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Engineered Plasmonic and Fluorescent Nanomaterials for
Biosensing, Motion, Imaging, and Therapeutic Applications

David Esporrin-Ubieto,* Juan C. Fraire, Daniel Sdnchez-deAlcdzar, and Samuel Sdnchez*

The field of nanophotonics has seen remarkable advances, with gold-based
materials standing out. By precisely fine-tuning the size and shape of metal
nanoparticles (NPs), such as gold nanoparticles (AuNPs), it has been possible
to gain control over light interaction, modulating localized surface plasmon
resonance (LSPR), a phenomenon that involves the collective oscillation of
free conduction electrons. This has opened the path toward more powerful
biomedical applications, including surface-enhanced Raman spectroscopy
(SERS) and photothermal therapy (PTT). When AuNPs dimensions fall below
2 nm, they become gold nanoclusters (AuNCs), losing the LSPR but acquitting
fluorescence due to their molecule-like behavior. This unique feature makes

conventional medicine. This discipline fo-
cuses on studying materials with at least
one dimension ranging from 1 to 100 nm,
whose properties are inherently dependent
on their size and shape.'l In fact, inor-
ganic nanomaterials are highly appealing
for their durability, high contrast, and light-
interaction properties.?l Since Faraday’s’]
discovery of gold nanoparticles (AuNPs)
dispersions in the 1850s, scientists have de-
veloped precise synthesis methods to tailor
their properties for specific applications.

them ideal for high-resolution imaging, biomarker detection, and advanced
therapies. Beyond traditional uses, the recent inclusion of AuNPs into
nanomotors (NMs) enhances precise in vivo tracking and targeted drug
delivery. This review highlights the different applications of plasmonic
nanomaterials with particular emphasis on AuNPs and AuNCs as a function
of their shapes, sizes, and stabilization ligands. Moreover, it dives into the
biosensing applications of plasmonic materials by addressing their so-called
far-field and near-field optical properties, giving a detailed overview of different
high-sensitivity immunoassays and biosensing. A comprehensive outlook on
the evolution of plasmonic-based materials for the next therapies is provided.

1. Introduction

Nanotechnology, and in particular nanomedicine, has ad-
vanced rapidly in recent years, surpassing the boundaries of
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Among all inorganic elements, gold
and silver stand out for their exceptional
photonic properties when structured into
nanoparticles (NPs).[*] When electromag-
netic (EM) radiation interacts with metal-
lic NPs whose spatial dimensions are sig-
nificantly smaller than the wavelength of
the incident field, the conduction electrons
within the metal become polarized, result-
ing in the formation of polarization charges
at the particle surface. The electrostatic at-
traction exerted by the positively charged
ion cores acts as a restoring force, induc-
ing a standing-wave-like coherent oscilla-
tion of the electrons in the conduction
band. This collective excitation of electrons is termed a plasmonic
oscillation, and specifically, when it arises from the coupling of
light with the NPs, is referred to as localized surface plasmon
resonance (LSPR). NPs (e.g., gold nanospheres) exhibit an LSPR
that depends on their size and composition, while 1D nanostruc-
tures (e.g., gold nanorods, nanowires) also show LSPR modes,
often split into transverse and longitudinal resonances.!®7]

In this review, we first explore how the shape and morphol-
ogy of AuNPs influence their optical properties and light interac-
tions, directly impacting their biomedical applications.l®] As the
optical properties of the colloidal system will depend upon the
degree of plasmon coupling of the NPs that integrate it, we also
examine how the choice of ligands plays a crucial role in enhanc-
ing aqueous dispersion stability and enabling intelligent aggrega-
tion under specific environmental conditions.1l Furthermore,
we present the emerging role of AuNPs in nanomotors (NMs),
where their integration enhances active matter technology and
enables precise in vivo tracking via advanced imaging.['!l Addi-
tionally, AuNP-functionalized NMs expand therapeutic applica-
tions, notably in photothermal therapy (PTT). In this approach,
AuNPs efficiently absorb near-infrared (NIR) light and convert it
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Figure 1. The scheme shows the main properties and applications of noble metal nanoparticles (NPs) and nanoclusters (NCs). Created in BioRender.

Sanchez, S. (2025) https://BioRender.com/bw9zqrd.

into highly localized heat, enabling the targeted ablation of patho-
logical tissues, including tumors, with minimal invasiveness.[*?]

We explored the optical behavior of plasmonic NPs, distin-
guishing between far-field and near-field effects.'* Far-field
interactions govern light absorption and scattering, enhancing
contrast in imaging techniques such as fluorescence microscopy
and optical coherence tomography. In contrast, near-field effects
generate localized EM hotspots, dramatically amplifying signals
for ultrasensitive spectroscopies such as surface-enhanced Ra-
man spectroscopy (SERS).

Beyond plasmonic NPs, gold nanoclusters (AuNCs) exhibit
unique fluorescence properties due to their molecular-like elec-
tronic structures.['*13] Their size-dependent emission, high pho-
tostability, and biocompatibility make them ideal for bioimaging,
biosensing, and drug delivery. Protein-stabilized AuNCs further
enable targeted imaging and therapy, with their ultrasmall size
(<2 nm) facilitating renal clearance and minimizing long-term
toxicity. Additionally, their role as fluorescence contrast agents
and reactive oxygen species (ROS) modulators broadens their po-
tential in cancer diagnostics and redox-based therapies.!1¢!

This review presents recent developments in noble metal-
based nanomaterials (Figure 1), highlighting their potential to
revolutionize biomedical applications through precise optical
tuning, enhanced imaging capabilities, and innovative therapeu-
tic strategies.

2. Gold Nanoparticles for Theragnostic

AuNPs exhibit unique and tunable optical properties, primarily
due to their LSPR, making them highly attractive for theragnos-
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tic (diagnostic imaging and therapeutic interventions) applica-
tions (Figure 2A).1"7) These properties can be precisely controlled
by manipulating the particles’ shape and size, surface chemistry,
and functionalization strategies. In this section, we first examine
how different morphologies influence their optical and biomed-
ical properties. We then discuss the role of ligands in stabiliz-
ing AuNPs and modulating their behavior in biological environ-
ments. Finally, we explore how these optimized properties are
being leveraged in plasmonic-based NMs for diagnostic and ther-
apeutic use. By integrating these aspects, we aim to present a co-
herent framework for the design and application of AuNPs in
next-generation theragnostic systems.

2.1. Morphologies of Gold Nanoparticles and Their Biomedical
Relevance

AuNPs can be broadly classified as isotropic (spherical, e.g.,
spheres) or anisotropic (non-spherical, e.g., rods, stars, shells)
based on their morphologies, which significantly impacts their
interaction with light and, in turn, their biomedical applicabil-
ity (Figure 2B).1'8] Isotropic particles typically absorb in the vis-
ible range (520-540 nm),!*] while anisotropic shapes shift their
LSPR peaks into the infrared (IR) region, enhancing safety pen-
etration in biological tissues.[?’] For example, gold nanorods can
be tuned by altering the length of their Y-axis, which modifies
their interaction with light and shifts their LSPR into the biolog-
ical window.!®] Gold nanoshells exhibit similar tunability by ad-
justing their core-to-shell dimensions (Figure 2C). Other shapes,
such as gold nanostars, can also tune their LSPR from 600 to
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Figure 2. AuNPs properties and physical aspects. A) Scheme of the localized surface plasmon resonance (LSPR). Reproduced or adapted under the
terms of the CC-BY 3.0 license ref.[35] Copyright 2020 the Royal Society of Chemistry. B) Transmission Electron Microscopy (TEM) images displaying
several morphologies: (i) Au nanospheres. (i) Au nanorods. (iif) Au nanodumbbells. (iv) Au nanoprism. (v) Au nanowires. (vi) Au nanostars. (vii) Au
nanodendrites. (viii) Au nanocubes. Reproduced or adapted with permission from ref.[8] Copyright 2018 Elsevier. C) Optical aspect showing the color
change of Au nanorods and Au nanoshells in the axial axis and shell thickness function, respectively. Reproduced or adapted with permission from
ref.[8] Copyright 2018 Elsevier. D) High-angle annular dark field scanning transmission electron microscopy (SEM) of chiral gold nanorods and circular
dichroism (CD) spectra of a GelMA/Gelatin nanocomposite scaffold with breast cancer cells taken at regular time intervals. Reproduced or adapted with
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permission from ref.[27] Copyright 2025 American Chemical Society.

1200 nm by adjusting the concentration of Ag* ions during syn-
thesis, which influences both the number and length of the
spikes.[?!]

This easy optical tunability directly impacts biomedical appli-
cations (Table 1). For example, Rahimi et al. improved the per-
formance of an Escherichia coli (E. coli) detector by incorporat-
ing gold nanospheres onto the surface of a nanobiosensor.??!
This enhancement significantly increased the current conduc-
tivity due to the exceptional electrical capabilities of AuNPs,
enabling the system to detect analytes at lower concentra-
tions. Similarly, in a Bovine Serum Albumin (BSA) detector,
spherical gold NPs were incorporated to enhance sensitivity
after the BSA antigen-antibody interaction.?}] This improve-
ment was achieved through plasma hybridization with LSPR.
Ziaul Hyder et al. utilized similar spherical particles to en-
hance the detection and quantification of ciprofloxacin levels
in the environment.”* In sensing, this type of NPs has also
been applied to enhance Raman scattering, enabling the vi-
sualization of 3D pancreatic tumor models and pushing the
boundaries of resolution.”>] While the cited examples demon-
strate the use of AuNPs in diagnostic applications, spherical-
shaped materials have also shown potential in therapeutic con-
texts. For instance, Noh et al. developed a contact lens for oc-
ular cystinosis.?®! The binding interaction between cystinosis
and the AuNPs enabled monitoring of cystinosis concentra-
tion through a color change (diagnosis) while simultaneously
serving as a treatment. The concentration of cystinosis was
reduced as it spontaneously bound to the AuNPs within the
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lens, observing ~9 ug cystine removed from a 50 pm initial
concentration.

Thanks to the bathochromic plasmonic band shift of
anisotropic AuNPs to the biological window area (NIR), ad-
vanced theragnostic applications have been reported. Liz-Marzan
et al. recently demonstrated the use of chiral gold nanorods for
monitoring local extracellular environments (Figure 2D).[?’]
They incorporated chiral gold nanorods into GelMA hydrogel
nanocomposite scaffolds, a material commonly employed in
3D cell culture. By leveraging circular dichroism (CD), they
successfully detected changes in the refractive index, which
were directly correlated with the activity of invasive cancer cells.
Similarly, gold nanorods have been utilized by the same group
as theragnostic agents, demonstrating excellent PTT capabilities
in both 2D and 3D tumoral cultures.?®! Additionally, an 8F
radioisotope was incorporated to enable visualization of material
accumulation in the tumoral area using positron emission
tomography (PET).

