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Abstract

Artificial sensory systems (ASS) are pivotal to next-generation extended reality technologies,
now evolving into flexible platforms for comfortable wear and immersive user experiences,
while ensuring high performance and operational reliability. To address these demands,
metal-based nanoparticles (NPs), such as noble metal, oxide, and multi-elemental NPs, have
been extensively incorporated into functional materials of sensory and synaptic devices due to
their tunable optical, electrical, and chemical properties, enhancing sensory precision, stability,
and environmental adaptability. However, traditional NP fabrication methods often involve
complex processing, residual contaminants, and scalability issues, limiting their effectiveness in
ASS applications. State-of-the-art laser ablation in liquids (LAL) presents a promising
alternative, offering scalable production of surfactant-free NPs with customizable
physicochemical properties, though their application in electronics remains underexplored. This
review delves into the transformative potential of LAL-fabricated NPs in ASS, covering the
fundamental mechanisms of LAL, the role of process parameters, the derivative strategies for
size modulation, the diversity of metal-based NPs, their applications in sensory and synaptic
devices, and the challenges and perspectives for meeting industrial standards. Bridging the
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gap between LAL and ASS is poised to revolutionize both industrial manufacturing and
academic research by offering scalable solutions to overcome intrinsic tradeoffs between
flexibility and performance, fostering innovations in human-centric, immersive electronics.

Keywords: laser ablation in liquids, nanoparticles, artificial perceptual sensors, synaptic devices

1. Introduction

Artificial sensory system (ASS), which mimics the intricate
sensory networks of humans, is expected to play a critical
role in the metaverse that offers immersive and interactive
experiences for users with minimal spatial constraints through
extended reality (XR) technology!! =3, Initially developed
for prosthetic applications and sensory augmentation!®’],
ASS has advanced with the integration of neural inter-
faces, enabling more precise replication of human percep-
tion, as demonstrated by commercially available techno-
logies such as BrainPort and cochlear implants!3~!1. The
emergence of electronic noses!!'>~!'* and tongues!'>~!"1 has
further expanded their functional scope, showcasing real-
world applications in healthcare and food quality assessment.
Meanwhile, artificial intelligence-driven neural architectures
have accelerated the development of artificial skin!'®:'°1 and
haptic interfaces!?>-!1, as exemplified by HaptX, Dexmo,
and VRgluv, which enhance tactile feedback in virtual envir-
onments. The convergence of these technologies with high-
resolution and spatially aware XR devices, such as Apple
Vision, is further bridging the gap between digital and phys-
ical experiences. Despite significant progress in research and
technological advancements, current wearable products are
typically mounted on the head, hands, or other body parts, lim-
iting user comfort and long-term wearability due to their bulky
and heavy design. While strategies to improve flexibility have
shown promise, they often introduce tradeoffs in performance
degradations, such as reduced sensing fidelity or mechanical
durability. Additionally, their high production costs remain a
major obstacle to widespread adoption, necessitating innovat-
ive material strategies that can enhance functionality without
compromising flexibility, durability, and cost-efficient
scalability.

Nanoparticle (NP) incorporation into ASS has emerged
as a promising approach to overcoming these limitations,
leveraging the unique physicochemical properties of nan-
omaterials to enhance sensory precision, stability, and
functionality!>?~2*]. These involve tunable optical properties,
robust chemical stability, and diverse functionalities, enabling
efficient signal transduction, improved environmental resili-
ence, and dynamic adaptation in ASS architectures!?> 271,
Furthermore, their high surface-to-volume ratio facilitates
stronger interactions with biological or external stimuli,
significantly improving detection sensitivity and response
time—both critical for real-time and high-fidelity sensory
applications.

Given the considerable advantages of NPs to ASS,

numerous synthesis techniques have been explored,
including chemical/physical vapor deposition!?® 3% sol-gel
processing!®! =331 hydrothermal synthesis!**~371, and elec-

trochemical deposition!*® =401 Achieving high-purity NPs is
critical for tailoring desired properties and preventing device
performance degradation. Physical deposition methods, such
as vacuum-based techniques, ensure high-purity NPs but are
unsuitable for mass production due to their complex pro-
cessing requirements and high energy consumption. On the
other hand, liquid-phase techniques, known for their high pro-
duction efficiency, are often applied ex-situ and require sur-
factants or ligand chemistry to prevent aggregation and main-
tain colloidal stability!*!*?]. These organic residues introduce
unwanted electrical barriers or interfere with device perform-
ance, which should be eliminated. These limitations neces-
sitate alternative synthesis strategies that can deliver high
production efficiency while maintaining optimal electronic
and structural integrity.

As an alternative, the laser ablation in liquid (LAL) tech-
nique promises solutions to address many of the limitations
inherent to conventional NP synthesis methods. By using a
focused laser to ablate a solid target immersed in a liquid,
LAL generates NPs through laser-induced plasma and rapid
cooling, with their adjustable physicochemical characteristics
by controlling the fabrication parameters!*>~*3!. While LAL
historically suffered from relatively lower productivity than
other synthesis techniques, recent advancements have signific-
antly improved its scalability, achieving production efficien-
cies over 8 g-h~!146-471 Beyond productivity improvements,
LAL offers distinctive advantages that position it as an optimal
solution for wearable and flexible ASS applications. Unlike
vacuum-based deposition methods, LAL-generated NPs can
be directly integrated into the synthesis step of functional
materials, eliminating reliance on multi-step chemical pro-
cessing. This simplifies fabrication while reducing the risk
of performance degradation due to residual contaminants.
Moreover, considering the versatile functionalities of alloy
NPs, LAL offers a relatively easy route to achieve various alloy
structures with precise composition controls. However, a sig-
nificant portion of LAL-based NP synthesis research has still
focused on their applications in catalysis and drug delivery
rather than ASS[*3=3%1 This indicates a gap in fully realiz-
ing its potential for sensory and synaptic devices, where its
ligand-free nature, high purity, and process scalability could
offer transformative benefits. Expanding the scope of LAL
toward ASS applications could drive innovation in immersive
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Figure 1. Schematics of the laser ablation in liquid (LAL) process for scalable nanoparticle (NP) fabrication, highlighting an overview of
this review. Key aspects of this review: the process parameters determining NP features, metal target-derived materials and structures, and

applications in various sensors and synaptic devices.

technologies, bridging the gap between material synthesis and
next-generation ASS platforms.

This review explores the transformative potential of LAL-
fabricated NPs in ASS, emphasizing their role in advancing
high-performance sensory and synaptic devices. Figure 1 out-
lines the scope of review, which includes the working mechan-
ism of LAL, key parameters influencing the characteristics of
NPs, and advancements in achieving advanced NP structures.
Subsequently, the review explores various applications of NPs
in enhancing sensory (visual, olfactory, gustatory, auditory,
tactile sensors) and synaptic devices, emphasizing the trans-
formative potential of LAL-fabricated NPs in expanding high-
performance device capabilities and fostering innovation in
immersive technologies. By providing a comprehensive ana-
lysis of both foundational principles and cutting-edge devel-
opments, this review aims to chart a path for future research
and technological breakthroughs, underscoring the pivotal role
of LAL-fabricated NPs in revolutionizing ASS and advancing
the frontiers of electronics.

2. Advancement in LAL for ASS

Nanoparticles (NPs) have been used in a wide range
of fields, involving electrochemistry, optics, and electron-
ics. Among them, metal-based NPs, such as mono-/bi-
atomicl>' =31 metal oxide NPs!>*~3% and high-entropy
alloys (HEAs)!®? =931 are gaining attention due to their unique
and versatile functionalities. Particularly for sensory and syn-
aptic devices, they commonly demonstrate surfactant-free syn-
thesis, high surface-area-to-volume ratio, and tunable physi-
cochemical properties, all of which are crucial for enhan-
cing device performance. In sensor devices, NPs need to be
highly conductive and reactive to quickly detect and convert
external signals into electrical outputs. On the other hand, syn-
aptic devices require NPs that can store and control charges,
supporting learning and memory-like functions. These differ-
ences necessitate specific synthesis strategies tailored to each
application, highlighting the role of LAL in enabling custom-
izable NP properties through precise parameter adjustments
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while maintaining a surfactant-free nature. This chapter integ-
rates insights from the fundamental understanding of the LAL
process, techniques for overcoming productivity limitations,
and advancements in LAL-based NP engineering. By bridging
these aspects, it provides a comprehensive framework for tail-
oring NP synthesis to meet the demands of ASS applications.

