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Silver clusters embedded within zeolites combine the molecular-like optical and electrochemical
properties of sub-nanometric clusters with the structural robustness, porosity, and ion-exchange
capacity of crystalline frameworks. Their unique features, such as tunable emission with high quantum
yields, large Stokes shifts, redox activity, electrocatalytic behavior, and sensitivity to external stimuli,
enable versatile sensing capabilities. These composites have already demonstrated remarkable versatility,
enabling optical detection of water vapor, volatile amines, oxygen, and biomolecules, as well as
electrochemical sensing of hydrogen peroxide, tryptophan, and chloride ions. Their integration into
immunosensors, optical hydration switches, and electrochemical paper-based strips highlights their
disruptive potential for portable and wearable devices. However, key challenges remain, including
controlled nucleation, tailoring excitation—emission properties, and ensuring stability after biorecognition
functionalization and device integration. This review discusses the structure—property relationships that
govern the optical and electrochemical responses of silver clusters embedded within zeolites, sum-
marizes recent advances in (bio)sensing applications, and outlines the challenges that must be overcome

Received 28th October 2025, for their translation into scalable, robust, and sustainable devices. With continued progress in material

Accepted 18th December 2025 design, surface functionalization, and integration within microfluidic and data analysis platforms, silver
DOI: 10.1039/d5cc06135k cluster—zeolite composites hold strong promise to evolve from laboratory prototypes into portable
technologies for diagnostics and environmental monitoring, displaying significant promises for next-

rsc.li/chemcomm generation point-of-care and wearable sensors.

emerged as versatile functional materials that combine
unique optical and electrochemical properties with tunable

Introduction

(cc)

Next-generation (bio)sensing platforms are redefining how
we detect biomolecules and environmental contaminants,
aiming for high stability, sensitivity, and selectivity in cost-
effective and sustainable formats. The integration of func-
tional materials with exceptional photophysical and electro-
chemical properties is central to this progress, which enables
conceptually innovative (bio)sensing platforms." Among the
strategies driving this transformation, silver clusters have
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chemical interactions.*?

These clusters have enabled innovative sensing approaches
that were previously difficult to achieve. For instance, DNA-
templated silver clusters can be used to detect cancer-
associated miRNAs, such as miRNA-21, in human serum at
nanomolar concentrations using fluorescence resonance
energy transfer (FRET), offering a minimally invasive route for
early disease detection.” Similarly, polyethyleneimine-stabilized
silver clusters allow rapid, colorimetric and fluorometric detec-
tion of metabolites such as ascorbic acid directly in urine,
demonstrating the potential for point-of-care diagnostics.’
Silver clusters have also been applied in environmental mon-
itoring, achieving micromolar detection limits for metal ions
like Cu**, Ni**, and Fe*" in tap and wastewater, providing rapid
and practical tools for public health and ecological safety.®
Besides, the integration of silver clusters into portable devices
and wearable sensors represents a potential breakthrough in
the field of biosensors. To achieve this, new host templates
have been explored to enhance stability and facilitate their
incorporation into portable devices. Building on these

This journal is © The Royal Society of Chemistry 2026


https://orcid.org/0000-0002-2311-7303
https://orcid.org/0000-0002-8274-7452
https://orcid.org/0000-0001-8296-0168
https://orcid.org/0000-0002-1536-825X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc06135k&domain=pdf&date_stamp=2026-01-12
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc06135k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC062008

Open Access Article. Published on 13 de gener 2026. Downloaded on 11/6/2026 20:45:15.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Highlight

concepts, silver clusters confined into inorganic templates,
such as zeolites, have demonstrated remarkable (bio)sensing
potential, offering improved stability, high luminescence quan-
tum yields, electrical conductivity, biocompatibility, and facile
surface functionalization. Moreover, zeolite-supported silver
clusters can respond sensitively to external stimuli, with detect-
able luminescence changes enabling wash-free, rapid, and cost-
effective analyte detection,” positioning zeolite-confined
silver clusters on organic and inorganic templates such as
DNA, polymers and metal organic frameworks (MOFs), among
others.

