/erased bit distribution and data retention.
The variability in these factors can lead to issues with unifor-
mity and reliability, which are critical for high-density memory
applications.

In contrast, NC memory devices using semiconducting or
metallic nanocrystals offer a signicant advantage in control-
ling trap density and distribution. This control is achievable by
adjusting the process parameters during synthesis, allowing for
more precise engineering of the memory device characteristics.
Consequently, considerable research has focused on the
controlled synthesis of semiconducting or metallic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Presents: (a) TEM image of 10 nm Au NPs coated with DDT. (b) UV-visible absorption spectra of Au-NPs in toluene. (c) Schematic process
of forming NPs array on a substrate. (d) 3D schematic of the memory device architecture. (e) Optical photo of the fabricated flexible memory
device. Reproduced from ref. 50 with permission from [Wiley], copyright [2012].
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nanoparticles for non-volatile memory applications.
Researchers have developed various methods to synthesize
nanocrystals with controlled size, distribution, and composi-
tion, which directly inuence the electrical properties and
performance of the memory devices. Recently, there have been
numerous reports on the fabrication of NC-based memory
devices utilizing gold nanoparticles. Au-NPs are particularly
attractive for these applications due to their excellent chemical
stability, high electrical conductivity, and compatibility with
existing semiconductor fabrication processes.

Soo-Jin Kim et al.51 reported the development of controlled
Au-NP based nonvolatile memory devices utilizing pentacene
organic transistors and PMMA insulator layers. The memory
device conguration, n+Si gate/SiO2, included a blocking oxide
layer, polyelectrolytes, a tunneling dielectric layer, and Au
source-drain electrodes. These devices demonstrated excellent
programmable memory characteristics, including a notably
large memory window during programming and erasing oper-
ations. Fig. 14a shows the schematic device structure: this panel
illustrates the typical bottom-gate and top-contact conguration
of organic transistor-based nano-oating-gate memory devices.
The schematic shows the layout of the various layers, including
the organic semiconductor, dielectric layers, and the nano-
© 2024 The Author(s). Published by the Royal Society of Chemistry
oating-gate layer, providing a clear depiction of the device
architecture. Fig. 14b shows the program/erase characteristics:
this graph presents the program and erase characteristics of the
fabricated memory devices, demonstrating their ability to store
and erase data efficiently. The gure highlights key perfor-
mance metrics such as threshold voltage shis, which indicate
the success of programming and erasing operations. Reliability
was further conrmed through data retention tests, indicating
robust performance over time. The fabrication of the charge
trapping and tunneling layers employed straightforward
solution-based processes, specically dipping and spin-coating
techniques. Notably, the maximum processing temperature was
kept below 100 °C, making this method highly suitable for
applications in plastic and exible electronics. This approach
highlights the potential for integrating advanced memory
devices into next-generation exible and wearable electronic
systems.

These memory devices have demonstrated enhanced
performance, including improved data retention, faster
programming and erasing speeds, and lower power consump-
tion. Furthermore, NC-based memory devices are also being
explored for their potential in 3D memory architectures. 3D
memory stacking can signicantly increase storage density and
Nanoscale Adv., 2024, 6, 5478–5510 | 5493
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Fig. 14 (a) Device structure and (b) program/erase characteristics of organic transistor-based nano-floating-gate memory devices. Reproduced
from ref. 51 with permission from [AIP Publishing], copyright [2010].
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improve performance without a corresponding increase in the
footprint of thememory chip. The ability to precisely control the
placement and density of nanocrystals is crucial for the
successful implementation of 3Dmemory technologies, making
NC-based approaches highly promising. The advancements in
NC-based memory technology also open up possibilities for
integrating these devices into exible and wearable electronics.
The exibility and mechanical robustness of nanocrystal-based
memory devices make them suitable for applications in
emerging technologies, such as exible displays, wearable
health monitors, and other portable electronic devices.52–58 The
ability to fabricate memory devices on exible substrates
without compromising performance is a signicant step
forward in the development of next-generation electronic
devices. In conclusion, while oating-gate-based ash memory
faces several challenges with scaling, NC-based memory devices
offer a promising alternative with better control over trap
density and distribution, improved performance characteris-
tics, and potential for integration into advanced applications.
Ongoing research and development in this area continue to
push the boundaries of what is possible in non-volatile memory
technology, paving the way for more efficient, reliable, and
versatile memory solutions in the future.
6.2. Electrocatalysis

Redox enzymes present sustainable alternatives to noble metal
or inorganic catalysts, particularly in electrocatalytic-based
devices. However, before these biodevices can be commer-
cially viable, several signicant challenges must be addressed.
These include ensuring long-term stability and managing the
costs associated with enzyme production, which necessitate
fundamental studies of enzyme behavior at electrochemical
interfaces. Over the past two decades, considerable progress has
been made in developing interfaces capable of enhancing
catalytic currents and bioelectrode stability. Redox enzymes,
such as bilirubin oxidases (BOD) and laccase (LAC), have been
extensively studied for applications involving the oxygen
reduction reaction. Despite advancements, further optimiza-
tion is required to understand the relationships between
5494 | Nanoscale Adv., 2024, 6, 5478–5510
enzyme orientation, conformation, loading, and electroactivity.
A particularly intriguing question is the impact of enzyme–
enzyme neighboring interactions on electrocatalysis,
a phenomenon observed in vivo where protein crowding mini-
mizes deformation to unfolded states.

Previous research has highlighted that full coverage of bili-
rubin oxidase on gold electrodes does not necessarily result in
higher specic activity, demonstrating the intricate link
between electroactivity and enzyme surface coverage. Optimum
enzyme surface coverage, as demonstrated by McArdle et al.,59 is
crucial, as excessive coverage can lead to decreased activity.
Processes such as the rigidication of proteins and their
aggregation on electrode surfaces, oen overlooked, may
signicantly inuence the percentage of electroactive enzymes
and should be considered in bioelectrode design and optimi-
zation efforts. One effective strategy to regulate and adjust
enzyme surface coverage involves utilizing patterned surfaces
with specic enzyme immobilization. These surfaces can be
achieved through the formation of mixed self-assembled
monolayers (SAMs) composed, for instance, of thiols carrying
different functionalities. However, a challenge arises in effec-
tively partitioning the thiol functions on the surface to achieve
the desired enzyme coverage. Another widely adopted approach
is the controlled assembly of particles on electrode surfaces,
serving as functional units for modifying the electrode surfaces
for enzyme immobilization. These particles may originate from
biological sources, such as bacteriophage particles and DNA
origami scaffolds, which have been patterned on gold elec-
trodes to investigate their impact on bio electrocatalysis. Alter-
natively, metallic particles, particularly Au-NPs, are commonly
used. Numerous studies in the literature have reported
enhanced bio electrocatalytic oxygen reduction through the
immobilization of enzymes like LAC and BOD on electrodes
modied with various Au-NPs. Despite these advancements,
there are limited reports on patterned electrodes based on Au-
NPs aimed at controlling and varying enzyme coverage for bio
electrocatalysis. However, recent studies have explored novel
approaches such as utilizing nanosecond laser-treated and
heat-sintered gold lms for applications like ascorbate sensing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Au-film@ITO or AuNP@ITO electrode setup and its electrochemical behavior: (A) the electrode configuration, highlighting the electro-
accessible surface area defined by the Kepton mask. (B) A typical SEM image with dimensions provides visual insight into the electrode structure.
(C and D) Electrochemical modeling is overlaid on corresponding cyclic voltammograms (CVs). (E) The graph displays changes in bd upon
Myrothecium verrucaria bilirubin oxidase (Mv BOD) adsorption. Reproduced from ref. 60 with permission from [Frontiers], copyright [2020].
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and enzymatic glucose oxidation. Particularly, the latter work
emphasized the critical role of inter-enzyme agglomeration in
bio electrocatalysis and proposed spatial control of enzyme
immobilization as a means to overcome this challenge. These
innovative techniques offer promising avenues for advancing
the eld of bio electrocatalysis and developing more efficient
enzyme-based electrochemical devices.

