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Abstract

This work overviews recent (last 3-4 years) advances in sensing based on localized surface plasmon
resonance (LSPR) of plasmonic metal nanoparticles (PMNPs). Starting with a brief background,
recent reviews in the field and relevant related areas are summarized. Next, recent progress in PMNP
synthesis and post-synthetic transformations is discussed in the context of PMNP sensing utility.
Subsequently, preparation of sensing substrates based on PMNPs is examined. Recent developments
in colorimetric and LSPR sensing constitute the core of the review material with the focus on
implementation of PMNPs and their sensing modalities. Advances in other sensing methods with
direct relevance to PMNP implementations are also highlighted in the context. Perspectives on
directions of further advances in LSPR sensing with PMNPs and overcoming existing limitations
conclude this review.

Keywords: plasmonic metal nanoparticles; localized surface plasmon resonance; plasmonic sensing
substrates; colorimetric sensing; synthesis and transformations of anisotropic metal morphologies

1. Introduction

1.1. Brief Background on PMINP Properties and Applications

Out of the great diversity of nanomaterials with their unique size-dependent properties,
plasmonic metal nanoparticles, PMNPs, stand out due to prominent optical characteristics that enable
their impressive range of applications.[1,2] Free electrons of good metals, such as silver and gold,
render these metals reflective in bulk; while upon nanoscale confinement, electron oscillations
(localized surface plasmon resonance, LSPR) become size- and shape- dependent.[3] This nanoscale
size dependence of strong light interactions with PMNPs not only can be aesthetically appealing (Fig.
1) but it can also serve as one of the quantum size dependences that is simple and natural to visualize
and to intuitively understand. Not surprisingly, considering the use of noble metals starting at the
dawn of humanity, PMNPs are one of the earliest nanomaterials documented in creation of a unique
piece of art, a Lycurgus cup of the 4-th century (Fig. 1A-C),[4,5] with LSPR of PMNPs being
responsible for distinctive dichroic appearance in reflected and transmitted light.
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Figure 1. A), B) Optical photographs of the Lycurgus cup A) in reflected and B) in transmitted light; C)
Transmission electron microscopy (TEM) image of a silver-gold alloy PMNP within the glass of the Lycurgus
Cup; D)-G) Optical images of PMNP dispersions from authors’ laboratory. A), B) and C) adapted with
permissions from refs.[4,5] © The Trustees of the British Museum. Shared under a Creative Commons
Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence. D) and E) PMNPs with
dichroism similar to that of the Lycurgus cup described in refs.[6,7] F) PMNPs described in ref.[8] and G)
PMNPs described in ref.[7,9]

With respect to the applications of PMNPs, size- and shape- dependence of LSPR enables
convenient LSPR tuning and maneuverability during PMNP synthesis and post-synthetic
transformations. Comparing LSPR resonances of spherical (isotropic, 3-D) and anisotropic rod-
shaped (1-D) and disk-shaped (2-D) PMNPs (Fig. 2), it is straightforward to see that anisotropic
shapes are much more effective than spherical ones for tuning LSPR energy/wavelength via size
variation in just one of the dimensions, such as the length for 1-D nanorods and the width for 2-D
nanoprisms. Consequently, realization of the size and shape control in synthesis and post-synthetic
transformations of PMNPs is crucial for efficient practical implementations of PMNPs in sensors.
Given that d-sp transitions of silver and gold are in near UV and visible, respectively, most PMNPs
have LSPR in the visible and near IR range, so PMNPs are conveniently suitable for colorimetric
sensing. The ability to trace LSPR maxima with the spectral resolution at the level of 0.01-0.02 nm
brings powerful capabilities to PMNP-based LSPR sensing[10] that is appreciably technically simpler
compared to conventional SPR instrumentation.[11] Surface enhanced Raman spectroscopy (SERS)
takes an advantage of the strong electromagnetic field enhancement in a vicinity of PMNPs and,
especially, their assemblies to enable signal enhancement on the order of 10[10] and thus single-
molecule detection using Raman spectroscopy.[12]
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Figure 2. Schematic illustration of localized surface plasmon resonance (LSPR) in PMNPs: A) Isotropic
(spherical); B) anisotropic 1-D (rod-shaped PMNPs); and C) anisotropic 2-D (disk- or prism-shaped PMNPs).
Incident light induces collective oscillations of the PMNP electron cloud relative to the positively charged
lattice, generating strong localized electromagnetic fields.

1.2. Overview of the Recent Progress in the Field and Scope of this Review

Prior to defining the scope of our review, we briefly summarize recent developments and the
state of the art in the reviews of this field for the last ca. 3 years. General progress in LSPR
developments has been comprehensively summarised by Mcoyi et al.[13] A very good background
review on LSPR sensing with emphasis on soft matter has been presented by Zhdanov.[14] Plasmonic
sensing with silver NPs has been thoroughly discussed by Li et al.[15] In their recent work, Lin et al.
presented a comprehensive overview of recent advances in LSPR sensor technologies.[16] Another
detailed review on plasmonic biosensors by Hamza et al. had been published in 2022.[17]
Comparison of SPR and LSPR sensing and advances in real time detection there are reviewed by Cho
et al.[11] Sensing based on morphological changes of metal is comprehensively overviewed by Zhang
et al.[18] Opportunities and challenges of plasmonic sensors have been thoroughly discussed by Das
et al.[19] OpenSPR sensing based on PNMPs have been published by Hanson et al.[10] Plasmonic
sensing with the emphasis on pharmaceutical and biomedical applications was recently overviewed
by Akgoniillii and Denizli.[20] An excellent review on applications of plasmonic metal nanoparticles
in point-of-care diagnostics has been made by Geng et al.[21] For reviews in related and overlapping
fields with PMNP-based sensing, Wu et al.[22] discussed colorimetric sensing, where plasmonic
nanostructures are an important part. Hydrogel sensing, with an extended part on PMNPs has been
reviewed by Song et al.[23] The interplay of PMNPs and fluidics was comprehensively discussed by
Bhalla et al.[24] Dark field sensing with plasmonic nanomaterials has been nicely covered by Zhang
et al.[25] Finally, a broader perspective on plasmonic nanostructures that include not only PMNPs
but other nanomaterials, such as graphene, has been presented by Wu et al.[26]

In this review, with the goal to complement current reviews summarized above and to expand
upon them in several areas, we focus on pathways from PMNP preparation to sensor fabrication and
then to colorimetric and LSPR sensing based on PMNPs. One of the points emphasized in this review
is PMNP implementation in sensing technologies. In this context, in addition to LSPR sensing, some
SERS examples are discussed when relevant in the context. For complementary reviews, an excellent
recent in-depth perspective on SERS sensing[9] and recent reviews on fabricated metal

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025 d0i:10.20944/preprints202511.0549.v1

4 of 20

nanostructures for LSPR sensing,[26] PMNDPs in fiber optic sensors geometries,[11] and LSPR
applications of PMNPs in chemical and biological sensing using fiber optics[27] can be
recommended.

2. PMNP Synthesis and Post-Synthetic Transformations Relevant to Sensing

Since the early 2000s, the field of PMNP synthesis has progressed significantly, with major
advances in mechanistic understanding and control of nanoparticle size and morphology.
Fundamental reviews by Rycenga et al.[28] and Regura et al.[29] provide a comprehensive reference
of silver nanoparticle syntheses, systematizing the broad range of attainable morphologies of silver
PMNPs. In comparison, gold NPs have been investigated extensively for biological and biomedical
applications, but their accessible shape diversity is comparatively limited, as well as the ease of
synthesis, as reflected in reviews, e.g. by Dykman and Khlebtsov.[30] Diverse applications of gold
NPs have been discussed in the recent review by Karnwal et al.[31]