Gold nanostars are among the most well-known anisotropic
AuNPs for therapeutic applications. Zhuang et al. developed
core—shell gold nanostars to enhance the thermodynamic stabil-
ity of AuNPs while serving as effective photothermal agents.[*]
By utilizing laser irradiation within the first biological window
(808 nm), their system successfully achieved complete ablation of
4T1 tumors in a mouse model over a 20-day experiment, demon-
strating excellent therapeutic efficacy. In sensing applications,
this shape enhances SERS spectroscopy.*”) Due to their ability
to undergo cellular endocytosis, they can label a wide variety of
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Table 1. Summary of gold nanoparticle (AuNPs) shapes and their biomedical applications.
Gold nanoparticle shape Biomedical application How does it work? Refs.
Sphere Escherichia coli detector Excellent current conductive of AuNPs enables analyte [22]
detection at low concentration
Bovine Serum Albumin detector BSA antigen—antibody plasma hybridization with LSPR from [23]
AuNPs enhances BSA detection sensitivity
Visualization of 3D pancreatic tumor models Raman scattering enhanced via AuNPs [25]
Contact lenses for ocular cystinosis Cystine binds to AuNPs changing the color for monitoring [26]
(diagnosis) and reducing their presence in the eye
(treatment)
Rods Monitoring local extracellular environments Chiral rods incorporated into GelMa hydrogel scaffolds. Via [27]
circular dichroism detection of activity of invasive cancer
cells.
2D and 3D tumoral cultures ablation Photothermal capabilities via converting an infrared laser into [28]
heat
Stars 4T1 tumor ablation in a mouse model Core-shell stars with enhanced thermodynamic stability for [29]
photothermal therapy
Improved cell imaging SERS spectroscopy [30,37]
Nanodumbbells Cardiac troponin | aptasensor in human blood Immobilize an aptamer with the AuNPs to enhance troponin [32]
samples detection
Nanocages Cell imaging Highest photoluminescence quantum yield in comparison [33]
with other shapes
Nanodendrites Nucleic acid detection Plasmon-enhanced electrochemiluminescence with selective [34]
biomolecules detection
Table 2. Summary of some ligands and their main applications for AuNPs.
Ligand Application Refs.
Polyvinylpyrrolidone with varying impurities Fine-tune the formation of the spike in a gold nanostar [40]
Ultrathin chemically cross-linked nanogels of pAcrylamide or High stability of gold nanostars and nanorods during prolonged laser irradiation (PPT) [38]
pNIPAM
Carboxylic-PEG Tumor accumulation of gold nanorods [28]
Protein corona adhesion, favorable electrostatic interactions and hydrogen bonding [43]
Dihydrolipoic acid Nonspecific protein adsorption reduces the protein corona effect [44]
Citraconic amide Gold nanospheres aggregate inside the cell due to a pH change toward acidic, unlocking PPT [45]
in the infrared
DNA-ligand Thermoresponsive DNA hybridization with AuNPs, inducing reversible aggregation [46]
Furin enzyme Intracellular aggregation of AuNPs, seven-fold in vivo tumor reduction via PPT after 18 days [48]
Elastin AuNPs aggregation to enhance particle visualization via photoacoustic or X-ray computed [49]
Diarizine-PEG tomography [50]
RGD peptide Cytoplasmic accumulation of AuNPs by binding to avf6 integrins on the cell surface [55]
MLS peptide AuNPs target mitochondria
NLS peptide AuNPs target the cellular nucleus
PEI Accumulation of AuNPs in cytoplasmic organelles (endosomes, lysosomes, lipid droplets) [56]
dPGS
AS1411 aptamer Target the nucleolin receptor overexpress on breast cancer cells [58]
Membrane proteins from Shewanella oneidensis MR-1 Disrupt tumor cell redox balance via an electron transfer mechanism, producing cell death [59]
Ramucirumab Enhance cellular uptake in advanced gastric cancer [60]

Cyclodextrin-Adamantane host—guest

Enhance tumor targeting with low nonspecific liver accumulation and improve treatment via
chemotherapy combined with PTT

(61
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cells, enabling improved imaging over extended periods.(*!! Fur-
thermore, they allow the identification of cellular traces over time
with high precision.

To date, various shapes of AuNPs have demonstrated a wide
range of applications. For example, gold nanodumbbells have
been used to immobilize an aptamer for the development of a
Cardiac troponin I (Tnl) aptasensor.’?] This sensor exhibits an
impressive limit of detection (LOD) (8 pg mL™") and successfully
diagnosed 85% of blood samples from a cohort of 89 individuals.
Gold nanocages demonstrate fluorescence for cell imaging due
to their ability to achieve the highest photoluminescence quan-
tum yield (PLQY) among all AuNPs.[*}] Additionally, they enable
PTT for cancer cells, offering dual functionality in biomedicine.
Similarly, gold nanodendrites serve as plasmon-enhanced elec-
trochemiluminescence platforms for nucleic acid detection.3*
Their highly porous structure enables the selective detection of
diverse biomolecules with high sensitivity.

While the shape of AuNPs determines their intrinsic opti-
cal and electrical properties, their behavior in complex biologi-
cal environments—and their long-term functionality—depends
largely on the surface ligands used for stabilization and function-
alization. In the following section, we examine how these lig-
ands influence nanoparticle performance and enable stimulus-
responsive behaviors for theragnostic applications.

2.2. Ligands Used for the Stabilization of Gold Nanoparticles

Surface ligands are critical for stabilizing AuNPs and tuning their
physicochemical interactions with biointerfaces (Table 2), such
as salts, proteins, and cellular membranes, and heat generated
during PPT applications, thereby directly influencing their long-
term stability.263] Traditional ligands such as polyvinylpyrroli-
done (PVP) and citrate remain widely used. However, a recent
study by Liz-Marzan et al. demonstrated that impurity profiles
in PVP can fine-tune anisotropic features such as nanostar spike
formation.[*®] Their findings revealed that, in the absence of im-
purities, spherical NPs are produced, whereas the specific base
and impurities generated during the polymerization of PVP with
hydrogen peroxide play a crucial role in inducing anisotropy.
These results have paved the way for “a la carte” gold nanostars
through ligand modulation. Besides, other works have employed
organic or inorganic shells, biomolecules, and metal coatings to
provide advanced protection (Figure 3A).13¢]

To prevent shape distortion during PPT, when AuNPs typi-
cally aggregate,!*!l ligand design has evolved from PEG coatings
to advanced materials such as chemically cross-linked ultrathin
nanogels, based on pAcrylamide or poly(N-isopropylacrylamide)
(pNIPAM), that dynamically conform to the rods and stars’
gold core morphology and resist laser-induced aggregation
(Figure 3B).*®] However, the proper visualization of these or-
ganic ligands remains challenging due to their low contrast com-
pared to AuNPs. One of the most recent solutions is the use of
high-quality graphene liquid cells.[*?] They allow for improved
visualization of the ligand distribution in liquid environments
compared to traditional carbon-based transmission electron mi-
croscopy (TEM)—dried grids (Figure 3C).

Ligands also influence biodistribution and targeting efficiency.
For instance, PEGylated gold nanorods with terminal carboxylic
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groups showed enhanced tumor accumulation compared to
those with amines.[?®] The authors of this study hypothesize
that this phenomenon is produced due to reduced liver uptake,
which increases bioavailability shortly after administration. To
track them into the tumors, the authors radiolabeled the AuNPs
with F, thanks to the great affinity between gold and °F, and
monitored their distribution using PET.

When using AuNPs for biomedical applications, the forma-
tion of a protein corona (PC) due to uncontrolled protein ad-
sorption remains a major challenge. Antifouling ligands, like
PEG, have typically been used to minimize particle-protein
interactions. Studies have shown that AuNP’s morphology and
surface-ligand chemistry act in concert to govern PC forma-
tion. High-curvature architectures, such as star- and cage-shaped
AuNPs exhibit greater surface area and binding sites, leading to
enhanced protein adsorption compared with spherical or rod-
shaped counterparts.[*}] When these particles are coated with
PEG chains terminating in different functional groups (carboxyl,
amine, or methyl), carboxyl-terminated PEG yields the strongest
corona formation, likely driven by favorable electrostatic inter-
actions and hydrogen bonding. Moreover, the ligand size sig-
nificantly influences PC formation. Small ligands, such as di-
hydrolipoic acid (DHLA) or citrate, promote nonspecific protein
adsorption on spherical AuNPs.[**] However, modifying DHLA
with PEG blocks or zwitterionic groups eliminates these interac-
tions, enhancing AuNPs stability in protein-rich environments.
Together, these insights highlight how precise control over par-
ticle geometry and ligand functionality can be leveraged to tune
stealth characteristics or promote selective biological interactions
in theragnostic applications.

For biomedical applications, AuNPs are exposed to diverse
physiological environments that vary in temperature, pH, and
redox potential. To enhance their performance and functionality
under these dynamic conditions, smart ligands, also known as
stimuli-responsive ligands, have been employed to endow AuNPs
with environment-sensitive intelligence. Selecting the appropri-
ate smart ligand enables selective particle aggregation. For in-
stance, using citraconic amide as a ligand for gold nanospheres
induces aggregation only inside the cell due to a shift toward
acidic pH.[*! This triggers a bathochromic plasmonic shift,
unlocking PTT capabilities in the infrared region. Likewise,
DNA-coated AuNPs enable thermoresponsive DNA hybridiza-
tion among particles, inducing reversible aggregation and shift-
ing the plasmonic band to the infrared region with potential PTT
applications (Figure 3D).[*! Similarly, spherical nucleic acids
with gold nanospheres at their core have been shown to produce
identical effects.[*’] Indeed, this capability of converting infrared
light into heat is particularly crucial for cancer treatments. Be-
yond enabling intelligent particle aggregation, ligands must also
ensure efficient cellular uptake of AuNPs and prolonged tumor
accumulation. To this end, enzymes like Furin—a trans-Golgi
protein convertase upregulated in various tumors—have been ex-
plored as AuNP ligands.[*®! By inducing intracellular aggregation,
Furin-coated AuNPs achieved a seven-fold reduction in mouse tu-
mor volume via photothermal ablation after 18 days, compared to
control particles without enzyme-induced aggregation.

Beyond treatment, smart ligands also facilitate multimodal
imaging. Thermoresponsive polymers such as elastin,[**! or light-
sensitive ones like Diazirine-PEG,® enhance visualization in
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Figure 3. Ligands used for the stabilization and protection of AuNPs. A) Scheme of the most used stabilization strategies for colloidal Au NPs, such as
surfactants, ligands, organic and metallic shells, or biomolecular ligands. Reproduced or adapted with permission from ref.[36] Copyright 2019 American
Chemical Society. B) Ultrathin chemically crosslinked anisotropic nanogels enhance the stability of rod- and star-shaped AuNPs during prolonged laser
irradiation while preserving their optical properties. Reproduced or adapted under the terms of the CC BY-NC 4.0 license, ref.[38] Copyright 2024 John
Wiley & Sons, Inc. C) Direct visualization of ligand around gold nanorod observed by TEM in a dried state on a graphene grid and a liquid environment.
Reproduced or adapted with permission from ref.[42] Copyright 2024 Springer Nature. D) Assembly/aggregation of AuNPs induced by reversible DNA
hybridization enables a bathochromic plasmonic shift, unlocking PTT capabilities in the NIR region. Reproduced or adapted under the terms of the
CC-By 4.0 license, ref.[46] Copyright 2024 American Chemical Society.
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specific scenarios by inducing plasmonic shifts upon aggrega-
tion. This shift enables the detection of AuNPs using imaging
techniques such as photoacoustic imaging and X-ray computed
tomography. This dual functionality makes AuNPs powerful tools
for both therapy and diagnostics, with tunable properties that can
be precisely controlled by selecting appropriate surface ligands,
paving the way for more effective and targeted biomedical appli-
cations. Notably, researchers have also begun integrating AuNPs
into NMs and micromotors (MMs), further expanding their ther-
agnostic potential.