Compared with other nanomaterials commonly used for
(bio)sensing, such as gold nanoparticles® and semiconductor
quantum dots,” silver clusters stand out for their sub-
nanometric dimensions, molecular-like electronic structure,
and biocompatibility.'® Their small size minimizes cytotoxicity
and enables interaction with biomolecules at the molecular
level, while their discrete energy levels confer tunable lumines-
cence and redox properties not attainable in larger
nanoparticles.'* Furthermore, when confined within zeolites,
these clusters exhibit remarkable stability against aggregation
and photobleaching, ensuring long-term operation under phy-
siological and environmental conditions."
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Herein, we highlight recent advances in the optical and
electrochemical properties of silver clusters stabilized in zeolite
templates, discussing how zeolite frameworks stabilize and
modulate these properties. A particular emphasis is made on
their structure-property relationships and implications for
(bio)sensing. Then, recent advances in chemical sensing, bio-
sensing and the integration of silver-cluster zeolite composites
into portable optical and electrochemical devices are high-
lighted. Finally, the challenges and opportunities associated
with the integration of these materials into portable, robust,
selective and sustainable biosensing devices are presented,
offering a forward-looking view on their potential to transform
healthcare diagnostics and environmental monitoring.

Sub-nanometric silver clusters in zeolites: structure, properties,
and implications for (bio)sensing

Sub-nanometric silver clusters (<2 nm), composed of a few to
several hundred atoms, exhibit molecular-like behavior due to
their size being comparable to the Fermi wavelength. Their
conduction and valence bands consist of discrete energy levels
separated by a band gap,"® endowing them with unique physi-
cal and chemical properties such as electrocatalytic activity,”
photoluminescence with large Stokes shifts,"* tunable
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emission'® and responsiveness to environmental stimuli,"®
making them highly attractive for (bio)sensing applications.
These clusters are often referred to as ‘“super-atoms” due to
their high symmetry, super-atomic orbitals, and predictable
electronic structures in the gas phase, where environmental
perturbations are minimized. Their physicochemical properties
include high conductivity and strong photoluminescence.'”
Importantly, these properties are size-dependent; smaller clus-
ters (subnanometer to 1-2 nm) exhibit enhanced surface reac-
tivity and catalytic potential, while larger clusters (few to several
nanometers) offer greater thermodynamic stability and bond-
ing energy." Theoretical and experimental studies have pre-
dicted optimal crystal structures and orbital configurations,
driving research into how these parameters influence cluster
behavior.>* >

However, due to their high surface energy and environmen-
tal reactivity, metallic clusters tend to aggregate into nano-
particles. To prevent this, stabilization strategies involving
protective ligands or templates are commonly employed.*?
Among inorganic templates, zeolites stand out for their
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structural and chemical versatility. Zeolites three-
dimensional aluminosilicate frameworks composed of tetrahe-
dral units, where partial substitution of Si*" by AI** generates a
negative framework charge balanced by extra-framework
cations such as Na*, K*, and Ca®", among other monovalent
and divalent cations.>* The Si/Al ratio governs key properties
including reactivity and hydrophilicity.>® Variations in the
crystal structure and pore size, determined by the arrangement
of tetrahedral units, enable the stabilization of diverse sub-
nanometric metallic clusters.”>*® Cluster size and type are
influenced by the dimensions of the crystalline cavities, atomic
arrangement within the framework, and the exchange affinity
of the extra-framework cations.”” Furthermore, zeolite porosity
acts as a molecular sieve, imparting selectivity and enabling
targeted interactions with analytes based on size and chemical
properties.

To date, ion exchange remains the most widely used method
for synthesizing silver clusters in zeolites and other inorganic
frameworks, owing to its simplicity and cost-effectiveness. In
this approach, natural or synthetic zeolites are suspended in a
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silver cation solution, enabling the exchange of extra-
framework cations (e.g., Na*, K", Ca®>", and Mg”>") through
competitive affinity. Subsequent reduction of the silver ions,
via thermal treatment,®® UV irradiation,? or X-ray exposure,*®
yields silver clusters with high quantum yields and notable
catalytic activity. However, this method offers limited control
over cluster size, as the ion-exchange capacity restricts silver
incorporation, leading to preferential formation in superficial
zeolite cavities.