2.1. Anisotropic PMNP Shapes

For the present progress in PMNP synthesis, Figure 3 showcases several seed-mediated
strategies for producing advanced PMNPs with tunable optical properties advantageous for LSPR
sensing. LSPR tunability is more easily accessible for anisotropic PMNPs with a shape- and size
selection. High-purity gold nanotriangles[32] (AuNTs) (Fig. 3A) serve as a good example of such 2-
D anisotropic PMNPs. Key features of AuNT synthesis are that by controlling reaction kinetics
through high concentration of absorbing species: cetyltrimethylammonium chloride (CTAC) and KI,
tunable sizes and uniformity can be attained. Similarly, Carone et al.[33] used
cetyltrimethylammonium bromide (CTAB) to direct growth of AuNPs into several different shapes,
including quasi-spherical, rod-like, and pentagonal bipyramids. Another notable feature of this work
is AuNT purification through self-assembled microfibers that separates impurity shapes in an
entropically-driven process thus improving resulting shape- and size- uniformity.[32] Similarly,
Podlesnaia et al.[34] reported microfluidics-based synthesis of AuNTs that delivers precise seed
control, efficient two-step growth, and scalable production with improved uniformity. In another
example that combines 1-D structures and shell formation, hollow AuAg nanorods were fabricated
by galvanic exchange using silver nanorods as a template (Fig. 3B).[35] The prepared PMNPs
demonstrated high chemical stability due to gold-rich outer regions and silver near internal cavities,
resulting in enhanced SERS activity. In a third example of more complex anisotropic morphologies,
AuAg nanorattles (Fig. 3C) were synthesized to deliver LSPR spanning from 1000 to 3000 nm, thus
fully covering the near IR region.[36] Electron microscopy, spectroscopy, and modelling of these
PMNPs revealed strong IR signal enhancement, showcasing their potential for LSPR sensing, as well
as optical communication.[36] As a more intricate example of shape selection, gold nanorods with
five-fold rotational symmetry were prepared (Fig. 3D,E), where end-to-end dimers retained strong
chiro-optical signals advantageous for chiral LSPR sensing.[37] Last but not least example of a
scalable synthesis of chiral PMNDPs with an excellent size- and shape-selection employed chiral amino
acids and peptides to yield 432-symmetric helicoid PMNPs (Fig. 3F) with a high g-factor of 0.2,
suitable for polarization control, chiral sensing, and thus a broad range of biomedical
applications.[38] Zhao et al. developed Au nanoheptamers composed of six Au nanospheres
interconnected by thin metal bridges around a central core, forming strong electromagnetic hot spots
for enhanced near-field effects.[39]
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Figure 3. Electron microscopy images of representative anisotropic PMNP morphologies with tunable optical
properties for LSPR sensing. A) Two-dimensional anisotropic gold nanotriangles with a narrow size
distribution. Reprinted with permission from.[32] Copyright 2022 American Chemical Society. B) One-
dimensional hollow gold-silver nanorods with enhanced chemical stability arising from gold-rich outer
regions. Reproduced from ref.[35] C) Anisotropic gold-silver nanorattles with LSPR spanning from 1000 to
3000 nm. Reprinted with permission from. [36] Copyright 2024 American Chemical Society. D) and E) Gold
nanorods with right- and left-handed five-fold rotational symmetries, advantageous for chiral LSPR sensing.
Reproduced from ref.[37] F) Symmetric helicoid PMNPs with a high g-factor enabling sensitive chiral
detection. Reproduced from ref.[38]

2.2. Shells and Hollow PMNP Morphologies

In addition to anisotropic structures, shells and related hollow nanostructures offer additional
dimension in LSPR engineering and resulting sensing capabilities, e.g. as it has been already shown
in discussion of Fig. 3B. Recent progress in plasmonic nanostructure engineering highlights how
careful control over shell composition, thickness, and interfacial chemistry can generate
multifunctional sensing platforms with finely tunable LSPR. Light-assisted colloidal growth using
silica-encapsulated gold bipyramids as localized photothermal sources has enabled the low-
temperature synthesis of anisotropic iron oxide, silver, and palladium NPs, illustrating the versatility
of plasmonic heating for solution-phase growth of complex nanostructures.[40] Core-shell PMNPs
that incorporate Raman reporters — such as silver core-silica shell NPs with 4-mercaptobenzonitrile
in the interfacial layer — enable interference-free SERS detection of membrane type-1 matrix
metalloproteinase (MT1-MMP) in breast cancer cells, overcoming spectral overlap and enhancing
specificity for clinical diagnostics.[41] Similarly, AgNPs with ultrathin gold shells embedded with 4-
mercaptobenzoic acid (AgMBA@Au) have been integrated into lateral-flow immunoassays for
colorimetric and SERS dual-mode detection of SARS-CoV-2 IgG, achieving picogram-per-millilitre
sensitivity and outperforming traditional ELISA and colloidal-gold strips in clinical samples.[42]
Beyond linear optical responses, chiral gold nanorods and their silver or titania shell derivatives
exhibit tunable plasmonic circular dichroism bands spanning the UV-NIR region.[43] These studies
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elucidate chirality transfer mechanisms and enable the rational design of chiral-optically active
plasmonic nanomaterials for circularly polarized light applications.[43] Bioinspired, peptide-
mediated one-pot syntheses offer another route to multifunctionality: a single short peptide can
reduce and stabilize gold, silver, and Au@Ag NPs under ambient conditions to yield shell
morphologies while also conferring selective, pH-dependent responses to Hg?, Fe?, and Mn?
ions.[44] At the assay level, etchable silver shells on gold nanobipyramids support a plasmonic ELISA
with multi-colorimetric readout for C-reactive protein (CRP), where the silver shell thickness directly
controls the sensitivity of LSPR peak shifts and enables sub-nanogram detection both
spectroscopically and by eye.[45] Extending these principles to larger architectures, hydrophobic
microcapsules consisting of a liquid core surrounded by an inert nanometre-thin silica shell
embedding mixtures of Ag and Au NPs exhibit mechanically robust, optically tunable systems
suitable for SERS studies, photothermal therapy, interfacial electrocatalysis, antimicrobial coatings,
and drug delivery since their optical response can be precisely tuned by the Ag/Au ratio and shell
thickness.[46]

2.3. PMNPs with Magnetic Capabilities

Magnetic functionality integrated with PMNPs offers a powerful feature of moving and
separating resulting nanocomposites by an external magnetic field that is highly advantageous for
multiple sensing assays. To avoid LSPR quenching with strongly light-absorbing magnetic materials,
plasmonic-magnetic nanocomposites need to be carefully designed. Of the recent work, star-like
Au@Fe;0, core-shell nanostructures provide a highly uniform magnetite shell with superior
saturation magnetization, a large red shift of the LSPR into the first biological window, and
demonstrable magneto-mechanical and photothermal effects in cell cultures.[47] Theoretical work
further suggests that Fe;O,@M (M = Ag or Au) core—shell NPs coupled to metal films could serve as
tunable plasmonic nanolasers, with their emission wavelength controllable by NP size, gap distance,
and an external magnetic field.[48] Michalowska and Kudelski[49] recently deposited a thin layer of
silica (3 nm) to the surface of plasmonic-magnetic nanostructures (FesO4s@Ag)@Si0Oz) that exhibited
lower deviation of the mean values when applied to SHINERS (shell-isolated nanoparticle-enhanced
Raman spectroscopy). Together, these studies highlight the versatility of magnetic—plasmonic
nanomaterials as multifunctional platforms for sensing, imaging, therapy, and tunable photonic
devices.

3. Fabrication of Sensing Substrates and Sensors Using PMNPs

Of the many ways to prepare LSPR sensors, Sun et al.[50] described an effective approach for
fabricating sensing substrates less affected by interparticle separation by using hollow gold
nanoshells. To fabricate the sensor (Fig. 4A), a cleaned glass slide was soaked in APTES (3-
aminopropyltriethoxysilane), and hollow AuNPs were deposited to bind to a thiolated surface.[50]
The sensitivity of resulting substrates has been reported to be 360 nm/RIU, which is appreciably
higher compared to solid AuNP sensors prepared by the same method.[50] Thus, it has been shown
that hollow shells are much less sensitive to interparticle separation and can serve as promising
morphologies for LSPR sensing, with benefits of preventing agglomeration, ease of functionalization,
sensor regeneration, and possibilities for integration with various systems including
microfluidics.[50] Ma et al. [51] reported on an integrated microfluidic LSPR chip, with a schematic
of the fabrication process highlighting the sequential steps from nanomaterial preparation to device
assembly shown in Figure 4B. First, a thin gold layer (8 nm) is deposited onto a cleaned quartz
substrate via thermal evaporation, followed by thermal annealing at 560 °C for 6 hours to induce
dewetting and form AuNPs with uniform morphology.[51] Concurrently, polydimethylsiloxane
(PDMS) is cast into a mold, cured, and demolded to produce microfluidic channel structures.[51]
These PDMS microchannels are then bonded to the nanoparticle-patterned quartz substrate, forming
sealed microcavities above the AuNP arrays that serve as localized plasmonic sensing regions.[51]
Process pipes are incorporated into the PDMS to allow controlled liquid delivery through the sensing
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chambers, enabling high throughput biosensing.[51] The integration of microfluidics with LSPR-
active NP arrays enables precise control of sample flow, reduced reagent consumption, and
multiplexed detection within a compact chip.[51] This fabrication approach delivers a robust
platform for label-free, sensitive biosensing by coupling nanoplasmonic properties of AuNPs with
the practical functionality of microfluidic systems.[51] Another recent work describing fabrication of
sensing substrates and sensors using PMNPs is by Jeong et al.[52] who prepared electrodes
combining AgNPs with laser induced graphene (AgNP/LIG) for multi-detection of select heavy metal
ions.