Ligands also play a crucial role in promoting strong in-
teractions with biological systems.[’152] AuNPs with specific
cancer-target ligands can easily internalize into subcellular or-
ganelles and notably reduce cancer cells, acting directly on their
nucleus and mitochondria.[>?! For instance, once AuNPs are at-
tached to the cell surface, they can enhance phospholipid mem-
brane permeability through mechanisms such as photoporation,
in which localized heat generated during PPT induces the forma-
tion of nanobubbles around the AuNPs.I** The expansion and
collapse of these nanobubbles disrupt the membrane, produc-
ing nanosized pores (Figure 4A). Moreover, AuNPs can be tar-
geted not only to the cell membrane but also to specific intracel-
lular compartments such as the cytoplasm, mitochondria, and
nucleus.l®! This targeted localization is achieved by functionaliz-
ing the AuNPs with specific peptides. For example, the RGD pep-
tide facilitates cytoplasmic accumulation by binding to av36 inte-
grins on the cell surface. Similarly, the MLS peptide enables mi-
tochondrial targeting, while the NLS peptide directs AuNPs to the
nucleus. Such targeted delivery can significantly enhance Raman
resonance imaging within these specific cellular regions. The
same peptides have also been linked to PEGylated gold nanorods
by Xu, et al. to target specific cellular organelles and ablate these
localized areas.[®] Polymers such as polyethylenimine (PEI) and
dendritic polyglycerol sulfate (dPGS) have also been employed by
McNally et al. to functionalize AuNPs, promoting their accumu-
lation in cytoplasmic organelles such as endosomes, lysosomes,
and lipid droplets.l’l This targeted localization enhances the vi-
sualization capabilities of cryo X-ray tomography (Figure 4B).

For targeted cancer therapies, the conjugation of AuNPs has
also proven to be effective. For instance, the aptamer AS1411 has
been attached to the surface of AuNPs to specifically target the nu-
cleolin receptor, which is overexpressed on breast cancer cells.[%8!
Chen-Sheng et al. recently engineered plasmonic liposomes by
coating AuNPs with membrane proteins from Shewanella onei-
densis MR-1, enriching them with c-type cytochromes.®®! This
system disrupts the tumor cell redox balance through a unique
electron transfer mechanism, triggering lipid peroxidation and
mitochondrial dysfunction, ultimately leading to cell death. In
mice, this approach significantly reduced tumor size 14 days
after treatment (Figure 4C). Besides polymeric ligands, FDA-
approved antibodies such as Ramucirumab, used in the treat-
ment of advanced gastric cancer, have recently been conjugated
to anisotropic gold nanorods to enhance cellular uptake.[®] In
vivo results demonstrated that while tumor cells were effectively
targeted and destroyed by the nanodrug, normal gastric cells re-
mained unaffected (Figure 4D). A smart host—guest system de-
veloped by Liu et al. utilized AuNPs decorated with the ligand
cyclo(Arg-Gly-Asp-D-Phe-Cys) and the host molecule cyclodex-
trin to specifically target tumors while minimizing nonspecific
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liver accumulation.[®!] A pH-sensitive doxorubicin prodrug, mod-
ified with an adamantane group and linked to AuNPs, was de-
signed as the guest component. This guest selectively binds to
the host at tumor sites, where the acidic environment triggers
drug release. The combination of this chemotherapeutic strategy
with PTT led to a significant reduction in tumor size in vivo, ap-
proximately a five-fold decrease compared to the control group.

These diverse examples underscore the pivotal role of surface
ligands in governing the behavior, stability, and functionality of
AuNPs in biomedical settings. From enhancing structural in-
tegrity and controlling aggregation to directing cellular uptake
and enabling stimuli-responsive behaviors, ligands offer a versa-
tile toolbox for engineering AuNPs with high precision.

2.3. Gold Nanoparticles Used for Plasmonic-Based Nano- and
Micro-Motors

MMs and NMs are active particles capable of autonomous motion
in biological media, even within highly viscous environments
typically found in biological barriers.l%?] Their movement can be
guided externally using magnetic fields, light, or acoustic sig-
nals, or they can self-propel by converting chemical energy into
mechanical work through reactions that generate motion-driving
byproducts.[®-68] Recently, AuNPs have been chemically bonded
or adsorbed onto active materials to enhance motor performance
by leveraging the plasmonic properties of gold.

For in vivo imaging, Sanchez et al. functionalized urease-
powered, mesoporous-based nanomotors with AuNPs to anchor
the 1241 radioisotope, enabling their visualization in the mouse
bladder via PET.[%%) Additionally, the same group utilized the plas-
monic properties of AuNPs to achieve high-resolution imaging
of nanomotor accumulation in bladder tumors using light-sheet
microscopy (Figure 5A).1'"] This technique, which selectively il-
luminates a thin focal plane, benefits from AuNPs’ excellent dis-
persibility and strong light absorption, enhancing imaging con-
trast and resolution.

AuNPs have also enhanced NMs tracking visualization by in-
creasing contrast, paving the way for more advanced imaging
techniques. Gold nanospheres anchored to DNA motors enabled
high-resolution tracking in reflection interference contrast mi-
croscopy (Figure 5B).7%! In similar research, Kill et al. demon-
strated that it is also possible to release DNA from gold nanorods,
driven by circularly polarized laser light in solution, via pho-
tothermal heating, enabling temperature-dependent kinetics and
activation energy control.l”!]

Liang et al. recently enhanced enzymatic NMs by incorpo-
rating gold nanostars, adding PTT capabilities, and SERS sens-
ing for improved therapeutic efficiency.”?! Cellular studies found
that incubating cells with 100 pg mL! of these plasmonic materi-
als did not affect viability. However, cell viability dropped to 40%
when exposed to an NIR laser. This synergistic design improved
AuNP internalization due to NMs-driven motion while enhanc-
ing laser-induced cellular damage through plasmonic heating.
Peng et al. further enhanced the performance of their motors
by incorporating gold onto the surface of mesoporous particles
(Figure 5C).7}] The gold-silica coupling enabled a controlled
plasmonic shift into the IR region. Upon laser irradiation, they
observed increased NMs motion due to the self-thermophoretic
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Figure 4. Ligands for targeting specific cells and organelles. A) Photoporation process of gold nanorods. After their binding to the cell membrane,
a focused laser causes a temperature increase and nanobubble formation around the rod. Expansion and collapse of the bubbles lead to membrane
rupture. Created in BioRender. Sdnchez, S. (2025) https://BioRender.com/3vqytqp. B) Endocytic uptake of AuNPs in A549 cells via cryo X-ray tomography,
showing localization in the endosome, lysosome, and lipid droplet. Reproduced or adapted with permission from ref.[57] Copyright 2020 American
Chemical Society. C) AuNPs covered with electroactive membranes induce cell damage by redirecting electron transfer, disrupting the redox equilibrium
within cancer cells. Reproduced or adapted with permission from ref.[59] Copyright 2025 Springer Nature. D) Gold nanorods covered with an antibody
for enhanced tumor penetration, resulting in high tumor reduction effects in vivo. Reproduced or adapted under the terms of the CC-BY license from
ref.[60] Copyright 2021 Springer Nature.
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Figure 5. Gold nanoparticles (AuNPs) enhance the photonic properties of nanomotors (NMs). A, left) Light-sheet microscopy images of a mouse
bladder showing plasmonic mesoporous NMs accumulated in tumors. (right) TEM microscopy image of gold nanospheres onto the NMs. Reproduced
or adapted under the terms of CC-BY license from ref.[11] Copyright 2024 Springer Nature. B) DNA-basedNMs coupled to AuNPs visualized using
reflection interference contrast microscopy, showing the trajectories of a single motor. Reproduced or adapted with permission from ref.[70] Copyright
2021 American Chemical Society. C) Relative in vivo tumor volume reduction achieved through the photothermal capabilities of plasmonic-based NMs,
along with their localized heat increase in mice. Reproduced or adapted with permission from ref.[73] Copyright 2023 John Wiley and Sons. D) Light-
propelled biodegradable stomatocyte NMs with efficient intracellular transport and enhanced mean squared displacement under laser illumination.
Reproduced or adapted under the terms of CC-BY license from ref.[74] Copyright 2024 Springer Nature.

effect, driven by thermal flow. This thermo-mechanical percola-
tion facilitated deeper tumor tissue penetration and enhanced tu-
mor cell ablation, which directly correlated with a reduction in
tumor volume. Additionally, the heat generated promoted selec-
tive tumor accumulation of the motors while mitigating inflam-
mation.

These studies demonstrate that integrating AuNPs into NMs
not only enhances imaging resolution and tracking but also im-
proves therapeutic performance through plasmonic heating and
targeted activation.

Besides their therapeutic applications, during the light-to-heat
conversion process, there is a thermal gradient generated be-
cause of the asymmetrically distributed AuNPs that can drive a
NM. For instance, Wang et al. depositate AuNPs on biodegrad-
able polymersomes (stomatocytes), yielding light-propelled NM-
swith exceptional motility (up to 125 pm s™') in biological me-
dia (Figure 5D).”*] The design exploited the nonuniform distri-
bution of AuNPs along the z-axis to induce asymmetric plas-
monic heating and thus thermophoretic propulsion. A similar
strategy is demonstrated in the work from Cao et al., where
polymersomes bearing aggregation-induced emission (AIE) moi-
eties were coated with hemispherical Au nanoshells to create
phototactic NMs responsive to two-photon NIR irradiation.!””]
The synergy between AIE-based fluorescence and AuNP-induced
heating enabled both propulsion and reactive oxygen species
(ROS) generation for enhanced photodynamic therapy. Like-
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wise, Guo et al. employed Janus MOF@Au NMswhere AuNPs
were asymmetrically deposited on MOF particles, enabling NIR-
triggered propulsion and improved penetration into dense bac-
terial biofilms.l”®) The Au component not only facilitates active
motion but also enhances ROS production under ultrasound
through improved electron-hole separation, critical for sonody-
namic therapy (SDT). This dual functionalization, locomotion,
and enhanced catalysis highlight the versatile role of AuNPs
in integrating propulsion with therapeutic action. Chicos et al.
used AuNPs agents for thermoplasmonic manipulation to induce
thermos-osmotic flows.l””! These flows result from optically gen-
erated temperature gradients perturbing van der Waals and elec-
trostatic interactions at the gold-liquid interface, enabling hydro-
dynamic trapping and manipulation of AuNPs. The study em-
phasizes emergent hydrodynamic forces as tools for guiding the
particles in confined environments, for boundary-driven active
matter manipulation. In another work, the same authors outline
AuNPs as a source within thermoplasmonic systems for manipu-
lating macromolecules.[”® Here, AuNPs create localized temper-
ature gradients that drive thermophoretic or hydrodynamic flows
used to trap or stretch these softer, non-colloidal species. These
examples underscore the multifunctionality of AuNPs, where
precise thermal control enables not only propulsion and direc-
tional manipulation but also synergistic therapeutic effects, po-
sitioning them as key enablers in the design of next-generation
active and responsive theragnostic technologies.
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3. Advances in Plasmonic Nanoparticles for
Biosensing and Diagnostics