2.1. Fundamental mechanisms of LAL

LAL is a technique where high-energy laser pulses are dir-
ected at a solid target immersed in a liquid medium, result-
ing in the formation of plasma and subsequent NP genera-
tion through rapid cooling and nucleation!®%%1, Since vacuum
equipment is not required, the LAL setup is relatively afford-
able and streamlined'®!, primarily consisting of a laser source,
focusing lens, and liquid vessel containing the metal target.
Figure 2(a) presents the schematic setup for LAL, featuring
controllable pulse parameters such as wavelength, pulse width,
and repetition rate. The infinite combination of pulse para-
meters and liquid media allows for flexible modulation of the
physicochemical properties of the resulting NPs, including
their composition, structure, and size!®’!. Figure 2(b) shows
a snapshot of a LAL-triggered suspension of colloidal NPs in
deionized (DI) water, produced from a 5 mm Au plate.
Spectroscopic and microscopic analyses indicate that the
fundamental mechanism of LAL involves a specific sequence
of events (Figure 2(c)). Shadowgraphs, alongside high-speed
cameras, provide detailed insights into the key stages of
LAL, including plasma formation, bubble dynamics, and
nanoparticle generation, making them essential for optimiz-
ing the process for scalable NP production. The LAL pro-
cess commonly involves four phases: laser-matter interac-
tion, plasma formation, cavitation bubble dynamics, and NP
formation[®370=721 Understanding each stage comprehens-
ively is crucial for optimizing the process for scalable NP
production. The process begins with the interaction of a
laser beam with a liquid-immersed solid target. The high-
intensity laser pulse causes rapid heating and phase transition
at the target-liquid interface, forming plasma with ultrahigh
pressure and temperature. Despite energy loss during laser
propagation, the laser pulse reaching the target surface con-
verts the solid target into the plasma phase. Pulses with
femtosecond-scale duration preferentially led to the oscilla-
tion of electrons in the target lattice owing to a short lifetime,
resulting in the release of heat. Consequently, a phase trans-
ition in the solid target results in the dissociation of atomic
bonds. In contrast, pulses with relatively long durations induce
sufficient heating to vaporize the target by Coulombic mech-
anisms, leading to plasma formation. While the fundamental
mechanisms of laser-induced plasma formation in liquid envir-
onments share similarities with those in gaseous or vacuum
environments, the liquid medium plays a unique role in rapid
quenching and minimizing impurities!’3!. This distinct envir-
onment promotes the controlled nucleation and growth of
high-purity NPs, setting LAL apart from other ablation tech-
niques. After initial laser-matter interaction, a plasma plume
comprising a dense mixture of ionized and atomized species is

formed. Laser-matter interactions permit rapid plume expan-
sion owing to the high pressure in the cavitation bubbles, gen-
erating shockwaves that propagate through the surrounding
liquid. Instantaneous quenching leads to bubble shrinkage, and
the adiabatic closed system releases extremely high temper-
atures. Plasma species undergo nucleation and growth under
repetitive bubble rebounds, which significantly influence the
morphology, crystallinity, and size distribution of the result-
ant NPs.

2.2. Role of process parameters

Understanding the role of LAL parameters, including pulse
parameters (i.e., the wavelength, pulse duration, fluence, and
repetition rate) and design factors (i.e., the liquid media, ves-
sel architecture, and multiple lasers), is important for ensuring
the consistent high productivity of NPs through the LAL pro-
cess. Intertwined parameters make accurate predictions and
analyses challenging, permitting only inductive approaches
through multiple experiments. This section discusses the gen-
erally accepted role of a specific parameter, excluding its inter-
actions with all other parameters. The fluence, which indicates
the energy of the laser source per unit area and directly affects
the ablation rate and NP yield, is a critical LAL parameter.
Figure 2(d) shows schematics of fluence-dependent ablation.
The ablation rate of LAL shows a logarithmic relationship
with fluence, indicating enhanced productivity with increasing
fluence!’*~ 76! Moreover, determining the threshold fluence is
crucial for optimizing production efficiency and power con-
sumption, both of which are important parameters for indus-
trial application. The threshold fluence, representing the min-
imal fluence for ablation, is predominantly influenced by the
thermodynamics and optical properties of individual mater-
ials, such as absorbance and surface reflectivity; efficiency
reductions beyond this threshold are attributed to shielding
effects of the ducts and bubbles!’>77!. A higher fluence gen-
erally promotes smaller NPs through increased fragmentation
caused by elevated thermal energy!’!. However, NP size is
also influenced by complex factors, including plasma dynam-
ics, target material properties, and bubble shielding effects.
Therefore, achieving optimal fluence requires precise modu-
lation tailored to specific materials for maximal NP yield and
size uniformity.

The laser wavelength significantly influences the NP shape,
size, and colloidal density, which can be calculated from
the weight of the ducts per unit volume. Typically, shorter
wavelengths (UV or visible) with high-absorption cross-
sections result in smaller NPs and higher colloidal densit-
ies than longer wavelengths (IR) owing to efficient energy
transfer to the target material!’®!. However, shielding effects
by concentrated particles (Rayleigh scattering) and/or per-
manent bubbles are observed in systems with relatively
short wavelengths and high-absorption cross-sections, result-
ing in a lowering of the ablation rate and productivity!”®!.
Figure 2(e) shows schematics of the wavelength-dependent
ablation efficiency based on the initial cycle of the LAL
assuming an infrequent repetition of the process. However,
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Figure 2. Fundamentals of the LAL process and the role of the proces
merged in a liquid bath. (b) Photographs showing NP production by the
light-matter interaction to colloidal NP formation). Reproduced from!?’

s parameters. (a) Schematics of LAL equipment with the target sub-
LAL process. (c) Time-sequential progress of the LAL process (from
1. CC BY 4.0. Schematics of the key parameters determining the pro-

ductivity of the LAL process: the (d) wavelength, (e) fluence, and (f) pulse width. Advanced LAL technologies to enhance production rates;
(g) continuous flow system of target-containing liquid. Reprinted from!®*, © 2017 Published by Elsevier B.V. (h) Laser-steering systems
with a polygon scanner. Reproduced from'®’!, © TOP Publishing Ltd. All rights reserved.

in practical applications involving repetitive LAL cycles,
the optical properties, such as absorbance, evolve due to
cumulative effects such as surface ablation, melting, and the
ablation of previously generated NPs. These changes influ-
ence energy absorption, making it essential to experimentally
determine the optimal wavelength through iterative testing and
adjustments.

The pulse width or duration significantly influences the
ablation mechanism, productivity, and features of NPs pro-
duced by the LAL process. In particular, plasma dynamics

depend on the laser pulse width. The ablation mechanism for
shorter widths is based on Coulomb explosions with electron-
phonon coupling. As the derived electron excitation occurs
prior to significant heat diffusion, shorter pulse widths yield
higher productivity and smaller NPs by minimizing thermal
diffusion and favoring a non-thermal ablation mechanism
(Figure 2(f)). In contrast, during the sequential processes that
occur with longer pulse widths, including material melting and
cavitation bubble formation, the solid target remains irradiated
by the laser beam, leading to thermal loss and low productivity.
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Therefore, the pulse-material interaction varies significantly
with the pulse duration, influencing the ablation mechanism
and, consequently, the characteristics of the resultant NPs.

The liquid medium and its properties, such as viscosity,
transparency, and chemical compositions, significantly influ-
ence the LAL process. To ensure effective energy transfer,
the liquid must be transparent to the laser wavelength used
in the LAL process. High-viscosity liquids can hinder the
dissipation of gas bubbles, leading to persistent bubbles that
scatter or reflect subsequent laser pulses, ultimately reducing
productivity!**. Persistent microbubbles in viscous liquids
like ethylene glycol can limit productivity by shielding the
laser beam, while low-viscosity solvents allow efficient bubble
transport and minimize such losses!®!. The transparency of
the liquid to the laser wavelength also plays a pivotal role
in ensuring effective energy transfer. The chemical compos-
ition of the liquid governs NP size, crystallinity, and sta-
bility, primarily by inducing specific surface interactions or
decomposition pathways. Organic solvents, such as acetone
and alcohol, promote diverse decomposition reactions, lead-
ing to enhanced hydrogen gas formation and stabilization of
colloids. This is attributed to the fact that the organic solvents
with higher carbon chain lengths tend to generate smaller
NPs and exhibit higher productivity'®!-#21, Furthermore, dis-
solved gases and reactive species in the liquid significantly
impact NP composition. In aqueous systems, water splitting
leads to oxidation, influencing the formation of oxide shells
or phases. In contrast, organic solvents provide an inert envir-
onment, suppressing oxidation and enabling the formation of
pure metallic or core—shell nanoparticles with enhanced sur-
face stability!®3:84], Ultimately, optimizing liquid properties is
crucial for balancing productivity, particle quality, and func-
tional surface coatings, offering tailored routes for scalable NP
synthesis.