Vivek Pratap Hitaishi and colleagues60 explored the interac-
tion between nanosecond laser pulses and nanometric gold
lms deposited on indium tin oxide (ITO) substrates, resulting
in the in situ generation of gold nanoparticles (Au-NP@ITO).
The study delves into the inuence of various parameters
such as gold lm thickness, laser energy, interaction time scale,
and pulse characteristics on the formation of nanoparticles. A
comprehensive analysis of Au-NP size, coverage, and the ratio of
total surface area to electroactive surface area is provided,
correlating these factors with the thickness of the treated gold
layer. Fig. 15 illustrates key aspects of the Au-lm@ITO or Au-
NP@ITO electrode setup and its electrochemical behavior.
Utilizing microscopy techniques alongside electrochemical
analyses, the research showcases the long-term stability of
AuNP@ITO electrodes under atmospheric conditions and in
electrolytic environments. Furthermore, the study evaluates the
adsorption of enzymes and subsequent bio electrocatalytic
activities following specic chemical modications of the Au-
© 2024 The Author(s). Published by the Royal Society of Chemistry
NPs. Of particular focus are two multicopper enzymes
(MCOs), namely, Myrothecium verrucaria BOD and Thermus
thermophilus LAC, chosen to demonstrate the efficacy of AuN-
P@ITO electrodes in bio electrocatalysis applications.
6.3. Electrochemical

The utilization of metal nanoparticles thin lms at electrode/
solution interfaces has emerged as a promising strategy for
functionalizing electrode surfaces and constructing nanoscale
devices. Among these nanoparticles, Au-NPs monolayers stand
out due to their unique properties, including high chemical
stability, biocompatibility, and their ability to bind amine/thiol
terminal groups of organic molecules. These characteristics
make Au-NPs highly attractive for a range of electrochemical
applications, including sensors, biosensors, and energy storage
systems. Several studies have explored the potential of Au-NP
monolayers in electrochemical applications. For instance,
Tian et al.61 have developed a straightforward and highly
reproducible method for immobilizing Au-NP monolayers of
varying sizes onto amine-terminated, activated boron-doped
diamond (BDD) substrates. This study details the preparation,
characterization, and electrochemical properties of BDD elec-
trodes modied with self-assembled colloidal Au-NP layers. The
method leverages the ability of Au-NPs to covalently bond with
Nanoscale Adv., 2024, 6, 5478–5510 | 5495
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Fig. 16 The self-assembly of Au-NPs onto BDD surfaces: (a) hydroxyl/oxide-terminated activated BDD surface, and (b) amine-terminated
activated BDD surface. Reproduced from ref. 61 with permission from [ACS Publications], copyright [2006].
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the lone pairs of terminals –NH2 groups in organic entities, with
these interactions being further enhanced by electrostatic
attraction between oppositely charged components. Fig. 16
illustrates the process of Au-NP self-assembly onto BDD
surfaces. Initially, (a) the BDD surface is activated to produce
a hydroxyl/oxide-terminated surface. Subsequently, (b) this
surface is further modied to generate an amine-terminated
activated BDD surface, facilitating the self-assembly of Au-
NPs. Surface properties were investigated which conrmed
that the Au-NP monolayers retained key characteristics of
individual particles, such as size-dependent (tunable) electro-
chemical behavior. Notably, the study found that the electro-
chemical behavior of Fe(CN)6

3−/4− on Au-NPs-BDD electrodes
became more reversible as the size of the Au-NPs decreased.
Fig. 17a SEM images of amine-terminated activated BDD
surfaces aer exposure to Au colloidal solutions for 6 hours;
AuNP sizes are approximately 15 nm. Fig. 17b presents cyclic
voltammograms (CVs) of 1 mM Fe(CN)6

3−/4− in 0.1 M Na2SO4,
obtained from: (a) as-grown BDD, (b) amine-terminated acti-
vated BDD, (c) BDD modied with a 15 nm Au-NPs monolayer,
Fig. 17 (a) SEM images of amine-terminated BDD surfaces exposed to 15
Na2SO4 at 50 mV s−1 for (a) as-grown BDD, (b) amine-terminated BDD, (
from ref. 61 with permission from [ACS Publications], copyright [2006].

5496 | Nanoscale Adv., 2024, 6, 5478–5510
and (d) BDD modied with a 40 nm Au-NPs monolayer. The
scan rate is 50 mV s−1. This method offers a valuable approach
to controlling the interfacial properties of diamond lms,
providing high durability and potential for developing innova-
tive biosensor congurations and electronic devices.

Hence, the incorporation of AuNP monolayers into electro-
chemical systems has opened up new possibilities for the
development of next-generation devices with enhanced func-
tionality and performance. Ongoing research and innovation
are expected to further expand the applications of Au-NP
monolayers, paving the way for new breakthroughs in energy
storage, environmental monitoring, and biomedical
diagnostics.
6.4. Biosensors

6.4.1. Cholesterol biosensor. Nandi Zhou et al.62 demon-
strated that Au-NP seeds could be adsorbed onto the surface of
a self-assembled monolayer (SAM)-modied electrode. When
this modied electrode was treated with an Au-NP growth
nm Au-NP solutions for 6 hours. (b) CVs of 1 mM Fe(CN)6
3−/4− in 0.1 M

c) 15 nm Au-NPs on BDD, and (d) 40 nm Au-NPs on BDD. Reproduced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution containing various concentrations of H2O2 or choles-
terol along with cholesterol oxidase (ChOx), the Au-NP seeds on
the electrode surface enlarged to various degrees. Conse-
quently, the peak currents in the cyclic voltammograms were
inversely proportional to the concentration of H2O2 or choles-
terol. Furthermore, ChOx was modied onto the surface of the
Au/SAM/Au-NP electrode, creating an Au/SAM/Au-NP/ChOx

electrode. This enzyme-modied electrode, used for cholesterol
detection, achieved an exceptionally low detection limit of 5 ×

10−9 M, with two linear dependence ranges of 7.5 × 10−8 to 1 ×

10−6 and 1 × 10−6 to 5 × 10−5 M. Additionally, it has been re-
ported that not only H2O2 but also NADH (NADPH), reduced
FAD-dependent enzymes with appropriate mediators, and even
some small active molecules can mediate the enlargement of
Au-NPs. Therefore, the sensor model introduced in this
research has potential applications across a broad range of
elds. This method could revolutionize the design and func-
tionality of biosensors, making them more versatile and effi-
cient for detecting a wide array of biochemical substances.

