& frontiers | Frontiers in Analytical Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Jason Cheng,
University of California, Riverside, United States

REVIEWED BY
Shekappa Lamani,

Rani Channamma University, Belagavi, India
Marius Koch,

Solvias AG, Switzerland

*CORRESPONDENCE
Anisha Anand,
anishaanand84@gmail.com

These authors have contributed equally to
this work

RECEIVED 13 October 2024
ACCEPTED 03 January 2025
PUBLISHED 22 January 2025

CITATION

Chu H-W, Demissie GG, Huang C-C and
Anand A (2025) Protein-templated metal
nanoclusters for chemical sensing.
Front. Anal. Sci. 5:1510588.

doi: 10.3389/frans.2025.1510588

COPYRIGHT

© 2025 Chu, Demissie, Huang and Anand. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Analytical Science

TYPE Review
PUBLISHED 22 January 2025
pol 10.3389/frans.2025.1510588

Protein-templated metal
nanoclusters for chemical sensing

Han-Wei Chu®, Girum Getachew Demissie, Chih-Ching Huang?
and Anisha Anand?**

!Department of Biomedical Sciences, College of Medicine, Chang Gung University, Taoyuan, Taiwan,
2Department of Bioscience and Biotechnology, National Taiwan Ocean University, Keelung, Taiwan,
*Department of Biomedical Engineering, Chang Gung University, Taoyuan, Taiwan

Metal nanoclusters (MNCs) possess unique optical properties, discrete energy
levels, biocompatibilty and photostability, —making them  pivotal
photoluminescent probes in chemical sensing. While substantial work has
addressed the synthesis, theoretical studies and applications of gold-, copper-
, and silver-based MNCs, this review introduces fresh perspectives on how the
nature and concentration of templates—particularly protein molecules—affect
the optical properties, stability and sensing capabilities of MNCs. We delve into
the merits of using protein templates for creating highly stable MNCs with tunable
photoluminescence (PL), providing a detailed comparison with non-protein
based systems. This review also unveils recent advancements in the
photophysical characteristics and chemical sensing applications of protein-
templated MNCs, setting it apart from previous reviews by focusing on
cutting-edge innovations in template influence. Challenges and future
prospects for protein-templated MNCs in chemical sensing are highlighted,
marking critical pathways for upcoming research. This work not only
integrates current knowledge but also identifies gaps and opportunities not
covered extensively in earlier reviews, such as the nuanced effects of template
variation on MNCs' functional properties.
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1 Introduction

Over the past decades, metal nanoclusters (MNCs) have captured significant interest
across various scientific and technological disciplines due to their remarkable opto-
electronic properties, high electron mobility, extended photoluminescence (PL) lifetimes
and considerable diffusion lengths (Zare et al., 2021; Qiao et al., 2021; Jin et al., 2020; Lin
etal., 2022; Wei et al.,, 2022). These clusters are characterized by a core-shell structure, with
metal at the core and stabilizing ligands forming a protective shell that interacts covalently
with the metal surface (Chen T. et al., 2022; Yang et al., 2020; Xiao et al., 2021; Lin et al,,
2021a; Hu et al., 2022; Mathew et al., 2023). MNCs are crafted using diverse metal ions to
create ligand-protected, quantum-sized clusters with cores smaller than 2 nm, exhibiting
unique photophysical traits (Wei et al., 2022; Paulrajpillai et al., 2012; Thakran et al., 2021).
The high surface-to-volume ratio (molecular-like) and quantum confinement effects endow
MNCs with exceptional optical properties and catalytic activities (Li X. et al., 2021; Ebina
etal., 2020; Kang and Zhu, 2019; Wang C C et al., 2016). The physicochemical properties of
MNCs are intricately linked to the nature of the metal core and surface ligand chemistry,
along with other environmental factors such as temperature, solvent and pH (Romeo et al.,
2021; Qian et al., 2022; Chakraborty and Mukherjee, 2022). Crucially, the size of the metal
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GRAPHICAL ABSTRACT

core and the chemistry of the surface ligands play pivotal roles in
defining the PL properties and catalytic capabilities of MNCs. By
varying the particle size, one can tune these PL properties due to the
effect, their
characteristics and enhancing their performance across various

quantum  confinement potentially  altering
applications. Particularly, the use of photoluminescent MNCs in
chemical sensing is driven by their notable PL properties and
prolonged PL lifetimes (Lin et al., 2022; Thakran et al., 2021; Lin
et al., 2024).

MNC-based sensors fabricated from metals such as gold (Au),
copper (Cu), silver (Ag) and platinum (Pt) have been widely
recognized as excellent probes for photoluminescent sensing
applications (Lin et al, 2021b; Shen et al, 2021; Fereja et al,
2021; Liu et al, 2020; Chang et al., 2021; Chen X. et al,, 2020;
Yen et al., 2022; Yu et al., 2017; Tseng et al., 2018; Jin et al,, 2019).
Numerous studies have investigated the role of surface ligands and
ligand-metal interfaces in the performance of MNC-based chemical
sensors (Matus and Hakkinen, 2023; Aparna et al, 2022;
Nasrollahpour et al., 2023). Surface ligands play a critical role in
enhancing the stability and selectivity of the sensors. Functional
moieties on these surface ligand molecules form either strong
covalent bonds or matrix encapsulations with the metal core,
contributing to the sensor’s long-term stability and improved
selectivity toward specific substrates. Moreover, the surface
chemistry of these ligands is essential for regulating the
interaction between the analyte and the metal core, which
directly influences the PL properties and sensitivity of the
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sensors. The ligands can also act as templates, promoting the
nucleation and growth of the nanoclusters. In particular, recent
advancements have shown that incorporating polymeric or protein-
based ligands into the sensor design can lead to enhanced
performance, such as increased luminescence and improved
dispersibility in aqueous media (Chen et al., 2023; Aires et al,
2018). Additionally, the quantum confinement effects, which
arise due to the extremely small size of the metal cores (less than
2 nm), allow MNC:s to exhibit unique optical properties, such as size-
tunable PL. This tunability is highly desirable for applications in
chemical sensing, where precise detection of specific analytes is
crucial. For instance, by manipulating the core size or changing the
surface ligands, researchers can fine-tune the emission spectra and
sensitivity of these sensors for various applications. These combined
factors make MNC-based sensors particularly useful for real-time
detection of trace analytes in complex environments (Lin et al., 2022;
Chen et al., 2019; Xu et al., 2019), opening up further applications in
environmental monitoring, biomedical diagnostics and industrial
sensing technologies.

The vast advantages offered by functional MNCs in chemical
sensing are evident from the significant rise in research publications
over the past two decades, underscoring the growing importance of
this field (Figure 1). This paper provides a thorough and
comprehensive review of MNC-based sensors, with particular
emphasis on protein-templated MNCs for chemical sensing
applications. The review begins by offering foundational insights
into the structural composition and physicochemical properties of
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FIGURE 1
Overview of MNCs-based sensors research trends. (A) Exponential growth in publications on MNCs-based sensors over the last two decades,

demonstrating increasing research interest, based on Scopus search data. (B) Various types of surface ligands utilized in MNCs preparation, illustrating
diversity in chemical functionalization. (C) Diagram of factors influencing the physicochemical properties of MNCs, emphasizing the role of size, surface
chemistry and environmental conditions.