Regarding productivity, Barcikowski’s group reported that
laser-based synthesis of colloidal metal NPs, specifically
the highly prestigious Au NPs, became more economical
than chemical reduction when the NP productivity exceeded
550 mg-h~ 1331 Although this transition highlights the poten-
tial of LAL in achieving large-scale and cost-effective NP
production, meeting the break-even for industrialization, they
have still suffered from relatively low productivity with mil-
ligrams to gram per hour, depending on the setup and condi-
tions, compared to other processes. For example, wet chem-
ical synthesis methods typically achieve production rates over
several tens of grams per day!®°—881 while those using flame
spray pyrolysis!®-?l and arc discharge!®'! reach several kilo-
grams per hour. A sufficient processing time with a high repe-
tition rate was attempted for efficient LAL, but extended abla-
tion with excessive repetition led to an underestimation of
productivity due to variations in target roughness, persistent
bubbles, and particle-induced laser shielding!®?!. Ensuring that
each pulse interacts with a fresh target surface and liquid envir-
onment is crucial for maintaining consistency and quality. The
working distance of the laser beam determines the spot size
and is focused on the area of the ablated target. Besides res-
ulting in higher energy densities and more efficient ablation,

smaller spot sizes may increase the risk of self-absorption and
scattering effects. Optimizing the working distance between
the target and focusing lens can balance the energy density
and ablation efficiency. To address these limitations, advanced
laser technology and strategic designs have been proposed.
Figures 2(g) and (h) present continuous flow-jet designs for
target-containing liquid!®®-3—%1 and laser-steering techno-
logies with various scanners!%%-%6:971 respectively, facilitat-
ing a higher throughput and consistent NP characteristics.
While these strategical designs significantly enhance produc-
tion efficiency, the lack of their long-term storage without
using surfactant remains an obstacle for industrial produc-
tion, necessitating future studies on overcoming the tradeoff
between productivity and stability. Additionally, understand-
ing the complex interplay among intertwined process para-
meters is desired for optimizing the LAL process. Studying
these interactions will help guide future research by offering
insights into achieving optimized physicochemical properties,
enhanced device performance, and scalable NP production.

2.3. LAL-derived size modulation

Although most previous studies focused on LAL with certain
solid targets, LAL with dispersed NPs is a promising strategy
for generating NPs with varied size distributions (Figure 3(a)).
In contrast to the infrequent LAL, the repeated LAL indicates
the secondary and/or subsequent ablation of dispersed NPs in
liquid media. Figure 3(b) shows the LAL-derivative processes
(laser fragmentation in liquid (LFL) for downsizing and laser
melting in liquid (LML) for upsizing) used for rearranging the
sizes of colloidal NPs. The flexibility and efficacy of the tech-
niques in controlling the size and properties of NPs make them
valuable for applications in catalysis, medicine, and materi-
als science. Furthermore, lots of investigations have empiric-
ally demonstrated effective results in achieving precise size
modulation, for both LFL and LML, whereas infrequent LAL
without repetition often faced limitations in this area.

LFL, which typically generates NPs that are several tens of
nanometers in size, is strategically effective in enhancing NP
productivity. LFL uses ligand-free NPs as target source with
stabilizing molecules or other supports such as metal oxides.
Pulses with a relatively short wavelength and high fluence
facilitate LFL prior to NP agglomeration[®®-!°!1, The frag-
mentation efficiency can be assessed through the mass-specific
energy input, which represents the total energy applied to the
particle mass; this input, which is controlled by the number of
pulses per liquid volume element and flow rate, enables pre-
cise control of the particle size and properties. A recent study
by Nyabadza et al. reported the liquid-dependent size distri-
bution of Mg NPs synthesized by LAL!'%?!, The mean sizes
of Mg NPs synthesized in IPA and DI water were 52 nm and
89 nm, respectively, highlighting that LAL in organic solvent
is much more effective for LFL rather than oxidizing solvent
like DI water. A study by ZiefuB3 et al. demonstrated the syn-
ergistic effects between specific halide anions and pH, which
were found to significantly influence the particle size distri-
bution by LFL, particularly in the production of ligand-free
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Figure 3. Strategies for engineering LAL-derived NPs with different sizes. (a) Conceptual schematics of the laser fragment in liquid (LFL)
and laser melting in liquid (LML) processes during LAL with a solid metal target. Reprinted with permission from®®). Copyright (2017)
American Chemical Society. Schematics of the (b) LFL and LML processes in the absence of a specific solid target for tailoring the size of
dispersed NPs. Reproduced from!*”). CC BY 4.0. (c) High-resolution transmission electron microscopy (HR-TEM) images of CoFe,O4 NPs
with the relative volume, surface, and diameter distributions before and after LFL. Reproduced from!®!. CC BY 4.0. (d) Scanning electron
microscopy (SEM) images of Ge NPs with the size distribution before and after LML. Reproduced from"'®!. CC BY 4.0.

Au NCs!'%3], They proved that the presence of chaotropic
anions such as bromide and iodide led to a more pronounced
size quenching effect, enhancing the yield of particles smaller
than 3 nm in neutral pH conditions. Additionally, Figure 3(c)
shows high-resolution transmission electron microscopy (HR—
TEM) images of CoFe,O4 NPs with the relative distributions
of volume, surface area, and diameter before and after LFLI%],

In contrast, LML utilizes the laser irradiation of a particu-
late material dispersed in a liquid to induce thermal processes,
particularly melting, to fabricate new particles!!*— 1981 This
can result in isochoric melting, particle reshaping, or an
increase in particle size through fusion, without any chem-
ical reagents. LML is particularly effective in creating single-
crystalline microspheres from various materials, with the abil-
ity to precisely tailor particle size and surface structure by
adjusting the input laser fluence that is typically one to two
orders of magnitude lower than conventional LAL!'*1. During
LML, the laser beam heats particles, causing them to form
transient molten droplets, which are subsequently quenched by
the surrounding liquid to form spherical solid particles. This
process can yield sub-micrometer spherical particles, often in
the 100-200 nm size range. However, adequate fluence control
is vital for sub-micrometer particle synthesis without inducing
vaporization. The size—fluence relationship can be visualized
using size-fluence diagrams, which help predict the particle
sizes obtained under different conditions. Studies investigating
the dispersed TiO, particles irradiated at various fluences
using the third harmonic (355 nm) of a Nd: YAG laser confirm
the effect of fluence on the particle size and the formation

of sub-micrometer particles through LML!!%111 A study by
Song et al. demonstrated that LML could induce morphology
evolution and phase transformation in Fe,O3 NPs, leading
to the formation of well-defined sub-micrometer spherest!'?1,
The transformation was finely controlled by adjusting laser
fluence and irradiation time, highlighting the precision of LML
in tailoring properties of NPs. Additionally, Figure 3(d) shows
scanning electron microscopy (SEM) images of Ge NPs with
the size distributions before and after LMLI!1,

2.4. LAL for multi-elemental NPs

The functionality of NPs can be significantly broadened by
integrating them with other metals or materials, leading to the
formation of binary alloys, core—shell structures, or hetero-
structures (Figure 4(a)). These binary nanoparticles (BNPs)
exhibit diverse characteristics depending on their composi-
tion and structural configuration, with LAL offering a ver-
satile method to generate them using two metallic targets
or sources. Binary alloy NPs emerge when two metals are
uniformly mixed at the atomic level to form a single-phase
solid solution. Their physicochemical and optical proper-
ties can be finely tuned by adjusting the metal composition
ratios. For example, increasing the proportion of Ag in Au—
Ag alloy NPs results in relatively small and spherical NPs
owing to differences in ablation efficiencies and atomic dif-
fusion rates!!'*]. The optical properties of a system, particu-
larly surface plasmon resonance (SPR), can be precisely tuned
by metal composition modulation. Gradually varying the Ag


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 7 (2025) 062001

Scalable metal-based nanoparticle synthesis via laser ablation in liquids...
Choi J-G et al.

Core-shell

3
.-

i

‘.’
%

Figure 4. LAL for producing various multi-elemental NPs. (a) Schematics of the following types of binary nanoparticles (BNPs): (i) random
alloy, (ii) core-shell structure, and (iii) heterostructure. (b) Photographs of Ag—Au colloidal NP solutions containing different Ag: Au molar
ratios leveraged by the composition of Ag and Au NPs. Reproduced from!!''*! with permission from the Royal Society of Chemistry. (c)
Microscopic images of NPs synthesized from identical target materials under distinct oxidative conditions by leveraging pulse parameters
and the liquid medium. Ag/Ag,0 and Ag,O systems: Reprinted with permission from!'!8!, Copyright (2011) American Chemical Society.
AuFe and AuFe@FeOy systems: Reprinted from!'!’), © 2016 Elsevier Inc. All rights reserved. Au@Ag systems: Reproduced from!!?".
CC BY 4.0. (d) Schematics of resultant NPs depending on pulse duration and order of mixed metal targets, respectively. Reproduced
from!®?!. CC BY 4.0. (e) Schematics of sequential LAL process for synthesizing bulk high-entropy alloy NPs. Reproduced from!'?!} with
permission from the Royal Society of Chemistry. (f) High-angle annular dark-field (HAADF) scanning transmission electron microscopy
(STEM) image and energy dispersive X-ray (EDX) elemental maps of LAL-derived Cry75Co0175Fe;75Nij75sMn3zo NPs. Reproduced from!'2?1,

CCBY 4.0.