6.4.2. Enzyme biosensor. Byung-Wook Park et al.63 reported
the development of an enzyme biosensor matrix by modifying
the surface of a gold electrode with Au-NPs and mixed self-
assembled monolayers (SAMs). Horseradish peroxidase (HRP)
was immobilized on this modied surface to create a biosensor.
The study compared the Au-NP modied gold electrode and
a bare gold electrode in terms of surface area and electric
current using AFM and cyclic voltammetry (CV). The Au-NPs
adhered strongly to the gold electrode surface, showed
uniform distribution, and demonstrated high stability. A mixed
SAM was formed using dithiobis-N-succinimidyl propionate
(DTSP) and inert tetradecane-1-thiol (TDT) through a reductive
desorption technique. Fig. 18 shows the enzyme immobiliza-
tion methods: (a) SAM (Self-Assembled Monolayer): enzymes
are immobilized via a covalently bonded monolayer formed on
the electrode surface. (b) Direct adsorption: enzymes adhere
directly to the electrode surface through physical interactions.
(c) Polymer gel entrapment: enzymes are enclosed within
a polymer gel matrix applied to the electrode surface, offering
stability and protection. Cyclic voltammetry was used to verify
the formation of this mixed deposition. Initially, 3-mercapto-
propionic acid (MPA) and TDT were deposited at specic ratios,
Fig. 18 Enzyme immobilization methods: (a) SAM, (b) direct adsorp-
tion, and (c) polymer gel entrapment. Reproduced from ref. 63 with
permission from [Springer Nature], copyright [2010].

© 2024 The Author(s). Published by the Royal Society of Chemistry
followed by the desorption of MPA via electric potential appli-
cation. DTSP was then deposited in the areas where MPA had
been desorbed. The study examined ratios of 20 : 80 and 50 : 50
between MPA and TDT and discussed the differences in CV
responses. HRP immobilization on the mixed SAM surface
provided an effective method for stable enzyme attachment.
The presence of AuNPs enhanced electrochemical activity,
requiring minimal amounts of samples and enzymes while
preventing enzyme leakage due to the SAM matrix. Notably, the
mixed SAM exhibited unique CV characteristics compared to
single-molecule SAMs. The reaction kinetics of the SAM-
immobilized enzyme followed the Michaelis–Menten equa-
tion. The Michaelis–Menten reaction rate equation is given by:

I = {Imax[C]}/{Km + [C]} (9)

where (I) is the current measured, (I{max}) is the maximum
current at substrate saturation, (C) is the substrate concentra-
tion, and (Km) is the Michaelis constant. Kinetic parameters
were derived from the Lineweaver–Burke plot:

{1}/{Iss} = {Km}/{Imax [C]} + {1}/{Imax} (10)

By plotting 1/C versus 1/Iss, Km and Imax were determined to be
16.7 mMand 833.33 nA, respectively. The lowMichaelis constant
suggests minimal diffusion limitations within the AuNP-
modied electrode, and the high Imax indicates a signicant
number of immobilized enzymes. This study highlights the
importance of diffusion barriers commonly encountered in
enzyme-entrapped electrode matrices and demonstrates the
benecial measurement of Km and Imax values for the enzyme
biosensor.

6.4.3. Immunological biosensor. Mehmet Cetin Canbaz
et al.64 have introduced a novel immunological biosensor
designed for highly sensitive quantication of human
epidermal growth factor receptor-3 (HER-3). The biosensor was
constructed by sequentially layering the gold electrode surface
with hexanedithiol, gold nanoparticles, and cysteamine.
Through covalent attachment facilitated by glutaraldehyde,
anti-HER-3 antibody was immobilized onto cysteamine, serving
as the bioreceptor in this biosensor setup, a pioneering
approach in biosensor technology. Surface characterization was
conducted using electrochemical impedance spectroscopy and
voltammetry, revealing promising analytical performance in
detecting HER-3 concentrations ranging from 0.2 to 1.4 pg
mL−1. Additionally, the experimental impedance data under-
went Kramers–Kronig transform for further analysis. Notably,
the single frequency impedance technique was employed for
the rst time to characterize the interaction between HER-3 and
anti-HER-3 in an immunosensor system. This innovative
approach enables continuous and rapid measurements,
offering a cost-effective solution with the use of a simple
potentiostat. The biosensor was successfully tested on articial
serum samples spiked with HER-3, demonstrating its potential
for practical applications in biosensing. This study underscores
the versatility of single frequency impedance for various
biosensor applications, including monitoring and elucidating
Nanoscale Adv., 2024, 6, 5478–5510 | 5497
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slow time-dependent changes on biosensor surfaces, thus
advocating for its wider adoption in biosensor research and
development.65

6.4.4. Amperometric acetylcholinesterase (AchE) biosen-
sors. Amperometric enzymatic biosensors have emerged as
highly suitable tools for biochemical analysis, offering notable
attributes such as selectivity, sensitivity, rapid response,
compact size, and reproducibility. The amalgamation of enzy-
matic reactions with electrochemical methods has paved the
way for various enzyme-based electrochemical biosensors,
enabling sensitive and swi determination in environmental
analyses. Particularly, amperometric acetylcholinesterase
(AChE) biosensors have demonstrated efficacy in pesticide
analysis by detecting AChE inhibition, wherein enzymatic
activity serves as a gauge for pesticide quantication. A primary
challenge in developing sensitive and robust biosensors lies in
effectively immobilizing enzymes onto solid electrode surfaces.
Direct adsorption of enzymes onto bare gold surfaces oen
leads to denaturation and loss of bioactivity. SAMs of alka-
nethiols on gold substrates offer a straightforward approach to
creating well-dened surfaces with controllable chemical
functionality, serving as a foundation for surface modication.
These SAMs, when terminated with carboxylic groups, facilitate
further functionalization using carbodiimide chemistry for
biomolecule attachment, such as proteins, DNA, and anti-
bodies. SAMs act as barriers, preventing proteins and ligands
from contacting the metal surface. These stable, densely packed
SAMs on gold electrodes typically exhibit minimal defects and
high resistance to ion penetration, which may hinder electron
transfer between the electrode surface and electroactive species
Fig. 19 (a) Principle of Au-NPs acting as a mediator for electron transfe
mograms obtained from Au-NPs/Au (a) and bare Au (b) in 0.5 M H2SO4. Th
Reproduced from ref. 66 with permission from [Elsevier], copyright [200

5498 | Nanoscale Adv., 2024, 6, 5478–5510
in solution. To address these electron transfer challenges,
incorporating metal nanoparticles becomes essential. Metal
nanoparticles, including Au-NPs, offer benets such as rough-
ening the conductive sensing interface, catalytic properties, and
enhanced conductivity. Au-NPs, in particular, have gained
widespread use in fabricating electrochemical biosensors.
Electrochemical deposition stands out as a simple and
moderate method for Au-NP fabrication, enabling selective lm
deposition with controllable thickness. This electrochemical
approach provides a swi and straightforward alternative for
preparing Au-NP modied electrodes, facilitating rapid
biosensor development.