T H,50, APTES RAUNS colloid LSPR sensor chip
PDMS A . Pouring Curing and demolding i
V= - - . F
=i, D A - L i
N~ & A “.. Bonding l [. . Process pipe
a 5 ,l‘: fabrication
. - b

Figure 4. A) Fabrication of LSPR sensor chip by immobilizing hollow gold nanoshells onto
functionalized glass slide. Reprinted with permission from. [50] Copyright 2024 American Chemical
Society. B) Schematic fabrication process of a microfluid chip integrated with AuNPs for LSPR
sensing of carcinoembryonic antigen in human serum. Reproduced from ref. Reprinted with
permission from. [51] Copyright 2022 American Chemical Society.

4. Colorimetric Sensing with PMNPs

Colorimetric sensing methods are now well established in point of care detection, environmental
monitoring, and disease control.[53,54,55] This sensing platform provides advantages of fast
response, ease of use, detection by naked eye, and low cost.[53,54,56] Colorimetric sensing with
PMNPs offer advantages of well-defined colours and strong colour changes by virtue of the LSPR.
Colorimetric sensing with integrated PMNPs relies upon interactions with target analytes or changes
in external environment leading to aggregation or de-aggregation in dispersions, alterations of
morphology, and surface composition of PMNPs, leading to shifts of LSPR peaks that manifest in
intense visible colour changes.[53,57] AuNPs are often used for colorimetric sensing due to ease of
surface functionalization and chemical stability.[58,59] There are several subcategories of PMNP-
based colorimetric sensing mechanisms including PMNP growth,[60] aggregation,[53] surface
modification/functionalization,[59] and based on metal nanozymes.[55] For a review of colorimetric
sensing methods not discussed here, see the review by Aldewachi et al.[61]

4.1. Colorimetric Sensing Based on PMINP Formation and Growth
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Synthesis of silver and gold PMNPs commonly involves the reduction of metal salts, e.g. Ag+
and [AuClL], to form PMNPs.[60,62] Many sensing methods based on formation and/or growth of
PMNPs take advantage of in situ formation of PMNPs causing significant visible colour changes,
when a target analyte is present.[63] In some cases, the target analyte serves as a direct reducing
agent, e.g. for the colorimetric hydrazine sensor reported by Khan et al,[64] where upon interaction
of the dispersion with hydrazine, Ag* ions are reduced forming AgNPs and producing a distinct
colour change. In other cases, the target analyte acts to initiate the reduction of silver or gold by a
reagent contained in the assay. This method can be seen in the work by Sivakumar, Park, and Lee,[60]
where the process of colorimetric detection of pathogens by formation of AgNPs can be seen in
Figure 5. This formation-based colorimetric detection functions by using the reducing agent quercetin
added to the assay. In the presence of pathogen DNA, it forms complexes with Ag* ions present in
the assay.[60] Quercetin then acts to reduce the Ag* ions to form AgNPs. The formation of AgNPs
provides a notable change from colourless to red/brown in the presence of pathogens, where intensity
of the colour is directly proportional to the concentration of pathogen DNA.[60] This mechanism
allows for a reasonably sensitive, easy to use, naked eye detection using PMNPs. Although many
colorimetric sensing methods based on PMNP formation and growth rely on detection by presence
of formation, some others rely on the lack thereof, for example Su et al.[65] recently prepared a novel
colorimetric sensor based on the inhibition of photoinduced AuNP formation for the detection of 2-
mercaptobenzothiazole (MBT).

No bacteral
sokuton
added 2mM
I»:c!«»a “ J\ ey N reagents
s P
X 1 ‘Halala DNA 'Y ¥ lialala > N
® 96 2, |®6 e | @ @@
P i ittt nt—y
1] 65°C
- ! $ o~ o~ \ 30 mn
@90 P99 N 208 |
Reaction Detaction - R
2000 2000
100 mM
- AQNO, | Foldng
— ! Paper disc with Quercetn
FTA card '
RT | &8 \,\ LAMP reagonts
30min | gONA b
180 ANO
ot o
G-ONA captured f Ampiifiod ONA
on FTA card ' 65°C | Smin

I washing |
: AGNP formaton in the . . Nl alYala
5 H presence of DNA+quercetin &
L e '

Purled ONA | | )
:Q§ No AGNP formason in he . .\_}_ P ST

Figure 5. Schematic of naked-eye colorimetric detection microdevice for detection of  pathogens by the
formation of AgNPs upon interaction with pathogen DNA and quercetin. Reproduced from ref. Reprinted with
permission from.[60] Copyright 2023 American Chemical Society.

4.2. Colorimetric Sensing Based on PMINP Aggregation

Aggregation of PMNPs feature several characteristics that can be utilized by colorimetric
detection methods. Upon PMNP aggregation, a significant shift in the LSPR peak occurs due to LSPR
interactions and overlaps that manifest in visible colour changes.[66,67] Aggregation of AuNPs and
AgNPs can be generally induced by a change in salt concentration, pH, or temperature.[58,66,68]
Silver and gold nanoparticle aggregation can also be caused by specific molecules such as charged
species, proteins, etc.[53] Given this, it is difficult to apply aggregation-based colorimetric sensing
techniques to diverse real world samples due to unspecific aggregation, limiting sensitivity and
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selectivity.[53] However, Song et al.[53] prepared a 3-D colorimetric sensor platform, in order to
overcome these challenges, called a bead-based system (BBS). AuNPs suspended in a BBS enable
improvements in sensitivity and selectivity in complex matrices by maintaining NP mobility and
stability. Song et al.[53] tested the reactivity of BBS as colorimetric sensor by adding 1,4-dithioreitol
(DTT) to induce aggregation in samples of AuNPs in BBS prepared under varying voltages (0-5.0 kV).
The authors found that the samples containing smaller BBS, which were prepared at higher voltage,
reacted faster than those prepared at lower voltage (larger size).[53] The colour shift taking place
during reaction of the BBS is caused by the target molecule, DTT, diffusing into the BBS and reacting
with AuNPs, leading to aggregation and consequently visible colour changes.[53] The stability of the
BBS was also tested in buffer and various complex human and environmental samples and compared
to a typical solution-based system (SBS).[53] The BBS outperformed the SBS, where it showed original
properties of the AuNPs after 50 days in solution.[53] Zhang et al.[69] recently prepared a
colorimetric sensing platform for detection of hydrochloric acid by redispersion of AuNP aggregates.
The authors utilized glutathione-modified AuNPs that could be induced to aggregate by the
amino/carboxyl-binding effect, electrostatic effect, and the centrifugal effect, before interaction with
HCL.[69] When introduced to HCI, the rapid redispersion of aggregated particles occurred due to
protonation of the amino and carboxyl groups of glutathione in acidic environment and re-
stabilization of electrostatic repulsions between NPs.[69] Therefore, presence of HCI in this sensing
platform could be detected visually by fading of colour or by spectroscopic methods with the
dampening of the LSPR peak of AuNPs.[69]

4.3. Colorimetric Sensing with PMNP-Based Nanozymes

PMNP nanozymes have been of recent interest in biosensing applications due to their enzyme-
like characteristics coupled their intrinsic plasmonic behaviour.[55] Nanozymes can often exhibit
superior properties compared to natural enzymes due to tunable catalytic activity, simple synthesis,
and ease of storage. As well, natural enzymes are more expensive, less stable and cannot be
catalytically tuned or recycled.[55] Kumar et al.[55] prepared an array based colorimetric sensor
using copper, nickel and cobalt NPs to decorate carbon nanotubes in the presence of a cationic
receptor to identify eight different pesticides. This nanozyme sensor array shows positive detection
of various pesticides in a colour patterns of Figure 6.[55] Authors reported that their nanozyme-based
sensor array can distinguish pesticides at concentrations as low as 10 uM and detect pesticides in a
range as low as 1 to 8 pM.[55] Fu et al.[70] also recently utilized gold nanozymes to perform a
colorimetric detection of iodide and indirectly mercuric ions (Hg?) in the presence of 3,3',5,5'"-
tetramethylbenzidine (TMB). Taking advantage of histidine-stabilized gold nanoclusters (His-
AuNCs) with peroxidase-like activity, interactions with iodide led to colorimetric signalling by
altering catalytic properties of gold nanoclusters and inducing aggregation.[70] This sensing
method provides a simple and convenient means of detecting I- and Hg? down to nanomolar
concentrations by visual or UV-Vis detection.[70] Other works pertaining to colorimetric sensing with
PMNP-based nanozymes include those by Duan et al.[71] who prepared a trimetallic AgPt-FesOx
nanozyme sensing method for CO (carbon monoxide) detection and Sang et al.[72] who utilized
bimetallic CuAg nanoflowers with nanozyme properties for the colorimetric detection of acid
phosphatase.
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Negative Positive

nanotubes for the pattern-based recognition and detection of eight common pesticides. Reprinted with
permission from.[55] Copyright 2024 American Chemical Society. B) Simplified schematic of lateral flow

biosensor described in ref.[59]