to Au molar ratio in alloy NPs shifts the SPR peak associ-
ated with the system, resulting in colloid solutions with differ-
ent colors (Figure 4(b)). This tunability expedites biosensing
and imaging applications, which require specific wavelengths
for optimal performance. The ability to control optical prop-
erties through composition permits the design of NPs with
tailored absorption and scattering characteristics with high
efficacy in optical applications. On the other hand, NPs with
a core—shell structure feature a core material encapsulated
by a shell, each comprising different substances with com-
plementary functions. The shell typically provides stability,
prevents oxidation, and can introduce surface functionality
such as biocompatibility or chemical resistance, while the

core contributes key optical, electronic, or catalytic proper-
ties. For instance, in Ag@WO3; core—shell NPs synthesized via
LAL, the Ag core was responsible for generating strong loc-
alized surface plasmons, enhancing light-matter interactions
and electrical conductivity!''*]. Meanwhile, the WO; shell
imparted gas-sensing capabilities and optoelectronic proper-
ties due to its semiconductor nature and tunable bandgap.
Heterostructures for binary NPs consist of two distinct mater-
ials that form separate, identifiable domains within a single
NP, creating interfaces that enable synergistic interactions and
unique properties. For example, Au/TiO, heterostructure NPs
exhibited strong catalytic activity, benefiting from efficient
charge transfer at their interface, which reduced electron-hole
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recombination and enhanced CO oxidation performance!!'3!,
Similarly, Au/Fe, Oy heterostructures combined the plasmonic
optical properties of Au with the magnetic properties of Fe, Oy,
making them suitable for bifunctional applications. To pro-
duce these BNPs, two LAL processes are generally employed:
sequential and reactive LAL (S- and R-LAL, respectively).
S-LAL, which involves the sequential ablation of different
metal targets in the same liquid solution, enables the fabric-
ation of core-shell or alloy BNPs through ablation-step (order
and duration) control. D’Urso et al. reported the sequential
ablation of Zn and Au in the same batch to produce ZnO-Au
heterostructures! %!, The shell thickness and alloy composi-
tion of the resultant NPs are determined by the ablation-step
sequence and relative ablation times. R-LAL, which involves
the ablation of a metal target in a solution containing react-
ive species or precursors from another metal, facilitates the in-
situ formation of complex nanostructures. The ablation of Cu
in a solution containing Pt salts, for instance, results in Pt—
Cu alloys or core-shell structures comprising a Cu core and
Pt shell!!'7). The reactive species in the solution promote the
formation of the desired structure during ablation, enabling the
synthesis of complex BNPs with tailored properties through a
single-step method.

Several LAL process parameters, including the pulse width,
laser wavelength, and fluence, as well as the oxidative or
reductive conditions of the surrounding liquid medium influ-
ence the characteristics of BNPs synthesized through LAL.
Figure 4(c) shows microscopic images of various BNPs syn-
thesized using the same target. The liquid medium is the
primary parameter influencing the oxidative state of the res-
ultant BNPs; the chemical environment during LAL (oxidative
or reductive) significantly affects the oxidation state and com-
position of the resultant NPs. Ablation in oxidative environ-
ments, such as water- or air-saturated solutions, tends to pro-
duce metal oxides or higher oxidation states, whereas abla-
tion in reductive environments, such as inert gases or reducing
agents, favors the formation of pure metal NPs or lower oxida-
tion states. In the LAL synthesis of Ag,O NPs in DI water con-
taining polysorbate 80 reported by Yan et al., the concentration
of polysorbate 80 determined the oxidative state of the res-
ultant NPs!!''8]; heterostructures comprising Ag spheres and
Ag,0 were preferentially formed at low and high concentra-
tions of polysorbate 80, respectively. A paper by Amendola
et al. reported the effects of solvents on the structure of LAL-
synthesized BNP!!'!°] LAL with a target comprising a layered
thin film of Au and Fe in ethanol and DI water resulted in
the formation of AuFe alloy and AuFe @FeOy core-shell NPs,
respectively. Low oxidation-state NPs can be synthesized in
organic solvents such as isopropyl alcohol, ethanol, toluene,
and tetrahydrofuran. A study by Wagener et al. reported LAL
with a FegqqAuse alloy target in diverse liquid media, including
DI water, acetone, and methacrylate!®). Only a small amount
of alloy BNPs showed the composition ratio of the target;
moreover, the BNPs synthesized in organic solvents and DI
water exhibited Fe @ Au and Au@Fe; 04 core—shell structures,
respectively, owing to the different oxidation states of each
metal.

In addition to solvent variations, the pulse parameters also
influence the stoichiometry or characteristics of the BNPs pro-
duced by LAL. Relatively short wavelengths, such as UV
light, produce small particles with a uniform size distribu-
tion (owing to high energy absorption and efficient fragment-
ation) and high probability of oxidation!'>}!. The pulse width
also influences the phase and crystallinity of LAL-synthesized
NPs. A study by Bonis et al. compared the educts generated
by the LAL of a GaAs target immersed in acetone with ns-
and fs-pulses!'>*). While the ns-pulse LAL produced Ga,O3
with little GaAs due to melting-derived excess atomic Ga spe-
cies, pure polycrystalline GaAs NPs were produced in fs-pulse
LAL, possibly owing to the limited laser-material interaction
time, which limited the possibility of significant melting and
non-stoichiometric evaporation. Validating the effect of the
laser fluence on NP fabrication through LAL, Altowyan et al.
reported the fabrication of Au@Ag core-shell NPs with dif-
ferent shell thicknesses (within 6-31 nm) through ablation-
energy variation (increasing the ablation energy while keep-
ing the other parameters constant) in an R-LAL process!'?°1,
Alloy-target variation is another useful strategy for modify-
ing the structure or composition of LAL-synthesized BNPs.
Figure 4(d) shows schematics of the effects of Co-Fe tar-
get sintering and pulse duration on the NPs produced through
LAL. Waag et al. reported that the reliance on pulse width was
weakened in sintered target, a randomly mixed structurel>?!.
The study concluded that the mixing of Co and Fe primarily
occurred in laser-irradiated, heat-affected target regions rather
than in the ablated plume, and that achieving better mixing
might require reducing laser energy density or increasing the
pulse duration.

Unlike typical alloy NPs, HEA NPs are defined by their
multicomponent nature, incorporating five or more metal-
lic elements at near-equiatomic ratios. Their unique high-
entropy mixing states enable them to maintain a homogen-
eous solid-solution phase while suppressing phase separa-
tion, resulting in enhanced thermal stability, corrosion resist-
ance, and mechanical robustness compared to binary or tern-
ary alloys!%%-!1 The configurational entropy gained by com-
bining multiple elements provides diverse active sites and
structural stability even under extreme conditions, making
them ideal for applications in catalysis!'?>-!26] sensing!3%-631,
and energy storage!'>’!. Among various synthetic approaches,
LAL emerged recently as a reliable method for producing
colloidal HEA NPs with controlled composition and high
scalability!'?!. Figure 4(e) presents the sequential process
of LAL for producing HEA NPs. During these processes, a
laser beam ablates the surface of an HEA target immersed
in liquid, forming a plasma plume that cools rapidly, res-
ulting in multi-elemental mixing and quenching into uni-
form NPs. Due to an ultrafast response, LAL ensures min-
imal phase separation and enables the synthesis of HEA
NPs ranging from crystalline to amorphous structures'®1,
Additionally, the liquid environment can be tailored to influ-
ence the oxidation state and surface chemistry of the res-
ultant HEA-NPs, enhancing their functionality for targeted
applications.
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Similar to typical LAL-derived NPs, HEA NPs also demon-
strate exceptional tunability in size, phase distribution, and
composition, depending on the ablation parameters and liquid
medium used. For instance, LAL, investigated by Waag et al.,
using alloy targets composed of Co, Ni, Fe, Cu, and Mn
in an ethanol medium resulted in homogeneous HEA NPs
with a face-centered cubic structure, offering high catalytic
activity and stability in hydrogen evolution reactions!'?'l,
Meanwhile, Johny et al. successfully demonstrated amorph-
ous CI‘] 75 CO]7,5F€]7,5Ni]7_5MH30 NPs thI‘Ongh LAL of respect-
ive bulk targets in acetonitrile, employed for bifunctional
electrocatalysts!'?2!. Figure 4(f) displays the high-angle annu-
lar dark-field (HAADF) scanning transmission electron micro-
scopy (STEM) image and energy dispersive X-ray (EDX) ele-
mental maps of the corresponding HEA NPs. This amorph-
ous state not only enhances surface active sites but also
imparts superior corrosion resistance and durability during
electrocatalytic reactions, making HEMG NPs ideal for oxy-
gen evolution and reduction reactions. Furthermore, by tun-
ing the laser fluence and liquid environment, the elemental
composition, size distribution, and surface chemistry of HEA
NPs can be precisely controlled, offering exceptional flexib-
ility in tailoring electrocatalytic performance. Benchmarking
this, extending HEA NPs beyond their well-established applic-
ations in electrochemistry and catalysis could unlock signific-
ant potential in sensory and synaptic devices, where their mul-
ticomponent nature, high surface area, and tunable electronic
properties could enable enhanced sensitivity, multifunctional
sensing, and dynamic memory functions critical for advanced
ASS applications.