As mentioned in Section 1, when a small spherical metallic NP is
exposed to light at a particular resonance frequency, its conduc-
tion electrons are induced to coherently oscillate in a standing-
wave-like manner due to the oscillating electric field of the light,
referred to as LSPR. The LSPR frequency is influenced by the
dielectric properties of the metal and can be tuned within the
UV-NIR spectral range by modifying the dimensions of the
NP, such as its size and shape, and the surrounding medium.
The LSPR excitation can be detected by the extinction spectrum
(summed contribution of the far-field absorption and scatter-
ing peaks of the LSPR modes) and the near-field intensification
around the NPs surface, which is a direct consequence of the res-
onant electrons. Far-field and near-field properties are explained
as two complementary manifestations of LSPR excitation. These
optical properties (enhancements of the extinction cross-section
and the EM field near the NP surface) have made plasmonic
NPs a widely used tool in biosensing, imaging, and therapeutic
applications.[”]

This section will further discuss biosensing applications of
plasmonic NPs by addressing their so-called far-field and near-
field optical properties, and how they have become a game-
changer in modern biomedical research and clinical diagnostics.
Integrating their ability to provide enhanced optical contrast, un-
paralleled sensitivity, and specificity in detecting and quantifying
biomolecular interactions makes them promising candidates for
a wide range of biomedical applications, from biospectroscopy to
targeted cancer therapies.[8081]

3.1. Far-Field Properties

Far-field interactions are related to the scattering and absorp-
tion properties of NPs when exposed to light, leading to measur-
able changes in their extinction spectra. These optical responses
play a critical role in biosensing and imaging applications, where
precise spectral shifts can be leveraged for molecular detection
and contrast enhancement.[®1-#3] The far-field response of NPs is
highly dependent on key parameters such as their size, shape,
and the refractive index of the surrounding medium, which col-
lectively influence their optical cross-sections and plasmon reso-
nance characteristics.®!

The extinction cross-section (C,) is the sum of the absorption
(Cyhs) and scattering (C,,) cross-sections, expressed as:

sca)

C

ext — “abs

+Cy, M

These quantities are governed by the polarizability («) of the
NP. In the quasi-static approximation—valid for particles much
smaller than the incident wavelength—the polarizability of a
spherical particle embedded in a non-absorbing medium with di-
electric constant ¢, is given by:

a = 4ra’ [(e () — 50) / (5 (o) + 250)] (2)
where a is the particle radius, and e(w) is the frequency-

dependent complex dielectric function of the nanomaterial.[8586]
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This expression shows that the polarizability—and consequently
the far-field optical response—is directly determined by the
nanoparticle composition, as it defines e(w). For instance, silver
exhibits a lower imaginary component of ¢(w) than gold in the
visible range, resulting in sharper and more intense scattering
resonances. This explains the enhancement in detection perfor-
mance when coating AuNPs with silver shells, as discussed in
later sections.

For anisotropic particles such as spheroids, the polarizability
depends on shape through a shape factor Xj. The polarizability
along axis j is given by:l®)

aj =V (e (@) — &) / (¢ (@) + Xije,)] G)

Here, V is the NP volume, and Xj = 1/Lj, with Lj being the
shape-dependent depolarization factor along axis j. In the case
of nanorods, increasing the aspect ratio shifts the localized sur-
face plasmon resonance (LSPR) peak into the near-infrared re-
gion and enhances light-matter interactions. Thus, shape modu-
lation provides a powerful strategy for engineering the plasmonic
response.

From the polarizability, the optical cross-sections are obtained

as:
Cabs = 47k Im (a) (4)
Csca = (87/3) k*|a|? (5)
Cext = Cabs + Csca (6)

where k = 22n/4 is the wavevector in the embedding medium
with refractive index n. These equations emphasize how struc-
tural (size, shape) and compositional (material dielectric func-
tion) factors jointly control the absorption and scattering behavior
of plasmonic nanostructures.[6%]

Later in the review, we discuss how compositional modifica-
tions, such as the use of AgNPs or the growth of Ag shells around
Au cores (Au@Ag), improve detection capabilities by increas-
ing scattering efficiency and EM enhancement. For example, we
demonstrate how silver shell growth enhances both far-field (e.g.,
in IDILA) and near-field (e.g., in label-free SERS detection of ex-
osomes) responses, leading to superior sensitivity and specificity.

These theoretical insights and experimental validations il-
lustrate how precise engineering of NP composition and mor-
phology enables tuning of their optical properties for advanced
biosensing applications.

Experts in the field have exploited their understanding of how
parameters such as particle size, aggregation state, and interparti-
cle distance, which affect the plasmon coupling effect, have devel-
oped far-field-based nanobiosensors. One of the clear examples
is plasmonic enzyme-linked immunosorbent assay (pELISA),
which combines the working principle of LSPR with that of tradi-
tional ELISA to develop a visually detectable signal to biomolec-
ular interaction, for example, antigen-antibody binding. In con-
ventional sandwich ELISA, the target molecule is anchored to
the substrate by capturing antibodies and recognized by primary
antibodies. The last ones are coupled to enzymes whose bio-
catalysis generates a colored compound (Figure 6A). In pELISA,
the biocatalytic reactions used in this assay trigger changes in
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NP size, shape, or aggregation, directly modulating their LSPR
behavior.[#”] Changes in the state of aggregation, size, or shape
of NPs result in shifts in the LSPR wavelength, which can be
observed as color changes. In some pELISA setups, the pres-
ence of a target analyte induces enzymatic reactions that alter the
charge or surface chemistry of NPs, leading to their aggregation,
reducing particle distance and causing a coupling of their plas-
monic fields. This results in a red shift in the LSPR peak and a
visible color change, such as from red to blue (Figure 6B). En-
zymes like catalase or alkaline phosphatase catalyze reactions
that produce reducing agents (e.g., hydrogen peroxide or ascor-
bic acid), which reduce metal ions to form NPs. The presence
of analytes controls the growth kinetics of these particles, deter-
mining their size and morphology. Smaller, spherical NPs typi-
cally exhibit a red color, while larger or irregularly shaped aggre-
gates appear blue. In some strategies, enzymes mediate reactions
that deposit additional metal layers on existing materials, increas-
ing their size and shifting their LSPR peaks.®8] Alternatively, en-
zymes may catalyze the etching of NPs, modifying their shape
and causing distinct color changes, thus leveraging the optical
properties of metal NPs to provide an ultrasensitive and visually
intuitive diagnostic platform.®

The pELISA concept was first introduced by the foundational
work by de la Rica and Stevens, in which they demonstrated
the use of enzyme-controlled gold NP growth to generate color
changes (Figure 6C).I This approach, based on the modulation
of hydrogen peroxide levels, led to the formation of either red
(non-aggregated NPs) or blue (aggregated NPs), providing an in-
tuitive diagnostic signal that enabled the detection of biomarkers
like prostate-specific antigen (PSA) and HIV-1 capsid antigen p24
at attomolar concentrations, achieving unprecedented levels of
sensitivity (Figure 6C).[*] Xuan et al. further elaborated on sim-
ilar techniques involving silver NPs, highlighting their high ex-
tinction coefficients and versatility in diagnostics.[°"]

Conventional enzyme-linked immunosorbent assay (ELISA)
relies on enzymatic biocatalysis to develop a colorimetric signal,
which would be proportional to the concentration of the analyte.
However, the sensitivity of this method is limited by the weak
absorption coefficient of organic dyes commonly used as chro-
mogenic substrates (e.g., tetramethylbenzidine, TMB) that ren-
ders a LOD at nanomolar ranges (~10~? M) for most biomarkers
and sensitivity often proves to be insufficient for low-abundance
biomarkers, particularly in early stages of disease.”’! On con-
trast, pELISA can significantly enhance the sensitivity due to the
enhanced extinction coefficient of noble metal NPs that can be
orders of magnitude larger than organic dyes, and since color

www.advmat.de

changes are produced through LSPR modulation, these are vi-
sually detectable even at ultralow analyte concentrations (atto-
molar range ~107!® m). For example, de la Rica and Stevens
demonstrated LODs as low as 107'8 g mL! for prostate-specific
antigen (PSA) and HIV-1 capsid antigen p24 using gold NP
growth mechanisms.”") Other studies have achieved LODs in
the femtomolar range (~107!> m) for biomarkers like alpha-
fetoprotein (AFP) and IgG antibodies by controlled growth of
silver NPs.[1]

Another interesting approach for exploiting the optical prop-
erties of plasmonic NPs relies on the controlled aggregation
through the so-called Intensity Depletion Immuno-Linked As-
say (IDILA).°?l IDILA is an enzyme-free immunoassay designed
to overcome the limitations of conventional ELISA, such as en-
zymatic instability, nonspecific binding, and the need for multi-
ple washing steps. IDILA operates on the principle of silver NP
(AgNP) dimerization controlled by antigen—antibody interactions
(Figure 6D). The formation of AgNP dimers results in distinct
optical signals due to changes in LSPR, which are used to quan-
tify analyte concentrations. In the presence of a target antigen,
dimer formation is inhibited, leading to depletion in the optical
extinction signal (Figure 6E). This extinction changes form the
basis of analyte detection and has been demonstrated to allow
femtomolar sensitivity under optimized conditions, as shown by
Mercadal et al. using AuNPs as a plasmonic substrate.®*] As no
enzymatic steps are needed, it has a faster execution (~2 h) and
lower reagent consumption, while keeping an exceptional sensi-
tivity (Figure 6F,G). Moreover, by optimizing NP size and dimer-
ization conditions, IDILA achieves detection limits of several or-
ders of magnitude lower than conventional ELISA, as shown
in Figure 6H. This technique was able to diagnose antigens
in clinical serum samples from rheumatoid arthritis patients
(Figure 6I).

IDILA and plasmonic ELISA represent significant advance-
ments in biosensing, utilizing LSPR to enhance detection sensi-
tivity beyond the limits of conventional ELISA. While plasmonic
ELISA offers exceptional sensitivity for ultra-trace analyte detec-
tion, IDILA stands out for its enzyme-free design, robustness,
and ease of implementation. The future of these plasmonic tech-
niques lies in their integration with advanced technologies in-
volving microfluidics, digital analysis, and artificial intelligence
(AI) to enhance multiplexing capabilities and real-time moni-
toring. Together, these technologies highlight the potential of
nanoplasmonics in revolutionizing diagnostic platforms.

