Nano

Resea rch ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.26599/NR.2026.94908736

A
%)
=
=
<
2
.3
S
Q
(-4

Carbon dots@MOF composites: Synthetic strategies,

luminescence regulation, and emerging applications

Boyang Wang!, Nina Qian!(=), Siyu Lu?(=)

! Anhui Provincial Key Laboratory of Advanced Catalysis and Energy Materials, Anhui Key Laboratory of Optoelectronic
Magnetic Functional Complex and Nano Complex, School of Chemistry and Chemical Engineering, Anqing Normal University,
Angqing 261433, China

2 Pingyuan Laboratory, College of Chemistry, Zhengzhou University, Zhengzhou 450000, China

Nano Res., Just Accepted Manuscript ¢ https://doi.org/10.26599/NR.2026.94908736
https://www.sciopen.com/journal/1998-0124 on Apr. 14, 2026

© The Authors(s)

Just Accepted

This is a “Just Accepted” manuscript, which has been examined by the peer-review process and
has been accepted for publication. A “Just Accepted” manuscript is published online shortly after
its acceptance,which is prior to technical editing and formatting and author proofing. Tsinghua
University Press (TUP) provides “Just Accepted” as an optional and free service which allows
authors to make their results available to the research community as soon as possible after
acceptance. After a manuscript has been technically edited and formatted, and the page proofs
have been corrected, it will be removed from the “Just Accepted” web site and published
officially with volume and article number (e.g., Nano Research, 2025, 18, 94906990). Please note
that technical editing may introduce minor changes to the manuscript text and/or graphics which
may affect the content, and all legal disclaimers that apply to the journal pertain. In no event shall
TUP be held responsible for errors or consequences arising from the use of any information
contained in these “Just Accepted” manuscripts. To cite this anuscript please use its Digital Object

Identifier (DOI®),which is identical for all formats of publication.



https://www.sciopen.com/journal/1998-0124

TABLE OF CONTENTS (TOC)

Insert Table of Contents artwork here

This review outlines recent advances in CDs@MOF composites, with emphasis on their construction strategies, interfacial
structures, and luminescence regulation mechanisms under confinement effects.
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ABSTRACT: Carbon dots (CDs) have attracted considerable attention due to their tunable luminescence, good biocompatibility,
and environmental friendliness; however, they still suffer from limitations in solid-state stability and functional integration. Metal-
organic frameworks (MOFs), characterized by highly ordered porous structures and designable metal nodes and organic ligands,
provide an ideal platform for the construction of multifunctional composite materials. Integrating CDs with MOFs to form
CDs@MOFs composites not only effectively suppresses aggregation-induced quenching of CDs through the rigid confinement
effect of MOFs, but also enables precise regulation of the optical, chemical, and biological behaviors of CDs via interfacial
coupling and structural engineering. This review systematically summarizes the main construction strategies of CDs@MOFs
composites, with particular emphasis on the structural features and applicable scenarios of covalent and noncovalent coupling
modes. On this basis, the mechanisms by which MOFs modulate the luminescent behavior of CDs, as well as the latest
advances in their applications in sensing, lighting and display, food preservation, and biomedical therapy, are further discussed,
highlighting the unique advantages of CDs@MOFs systems in multifunctional integration, structural tunability, and device-
oriented applications. Finally, the current challenges faced by CDs@MOFs materials and their potential application prospects are
proposed. We hope that this review will inspire new design concepts and provide valuable guidance for the future development of
this promising field..
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1 Introduction

In recent years, the rapid development of optoelectronic and
luminescent functional materials has greatly promoted
technological advances in displays, lighting, sensing,
information security, and biomedicine [1-4]. As these
applications increasingly demand high performance,
environmental sustainability, and cost effectiveness,
extensive efforts have been devoted to exploring novel
material systems to improve device efficiency, stability, and
functional integration [5-7]. Although conventional
inorganic semiconductor quantum dots (e.g., CdTe and PbS),
perovskite materials, and organic small-molecule emitters
exhibit excellent optoelectronic properties, they often suffer
from harsh synthesis conditions, high material costs, and
concerns regarding environmental and biological safety,
which significantly hinder their large-scale practical
deployment [8-10]. Consequently, the development of
alternative materials that combine superior optical
performance with green sustainability and structural
tunability has become a central research focus in the field of
functional luminescent materials.

Carbon dots (CDs), as an emerging class of zero-dimensional
carbon-based nanomaterials, have demonstrated

remarkable potential in optoelectronic and luminescent
applications owing to their broad spectral absornanoption,
tunable emission behavior, high photostability, good
biocompatibility, and solution processability [11-13].
Nevertheless, standalone CDs systems still face substantial
challenges in achieving efficient solid-state emission,
maintaining high emission efficiency, activating room-
temperature phosphorescence, and realizing multifunctional
integration [14-16]. In parallel, metal-organic frameworks
(MOFs), featuring highly ordered porous architectures,
tunable chemical compositions, and abundant metal - ligand
functional sites, provide an ideal platform for constructing
advanced hybrid luminescent systems [17-19]. Compared
with other representative hybrid systems, such as
perovskite@MOF and semiconductor quantum dot@MOF
composites, CDs@MOF materials exhibit a distinct balance
between performance, stability, and environmental
compatibility [20]. Perovskite-based hybrids typically
possess high photoluminescence quantum yields and narrow
emission bandwidths, making them advantageous for high-
performance optoelectronic applications; however, their
intrinsic instability and toxicity (e.g., Pb-containing
components) significantly limit practical deployment.
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Semiconductor quantum dot@MOF systems also provide
size-dependent emission and relatively high efficiency, but