Dan Du et al.66 developed a comprehensive methodology for
the synthesis and functionalization of AuNPs on Au substrates,
optimizing each step for enhanced stability and biomolecule
immobilization efficiency. The in situ synthesis of Au-NPs
allowed for precise control over their size and distribution,
ensuring uniform coverage on the substrate surface. This
facilitated electron transfer across the SAMs, enhancing the
overall performance of the biosensor. Characterization tech-
niques such as contact angle measurement, cyclic voltammetry,
and electrochemical impedance spectroscopy provided detailed
insights into the surface properties and functionality of the
modied interface. Fig. 19a illustrates the principle of utilizing
Au-NPs as mediators for electron transfer across SAMs in the
design of AChE biosensors. The immobilization of AChE as
a model enzyme demonstrated excellent activity towards its
substrate, underscoring the efficacy of the biosensor design.
The stability of the AChE biosensor under optimal conditions
was particularly noteworthy, indicating the robustness of the
r across SAMs in the design of an AChE biosensor. (b) Cyclic voltam-
e inset shows cyclic voltammograms of 0.1% HAuCl4$4H2O reduction.
8].

© 2024 The Author(s). Published by the Royal Society of Chemistry
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immobilization strategy. Furthermore, the biosensor exhibited
a wide dynamic range for the detection of malathion,
a commonly encountered pesticide, with a low detection limit:
0.001 to 0.1 mg mL−1 and 0.1 to 25 mg mL−1, with a detection
limit of 0.001 mg mL−1, highlighting its potential for environ-
mental monitoring and pesticide residue analysis. Fig. 19b
compares cyclic voltammograms of Au-NPs/Au (a) and bare Au
(b) in 0.5 M H2SO4. Inset shows cyclic voltammograms of 0.1%
HAuCl4$4H2O reduction. The simplicity and reproducibility of
the developed method make it suitable for scalable biosensor
fabrication, offering promising avenues for widespread
deployment in analytical laboratories and eld applications.
Additionally, the versatility of the approach opens up possibil-
ities for the design of biosensors targeting various analytes
beyond malathion, addressing diverse environmental and
biomedical challenges. Further researchmay focus on exploring
the applicability of this biosensor platform in real-world
scenarios and optimizing its performance for specic analyt-
ical requirements.
Fig. 20 Preparation strategies for glucose oxidase biosensors using gold
Aucoll–Cyst/Cyst–AuE, (C) GOx/Cyst–nAu–GCE or GOx/MPA–nAu–GCE
[2005].

© 2024 The Author(s). Published by the Royal Society of Chemistry
M. L. Mena et al.67 conducted a comparative study on the
analytical performance of various enzyme biosensor designs,
specically focusing on different gold nanoparticle-modied
electrode surfaces. These biosensors utilized glucose oxidase
(GOx) and the redox mediator tetrathiafulvalene, coimmobilized
through crosslinking with glutaraldehyde. The designs tested
included: (i) colloidal gold (Aucoll) bound to cysteamine (Cyst)
monolayers self-assembled on a gold disk electrode (Au-E) and
(ii) glassy carbon electrodes (GCEs) modied with electro-
deposited gold nanoparticles (nAu). The performance of these
designs was compared with biosensors comprising GOx

immobilized on Cyst-modied AuE (GOx/Cyst–AuE) and mer-
captopropionic acid-modied AuE (GOx/MPA–AuE). Fig. 20.
Schemes displaying the strategies for the preparation of glucose
oxidase biosensor designs using different tailored gold
nanoparticle-modied electrode surfaces: (A) GOx/Aucoll–Cyst–
AuE: Glucose oxidase (GOx) immobilized on colloidal gold
(Aucoll) bound to a cysteamine (Cyst) self-assembled monolayer
on a gold disk electrode (AuE). (B) GOx/Aucoll–Cyst/Cyst–AuE:
nanoparticle-modified electrodes: (A) GOx/Aucoll–Cyst–AuE, (B) GOx/
. Reproduced from ref. 67 with permission from [Elsevier], copyright

Nanoscale Adv., 2024, 6, 5478–5510 | 5499
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GOx immobilized on colloidal gold (Aucoll) bound to a double
layer of cysteamine (Cyst) self-assembled monolayers on a gold
disk electrode (AuE). (C) GOx/Cyst–nAu–GCE or GOx/MPA–nAu–
GCE: GOx immobilized on gold nanoparticles (nAu) electro-
deposited on a glassy carbon electrode (GCE), with either
cysteamine (Cyst) or mercaptopropionic acid (MPA) self-
assembled monolayers. For the second design approach,
congurations included direct immobilization of GOx on nAu-
modied GCE (GOx/nAu–GCE), and on Cyst or MPA SAMs
bound to gold nanoparticles (GOx/Cyst–nAu–GCE or GOx/MPA–
nAu–GCE, respectively). Analytical characteristics of glucose
calibration plots and kinetic parameters of enzyme reactions
were evaluated for all biosensors. The GOx/Aucoll–Cyst–AuE
design demonstrated higher sensitivity for glucose determina-
tion than GOx/Cyst–AuE and GOx/Aucoll–Cyst/Cyst–AuE, and
similar sensitivity to GOx/MPA–AuE. Furthermore, the GOx/
Aucoll–Cyst–AuE biosensor exhibited a notably longer useful
lifetime of 28 days, signicantly surpassing the other GOx

biosensor designs. This study highlights the impact of gold
nanoparticle modication on enhancing the performance and
longevity of enzyme biosensors.

Fabiana Arduini et al.68 developed a mono-enzymatic AChE
amperometric biosensor aimed at detecting organophosphate
compounds. The biosensor was constructed by immobilizing
the AChE enzyme using glutaraldehyde on a preformed cyste-
amine SAM on gold-screen printed electrodes (Au-SPEs). Fig. 21
shows a schematic of the assembly of the AChE biosensor.
Enzymatic activity was monitored by measuring the product,
thiocholine, at an applied potential of +400 mV vs. Ag/AgCl,
using ferricyanide as an electrochemical mediator. The elec-
trocatalytic activity of ferricyanide towards thiocholine was
investigated using the Nicholson–Shain method, revealing
a second-order homogeneous rate constant (ks) of ((5.26 ± 0.65)
× 104) M−1 s−1. To optimize the sensitivity of the biosensor,
various parameters were adjusted, including the concentration
of cysteamine, the duration of SAM deposition, and the
concentration of AChE. Using paraoxon as a model compound,
the biosensor demonstrated a linear detection range up to 40
parts per billion (ppb) with a detection limit of 2 ppb, corre-
sponding to 10% inhibition. The effectiveness of the biosensor
was validated using drinking water samples, indicating its
potential as a practical analytical tool for detecting organo-
phosphorus insecticides.
Fig. 21 Assembly process of the AChE biosensor. Reproduced from
ref. 68 with permission from [Elsevier], copyright [2013].