MNCs, exploring how these properties influence their function as  core size, surface stabilizers and the morphology of the nanoclusters.
sensors. Furthermore, it delves into the critical factors affecting the =~ These factors play a key role in determining the sensitivity,
performance of MNC-based sensors, including the impact of metal ~ selectivity and efficiency of the sensors. The review also provides
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an in-depth comparison of the advantages of using protein
templates over polymer and organic ligand templates in the
synthesis of MNCs. Protein templates offer superior stability,
biocompatibility and functional versatility, making them highly
attractive for creating efficient chemical sensors. In addition to
reviewing recent advancements in the application of MNCs in
chemical sensing, this review offers an extensive analysis of the
current literature, providing critical insights into the state of the
field. Finally, we discuss the existing challenges and limitations in the
development of MNC-based sensors, such as the need for more
versatile templates and improved stability under harsh conditions.
The review also highlights future research directions, including the
potential for expanding the use of MNCs in various sensing
applications and the development of more sophisticated synthesis
techniques to enhance their performance.

2 Factors effecting the properties
of MNCs

The properties of MNCs are significantly influenced by several
factors, including the synthesis method, the size and type of metal
core, and the nature of the surface ligands. Bottom-up synthesis
strategies are widely used for fabricating luminescent MNCs. This
approach involves the reduction of metal ions to their zero-valent
state in the presence of surface-stabilizing ligands. The resulting
nanoclusters possess highly active metal cores with large surface
areas, but these bare surfaces can be fragile, making them prone to
undesirable side reactions, self-aggregation and structural
deformation (Fang et al, 2015). To overcome these challenges,
the surface of the metal core must be stabilized through the
incorporation of encapsulating agents, which prevent further
aggregation and enhance the stability of the nanoclusters.

The physicochemical properties and sensing performance of
MNCs, those

predominantly regulated by the size and type of metal core as

particularly templated with proteins, are
well as the surface ligands that protect the core (Tan et al,
2023). The metal core size directly impacts quantum confinement
effects, which are responsible for the unique optical and electronic
properties of MNCs (Nasrollahpour et al., 2023). Smaller metal cores
lead to more pronounced quantum effects, resulting in size-tunable
PL, which is a critical feature in chemical sensing applications. The
type of metal and alloy also plays a vital role in determining the PL
and catalytic activity of the nanoclusters, with Au, Ag, Cu, and Pt
being the most commonly used metals due to their favorable optical
and chemical properties.

Surface ligands, on the other hand, play a crucial role in
stabilizing the metal core and defining the overall characteristics
of the MNCs. They form protective layers around the core,
preventing its aggregation and modulating the electronic
properties by influencing the energy levels involved in PL (Tan
et al., 2023). Ligands also offer functionalization possibilities,
enabling the MNCs to interact selectively with specific analytes,
which is essential for developing highly sensitive and selective
chemical sensors. In the case of protein-templated MNCs, the
three-dimensional structure of proteins offers numerous
functional groups (e.g., amines, thiols, carboxylates) that can bind

strongly to metal ions, promoting the nucleation and growth of the

Frontiers in Analytical Science

10.3389/frans.2025.1510588

nanoclusters. These proteins not only stabilize the MNCs but also
improve their dispersibility in aqueous environments, enhance their
biocompatibility and, in some cases, act as reducing agents. This
combination of factors contributes to the high stability, tunable PL
and excellent sensing capabilities of protein-templated MNCs.

2.1 Metal cores

The properties of the metal core play a fundamental role in
determining the PL characteristics of MNCs. The primary source of
PL in MNCs is the interband transitions between the occupied
d-orbitals and the Fermi level of the metal atoms in the core (Chen
P.-C.etal,, 2016). These transitions are heavily influenced by the size
and type of metal core, which directly impact the optical properties
of the nanoclusters. The Lopez-Quintela group demonstrated this
through theoretical calculations on copper nanoclusters (Cu NCs),
showing that as the size of the copper core increases from Cus to
Cuzo, the PL peaks shift to longer wavelengths (Vilar-Vidal et al.,
2012). This size-dependent shift is attributed to the quantum
confinement effect, which becomes more pronounced as the size
of the metal core decreases.

The quantum confinement effect is a critical phenomenon in
MNCs, where the energy levels are discrete due to the small size of
the clusters, leading to tunable PL properties. The Jellium model is
often applied to describe the relationship between the number of
metal atoms in the clusters and the emission spectra, providing a
theoretical framework to calculate the metal core size based on PL
measurements (Sinha-Roy et al., 2023; Aikens and Jarrold, 2023).
This model explains how the dynamic polarizability of d-electrons
affects the dielectric function of the nanocluster due to size-
dependent surface imperfections. As a result, the plasmon energy
becomes size-dependent, meaning that the reduced d-electron
shielding and lower electron density at the metal core’s surface
layer significantly influence the
properties of MNCs.

physicochemical

Beyond size, the type of metal used in the core also plays a
pivotal role in determining the PL properties of MNCs. Different
metals exhibit unique optical and electronic properties, which can be
fine-tuned to suit specific applications. Research by Chang’s group
further highlighted the importance of metal type in PL behavior by
studying three distinct types of MNCs: BSA/TSA-Au NCs, BSA/
TSA-Ag NCs and BSA/TSA-Cu NCs (Nain et al,, 2020). By using an
excitation wavelength of 350 nm, they observed distinct PL emission
spectra at 700, 624 and 430 nm for Au, Ag and Cu NCs, respectively.
These findings underscore the significant impact that both metal
type and core size have on the optical characteristics of MNCs.

Moreover, atomically precise MNCs, which have an exact
number of metal atoms, offer highly controlled and tunable PL
properties (Liu Z. et al., 2024; Xu et al., 2020; Lipok et al., 2023; Li Y.
et al, 2021). This precision allows for the fine-tuning of the
light
wavelengths, making them highly versatile for applications such

nanoclusters’ absorption  efficiency and  emission
as chemical sensing, bioimaging and catalysis. Atomically precise
gold nanoclusters (Au NCs) have shown tunable PL from visible to
near-infrared (NIR-I and NIR-II) regions (Liu Z. et al,, 2024). By
manipulating the size, structure and composition of the Au NCs,

researchers have been able to achieve emissions spanning from the
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visible spectrum (around 500 nm) to the NIR-II region (up to
1700 nm). This tunability has been facilitated by techniques such as
heterometal doping, surface motif rigidification and core phonon
engineering, which improve PL quantum yields. When different
number of Ag atoms are introduced into the Au,s rod, the structure
remains intact, but the electronic properties, specifically the
HOMO-LUMO energy gap, are altered (Wang et al,, 2014). This
doping increases the HOMO-LUMO gap, particularly because Ag
atoms have higher energy orbitals than Au. The replacement of Au
atoms with Ag, starting with the vertex and waist Au atoms,
significantly boosts the quantum yield (QY) of PL, with QY
values of 8% for pure Au,s, 29% for Ag;sAu;, and 56% for
Agi,Augs. The enhancement in PL is attributed to the larger
energy gap between the ground (S0) and excited (T1) states,
which suppresses non-radiative processes and increases radiative
efficiency (Mitsui et al., 2022). Despite the small differences in the
HOMO-LUMO gap between Au,s and Ag-doped clusters, other
factors beyond just the energy gap seem to contribute to the
significant increase in PL efficiency, warranting further research.
Heteroatom doping in Ag and Cu NCs also impacts both radiative
and non-radiative processes (Song et al., 2021; Brocha Silalahi et al.,
2021; Kang et al., 2016), but more investigation is needed to fully
understand the mechanisms behind the improved PL. In summary,
the size, type, alloy composition and structural arrangement of the
metal core are critical factors that govern the photophysical
properties of MNCs. Careful manipulation of these parameters
allows for precise control over their optical and electronic
behavior. This tunability is key to customizing MNCs for a wide
range of applications, including chemical sensing, optical devices
and biomedicine.