Optoelectrochemical properties of silver clusters in zeolites:
dynamics, modulation, and sensing potential

Silver clusters, owing to quantum confinement and molecular-
like behavior, exhibit a rich array of optical and electrochemical
properties, including multiple absorption bands, photolumi-
nescence, and charge transfer.”’ Their excited-state dynamics
span from femtoseconds to milliseconds, with interactions in
the surrounding media playing a critical role in shaping
electronic states.®

Photoluminescence arises from transitions such as d-orbital
excitations at shorter wavelengths and s — p transitions at
longer wavelengths, depending on the cluster’s net charge.
Upon photon absorption, relaxation occurs via several path-
ways: ultrafast decay (fs-ps) through internal conversion and
vibrational relaxation; intermediate decay (ps-ns) from emis-
sive states; and long-lived decay (1s-ms) involving intersystem
crossing, electron-hole recombination, or trap states.>'

The local electronic environment strongly influences inter-
system crossing, particularly through overlap between the
triplet and P-type singlet states.®*! Water molecules coordi-
nated within the zeolite framework and nearby atoms enhance
luminescence by generating degenerate singlet and triplet
excited states.***> Water molecules within the zeolite cavities
play a central role in modulating emission behavior, either
enhancing or quenching luminescence depending on their
coordination to the clusters. Controlled dehydration, achieved
through thermal treatment, or exclusion by small cations such

Table 1 Design levers for silver-cluster zeolites
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as Li', which hinder cavity entry, can shift emission wave-
lengths and modify luminescence lifetimes by altering electro-
static fields and electronic coupling between cluster atoms and
degenerate states.**° Silver atoms within the clusters interact
strongly with framework oxygen atoms, forming partial cova-
lent bonds, while weaker interactions occur with cavity water
molecules residing in the zeolite cavities.**** These interac-
tions facilitate electron-transfer processes that underpin the
characteristic luminescence behavior of the clusters. The nat-
ure of charge-compensating cations further modulates these
effects: smaller cations (Li* and K') impose steric hindrance,
limiting water coordination and leading to blue-shifted emis-
sion, whereas larger cations (Na') allow greater hydration and
red-shifted or quenched emission.>*

Collectively, these findings reveal that the optoelectrochem-
ical response of silver clusters in zeolites is dynamically tunable
through hydration control and cation selection. Such structural
and environmental sensitivity makes these materials ideal
candidates for responsive optical sensing platforms, where
variations in moisture, ionic composition, or molecular adsorp-
tion can be transduced into measurable luminescence signals.

Beyond water interactions, emission can be tuned across the
visible spectrum by introducing ions or electron-rich molecules
into zeolite pores or surfaces, which modulate the cluster’s
electronic environment."*>?7* The zeolite framework struc-
ture also plays a central role in modulating the photolumines-
cence quantum yield (PLQY). For instance, silver clusters within
Faujasite (FAU) zeolites have achieved the highest reported
PLQY (97.4%), while silver clusters into Linde Type A (LTA)
zeolites exhibit a low PLQY; substituting Na" with Li" in LTA
dramatically increases the PLQY to 83%, accompanied by a
redshift from blue to green/yellow emission, in addition to
minimized photoblinking and photobleaching in the presence
of Li* cations.*****°™*! Table 1 shows the design levers for
silver-cluster zeolite composites in sensing.

Another important property of silver clusters confined
within zeolite frameworks is their remarkable charge transfer

Design lever Contribution

Photophysical response

Sensing implication Ref.

Framework type Controls cavity size, topology,
and Ag cluster site distribution
second decays
Si/Al ratio
and number of Ag" sites

Extra-framework Alters the local electric field,

FAU — high EQE, nanosecond decay
LTA — low EQE, hundreds of micro and nano

Small cations (Li* and K*) — blue shift

FAU — high-brightness sensors 42
LTA — high environmental and
sensitivity 43

Modulates the framework charge Lower Si/Al — red shift + quenching Higher Si/Al Low Si/Al — high sensitivity but 42
— stronger emission

lower stability High Si/Al — stable
sensing
Cation engineering for brightness 39

cations (Li", Na*, polarizability, and cluster Larger cations (Na') — red shift + quenching ~ Wavelength tuning and
and K') stabilization Li" in LTA increases external quantum 43
efficiencies.
Hydration state H,0 modifies cluster coordina- Fully hydrated — yellow emission Partially Wavelength tuning 31
tion and electronic coupling. hydrated (2-17% water content) — blue/green and
emission 39