The far-field optical properties of plasmonic surfaces, whether
through direct metal deposition or nanostructure integration,

Figure 6. High-Sensitivity Immunoassay Strategies: Plasmonic ELISA (pELISA) and Intensity Depletion Immuno-Linked Assay (IDILA). A) Scheme of
conventional sandwich ELISA: the target molecule is anchored to the substrate by capturing antibodies and recognized by primary antibodies. The last
ones are cupped to enzymes whose biocatalysis generates a colored compound. B) Scheme of plasmonic ELISA, in which the biocatalytic cycle of the
enzyme generates colored nanoparticle solutions of characteristic tonality (S, substrate; P, product; NP, nanoparticle). C) Detection of HIV-1 capsid
antigen p24 by the generation of blue NP solutions. The signal (—AA550) is expressed as the decrease in absorbance concerning the blank monitored at
550 nm. Blue curves were obtained by spiking p24 in female serum. Red curves were obtained by spiking the unrelated protein BSA. Error bars indicate
the standard deviation of three independent measurements. Reproduced or adapted with permission from ref.[90] Copyright 2012 Springer Nature.
D) Schematic representation of the NP functionalization strategy and E) schematic representation of the IDILA assay procedure: The functionalized
NPs are added to the ELISA microplate of 96 wells together with the specific biotinylated antibody (Biot-1gG), and the recombinant antigen or the real
sample. F) Schematic representation of the NP-controlled agglomeration strategy (dimer formation) in the presence of a biotinylated antibody (Biot-IgG).
G) Schematic representation of the dimer formation avoided in the presence of the specific antigen (TNFa). H) Calibration curve of the antigen using
biotinylated anti-human TNFa and recombinant human TNFa. ) Quantification of antigen in real clinical samples using serum from rheumatoid arthritis
patients and serum of healthy control subjects. Reproduced or adapted with permission from ref.[92] Copyright 2016 The Royal Society of Chemistry.
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Figure 7. Near-Field Plasmonic Effects: EM-Field Enhancement and Their Role in Biosensing. A) Spatial distribution of EM-field enhancement at 488 for
56 nm Ag sphere compact nanocluster configurations (interparticle distance = 5 nm). Reproduced or adapted with permission from ref.[104] Copyright
2013 American Chemical Society. B) AMB-Tat fluorescent probe for the intracellular pH imaging of a single living CaSki (human cervical carcinoma) cell:
Microscopic image was observed under the bright-field illumination; SERS intensity image was produced by using the intensities of 1093 cm~ peak; pH
distribution image was produced by correlating the intensity ratio of 1208 to 1274 cm~" peaks with pH values. Reproduced or adapted with permission
from ref.[105] Copyright 2019 American Chemical Society. C) ROS imaging of live cells using SERS nanoprobes: dark-field image, bright-field image,
and Raman mapping image corresponding to the band at 1386 cm™' for ROS measurements. Reproduced or adapted with permission from ref.[106]
Copyright 2017 John Wiley and Sons. D) Quantification of immunolabelled glutamate receptors densities through SERS: Comparative scheme showing
the relative intensity changes of the SERS spectra as well as the relative densities obtained in the SEM images associated with the spectral changes in
the subcellular protrusions of the neuron cell (dendrites and axon). Reproduced or adapted with permission from ref.[107] Copyright 2014 American

Chemical Society.

have been effectively harnessed for label-free biosensing. In
that sense, Lechuga et al. have demonstrated how structured
plasmonic surfaces enhance light-matter interactions, improv-
ing sensitivity for analyte detection. A key example is Blu-
ray disc-based nanostructured plasmonic biosensors, which
exploit periodic nanoslit arrays to enhance LSPR, achieving
sharper resonances and improved detection limits via Fano
resonant modes.[*>) Their work extends to clinical applica-
tions, such as label-free detection of tumor-associated antigens
with pM-range sensitivity, surpassing ELISA,°l and SPR-based
biosensors for therapeutic drug monitoring.[””! Additionally,
their SPR biosensors have enabled rapid and highly spe-
cific COVID-19 serology!®®! and real-time detection of pituitary
hormones.*! These advances highlight the potential of far-field
plasmonic interactions for ultrasensitive, real-time biosensing in
clinical diagnostics.

3.2. Near-Field Properties

Near-field interactions are a complementary manifestation of the
LSPR excitation, together with the far-field properties described
above, that arise from the strong EM enhancements localized
near the NP surface, typically within a few nanometers, and de-
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crease rapidly with distance from the surface, creating a gradi-
ent of field enhancement.® In NP assemblies, such as dimers
or trimers, the interparticle gap significantly amplifies the EM
field, forming “hotspots” (Figure 7A). These hotspots are regions
of intense EM enhancement, and their magnitude and distri-
bution depend on the NP’s shape, interparticle distance, and
orientation. The interparticle gap plays a critical role in deter-
mining the properties of nanostructured materials, as it gov-
erns the coupling of LSPR modes between NPs. This coupling
can dramatically alter the optical and EM behavior of the assem-
bly, making it a key factor in designing materials with specific
plasmonic properties.l'%! This has been particularly evident in
studies of silver and gold NP dimers, where the optical proper-
ties of the system are strongly influenced by the gap between
particles.[101-103]

Nanobiosensing exploits the near-field enhancement capabili-
ties of plasmonic substrates, focusing on their near-field proper-
ties, through SERS detection. SERS is a plasmonic phenomenon
that arises upon the excitation of the plasmon resonance, lead-
ing to a substantial enhancement of the electric field surround-
ing the NP. The dominant mechanism responsible for the SERS
effect is widely recognized as EM enhancement. This mecha-
nism is quantified by the EM field enhancement factor (EMFEF),
which plays a crucial role in amplifying Raman signals, thereby
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improving detection sensitivity in nanobiosensing applications.
The EMFEF is defined as:

EMFEF = |T (o) |r(a/)| (7)
IC (@)] = (IE@)| /| (@)])° (8)
I ()] = (£ (@)] /| (@ )]) o)

where |['(w)] is the ratio of the complex local enhanced EM field at
the illumination wavelength (w) and the incident EM field multi-
plied by the corresponding complex conjugate, that is, the abso-
lute square of the magnitude of the electric field enhancement
and |I'(w/)| is the square of the enhanced electric field gener-
ated at a particular stokes frequency (/) of the molecule.'** The
SERS Raman intensity (Iszzs) can be expressed by an equation
that considers specifically the EFEF and the Raman cross-section
of the molecule’s particular mode excited at the particular wave-
length:

Iggrs = F0,Cspps EMFEF (10)

where F, is an instrumental factor, o, is the Raman cross-section
of the molecule on the nanostructure, and Cggpg is the concen-
tration on the nanostructure.!'%

As previously discussed, the EM field can be further inten-
sified within NP aggregates, particularly in the gap regions be-
tween adjacent NPs (hot spots), due to plasmon coupling. This
pronounced enhancement enables the strategic design of SERS-
based applications, where selecting the appropriate illumina-
tion wavelength can facilitate ultrasensitive detection, includ-
ing the development of bio(nano)sensors. SERS has found ex-
tensive applications in various biomedical and cellular research
fields due to its exceptional sensitivity and molecular specificity.
It has also been widely used for intracellular sensing, moni-
toring the fluctuation of intracellular pH (Figure 7B),[105:108-110]
monitoring intracellular redox potential,[!!*1!2] and imaging re-
active oxygen species (ROS) (Figure 7C).[10113114] SERS has
also been employed to study biomolecular interactions, allowing
high-resolution of the distribution of receptors at cell surfaces
(Figure 7D).117.11>116] While these applications continue to forge
ahead within biomedical research, one of the up-and-coming ar-
eas thatis increasingly grabbing scientific attention is the applica-
tion of SERS to detect exosomes or exosome-like vesicles (ELVs)
as biomarkers for cancer prognosis due to their molecular signa-
tures that directly reflect characteristics of their cell of origin.

ELVs are nanosized vesicles, 40-200 nm, circulating in body
fluids like blood, urine, and saliva, hence being an ideal candidate
for noninvasive liquid biopsies. These ELVs carry along proteins,
lipids, RNA, and DNA, which can be used for detection, provid-
ing crucial insights into tumor progression, metastasis, and treat-
ment response. Several strategies have been explored to lever-
age SERS for exosome detection. Wang et al. developed a SERS-
based apta-immunoassay using gold shell magnetic nanobeads
to capture exosomes via the CD63 protein, followed by SERS
probes decorated with Raman reporters and aptamers for mul-
tiplex detection of exosomes from various cancers.[''”] Stremer-
sch et al. introduced a method to identify individual ELVs using
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SERS, where exosomes were coated with gold NPs to enhance
the Raman signal, enabling differentiation between cancerous
and healthy cell-derived vesicles even in mixed populations.[118]
Other materials have been explored to develop cost-effective
SERS substrates. For example, Li et al. explored a novel nanos-
tructured platinum-black (Pt-black) SERS substrate for detecting
breast cancer-derived exosomes, able to differentiate exosomes
from triple-negative breast cancer (4T1 cells) and normal fibrob-
last cells.['') Among the various approaches to SERS-based exo-
some detection, label-free strategies have gained attention due
to their ability to preserve the vesicles’ natural molecular sig-
natures while simplifying the detection process. Unlike label-
ing techniques that require antibodies, aptamers, or chemical
tags, label-free SERS allows direct molecular fingerprinting of
exosomes, improving specificity and reducing sample prepara-
tion complexity. Fraire et al. developed a core-shell Au@Ag NP-
based SERS approach that eliminates interference from stabiliz-
ing molecules by in situ silver overgrowth on exosome-bound
gold NPs (Figure 8A).['2] This strategy significantly enhanced
the signal-to-noise ratio and enabled single-vesicle identifica-
tion with over 90% specificity. The same concept under a dif-
ferent approach was further explored by Park et al. by intro-
ducing a scalable laser-ablated silver NP (SLAM) substrate, en-
abling rapid and cost-effective fabrication of SERS platforms for
high-throughput exosome detection.l'?!l This method enhances
plasmonic effects through precisely engineered silver nanostruc-
tures, ensuring high sensitivity and reproducibility while facili-
tating large-scale analysis of cancer-derived ELVs. While both ap-
proaches demonstrate the potential of label-free SERS for liquid
biopsy applications, the SLAM-based method offers a practical,
high-throughput solution, whereas the core-shell strategy excels
in single-exosome resolution, providing complementary tools for
cancer diagnostics.

Recent advances in Al are pushing the boundaries of exosome-
based liquid biopsies, enhancing both sensitivity and accu-
racy in cancer diagnostics. In that sense, Shin et al. developed
an Exosome-SERS-AI platform that combines SERS with deep
learning models to classify exosomes from patients with six dif-
ferent cancer types (lung, breast, colon, liver, pancreas, and stom-
ach) (Figure 8B).I'*2] Their system first detects cancer presence
with an accuracy of 90.2% and specificity of 94.4%, then predicts
the tumor organ of origin with a mean AUC of 0.945. The AI
model extracts subtle Raman spectral differences between can-
cerous and normal exosomes, enabling highly precise and non-
invasive multi-cancer screening from a single test (Figure 8C).

Another interesting approach is the use of enzyme-driven
MMs for exosome capture and transport. Liu et al. recently intro-
duced a urease-powered MMs system for active exosome capture
and transport before SERS analysis.['?)] The self-propulsion ca-
pabilities depicted by these motors through the catalytic decom-
position of urea significantly increased the efficiency of exosome
isolation (improved binding efficiency by 35% compared to pas-
sive exosome collection methods). Once captured, exosomes are
transferred to a clean environment for SERS-based molecular fin-
gerprinting, ensuring high-precision diagnostics.