2.2 Ligands and surface states

Recent studies have moved beyond the traditional quantum
confinement view of MNCs, recognizing them as molecular-like
entities where surface ligands and states profoundly influence PL
properties (Matus and Hikkinen, 2023; Zhang B. et al, 2021;
Hossain et al, 2020). Surface ligands, including thiolates,
phosphines and biopolymers, not only stabilize the MNCs but
also crucially modulate their electronic structures, affecting the
energy levels involved in PL processes (Yuan et al, 2020;
Hikkinen, 2012; Jin, 2015). The interplay between the metal core
and these ligands is pivotal in determining the overall optical
behavior of the clusters, where each ligand type brings a distinct
influence on stability, optical properties and functional capabilities
of MNC sensors.

MNC:s typically possess a core-shell structure, featuring an inner
metal kernel and outer metal-ligand motifs. These surface metal-
ligand motifs are crucial to the PL properties of MNCs, where
restricting intramolecular motions has been identified as an effective
method to minimize energy loss from photoexcited states via non-
radiative relaxation, thus enhancing emission efficiency (Liu Z. et al.,
2024). Various methods have been developed to impede these
intramolecular motions, thereby inducing rigidity in the surface
motifs (Kolay et al., 2022). These include bonding strategies that
involve bulky group bonding and other interactions such as
hydrogen bonds, dipolar, van der Waals, or electrostatic
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interactions, which rigidify the metal-ligand shell, enhancing the
PL intensity. For instance, bonding between Au,,(SG);s clusters
(where, SG = glutathione) and bulky tetraoctylammonium cations
has demonstrated significant PL enhancements by making the
Au(I)-thiolate shell rigid (Pyo et al, 2015). Furthermore, bis-
Schiff base linkages formed between dialdehydes such as 2,6-
pyridinedicarboxaldehyde and amino functionalities on Au,,(SG)
18 induce cross-linking of Au(I)-SG motifs, leading to significant
reductions in non-radiative decay rates and remarkable increase in
PL intensity (Pyo et al., 2015).

Other strategies include host-guest interactions, aggregation-
induced emission (AIE) and self-locking effects (Guo et al., 2022;
2012). The host-guest
encapsulating smaller molecules within larger host structures,
significantly influencing the rigidity of the metal-thiolate shell

Luo et al, self-assembly involves

and promoting radiative decay while suppressing non-radiative
processes (Guo et al, 2022). Additionally, the aggregation-
induced emission mechanism illustrates how non-luminescent
oligomeric Au(I)-thiolate complexes become luminescent upon
aggregation (Luo et al., 2012). The self-locking effect utilizes
specific surface motifs formed into elongated or interlocked
arrangements, reducing non-radiative decay pathways and
effectively increasing the quantum yield of radiative decay (Luo
et al.,, 2012). This collective array of strategies highlights a profound
and evolving understanding of surface motif rigidification and its
pivotal role in enhancing the PL properties of Au NCs.

Traditionally, MNCs have been stabilized by monolayers of
small molecules like thiolates and phosphines. However, the shift
towards using larger ligands such as polymers, nucleic acids and
proteins in the synthesis of MNCs is due to their ability to offer a
greater number of functional groups, enabling more versatile and
robust interactions with the metal core (van de Looij et al., 2021).
This approach not only enhances the stability of the nanoclusters but
also allows for the fine-tuning of their optical properties through
specific ligand-metal interactions, which is essential for applications
that require precise photoluminescent efficiency and specificity.
Moreover, larger biomolecules like proteins and nucleic acids
introduce biocompatibility, making MNCs particularly suitable
for biomedical applications, including drug delivery, bioimaging
and biosensing (Zare et al., 2021). The use of polymeric ligands
improves the dispersibility of MNCs in various solvents, a crucial
attribute for applications in heterogeneous environments where
uniform dispersion is necessary. Additionally, the structural
diversity and tunable characteristics of these larger ligands permit
the design of MNCs with tailored functionalities. These engineered
nanoclusters can respond to environmental stimuli or interact
specifically with target molecules, thereby broadening their utility
across a spectrum of sensing and catalytic applications.

2.2.1 Polymer as template
Polymers have proven to be versatile scaffolding materials for
the synthesis and stabilization of MNCs (Qiao et al., 2021; Casteleiro
et al.,, 2021). By varying the polymer templates used in synthesis,
researchers can effectively control the size, shape and optical
properties of the resulting nanoclusters. This approach has
proven effective for a variety of metals, including Au, Ag and Cu,
demonstrating the flexibility of polymer-based
Encapsulation of MNCs helps

synthesis.

within  polymers prevent
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degradation of the nanoclusters during harsh synthesis processes,

offering improved stability and functionality in various
environments. A wide array of polymers has been employed in
this capacity, ranging from naturally derived chitosan to synthetic
polyacrylamide, each offering specific benefits depending on the
application. In situ synthesis during encapsulation often enhances
the properties of the nanoclusters, overcoming their inherent
instability and offering better protection against aggregation and
oxidation during reactions (Casteleiro et al, 2021). Synthetic
polymers like poly (methacrylic acid) (PMAA) and poly (vinyl
pyrrolidone) (PVP) have shown significant promise in the
synthesis of fluorescent MNCs, thanks to their abundant
carboxylic and amine groups (Casteleiro et al, 2021). These
functional groups interact with metal ions, acting as both a
reducing and stabilizing agent. The PL of these nanoclusters can
be further tuned by altering polymer properties such as molecular
weight, crosslinking density and hydrophobicity.

One of the most exciting applications of polymer-encapsulated
nanoclusters is in biomedical fields such as bioimaging and drug
delivery. Chitosan, a biodegradable polymer known for its non-
toxicity and biocompatibility, has been extensively studied as a
vehicle for nanocluster encapsulation (Duan et al., 2018). Its
amine groups not only assist in the stabilization of the clusters
but also enhance cellular uptake, making chitosan-Au NC
composites particularly suitable for in vivo applications. Studies
that

significantly increases the PL of Au NCs, allowing for better

have shown encapsulation within = chitosan nanogels
imaging capabilities under physiological conditions (Wang et al.,
2023). In addition to improving imaging, encapsulated Au NCs can
be functionalized with various targeting ligands or drugs, making
them a powerful tool for theranostics, where diagnostic imaging and
therapeutic delivery are combined in a single nanomaterial.

Beyond biomedical applications, encapsulated MNCs have also
demonstrated significant utility in catalysis. The interaction between
the polymer matrix and the MNCs can modulate the catalytic
activity, enhancing reaction specificity and efficiency (Koga et al.,
2016). For instance, polystyrene (PS)-encapsulated Au NCs have
been shown to be effective catalysts for oxidation reactions, such as
the aerobic oxidation of alcohols and boronic acids (Miyamura et al.,
2014). The ability of the polymer to control access to the Au NC
surface, combined with its inherent chemical stability, makes these
nanocomposites promising candidates for industrial-scale catalysis.
Furthermore, encapsulation helps prevent aggregation, which is a
common issue with unprotected MNCs, ensuring prolonged
catalytic activity across multiple reaction cycles.

