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In biochemical sensing, substantial progress has been achieved in the design, development, and
application of metallic nanoclusters (NCs) and metal-organic frameworks (MOFs) as distinct entities.
Integration of these two nanostructured materials is a promising strategy to form innovative composites
with improved properties. Some improvements include (i) supporting platform to minimize the aggrega-
tion of NCs and enhance the emission efficiency; (i) dual-emitting NCs@MOFs from the fluorescent/
non-fluorescent MOFs and/or fluorescent NCs; and (iii) stability enhancement. These improvements
increase the sensitivity, signal-to-noise ratio, and color tonality, lower the limit of detection, and
improve other analytical figures of merits. In this review, we outline the preparation methods of
NCs@MOF composites with the improvements offered by them in the field of biochemical analysis.
Analytical applications in different fields, such as bioanalysis, environmental monitoring and food safety,
are presented. Finally, we address the challenges that remain in the development and application of
these composites, such as ensuring stability, enhancing the fluorescence intensity, and improving
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selectivity and scalability. Furthermore, perspectives on future research directions in this rapidly evolving

rsc.li/materials-horizons field are offered.

Wider impact

This review highlights the transformative potential of NCs@MOF composites in biochemical sensing, offering enhanced sensitivity, stability, and detection
efficiency for diverse applications in bioanalysis, environmental monitoring, and food safety. By addressing challenges like scalability, selectivity, and
fluorescence intensity, these composites pave the way for more precise diagnostics, pollutant detection, and food safety monitoring. The insights provided here
aim to inspire innovation and guide the scientific community toward developing next-generation sensing platforms that bridge the gap between research and
real-world applications.

1. Introduction

Sensing technologies play a pivotal role in various areas,
including healthcare, manufacturing, environmental monitor-
ing, and agriculture, by enabling the real-time detection,
measurement, and analysis of physical, chemical, and biologi-
cal phenomena. Integration of nanotechnology and advanced
nanomaterials has significantly enhanced the performance of
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sensing devices. The use of nanotechnology also enables the
miniaturization of sensors, making them portable and suitable
for use in challenging environments."™* A variety of nano-
materials have been developed in recent years. Nanomaterials
such as metallic nanoclusters (NCs) and metal-organic frame-
works (MOFs) offer higher sensitivity, greater selectivity, and
improved stability, allowing for the development of more
accurate and reliable sensors.

Recently, there has been a rapid progress in the develop-
ment of atomically precise metal nanoclusters (NCs), including
advancements in their synthesis methods and potential
applications.>® NCs are particularly significant in sensing and
catalysis owing to their unique geometric and electronic
characteristics.” They exhibit the highest degree of uniformity,
precise atomic compositions, and clearly defined atomic
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packing arrangements, which facilitate the exploration of struc-
ture-reactivity relationships. For example, gold nanoclusters
(AuNCs) are used for the detection of tumors and other diseases
as they can be designed to target specific cells or tissues.
Additionally, copper nanoclusters (CuNCs) are used in both
in vitro and in vivo theranostic applications, enabling the
detection and treatment of diseases.® ™

However, there are two key challenges in using NCs: (1) their
insufficient stability under harsh conditions, such as a tendency
to aggregate, and (2) the steric hindrance caused by ligands, which
can impede bulky reactants.”” The high surface free energy asso-
ciated with their ultrafine size contributes to a high tendency for
the NCs to aggregate, especially at elevated temperatures, leading
to a significant reduction in active sites."* Thus, enhancing the
catalytic performance involves stabilizing NC structures while
mitigating the shielding effect of ligands on the metal sites.

To address the above-mentioned problems, one of the
effective strategies is to integrate NCs with other porous and
high surface area platforms, such as metal-organic frameworks
(MOFs). MOFs have emerged as a promising class of materials
for biochemical sensing owing to their unique properties, such as
high surface area, tunable pore size, and chemical stability."*>"
MOFs can be designed to selectively bind to specific biomolecules,
such as proteins, nucleic acids, or small molecules, allowing for
the development of highly sensitive and selective biosensors.
For instance, MOFs can be functionalized with specific ligands
to recognize and bind to target biomolecules, which can then be
detected through changes in fluorescence, absorbance, or other
optical properties.**> This enables the detection of biomarkers
for various diseases, such as cancer, diabetes, or neurological
disorders, with high accuracy and sensitivity. Additionally, MOFs
can be integrated with other sensing technologies, such as
electrochemical or piezoelectric sensors, to enhance their detec-
tion capabilities.>® Overall, MOFs offer a powerful platform for the
development of next-generation biochemical sensors with high
sensitivity, selectivity, and versatility.** "

The synergy between combining two materials, such as MOFs
and NCs, has been not been well-explored in biochemical sensing
applications. The porous structure of MOFs and their adjustable
pore sizes make them ideal hosts for precisely integrating nano-
clusters, allowing control over their size, composition, and dis-
persion within the matrix.*> Moreover, the tailored binding sites
within MOFs can selectively target specific analytes, improving the
sensor’s ability to distinguish desired compounds, while reducing
interference from background substances. Additionally, the con-
finement effect within MOFs enhances the stability and lifespan
of nanoclusters, ensuring sustained sensor performance. This
synergy can lead to enhanced sensing performance, improved
stability, selectivity, and increased sensitivity.