3. Scalable, ligand-free NPs for advanced ASS
applications

With adequately defined process parameters, LAL enables the
scalable, large-scale, cost-effective synthesis of NPs with a
specific size, shape, composition, and structure. Versatile NPs
exhibit high potential applicability in extensive fields. While
limited amounts of NPs are required in certain fields of applic-
ation, such as catalysis and medicine, the scalable production
of NPs is a prerequisite for state-of-the-art electronics owing
to rapid industrial expandability and the requirement of large-
area processability. This section reviews the applicability of
ligand-free NPs in human-like electronics, particularly mim-
icking five-sense receptors and synapses, which emphasize the
transformative potential of LAL for advanced ASS.

3.1 NP applications in visual and olfactory sensors

The sensing mechanisms of the five human senses (i.e., the
visual, olfactory, gustatory, auditory, and tactile senses) vary
distinctly. However, in all the sensing mechanisms, receptors
detect stimuli and convert them into electrical signals, trans-
mitted to the brain through neural pathways!'?®!. Functional
sensory devices that detect light, gas, chemicals, vibration,
pressure, temperature, and humidity can function as artificial

receptors in human-like sensory systems for extended reality
applications.

The primary function of a photodetector is to convert light
into electrical signals by processing visual information, which
involves the colors, motion, depth, patterns, and shapes arising
from the recognition of differences in light intensity leveraged
by wavelength, time, and distance!'?°~ 13?1, Array-type photo-
detectors with different absorption wavelengths can be used to
detect the colors of the target!!33-13#] According to a study by
Montano-Priede et al. that calculated the maximum absorption
wavelengths of Au NP-dispersed solutions by changing the
NP diameter, shape, and interparticle distance (Figure 5(a)),
solutions with different sizes and shapes of Au NPs exhibited
different colors!!®!; subsequently, this study identified the
optimal geometrical parameters for maximizing this color dif-
ference upon NP clustering. Additionally, Lee et al. reported
solution-processed inorganic UV-visible short-wave-infrared
photodetectors comprising highly monodispersed PbS nano-
crystals with light sensitivity in the range of 350-2 000 nm
(Figure 5(b))!'3¢]. The photoresponsivity of the photodetector,
distinguishing the color of the target, varied with the size
of PbS nanocrystals in the system. Ghods et al. reported the
bandgap modulation of two-dimensional WSe, flakes using
Bi,Se; NPs (Figure 5(c))!'37]. The mixed-dimensional hetero-
structure comprising a topological insulator (Bi,Se; NPs) and
semiconductor (WSe,) reported in this study showed excel-
lent photoresponsivity in the visible range along with ps-scale
IR absorption response speeds. Although NP incorporation
enabled the facile tuning of the bandgap of photosensitive
materials, its utilization in other functional devices, capable
of detecting time-of-flight, motion, and polarized light, has
not been developed to date. As visual sensors, the sensor-
incorporated NPs primarily exhibited tunable optical prop-
erties through size, shape, and interparticle distance control,
enhanced spectral diversity via bandgap modulation, and rapid
photoresponse enabled by surface states. Given the esteemed
ability of LAL, its facile modulation of optical properties is
particularly suitable for providing reproducibility in multis-
pectral photodetectors for advanced visual systems.

Several studies have attempted to develop gas sensors mim-
icking olfactory receptors for the detection of volatile organic
and inorganic compounds!'3#~143]_ NPs enhance the sensit-
ivity, responsivity, and detection limits of gas sensors. Cho
et al. reported single micro light emitting diode (ULED)-
embedded chemoresistive sensors with time-variant illumin-
ation that could identify the various target gas species and
their concentrations!'**!. Coating the sensor surface with Au
NPs induced the SPR effect, enhancing the reactivity and sens-
itivity of the sensor (Figure 5(d)). The Au-NP-based pho-
tocatalytic effect, represented by light absorption and the sub-
sequent generation of hot electrons, enabled the sensors to
release unique transient signals for each target gas under
pulse illumination, facilitating selective gas detection with
a single sensing device. Lee et al. also reported a high-
performance gas-sensor array for indoor air-quality monitor-
ing, which exhibited excellent sensing owing to the decora-
tion of Au NPs on the surface of dome-like nanostructures
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Figure 5. Application of NPs in optical and gas sensing. (a) Variations in the optical characteristics of Au NPs with their shape and size.
Reproduced from!!*1. CC BY 4.0. (b) Absorption spectra of PbS nanocrystals with different particle sizes, and the resultant photoresponsivity
of ZnO/PbS/NiO broadband photodetectors. 11361 yohn Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)
Schematics of WSe, photodetectors with BixSe; NPs for selective-wavelength light detection, and SEM image of BixSe; NPs. Reprinted
from!*”1, © 2023 Elsevier Ltd. All rights reserved. (d) Cross-sectional TEM image of Au NPs deposited on a porous, columnar In,Os
sensing film, and the gas-sensing performance of devices toward various gaseous substances. Reproduced from!'**!. CC BY 4.0. (e) Plain-
view SEM images of a polystyrene-bead monolayer with NiO-based dome-like nanostructures (NDs) without and with Au NPs. Reproduced

from!'#!

with permission from the Royal Society of Chemistry. (f) HAADF image with EDX elemental maps of AuyoAgaoCuzoPdaoPtzo

HEA NPs and comparison of the hydrogen gas sensing response of devices based on only MoS, and HEA NPs-decorated MoS,. Reproduced

[146]

from' with permission from the Royal Society of Chemistry.

(NDs) based on metal-oxide semiconductors!4>!. Figure 5(e)
presents the microscopic images of NiO NDs on polystyrene-
bead monolayers with and without Au NPs, respectively. The
incorporation of Au NPs expanded the depletion region of
the metal-oxide semiconductors by facilitating the ioniza-
tion of chemisorbed oxygen molecules, which enhanced the
sensor response to gas molecules, including acetone, tolu-
ene, ammonia, and hydrogen sulfide, which could be dis-
tinguished by using array-type devices comprising three dif-
ferent oxide semiconductor NDs. Additionally, Urs et al.
reported hydrogen gas sensors based on multi-component
Auy0AgrCuyPdyoPtyo HEA NPs decorating p-type MoS,;
sheet!!%¢]. Figure 5(f) demonstrates the HAADF HR-TEM
image with EDX elemental maps of the corresponding HEA
NPs. The surface-enhanced Raman scattering effect of the
HEA NPs lowered the work function of the MoS, multilayer,
forming a Schottky barrier with contact electrode. The discrep-
ancy in the surface chemical non-stoichiometry consequently
enhanced the hydrogen gas sensing performance. Commonly,
the NPs applied in olfactory sensors have enhanced sens-
itivity, responsivity, and detection limits through their high
surface-to-volume ratio with catalytic activities and optical

tunability with SPR effects. These unique properties allow
olfactory sensors to identify and differentiate various gases,
specifically enabled by surfactant-free metal-based NPs ori-
ginating from LAL.

3.2. NP applications in gustatory and auditory sensors

Humans can identify and distinguish between five basic tastes:
sweet, sour, salty, bitter, and umami!'*’l. When taste sub-
stances bind to the human tongue in a soluble state, the
ion channels in the receptor cells instantaneously depolarize,
releasing electrical signals that are transmitted to the brain
through neural transport! 47~ 1501 Artificial gustatory sensors
that mimic the gustatory receptors in humans exhibit electrical
responses to specific taste chemicals, such as sugars (sweat),
acids (sour), sodium-based ionic compounds (salty), alkal-
oids or glycosides (bitter), and certain amino acids (umami).
Various physicochemical sensors have been developed as arti-
ficial gustatory receptors, including electrochemical, optical,
potentiometric, and microfluidic sensors; NP incorporation
enhances the sensitivity, selectivity, and responsivity of these
sensors! 131 =153,
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Figure 6. Application of NPs in artificial tongue and electronic ear sensors. (a) Schematics of a Pt NP—polyaniline hydrogel and surface-
adhesive glucose oxidases; the electrical performance of the glucose sensor is leveraged by the glucose concentration. Reprinted with permis-
sion from!">”), Copyright (2013) American Chemical Society. (b) Schematics of BaWO, NP—carbon nanofiber nanocomposites and synergistic
effect on enhancing the electrochemical sensitivity. Reprinted with permission from!'>*). Copyright (2024) American Chemical Society. (c)
Cross-sectional SEM image and schematics of devices comprising a layer-by-layer-derived polymer complex and Ag NPs for sensing vari-
ous taste substances. Reprinted with permission from!'>*!. Copyright (2021) American Chemical Society. (d) Conceptual schematics of the
piezoresistive artificial ear based on Au NP interfaces, capable of emotion recognition through deep learning. Comparison of original signals
and sensor-collected signals while exposed to urban transportation noise. Reprinted with permission from!!%*!. Copyright (2024) American
Chemical Society. (¢) SEM image of hydrogel membrane implanted with a patch of silver dendrites (highlighted yellow), and schematic of
a dendritic Ag NP network inside the hydrogel. The graph shows the frequency response of the hydrogel microphone at a low-frequency
range (203 000 Hz), where salt concentration and bias direction affect the performance of the hydrogel microphone. Reproduced from!!®%!.
CCBY 4.0.