For chemosensors, Chang’s research group has developed
several sensors using polymers as template. For example, Lin
et al. developed polydiallyldimethylammonium (PDDA)-
templated GSH-Au NCs (GSH = glutathione) for the sensing of
sulfides (Lin et al., 2021a). Upon excitation at 365 nm, PDDA/GSH-
Au NCs exhibited two distinct PL peaks at 620 and 690 nm,
GSH-Au and PDDA/GSH-Au NCs,
respectively. The formation of Au,S-induced PL quenching in the
PDDA/GSH-Au NCs, enabled the detection of sulfide with a linear
range of 1-10 pM and a low detection limit of 0.32 pM. Similarly, a

corresponding  to

polymer-supported Cu NCs using polystyrene sulfonate (PSS) and
penicillamine (PA) for hydrogen sulfide detection using a similar
method has been reported (Chen P.-C. et al., 2016). By altering the
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ratio of PSS during the synthesis, size-tunable PSS-PA-Cu NCs were
produced in the range of 173 nm to 5.5 um. The extent of polymer
aggregation on the surface of Cu NCs resulted in the formation of
layers that enhanced the dispersibility and stability of the NCs
compared to the PA-Cu NCs. The luminescence intensity of as-
prepared PSS-PA-Cu NCs becomes higher when increasing PSS
ratio to 0.1 wt% and declines with further increasing concentration
of PSS. Compared to PA-Cu NCs, smaller-sized PSS-PA-Cu NCs
were obtained via metal-thiol interaction with high aqueous
dispersibility and luminescence. Hydrodynamic size and zeta
potential measurements support the size- and charge-tunability
of PSS-PA-Cu NCs in the presence of various modifications of
PSS. At 0.05 wt% and 0.1 wt% of PSS concentration, the particle
growth is suppressed, resulting in PSS-PA-Cu NCs with a particle
diameter of 173 nm. The maximum particle diameter obtained in
this report is nearly 5.5 um in the absence of PSS, indicating that PSS
introduction caused size-tunable PSS-PA-Cu NCs. The PL stability
of PSS-PA-Cu NCs improved as compared to PA-Cu NCs owing to
the ultra-thin coating of PSS on the surface of Cu NCs.

2.2.2 DNA as template

DNA, akin to polymers, functions as an exceptional template for
the formation of MNCs, particularly silver nanoclusters (Ag NCs)
(Yang et al.,, 2023). These DNA-templated Ag NCs exhibit unique
structural, electronic and photophysical properties, all of which are
influenced by the sequence and conformation of the DNA template.
This programmable nature of DNA provides an unprecedented
ability to fine-tune the properties of nanoclusters by altering
parameters such as sequence length, base composition and
secondary structures. Consequently, DNA-templated MNCs have
applications in fields like chemical and
bioimaging,

found numerous
biomolecular sensing, theranostics and
nanophotonics (Xu et al, 2021). The integration of DNA as a
template in nanocluster synthesis is driven by its versatility,
biocompatibility and molecular programmability, rendering these
nanostructures highly promising for advanced technological
applications.

The use of DNA as a template for metal nanocluster formation
relies on the electrostatic interactions and coordination chemistry
between metal ions and the nucleobases of DNA. Each base within a
DNA strand offers specific binding sites for metal ions: adenine (A)
and cytosine (C) are rich in nitrogen and can form coordination
bonds with metal ions, while guanine (G) and thymine (T) offer
additional pathways for interaction due to their specific electronic
configurations (Song et al., 2019). These interactions facilitate the
nucleation and growth of metal nanoclusters along the DNA strand,
with the final size, shape and electronic structure of the MNCs being
dependent on the sequence and conformation of the DNA template.
An excellent example of this phenomenon is the synthesis of silver
nanoclusters using polycytosine (poly-C) sequences (O’'Neill et al.,
2009). Poly-C DNA strands have been shown to preferentially bind
silver ions due to their affinity for nitrogenous bases, promoting the
formation of highly fluorescent Ag NCs. Furthermore, by varying
the length of the poly-C sequence, researchers have been able to
precisely control the size of the resulting Ag NCs, with longer
sequences producing larger clusters and shorter sequences
yielding smaller, more fluorescent nanoclusters (O’Neill et al.,
2009). These DNA-templated Ag NCs exhibit excellent stability
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in aqueous environments and show a rich variety of fluorescence
properties, which can be harnessed for sensing and imaging
applications.

One of the most intriguing aspects of DNA-templated
nanoclusters is their tunable fluorescence, which can be tailored
by modifying the DNA sequence used as a template. This tunability
arises because different sequences provide unique spatial
arrangements for the nucleation of metal atoms, which in turn
affect the electronic structure and energy states of the resulting
MNCs (New et al,, 2016). For example, Ag NCs templated by
guanine-rich DNA sequences often exhibit fluorescence that
spans the visible to near-infrared regions (Wen et al, 2020).
Moreover, a notable study demonstrated the formation of highly
fluorescent DNA-templated Ag NCs using a hairpin DNA structure
(O’Neill et al., 2009). The researchers found that altering the base
sequences in the stem-loop structure of the hairpin significantly
impacted the emission properties of the resulting nanoclusters.
Shorter hairpins tended to produce blue-emitting clusters, while
longer hairpins favored red or near-infrared emissions. This
flexibility allows for the design of highly specific fluorophores
that can be used in multiplexed bioimaging or sensing systems,
where different emission wavelengths are needed for distinguishing
between multiple targets. In addition, specific DNA sequences can
induce the self-assembly of nanoclusters into highly organized
structures, further enhancing their optical properties. In one
example, a Y-shaped DNA scaffold was used to template the
formation of Ag NCs that exhibited superior photostability and
enhanced fluorescence due to the ordered arrangement of the
clusters (Yang et al, 2022). Moreover, by incorporating specific
functional groups or sequences into the DNA template, researchers
can fine-tune the interaction between the metal atoms and the DNA,
resulting in clusters with tailored properties. For example, thiolated
DNA (DNA-SH) has been used to template Ag NCs, where the
sulfur-containing thiol groups provide additional binding sites for
silver ions, stabilizing the nanocluster and enhancing its
fluorescence (Zhang et al, 2018). This approach has been
particularly effective in preventing the oxidation of Ag NCs,
which is a common issue in the synthesis of silver-based
nanostructures.

Moreover, the versatility of DNA templates extends beyond Ag
to other metals, including Au and Cu, which further expands the
potential applications of DNA-templated MNCs (Wang et al., 2019;
LiP.etal., 2023; Zhang et al., 2019). Au NCs, for instance, have been
synthesized using DNA templates and have exhibited tunable
fluorescence similar to Ag NCs (Wang et al., 2019). These Au
NCs, due to their excellent photostability and biocompatibility,
are particularly well-suited for bioimaging applications. DNA-
templated Au NCs could be used for cellular imaging, where
their NIR emission enabled deep tissue penetration, making them
highly effective for non-invasive imaging techniques. The potential
of DNA-templated MNCs extends beyond Ag NCs and Au NCs to
bimetallic clusters, which combine the properties of two different
metals to create nanostructures with enhanced functionality
(Zaleska-Medynska et al.,, 2016). Bimetallic clusters, such as Au-
Ag or Au-Cu, have been templated using DNA to create
nanoclusters with unique optical and catalytic properties (Sun
et al, 2019; Pei et al., 2024). For instance, DNA-templated Au-
Ag nanoclusters have been shown to exhibit enhanced catalytic
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activity for the reduction of 4-nitrophenol, a model reaction
commonly used to test the catalytic efficiency of metal
nanoparticles (Zhou et al., 2019).

DNA-templated MNCs have shown remarkable potential in the
development of chemical and biomolecular sensors, owing to their
tunable fluorescence, high sensitivity and selective binding
capabilities. These properties are particularly advantageous in
biosensing, where the detection of specific analytes such as metal
ions, nucleic acids and proteins is of paramount importance (Song
etal, 2019; Tang et al., 2024; Yang et al,, 2023). For instance, DNA-
templated Ag NCs have been successfully employed as highly
sensitive probes for the detection of metal ions, such as mercury
(Hg*") and copper (Cu®") (Song et al., 2019; Li and Wei, 2017). In a
typical sensing mechanism, the presence of the target metal ion
induces a conformational change in the DNA template, which in
turn alters the fluorescence of the bound nanocluster (Chen Y.-C
et al., 2016). For example, a study demonstrated the use of DNA-
templated Ag NCs to detect Hg’" ions in water samples with a
detection limit as low as parts-per-billion (ppb). The binding of Hg**
to thymine-rich regions of the DNA scaffold led to quenching of the
fluorescence signal, enabling highly sensitive and selective detection
(Guo et al.,, 2021).