4.4. Colorimetric Sensing with Functionalized PMNPs

Gold and silver NPs allow for ease of surface functionalization, leading to increased selectivity,
specificity, and molecular tunability for sensing of a diverse array of targets, not only applicable in
biosensing, but also drug-delivery, photoelectrical systems and response-triggered
nanomaterials.[73] Behera et al.[59] took advantage of these properties to prepare a lateral flow
biosensor to detect polyethylene terephthalate (PET), to overcome previous challenges of
microplastic detection including extensive preprocessing and complex instrumentation.[59] The
authors functionalized the surface of AuNPs with a synthetic peptide (5P1), which can bind PET.[59]
AuNP-linked SP1 peptides are located in the sample pad (left side of device) before use; and when
sample is added, it flows towards the absorption pad (right side of device), where a simple schematic
of a lateral flow biosensor can be seen in Figure 6B.[59] As the sample flows from the sample pad to
the absorption pad (left to right), it passes both the test line and control line.[59] The test line only
binds AuNP linked SP1 peptides which have bound PET microplastic, and the control line binds SP1
peptide.[59] When the functionalized AuNPs are stopped at either of these points, aggregation occurs
giving rise to a red colour allowing for visible colorimetric detection of positive or negative tests.[59]
Similar to applications of AuNPs in lateral flow sensing has been demonstrated by Behera et al.[59]
and Liu et al.[74] reported detection of flutriafol in food products.

5. LSPR-Based Sensing with PMNPs

This section overviews methods that monitor/trace LSPR peaks of PNMPs including PMNP-
relevant SPR, SLR (surface lattice resonance sensing) and circular dichroism sensing.

Kim et al.[75] reported an approach to overcome the false negatives common for lateral flow
assays and complex DNA extraction step of PCR tests by preparing an assay which utilizes LSPR for
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detection of COVID-19. Authors integrated recombinant angiotensin-converting enzyme-2 (ACE2),
acting as the receptor for SARS-CoV and SARS-CoV-2, into liposomes that were linked to AuNPs
forming sensor arrays on glass.[75] Schematic of clinical sample acquisition and the mechanism of
virus detection is shown in Figure 7A, respectively. Detection of the SARS-CoV-2 spike proteins have
been identified through LSPR shifts between 5 to 25 nm upon binding of the spike protein (Fig.
7B).[75] Overall, this method of detection offers a low detection limit of 10 pg/mL and high ease of
use, making it promising for early and simple clinical diagnosis.[75]
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Figure 7. A) Schematic image of clinical sample acquisition onto recombinant protein embedded liposome
functionalized AuNP (Au@LiR) LSPR sensor. B) Mechanism of virus detection with LSPR peak shifts between
AuNPs, Au@Li/Rs and Au@Li/R upon virus binding. Reproduced with permission from ref.[75]

Behrouzi and Lin[76] recently developed a sensing platform for the detection of SARS-CoV-2
nucleocapsid proteins utilizing PMNPs for LSPR detection. Aggregation of PMNPs occur when in
contact with the nucleocapsid proteins due to functionalization with NHS-esters to bind
antibodies.[76] Detection is performed by either the naked eye or monitoring LSPR shifts by UV-Vis
spectroscopy.[76] To prepare samples, droplets of viral solution and antibody coated AuNPs are
mixed.[76] When target nucleocapsid proteins are present, aggregation of AuNDPs takes place shifting
the LSPR peak.[76] Aggregation of PMNPs also give rise to visible colour changes, where in this case
the control sample is red and the sample positively detecting SARS-CoV2 nucleocapsid proteins is
blue.[76]

Kim et al.[77] has taken advantage of advanced PMNP morphologies to create a grating coupled
SPR-CD (surface plasmon resonance-circular dichroism) sensor. Kim et al.[77] fabricated these
sensors by transferring helicoid AuNPs onto a gold film using an elastic PDMS mold (Fig. 8A) and
confirmed sample transfer success by scanning electron microscopy (Fig. 8B).[77] Circular dichroism
as a novel sensing modality provides an advantage of reducing signal fluctuations and thus lowering
the limit of detection of the sensor system by a factor of 50 compared to typical SPR testing[77] This
sensor achieved a sensitivity of 379.2 nm/RIU and a detection limit in the low mM range for D-
glucose, paving the way for new sensitive and reliable methods of CD-SPR detection.
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Figure 8. A) Schematic of fabrication process of square helicoid crystal on gold film using MPTS-APTES. B)

Scanning electron microscopy image of 180 nm helicoids uniformly transferred onto gold film. Reprinted with

permission from. [77] Copyright 2024 American Chemical Society.

Li et al.[78] recently developed a novel nanozyme-linked immunosorbent SPR biosensor for
detection of cancer biomarkers. Integrating SPR into ELISA enabled more sensitive detection of
biomarkers compared to visual observation of colour changes or UV-Vis detection (Fig. 9). Authors
utilized Au@Pt nanozymes that mimic catalytic activity of natural enzymes, overcoming inherent
instability of natural enzymes and having an advantage of ease of surface modification and lower
production costs.[78] This highly sensitive detection method enabled a rapid and easy to use platform
for biosensing in cancer screening and early diagnostics.[78]

Sensing platform based on non-closely packed (ncp) AuNP arrays fabricated through a self-
confined solid-state dewetting mechanism has been reported by Chen et al (Fig. 9 C,D).[79] In this
process, thin gold film is deposited onto a substrate, such as quartz, and thermally dewetted to form
ordered arrays of NPs without relying on costly nanofabrication.[79] The resulting ncp AuNP arrays
exhibit strong surface lattice resonance (SLR) effects when excited with normal white-light incidence,
which significantly enhances their optical response compared to traditional LSPR.[79] For sensing
applications, the nanoparticle surfaces are functionalized using EDC/NHS chemistry to immobilize
biomolecules such as protein A, enabling selective binding of IgG antibodies.[79] As molecules bind
to the nanoparticle surfaces, they cause measurable shifts in the SLR peak position, which can be
monitored in real time using a simple transmission setup: white light passes perpendicularly through
the chip integrated in a PDMS microfluidic channel, and the transmitted light is collected by a
spectrometer.[79] This method enables sensitive, reproducible, and portable plasmonic biosensing
without the need for bulky Kretschmann-based configurations.
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Figure 9. Schematic comparison of sensing by ELISA and nano-ELISPR biosensors A) Typical ELISA detection
platform process with detection via colour, i.e. optical density (OD) changes. B) Nano-ELISPR biosensor
detection platform process with detection based on spectral changes. A) and B) are reproduced with permission
from ref.[78] C) Fundamental mechanism of surface lattice resonance and SPR measurement, which relies on
ncp AuNP array to detect molecular interactions. D) Schematic of surface functionalization of AuNPs with
(EDC/NHS) and linking protein A so that a measurable optical signal upon molecular interaction between

protein A and IgG can be realized. C) and D) are reproduced with permission from ref.[79]

Lin et al.[80] designed a SPR biosensing platform designed for multiplex detection of bladder
cancer-associated miRNAs. Panel I of Figure 10 shows the recognition step, where two engineered
TDNs—TDNsA and TDNsB—are programmed to selectively hybridize with miR-183 and miR-155,
respectively.[80] These nanoswitches incorporate biotinylated reporter units (RA and RB) that are
tethered to triplex DNA structures, allowing pH-controlled conformational switching and
release.[80] Figure 10 illustrates the working principle of the triplex DNA nanoswitch (TDNs) with
Panel II of Figure 10 depicting the sensing workflow on an SPR chip functionalized with 59.6
antibodies that bind DNA/RNA duplexes. Following the binding of TDNs/miRNA complexes to the
surface, streptavidin-coated AuNPs (Strep-AuNPs) are introduced, which couple to the biotin-
labeled reporter units, thereby amplifying the plasmonic response.[80] The multiplexing capability is
achieved by sequential pH modulation: at pH 5.0, the C-G-C+ triplex structure of SA reconfigures,
releasing AuNP-labeled RA and producing a decrease in the SPR signal, proportional to the amount
of miR-183 captured. [80] At pH 8.3, the T-A-T triplex of SB dissociates, releasing AuNP-labeled RB
and causing a further signal decrease corresponding to miR-155 levels.[80] Panel III of Figure 10
shows the resulting real-time SPR sensorgram, where discrete shifts in reflectivity (ARU) correlate
with the sequential release of AuNP reporters at defined pH values, enabling quantitative and
selective detection of multiple miRNAs in a single sensing channel.[80] This strategy successfully
integrates the programmability of pH-responsive DNA triplexes with nanoparticle-amplified SPR,
enabling label-free, amplification-free, and multiplex biosensing.[80]
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Figure 10. Schematic diagram and SPR measurement of pH-responsive triplex DNA nanoswitches. Panel I)
Specific microRNA sequences to be incorporated into the SPR platform. Panel II) AuNPs functioning as
amplifying labels for SPR detection of specific microRNAs, where pH changes trigger release of streptavidin
conjugated AuNPs. Panel III) SPR response curve for this sensing process. Reprinted with permission from
ref.[80] Copyright 2025 American Chemical Society.