The development of high-throughput strategies for analyz-
ing thousands of exosomes simultaneously is set to revolution-
ize their role in disease diagnosis and prognosis, particularly
in cancer detection. Traditional methods often suffer from low
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Figure 8. Surface-Enhanced Raman Spectroscopy (SERS) for Exosome-Based Cancer Diagnostics. A) In situ Au@AgNP formation as a strategy to obtain
a clear spectral fingerprint of individual ELVs. Schematic representation of ligand-stabilized AuNP attached to the outer ELV surface and Au@AgNP in
which the ligand coating is replaced by an outer silver layer. ELVs from B16F10 melanoma cells or red blood cells (RBCs) are electrostatically coated with
4-Dimethylaminopyridine (DMAP)-AuNPs (40% coverage); in situ functionalization with a silver layer around the ELV-attached DMAP-AuNPs; SERS
spectra of individual ELVs deposited on a CaF, coverslip are recorded with a confocal Raman microscope. Reproduced or adapted with permission
from ref.[120] Copyright 2019 American Chemical Society. B) One test-multi cancer using exosome-SERS-artificial intelligence (Al): Exosome suspension
is dropped onto an Au NP-aggregated array chip and thoroughly dried; signals were observed at 100 spots (10 x 10) per sample and analyzed by
Al algorithms; the system outputs predictions about cancer presence and tissue of origin; a heat map shows actual examples of the representative
predicted results for each cancer status. Reproduced or adapted under the terms of the CC-BY license from ref.[122] Copyright 2023 Springer Nature.
C) Al framework. In the first step, diagnostic scores are assigned as the mean values of the multiple instance learning (MIL)-based cancer classifier
results. In the second step, signals predicted by the previous cancer classifier are analyzed, and then an average score is calculated using six types of
prediction models. Reproduced or adapted in terms of the CC-BY license from ref.[122] Copyright 2023 Springer Nature.

throughput, complex sample preparation, and signal variability,
limiting their clinical application. However, recent advancements
in label-free substrates, single-particle Raman trapping, and Al-
driven analysis are overcoming these challenges and paving the
way for next-generation exosome-based diagnostics.

For instance, Penders et al. introduced the SPARTA (Single
Particle Automated Raman Trapping Analysis) system, which
enables label-free, high-throughput Raman screening of extra-
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cellular vesicles (EVs) at the single-particle level.l1?#12] By ana-
lyzing over 14 000 individual EVs, SPARTA demonstrated the
ability to differentiate between cancer and non-cancer EVs with
>95% accuracy, providing a powerful tool for rapid, unbiased ex-
osome characterization. Unlike conventional bulk SERS meth-
ods, SPARTA isolates and traps individual vesicles in solution, re-
ducing background noise and improving spectral resolution. Fu-
ture strategies will likely combine AI-powered analysis with novel
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Figure 9. Gold nanoclusters (AuNCs) properties. A) Schematic representation of the core—shell structure of AuNCs. Created in BioRender. Sdnchez, S.
(2025) https://BioRender.com/feputnr. B) Schematic diagram of the band gap transition between AuNCs (non-metallic) and AuNPs (metallic) based
on the number of gold atoms. Reproduced or adapted with permission from ref.[128] Copyright 2021 American Chemical Society.

SERS substrates and microfluidic trapping technologies, allow-
ing real-time, high-throughput exosome profiling in clinical set-
tings. The integration of plasmon-enhanced nanostructures for
improved Raman signals, SPARTA for large-scale screening, and
Al for spectral classification will enable rapid, noninvasive diag-
nostics for a range of diseases, from cancer to neurodegenerative
disorders. Ultimately, we envision that these advancements could
lead to the development of portable, automated liquid biopsy plat-
forms, transforming exosome-based diagnostics from a research
tool into routine clinical practice.

4. Gold Nanoclusters for Theragnostic

Unlike AuNPs, AuNCs consist of a few to a hundred gold atoms,
with their photophysical properties dependent on the specific
number of gold atoms (known as the “magic number”), and a
size of less than 2 nm, forming a tightly arranged ultrasmall
structure.[16] Similar to AuNPs, AuNCs require stabilization by
organic ligands to form a core-shell structure (Figure 9A). An-
other key difference from AuNPs lies in their absorption proper-
ties. Meanwhile, AuNPs exhibit an LSPR peak; AuNCs do not put
forward these absorption properties. Additionally, AuNCs display
photoluminescence (PL) properties due to molecular transition
between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbitals (LUMO). In this regard, as
the size of the AuNCS decreases, the separation between discrete
energy levels grows, leading to a blue shift in the optical absorp-
tion of the AuNCs.!'?7128] AuNCs have the ability to emit within
visible light, NIR (700-900 nm) and shortwave infrared regions
(SWIR) or NIR-IT (1000-1700 nm), with their emission prop-
erties being tunable through size, crystal structure, and atomic
packing, cluster charge state, and ligand nature (Figure 9B). Due
to their PL properties and excellent biocompatibility, since gold is
an inert noble metal, AuNCs have emerged as a promising tool
for biomedical imaging. Furthermore, they offer greater photo-
stability compared to commonly used organic dyes, along with a
large Stokes shift and a long luminescence lifetime.[126:12°] In this
section, we explore how ligand chemistry governs the PL prop-
erties of AuNCs and discuss strategies to fine-tune their optical
behavior. We also highlight the critical role of proteins as func-
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tional ligands in enhancing biocompatibility and targeting. Fi-
nally, we focus on AuNCs as versatile theragnostic agents, em-
phasizing their dual capabilities, i.e., diagnostic as fluorescent
probes or sonosensitizers and therapeutic, such as PTT, photo-
dynamic therapy (PDT), or drug/gene delivery systems.

4.1. Ligands for the Stabilization of Gold Nanoclusters

Ligands play a crucial role in stabilizing AuNCs, preventing
their aggregation, and preserving their size-dependent fluores-
cence properties. Although the exact origin of AuNCs’ photolu-
minescent properties remains controversial, it is well established
that ligands significantly influence their optical properties. In
fact, without stabilizing ligands, AuNCs remain non-fluorescent.
These naked AuNCs, formed by simple reduction of gold salt with
NaOH, can acquire fluorescence upon passivation with various
thiols."3% Therefore, the ligand plays a role in the PL properties,
and it is believed that it is closely related to the charge trans-
fer between the ligands and Au core (ligand-metal charge trans-
fer, LMCT). Ligands transfer electrons to the gold, and this leads
to an electronic transition and fluorescence emission. In other
words, if the ligand is too small in size and contains few electron-
rich atoms and groups, the cluster will not exhibit electron trans-
fer and, in turn, not fluorescence as He et al. demonstrated
with 3-mercaptopropionic acid (MPA).'*1 Similar to AuNPs,
AuNCs exhibit a strong affinity for thiol groups, making thiol-
containing compounds excellent ligands for cluster stabilization
(e.g., glutathione (GSH),[1*¥] Lysine-Cysteine-Lysine (KCK),[3!]
1-Thioglycerol (1-TG),I**! Cyclohexanethiolate (CHT),[**) PEG-
SH),135] even though other ligands have been reported, such
as captopril,[3®! 1,3-bis(diphenylphosphino)propane (dppp),!**”!
triphenylphosphonium (TPP).'*® The influence of the ligand
properties and their interaction with gold on photoluminescence
has been explored extensively. Thiolate ligands have been further
studied, and it is pretty clear that they emit in the range of red or
NIR, but the differences in wavelength and intensity at that range
can be attributed to other factors, i.e., core sizel'*! (Table 3). How-
ever, the underlying mechanism remains unclear. Ramakrishna
et al. showed that S-Au-Au-S semi-ring states are responsible for
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Table 3. Photoluminescence properties and size of AuNCs synthesized us-
ing different ligands.
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Table 4. Properties and size of AuNCs synthesized using different protein
templates.

Capping Cluster size [nm] Aem Do [nM]?) PLQY Refs. Protein template Cluster size [nm] Aem Je [NM]?) PLQYS)  Refs.
ligand [nm]?) [nm]?)

Captopril 2 652 NA NA [136]  BSA9Y 0.8 640 470 6%  [155]
KCK9) 2 700 405 NA [137] Trypsin 1-2 640 360 NA®  [156]
TPP) 115402 750 365 10-25%  [138]  Lysozyme 1 657 360 56%  [157]
GSHN 2-3 680 450 NA [132] HSAN - 655 368 NA [158]
PEG-SH®) NA 622 450 NA [135]  Insulin 0.92 670 400 40%  [159]
1-TGh NA 663 536 0.12%  [133]  Pepsin 1-2 670 360 50%  [160]
CHTY NA 784 372 1.6% [134] Papain 6.7 639 490 NA [167]
dppp! 1-2 700 510 0.02-0.27%  [137] Peroxidase 2.7+0.6 650 365 NA [162]
ATTH NA 532 405 90.3+3.5% 1144 CTPR®) 15+03 680 430-450 25 2% (14

Adm" NA 800-900 550 10% [145] Enoyl-ACP reductase 1 627 366 4.68%  [163]
% Maximum wavelength  emission; ®) Maximum wavelength  excita- Transferrin 2605 710 380 7.7%  [164]
gon}; 9 Photoluminescgnce qyantun;) yield; 9 Lysine-?ystei.ne-Lysine; DNAse-1 1 460/640  395/460 NA [165]
“Triphenylphosphonium;  Glutathione; * Polyethylene glycol; ™ 1-Thioglycerol; Keratin NA 680 470 10.5%  [166]

I Cyclohexanethiolate; ) 1,3-bis (diphenylphosphino) propane; ¥6-Aza-2-

thiothymine; * 1-admantanethiolate.

the NIR luminescence of thiol-stabilized AuNCs.['*% In contrast,
computational studies done by Aikens et al. suggest that both
metal core size and surface chemistry play a crucial role and di-
rectly affect luminescence properties.['*!] Other researchers pro-
pose that ligand density plays a key role in enhancing AuNCs’
luminescence. Studies on glutathione (GSH)-stabilized AuNCs
reveal a positive correlation between ligand density and lumines-
cence intensity.[12143]

Additionally, ligand length may also impact on PL. Zhang et al.
demonstrated that the ligand structure affects both the stability
and electronic properties of AuNCs. They further suggest that
enhanced PL could result from improved encapsulation and pro-
tection of the gold core by ligands.[*3?] In this regard, the primary
limitation or weakness of AuNCs for biomedical applications
is their low PLQY, which significantly reduces the lifespan of
their PL. Accordingly, Zhang et al. demonstrated that high PLQY
can be achieved by suppressing metal core vibrations through
sequential coating with 6-Aza-2-thiothymine (ATT), L-arginine
(ARG), and tetraoctylammonium (TOA), which enhances sur-
face rigidity via supramolecular interactions. The study achieved
a record reporting a PLQY of 90.3% and 86.7% in toluene and
water, respectively.}4]

In general, these studies suggest that the ligand has a key
role in determining the PL properties of the nanomaterials, i.e.,
the type of interaction formed, ligand density around the gold
core, and ligand length, which affects the LMCT. This implies
that proper protection of the gold core from its surroundings is
a conditio sine qua non to achieve enhanced properties. However,
this also requires an electron-rich ligand capable of donating elec-
trons to the gold core.