The aim of this review is to provide a comprehensive
analysis of the latest developments in atomically precise NCs,
and their incorporation with MOFs for applications in bio-
chemical sensing. This review will focus on the critical chal-
lenges associated with the stability and functionality of NCs,
offering insights into how these obstacles can be addressed.
Additionally, it will highlight the synergistic advantages gained
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from combining NCs with MOFs, which significantly enhance
the sensitivity, selectivity, and durability of the sensors.
By exploring these advancements, the review aims to outline
the potential of MOF-NC composites in revolutionizing the field
of biosensing and fostering the development of highly advanced,
next-generation biosensors. Our review stands out as the first
comprehensive analysis focusing specifically on the integration
of atomically precise NCs with MOFs for biochemical sensing
applications. While previous reviews have addressed NCs or
MOFs independently in various sensing domains, none have
explored the synergistic interplay between these two advanced
materials in such depth. This review not only highlights the
critical challenges associated with the stability and functionality
of NCs but also provides unique insights into how their incor-
poration into MOFs can address these limitations, enhancing
the sensor performance in terms of sensitivity, selectivity, and
durability.

2. An overview of metallic
nanoclusters (NCs) and metal organic
frameworks (MOFs), and their
integration

As mentioned earlier, NCs and MOFs are two types of nano-
materials that have gained much attention for the advancement
of sensing technologies in recent years. In this section, a
comprehensive overview of these nanostructures and their
integrated form is provided.

2.1. Metallic nanoclusters (NCs)

Metallic nanoclusters (NCs) are ultra-small clusters of metal
atoms, typically less than 2 nanometers in size, with unique
properties due to quantum confinement effects.**** These clus-
ters exhibit distinct optical and catalytic behaviors that differ
from those of bulk metals or larger nanoparticles (nano-scale
materials bigger than 3 nm), as shown in Scheme 1A. Their
exceptional sensitivity to environmental changes, combined
with tunable characteristics through precise control over size,
composition, and surface chemistry, makes them particularly
valuable in various applications, including catalysis and
sensing.>*?> These NCs are frequently stabilized by ligands or
other molecules that inhibit aggregation and help preserve their
unique properties.

In biochemical sensing, metallic NCs offer enhanced sensi-
tivity and specificity, allowing for the detection of minute
concentrations of biomolecules with high precision. Their surfaces
can be functionalized to target specific analytes, improving selec-
tivity. Additionally, their ability to emit at distinct wavelengths or
respond to various analytes enables multiplexing, making them
versatile tools in diagnostics, environmental monitoring, and
biomedical research.>®*” Their biocompatibility further extends
their potential use in in vivo sensing applications, providing a
powerful platform for real-time detection and the monitoring of
biological processes.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (A) Comparison of the sizes between an atom, a nanocluster and nanoparticles. (B) Improved analytical figures of merits of NCs@MOFs.
(C) Fluorescent and/or non-fluorescent MOFs with NCs. (D) Different fabrication methods of NCs@MOF nanocomposites.

NCs face specific challenges that must be addressed to
expand their applications. A primary concern is their instability,
which often leads to aggregation and a loss of their distinctive
properties. This instability arises from their high surface free
energy, a consequence of their extremely small size. To address
this problem, encapsulation within the framework is one strategy
that can be used to increase the NCs’ stability, such as using MOF.
From here, synergism of the properties of both NCs and MOFs
arises and new phenomena also evolve, such as dual-emitting
fluorescence (Scheme 1B).

2.2. Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are crystalline materials
formed by metal ions or clusters linked by organic ligands,
creating a highly structured network.’®*** These frameworks
are characterized by their large surface areas, high porosity,
and adjustable pore sizes.*>™*® Their chemical versatility and
unique structural properties make MOFs suitable for diverse
applications, including gas storage, catalysis, and drug
delivery.**>?

MOF synthesis usually occurs through solvothermal or
hydrothermal methods, where metal salts react with organic
ligands in a solvent under high temperatures. By altering the
metal ions, organic ligands, and reaction conditions like tem-
perature, pressure, and solvent, the properties of the MOF can
be tailored.>*™> Due to their unique structures, MOFs are
highly adaptable to integration with other functional nano-
materials, and can act as precursors or templates to prepare
MOF-based composites with exceptional physical and chemical
characteristics.>>>’

This journal is © The Royal Society of Chemistry 2025

MOFs have several characteristics that make them highly
suitable for chemical sensing, such as their high porosity and
extensive surface area, which facilitate strong interactions with
target molecules, boosting detection sensitivity. MOFs’ custo-
mizable pore sizes and selective structures enhance their ability
to capture specific analytes, improving selectivity even in
complex samples.’® Additionally, MOFs can be functionalized
with specific binding sites or reactive groups to target particular
chemicals. Some MOFs also exhibit luminescent properties,
which can be used in fluorescence-based detection, enabling
sensitive optical signals.”>>° Together, these properties make
MOFs versatile and reliable platforms for chemical sensing in
diverse applications.’®>"%%~%

Despite their promising characteristics, MOFs still face
several limitations in practical applications for sensing. While
MOFs offer high porosity, customizable structures, and
chemical functionality, they often exhibit limited selectivity,
especially when used in complex matrices with multiple ana-
Iytes. This low selectivity can result in interference from other
substances, reducing the accuracy of the detection process.
Additionally, multiplex analysis in complicated matrices
remains challenging, as MOFs may struggle to differentiate
between structurally similar molecules. MOFs also face issues
with stability; some frameworks degrade under harsh environ-
mental conditions, which limits their long-term usability and
reliability. Lastly, the sensitivity of MOFs in detecting low-
concentration analytes can sometimes be insufficient, particu-
larly when compared to other advanced sensing materials.
Addressing these limitations is crucial for advancing the utility
of MOFs in real-world sensing applications.

Mater. Horiz., 2025, 12, 3301-3319 | 3303
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MOFs have been integrated with other nanomaterial entities
to enhance their functionalities and capacities, such as with
molecular imprinted polymers (MIPs),*! metal oxides,*> metal
nanoparticles,®® antibodies,®” and carbon dots.®®

NCs are another alternative promising material that can be
used to form a hybrid composite via merging with MOFs. This
integration helps to overcome the individual limitations of each
material, and produces distinctive new properties (Scheme 1B).
All the improved characteristics affect the figures of merits in
biochemical-based probes for sensing applications.