2.2.3 Protein as template

Protein-templated metal nanoclusters (MNCs) have emerged as
ideal candidates for various nanotechnology applications due to
their bioavailability, biocompatibility, ease of functionalization and
ability to form stable, water-soluble complexes (Guo et al., 2021;
Lépez-Domene et al., 2023; Lettieri et al., 2021; Suo et al., 2019).
These advantages, coupled with the unique properties conferred by
proteins, have positioned protein-templated MNCs as highly
attractive for use in chemical sensing, bioimaging, catalysis and
theranostics (Duan et al., 2018). Unlike other surface capping agents,
such as synthetic polymers or small molecules, the inherent three-
dimensional structure of proteins offers an abundance of functional
groups (e.g., amines, thiols, carboxylates) that facilitate the binding
of metal ions and promote the nucleation and growth of MNCs
(Zare et al,, 2021; Chakraborty and Parak, 2019; Yu et al., 2020;
Cheng et al., 2023). This enables precise control over the size,
structure and photophysical properties of the resulting nanoclusters.

The ability of proteins to act as templates for MNC formation is
due to their intricate folded structures, which provide binding sites
that stabilize the metal cores and prevent undesirable aggregation
(Qiao et al., 2021; Kailasa et al., 2021). For example, bovine serum
albumin (BSA), a commonly used protein template, has been shown
to stabilize Au NCs through strong interaction between its cysteine
residues and the gold atoms (Xie et al., 2009). This results in Au NCs
with enhanced PL properties, which are critical for applications in
bioimaging. Research has shown that protein-templated Au NCs can
exhibit size-tunable fluorescence, with emission wavelengths
ranging from the visible to the near-infrared region, depending
on the specific protein used and its interaction with the gold atoms
(Tan et al., 2023).

The PL of protein-templated MNCs is largely determined by the
interaction between the metal atoms and the protein’s functional
groups (Qiao et al., 2022; Voet and Tame, 2017; Czyzowska et al.,
2021; Yarramala et al., 2017). The sulfur-containing thiol groups of
cysteine residues, in particular, play a crucial role in the formation of
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Au-S bonds, which contribute to the stability and PL properties of
the nanoclusters. For instance, studies by Chang’s group
demonstrated that the cysteine content of the protein template
can significantly influence the PL intensity of Au NCs (Wu et al,,
2017). By manipulating the cysteine content or adding exogenous
thiol compounds such as glutathione (GSH), it is possible to reduce
the amount of protein required for nanocluster synthesis while still
maintaining high PL yields (Figure 2).

The influence of cysteine residues on the formation of protein-
based Au NCs was further validated by Chen’s group through
detailed mass spectrometry analysis (Hsu et al, 2019). Their
investigation revealed that gold atoms preferentially bind to
cysteine sites and selectively attach to disulfide groups within the
protein structure. The primary capping sites for red-emitting Au
NCs were identified as C75-C91/C90-C101
C315-C360/C359-C368
C557-C566
cysteines, such as sulfinic or cysteic acids, were found to be the

in domain IA,
and C513-C558/
containing oxidized

in domain IIB
in domain IIIB. Peptides

main reducing agents, predominantly located outside the core
regions of the protein. This observation suggests that the
oxidation-induced cleavage of disulfide bonds, coupled with
accompanying conformational changes in the protein facilitated
the subsequent nucleation and growth of nanoclusters near intact
disulfide pairs.

The versatility of protein templates extends to their ability to
form nanoclusters with metals other than Au, such as Ag and Cu.
For instance, Ag NCs templated by BSA have been shown to exhibit
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strong PL and excellent colloidal stability, making them suitable for
use in sensing and bioimaging applications (Sarkar et al., 2023).
Similarly, Cu NCs have been templated using proteins such as
lysozyme and hemoglobin (Sebastian et al., 2023), which provide
a biocompatible scaffold that enhances the stability and functionality
of the Cu NCs in aqueous environments.

A key advantage of using proteins as templates for MNC
synthesis is their ability to act as reducing agents in addition to
providing structural stability. This dual functionality simplifies the
synthesis process by eliminating the need for external reducing
agents, which are typically required in other MNC synthesis
methods. For example, Yarramala et al. successfully synthesized
size-controllable Au NCs using bovine apo-a-lactalbumin (apo-a-
LA), a protein with specific binding sites for calcium and lanthanum
ions (Yarramala et al., 2017). Apo-a-LA interacts with Au®* ions,
facilitating both the formation of Auio clusters and the reduction of
Au’* to the Au® state. The protein effectively inhibits excessive
particle growth, yielding Au NCs of varying sizes, including Auio,
Aus, Aus, Aur and Aue. The presence of apo-a-LA significantly
enhances the surface stability and luminescence properties of the Au
NCs, making the protein a crucial factor in maintaining their
structural and optical integrity (Figure 3).

Other studies have explored the use of different proteins as
templates for MNC synthesis, each offering unique advantages based
on their size, amino acid composition and structural properties.
Bao’s group, for instance, demonstrated that the size of the protein
template and its amino acid content, particularly the balance of
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Size-controllabled synthesis of Au NCs using bovine apo-a-lactalbumin. Reproduced from Yarramala et al. (2017). Copyright 2017, ACS Publications.

amine and tyrosine/tryptophan residues, play a crucial role in the
formation and stabilization of Au NCs (Xu et al., 2014). Their study
revealed that smaller proteins with fewer cysteine residues tend to
produce Au NCs with a blue shift in fluorescence emission and
shorter fluorescent lifetimes. This suggests that amino acids other
than cysteine, such as tryptophan, may also contribute to the
stabilization and optical properties of the nanoclusters.

In addition to the well-documented use of BSA, other proteins
such as chicken egg white (CEW) protein and hemoglobin have been
successfully employed as templates for MNC synthesis (Zare et al.,
2021; Akytiz et al, 2020; Cun et al, 2023). Apak’s group, for
example, synthesized Au NCs with high PL properties using
CEW protein as both a protecting and reducing agent. The
resulting Au NCs exhibited a broad emission peak at 640 nm,
with excellent stability and biocompatibility, making them ideal
candidates for biosensing and imaging applications (Akyiiz
et al., 2020).

In summary, protein-templated MNCs represent a versatile and
highly effective platform for the synthesis of stable, biocompatible
and functional nanoclusters. The unique properties of proteins,
including their abundance of functional groups and ability to act
as both stabilizers and reducing agents, make them ideal candidates
for templating MNCs. The tunable optical properties, excellent
colloidal stability and biocompatibility of protein-templated
MNC:s have enabled their widespread use in applications such as
sensing, bioimaging, catalysis and theranostics. As research
continues to explore new protein templates and synthesis
strategies, the potential of protein-templated MNCs is likely to
expand further, opportunities for the

offering  exciting
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development of advanced nanomaterials for a wide range of
scientific and technological applications.

3 Protein-templated MNCs as PL probe
3.1 On-off sensors

In signal-off biosensing strategies involving protein-templated
MNCs, the PL of the NCs is quenched in the presence of specific
analytes. This quenching effect can occur via two primary
mechanisms (Panthi and Park, 2022; Tan et al., 2023). First, the
analyte may interact directly with the protein, disrupting its
protective function and exposing the metal core. In the second
mechanism, the analyte binds to the metal core itself, causing
structural changes that reduce the PL intensity. In both cases, the
reduction in PL is proportional to the concentration of the analyte,
forming the basis for signal-off biosensing.