6. Directions of Future Developments and Advances in Sensing with PMNPs

The field of sensing with PMNPs has advanced significantly over the last 3-4 years with new
highly evolved PMNP morphologies, advances in sensor fabrication, and notable progress in both
colorimetric and LSPR-based sensing that is translating into more advanced point-of-care sensing
prototypes. PMNPs have found important applications in medical diagnostics and biochemical
detection and monitoring. Contributing to the future of medical diagnostics, PMNPs have been
implemented into sensing of prevalent viruses and diseases, such as Covid-19 and cancer, providing
ease of use and early detection capabilities. In biochemical measurements and monitoring, PMNPs
have provided simplified detection methods for toxins, metals, plastics, and more, applicable to real
world samples. The inherent sensitivity of PMNPs due to their plasmonic properties has enabled very
sensitive detection, while the modularity of PMNP properties (i.e. size, shape, and surface
functionalization) has allowed for selectivity to be customized to suit specific requirements. This
review has shown the high value of PMNPs and their LSPR properties for their use in colorimetric
and plasmonic-based sensing.

Along the lines of the recent progress summarized in this review, we reflect on of potential
directions of future perspective advances in the field in this concluding part:

1) With significant progress made in understanding of size and shape selection of PMNPs,
development of scalable and reproducible synthetic procedures for industrial applications can still
benefit from more work on scalability and reproducibility. This is especially true for anisotropic
PMNPs that offer both better LSPR tunability and higher sensing sensitivity.

2) Transition from PMNP dispersions to sensing substrates can take advantage from more
standardization in order to universally utilize PMNPs made through different synthetic procedures,
e.g. with different ligands and varying surface chemistry. That is one of the most important steps in
fully translating PMNP properties into sensing designs.

3) Formation of the ordered PMNP arrays to control interparticle distance is another important
direction that is closely related to 2). The ordered PMNP arrays can offer both higher sensitivity and
better reproducibility of sensing. One approach to achieve the interparticle distance control is
through the encapsulation in a dielectric shell that can be subsequently removed. Another approach
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is to use patterned surfaces for either directed self-assembly or integrating PMNDPs with
nanopatterned metal gratings.

4) Integrating multiplexing into existing plasmonic sensor designs through utilization of several
types of anisotropic PMNPs with readily tunable and appropriately spaced out LSPR peaks is a
promising new dimension that can enable simultaneous detection of multiple analytes to greatly
expand current sensing capabilities.

All these future directions summarized above, especially when combined, are envisioned to
empower the development of a universal sensing platform that can be readily adapted to detect a
broad variety of analytes, especially in the point-of-care diagnostics. Sustainability and scalability
will also shape the next generation of PMNP technologies. Developing greener synthetic routes,
employing recyclable materials, and ensuring biocompatibility will be essential for responsible
commercialization and clinical translation. Ultimately, the evolution of PMNP-based sensing toward
integrated, intelligent, and environmentally conscious systems will redefine the accessibility and
impact of chemical and biological detection technologies across healthcare, environmental
monitoring, and industrial analytics.
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Abbreviations

The following abbreviations are used in this manuscript:

PMNPs Plasmonic metal nanoparticles
LSPR Localized surface plasmon resonance
SPR Surface plasmon resonance
SERS Surface-enhanced Raman
spectroscopy
SHINER Shell-isolated nanoparticle-enhanced Raman spectroscopy
ELISA Enzyme-linked immunosorbent assay
SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
References

1.  Serna-Gallén, P.; Muzina, K. Metallic Nanoparticles at the Forefront of Research: Novel Trends in Catalysis
and Plasmonics. Nano Mater. Sci. 2024, In Press. https://doi.org/10.1016/j.nanoms.2024.10.009.

2. Wang, L.; Hasanzadeh Kafshgari, M.; Meunier, M. Optical Properties and Applications of Plasmonic-Metal
Nanoparticles. Adv. Funct. Mater. 2020, 30 (51), 2005400. https://doi.org/10.1002/adfm.202005400.

3. Odom, T. W.; Schatz, G. C. Introduction to Plasmonics. Chem. Rev. 2011, 111 (6), 3667-3668.
https://doi.org/10.1021/cr2001349.

4. Barber, D.].; Freestone, I. C. An Investigation of the Origin of the Colour of the Lycurgus Cup by Analytical
Transmission Electron Microscopy. Archaeometry 1990, 32 (1), 33-45. https://doi.org/10.1111/.1475-
4754.1990.tb01079.x.

5. Freestone, I; Meeks, N.; Sax, M.; Higgitt, C. The Lycurgus Cup — A Roman Nanotechnology. Gold Bull.
2007, 40 (4), 270-277. https://doi.org/10.1007/BF03215599.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025 d0i:10.20944/preprints202511.0549.v1

16 of 20

6.  Pietrobon, B.; Kitaev, V. Photochemical Synthesis of Monodisperse Size-Controlled Silver Decahedral
Nanoparticles and Their Remarkable Optical Properties. Chem. Mater. 2008, 20 (16), 5186-5190.
https://doi.org/10.1021/cm800926u.

7. Murshid, N.; Keogh, D.; Kitaev, V. Optimized Synthetic Protocols for Preparation of Versatile Plasmonic
Platform Based on Silver Nanoparticles with Pentagonal Symmetries. Part. Part. Syst. Charact. 2014, 31 (2),
178-189. https://doi.org/10.1002/ppsc.201300225.

8.  McEachran, M.; Kitaev, V. Direct Structural Transformation of Silver Platelets into Right Bipyramids and
Twinned Cube Nanoparticles: Morphology Governed by Defects. Chem. Commun. 2008, No. 44, 5737-5739.
https://doi.org/10.1039/B813519C.

9.  Pietrobon, B.; McEachran, M.; Kitaev, V. Synthesis of Size-Controlled Faceted Pentagonal Silver Nanorods
with Tunable Plasmonic Properties and Self-Assembly of These Nanorods. ACS Nano 2009, 3 (1), 21-26.
https://doi.org/10.1021/nn800591y.

10. Hanson, E. K.; Whelan, R. ]J. Application of the Nicoya OpenSPR to Studies of Biomolecular Binding: A
Review of the Literature from 2016 to 2022. Sensors 2023, 23 (10), 4831. https://doi.org/10.3390/s23104831.

11.  Cho, S. H.; Choi, S.; Suh, J. M,; Jang, H. W. Advancements in Surface Plasmon Resonance Sensors for Real-
Time Detection of Chemical Analytes: Sensing Materials and Applications. . Mater. Chem. C 2025, 13 (13),
6484-6507. https://doi.org/10.1039/D4TC04890C.

12. Yi, ]J; You, E-M,; Hu, R; Wu, D.-Y,; Liu, G.-K; Yang, Z.-L.; Zhang, H.; Gu, Y.; Wang, Y.-H.; Wang, X.; Ma,
H.; Yang, Y,; Liu, J.-Y.; Ru Fan, F.; Zhan, C,; Tian, J.-H.; Qiao, Y.; Wang, H.; Luo, S.-H.; Meng, Z.-D.; Mao,
B.-W.; Li, J.-F,; Ren, B.; Aizpurua, J.; Ara Apkarian, V.; N. Bartlett, P.; Baumberg, J.; J. Bell, S. E.; G. Brolo,
A.; E.Brus, L.; Choo, J.; Cui, L.; Deckert, V.; F. Domke, K.; Dong, Z.-C.; Duan, S.; Faulds, K.; Frontiera, R.;
Halas, N.; Haynes, C.; Itoh, T.; Kneipp, J.; Kneipp, K,; Ru, E. C. L.; Li, Z.-P.; Yi Ling, X.; Lipkowski, J.; M. Liz-
Marzan, L.; Nam, ]J.-M.; Nie, S.; Nordlander, P.; Ozaki, Y.; Panneerselvam, R.; Popp, J.; E. Russell, A.;
Schliicker, S.; Tian, Y.; Tong, L.; Xu, H.; Xu, Y.; Yang, L.; Yao, J.; Zhang, J.; Zhang, Y.; Zhang, Y.; Zhao, B.;
Zenobi, R.; C. Schatz, G.; Graham, D.; Tian, Z.-Q. Surface-Enhanced Raman Spectroscopy: A Half-Century
Historical Perspective. Chem. Soc. Rev. 2025, 54 (3), 1453-1551. https://doi.org/10.1039/D4CS00883A.