5500 | Nanoscale Adv., 2024, 6, 5478–5510
6.4.5. DNA electrochemical biosensor. In recent years, DNA
electrochemical biosensors have garnered signicant attention
for their sensitive, accurate, and cost-effective applications in
various elds such as medical diagnostics, clinical genetics,
forensics, and environmental monitoring. The key challenge in
developing these biosensors lies in achieving stable immobili-
zation of probe single-stranded DNA (ssDNA) and ensuring
accessibility of the target DNA to the immobilized probe DNA on
the electrode surface. The amount and molecular orientation of
the immobilized probe ssDNA signicantly impacts the
biosensor's performance. To address this challenge, various
immobilization strategies have been proposed, aiming to
improve the stability of the DNA-transducer surface linkage,
increase the amount of immobilized DNA, and simplify the
immobilization procedure. Au-NPs have emerged as a versatile
nanomaterial for enhancing the performance of DNA or protein
biosensors. Self-assembly of Au-NPs on electrode surfaces can
be achieved using bi-functional chemical linking agents like
1,6-hexanedithiol or cysteamine. However, these methods oen
result in insulated monolayers on the electrode surface,
hindering efficient electron transfer between Au-NPs and the
electrode. Therefore, there is a need for novel strategies to
immobilize Au-NPs effectively, ensuring good electrical
conductivity and electron transfer ability in biosensor fabrica-
tion. Diazonium organic salts have been widely utilized for
surface derivatization of various metal and semiconductor
materials. Diazonium-functionalized electrodes offer the
advantage of covalent bonding with phenolic, imidazole, or
amino groups, enabling diverse surface modications. Feng Li
et al.69 research proposes a novel strategy for Au-NPs assembly
on electrode surfaces, followed by its application in DNA elec-
trochemical biosensors. Fig. 22 schematically represents the
fabrication processes of DNA biosensor. Initially, 4-amino-
thiophenol (4-ATP) is self-assembled on the gold electrode via
an Au–S bond. Subsequent diazotization of the amine group
with nitrous acid yields a mercapto-diazoaminobenzene
monolayer-modied electrode. This monolayer facilitates the
assembly of Au-NPs on the electrode surface via thiol groups,
improving electron transfer ability due to its large, conjugated
structure. The fabricated DNA biosensor exhibits excellent
sensitivity, selectivity, and regeneration ability, as determined
by differential pulse voltammetry using Co(phen)33+ as an
electrochemical indicator. The biosensor demonstrates a linear
detection range for complementary target DNA with a low
detection limit of 9.10 × 10−11 M, offering a facile and effective
approach for Au-NPs modication and DNA electrochemical
biosensor fabrication.

Subramanian Balamurugan et al.70 conducted a study aimed
at optimizing the specicity of aptamer-based SAMs supported
on gold surfaces for highly specic interactions with thrombin
protein. By investigating various linkers and coadsorbents, they
sought to maximize target binding while ensuring specicity.
Using thrombin-binding aptamers as models, different mixed
monolayer systems were compared to enhance binding and
selectivity. Their ndings, measured via surface plasmon reso-
nance (SPR) and ellipsometry, revealed that the aptamer SAMs'
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Fabrication of DNA biosensor. Reproduced from ref. 69 with permission from [Elsevier], copyright [2005].
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binding performance was primarily inuenced by the linker,
with the coadsorbent playing a secondary role. SAMs con-
structed with HS-(CH2)6-OP(O)2O-(CH2CH2O)6-TTTTT-aptamer
exhibited a fourfold increase in binding capacity compared to
those without this modication. As shown in Fig. 23, highly
target-specic biosensing surfaces were created via aptamer
monolayers on Au-NPs. Moreover, SAMs incorporating this
linker demonstrated nearly complete specicity for thrombin
over bovine serum albumin (BSA), indicating less than 2% non-
specic binding. Interestingly, regardless of the aptamer-linker
system used, the addition of HS-(CH2)11(OCH2CH2)3OH, known
as EG3, as a coadsorbent signicantly enhanced thrombin
binding by approximately 2.5-fold compared to HS-(CH2)6-OH
(mercaptohexanol, MCH). These ndings underscore the
importance of linker and coadsorbent selection in optimizing
the specicity and sensitivity of aptamer-based SAMs, offering
valuable insights for the development of highly specic bio-
sensing platforms.
Fig. 23 Creating highly target-specific biosensing surfaces via aptamer
[Elsevier], copyright [2013].

© 2024 The Author(s). Published by the Royal Society of Chemistry
6.4.6. Glucose biosensor. The utilization of Au-NPs in
biosensors allows for enhanced sensitivity and selectivity,
making them ideal for detecting various biomolecules and
analytes with high precision. One of the primary benets of Au-
NPs in biosensors is their ability to facilitate efficient electron
transfer, which is crucial for the accurate detection of target
molecules. SAMs of Au-NPs can be tailored to possess specic
functional groups that enhance the binding of enzymes, anti-
bodies, or nucleic acids, thereby improving the biosensor's
overall performance. The integration of Au-NPs with SAMs on
electrode surfaces has been shown to create well-organized and
stable platforms for biomolecule immobilization, which is
essential for developing reliable and reproducible biosensors.
The self-assembly process of Au-NPs onto electrode surfaces can
be achieved through various methods, including the use of
bifunctional chemical linkers, electrochemical deposition, and
polymerization techniques. These methods allow for the precise
control of the Au-NPs' size, distribution, and density on the
monolayers on AuNPs. Reproduced from ref. 70 with permission from

Nanoscale Adv., 2024, 6, 5478–5510 | 5501
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Fig. 24 Fabrication process of the SPR biosensor: formation of 1,10-
DDT SAM on gold, chemisorption of Au-NP to 1,10-DDT SAM,
immobilization of BSA on AuNP. Reproduced from ref. 73 with
permission from [Elsevier], copyright [2009].
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electrode surface, which in turn inuences the biosensor's
analytical performance.