4.2. Protein Stabilization

Protein templates offer a significant advantage in nucleating
and stabilizing precise AuNCs. Protein-stabilized AuNCs (Prot-
AuNCs) have gained considerable attention due to their poten-
tial applications in biomedicine. Over the past decades, various
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. - b . e
® Maximum wavelength  emission; j )Mammum wavelength  excitation;
9 Photfoluminescence quantum  yield; )Bovine serum albumin;  Not avail-
able; " Human serum albumin; ® Consensus tetratricopeptides repeat protein.

proteins have been employed for this purpose. BSA was the first
protein used as a template for AuNCs stabilization!!*?] and re-
mains widely studied due to its high availability and low cost,
with slight modifications in synthesis protocols influencing PL
properties. 11 Unlike ligand-stabilized AuNCs, which require
sodium borohydride (NaBH,) as a reducing agent, the reduc-
tions are provided by the protein itself and high pH (~12).'*]
However, alternative methodologies for in situ formation of BSA-
AuNCs have been explored, as NaBH, may alter the structure
of the template protein.[>% In this context, green chemistry ap-
proaches include the self-reducing ability of the protein by chang-
ing pH (intrinsic method) or the addition of an external reduc-
ing agent as ascorbic acid (extrinsic method). Furthermore, phys-
ical methods, such as heating, microwave irradiation, or ultra-
sonic radiation, can be employed to activate the reducing power
of the protein.[126151152] Since the introduction of BSA-AuNCs,
numerous other proteins have been utilized for AuNCs growth,
e.g., lysozyme, insulin, human serum albumin (HAS), trypsin,
pepsin, and engineered proteins as consensus tetratricopeptide
repeat (CTPR) protein./153154]

The PL properties of Prot-AuNCs are closely linked to the
protein-AuNCs interaction (amino acid-metal complex), the en-
vironment provided by the protein template, and the AuNCs
growth mechanism. While different proteins may slightly alter
the emission properties of AuNCs, most exhibit a maximum
emission peak in the red region (Table 4).

However, under specific conditions, the emission properties
of AuNCS can be tuned, shifting the maximum emission wave-
lengths. Arakawa et al. were able to change the emission proper-
ties by means of changes in the pH of the medium. In an acidic
environment (pH = 1), the emission shifts to 510 nm (green flu-
orescence) with a 3.5% PLQY under excitation of 330 nm. In con-
trast, in an alkaline environment (pH = 9), the emission shifts to
386 nm (blue fluorescence) with PLQY of 3.7% under excitation
of 456 nm. They attributed these changes to the conformational

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 81D 3|cedl|dde ay) Aq pausenob ae sspile O 8sh JO Ss|nl 10} ArIq1T 8UIIUO AB|IM UO (SUOIIPUOD-PUE-SWLBY WD A8 | 1M ATe1q 1 U1 |UO//SANY) SUOBIPUOD PUe SWie | 8U1 89S *[9202/c0/52] Uo ARidiauljuo 8|1 ‘(-oueAnde ) aqnopesy Aq T2T20SZ02 BWPe/Z00T 0T/I0p/Wod A8 | im Aeiq1jpuljuo"peoueApe//sdiy Wwoj pepeojumod ‘6Y ‘GZ0Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Table 5. AuNCs for biomedical applications.

Probe name Application Aem [nm]? PLQY® Refs.
BSA-Her9)-AuNCs Imaging and breast cancer therapy 640 NA [174]
DHLAY-AuUNCs Monitoring Hg?* 715 2.9% [175]
We-BSA-AuNCs Imaging and drug delivery 480 7.13 [177]
PPIO-AUNCs Cancer imaging 635 NA [178]
LA®)-sulfobetaine-AuNCs Cancer imaging 1000 0.6-14.9% [179]
BSA-AuNCs-DOX" Imaging and drug delivery 659 1.9% [187]
HA.GSH)-AuUNCs Bioimaging-assisted cancer therapy 675 NA [183]
BSA-AuNCs- MDDPY Drug delivery and imaging 650-750 NA [185]
AP1P2)-PEG NCs Apoptosis-inducer and imaging 629 NA [187]
GOx-CAT-HA™-siRNA CAuNCs" Imaging and siRNA delivery NA NA [188]
Auys (SG)q5°) Monitoring cancer metastasis 1100-1700 4% [189]
AuMHAP) /TDT9 NCs Vascular disease 1250 6% [190]
AUNC@HSA/CAT Imaging and PDT? 600-650 NA [170]
AuyyMBAS) ,¢-Cy7" NPTCY 1080-1280 NA [172]

. . b . . .
 Maximum wavelength emission; ) Photoluminescence quantum yield; ° Herceptin;

9 Dihydrolipoic acid; o Tryptophan; 9 pea protein isolate; 8 Lipoic acid-based sul-

fobetaine; " Doxorubicin; Hyaluronic acid; ) Glutathione; k)cis, cis, trans-[Pt(NH,),Cl, (OH) (O,CCH,CH,CO,H)]; ‘)Amphipathic peptides (P1 and P2); ™ Hyaluronic
acid; " Cationic AuNCs; * Glutathione; ™ Mercaptohexanoic acid; q)Tetra(ethylene glycol) dithiol; ) Photodynamic therapy; * 4-mercaptobenzoic acid; k Heptamethine;

u .
) Theranostics for cancer.

changes of the protein at the different pHs.!'*! Interestingly, Cor-
tajarena et al. designed a CTPR protein to modulate the fluo-
rescence properties of AuNCs, highlighting the importance of
the chemical environment surrounding the AuNCs.[**”] On one
hand, they demonstrated that the tryptophan (Trp) plays a key role
in energy transfer between AuNCs. On the other hand, metal co-
ordination modifies the properties, shifting the maximum emis-
sions of the AuNCs.['>%167] In this sense, coordination with thiol
groups provided by cysteine (Cys) residues results in completely
different PL properties compared to coordination with histidine
(His) residues.

In conclusion, Prot-AuNCs present certain advantages with re-
spect to ligand-stabilizers, i.e., green synthesis and reduced toxi-
city. Moreover, they permit an easy tuning of the properties just
by modifying the chemical properties of the protein. In contrast,
it can potentially be recognized by the immune system, reduc-
ing the applicability of more than one time. As was displayed
in most cases, the emission properties of both (ligand and Prot-
based AuNCs) are focused on the red and NIR region, which can
Dbe limited to biomedical applications since this requires excita-
tion light from the visible/UV region and thus produces tissue
damage, and they have little deep into tissue. These issues can be
overcome by working in SWIR, or “tissue-transparent window,”
as discussed in the next section.

4.3. Biomedical Applications of AuNCs

As demonstrated in previous sections, AuNCs exhibit exceptional
optical properties that establish them as highly promising nano-
materials for both bioimaging applications and therapeutic plat-
forms. Their unique characteristics enable diverse biomedical
uses, including drug/gene delivery systems,!1%] radiotherapy,!1¢°!
PDT,["7%171] and PTT.['72173] Ligand-stabilized AuNCs have been
widely employed in cellular imaging applications, including con-
focal microscopy and NIR fluorescent imaging (Table 5). Their
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inherent biocompatibility makes them particularly suitable for
these purposes. For instance, Irudayaraj et al. employed BSA-
AuNCs of ~2 nm size, as a fluorescent contrast agent conjugated
with Herceptin (a monoclonal antibody) for targeting and nu-
clear localization in human breast cancer cells over-expressing
HER2 on the cell membrane (SKBR-3 cells) and tumor tissue
(Figure 10A). This demonstrated their potential to cross the cell
nucleus, enhancing and facilitating the therapeutic effect.[}’*]
Nienhaus et al. advanced the use of AuNCs’ fluorescent prop-
erties to sense changes in emission properties in the presence
of Hg?**. They synthesized NIR-emitting AuNCs stabilized by
DHLA, which were internalized into the cells via endocytosis,
providing an efficient method to monitor Hg?" in living cells
with a LOD of 0.5 nm.!'7%] Similarly, Shen et al. synthesized BSA-
gold hybrid nanocubes (PGHNs) based on the assembly of BSA-
AuNCs, demonstrating their high capacity to internalize in dif-
ferent types of cells as a cell marker (Figure 10B), i.e., E. coli, Sac-
charomyces cerevisiae (S. cerevisiae), and human embryonic kid-
ney (HEK) 293, as well as their drug nanocarrier properties.[*”®]
Moreover, the same group, based on the previous works, devel-
oped nanomaterials (PGHMs) with different optical properties by
modifying the protein and free amino acids as stabilizers and re-
ducing agents.['”’] In contrast, Chen et al. employed proteins ex-
tracted from a plant (pea protein isolate, PPI) to stabilize AuNCs,
acting as both a reducing and stabilizing agent. These AuNCs
exhibited excellent fluorescent properties in the NIR and were
applied as a bioimaging probe in vitro using human breast ade-
nocarcinoma cells (MCF-7 cells) and in vivo coating PPI-AuNCs
with red blood cells (RBC) membranes to facilitate the blood cir-
culation and enhance the tumor enrichment, demonstrating suc-
cessfully their location at the tumoral region (Figure 10C).[*78]
Bawendi et al. fabricated AuNCs stabilized with lipoic acid-
based sulfobetaine (LA-sulfobetaine), where the PLQY could be
tuned by adjusting the gold:ligand ratio, ranging from 0.6%
to 14.9% with an increased ligand. They demonstrated the
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Figure 10. Cell imaging application of Protein-AuNCs. A) Fluorescence lifetime imaging (FLIM) of SK-BR3 cells stained by LaminA antibody labeled
with Alexa350, indicating nuclear uptake of BSA-AuNCs-Her (left) and BSA-AuNCs alone (right). Reproduced or adapted with permission from ref.[174]
Copyright 2011 American Chemical Society. B) Confocal fluorescent micrographs show that PGHNs entered E. coli, S. cerevisiae, and HEK 293 cells
and emitted blue signals upon UV irradiation. Reproduced or adapted with the permission from ref.[176] Copyright 2015 American Chemical Society.
C) Confocal images of MCF-7 cells incubated with AuNCs/PPI with or without RBC coating. Reproduced or adapted with the permission from ref.[178]
Copyright 2017 American Chemical Society. D) Short-wavelength infrared images upon injection of AuNCs in a mice model. Reproduced or adapted
with permission from ref180. Copyright 2017 American Chemical Society. E) Fluorescent spectra of AuNCs-CTPR (right) and live confocal fluorescence
microscopy images (left) of MDA-MB-231 breast cancer cells incubated with CTPR (above) and AuNCs-CTPR (below). Reproduced or adapted under
the terms of the CC-BY-NC 4.0 license from ref.[167] Copyright 2019 American Chemical Society.