13.  Mcoyi, M. P.; Mpofu, K. T.; Sekhwama, M.; Mthunzi-Kufa, P. Developments in Localized Surface Plasmon
Resonance. Plasmonics 2025, 20 (7), 5481-5520. https://doi.org/10.1007/s11468-024-02620-x.

14. Zhdanov, V. P. Basics of the LSPR Sensors for Soft Matter at Interfaces. Plasmonics 2023, 18 (3), 971-982.
https://doi.org/10.1007/s11468-023-01812-1.

15. Li, Y, Liao, Q.; Hou, W.; Qin, L. Silver-Based Surface Plasmon Sensors: Fabrication and Applications. Int.
J. Mol. Sci. 2023, 24 (4), 4142. https://doi.org/10.3390/ijms24044142.

16. Lin, X,; Luo, Y.; Li, D.; Li, Y.; Gong, T.; Zhao, C.; Wang, C.; Duan, R.; Yue, W. Recent Advances in Localized
Surface Plasmon Resonance (LSPR) Sensing Technologies. Nanotechnology 2025, 36 (20), 202001.
https://doi.org/10.1088/1361-6528/adbba4.

17. Hamza, M. E.,; Othman, M. A,; Swillam, M. A. Plasmonic Biosensors: Review. Biology 2022, 11 (5), 621.
https://doi.org/10.3390/biology11050621.

18. Zhang, Z.; Wang, H.; Chen, Z.; Wang, X.; Choo, J.; Chen, L. Plasmonic Colorimetric Sensors Based on
Etching and Growth of Noble Metal Nanoparticles: Strategies and Applications. Biosens. Bioelectron. 2018,
114, 52-65. https://doi.org/10.1016/j.bios.2018.05.015.

19. Das, C. M,; Kong, K. V.; Yong, K.-T. Diagnostic Plasmonic Sensors: Opportunities and Challenges. Cherm.
Commun. 2022, 58 (69), 9573-9585. https://doi.org/10.1039/D2CC03431].

20. Akgoniillii, S.; Denizli, A. Plasmonic Nanosensors for Pharmaceutical and Biomedical Analysis. J. Pharm.
Biomed. Anal. 2023, 236, 115671. https://doi.org/10.1016/j.jpba.2023.115671.

21. Geng, H.; Vilms Pedersen, S.; Ma, Y.; Haghighi, T.; Dai, H.; Howes, P. D.; Stevens, M. M. Noble Metal
Nanoparticle Biosensors: From Fundamental Studies toward Point-of-Care Diagnostics. Acc. Chem. Res.
2022, 55 (5), 593-604. https://doi.org/10.1021/acs.accounts.1c00598.

22. Wu, Y,; Feng, ].; Hu, G.; Zhang, E.; Yu, H.-H. Colorimetric Sensors for Chemical and Biological Sensing
Applications. Sensors 2023, 23 (5), 2749. https://doi.org/10.3390/s23052749.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025 d0i:10.20944/preprints202511.0549.v1

17 of 20

23. Song, H.; Jung, D. H.; Cho, Y.; Cho, H. H.; Panferov, V. G,; Liu, J.; Heo, J. H.; Lee, J. H. Nanoparticle-
Integrated Hydrogels as Versatile Colorimetric Sensors. Coord. Chem. Rev. 2025, 541, 216835.
https://doi.org/10.1016/j.ccr.2025.216835.

24. Bhalla, N.; Shen, A. Q. Localized Surface Plasmon Resonance Sensing and Its Interplay with Fluidics.
Langmuir 2024, 40 (19), 9842-9854. https://doi.org/10.1021/acs.langmuir.4c00374.

25. Zhang, W.; Zi, X,; Bi, J; Liu, G.; Cheng, H.; Bao, K.; Qin, L.; Wang, W. Plasmonic Nanomaterials in Dark
Field Sensing Systems. Nanomaterials 2023, 13 (13), 2027. https://doi.org/10.3390/nan013132027.

26. Wu, J. Z; Ghopry, S. A; Liu, B.; Shultz, A. Metallic and Non-Metallic Plasmonic Nanostructures for LSPR
Sensors. Micromachines 2023, 14 (7), 1393. https://doi.org/10.3390/mi14071393.

27. Zhang, H; Zhou, X,; Li, X,; Gong, P.; Zhang, Y.; Zhao, Y. Recent Advancements of LSPR Fiber-Optic
Biosensing: Combination Methods, Structure, and Prospects. Biosensors 2023, 13 (3), 405.
https://doi.org/10.3390/bios13030405.

28. Rycenga, M.; Cobley, C. M.; Zeng, J.; Li, W.; Moran, C. H.; Zhang, Q.; Qin, D.; Xia, Y. Controlling the
Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications. Chem. Rev. 2011, 111 (6),
3669-3712. https://doi.org/10.1021/cr100275d.

29. Reguera, J.; Langer, ].; Aberasturi, D. J. de; Liz-Marzan, L. M. Anisotropic Metal Nanoparticles for Surface
Enhanced Raman Scattering. Chem. Soc. Rev. 2017, 46 (13), 3866-3885. https://doi.org/10.1039/C7CS00158D.

30. Dykman, L.; Khlebtsov, N. Gold Nanoparticles in Biomedical Applications: Recent Advances and
Perspectives. Chem. Soc. Rev. 2012, 41 (6), 2256-2282. https://doi.org/10.1039/C1CS15166E.

31. Karnwal, A ; Kumar Sachan, R. S.; Devgon, I.; Devgon, J.; Pant, G.; Panchpuri, M.; Ahmad, A.; Alshammari,
M. B.; Hossain, K.; Kumar, G. Gold Nanoparticles in Nanobiotechnology: From Synthesis to Biosensing
Applications. ACS Omega 2024, 9 (28), 29966-29982. https://doi.org/10.1021/acsomega.3c¢10352.

32. Sun, Z;Umar, A,; Zeng, ].; Luo, X,; Song, L.; Zhang, Z.; Chen, Z.; Li, J.; Su, F.; Huang, Y. Highly Pure Gold
Nanotriangles with Almost 100% Yield for Surface-Enhanced Raman Scattering. ACS Appl. Nano Mater.
2022, 5 (1), 1220-1231. https://doi.org/10.1021/acsanm.1c03827.

33. Carone, A.; Emilsson, S.; Mariani, P.; Désert, A.; Parola, S. Gold Nanoparticle Shape Dependence of
Colloidal Stability Domains. Nanoscale Adv. 2023, 5 (7), 2017-2026. https://doi.org/10.1039/D2N A00809B.

34. Podlesnaia, E.; Gerald Inangha, P.; Vesenka, J.; Seyring, M.; Hempel, H.; Rettenmayr, M.; Csaki, A.;
Fritzsche, W. Microfluidic-Generated Seeds for Gold Nanotriangle Synthesis in Three or Two Steps. Small
2023, 19 (22), 2204810. https://doi.org/10.1002/sml11.202204810.

35. Michatowska, A.; Kudelski, A. Hollow Gold-Silver Nanorods—A New, Very Efficient Nanomaterial for
Surface-Enhanced Raman Scattering (SERS) Measurements. Molecules 2024, 29 (19), 4540.
https://doi.org/10.3390/molecules29194540.

36. Garcia-Lojo, D.; Rodal-Cedeira, S.; Nunez-Sanchez, S.; Arenas-Esteban, D.; Polavarapu, L.; Bals, S.; Pérez-
Juste, J.; Pastoriza-Santos, I. Pentatwinned AuAg Nanorattles with Tailored Plasmonic Properties for Near-
Infrared Applications. Chem. Mater. 2024, 36 (18), 8763-8772.
https://doi.org/10.1021/acs.chemmater.4c01443.

37. Zhang, L.; Chen, Y.; Zheng, ].; Lewis, G. R.; Xia, X,; Ringe, E.; Zhang, W.; Wang, J. Chiral Gold Nanorods
with Five-Fold Rotational Symmetry and Orientation-Dependent Chiroptical Properties of Their
Monomers and Dimers. Angew. Chem. Int. Ed. 2023, 62 (52), e€202312615.
https://doi.org/10.1002/anie.202312615.