1% water content — blue emission
Amines: Ag-N — blue shift

Surface chemistry/ Modification of the electronic

Humidity sensing
Sensing by changes in the emission 1

functionalization environment and
Specificity to target analytes Biomolecules — red shift 16

External quantum efficiencies (EQEs).
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capability, enabling efficient electron exchange between the
confined clusters and surrounding redox species such as ana-
lytes or mediators in electrochemical systems.** For instance,
silver clusters embedded in FAU zeolite have been shown to
exhibit enhanced electron-exchange-transfer and improved
conductivity due to strong Ag-framework interactions and
partial charge delocalization.*" The porous structure of the
zeolite further facilitates analyte adsorption and local precon-
centration, thereby increasing the electroactive surface area
and improving electrode-analyte interactions.”

These synergistic effects, combining the redox activity of
silver clusters (Ag'/Ag®) cycling with the ion-exchange and
confinement properties of zeolites, lead to measurable
improvements in the charge transfer resistance, catalytic cur-
rent, and sensitivity in electrochemical assays.” Consequently,
silver cluster-zeolite composites act as efficient electron med-
iators and electrocatalytic platforms, bridging molecular-like
redox behavior with robust solid-state conductivity, essential
for next-generation (bio)sensing technologies.

Expanding (bio)sensing applications of silver cluster-zeolite
composites

Chemical sensing: from gas detection to hybrid optical-
electrochemical platforms. Despite their promising opto-
electrochemical properties, few sensors that fully exploit the
ability of silver clusters to interact with their electronic
environment have been developed. Early studies in the 1960s
reported colorimetric responses of silver-zeolite composites to
water content.”” Subsequent research attributed these effects to
the formation of silver clusters within zeolite cavities, which
respond actively to water molecules, paving the way for sensors
targeting gases and volatile compounds.*® For example, for-
maldehyde detection has been achieved via both colorimetric
and fluorometric modes, based on the oxidation of silver
clusters in intermediate valence states (Ag°/Ag").*”*® Initially,
silver clusters dissociate molecular oxygen, which reacts with
formaldehyde, altering the valence state from Ag® to Ag,0O and
Ag" to Ag’. This electron transfer, involving oxygen and the
zeolite framework, leads to a visible color change (white to
black) and reduced emission intensity due to cluster degrada-
tion and nanoparticle formation. This effect is more observable
in zeolites with Na' as the counterbalancing cation, whereas
Li*-based frameworks offer greater luminescence stability.*®

A reversible hydration-dehydration sensor was later devel-
oped using the LTA zeolite, demonstrating on-off lumines-
cence switching. In the hydrated state, silver clusters exist as
Ag4(H,0),>", coordinated with water molecules. Upon thermal
treatment, dehydration drives the conversion of Ag,(H,0),>*
into larger Agg(O4R).4>" clusters, where silver atoms establish
coordination with the framework oxygen atoms (O4R groups)
instead of water ligands. This structural rearrangement alters
the local electronic environment and governs the observed
emission shift. This reversible transformation, governed by
the equation: Ag,(H,0),>" + 2Ag" < Agg(O4R)1,>" + 2X*, mod-
ulates the emission wavelength and intensity through changes
in Ag-O bonding and electron-transfer dynamics.*****° Such
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reversible switching at the atomic level, non-commonly
observed in other luminescent nanomaterials, exemplifies
how zeolite-embedded clusters are redefining stability and
reusability in chemical sensing.

Building on the luminescence responsiveness of silver clus-
ters, strong coordination bonds such as Ag-N can outcompete
Ag-O interactions with the zeolite framework or water mole-
cules, thereby locally redistributing electron density and trig-
gering measurable emission changes.'® A reversible amine gas
sensor was developed using silver cluster-zeolite composites.
Exposure to triethylamine gas quenched luminescence and
induced a blue shift (530 nm to 480 nm), attributed to the
formation of Ag-N coordination bonds that disrupt Ag-O
interactions. Subsequent exposure to acetic acid vapor restored
the original emission by reversing the coordination and rees-
tablishing Ag-O bonds.>®

A dual-mode oxygen sensor was also demonstrated using
silver clusters in FAU zeolites. Initially orange-emitting clusters,
generated under a H, atmosphere, transitioned to a weak cyan-
emitting state upon exposure to O, gas. This change, driven by
triplet-triplet interactions and slow diffusion of oxygen into
zeolite channels, altered the electron density of the lumines-
cent center and shortened the emission lifetime. The original
state was restored under vacuum and H, conditions.”® This is a
relevant example of how zeolite confinement provides reversi-
ble and multi-signal response in sensing.