potential of AuNCs for short-wavelength infrared (SWIR) imag-  breast cancer cells) (Figure 10E) and therapy on cardiac
ing and showed efficient clearance of the AuNCs from mice  fibrosis.!1®7:180]

due to their small size (Figure 10D).['”°! Recently, Corta- More importantly, many research groups have explored the
jarena et al. have worked with AuNCs-CTPR, showing their = idea of combining imaging and delivery systems simultane-
potential use in bioimaging of cancer cells (MDA-MB-231  ously, creating a theragnostic platform that might include drug
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releasel’81182] and phototherapy.'®#1#] Yaping et al. prepared
BSA-AuNCs conjugated with cisplatin prodrug and folic acid
for fluorescence imaging and chemotherapy of breast cancer.
The authors claim that nanoformulation successfully accumu-
lates in the breast tumor, inhibiting growth and metastasis, while
avoiding accumulation in healthy organs, and efficiently monitor-
ing the biodistribution simultaneously.['®*] More recently, AuNCs
have been used for the treatment of liver tumors. In this case,
AuNCs were stabilized by GSH and peptides with the capacity to
induce endoplasmic reticulum stress in liver cancer cells, trig-
gering autophagy and apoptosis. Due to the presence of GSH
as a capping of AuNCs, which is actively transported, the accu-
mulation and uptake were enhanced inside the tumor.['®] The
same group, led by Xingyu Jiang, was able to combine NIR
fluorescence imaging, diagnosis, and treatment of lymph-node
cancer metastasis in in vivo mouse models. They employed an-
ionic alkylthiol ligands (zwitterionic) to stabilize the AuNCs,
which resulted in effective accumulation in lymph node can-
cer and provided high-contrast fluorescent images. Moreover,
chemotherapy therapy based on methotrexate was conjugated to
AuNCs, showing excellent therapeutic efficacy and reduced toxi-
city compared to the free drug.'®’]

By applying the extraordinary potential of AuNCs to moni-
tor the biodistribution of therapy and self-propel nanomotors,
the efficacy and precision of biomedicine could be significantly
enhanced. Gao et al. utilized self-propelled nanomotors utiliz-
ing tandem reactions, i.e., glucose oxidase (GOx) and catalase,
to modulate the hypoxic tumor microenvironment and inhibit
glycolysis to prevent metastasis in triple-negative breast cancer.
The enzymes were adsorbed onto AuNCs to form the aforemen-
tioned nanomotors. The final product of the enzymatic cascade
generates oxygen that alleviates the tumor hypoxia. Moreover, the
nanomotors were decorated with hexokinase-2 (HK-2) siRNA to
silence aerobic glycolysis. Finally, they combined the therapy with
paclitaxel, significantly reducing the metastasis.[**]

So far, the emission properties of the AuNCs discussed here
are primarily centered in the red and NIR regions. However,
the SWIR region is particularly advantageous, as it minimizes
harmful radiation effects on the skin while enhancing light pen-
etration depth, improving AuNCs tracking in biological systems.
In this context, Xiao-Dong Zhang et al. successfully synthe-
sized glutathione-stabilized Au,s clusters (Au,s(SG)g) emitting
in the NIR-II window (1100-1350 nm). This ultrasmall clus-
ter (3.2 nm) enabled real-time monitoring of cancer metasta-
sis, observing significant tumor uptake (Figure 11A). Moreover,
(Au,5(SG),g) exhibited efficient renal clearance (smaller than the
threshold value of 5.5 nm), a feature shared with other simi-
larly sized nanomaterials reviewed in this work.['®] In the same
line, Xavier Le Guével et al. engineered SWIR-emitting AuNCs
(1250 nm) via ligand modulation, using mercaptohexanoic acid
(MHA) and tetra(ethylene glycol) dithiol (TDT) (AuMHA/TDT)
to achieve a bright contrast agent with prolonged circulation in
the vascular network (PLQY of ~6%). They were able to detect flu-
orescent details down to >4 mm below the skin surface of mice
(Figure 11B).1"% Yuan et al. developed a novel design of AuNCs
(Auy,MBA,-Cy7) for ultradeep NIR-II photoluminescence and
photoacoustic imaging-guided cancer PTT, combining imaging-
based diagnosis and photothermal therapy (Figure 11C). They
demonstrated an enhanced NIR-II intensity and elevated pho-
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tothermal efficiency.l'”?] More recently, Da et al. employed Au,

NCs stabilized with phosphorylcholine (AuPC) injected intra-
tumorally for NIR-II imaging-guided resection of 4T1 murine
breast cancer and as a PTT agent. They observed a uniform dis-
tribution of the AuPC within the tumoral area in less than 3 min
after injection (Figure 11D). Moreover, they exploited the AuPC
for PTT, demonstrating a decrease in the size of the tumor un-
til complete eradication.[') It is worth mentioning that AuNCs
have additional exploitable properties, particularly their utility as
radiosensitizers. Due to gold " s high atomic number, AuNCs sig-
nificantly enhance radiotherapy efficacy by increasing X-ray ab-
sorption, which amplifies localized radiation dose deposition in
target tissues.['?] In this context, Xie et al. reported a new class
of radiosensitizers based on AuNCs stabilized with naturally oc-
curring peptides and glutathione (Au,,_;,(SG);0_1,), demonstrat-
ing highly efficient tumor uptake (Figure 11E). These nanofor-
mulations could be employed as radiosensitizers to enhance
the therapeutic efficiency of radiotherapy with gadolinium.!'%!
Recently, Faure et al. developed a multimodal cancer therapy
platform utilizing AuNCs that simultaneously function as ra-
diosensitizers and siRNA delivery vehicles. These nanomateri-
als combine NIR fluorescence with efficient cellular siRNA de-
livery while significantly enhancing radiosensitivity. When com-
bined with X-ray irradiation, the system demonstrated a synergis-
tic therapeutic effect, achieving a 2.3-fold increase in cancer cell
death.[*%

To sum up, ligand- and protein-functionalized AuNCs have
emerged as versatile tools for bioimaging, drug delivery, and ther-
agnostic applications due to their biocompatibility, tunable flu-
orescence, and targeting capabilities. Studies demonstrate their
effectiveness in cancer cell imaging (e.g., HER2-targeted SKBR-3
cells), Hg?* sensing, and drug delivery (e.g., cisplatin prodrugs).
Their small size enables efficient cellular uptake, nuclear localiza-
tion, and enhanced tumor accumulation, as seen in breast and
liver cancer models. Additionally, AuNCs have been integrated
with NMs and enzyme cascades to modulate tumor microenvi-
ronments and improve therapeutic outcomes. On the other hand,
controlling the Au core size is key to tuning the emission proper-
ties from red, NIR-I (700-900 nm) to SWIR/NIR-II (1000-1700
nm). AuNCs can be red-shifted to longer wavelengths by increas-
ing the number of core gold atoms.'”! These advancements
highlight AuNCs’ potential in precision medicine, combining di-
agnostics and therapy for enhanced efficacy.

4.4. AuNCs for Theragnostic: Pitfalls and Challenges

As reviewed in the previous sections, we have explored the prop-
erties of AuNCs, including their atomic structure, ligand chem-
istry, and biomedical applications. Their exceptional potential as
fluorescent probes for imaging and therapeutic approaches is ev-
ident. The small size of AuNCs facilitates efficient renal clear-
ance, minimizing bioaccumulation, while their low toxicity en-
hances their suitability for biomedical use. Compared to alter-
native probes, AuNCs offer distinct advantages. Organic fluo-
rescent probes often suffer from small Stokes shifts, leading to
self-quenching and reduced accuracy in bioimaging.*! Mean-
while, quantum dots (QDs), despite their bright emission, face
challenges such as high toxicity (due to heavy metals like Cd?*)
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Figure 11. In vivo biomedical applications of AuNCs in SWIR. A) NIR-Il imaging of tumor metastasis through intravenous injection of Au,s5(SG);g.
Reproduced or adapted with permission from ref.[189] Copyright 2019 John Wiley and Sons. B) Vascular distribution of AuUMHA/TDT in mice injected.
Reproduced or adapted with permission from ref.[190] Copyright 2020 American Chemical Society. C) Photothermal images of tumor-bearing mice
injected intravenously with the Au,MBA,5-Cy7 NCs. Reproduced or adapted under the terms of the CC-BY-NC 3.0 license from ref.[172] Copyright

2023 Royal Society of Chemistry. D) Photothermal images showing the biodi

stribution and temperature of Au,s NCs stabilized with phosphorylcholine

(AuPC). Reproduced or adapted under the terms of CC-BY-NC-ND 4.0 license from ref.[191] Copyright 2023 United States National Academy of Sciences.
E) X-ray computed tomography (CT) images of Auyq_1, (SG)19_1, biodistribution. Reproduced or adapted with permission from ref.[192] Copyright 2014

John Wiley and Sons.

and instability in physiological environments, limiting their clin-
ical applicability.’”] In contrast, AuNCs combine large Stokes
shifts, excellent biocompatibility, and tunable emission, mak-
ing them a superior choice for sensitive and precise bioimaging
applications.[1%]

However, several challenges remain. First, our ability to pre-
cisely control the optical properties of AuNCs is still limited. To
fully exploit their potential, we must develop strategies to extend
their emission beyond the visible and NIR-I regions into the
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tissue-transparent NIR-II/SWIR window (1000-1700 nm), where
deeper light penetration (>1 c¢m) and reduced scattering enable
higher-resolution imaging with minimal tissue damage.['’?] An-
other critical challenge is the low PLQY of AuNCs, primarily due
to non-radiative transitions induced by ligand-related electronic
states. To address this, some strategies should be investigated,
e.g., engineering the ligands on the gold surface, modifying the
gold core size, composition of the metals, aggregation-induced
enhancement, surface shell rigidification, self-assembling
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strategies, and regulating the ambient conditions (temperature
or solvents).

5. Conclusions and Future Outlook

Recent advancements in nanotechnology have driven the devel-
opment of multifunctional photonic nanomaterials for therag-
nostic applications with unprecedented precision. Among them,
AuNPs and AuNCs stand out for their versatility in bioimaging,
biosensing, and therapy. The optical properties of AuNPs, gov-
erned by LSPR, have revolutionized techniques such as SERS for
bioimaging and PTT for targeted treatment. Meanwhile, AuNCs,
with their tunable PL and superior biocompatibility, have opened
new avenues for biomarker detection and ROS-based therapies.

Beyond their conventional applications, the integration of
AuNPs into NMs has enhanced active matter technology,
enabling precise in vivo tracking and the visualization of plas-
monic NMs in bladder tumors. More recently, these plasmonic
properties have been harnessed to implement PTT in NMs,
achieving localized ablation of tumor cells after penetration into
pathological tissues.

Looking ahead, the future of plasmonic nanomaterials hinges
on their refinement for clinical translation. Advances in sur-
face chemistry and ligand engineering will be key for ensur-
ing NPs stability, minimizing the absorption of proteins (PC ef-
fect), and enhancing targeted delivery. In the era of Al-driven
innovation, integrating AuNPs and AuNCs with machine learn-
ing algorithms will accelerate optimization, addressing current
limitations and unlocking their full potential in biomedical
applications.

Emerging research on hybrid nanostructures, such as gold-
based nanocomposites with biodegradable polymers, is set to en-
hance biocompatibility and better biodistribution. Additionally,
the integration of plasmonic nanomaterials with advanced imag-
ing technologies, photoacoustic imaging, and super-resolution
microscopy will push the boundaries of real-time diagnostics
and therapeutic monitoring, refining precision in biomedical
applications.

Lastly, the integration of plasmonic nanomaterials into active
matter, particularly NMs, exhibits a promising frontier in preci-
sion medicine. The synergy between AuNP-functionalized NMs
for targeted delivery and their role in advanced therapies such as
PTT will overcome current limitations, paving the way for more
effective disease detection, precision therapy, and minimally in-
vasive interventions.
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