2.3. NCs @MOFs nanocomposites with fabrication methods

One of the promising strategies to mitigate the limitations of
NCs and MOFs is their integration as NCs@MOFs. This section
comprehensively discusses the methods for their integration
and the associated advantages.

A variety of methods can be leveraged for the synthesis of
NCs@MOF nanocomposites, which are introduced below.

2.3.1. Surface anchoring. Surface anchoring is the simplest
approach for integrating or immobilizing NCs with MOFs,
often achieved through a basic wet impregnation process.
Generally, combining pre-synthesized MOFs and NCs in a
single step can attach the NCs to the MOF’s outer surface,
provided that the NCs are larger than the pore size of the MOF
matrices.®

2.3.2. In situ method. In situ synthesis is a method for the
preparation of materials or compounds directly within its
original reaction medium, rather than first synthesizing them
separately and then incorporating it into the final system. In
materials science, this approach means forming the compound
or material at the site where it will be applied, which can
improve integration and enable more precise or efficient pro-
duction. Here, in situ synthesis involves the preparation of
nanoclusters and MOF during the formation of both, rather
than adding pre-made nanoparticles afterward.

Li et al.”® have in situ prepared CuNCs using Cu-MOF as the
template and 2,3,5,6-tetrafluorobenzenethiol (TFTP) as the
redundant, as shown in Fig. 1A.

2.3.3. Entrapment method (pre-confined). In this method,
the prepared nanoclusters are introduced into the MOF struc-
ture. This can be achieved by adding the nanocluster solution
to the MOF precursor solution or by post-synthetic methods,
where the nanoclusters are introduced into pre-formed MOF
structures.”*

CuNCs@ZIF-8 were prepared after the synthesis of nano-
clusters, followed by mixing with ZIF-8 precursors.”’ As shown
in Fig. 1B, Zn** ions and CuNCs are combined, and then 2-methyl
imidazole (2 Mlm) is added to form ZIF-8, while simultaneously
incorporating CuNCs. The process of incorporating CuNCs into
ZIF-8 might occur in two stages. In the initial stage, a coordination
complex forms between Zn>* and CuNCs, resulting in the neu-
tralization of the surface charge of CuNCs, as evidenced by the
change in the zeta potential of the particles from negative to
positive. In the second stage, Zn*" ions detach from the surface of
CuNCs, leading to the formation of CuNC/ZIF-8 composites,
driven by the strong binding affinity of 2-MIm for Zn*" ions.

3304 | Mater. Horiz., 2025, 12, 3301-3319
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Fig. 1 (A) Diagram of the synthesized probe. Reproduced with permission
from Elsevier.”® (B) Preparation of a nanocomposite of CuNCs@ZIF-8 via
an entrapment method. Reproduced with permission from Wiley.”
(C) Representative scheme of the synthesis of Pd@ZIF-8. Reproduced with
permission from the American Chemical Society.”?

Li et al.”* used the entrapments (impregnation) method to

prepare Pd NCs inside the ZIF-8 (Fig. 1C). In this work, PANCs
with an average size of 1.4 nm were synthesized using ZIF-8 as a
matrix via an impregnation-reaction (entrapment) method. The
advantage of this method is the ability to obtain small size
PdNPs within the confined channels of ZIF-8. Furthermore, due
to the strong chemical interaction between PANCs and ZIF-8,
the clusters are highly stable.

3. Improved characteristics of
NCs@MOF nanocomposites

As previously noted, metallic NCs face several significant chal-
lenges, including low fluorescence quantum yield, limited
catalytic activity, and inherent instability. These limitations
restrict their broader application in various fields. On the other
hand, MOFs offer a range of valuable properties, such as high
porosity, large surface area, and a tunable surface structure,
along with customizable luminescence. By combining these
two nanostructures, NCs and MOFs, the strengths of each can
be harnessed to counterbalance the weaknesses of the other
(Scheme 2). This integration results in the formation of hybrid
materials that exhibit unique and enhanced properties, such as

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 A scheme summarizing the enhanced properties of NCs@MOFs.

improved stability, higher fluorescence yield, and increased
catalytic performance. This synergy opens up new possibilities
for advanced applications in sensing, catalysis, and beyond.

3.1. Stability

The stability of nanomaterials in sensors is crucial for ensuring
the accurate and reliable detection over time, especially when
exposed to varying environmental conditions, such as tem-
perature fluctuations, humidity, storage time, or chemical
interactions.”® Stability refers to the material’s ability to maintain
its physical, chemical, and functional properties under these
conditions, which is essential for preventing degradation, struc-
tural changes, or loss of performance. Unstable materials can lead
to inaccurate readings, reduced sensitivity, and sensor degrada-
tion, compromising the entire sensing process. For a sensor to
be effective in real-world applications like medical diagnostics,
environmental monitoring, or industrial applications, the mate-
rial must resist factors such as extreme temperatures, moisture,
and prolonged chemical exposure. Achieving long-term stability
enhances the sensor’s durability, lifespan, and ensures high
sensitivity, selectivity, and reproducibility, all of which are critical
for the reliable and consistent detection of target analytes.

NCs@MOF nanocomposites increases the stability of nano-
clusters due to the decreased aggregation of the clusters or
decreased metal oxidation inside the MOF.”* In CuNCs@ZIF-8,
the fluorescence intensity of pure CuNCs is rapidly quenched
under ambient conditions, with a reduction of over 50% in
5 hours. In contrast, CuNC@ZIF-8 showed only a minor
decrease (less than 15%) in fluorescence intensity even after
two weeks of storage. This enhanced stability is attributed to
the protective effect of ZIF-8, which reduces the likelihood of
oxidation of the metal core in the clusters.”" Therefore,
NCs@MOFs increases the shelf-life of the composite, improv-
ing its economic value by eliminating the need for daily or
weekly preparation. This increased stability makes the compo-
site highly suitable for off-site paper tests.