The protein structure plays a critical role in this process due to
its numerous functional groups, such as carboxyl, amine and
sulfthydryl groups, which are readily available to bind quenching
agents. Metal ions are the most commonly used quenchers, given
their strong affinity for the functional groups on the protein surface.
Proteins such as BSA, lysozyme and hemoglobin are frequently used
as templates because they provide a robust scaffold for the formation
of MNC:s and offer a rich array of functional groups that can bind
analytes. For instance, lysozyme-templated Ag NCs have been
employed to detect glutathione, where the binding of glutathione
leads to a reduction in fluorescence (Sam et al., 2024). This
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interaction between the analyte and the protein-templated MNCs is
highly specific, enabling selective detection of target analytes in
complex biological samples. For example, BSA-templated Au NCs
have been shown to exhibit significant quenching in the presence of
Hg** ions, which bind to cysteine residues and disrupt the Au-S
bonds that stabilize the nanoclusters (Chen et al., 2013). This results
in a loss of fluorescence, allowing for highly sensitive detection of
mercury. Furthermore, Nain et al. has synthesized various Au, Ag
and Cu NCs protected by BSA and thiosalicylic acid (TSA), each
exhibiting PL emissions at wavelengths of 700, 624 and 430 nm,
respectively (Nain et al., 2020). These NCs enable the sensitive
detection of Hg™, arsenic (As’*) and Cr®" ions by utilizing PL
quenching, achieving a low detection limit in the nanomolar
range (Figure 4).
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In addition to their use in detecting metal ions, protein-
templated MNCs have been applied to the detection of small
molecules and biomolecules. For example, BSA-templated Au
NCs have been used to detect GSH (Wong et al.,, 2021), a key
antioxidant in biological systems. The interaction between GSH and
the metal core of the Au NCs disrupts the PL emission, providing a
simple and effective method for GSH quantification. In another
study, Chang’s group presents a dual-emission BSA-Au NC probe
for the detection and quantification of cathinone analogues, in
aqueous solutions. Upon interaction with cathinone drugs, the
PL of the BSA-Au NCs in the 650 nm range was quenched while
the 460 nm PL remained unaffected causing a color shift from red to
dark blue, allowing for detection limits as low as 0.14 mM and a PL
color-change threshold of 10.0 mM for 4-chloromethcathinone
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(Yen etal., 2019). These examples highlight the versatility of protein-
templated MNCs in signal-off biosensing, offering a wide range of
applications from environmental monitoring to biomedical
diagnostics.

In summary, the signal-off biosensing strategy utilizing protein-
templated MNCs relies on the interaction between the analyte and
the metal core or protein scaffold, leading to a measurable reduction
in PL. The abundance of functional groups on protein templates
makes them ideal for binding quenching agents, particularly metal
ions and the inherent stability and biocompatibility of proteins
enhance the performance of these biosensors. As research into
protein-templated MNCs  continues to advance, new
opportunities for improving sensitivity, selectivity and application
diversity will emerge, solidifying their role in biosensing

technologies for environmental and biomedical applications.

3.2 Off-on sensors

Off-on sensors represent a sophisticated and versatile approach
in the design of biosensors based on MNCs. In this strategy, the PL
of the MNCs is initially quenched through interaction with a
quenching mediator. The introduction of the target analyte
subsequently triggers a competitive interaction, where the
quenching mediator binds preferentially to the analyte rather
than the MNCs (Duan et al,, 2018; Zhu et al.,, 2019; Dong et al,,
2021). This competitive binding results in the restoration of the PL
signal, which had initially been suppressed. This off-on approach
has become a highly valuable tool in biosensing due to its sensitivity
and the ease with which PL changes can be monitored, offering
significant promise for detecting biomolecules, metal ions and other
relevant analytes.

In a typical off-on sensor, the initial quenching phase is achieved
by introducing a quenching mediator, such as metal ions or other
small molecules, that interacts with the metal core or functional
groups on the MNCs. For example, BSA-Au NCs have been used
extensively in such sensors, where quenching agents such as Fe** or
Cu?* ions are employed (Duan et al,, 2018; Zhu et al., 2019). These
metal ions bind to the sulfur atoms of the BSA-Au NCs, forming
non-radiative complexes that effectively dampen the PL. Once the
target analyte is introduced, it displaces the quenching agent,
restoring the PL. The restoration of the fluorescence serves as a
signal that the analyte has successfully been detected. This
mechanism provides a clear and direct means of detecting the
presence of specific targets, making it highly effective for
and environmental

applications in biomedical

monitoring.

diagnostics

One of the key advantages of the off-on strategy is its ability to
achieve highly sensitive detection limits. For instance, Ding et al.
demonstrated an innovative approach using BSA-Au NCs coated on
nanopipettes for the detection of bio-thiols such as cysteine (Ding
et al., 2020). The nanopipettes provide a confined space that
enhances the interaction between the target analyte and the
nanoclusters. In this system, the PL of the BSA-Au NCs is
initially quenched, but the presence of cysteine reverses the
quenching, restoring the fluorescence. This method achieved a
remarkable detection limit of 1 fM (fM) and a dynamic range of
0.001-1 pM (pM), highlighting the sensitivity of the system. The
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combination of electrochemical and fluorometric detection in this
method further enhanced its versatility, allowing for more precise
monitoring of analytes in complex biological environments.

Another compelling example of the off-on strategy is found in
the work of Deng et al., who developed BSA/3-mercaptopropionic
acid (MPA) co-modified Au NCs for the detection of pyrophosphate
(PPi) (Deng et al., 2020). In this system, Fe** ions act as quenching
mediators, suppressing the PL of the BSA-MPA Au NCs. The
introduction of PPi results in the chelation of Fe®* ions,
effectively removing them from the MNCs and restoring the PL
signal. This off-on sensor was further employed to detect alkaline
phosphatase (ALP) activity in human osteosarcoma cells. The
competitive interaction between Fe** ions and PPi allowed for a
highly sensitive detection of ALP, with a linear detection range of
0.8-16 UL" and a detection limit of 0.78 UL™. This system
demonstrates the potential of off-on sensors to be used in real-
world biological applications, where detecting enzyme activity in
cells can be crucial for diagnosing and monitoring diseases.

In summary, off-on sensors based on MNCs represent a highly
versatile and sensitive approach for detecting a wide range of
analytes, from metal ions to small biomolecules. The use of a
quenching mediator that can be displaced by the target analyte
allows for the restoration of the PL signal, providing a clear and
measurable readout. The adaptability of this approach, combined
with its ability to integrate multiple detection modalities and
perform multiplexed detection, makes off-on sensors a powerful
tool for biosensing and diagnostics. As research continues to refine
the design of MNCs and quenching mediators, off-on sensors are
likely to play an increasingly important role in fields such as
environmental monitoring, medical diagnostics and point-of-
care testing.

3.3 Ratiometric sensors

Ratiometric detection is a more advanced and reliable technique
compared to traditional single-wavelength methods, particularly in the
field of sensing using MNCs. In ratiometric detection, PL intensities at
two distinct wavelengths are measured and the ratio of these intensities
is used as the primary readout. This ratio provides an internal reference
that helps mitigate potential environmental variations, such as
fluctuations in light intensity, probe concentration, or surrounding
conditions, which can otherwise affect the accuracy of single-
This
advantageous in enhancing the sensitivity and accuracy of the probe

wavelength ~ measurements. approach is  particularly
for quantification purposes. By comparing the PL intensities at two
wavelengths, it becomes easier to detect even small changes in analyte
concentration with higher precision.