Xia Zhong et al.71 reported the development of a novel
glucose biosensor fabricated by self-assembling a double-layer
2D-network of (3-mercaptopropyl)-trimethoxysilane (MPS),
gold nanoparticles, and glucose oxidase (GOD) on a gold
substrate. The fabrication process involved several key steps:
a clean gold electrode was immersed in an MPS solution to
produce a self-assembled monolayer. Subsequently, the silane
units were polymerized into a 2D-network by dipping the elec-
trode into an aqueous NaOH solution. A second silane layer was
formed by immersing the electrode back into the MPS solution
overnight. Gold nanoparticles were then chemisorbed onto the
thiol groups of the second silane layer, followed by the
adsorption of GOD onto the surface of the gold nanoparticles.
This multi-layered modication process was characterized by
using electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV), which conrmed the successful assembly
and functionality of the biosensor. The analytical parameters,
such as pH and temperature, were optimized to achieve the best
performance. The modied electrode demonstrated an excel-
lent electrocatalytically response to glucose in the presence of
Co(byp)33+ as a mediator. The peak currents were proportional
to the glucose concentration in the range of 4.00 × 10−10 to 5.28
× 10−8 M, with a correlation coefficient of 0.99, indicating high
sensitivity and a broad detection range. Moreover, the modied
electrode exhibited good stability and sensitivity, making it
a promising tool for glucose monitoring. Overall, the integra-
tion of Au-NP monolayers in biosensor designs represents
a signicant advancement in the development of highly sensi-
tive and reliable biosensors. The unique properties of Au-NPs,
combined with their ease of functionalization and strong
binding capabilities, make them ideal candidates for a wide
range of biosensing applications, including medical diagnos-
tics, environmental monitoring, and food safety testing.

6.4.7. Surface plasmon resonance biosensor. Au-NP
monolayers have emerged as a pivotal element in the advance-
ment of surface plasmon resonance (SPR) biosensors. These
biosensors harness the unique optical properties of Au-NPs to
detect biomolecular interactions with high sensitivity and
specicity. SPR biosensors are widely used in various elds,
including medical diagnostics, environmental monitoring, and
food safety, due to their ability to provide real-time, label-free
detection of analytes. SAMs of organosulfur compounds such
as thiols, suldes, and disuldes on coinage metals like copper
(Cu), silver (Ag), and gold (Au) are fundamental to the
construction of these biosensors. These SAMs are easy to
prepare and have diverse applications, ranging from medicine
to microelectronics. Grabar et al.72 demonstrated that Au-NPs
can form strong covalent bonds with SAMs through functional
groups such as cyanide (CN), amine (NH2), or thiol (SH). This
capability is particularly useful in sensor device fabrication,
where SAMs derived from thiol compounds are oen used as
insulators. In biosensor applications, the high selectivity of
biomolecules—such as antibodies, receptors, enzymes, and
nucleic acids—is crucial. These biomolecules, or capture
molecules, are typically immobilized on or near the transducer
5502 | Nanoscale Adv., 2024, 6, 5478–5510
surface to maintain their biological activity. Effective immobi-
lization strategies are essential to ensure that the biological
components remain functional and capable of interacting with
their target analytes. Surface plasmon resonance (SPR) is
extensively used to characterize the formation of monolayers or
thin lms on metal supports. SPR can monitor the adsorption
of proteins and other biomaterials on metal surfaces, providing
insights into biomolecular interactions. SPR biosensors have
become indispensable for characterizing and quantifying these
interactions, and their development for detecting chemical and
biological species has gained signicant momentum.
Numerous studies have reported the use of SPR biosensors in
detecting analytes pertinent to medical diagnostics, environ-
mental monitoring, and food safety.

E. M. S. Azzam et al.73 reported the fabrication of an SPR
biosensor designed for the detection of the model protein
bovine serum albumin (BSA). The process began with a gold
substrate on which a 1,10-decanedithiol (1,10-DDT) SAM was
grown. This SAM facilitated the chemisorption of Au-NPs, to
which the protein was nally adsorbed, as illustrated in Fig. 24.
This method leverages the strong covalent bonds between Au-
NPs and the SAM, creating a stable and effective platform for
protein immobilization. The integration of Au-NPs into SPR
biosensors signicantly enhances their performance. Starting
with a gold substrate, a self-assembledmonolayer (SAM) of 1,10-
decanedithiol (1,10-DDT) is developed to enable the chemi-
sorption of Au-NPs. The protein is then absorbed onto the Au-
NPs, as shown in Fig. 24. Au-NPs increase the local refractive
index changes upon biomolecular binding, thereby improving
the sensitivity of the SPR signal. This enhancement allows for
the detection of lower concentrations of analytes, making Au-
NP-modied SPR biosensors particularly useful for applica-
tions requiring high sensitivity. The use of SAMs in conjunction
with AuNPs provides a versatile and robust approach for the
development of SPR biosensors. This combination allows for
precise control over the surface chemistry and the spatial
arrangement of capture molecules, leading to improved
biosensor performance. The ability to tailor the surface prop-
erties of the biosensor through SAMs and Au-NPs makes this
approach adaptable to a wide range of applications. In conclu-
sion, the integration of gold nanoparticle monolayers into SPR
biosensors represents a signicant advancement in biosensor
technology. The unique properties of Au-NPs, combined with
the versatility of SAMs, enable the development of highly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Diagrammatic representation of the self-assembled multilayer
system used for studying biomolecular binding. Reproduced from ref.
72 with permission from [ACS Publications], copyright [1995].
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sensitive, specic, and reliable biosensors. This technology
holds great promise for enhancing the capabilities of SPR
biosensors.

6.4.8. Optical biosensors. The development of optical
biosensors has seen remarkable progress due to their wide-
ranging applications in detecting various biological molecules
such as glucose, DNA, Escherichia coli, and proteins. These
biosensors offer high sensitivity, accuracy, and rapid response,
making them invaluable tools in medical diagnostics, envi-
ronmental monitoring, and food safety. Noble metal nano-
particles, particularly gold (Au), have garnered signicant
attention in the eld of optical biosensors because of their
unique, size-dependent optical properties. These nanoparticles
exhibit a strong UV-vis absorption band that is absent in the
bulk metal. This absorption band appears when the incident
photon frequency resonates with the collective excitation of
conduction electrons. The UV-vis spectrum of nanoparticles
correlates with their size, shape, interparticle spacing, and the
dielectric properties of their local environment, including the
substrate, solvent, and adsorbates. Au-NPs are especially
notable for their ability to form SAMs on various substrates.
This capability is exploited in biosensor design to create stable
and functional interfaces for biomolecule immobilization. The
work of Katherine C. Grabar et al.72 demonstrated that gold
colloids could be self-assembled onto a functionalized glass
surface, resulting in an optically transparent monolayer stabi-
lized by strong colloid-surface electrostatic interactions. Further
studies showed that these immobilized gold colloid monolayers
are sensitive to changes in the refractive index of the
surrounding solvent and can be used to detect biomolecular
interactions. For instance, Okamoto et al.74 demonstrated that
the absorbance of an immobilized monolayer of gold colloids is
sensitive to the refractive index of the surrounding solvent. Nath
and Chilkoti later used an immobilized colloidal Au monolayer
to investigate biotin–streptavidin interactions. Kitano's group
prepared gold biosensors modied with a self-assembled
monolayer of a glucose-carrying polymer chain for the detec-
tion of Concanavalin A (Con A), demonstrating real-time
biomolecular interaction detection.