38. Im,S.W,;Kim,R.M,; Han, J. H,; Ha, I. H.; Lee, H.-E.; Ahn, H.-Y; Jo, E.; Nam, K. T. Synthesis of Chiral Gold
Helicoid  Nanoparticles  Using  Glutathione. ~ Nat.  Profoc. 2025, 20 (4), 1082-1096.
https://doi.org/10.1038/s41596-024-01083-y.

39. Zhao, Q.; Lee, J; Oh, M. J; Park, W.; Lee, S.; Jung, I; Park, S. Three-Dimensional Au Octahedral
Nanoheptamers: Single-Particle and Bulk Near-Field Focusing for Surface-Enhanced Raman Scattering.
Nano Lett. 2024, 24 (4), 1074-1080. https://doi.org/10.1021/acs.nanolett.3c03469.

40. Biswas, A.; Lemcoff, N.; Shelonchik, O.; Yesodi, D.; Yehezkel, E.; Finestone, E. Y.; Upcher, A.; Weizmann,
Y. Photothermally Heated Colloidal Synthesis of Nanoparticles Driven by Silica-Encapsulated Plasmonic
Heat Sources. Nat. Commun. 2023, 14 (1), 6355. https://doi.org/10.1038/s41467-023-42167-9.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025 d0i:10.20944/preprints202511.0549.v1

18 of 20

41. Zhu, D, Li, A; Di, Y.; Wang, Z.; Shi, J.; Ni, X.; Wang, Y. Interference-Free SERS Nanoprobes for Labeling
and Imaging of MTI-MMP in Breast Cancer Cells. Nanotechnology 2022, 33 (11), 115702.
https://doi.org/10.1088/1361-6528/ac4065.

42. Liang, P.; Guo, Q.; Zhao, T.; Wen, C.-Y,; Tian, Z.; Shang, Y.; Xing, J.; Jiang, Y.; Zeng, ]J. Ag Nanoparticles
with Ultrathin Au Shell-Based Lateral Flow Immunoassay for Colorimetric and SERS Dual-Mode Detection
of SARS-CoV-2 IgG. Anal. Chem. 2022, 94 (23), 8466-8473. https://doi.org/10.1021/acs.analchem.2c01286.

43. Zheng, G,; Jiao, S.; Zhang, W.; Wang, S.; Zhang, Q.; Gu, L.; Ye, W.; Li, J.; Ren, X.; Zhang, Z.; Wong, K. Fine-
Tune Chiroptical Activity in Discrete Chiral Au Nanorods. Nano Res. 2022, 15 (7), 6574-6581.
https://doi.org/10.1007/s12274-022-4212-y.

44. Boas, D.; Remennik, S.; Reches, M. Peptide-Capped Au and Ag Nanoparticles: Detection of Heavy Metals
and Photochemical Core/Shell Formation. J. Colloid Interface Sci. 2023, 631, 66-76.
https://doi.org/10.1016/j.jcis.2022.10.154.

45. Weng, G.; Shen, X; Li, J.; Wang, J.; Zhu, J.; Zhao, J. A Plasmonic ELISA for Multi-Colorimetric Sensing of
C-Reactive Protein by Using Shell Dependent Etching of Ag Coated Au Nanobipyramids. Anal. Chim. Acta
2022, 1221, 340129. https://doi.org/10.1016/j.aca.2022.340129.

46. Burel, C.; Ibrahim, O.; Marino, E.; Bharti, H.; Murray, C. B.; Donnio, B.; Fakhraai, Z.; Dreyfus, R. Tunable
Plasmonic Microcapsules with Embedded Noble Metal Nanoparticles for Optical Microsensing. ACS Appl.
Nano Mater. 2022, 5 (2), 2828-2838. https://doi.org/10.1021/acsanm.1c04542.

47. Muzzi, B.; Albino, M.; Gabbani, A.; Omelyanchik, A.; Kozenkova, E.; Petrecca, M.; Innocenti, C.; Balica, E.;
Lavacchi, A.; Scavone, EF.; Anceschi, C.; Petrucci, G.; Ibarra, A.; Laurenzana, A.; Pineider, F.; Rodionova, V.;
Sangregorio, C. Star-Shaped Magnetic-Plasmonic Au@Fe;O, Nano-Heterostructures for Photothermal
Therapy. ACS Appl. Mater. Interfaces 2022, 14 (25), 29087-29098. https://doi.org/10.1021/acsami.2c04865.

48. Ning, S.;; He, J.; Zhang, N.; Duan, F.; Wang, S.; Liu, Z. Full-Visible Range Wavelength-Tunable SPASER
Based on Fe;O,@M (M = Ag or Au) Magnetic-Plasmonic Core-Shell Nanoparticle/Metal Film Coupled
Nanostructure. J. Lumin. 2023, 257, 119738. https://doi.org/10.1016/j.jlumin.2023.119738.

49. Michatowska, A.; Kudelski, A. The First Silver-Based Plasmonic Nanomaterial for Shell-Isolated
Nanoparticle-Enhanced Raman Spectroscopy with Magnetic Properties. Molecules 2022, 27 (10), 3081.
https://doi.org/10.3390/molecules27103081.

50. Sun, D.; Ben Romdhane, F.; Wilson, A.; Salmain, M.; Boujday, S. Hollow Gold Nanoshells for Sensitive 2D
Plasmonic Sensors. ACS Appl. Nano Mater. 2024, 7 (5), 5093-5102. https://doi.org/10.1021/acsanm.3c05872.

51. Ma, Z; Lv, X,; Fang, W.; Chen, H.; Pei, W.; Geng, Z. Au Nanoparticle-Based Integrated Microfluidic
Plasmonic Chips for the Detection of Carcinoembryonic Antigen in Human Serum. ACS Appl. Nano Mater.
2022, 5 (11), 17281-17292. https://doi.org/10.1021/acsanm.2c04495.

52. Jeong, S.; Yang, S.; Lee, Y. ].; Lee, S. H. Laser-Induced Graphene Incorporated with Silver Nanoparticles
Applied for Heavy Metal Multi-Detection. J. Mater. Chem. A 2023, 11 (25), 13409-13418.
https://doi.org/10.1039/D3TA00691C.

53. Song, H; Jung, D. H,; Jeong, S. Y.; Kim, S. H.; Cho, H. H.; Khadka, R.; Heo, ]. H.; Lee, J. H. Dynamically
Interactive Nanoparticles in Three-Dimensional Microbeads for Enhanced Sensitivity, Stability, and
Filtration in Colorimetric ~Sensing. Adv. Compos. Hybrid  Mater. 2024, 7 (6), 247.
https://doi.org/10.1007/s42114-024-01061-8.

54. Jiang, K;Wu, ].; Kim, J.-E.; An, S.; Nam, J.-M.; Peng, Y.-K.; Lee, J.-H. Plasmonic Cross-Linking Colorimetric
PCR for Simple and Sensitive Nucleic Acid Detection. Nano Lett. 2023, 23 (9), 3897-3903.
https://doi.org/10.1021/acs.nanolett.3c00533.

55. Kumar, M.; Kaur, N.; Singh, N. Colorimetric Nanozyme Sensor Array Based on Metal Nanoparticle-
Decorated CNTs for Quantification of Pesticides in Real Water and Soil Samples. ACS Sustain. Chem. Eng.
2024, 12 (2), 728-736. https://doi.org/10.1021/acssuschemeng.3c04153.

56. Lu, X;; Yan, L.; Zhou, X,; Qu, T. Highly Selective Colorimetric Determination of Glutathione Based on
Sandwich-Structured Nanoenzymes Composed of Gold Nanoparticle-Coated Molecular Imprinted Metal-
Organic Frameworks. Microchim. Acta 2024, 191 (3), 140. https://doi.org/10.1007/s00604-023-06167-2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025 d0i:10.20944/preprints202511.0549.v1

19 of 20

57. Ou, T.-Y.; Lo, C.-F.; Kuo, K.-Y.; Lin, Y.-P.; Chen, S.-Y.; Chen, C.-Y. Visual Cu?* Detection of Gold-
Nanoparticle Probes and Its Employment for Cu?* Tracing in Circuit System. Nanoscale Res. Lett. 2022, 17
(1), 104. https://doi.org/10.1186/s11671-022-03742-z.

58. Yao, D.; Zhou, L.; Hu, S.; Zhao, S.; Zhang, L. Improving the Sensing Sensitivity of Silver Nanoparticle-
Based Colorimetric Biosensors from the Point of Salt. Microchim. Acta 2024, 191 (5), 244.
https://doi.org/10.1007/s00604-024-06328-x.