Beyond luminescence, silver clusters in zeolites have
enabled hybrid optical-electrochemical sensing platforms.
Their small band gap facilitates hole injection and efficient
electron-hole recombination, functioning as charge traps or
donor centers.** While zeolites are inherently non-conductive,
their porous structure enhances electrochemical performance
by retaining the analytes and promoting electron transfer in the
presence of silver clusters.'® An electrocatalytic sensor for
hydrogen peroxide (H,0,) was developed using silver nanocom-
posites in NaY zeolite, incorporated into a carbon paste elec-
trode. Amperometric measurements in phosphate buffer
solution (PBS) revealed enhanced current response due to
improved charge transfer and diffusion control.®> A more
complex two-step system was later designed for tryptophan
(Trp) detection. Silver clusters first undergo electrochemical
oxidation (Ag — Ag"), followed by complexation with Trp to
form Ag(Trp),*, facilitating electron transfer during Trp oxida-
tion. Compared to conventional electrodes, this system offered
improved sensitivity and cost-efficiency, attributed to the nano-
metric size of silver clusters and zeolite mesoporosity.>*

A sophisticated dual-mode sensor for sulfadiazine detection
has also been reported. Optical enhancement occurred via
charge transfer, as absorption of the sulfadiazine band aligned
with the silver cluster band gap in franzinite zeolites. The
molecule altered the HOMO-LUMO configuration of the clus-
ters, reducing the band gap and increasing fluorescence. The
electrochemical performance was also improved, with silver
clusters increasing the active sites and reducing the resistance.
Compared to unmodified electrodes, this setup achieved a
2.6-fold increase in the electroactive surface area and an

This journal is © The Royal Society of Chemistry 2026
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approximately 2-fold increase in the charge transfer rate,
enabling ultra-trace detection across two linear ranges.”*

Altogether, these examples illustrate how embedding silver
clusters within zeolite frameworks transforms chemical sen-
sing. cluster-zeolite composites uniquely couple
molecular-like optical transitions with the robustness and
porosity of crystalline frameworks. This synergy enables rever-
sible switching, dual-mode readouts (optical-electrochemical),
and ultra-trace detection, features rarely attainable in traditional
sensor platforms. Zeolites provide a high level of control over
sensor performance by tuning the emission through host-guest
chemistry, and enhancing electrochemical charge transfer, demon-
strating that silver cluster-zeolite composites are redefining how
chemical sensing can be implemented, obtaining highly tunable,
multifunctional, and robust sensing platforms.

Biosensing interfaces: toward selective and wash-free detec-
tion. Despite their biocompatibility, chemical stability, strong
optical and electrochemical responses, and capacity to capture
and immobilize analytes, silver cluster-zeolite composites
remain underexplored in biosensing applications. A key limita-
tion lies in the non-specific nature of the zeolite surface, which
hinders its function as a biorecognition element. This chal-
lenge has been addressed through the development of an
immunosensing platform that incorporates antibodies onto
the surface of FAU-type zeolites embedding silver clusters. Such
approaches demonstrate the high versatility of these platforms,
including functionalization with appropriate biomolecules
(e.g., antibodies), and enabling the detection of a wide range
of analytes, including proteins and bacteria.’

Detection is based on the sensitivity of silver clusters to local
surrounding media. Upon formation of an antibody-analyte
immunocomplex on the zeolite surface, the luminescence
intensity of the silver clusters is modulated. The proposed
mechanism involves an antenna-like donor-acceptor effect
analogous to the system reported for chromophores confined
within zeolite channels,’>® in which guest molecules act as
light-harvesting donors that transfer excitation energy to term-
inal “stopcock” acceptors at the crystal surface through short-
range dipole-dipole coupling. Efficient interaction in such
architectures requires nanometric donor-acceptor separations
(typically within 2-6 nm) and appropriate spectral overlap.

In the present silver cluster-zeolite immunosystem, the
silver clusters serve as luminescent donors and the immuno-
complex acts as a non-luminescent acceptor that modulates the
donor’s emission upon analyte binding. Analyte recognition
alters the electronic environment of the acceptor, facilitating
energy transfer and triggering a measurable luminescence
change. This mechanism supports a rapid (5 to 20 min),
wash-free detection strategy with demonstrated potential in
complex matrices such as human serum.”