Caixin Guo et al.75 reported an improved method for
detecting Concanavalin A (Con A) using label-free optical
biosensors. In their approach, 1-dodecanethiol (DDT) was self-
assembled onto gold nanoparticles deposited on glass slides,
followed by the insertion of glycolipid molecules into the DDT
layer through physical interactions. The recognition between
Con A and the carbohydrate was observed using UV-vis spec-
trophotometry. When Con A bound to the sugar residues of the
glycolipids immobilized on the nanogold slides, a shi in the
absorption spectrum was detected, whereas no spectrum
change was observed with nonspecic proteins. This self-
assembled bilayer structure on nanogold substrates exhibited
very high sensitivity for Con A, with a minimum detection
concentration of 0.1 nM. Fig. 25 illustrates a schematic depic-
tion of the self-assembled multilayer system used to study
biomolecular binding. The simplicity and sensitivity of this
biosensor architecture highlights the potential of nanogold
applications in biosensors. The self-assembled bilayer structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
not only offers ultra-sensitivity for investigating carbohydrate–
lectin interactions but also simplies the biosensor fabrication
process, eliminating the need for time-consuming organic
syntheses required for other receptor immobilizations.76–82 In
summary, gold nanoparticle monolayers play a crucial role in
enhancing the performance of optical biosensors. Their unique
optical properties, coupled with the ability to form stable and
functional self-assembled monolayers, make them ideal for
various biosensing applications.83–94 The integration of Au-NPs
into biosensor designs has led to signicant advancements in
sensitivity, specicity, and simplicity, paving the way for inno-
vative applications in medical diagnostics, environmental
monitoring, and beyond.95–102 The continuous development and
renement of these nanomaterial-based biosensors holds great
promise for the future of biosensing technology.103–112

Michael Himmelhaus and Hiroyuki Takei113 presented
a novel approach where cap-shaped gold nanoparticles were
generated by evaporating gold onto a dense monolayer of
randomly adsorbedmonodisperse polystyrene (PS) spheres with
a diameter of 110 nm. The resulting sample displayed
a substantial extinction coefficient of optical density, measuring
2.4 with a bandwidth of 100 nm in the visible region. Interest-
ingly, the position of the extinction peak was found to have
a linear dependency on the refractive index of the surrounding
environment. This innovative device demonstrated remarkable
sensitivity at the sub-monolayer level, as evidenced by its
successful detection of octadecanethiolate monolayer forma-
tion and biotin/avidin binding. These ndings hold signicant
promise for the development of cost-effective optical biosensors
capable of mass parallel detection. Such biosensors have the
potential to revolutionize various elds by offering highly
sensitive and inexpensive detection methods on a large
scale.114–127

7. Current challenges

The current challenges in the synthesis, properties, and appli-
cations of 2D monolayers of Au-NPs represent a dynamic and
rapidly evolving frontier in nanomaterials research. Despite the
substantial advancements achieved in recent years, several
persistent challenges continue to hinder the widespread
Nanoscale Adv., 2024, 6, 5478–5510 | 5503
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utilization of these materials across various elds. One of the
primary challenges lies in the development of efficient, scalable,
and environmentally friendly synthesis techniques. Current
synthesis routes for Au-NP monolayers oen involve complex
procedures or require harsh conditions, limiting their applica-
bility and scalability. Additionally, controlling the size and
stability of Au-NPs is crucial for their practical utilization.
Achieving uniformity in nanoparticle size and ensuring their
stability over time presents signicant difficulties, as control-
ling factors such as nucleation, growth, and aggregation during
synthesis processes requires further optimization. Surface
functionalization of Au-NPs is another critical area that pres-
ents challenges. Tailoring the surface chemistry of Au-NPs to
impart specic properties and functionalities is essential for
their application in diverse elds. However, achieving stable
and uniform functionalization while preserving nanoparticle
integrity, particularly in complex environments, remains
a formidable task. Furthermore, the development of advanced
characterization techniques capable of accurately probing the
structural, morphological, and chemical properties of Au-NP
monolayers at the nanoscale is a pressing need. Current char-
acterization methods oen face limitations in terms of resolu-
tion, sensitivity, or specicity, making it difficult to fully
understand and exploit the properties of these materials.

Integrating Au-NP monolayers into practical devices and
systems while maintaining their functionality and stability
poses additional challenges. This requires careful consideration
of interface engineering, compatibility with other materials,
and ensuring long-term performance under operating condi-
tions. Understanding the interfacial phenomena between Au-
NP monolayers and their surroundings, including interactions
with solvents, substrates, and biomolecules, is crucial for opti-
mizing their performance in diverse applications. However,
elucidating these complex interfacial phenomena remains
a signicant challenge. Scalability and reproducibility are also
major concerns. Developing scalable synthesis methods that
can produce Au-NP monolayers with reproducible properties is
essential for large-scale applications. Unfortunately, many
existing techniques are limited in terms of batch-to-batch
reproducibility and scalability, which hampers their adoption
in industrial processes. Additionally, ensuring the long-term
chemical and physical stability of Au-NP monolayers is vital
for their practical applications, especially in harsh environ-
ments or biological systems. Challenges such as nanoparticle
aggregation, oxidation, and degradation over time pose signif-
icant hurdles to maintaining the stability of these materials.
The tunability of surface plasmon resonance (SPR) properties is
another critical challenge. Harnessing the unique optical
properties of Au-NPs, such as SPR, for various applications
requires precise control over nanoparticle size, shape, and
interparticle spacing. Achieving tunable SPR properties while
maintaining monolayer integrity is a complex task that neces-
sitates further research and innovation. Moreover, exploiting
Au-NP monolayers for biomedical applications requires a thor-
ough assessment of their biocompatibility and potential
toxicity. Understanding their interactions with biological
systems, minimizing nonspecic binding, and ensuring
5504 | Nanoscale Adv., 2024, 6, 5478–5510
minimal cytotoxicity and immunogenicity are all critical
considerations.

The design of Au-NP monolayers with multifunctional
capabilities, such as simultaneous imaging, sensing, and ther-
apeutic functionalities, presents additional challenges. Inte-
grating diverse functionalities while preserving monolayer
stability and specicity requires innovative design strategies.
Moreover, addressing the environmental impact of Au-NP
synthesis and disposal is crucial for sustainable nanotech-
nology. Developing green synthesis approaches, minimizing
waste generation, and enhancing recyclability are essential
considerations for mitigating the environmental concerns
associated with these materials. Finally, the establishment of
standardized protocols for Au-NP monolayer synthesis, char-
acterization, and application is necessary for ensuring consis-
tency, comparability, and safety across different research
studies and industrial processes. The development of regulatory
frameworks that keep pace with the advancements in this eld
is also essential to address safety and ethical considerations.
Furthermore, enhancing the cost-effectiveness and accessibility
of Au-NP monolayers is vital for their widespread adoption
across diverse sectors. Reducing production costs, improving
material efficiency, and streamlining fabrication processes are
necessary steps to democratize the use of these materials.
Addressing these challenges will require interdisciplinary
efforts spanning chemistry, materials science, physics, and
engineering. By overcoming these obstacles, the eld of Au-NP
monolayers can realize its full potential in revolutionizing
applications ranging from healthcare and diagnostics to envi-
ronmental remediation, energy storage, catalysis, sensing,
imaging, drug delivery, and energy conversion.