This journal is © The Royal Society of Chemistry 2025

3.2. Enhanced luminescence

Enhanced luminescence is crucial for improving the sensitivity
and accuracy of biochemical sensing, allowing for the detection
of low concentrations of analytes. It enhances the signal-to-
noise ratio, making it possible to identify subtle changes in
analyte levels. This leads to the more precise detection of trace
amounts of biological markers or pollutants, expanding the
range and effectiveness of biochemical sensors.

Jalili et al.”* prepared AuNCs@ZIF-8 and noticed significant
enhancement of the fluorescence quantum yield by 15 times.
They attributed this enhancement to the confinement-assisted
emission enhancement. The confinement-assisted emission
enhancement is the process where the luminescence of a
material is amplified due to its physical or chemical confine-
ment within a host structure, such as a porous framework or
matrix. This enhancement occurs through various mechan-
isms, including the suppression of non-radiative decay by
restricting molecular vibrations and motions, the rigidity of
the host material minimizing energy dissipation, and the
prevention of aggregation-induced quenching by spatially
separating luminescent species.

Meanwhile, Xia et al.”> prepared AuNCs@ZIF-8 and showed
almost 7.0 times enhancement in the quantum yield, and
longer fluorescence lifetime from 2.29 ps to 11.51 pus compared
with AuNCs. This enhancement is due to aggregation-induced
emission owing to the confinement effect.

3.3. Dual-emission design

Dual emission design is highly important for ratiometric and
color tonality analysis.”®” In this context, NCs@MOFs can
achieve dual-emission in many ways, as shown in Scheme 1C.
The first approach uses one emitting NC with one emitting
MOF.?® The second approach involves a single emitting NC
paired with an emitting fluorophore encapsulated within a
non-emitting MOF. Here, we refer to a scenario with two
distinct emitting fluorophores within the non-emitting MOF:

Mater. Horiz., 2025, 12, 3301-3319 | 3305
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the first being NCs and the second potentially being a non-NC,
such as an organic dye.®' Ratiometric analysis utilizes dual-
emission to measure the ratio of two different emission signals,
which enhances the accuracy and reliability of detection. This
technique improves the measurement precision by correcting
for variations in the concentration, environmental conditions,
or instrument performance. By evaluating the ratio of the two
signals, ratiometric analysis ensures more consistent and sen-
sitive detection of analytes, making it ideal for complex appli-
cations such as quantitative assays, environmental monitoring,
and biomedical diagnostics. This method minimizes errors and
helps distinguish between closely related substances.

Ma et al® designed a ratiometric platform from blue
fluorescent MOF, UiO-66-NH,, with orange CuNCs. The ratio-
metric platform was used for the detection of glutathione.

4. Applications of NCs@MOFs in
sensing applications

Metal NCs are integrated with different kinds of MOFs for
various sensing applications. Herein, various NCs@MOFs that

have been classified based on the types of metal nanoclusters
and their applications in the sensing of various analytes in the

Table 1 NCs@-MOFs in various fluorescence-based sensing applications
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field of biochemistry are discussed. Table 1 provides a summary
of various NCs@MOFs in biochemical sensing applications.

4.1 Au NCs@MOFs

AuNCs are gaining significant interest across various fields of
nanotechnology. These tiny, sub-nanometer particles exhibit
molecular-like electronic transitions between their HOMO and
LUMO energy levels, as a consequence of their very small
(finite) cluster size. Due to this distinctive electronic structure,
Au NCs display notable photoluminescent properties, opening
up exciting possibilities for optical applications.

Su et al.'® have prepared 2D nanosheets of Zr-based MOF
(521-MOF) embedded with AuNCs for the electrochemical
aptasensor detection of cocaine (Fig. 2A). The AuNCs@
Zr-MOFs were prepared under mild conditions via one-pot
synthesis. The 2D AuNCs@Zr-MOF nanosheets showed a high
specific surface area, physicochemical stability, good electro-
chemical activity, and strong affinity toward biomolecule-
bearing phosphate groups. The cocaine aptamer strands can
be attached to 2D AuNCs@Zr-MOF nanosheets, developing a
selective and sensitive platform for cocaine. The cocaine apta-
mer was successfully immobilized onto the nanocomposite-
modified electrode surface via robust n-n stacking interactions