59. Behera, A.; Mahapatra, S. R.; Majhi, S.; Misra, N.; Sharma, R.; Singh, J.; Singh, R. P.; Pandey, S. S.; Singh, K.
R.; Kerry, R. G. Gold Nanoparticle Assisted Colorimetric Biosensors for Rapid Polyethylene Terephthalate
(PET) Sensing for Sustainable Environment to Monitor Microplastics. Environ. Res. 2023, 234, 116556.
https://doi.org/10.1016/j.envres.2023.116556.

60. Sivakumar, R.; Park, S. Y.; Lee, N. Y. Quercetin-Mediated Silver Nanoparticle Formation for the
Colorimetric Detection of Infectious Pathogens Coupled with Loop-Mediated Isothermal Amplification.
ACS Sens. 2023, 8 (4), 1422-1430. https://doi.org/10.1021/acssensors.2c02054.

61. Aldewachi, H.; Chalati, T., Woodroofe, M. N.; Bricklebank, N.; Sharrack, B.; Gardiner, P. Gold
Nanoparticle-Based Colorimetric Biosensors. Nanoscale 2017, 10 1), 18-33.
https://doi.org/10.1039/C7NR06367A.

62. M. Aldebasi, S.; Tar, H.; S. Alnafisah, A.; Beji, L.; Kouki, N.; Morlet-Savary, F.; Alminderej, F. M.; Aroua, L.
M.; Lalevée, ]J. Photochemical Synthesis of Noble Metal Nanoparticles: Influence of Metal Salt
Concentration on Size and Distribution. Int. ]J. Mol. Sci. 2023, 24 (18), 14018.
https://doi.org/10.3390/ijms241814018.

63. Ip, L-F.; Wang, Y.-S.; Chang, C.-C. Aptamer-Based Detection of Serotonin Based on the Rapid in Situ
Synthesis of Colorimetric Gold Nanoparticles. Nanotechnol. Rev. 2023, 12 (1), 20220514.
https://doi.org/10.1515/ntrev-2022-0514.

64. Khan, S.; Zaibi, Z.; Qureshi, M. N.; Toloza, C. A. T.; Alzahrani, E.; Ahmad, S. S.; Teixeira, L. S. G. Portable
and Sensitive Approach for Hydrazine Detection via Silver Nanoparticles Formation: A Novel Approach
for Chemical Sensing. MethodsX 2025, 14, 103420. https://doi.org/10.1016/j.mex.2025.103420.

65. Su, L; Xu,J; Yu, B.; Ma, X,; Zhang, Z.; Xiong, Y. Integrating Photoinduced Gold Nanoparticle Formation
Inhibition and Salt-Assisted Microextraction for Colorimetric Sensing of 2-Mercaptobenzothiazole.
Microchem. J. 2025, 209, 112857. https://doi.org/10.1016/j.microc.2025.112857.

66. Catanzaro, L.; Scardaci, V.; Scuderi, M.; Condorelli, M.; D'Urso, L.; Compagnini, G. Surface Plasmon
Resonance of Gold Nanoparticle Aggregates Induced by Halide Ions. Mater. Chem. Phys. 2023, 308, 128245.
https://doi.org/10.1016/j.matchemphys.2023.128245.

67. Madhukesh, J. K.; Nagaraja, K. V.; Gamaoun, F.; Prasannakumara, B. C. Impacts of Nanoparticle
Aggregation and Thermophoretic Particle Deposition on the Flow of Nanofluid over Riga Wedge: A
Mathematical Analysis. J. Therm. Anal. Calorim. 2023, 148 (24), 14135-14144. https://doi.org/10.1007/s10973-
023-12596-1.

68. Shim, Y. H.; Kong, T. Y.; Kim, S. Y. Reversible Control of Rheological Properties in Microgel Composites
via Nanoparticle Aggregation. ACS Appl. Mater. Interfaces 2025, 17 (27), 39616-39627.
https://doi.org/10.1021/acsami.5c06287.

69. Zhang, K.; Luo, M,; Rao, H.; Liu, H,; Qiang, R.; Xue, X.; Li, J.; Lu, X.; Xue, Z. Ultra-Rapid and Highly
Selective Colorimetric Detection of Hydrochloric Acid via an Aggregation to Dispersion Change of Gold
Nanoparticles. Chem. Commun. 2024, 60 (20), 2808-2811. https://doi.org/10.1039/D3CC06343G.

70. Fu, M, Li, L; Yang, D.; Tu, Y.; Yan, ]J. Colorimetric Detections of Iodide and Mercuric Ions Based on a
Regulation of an Enzyme-Like Activity from Gold Nanoclusters. Spectrochim. Acta. A. Mol. Biomol. Spectrosc.
2022, 279, 121450. https://doi.org/10.1016/j.saa.2022.121450.

71. Duan, W.; Wang, J.; Peng, X,; Cao, S.; Shang, J.; Qiu, Z.; Lu, X.; Zeng, J. Rational Design of Trimetallic AgPt-
FesO4 Nanozyme for Catalyst Poisoning-Mediated CO Colorimetric Detection. Biosens. Bioelectron. 2023, 223,
115022. https://doi.org/10.1016/j.bios.2022.115022.

72. Sang, Y.; Wu, P; Ge, J.; Cao, Y.; Xiao, Y.; Yang, Y.; Wang, C.; Li, Z.; Cai, R. Bimetallic CuAg Nanoflowers
with High Nanozyme Activity for Detection of Acid Phosphatase. Microchem. ]. 2025, 213, 113808.
https://doi.org/10.1016/j.microc.2025.113808.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2025

73.

74.

75.

76.

77.

78.

79.

80.

20 of 20

Porta Linnell, B. M.; Noveron, J. C. Gold Nanoparticles with Reversible Colloidal Aggregation Mediated
with  Cu(ll) Ions.  Colloids  Surf.  Physicochem.  Eng.  Asp. 2024, 682,  132806.
https://doi.org/10.1016/j.colsurfa.2023.132806.

Liu, Y.; Liu, L.; Xu, X,; Xu, C; Xu, L. Gold Nanoparticle-Based Lateral Flow Immunoassay for the Rapid
Detection of Flutriafol Residues in Food. Mater. Chem. Front. 2023, 7 (5), 955-963.
https://doi.org/10.1039/D2QM01231F.

Kim, L; Jo, S.; Kim, G.-J.; Kim, K. H.; Seo, S. E.; Ryu, E.; Shin, C. J; Kim, Y. K.; Choi, ]J.-W.; Kwon, O. S.
Recombinant Protein Embedded Liposome on Gold Nanoparticle Based on LSPR Method to Detect Corona
Virus. Nano Converg. 2023, 10 (1), 51. https://doi.org/10.1186/s40580-023-00399-x.

Behrouzi, K.; Lin, L. Gold Nanoparticle Based Plasmonic Sensing for the Detection of SARS-CoV-2
Nucleocapsid Proteins. Biosens. Bioelectron. 2022, 195, 113669. https://doi.org/10.1016/j.bios.2021.113669.
Kim, R. M,; Lee, S. M.; Han, J. H.; Cho, S. H.; Lv, J.; Im, S. W.; Ha, I. H.; Lee, Y. H.; Lim, D.; Kim, H.; Cho,
N. H.; Lee, H.-E.; Namgung, S. D.; Nam, K. T. Helicoid Grating-Coupled Surface Plasmon Resonance
Sensor. Nano Lett. 2024, 24 (49), 15668-15675. https://doi.org/10.1021/acs.nanolett.4c04212.

Li, R,; Fan, H.; Zhou, H.; Chen, Y.; Yu, Q.; Hu, W.; Liu, G. L.; Huang, L. Nanozyme-Catalyzed Metasurface
Plasmon Sensor-Based Portable Ultrasensitive Optical Quantification Platform for Cancer Biomarker
Screening. Adv. Sci. 2023, 10 (24), 2301658. https://doi.org/10.1002/advs.202301658.

Chen, Z.; Cao, A,; Liu, D,; Zhu, Z,; Yang, F,; Fan, Y.; Liu, R;; Huang, Z.; Li, Y. Self-Confined Dewetting
Mechanism in Wafer-Scale Patterning of Gold Nanoparticle Arrays with Strong Surface Lattice Resonance
for Plasmonic Sensing. Adv. Sci. 2024, 11 (12), 2306239. https://doi.org/10.1002/advs.202306239.

Lin, P.-Y.; Chang, Y.-F.; Chen, C.-C; Su, L.-C; Willner, I; Ho, J. A. pH-Responsive Triplex DNA
Nanoswitches: Surface Plasmon Resonance Platform for Bladder Cancer-Associated microRNAs. ACS
Nano 2025, 19 (7), 7140-7153. https://doi.org/10.1021/acsnano.4c16396.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0549.v1
http://creativecommons.org/licenses/by/4.0/