Ratiometric detection has been successfully applied in various
MNC-based sensing platforms. For instance, in the detection of
heavy metal ions like Hg**, ratiometric sensors utilizing Au and Ag
NCs can measure the intensity changes at two wavelengths
corresponding to the nanoclusters’ emission and the analyte-
induced spectral shift (Li et al, 2019). This dual-wavelength
enhances the

of Hg™,

environmental samples, where matrix effects might otherwise

comparison accuracy of detecting small

concentrations even in

complex biological or

interfere with single-wavelength readings.
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Spectroscopic analysis of BSA-Ce/Au NCs and its application for pH monitoring. (A) Absorption and PL spectra of BSA—Ce/Au nanoclusters. (B)
Spectra for BSA-Au nanoclusters. (C) Photographic representation of photoluminescent solutions of BSA with Ce(IV) and Au(lll) across different molar
ratios; BSA concentration is maintained at 0.76 mM, with Ce(IV)/Au(lll) ratios ranging from 1,000/0 to 0/10. (D) PL responses of BSA-Ce/Au NCs in 20 mM
phosphate buffer across pH values from 5.5 to 9.0, with inset showing PL intensity ratios at 410 and 650 nm across these pH values. Reproduced

from Chen et al. (2014). Copyright 2014, Royal Society of Chemistry.

The introduction of additional metal ions can be used to provide
additional fluorophores that provide PL at different wavelengths.
For example, Chang’s group developed a one-pot synthesis of
photoluminescent BSA-stabilized Ce/Au NCs, which were used as
ratiometric pH probes (Figure 5) (Chen et al, 2014). These
nanoclusters exhibited dual-emission properties, with distinct PL
intensities at two wavelengths that varied depending on the pH of
the solution. One emission at ca. 650 nm remained relatively
constant, serving as an internal reference, while another emission
intensity at ca. 410 nm shifted in response to changes in pH. This
ratiometric approach allowed for precise and accurate measurement
of pH levels across a wide range, making the BSA-Ce/Au
nanoclusters highly effective for biological and environmental
sensing applications. The internal referencing provided by the
ratiometric system enhanced the reliability of pH measurements
compared to traditional single-wavelength methods, where
environmental fluctuations could lead to inaccurate readings.
BSA-Ce/Au NCs can also be used for the detection of cyanide
ions (CN"). As the concentration of CN™ increased, the PL intensity
of the BSA-Ce/Au NCs at 658 nm gradually decreased due to the
dissolution of the Au NCs, while the intensity at 410 nm increased.
This dual response enabled the detection of CN~ with a detection
limit as low as 50 nM and a linear detection range from 0.1 to 15 uM
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(Wang C W et al,, 2016). Similarly, Li et al. incorporated Eu®* ions
into BSA-Au NCs and applied for the detection of dipicolinic acid
(DPA) with a low detection limit of 0.8 uM (Li X. et al., 2021). This
was also applied in the detection of DPA released during the
germination of Bacillus subtilis spores.

Xiao et al. developed two types of PL emitting BSA-Au NCs by
synthesizing them at different pH levels, which allowed for distinct
emission profiles (Xiao et al., 2020). These two types of Au NCs were
subsequently combined into a single thin film using a layer-by-layer
(LBL) assembly technique. The resulting thin film exhibited dual PL
peaks when excited at 372 nm, corresponding to blue emission at
443 nm and red emission at 622 nm from the two Au NC types,
respectively. This ratiometric system enabled highly sensitive
detection of bilirubin, where the interaction of bilirubin with the
Au NCs caused differential quenching of the two emission peaks.
This differential quenching allowed for ratiometric detection of
bilirubin with a limit of detection (LOD) of 8.90 nM in serum
samples, demonstrating the effectiveness of ratiometric sensing for
biological applications.

Similarly, Wu et al. utilized BSA-Au NCs in combination with
BSPOTPE, an AIE active molecule, as detection and reference
probes, respectively, for glucose sensing in a GOx detection
system (Wu et al, 2020) (Figure 6). In this system, the H202
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produced by the enzymatic reaction of glucose with GOx induced
the oxidation of the Au NCs, resulting in a decrease in their PL
intensity. However, BSPOTPE, which remains photoluminescent,
served as a stable reference probe, allowing for accurate ratiometric
detection of glucose. This system achieved glucose detection down to
1 mM under UV light, demonstrating the potential of combining
BSA-Au NCs with AIE-active molecules for sensitive and reliable
biosensing.

The ratiometric sensors are particularly advantageous in
complex biological and environmental samples, where
fluctuations in external factors such as light intensity, probe
concentration and environmental conditions can otherwise

compromise the accuracy of single-wavelength measurements. By
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using ratiometric sensing, these variations are effectively minimized,
leading to more precise and reproducible results. Furthermore, the
ability to integrate ratiometric detection into multiplexed sensor
systems enhances their utility for simultaneous detection of multiple
targets, further expanding their applicability in point-of-care testing
and real-time monitoring. Looking forward, the continued
refinement of nanomaterials and the development of innovative
ratiometric sensor designs, such as dual-emission nanoclusters and
integration with AIE molecules, offer exciting opportunities for even
greater sensitivity, selectivity and functional flexibility. As the field
progresses, ratiometric sensors are poised to play an increasingly
vital role in precision diagnostics, environmental sensing and a wide
array of applications where robust and reliable detection is essential.
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3.4 MNCs-based composite sensors

Recent efforts have been made to enhance the PL sensing
capabilities of MNCs by incorporating non-metallic elements into
their structure. These non-metallic elements, such as carbon,
nitrogen, phosphorus and sulfur offer unique electronic and
chemical properties that can improve the PL efficiency and
sensing performance of MNCs. These attempts to integrate non-
metallic elements not only improve the optical performance of
MNCs but also open new avenues for developing multifunctional
sensors with superior selectivity and responsiveness. Materials such
as metal-organic framework (MOF), carbon nanomaterials and
porous silica have been introduced into the MNCs to form a new
kind of sensing probe. For instance, Khataee et al. reported dual
emissive PL probe fabricated by encapsulating both Au NCs and Cu
NCs into zeolitic imidazolate framework-8 (ZIF-8) and the obtained
(AuCu NCs@MOF)
determination of tetracycline (Tcy) antibiotic (Khataee et al,

composite was utilized for ratiometric
2020). The logarithm of the PL ratio against the concentration of
Tcy exhibited a linear range from 20 to 650 nM with a detection limit
of 4.8 nM. The probe was applied for Tcy quantification in milk
samples with superior results. Kong et al. designed a novel dual-
emission reverse change ratio PL nanoplatform for fluorimetric and
colorimetric sensing of heparin (Hep) and chondroitin sulfate (CS)
based on green emissive terbium metal-organic framework (Tb
MOF) and red emissive BSA@Au NCs (Kong et al., 2022).

In collaboration with Chang’s research group, Chen’s team
developed a handheld pathogen sensor using a paper-based
analytical device (UPAD) for rapid and sensitive pathogen
detection (Yuan et al, 2022). This detection system utilizes
graphene quantum dots (GQDs) and Au NCs, which are
conjugated with antibodies to produce a colorimetric signal in
the presence of pathogenic antigens. The sensor exhibited
excellent performance, with linear detection ranges for protein A
and exotoxin A between 0.3 and 30 ng/mL and detection limits of
0.2 ng/mL and 0.1 ng/mL, respectively. Additionally, Hu et al.
designed a ratiometric detection system employing Au NCs as
the probe and vesicle carbon dots (VCDs) as the internal
standard (Figure 7) (Hu et al.,, 2022). This configuration confines
Au NCs, enzymes and analytes within VCDs to increase local
concentrations and improve assay sensitivity. In this study,
cholesterol oxidase (ChOX) was used as a model enzyme for
cholesterol quantification. The H,0, produced through the
enzymatic reaction caused PL quenching of the Au NCs
(emission at 670 nm), while the VCDs (emission at 400 nm)
remained unaffected. This ratiometric PL method enabled the
detection of H,O, within a range of 1-100 puM, with a detection
limit of 0.673 uM and cholesterol concentrations ranging from 5 to
100 uM, with a detection limit of 2.8 M, making it suitable for
evaluating cholesterol levels in human serum samples.