NCs@MOFs Nanoclusters Detection targets Linearity range LOD Ref.
CD@ZIF-CuNC CuNCs Uric acid, H,0, 1-100 pM, 1-30 uM 0.30 1M, 0.33 UM 83
Cu NCs@Cu-MOF CuNCs H,0, — 72.5 nM 70
2,4-DNP — 67 nM
CuNCs/ZIF-8 CuNCs H,O0, 0.01-1.5 ptM 0.01 uM 84
CuNCs@ZIF-8 CuNCs Tetracycline 1.0-10.0 M 0.30 uM 35
CNCs@ZIF-8 CNCs Nitrofurazone, lysine — 0.0229 uM 85
— 0.0096 uM
B-CuNCs@ MIP@ZIF-8 B-CuNCs Ascorbic acid 4.0-22.0 pyM 1.56 uM. 34
Ui0-66-NH,@Cu NCs CuNCs GSH, Cys — — 82
MOF@ CuNCs CuNCs Trinitrotoluene — — 86
Cu NCs@Tb-GMP CuNCs Alkaline phosphatase 0.002-2 U mL™" 0.002 U mL ™" 87
CuNCs-AI**/ZIF-90 CuNCs Adenosine triphosphate 1-2000 pM 0.67 UM 88
Cu NCs-Al@ZIF-90 CuNCs Adenosine triphosphate 0.2-0.625 mM 0.034 mM 89
CuNCs@Tb@UiO-66-(COOH), CuNCs cu® — — 90
CuNCs@ZrMOF CuNCs AP 0-60 uM 139 nM 91
KA-Cu NC/MIL-53(Fe) CuNCs S~ 0.05-5 uM 18 nM 92
AuCuNCs@MOF AuNC and CuNC Tetracycline 20-650 nM 4.8 nM 93
gCDc/AuNCs @ ZIF-8 AuNCs Cephalexin 0.1-6 ng mL " 0.04 ng mL ™" 94
AuNCs@ZIF-8 AuNCs 3-Nitrotyrosine 5-200 nM 1.8 nM 74
AuNCs@ZIF-8 AuNCs MicroRNA — — 95
CDs/AuNCs@ ZIF-8 AuNCs Adenosine triphosphate — 0.061 uM 96
AuNCs@ MOF AuNCs Adenosine triphosphate — — 97
AuNCs@ZIF-8 AuNCs Acetylcholinesterase — 0.4 mU mL ™" 81
GSH-Au NCs@ZIF-8 AuNCs Rutin — 10 nM 98
AuUNCs@ZnGlu-MOFs AuNCs H,0, — — 99
CDs/AuNCs@ZIF-8 AuNCs cu* 103-10° uM 0.3324 nM 100
GSH-Au NCs@ZIF-8 AuNCs cu®* — 0.016 pM 101
AuNCs/Zn-MOF AuNCs Zn** 12.3 nM-24.6 pyM 6 nM 102
CDs/AuUNCs@ZIF-8 AuNCs Hg>" 800 nM-10 uM 77 pM 103
AuNCs/MIL-68(In)-NH,/Cys AuNCs Hg* 20 pM-0.2 UM 6.7 pM 104
0.2-60 uM
MNPs/ATT-AuNCs@ZIF-8 AuNCs ng * — — 105
AgNCs/BPQDs/MOF AgNCs Baicalin 0.01-500 uM 3 ng mL™" 106
ZIF-8@Pd NCs Pd NCs Glucose, cholesterol — 0.10 uM 72
— 0.092 uM

3306 | Mater. Horiz., 2025, 12, 3301-3319
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and covalent bonding between the oligonucleotide and the
AuNCs@Zr-MOF framework.

The TEM and SEM images of AuNCs@Zr-MOF in Fig. 2
showcase a hierarchical nanoflower-like structure formed by
the self-assembly of randomly oriented nanosheets. These
nanoflowers, with diameters between 2.5 and 4.0 pum, are
composed of nanosheets that are approximately 350 nm thick.
HR-TEM images reveal aggregated nanosheets containing
numerous embedded Au nanoclusters (NCs), which are approxi-
mately 2.0 nm in size. The lattice spacing of these Au NCs is

This journal is © The Royal Society of Chemistry 2025
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around 0.23 nm, aligning with the (111) lattice plane of gold.
Electrochemical impedance spectroscopy (EIS) and differential
pulse voltammetry (DPV) were employed for the analytical mea-
surements. Different concentrations were then introduced into
the electrochemical measurement system (Fig. 2F). Notably, the
increase in AR versus the logarithmic plot of various cocaine
concentrations demonstrated a linear range between 0.001 and
1.0 ng mL™" (Fig. 2G). The AUNCs@Zr-MOF probe showed a high
sensitivity for detecting cocaine within a wide concentration range
of 0.001-1.0 ng mL ™, and the LOD of 1.29 pM and 2.22 pM, as
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determined by electrochemical impedance spectroscopy and dif-
ferential pulse voltammetry, respectively.

In another work, Li et al.'®* prepared the AUNCS@Zn-MOF
nanocomposite via in situ method for use in a fluorescence
turn-on mechanism for the detection of zinc ions (Fig. 3A).
Glutathione-capped AuNCs (GSH-AuNCs) were prepared via the
reduction of Au®*" ions by glutathione as reducing and capping
agents. They reported on the in situ formation of AuNCs@
Zn-MOF with the observed aggregation-induced emission
enhancement (AIEE) in an aqueous media. The fluorescence
quantum yield (QY) of Au NCs@Zn-MOF was 36.6%, which was
nearly 9 times that of the AuNCs alone due to the aggregation,
as claimed by Li and coworkers.'*

Fig. 3B shows the spherical shape GSH-AuNCs with a
diameter of about 2-3 nm and good dispersion. The prepared
AuNCs displayed no surface plasmon resonance at around
520 nm (Fig. 3C), suggesting the formation of AuNCs with a
diameter of less than 5 nm. Fig. 3D shows the fluorescence
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emission of GSH-AuNCs, with a peak emission at 570 nm when
excited at 410 nm. Under UV light at 365 nm, the GSH-AuNCs
exhibit a strong orange fluorescence (inset of Fig. 3D), and the
quantum yield (QY) is calculated to be 4.1%. The fluorescence
intensity of the GSH-AuNCs is increased significantly within Zn-
MOF, as shown in Fig. 3E. Conversely, control experiments con-
ducted without the MOF precursors, such as 2-MIM or Zn>" ions,
exhibit negligible changes in fluorescence. This fluorescence
enhancement of the AuNCs is likely a result of Zn-MOF formation.