8. Practical challenges and limitations

Au-NPs monolayers encounter several practical challenges and
limitations across their diverse applications. In biosensors,
stability remains a signicant concern as Au-NPmonolayers can
degrade over time and under varying environmental conditions
like pH and temperature, potentially impacting sensor perfor-
mance and reliability. Achieving consistent monolayer forma-
tion is oen challenging, leading to variability in sensor
responses. Additionally, ensuring selective binding of target
molecules while minimizing non-specic interactions requires
precise control, and integrating Au-NP monolayers into prac-
tical biosensor devices necessitates compatibility with other
materials and processes. For electrochemical applications,
uniform monolayer formation on electrode surfaces is critical
but challenging due to variations in particle size and shape.
These variations can affect the electrical conductivity of the Au-
NP monolayers, inuencing the efficiency of electrochemical
reactions. The long-term stability of these monolayers under
operational conditions, such as cycling and potential uctua-
tions, is also a concern, as it affects the overall durability and
performance of electrochemical devices. In electrocatalysis, the
catalytic activity of Au-NP monolayers can be constrained by
factors such as particle size, shape, and coverage. These factors
can impact the effectiveness of catalytic processes. Scaling up
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the synthesis of Au-NP monolayers and ensuring their consis-
tent performance for large-scale electrocatalytic applications
presents additional challenges. Furthermore, the durability of
Au-NP monolayers under harsh operating conditions, such as
high currents and aggressive chemical environments, is critical
for sustained catalytic activity. For memory systems, integrating
Au-NP monolayers requires precise control over nanoparticle
placement and alignment, which can be technically
demanding. Stability over the operational lifetime of memory
devices is essential for reliable performance, and achieving
large-area, uniform monolayers involve addressing issues
related to consistency and cost. Additionally, the integration
process must ensure that the Au-NP monolayers function
effectively within the complex architectures of memory devices.
Overall, challenges such as the high cost of synthesis, fabrica-
tion complexity, and the environmental impact of gold mining
and nanoparticle disposal need to be addressed. High-quality
synthesis and deposition methods must be optimized, and
strategies for enhancing stability and reproducibility must be
developed. Additionally, ensuring compatibility with practical
device requirements and considering environmental sustain-
ability are crucial for advancing the application of Au-NP
monolayers in various technologies.

9. Future prospects

The future prospects of Au-NP monolayer synthesis, properties,
and applications are promising, given the rapid advancements
in nanotechnology and materials science. Continued research
and innovation are expected to address current challenges and
unlock new opportunities across various elds. Future devel-
opments in Au-NPmonolayer synthesis will likely focus onmore
precise, scalable, and cost-effective methods. Techniques such
as microcontact printing, laser ablation, and chemical vapor
deposition (CVD) may be further rened to produce uniform
and stable monolayers. The use of greener synthesis
approaches, minimizing the use of harmful solvents and
reducing waste, will also become increasingly important.
Advancements in understanding the fundamental properties of
Au-NP monolayers will enable the design of materials with
highly specic and tunable properties. Researchers are expected
to develop methods to the ordered structure of Au NPs in the
monolayer lm (reducing the defects in the Au NPs in the
monolayer lm). This will be crucial for applications in sensors,
catalysis, and electronics. The use of ligand exchange reactions
to modify the surface chemistry of Au-NPs can lead to tailored
functionalities and improved performance in specic applica-
tions. Improving the long-term stability and durability of Au-NP
monolayers will be a key focus area. Innovations in surface
modication techniques, such as the use of protective coatings
and stabilizing ligands, will help prevent nanoparticle aggre-
gation and oxidation. This will be particularly important for
applications in harsh environments and in biomedical devices.
The biocompatibility and unique optical properties of Au-NP
monolayers make them ideal candidates for biomedical appli-
cations. Future research will likely explore their use in targeted
drug delivery, imaging, and diagnostic applications.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Functionalizing Au-NPs with specic biomolecules will
enable highly selective interactions with biological targets,
enhancing the efficacy and safety of therapeutic interventions.
Au-NP monolayers hold signicant potential for environmental
remediation and energy-related applications. Future research
may focus on developing highly efficient catalysts for water
purication, carbon capture, and renewable energy conversion
processes. The integration of Au-NP monolayers into solar cells
and fuel cells could lead to signicant improvements in their
performance and efficiency. The development of multifunc-
tional devices incorporating Au-NP monolayers will be a major
area of growth. These devices could combine sensing, imaging,
and therapeutic functions into a single platform, enabling new
approaches to disease diagnosis and treatment. The versatility
of Au-NPs will also allow for their integration into exible and
wearable electronics, opening up new possibilities for person-
alized healthcare. As the use of Au-NP monolayers expands,
establishing standardized protocols for their synthesis, char-
acterization, and application will be essential. Regulatory
frameworks will need to evolve to address safety, ethical, and
environmental considerations associated with the production
and use of nanomaterials. Ensuring consistency and safety will
be critical for gaining public trust and facilitating widespread
adoption. Theoretical and computational studies will play
a vital role in guiding experimental efforts and understanding
the behavior of Au-NP monolayers at the atomic level. Density
functional theory (DFT) and molecular dynamics simulations
can provide insights into the electronic structure, stability, and
reactivity of Au-NPs, helping to predict and optimize their
properties for various applications. In summary, the future of
Au-NP monolayers is bright, with numerous opportunities for
innovation and application across diverse elds. Continued
research and collaboration among scientists, engineers, and
policymakers will be crucial for overcoming current challenges
and realizing the full potential of these versatile nanomaterials.

10. Conclusions

In summary, the eld of 2D Au-NP monolayers presents
a vibrant and rapidly evolving landscape, driven by a profound
understanding of the underlying chemistry and the interplay of
various interactions. Electrostatic forces, van der Waals attrac-
tions, and ligand-mediated stabilization are pivotal in directing
the self-assembly of Au-NPs into robust and functional mono-
layers. The size and shape of nanoparticles play crucial roles in
determining the structural and functional properties of these
monolayers, inuencing their formation and stability across
different interfaces. The diverse applications of Au-NP mono-
layers in memory devices, biosensors, and electrocatalysis
underscore their versatility and potential to revolutionize these
elds. Their exceptional electron transport properties, sensi-
tivity, and catalytic efficiency make them indispensable in
advancing technology. However, challenges such as scalability,
reproducibility, and long-term stability remain signicant
obstacles that need to be addressed. Future research should
focus on developing innovative strategies to overcome these
challenges, such as enhancing the synthesis and assembly
Nanoscale Adv., 2024, 6, 5478–5510 | 5505
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processes, improving material stability, and exploring new
functionalizations. Additionally, integrating Au-NP monolayers
with other nanomaterials could unlock new capabilities and
applications, further broadening their impact. Ultimately, the
continued exploration and renement of 2D Au-NP monolayers
will not only deepen our understanding of nanoscale interac-
tions and assembly but also drive the development of next-
generation technologies across various sectors. The journey
ahead is promising, with the potential to achieve breakthroughs
that could transform current technological paradigms.
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