Altogether, these advances highlight how embedding silver
clusters within zeolites might result in the enhancement of
biosensors; in fact, while conventional biosensing platforms,
often require washing, labelling, and/or multiple signal ampli-
fication steps, on the other hand silver cluster-zeolite compo-
sites inherently combine strong luminescence, redox activity,

Silver
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and facile surface functionalization. This synergy enables fast,
selective, and wash-free detection in complex media, paving the
way for portable and minimally invasive diagnostic devices and
redefining the path toward next-generation healthcare diagnos-
tics. Fig. 1 summarizes different mechanisms for (bio)chemical
sensors using zeolites embedding silver clusters.

Toward portable sensing: integrating silver cluster-zeolite
composites into optical and electrochemical devices. A
prototype humidity sensor was developed by modifying a
quartz plate with a polymeric aqueous suspension containing
silver clusters embedded in zeolites as the luminescent active
material. This design leveraged the high sensitivity of silver
clusters to water content within zeolite cavities. The sensor
exhibited a distinct emission shift from yellow-green to blue,
with the photoluminescence quantum yield decreasing from
62% (hydrated) to 21% (dehydrated). Although evaluated only
as a proof of concept, this prototype demonstrated the
feasibility of using silver cluster-zeolite composites in portable
optical sensors.*

More recently, the first portable and disposable electroche-
mical device incorporating silver clusters in zeolite composites
was introduced. In this system, the working electrode surface of
electrochemical strips was modified with zeolites embedding
silver clusters, enhancing analyte immobilization, electrode-
analyte interaction, and electron transfer. Two detection
mechanisms were evaluated through the (i) redox reactivity
where the oxidative-reductive potential of silver clusters was
demonstrated through chloride ion detection. In the presence
of CI7, Ag® is oxidized to Ag", forming AgCl, a key reaction in
environmental and biomedical analysis; and (ii) electrocataly-
sis, in this approach the proof of concept was tested on two
substrates, filter paper and polyester. Fig. 2, illustrates the
advances in the development of portable biosensor devices
using silver clusters embedded within zeolites.

Filter paper strips offered lower detection limits due to
higher porosity, while polyester strips provided greater sensi-
tivity through more uniform electrode printing. The electro-
catalytic activity was further evaluated for glucose detection
using glucose oxidase. The electrochemical reduction of H,O,,
generated by the enzymatic reaction, showed enhanced sensi-
tivity and lower detection limits compared to unmodified strips,
attributed to improved electron transfer and analyte interaction.
This work establishes a foundation for developing portable (bio)-
sensors by integrating silver cluster-zeolite composites, improving
both portability and response time.” However, despite these
advancements, practical applications still face significant limita-
tions in terms of stability and property control following integration
into miniaturized platforms. The following section discusses the
key challenges and future directions that must be addressed to
enable a successful transition from early prototypes to robust,
portable (bio)sensing technologies.

From prototypes to practical devices: challenges, outlook and
future directions

The transition of silver cluster—zeolite composites from laboratory
prototypes to practical portable devices requires overcoming

Chem. Commun., 2026, 62, 2374-2383 | 2379
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challenges that range from specific material-level limitation to
broad technological barriers. Addressing these systematically will
be key to transforming silver cluster-zeolite composites from proof-
of-concept into robust platforms for portable (bio)sensing. For
instance, achieving precise control of their optoelectrochemical
properties and their successful integration into stable and minia-
turized devices remain a critical challenge that must be addressed.

At the structural level, zeolite architecture and surface
chemistry strongly influence analyte-cluster interactions. Tai-
loring pore sizes (micro, meso, or hybrid structures) and
morphologies, such as nanozeolites, could increase sensitivity
and selectivity by enhancing analyte selectivity access to
active sites.