In addition to the red AuNCs, blue-emitting AuNCs were
prepared and used. Red Eu-based MOF with blue-emitting
AuNCs were integrated for ratiometric fluorescence and visual
sensing of ATP by Zhou et al.®’

The addition of ATP leads to the decomposition of Eu-MOF
due to the strong affinity of Eu®*" with ATP (Fig. 4A). Hence,
a ratiometric platform was obtained and the red emission of
Eu-MOF decreases, while the blue emission of AuNCs remains
unchanged. The AuUNCs@Eu-MOF nanocomposite was prepared
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Fig. 3 (A) Preparation scheme for the AUNCs@Zn-MOF nanocomposite. (B) TEM digital micrograph of GSH-AuNCs. (C) Absorption of GSH (black line),
GSH-AUNCs (red line) and Au®* (blue line). (D) Excitation (black line) and emission (red line) spectra of GSH-AUNCs; inset: photograph of the GSH-AUNCs
solution under UV light at 365 nm. (E) FL spectra of GSH-AUNCs (in 0.01 M HAc—NaAc buffer) coexisting with 0.43 mM 2-MIM and 12.3 mM Zn?* (black

line); 0.43 MM 2-MIM (dark cyan line); 12.3 mM Zn?* (red line); nothing (blue line). Reproduced with permission from the American Chemical Society.
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Excitation wavelength: 365 nm. Reproduced with permission from Elsevier.®

through self-assembly using Eu®* ions and isophthalic acid as the
precursors of MOF in the presence of bovine serum albumin-
AuNCs (BSA-AuNCs).

The AuNCs@EuMOF platform demonstrated its effective-
ness in solution, prompting further exploration into on-site
ATP detection, with the material applied to paper (Fig. 4B).
When ATP solution droplets were added to the test strips,
the color of the paper spots shifted from pink to light blue
under UV light as the ATP concentration increased from 0 to
750 umol L™". To assess the ATP levels, RGB values from the
paper sensor were recorded using a smartphone app (Fig. 4C).
Fig. 4D shows a strong linear relationship (R* = 0.986) between
the ratio of the green-to-red channel and ATP concentration,
ranging from 25 to 750 umol L. These results indicate that the
AuNCs@EuMOF on the test paper allows for portable, quantitative
ATP detection with the simple use of a smartphone.

As a control experiment, BSA-AuNCs exhibit strong blue
fluorescence with the emission peak at 446 nm, and Eu-MOF
exhibits the characteristic red emission of Eu** with the emis-
sion peak at 616 nm owing to the antenna effect (Fig. 4E and F).

As depicted in Fig. 4G, the emission spectrum of AuNC-
S@Eu-MOF reveals peaks associated with both BSA-AuNCs and
Eu®’. Interestingly, the intensity of the dual emission was
significantly influenced by the ratio of AuNCs to Eu**, with

This journal is © The Royal Society of Chemistry 2025
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the intensity ratio of Eu-MOF to AuNCs (Is16/I446) reaching its
peak at a 40:1 ratio. When the concentration of AuNCs was
increased during synthesis, a slight decline in the emission
band of Eu-MOF was observed, likely due to the coordination of
carboxylate groups in BSA-AUNCs with the Eu®* centers. Addi-
tionally, the researchers evaluated the fluorescence stability of
AuNCs@Eu-MOF in aqueous solutions. The fluorescence inten-
sity in Tris-HCl (pH 7.4) remained relatively stable over a
24-hour period, demonstrating good stability, as shown in
Fig. 4H.

A surface modification strategy was employed to effectively
adjust the NIR fluorescence properties of AuNCs by leveraging
the beneficial attributes of ZIF-8.%" The resulting AUNCs@ZIF-8
composites exhibited enhanced NIR fluorescence intensity at
830 nm, which is 190 nm longer than the emission wavelength
of AuNCs without ZIF-8 encapsulation. Experimental results
indicated that the long-wavelength emission arises from a
ligand-metal charge transfer process in AuNCs, which is attrib-
uted to the confinement effect. By incorporating Rhodamine B
into NIR-emitting AuUNCs@ZIF-8 nanocomposites, a ratiometric
fluorescent sensing platform was designed for detecting acet-
ylcholinesterase (AChE). This sensing platform exploits the
fluorescence increase of AuNCs in response to thiolates. The
AuNCs@ZIF-8/RhB platform provides high sensitivity with a
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detection limit of 0.4 mU mL™", and demonstrates strong
specificity against typical biological interferences.

4.2. CuNCs@MOFs

CuNCs are gaining attention in biochemical sensing due to their
distinct optical, catalytic, and electronic properties. Composed of
only a few atoms, CuNCs exhibit strong, size-dependent fluores-
cence and excellent biocompatibility, which enhances their sensi-
tivity in detecting biomolecules. They also offer cost-effective
alternatives to noble metals like gold and silver, while main-
taining high efficiency in biosensing applications.'®® These
nanoclusters are used to detect various biological targets,
including DNA, proteins, and metal ions, through fluorescence

CuNCs

View Article Online
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or catalytic signal amplification. Advances in stabilizing CuNCs
in different environments have further broadened their appli-
cations in biochemical sensing and diagnostics.

Rogach et al.”* prepared and encapsulated CuNCs into MOF
to enhance the stability and emission intensity (Fig. 5A). The
prepared CuNCs@MOF was utilized for the detection of trini-
trotoluene, with the CuNCs being uniformly dispersed across
the entire MOF structure. As shown in Fig. 5B, the TEM image
reveals that the CuNCs are highly uniform in size, with a
diameter of less than 2 nm, and exhibit a near-monodisperse
distribution. The CuNC@ZIF-8 nanocomposite particles are
also monodisperse but with smaller size, with an average
diameter of 80 nm, as shown in the TEM image in Fig. 5C.
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Fig. 5 (A) Schematic of the synthesis of Cu NC/ZIF-8 composites from Zn?* ions, 2 Mim and Cu NCs. (B) TEM image of CuNC. (C) TEM image of
CuNC@ZIF-8. (D) Photoluminescence spectrum (red) excited at 365 nm and excitation spectrum (black) with a detection wavelength of 600 nm of
CuNCs (dotted lines) and CuNC@ZIF-8 (solid lines). Inset shows a photograph of light-emitting solutions containing Cu NCs (left cuvette) and
CuNC@ZIF-8 composites (right cuvette). (E) Fluorescence decays of CuNCs (black) and CuNC@ZIF-8 composites (red); (F) relative fluorescence intensity
(at 600 nm) of CuNCs after different storage times (hours) as compared to (G) the fluorescence intensity of the CuNC@ZIF-8 composites (stored for
days). Reproduced with permission from Wiley-VCH GmbH.”
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The CuUNC@ZIF-8 composites exhibit a strong emission peak seen in the bare CuNCs. This blue shift in the emission of