Glucose sensors that mimic the biological mechanisms
of sweet taste perception by detecting and quantifying gluc-
ose concentration use glucose oxidase to specifically recog-
nize and catalyze glucose. This enzyme converts glucose
into gluconolactone with the production of hydrogen per-
oxide (H,0,), which is detected electrochemically!!>*— 1561,

Zhai et al. reported a highly sensitive glucose sensor based on
a Pt NP—polyaniline (Pt NP-PANI) composite matrix in which
Pt NPs functioned as highly active catalysts for the electroox-
idation of H,0,!"37]. Figure 6(a) shows schematics of the Pt
NP-PANI composite matrix with the oxidation of H,O,. The
high density and homogeneous dispersion of Pt NPs within
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the 3D nanostructured matrix of the polyaniline hydrogel sig-
nificantly enhanced the performance of the glucose sensor,
including its sensitivity, response speed, and detection limit,
possibly owing to efficient electron transfer and a reduction
in the diffusion distance of H,O, molecules. Alencar et al.
utilized copper chloride hydroxide hydrate (Cu-based) NPs
with crumpled graphene for H,O, detection; the crumpled
graphene improved the electrical conductivity of the system
and prevented NP agglomeration! '8!, Empirically, catalytic
NPs facilitated H,O, reduction, lowered the detection limit,
and increased the sensor sensitivity.

Meanwhile, Vinoth et al. developed a facile synthesis
of BaWO, NP-integrated carbon nanofiber (CNF)['>°!, They
quantitatively detected TBR, a compound responsible for bit-
terness in coffee and dark chocolate, using an electrochem-
ical technique that benefited from the promotion of active
edge sites. Figure 6(b) illustrates schematics of BaWO,@CNF
nanocomposites and their synergistic effects on enhancing
sensitivity. Additionally, Chen et al. reported the develop-
ment of bitter-taste receptors comprising odorant-binding pro-
teins (OBPs) from Drosophila melanogaster immobilized on
screen-printed electrodes enhanced with Au NPs and reduced
graphene oxide (rGO)!'®l. The biosensor exhibited signi-
ficant binding properties toward bitter molecules, including
denatonium, quinine, and berberine, showing a linear response
for analyte concentrations within 107°-10~® mg-mL~'.
Besides providing an enlarged specific surface area for
improved sensitivity, the Au NPs enabled the stable immobil-
ization of OBPs through Au—S bonds, critical for the consistent
and reliable detection of bitter molecules. Saraf et al. reported
the design and development of a sensor for detecting limonin,
a biomolecule that caused a bitter taste in citrus fruits!'6'].
In this sensor, redox-active ceria NPs underwent effective
interactions with the active components of limonin, offer-
ing a rapid, sensitive, and on-site testing method for detect-
ing the biomolecule. In addition to the detection of a single
taste, versatile NPs enable the detection of multiple tastes,
including sour, salty, and umami. Hensel et al. incorporated
Ag NPs into layer-by-layer films comprising poly(allylamine
hydrochloride) and poly(sodium 4-styrenesulfonate) placed
on interdigitated electrodes to manufacture an electronic-
tongue (e-tongue) sensing device! >, Figure 6(c) shows the
cross-sectional scheme of this sensing device. The controlled
deposition of Ag NPs permitted precise adjustments to the
electrical response, enabling the e-tongue to effectively dif-
ferentiate basic tastes from various commercial umami-based
flavors. Jia et al. reported a colorimetric sensor array based on
amino acid-modified Au NPs (AA@ Au NPs) that could dif-
ferentiate between various types of baijiul'>!. The interaction
of AA@Au NPs with various organic acids in baijiu resul-
ted in NP aggregation and color changes, which enabled the
rapid visual differentiation of baijiu samples based on their
unique organic-acid profiles (i.e., their sour taste). Yu et al.
reported the development of a bimetallic nanomaterial-based
bionic taste sensor that mimicked the human taste system for
evaluating the synergistic effects of umami substances!'®3],
The bimetallic nanomaterials (comprising MoS, and Pt-Pd

NPs) enhanced the conductivity and catalytic properties of
the sensor, enabling the detection of the binding of umami
ligands to receptors, while the Au NPs ensured the stable
attachment of the TIR1-Venus flytrap for precise detection.
Consequently, this sensor could sensitively and specifically
detect umami substances at extremely low concentrations.
As gustatory sensors, NPs primarily enhanced sensitivity,
selectivity, and responsivity by leveraging their catalytic prop-
erties, surface area control, and ability to facilitate electron
transfer. For example, Pt NPs served as effective catalysts in
glucose detection by promoting efficient electrooxidation of
H,0,, while Au NPs stabilized odorant-binding proteins and
enabled precise recognition of bitter molecules through Au-S
bonds. Additionally, redox-active and bimetallic NPs optim-
ized the detection of umami and sour tastes by modulating
surface chemistry and electrical conductivity. These investig-
ations imply that LAL-fabricated NPs, with their tunable size
and reproducibility, are ideal candidates for scalable gustatory
sensor arrays capable of detecting diverse taste profiles.
Several artificial electronics that mimic the human ear,
including acoustic sensors and balancing sensors, have been
developed! %~ 1701 " Acoustic sensors mimic cochlea or hair
cells and convert sounds or vibrations into electrical sig-
nals. Notably, sound can be categorized into three classes
according to its frequency range: infrasound (<20 Hz), aud-
ible sound (20-20000 Hz), and ultrasound (>20000 Hz);
audible sounds can be perceived by humans!!'7!:!7?]_ Based
on the sensing mechanism, acoustic sensors can be further
classified into piezoresistive, piezoelectric, electromagnetic,
capacitive, triboelectric, and optical sensors!!7>~1811: versat-
ile NPs can be easily grafted onto a variety of acoustic
sensors! 1821841 "Wang et al. developed a flexible piezores-
istive artificial ear sensor based on Au NPs, which effect-
ively converts acoustic signals into electrical outputs through
resistance changes!'®*l. The sensors demonstrated a wide
frequency response from 20 Hz to 12 kHz and detected
sound signals up to 5 meters away, achieving classification
accuracies over 95% for both emotional speech and urban
noise using deep learning. The piezoresistive Au NP inter-
face mimicked the tympanic membrane and cochlear func-
tionality, with mechanical vibrations at the interface alter-
ing resistance, allowing real-time electrical signal conver-
sion. Figure 6(d) depicts the conceptual schematics of sound
recognition processes, the operational principle of the Au NP-
based sensor, and signal comparisons qualifying the perform-
ance of the sensors. This design enabled applications such
as emotion-based monitoring for healthcare and noise con-
trol in high-dB environments, showcasing the potential of NP-
based acoustic sensors to enhance sensitivity and selectiv-
ity for advanced human-machine interfaces. Additionally,
Park et al. reported a dual-mode, frequency-selective acoustic
and haptic smart skin with high sensitivity, attributed to the
utilization of triboelectric sensors with a hierarchical struc-
ture. The sensor showed a linear response over a broad fre-
quency range, enabling the fabrication of advanced human-
machine interfaces with noise-independent voice recognition
and surface texture differentiation!!’?). BaTiO; NPs within
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the hierarchical macrodome/micropore structure of the fer-
roelectric composites in the system enhanced the dielec-
tric properties of the triboelectric sensor and localized stress
under mechanical deformation, leading to increased pres-
sure sensitivity and frequency selectivity. This enabled the
sensor to distinguish sounds across a wide range of frequen-
cies (145-9000 Hz). Gao et al. reported highly sensitive,
cavity-free devices comprising hydrogel microphones embed-
ded with Ag NPs for detecting low-frequency underwater
sounds that showed excellent sensitivity on electric double-
layer modulation!'®®1. Figure 6(e) shows the SEM image of
the hydrogel membrane implanted with a patch of silver
dendrites and the schematic of a dendritic Ag NP network
inside the hydrogel membrane. The graph shows the frequency
response of the hydrogel microphone at low-frequency range
(20-3 000 Hz), where salt concentrations and bias direction
affected the performance of the hydrogel microphone. The
Ag NPs in the hydrogel microphones enhanced the device
sensitivity by forming a deformable network that modulated
capacitance in response to mechanical stimuli, such as sound
waves, through electrode area and ion concentration vari-
ations. Yan et al. reported a fabric embedded with a piezo-
electric fiber incorporating BaTiO3; NPs, which functioned as
a sensitive microphone by converting nanometer-scale mech-
anical vibrations from audible sound waves into electrical
signals!!””], BaTiO; NPs enhanced the piezoelectric proper-
ties of the fiber by increasing its charge coefficient, thereby
improving its sensitivity to mechanical vibrations and facilit-
ating the efficient conversion of these vibrations into electrical
signals.