The nanocomposite (BCD@SiO,@Au NCs) served as a
ratiometric photoluminescent sensor for the selective detection of
the
mechanism inherent to these bacteria (Figure 8). The sensor’s

Gram-negative bacteria, exploiting copper-homeostasis
principle of detection relies on the quenching effect of Cu* on
Au NCs and the concurrent reduction of Cu®* by Gram-negative
bacteria, demonstrating strong selectivity (Fu et al, 2022). In a

related research by Zhang et al, a ratiometric photoluminescent
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probe (CQDs-Au NCs) was developed by combining amidated
carbon quantum dots (CQDs) with BSA-coated Au NCs. This
probe displayed dual emission peaks at 446 nm and 670 nm,
producing purple PL upon excitation at 397 nm. The probe’s
effectiveness is attributed to the quenching of this purple PL by
dopamine (DA), which occurs via electron transfer from the CQDs
to DA, inhibiting the Forster resonance energy transfer (FRET)
between CQDs and Au NCs. This ratiometric probe selectively
detects DA, with a detection limit of 2.66 nM and a linear
response spanning several concentration ranges:
2.66 nM-0.18 mM, 0.511-3.79 mM and 4.87-13.1 mM (Zhang Y
et al,, 2021).

Looking forward, future directions for MNC-based composite
sensors will likely focus on the continued development of hybrid
systems that leverage the unique properties of both MNCs and
functional materials. One promising area is the exploration of novel
MOFs and carbon-based nanomaterials that can further enhance the
stability and PL efficiency of MNCs, particularly in challenging
environments such as highly acidic or oxidative conditions.
Additionally, the incorporation of responsive materials, such as
stimuli-sensitive polymers or smart hydrogels, could lead to the
creation of dynamic sensing platforms capable of adapting to real-
time changes in their environment.

4 Summary and prospects

MNCs have seen significant advancements over the past
decades and have become integral to various in vitro and in
vivo detection applications. Protein-templated MNCs have
facilitated the synthesis of nanoclusters with precise atomic
numbers, ultra-small sizes and low toxicity, enabling their use
in a wide range of sensing platforms. These include the detection
of small molecules, metal ions and biological species, as well as in
vivo imaging. One of the most promising developments in this
field is the rise of MNC-based ratiometric sensing, which
provides greater accuracy compared to traditional on-off or
off-on sensing mechanisms. Additionally, the integration of
MNC platforms has further
enhanced the sensitivity and accuracy of these sensors, making

composite materials into
them more effective for real-world applications.

Despite these advancements, several challenges and limitations
still exist in the development of MNCs, particularly in their broader
adoption in environmental, clinical and industrial settings. One of
the primary challenges is the limited variety of protein templates
available for MNC synthesis. While proteins such as BSA have been
widely used, the diversity of templates is still lacking, limiting the
potential to create MNCs with tailored properties. Moreover, the use
of functional proteins like antibodies or enzymes as templates is not
well-established, partly because their biological activity is often
compromised during synthesis. This functional loss, coupled with
the high cost of functional proteins, remains a significant barrier to
their widespread application. Though the use of GSH has been
shown to reduce the required concentration of protein for cluster
formation, the cost of biologically significant proteins is still
prohibitive for large-scale use.

Another limitation is the narrow range of metal cores used in
MNCs, with most research focusing on Au, Ag and Cu. While other
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Cholesterol detection using BSA-Au NC/VCD nanocomposites. (A) Schematic illustration of the sensing system for detecting cholesterol using PL.
PL emission spectra of (B) GSH/BSA-stabilized Au NCs and (C) GSH/BSA-Au NCs encapsulated in vesicle-like carbon dots (VCDs) in aqueous solution,
upon addition of various concentrations of cholesterol (from top to bottom: 0, 1, 5, 25, 50, 125, 250 uM), excited at 320 nm. Inset shows the Stern—Volmer

plot illustrating the quenching effect of cholesterol on PL intensity. Reproduced from Hu et al. (2022), licensed under CC BY.

metals, such as cadmium (Cd) and palladium (Pd), have been
explored, their lower PL efficiency and stability compared to Au,
Ag and Cu restrict their applicability. To address this, future
research could explore alloying metals or incorporating other
and extend MNC
functionality. Expanding the range of metal cores will be crucial

metal ions to improve PL properties
for developing MNCs that exhibit dual-emission properties and
broader spectral responses, which are highly desirable for
multiplexed sensing and imaging applications.

A pressing challenge is the development of MNCs with PL in the
NIR range, particularly in the NIR-II window (1000-1700 nm),
which is optimal for deep tissue imaging due to its minimal light
scattering and absorption in biological tissues. Currently, protein-

templated MNCs lack consistent methods for synthesizing NIR-II
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emitting nanoclusters, which limits their use in advanced
applications such as deep tumor imaging and precision chemical
sensing. Incorporating thiolated ligands or other functional groups
into MNCs could be a viable strategy to achieve tunable NIR-II
luminescence. Achieving efficient PL in the NIR-II range remains a
critical goal for researchers, as this would greatly expand the utility
of MNCs in biomedical diagnostics and therapeutic applications.
Future research directions should focus on addressing these
limitations and exploring new strategies for MNC synthesis and
functionalization. Developing more diverse protein templates,
exploring alternative metal cores and achieving tunable NIR-II
PL are key areas that will drive the next wave of innovation in
MNC-based sensing. Advances in materials science, such as the
integration of NCs with stimuli-responsive materials, could lead to
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BCD@SiO,@BSA-AuNC-based ratiometric fluorescent sensor. (A) Schematic illustration of the ratiometric fluorescent sensor based on BCD@SiO-@
BSA-AuUNC:s for the detection of Gram-negative bacteria. (B) Fluorescence spectra of BCD@SiO,@BSA-AUNC at A\, = 370 nm on exposure to various
concentrations of Cu®* from 0 to 7.0 x 10°¢ M. (C) Calibration curve of the fluorescence intensity ratio (Fgso/Fas0) as a function of Cu®* concentration in
carbonate buffer (10 mM, pH 11.0). The inset is the photos of BCD@SiO,@BSA-AuNC (A) and Cu?* (7.0 x 107° M) + BCD@SiO,@BSA-AuNC (B) under

the irradiation of a 365 nm UV lamp. Reproduced from Fu et al. (2022). Copyright 2022, Elsevier.

highly dynamic and adaptable sensors for real-time monitoring in

complex biological environments. Moreover, incorporating
machine learning and artificial intelligence into sensor design and
data interpretation may open new frontiers in the precision and
efficiency of MNC-based diagnostics.

In conclusion, while MNCs have demonstrated great promise

in sensing, there are still significant challenges to overcome to
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fully realize their potential. With continued advancements in
MNC design, synthesis techniques, and functionalization
strategies, MNCs are poised to become central to future
disease  detection,

innovations  in early

environmental monitoring and therapeutic applications. The

biosensing,

development of NIR-II emitting MNCs, in particular, will
likely revolutionize deep-tissue imaging and disease treatment,

frontiersin.org


https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2025.1510588

Chu et al.

positioning MNCs as pivotal tools in next-generation sensing and
biomedical technologies.
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