at 600 nm (orange emission, as indicated in the inset of CuNCs upon their incorporation into ZIF-8 is attributed to
Fig. 5D), contrasting with the weak red emission at 620 nm the enhanced inter-Cu interactions relative to the intra-Cu
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Fig. 6 (A) Schematic depicting the selective discrimination between GSH and Cys, utilizing UiO-66-NH, and UiO-66-NH,@CuNCs as the detection
platforms. (B) Excitation (dotted line, Zem = 450 nm) and fluorescence (solid line) spectra of UiO-66-NH, (shallow blue line), in the presence of GSH
(blue line) and Cys (cyan line), with the photographs under UV light shown as the inset. (C) Emission spectra of UiO-66-NH,@GSH (blue line) and UiO-66-
NH>@CuNCs (pink line), after injection into ethanol, with their photographs under 365 nm UV light shown in the inset. (D) Fluorescence spectra of
UiO-66-NH,@CuNCs on addition of different concentrations of GSH. (E) Calibration curve of UiO-66-NH,@CuNCs vs. different concentrations of GSH.
Reproduced with permission from Elsevier.8?
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interactions within the clusters, leading to an increase in the
average distance between Cu(i) ions.

This aligns with the positions of the fluorescence excitation
spectra for both bare and CuNCs@MOF, as depicted in Fig. 5E.
The fluorescence quantum yield (QY) increased by over 20-fold,
rising from 0.5% for CuNCs to 11% for Cu NC@ZIF-8 compo-
sites. The average fluorescence lifetime increased significantly
from 1.3 ps for the bare CuNCs to 11.1 ps after the clusters were
incorporated into the ZIF-8 framework.

The CuNCs stability is very important for various applica-
tions. As depicted in Fig. 5F and G, the fluorescence intensity of
pure CuNCs rapidly declines under ambient conditions, with a
reduction of over 50% in just 5 hours. In contrast, CUNC@ZIF-8
shows only a minor decrease (less than 15%) in fluorescence
intensity even after two weeks of storage. This enhanced
stability is attributed to the protective effect of ZIF-8, which
reduces the likelihood of oxidation of the metal core in the
clusters. Finally, they used CuNC/ZIF-8 composites as lumines-
cent probes for detecting TNT, an explosive and environmental
pollutant. The emission of these composites is selectively
quenched by even small amounts of TNT. The PL quenching
occurs within 15 minutes and remains stable with minimal
fluctuation over a 2-hour period. The quantitative concen-
tration range of TNT was 5 to 80 x 10°° M and the LOD was
8.5 x 107 ° M.

A ratiometric platform was designed for the detection of
glutathione (GSH) based on CuNCs@UiO-66-NH,.** The ratio-
metric assay was capable of discriminating and detecting GSH
and Cys.

The initial weak fluorescence of UiO-66-NH, was signifi-
cantly intensified after its reaction with GSH, as a result
of the rotation-restricted emission enhancement mechanism.
Moreover, the GSH-activated UiO-66-NH, was used as both a
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template and a reducing agent in the synthesis of orange-red
aggregation-induced emission (AEE)-active CuNC composites
(Ui0-66-NH,@Cu NCs), as depicted in Fig. 6A. This highlights
the dual functionality of UiO-66-NH, in facilitating the for-
mation of highly emissive CuNCs.

The introduction of GSH into the UiO-66-NH, structure
caused a significant 10-fold increase in fluorescence intensity,
particularly with enhanced excitation at 350 nm (Fig. 6B). In
comparison, the addition of Cys led to only a two-fold increase,
and the difference between the effects of GSH and Cys was
clearly visible under 365 nm UV light (Fig. 2a inset). This
suggests that the fluorescence enhancement at 450 nm is
closely associated with the interaction between GSH and the
amino groups on UiO-66-NH,.

Addition of Cu®" led to a new emission band at 600 nm,
along with the original blue emission of UiO-66-NH,@GSH at
450 nm (Fig. 6C).

As the concentration of GSH increased, the luminescence
intensity at 600 nm steadily rose, while there was only a slight
variation at 440 nm (Fig. 6E). A linear correlation between the
ratio and GSH concentration was noted within the 0.5-1.75 mM
range (Fig. 6F), with LOD for UiO-66-NH,@CuNCs being estab-
lished at 0.14 mM.

4.3. AgNCs@MOFs

Silver nanoclusters (AgNCs) are nanoscale aggregates of silver
atoms, typically less than 2 nanometers in diameter, exhibiting
unique optoelectronic properties due to quantum confinement
effects. They demonstrate strong photoluminescence, remark-
able catalytic activity, and antibacterial properties, making
them valuable in applications such as bioimaging, sensing,
and nanomedicine.'® The stability and reactivity of AgNCs are
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influenced by their size, structure, and the organic ligands used
during synthesis.

Chang et al'™® synthesized ZIF-8 and glutathione silver
nanoclusters (GSH-AgNCs) in situ to form a composite material
(GSH-AgNCs-ZIF-8), as shown in Fig. 7. Additionally, a lumines-
cent functional assembly of nanocomposites was achieved by
innovatively mixing the luminophores tetracarboxyphenyl zinc
porphyrin (TCPP-Zn) with GSH-AgNCs-ZIF-8, resulting in adjus-
table luminescence properties. The resulting composite served
as a highly efficient luminophore for constructing an electro-
chemiluminescence (ECL) sensing system for the detection of
iodide ions (I"), with an in-depth investigation of the ECL
mechanism. The ECL-based sensors demonstrated excellent
responsiveness to I within a linear range of 10 pM to 10 uM,
exhibiting selectivity, stability, and sensitivity.