Gyroscopic and accelerometric sensors have also been
developed as artificial electronics that mimic the ear (i.e., E-ear
systems)! '8~ 1881 Magnetic NPs exhibit high potential applic-
ability in gyroscopic sensors for balance perception owing
to their unique functionality. Typically, these sensors contain
iron oxide NPs, such as those comprising magnetite (Fe;QOy),
which exhibit strong magnetic moments and can be manip-
ulated using external magnetic fields!!®!. The orientation of
Fe;04 NPs can be altered by external forces, such as angu-
lar acceleration, resulting in detectable changes in the sur-
rounding magnetic-field strength. By maintaining controlled
magnetic-field intensity and frequency, the sensor can min-
imize phase delays and thermal agitation, ensuring the accur-
ate detection of NP rotation. Moreover, the ability to finely
tune the concentration and interactions of NPs within the
sensor ensures a high measurement resolution, which is cru-
cial for applications that require precise spatial awareness.
Tang et al. utilized ZnO NPs embedded in a polyethylene-
glycol (PEG) matrix as a sensitive strain-gauge element!'°],
The resistance, capacitance, and impedance responses of
low-cost accelerometers embedded with these gauge ele-
ments (based on PEG/ZnO NP nanocomposites) were meas-
ured under accelerations within 0—1 G. In artificial auditory
sensors, the role of NPs mainly lay in enhancing sensitivity,
frequency selectivity, and detection accuracy by leveraging
their dielectric, piezoelectric, and magnetic properties. These
NPs improved sound wave conversion and frequency-specific

responses in acoustic sensors, enhanced sensitivity to low-
frequency underwater sounds within deformable networks,
and facilitated precise balance perception. With size con-
trollability and enhanced surface properties, LAL-derived
NPs are highly promising for developing high-sensitivity,
frequency-selective auditory sensors tailored for advanced
human-machine interfaces, and precise spatial awareness
applications.

3.3. NP applications in tactile sensors

The versatility of NPs also enables the fabrication of high-
sensitivity artificial tactile sensors that detect a variety of per-
ceptions, including touch, pressure, vibration, strain, temper-
ature, and humidity!'”!' =161, Yoo et al. reported the devel-
opment of an industrial-grade, bending-insensitive, transpar-
ent nanoforce touch sensor with a hierarchical nanocompos-
ite film consisting of nanostructured plastic-based coplanar
electrodes and a dielectric polymer layer embedded with Ag
NPs! 71, Incorporating NPs resulted in a significant increase
in the dielectric constant of the SU-8 polymer layer, ensuring
high device sensitivity owing to the percolation effect because
of which density changes in Ag NPs under pressure led to
a significant change in capacitance. This effect was ampli-
fied by the stress concentration within the nanograting struc-
tures of the nanostructure plastic base (Figure 7(a)), result-
ing in improved sensitivity, even with a low concentration of
NPs, while maintaining high transparency and flexibility. An
ultrahigh-resolution pressure sensor based on percolative Pd
NP arrays reported by Chen et al. demonstrated a sensitivity of
0.13 kPa~! and resolution of 0.5 Pa owing to the operation of a
quantum-tunneling transport mechanism, enabling the devel-
opment of devices such as barometric altimeters with a resol-
ution of 1 meter!'*®1. This sensor detected pressure variations
approximately 2 000 times lower than the perception threshold
of human skin, which typically denotes pressure changes in the
range of 1-2 kPa. A cost-effective and low-voltage flexible
sensing platform based on monolayer-capped nanoparticles
(MCNPs) reported by Segev-Bar et al. could detect pressure,
temperature, and humidity!'*°!. The MCNPs facilitated elec-
tron tunneling mechanisms, which resulted in electrical res-
istance changes based on the interparticle distance, imparting
the system with high sensitivity toward environmental para-
meters. This innovative study confirmed the high potential of
MCNP-based sensors, which showed tunable sensitivity and
robust performance, even after extensive bending cycles, for
advanced electronic-skin applications.

In addition to pressure and touch sensors, NPs have
found their utility in strain-gauge sensors!??%-2011 Ketelsen
et al. reported the development of highly sensitive strain
gauges comprising 1, 9 nonanedithiol cross-linked Au NP
networks!?°?]. The primary sensing material of this device,
Au NPs, exhibited high sensitivity toward strain through
a mechanism based on the tunneling of charge carriers
between particles, which caused electrical resistance changes.
Figure 7(b) shows the photographic devices with SEM
image demonstrating the cross-linked Au NP networks.
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Figure 7. Application of NPs in tactile sensors, including pressure, strain, temperature, and humidity sensing. (a) Schematics of a hierarchical
nanocomposite film-based touch sensor with cross-sections cut parallel and perpendicular to the direction of the electric field along with the
force mapping recorded using a smart phone. 7! John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Photographs of the strain sensor and SEM image of the cross-linked Au NPs. Reproduced with permission from?*?!. © 2022 The
Authors. Advanced Functional Materials published by Wiley-VCH GmbH. CC BY-NC 4.0. (c) Schematics of the strain sensor based on
Au NP layer sandwiched between polydimethylsiloxane (PDMS) layers. Reprinted with permission from!?**!, Copyright (2021) American
Chemical Society. (d) Incorporation of Au NPs into gelatin-based hydrogel network, and the sensing performance of devices with differ-
ent conditions. Reprinted from!?®), © 2021 Elsevier B.V. All rights reserved. (¢) SEM images of temperature-dependent Au NPs decorated
with poly(N-isopropylacrylamide) microgels along with the color distribution. Reproduced from!?*!, CC BY 4.0. (f) Schematics of SiO,

NP-based humidity sensors and the relevant proton conduction mechanism with the humidity sensing performance. Reproduced from!*!,
CC BY 4.0.

Owing to anisotropic strain sensitivity, these strain gauges
were integrated into a flexible polymer. Additionally, Jheng
et al. reported Au NP-based strain sensors!??}!. Figure 7(c)
presents the schematic of the device comprising Au NP
thin-film sensing layers deposited on flexible and stretchable

polydimethylsiloxane (PDMS) substrates that could measure
low pressures with a responsivity of 3.3 kPa~!. A stretch-
able strain sensor based on Ag NP thin films reported by Lee
et al. was able to detect both tensile and compressive strains;
these systems were easily transferred onto PDMS substrates
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by a streamlined single-step direct-transfer process!?**!. Zhang
et al. also reported the development of Janus adhesive-tough
hydrogels incorporating in-situ generated Au NPs within
a gelatin-polyacrylamide double network structure!?®!. The
incorporated Au NPs disrupted the triple helix structure of
the gelatin on the adhesive side, enhancing both interfacial
bonding and flexibility, which enabled the synergistic bal-
ance of strong adhesion and mechanical toughness. As shown
in Figure 7(d), the Au NPs-incorporating hydrogels exhib-
ited significantly enhanced strain at the break while slightly
compromising tensile strength due to the disrupted network
structure.

NPs can also be used to perceive other senses such as tem-
perature and humidity. Choe et al. reported the development
of a smart colorimetric patch based on thermoresponsive plas-
monic microgels embedded in stretchable hydrogel film!?%°!,
The Au NPs decorated with poly(N-isopropylacrylamide)
(PNIPAM) microgels showed large and reversible color shifts
owing to efficient plasmon coupling between the Au NPs
(Figure 7(e)). This device enabled rapid temperature visualiz-
ation with a high resolution of 0.2 °C over a broad temperature
range of 25 °C—40 °C, exhibiting high potential applicability
in wearable sensors and soft robotics. Other studies also repor-
ted PNIPAM-decorated Au NPs that functioned as colorimet-
ric temperature sensors!?’’!. Additionally, Liu et al. reported
charged colloidal Au NPs capped with strong ligands, such
as bis(p-sulfonatophenyl)-phenylphosphine, that underwent
assembly and disassembly in aqueous solution in response to
temperature changes!>*®!. In this system, manipulating elec-
trostatic interactions through the temperature-dependent zeta
potential of the charged NPs enabled the reversible thermore-
sponsive tuning of plasmon coupling. NPs are also effect-
ive in tracing the humidity of ambient air. Nonporous SiO,
NP-based humidity sensors developed by Kano et al. fea-
tured excellent chemical stability and a rapid response time
(i.e., a hysteresis error of 2% at 85 RH% and response/recov-
ery times of 2.8/2.3 s, respectively)?®!. In this system, the
NPs formed multilayer water films on the surface and facilit-
ated proton conduction through hydrogen bonds, altering the
active-layer resistance with changes in humidity (Figure 7(f)).
Similarly, Yadav et al. demonstrated that non-functionalized
Au NPs enabled high-performance humidity sensing owing
to their high specific surface area and the presence of sur-
face cracks!?!%!. This study highlights the ability of Au NPs to
enable stable and repeatable humidity sensing, despite the lack
of functionalization. NPs play a critical role in advanced tact-
ile sensors by enhancing sensitivity, flexibility, and respons-
iveness across multiple sensing modalities such as pres-
sure, strain, temperature, and humidity. Their unique proper-
ties, including tunable dielectric constants, quantum tunnel-
ing mechanisms, and large specific surface areas, enable pre-
cise perception and differentiation of environmental stimuli.
The scalability, tunability, and surface modification flexibil-
ity provided by LAL-derived NPs make them exceptionally
well-suited for the development of high-performance tactile
sensors, ensuring robust and efficient operation in wearable
technologies and electronic-skin systems.