At the material-specific level, control over their optoelectro-
chemical properties, including quantum yields, excitation-
emission wavelengths, and charge transfer efficiency, remains
a major challenge, directly affecting biosensor sensitivity and
detection limits. The commonly used ion-exchange method
produces silver clusters with variable sizes. Achieving atom-
ically precise cluster nucleation and growth under well-defined

2380 | Chem. Commun., 2026, 62, 2374-2383

Copyright 2023, The authors, published by Angewandte licensed under the

conditions could improve sensitivity and reproducibility. In
parallel, strategies to tune excitation-emission wavelengths
would have a significant impact on various applications. Cur-
rently, excitation typically occurs around 300 nm (250-320 nm),
a range where common substrates like glass, polyester and
polystyrene exhibit high absorption, limiting excitation effi-
ciency. Importantly, photodamage (when exposure to pro-
longed irradiation on these wavelengths) leading local
heating, photo-oxidation of the zeolite framework, or degrada-
tion of nearby biomolecules should also be experimentally
considered. Moreover, for biomedical applications, red/infra-
red emission is essential to minimize absorption by biological
tissues. Potential approaches include bimetallic cluster for-
mation (i.e. with gold) or the incorporation of functional
molecules into zeolite cavities near the clusters.'® Both strate-
gies remain largely unexplored and require further theoretical
and experimental investigation to understand how molecular
environments modulate the photophysics of metallic clusters.
In addition, biofouling of zeolite surfaces or Ag" leaching or
cytotoxicity could be an issue in biomedical applications;

This journal is © The Royal Society of Chemistry 2026
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however, surface passivation, antifouling coatings, red-shift
strategies, and on-chip optical filtering could be considered
to address the aforementioned challenges.

Surface functionalization is crucial for specificity. While
antibodies have been demonstrated as effective biorecognition
elements," a broader exploration of biomolecules, such as
aptamers, enzymes, or engineered proteins, as well as diverse
attachment strategies could expand the scope of detectable
analytes and improve device versatility. When integrating these
biomolecules, it is important to consider their limited accessi-
bility to the microporous interior of zeolites and the potential
steric hindrance that may arise at the external surface, as these
factors can influence the efficiency of analyte recognition and
the kinetics of the sensing response. The use of nanozeolite
particles can help mitigate these constraints by increasing the
external surface area and improving the accessibility and
orientation of immobilized biomolecules, thereby broadening
the range of viable biorecognition architectures for silver-
cluster-based sensing interfaces. At the same time, the under-
lying detection mechanisms are not yet fully understood, and
further research is needed to elucidate these mechanisms
across different classes of analytes.

At the broadest level, stability and reproducibility remain
pressing issues. Although silver cluster-zeolite composites
demonstrate intrinsic stability, systematic studies evaluating

This journal is © The Royal Society of Chemistry 2026

their performance after biomolecular functionalization and
incorporation into sensing platforms are still lacking. Such
studies are essential to assess device longevity and operational
robustness under real-world conditions. For commercial
deployment, scalable, reproducible, and cost-effective synthesis
methods are also critical. While zeolite synthesis has already
been scaled successfully, equivalent efforts for silver cluster—
zeolite composites, particularly those functionalized for biosen-
sing, remain underdeveloped.

Device-level integration represents some of the major chal-
lenges. Embedding silver cluster-zeolite composites into
microfluidic or lateral-flow systems could enable rapid and
low-cost point-of-care testing. The use of biodegradable poly-
mers as substrates would support sustainable fabrication by
reducing the environmental burden and manufacturing costs.
However, integration must be achieved without compromising
the intrinsic luminescence and/or electrochemical properties,
ensuring stable bonding with the device, maintaining effective
analyte interaction. Substrate compatibility is also essential, as
many device materials may interfere with efficient excitation-
emission collection, making it necessary to select UV-transparent
substrates (e.g., quartz) or incorporate suitable waveguides/filters to
ensure proper optical delivery and read-out.

Finally, incorporating advanced data analysis, particularly
through machine learning algorithms, could significantly

Chem. Commun., 2026, 62, 2374-2383 | 2381
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enhance the interpretation of complex optical and electroche-
mical signals, improve sensitivity and enable real-time
diagnostics.””*® Fig. 3 summarized the challenges of the inte-
gration of silver cluster-zeolite composites into a portable
device.

By addressing these challenges and opportunities, silver
cluster-zeolite composites could evolve from proof-of-concept
demonstrations into scalable, robust, and sustainable sensing
platforms. This would unlock their full potential for healthcare
diagnostics and environmental monitoring, combining sensi-
tivity, selectivity, and sustainability in a compact format. We
believe that future research will rely on strategies that advance
both material performance and device integration.
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