4.4 PANCs@MOFs

A composite comprising 1.5 nm of PdNCs confined in the
matrix od ZIF-8 was prepared successfully by Li et al’>

PANCs@ZIF-8 was used as a peroxidase-like nanozyme for
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the fluorescent detection of glucose and cholesterol using
both glucose oxidase and cholesterol oxidase, respectively
(Fig. 8A).

The FE-SEM images (Fig. 8B) illustrate that Pd@ZIF-8
possesses a distinct dodecahedral structure, with an average
particle size of around 150 £+ 20 nm. Additionally, the PXRD
spectra shown in Fig. 8C confirm that the diffraction peaks
of the synthesized ZIF-8 are in perfect alignment with those
of the simulated ZIF-8, verifying that the material’s high
crystallinity remains intact even after the incorporation of
Pd nanoclusters. This consistency underscores the stability
of the ZIF-8 framework during the Pd loading process.
The absence of characteristic diffraction peaks for metallic
Pd suggests that the Pd nanoclusters are highly dispersed
within the ZIF-8 framework. Fig. 8D shows the TEM images
of the PANCs size in PA@ZIF-8. A fluorescent sensing plat-
form was constructed using the PANCs@ZIF-8 nanocompo-
site and thiamine as a fluorogenic substrate. A detection
linearity of 5 to 1000 pM and LOD about 0.9 pM were achieved
(Fig. 8B).
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Fig. 8 (A) Schematic of the synthesis of Pd@ZIF-8 and its peroxidase-like activity for the detection of H,O,, cholesterol, and glucose (bottom row).
(B) SEM image of Pd@ZIF-8. (C) XRD patterns of simulated ZIF-8, ZIF-8, and Pd@ZIF-8. (D) TEM image of Pd@ZIF-8 nanocomposite. Reproduced with

permission from the American Chemical Society.”?
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5. Conclusions and future
perspectives

The integration of atomically precise NCs with MOFs has
gained significant attention as a groundbreaking strategy in
the development of next-generation materials for biochemical
sensing applications. This approach exploits the complemen-
tary properties of both materials, not only enhancing their
performance and functionality, but also overcoming the indi-
vidual drawbacks that each material exhibits when used alone.
NCs are known for their high fluorescence quantum yield,
exceptional catalytic activity, and quantum-size effects, which
contribute to highly sensitive and efficient detection processes.
When integrated with MOFs, which are characterized by their
tunable pore structures, excellent stability, and selective binding
capabilities, the resulting NC@MOF composites exhibit remark-
able improvements in sensing performance. Specifically, the
incorporation of NCs within the robust framework of MOFs not
only preserves the NCs’ unique properties, but also enhances the
overall stability and selectivity of the sensor. The synergy between
NCs and MOFs leads to superior sensitivity, selectivity, and
stability in detecting target analytes, making these composites
highly effective for a wide range of biochemical sensing applica-
tions. This integrated approach represents a promising pathway
for the development of more efficient, reliable, and versatile
sensing platforms for environmental monitoring, healthcare diag-
nostics, and other critical applications.

One of the key challenges moving forward is enhancing the
emission properties of NCs when embedded within MOFs.
Achieving stronger and more stable luminescence will open
new avenues for NC@MOF applications in fluorescence-based
sensing and imaging. Strategies to boost the emission include
optimizing the spatial confinement of NCs within the MOF
matrix, fine-tuning the interaction between NCs and MOF
ligands, and engineering the MOF structure to minimize
quenching effects, while maintaining strong NC-MOF coupling.
Moreover, improving the stability of NCs within MOFs—parti-
cularly under harsh environmental conditions—is crucial for
extending the lifespan of these sensors. Developing MOF
structures that provide robust protection against NC aggrega-
tion and thermal degradation will be essential to ensure con-
sistent performance.

In biochemical sensing, selectivity poses another critical
challenge. The ability of NC@MOFs to distinguish specific
analytes, especially in complex biological matrices, depends
on the precise tailoring of MOF structures and functional
groups. Introducing selective binding sites or ligand modifica-
tions within MOFs can enhance the specificity for target
molecules, while reducing interference from other species. This
dual focus on improving luminescence properties and selec-
tivity is essential for advancing NC@MOF-based sensors for
biochemical applications.

Looking ahead, future research should focus on further
expanding the functionality of NC@MOF composites to unlock
their full potential. One promising direction involves the inte-
gration of additional functional groups or dopants into the
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MOF component, which would enhance their selectivity and
sensitivity toward specific target analytes. By tailoring the
MOF’s properties, it would be possible to create highly specia-
lized sensors capable of detecting a wide variety of substances
with increased precision. Moreover, there is significant
potential in designing multifunctional NC@MOF composites
that can simultaneously perform dual or even triple roles in
various applications, such as sensing, catalysis, and therapeutic
delivery. This would broaden the scope of their use in complex
systems, making them more versatile and efficient. Additionally,
exploring dynamic MOF structures that respond to external
stimuli—such as changes in temperature, pH, or light—could
further increase the adaptability of these composites. These
responsive systems could be fine-tuned to react to environmen-
tal or biological signals, thereby enhancing their utility in
diverse biochemical and environmental sensing applications.
With such innovations, NC@MOF composites could become
essential tools in the development of advanced sensing tech-
nologies, offering new capabilities and addressing challenges
across a variety of fields.

In summary, the NC@MOF composite platform holds
immense potential for next-generation sensor technologies.
Future work focusing on optimizing the emission properties,
stability, and multifunctionality will be key to unlocking the full
capabilities of these hybrid materials, driving their adoption in
commercial applications and expanding their role in catalysis,
energy, and biomedical fields.
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