3.4. NP applications in synaptic devices

Artificial synaptic devices have emerged as pivotal innova-
tions for emulating the complex functionalities of the human
brain within electronic systems. These devices are designed
to replicate the dynamic synaptic connections between neur-
ons and perform cognitive processes of brain, such as mem-
orizing and learning. Various device platforms that emulate
biological synapses, where perceptible stimuli serve as pre-
synaptic spikes, typically represented as pulse biases, have
been proposed. Additionally, innovative nanotechnologies and
advanced materials have enabled the development of syn-
aptic devices with efficient and low-power computations. This
section reviews some recently developed NP-based synaptic
devices.

Guo et al. reported a diffusive artificial synapse using Au
NPs functionalized with charged self-assembled monolay-
ers, showing switching characteristics analogous to biological
Ca’* dynamics and emulating key synaptic functions'>'!). Au
NP incorporation resulted in a diffusive memristor, wherein
mobile counterions responded to the electric field and diffused
back upon removal (Figure 8(a)). Zeng et al. also investig-
ated the applicability of ZnO NPs integrated into ZTO films
in phototransistors that could emulate the neural coding of
the human visual system'?'?!, Gate-voltage modulation res-
ulted in distinct positive and negative paired-pulse ratios,
attributed to oxygen adsorption/desorption and electron trap-
ping at the ZnO NP/SiO, interface. Neuromorphic transistors
with Au NP-decorated indium tin oxide fibers, developed by
Sim et al., mimicked the real-time light sensing and signal
transduction of retinal neurons, showing biologically accurate
simulations of light-intensity adjustments!?!3!. Furthermore,
Jiang et al. developed neuromorphic motion-cognition sys-
tems comprising SnO, NP-doped MoS; thin films>'*. In
this system, the enhanced charge-trapping effect arising from
SnO, NPs was coupled with an improvement in the elec-
trostatic gating capability of the device. A paper by Kim
et al. demonstrated the precise modulation of synaptic plas-
ticity using an Al-NP-embedded indium gallium zinc oxide
(IGZO) synaptic transistor, which emulated essential syn-
aptic functions and supported the implementation of neur-
omorphic computing systems!?!>!. The density of the Al NPs
within the IGZO channel modulated the conductance states,
enabling precise control over synaptic plasticity, including the
excitatory and inhibitory postsynaptic currents, paired-pulse
facilitation, and both short- and long-term synaptic plasti-
city (Figure 8(b)). This fine-tuning capability is essential for
neuromorphic computing applications because it facilitates the
reliable emulation of synaptic behavior, thereby facilitating
high accuracy in tasks such as image recognition and learn-
ing. Liu et al. reported a significant advancement in nano-
memristors, demonstrating ultralow switching voltages down
to 4 mV using surface-modified Cu NPs!?!°!. The Cu NPs
were functionalized with dalkyl-dithiophosphoric to form a
400-nm-thick layer, achieving volatile threshold-type resist-
ive switching with minimal power consumption (Figure 8(c)).
Due to the surface modification, Cu NPs could stabilize their
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dispersion and create Schottky barriers that induce insulator-
to-metal transitions, with reliable switching capability over
hundreds of cycles. Two-terminal sodium ion artificial syn-
apse systems with an NP/electrolyte architecture, first repor-
ted by Wei et al.,, emulated biological synapse behaviors,
showing essential synaptic functions such as postsynaptic cur-
rents and paired-pulse facilitation with ultra-low-power con-
sumption along with pain perception and dendritic integra-
tion abilities!”!’l. TiO, NPs in such systems functioned as
effective Na reservoirs, facilitating ion migration and electro-
chemical doping to replicate synaptic plasticity and enhance
postsynaptic responses. With an ultra-low-power consumption

of 0.55 pW per synaptic event, this architecture supported
advanced functionalities, such as pain perception and dend-
ritic integration, making it a promising component of high-
performance bioinspired flexible neural systems (Figure 8(d)).
Several other studies reported the versatility of NP systems for
synaptic behavior. SnO, NPs with poly(3-hexylthiophene-2,5-
diyl) nanowires enhanced photoelectric responsiveness and
bidirectional plasticity!?'®] and SnO, NP-based synaptic tran-
sistors permitted electrochemical doping to modulate synaptic
weight!?!°], Chen et al. also reported the undesired neurotoxic
effects of NPs!!>21, ZnO NPs could traverse the tongue-brain
pathway owing to their high biological activity and small size,
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leading to neuroinflammation and subsequent synaptic trans-
mission deficits. These NPs activated the JAK-STAT signal-
ing pathway, which in turn inhibited the Neurexin1-PSD95-
Neuroloiginl pathway and reduced c-fos expression, result-
ing in impaired taste perception. NP-based synaptic devices
require key attributes such as efficient charge trapping, con-
trolled ion migration, and tunable conductance states to rep-
licate essential synaptic functions, including plasticity, learn-
ing, and memory. Their integration enables low-power oper-
ations, fine-tuning of synaptic weights, and reliable emula-
tion of biological processes. LAL-derived NPs are partic-
ularly suitable for these devices due to their controllable
size, high surface reactivity, and scalable fabrication poten-
tial, allowing precise customization and reliable perform-
ance in neuromorphic systems for next-generation artificial
intelligence.

4. Summary and outlook

This review comprehensively summarizes recent advances in
LAL and NP-incorporated ASS devices to provide useful
resources for future research on high-performance, reliable
ASS electronics. Recent advances in LAL addressed the inher-
ent scalability issues, and their abilities to produce surfactant-
free NPs ensure the controllability of size and composition
even without high temperatures, vacuum conditions, or com-
plex chemical processes. The fundamental mechanisms and
key parameters influencing the characteristics of NPs were
deeply discussed. Laser fluence affects the ablation rate and
NP yield, with higher fluences typically producing smaller
NPs owing to increased fragmentation. The laser wavelength
affects energy transfer efficiency, thereby affecting the size
and colloidal density of the resultant NPs. Shorter wavelengths
typically result in smaller NPs with higher colloidal densities.
The pulse duration influences the ablation mechanism and NP
features, with shorter pulses favoring higher productivity and
smaller NPs. The repetition rate and liquid medium properties
also influence the NP characteristics and production efficiency
significantly. Despite these explorations, understanding of the
intertwined interplay still lacks, necessitating more experi-
mental investigations. Subsequently, the advantages of metal-
based NPs in ASS devices, particularly perceptual sensors and
synaptic devices, were comprehensively reviewed. These NPs
improved the sensitivity, selectivity, and efficiency of percep-
tual sensors, while offering unexpected synaptic functions and
enhancing memorial performance for artificial synapses.
Despite the promises of LAL with distinct NPs, their
electronic application, particularly in sensory and synaptic
devices, remains largely unexplored. This can be attributed to
several factors. First, the process of separating and purifying
NPs to ensure the target quality and characteristics is challen-
ging; inadequate purification can lead to inconsistent NP qual-
ity and performance variations in sensory systems. Second,
preventing aggregation during storage is crucial for main-
taining the functional properties of NPs; however, effective
storage systems that prevent aggregation are currently lack-
ing. Third, considering the material-specific properties of NPs,

certain metal targets remain costly, particularly those with
high purity or specialized compositions. This cost concern is
closely tied to increased production expenses in industrial set-
tings, limiting their broader adoption and commercialization
in advanced ASS applications. Addressing these challenges
requires the development of advanced separation and purific-
ation techniques, innovative storage solutions, cost-effective
production methods, and collaborative research.

To address the previously mentioned challenges and
enhance the application of LAL-fabricated NPs in ASS, devel-
oping advanced separation and purification techniques to
ensure consistent NP quality using methods such as centri-
fugation, filtration, and electrophoresis is vital. Additionally,
future research should focus on designing innovative storage
solutions that prevent NP aggregation through the use of stabil-
izing agents and controlled environments for maintaining NP
stability. Exploring cost-effective production methods, such
as using economic raw materials and recycling metal targets,
can mitigate the economic barriers associated with LAL pro-
cesses. Moreover, collaborative research between academic
institutions, industries, and government agencies is essential
for accelerating the development and commercialization of
these technologies. These perspectives highlight the poten-
tial of ASS for enabling seamless integration into human
skin, such as skin-conformal sensory and synaptic devices,
providing immersive and interactive experiences in meta-
verse technologies while fostering industrial and technological
advancements.
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