composites with stimulus responsiveness, multimodal
emission, and even chiroptical properties, conferring unique

often involve heavy metals and limited surface tunability advantages in anticounterfeiting, lighting and display
Table 1. Comparison of preparation for CDs@MOFs.
Synthesis Method Advantages Limitations Difficulty Usage
Level Frequency
* Simple and efﬁc;e;r;tt, hs;slit:ble for large-scale « Poor dispersion of CDs, possible
Direct Reaction between CDs « Direct interaction with MOF surfaces, « Harsh rezggf)ilgggggi tions ma Moderate Hich
and MOFs providing relatively high stability ffect MOF structurc and CD y g
« High flexibility, applicable to various CD— atiec r(s) rz:tigse a s
MOF combinations prop
« Synergistic assembly, better preservation of ¢ More complex synthesis process,
MOF structural features requiring precise control of reaction
Reaction between CDs and ¢ High-performance composites with tunable conditions Relatively Hich
MOF Precursors properties « Large differences in precursor difficult &
« High adaptability, allowing adjustment of compatibility may influence the
precursor ratios optical properties of CDs
) Stralghtforward;ﬁihgems process, time- * Non-uniform distribution of CDs,
Reaction between CDs « Efficient integration of CDs with MOFs, poter}tlzilly affec't ng Ferformancg d
Precursors and MOFs reduced cost * Optlca_ pr(l)plejrtl.e j of CDs {nay © Easy D
* Enhanced interfacial compatibility between subapgma %OEZZigontro over
CDs and MOFs
¢ One-pot mtegra;f;ﬂi sc}glstthesm, saving time « Qaplex process requiring
Reaction between CDs . . precise control over multiple
« Precise control over CD size and . .
Precursors and MOF distribution reaction parameters Difficult Low

Precursors

of the composites

« Improved optical performance and stability

¢ Possible interference with MOF
framework formation

[21]. In contrast, CDs@MOF composites offer superior
photostability, low toxicity, and rich surface functional
groups, enabling flexible modulation of optical and chemical
properties. These features make them particularly suitable
for sensing, bio-related applications, and multifunctional
platforms, although their relatively lower emission efficiency
and broader spectra may restrict their use in applications
requiring high color purity or lasing performance [22]. The
integration of CDs with MOFs to form CDs@MOFs
composites offers a new material design paradigm to
overcome the intrinsic limitations of conventional CDs and
to expand their functional scope [23].

Within CDs@MOFs systems, MOFs serve not merely as
physical supports or host matrices, but actively modulate the
structural evolution and photophysical processes of CDs
through spatial confinement effects, interfacial interactions,
and energy-level regulation. The rigid frameworks and
nanoscale pores of MOFs effectively suppress aggregation-
induced quenching and nonradiative decay of CDs under
solid-state conditions, thereby enabling enhanced emission
and efficient solid-state luminescence [24]. Moreover, the
local microenvironments created by metal nodes and
organic ligands can introduce spin-orbit coupling or rigidity-
induced effects, facilitating triplet-state stabilization and
radiative transitions, which ultimately activate long-lived
room-temperature phosphorescence [25]. In addition, the
high structural designability of MOFs endows CDs@MOFs

technologies, sensing, and biomedical applications [26].
Currently, significant progress has been achieved in the
synthesis strategies, coupling modes, and optical regulation
mechanisms of CDs@MOFs composites. However, most
existing studies focus on specific material systems or single
application scenarios, and a systematic understanding of the
coupling configurations between CDs and MOFs, the
structure-property relationships, and their general design
principles across different application fields remains
insufficient. Furthermore, although numerous reviews have
separately summarized advances in CDs or MOFs for sensing
and biomedical applications, comprehensive reviews
dedicated to CDs@MOFs hybrid systems-covering material
construction, luminescence regulation mechanisms, and
multifunctional applications-are still relatively scarce.
Therefore, this review provides a systematic overview of the
construction strategies and functional characteristics of
CDs@MOFs composites. Particular emphasis is placed on the
coupling modes between CDs and MOFs, the mechanisms by
which MOFs regulate the luminescent behavior of CDs, and
representative application advances in food preservation,
lighting and display, sensing, and biomedicine. Finally, the
current challenges related to emission efficiency, structural
controllability, and device integration are critically analyzed,
and future research directions are proposed, aiming to
provide guidance for the rational design and practical
application of CDs@framework hybrid materials.
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Figure 1. The strategies for the fabrication of CDs@MOFs.

2 Advantages of integrating CDs with MOFs

The integration of CDs with MOFs offers a unique structural
and functional platform for the construction of next-
generation multifunctional nanocomposites. Compared with
single-component systems, the most prominent feature of
composite materials lies in the synergistic integration of
distinct functional units, which enables properties that are
difficult to achieve by either component alone. CDs are a
class of zero-dimensional carbon-based nanomaterials with
a size of less than 10 nm [27]. Generally, CDs are considered
to be composed of a core-shell structure. The core contains
cross-linked structures and conjugated domains in different
proportions, while the shell contains polymer structures and
functional groups [28]. CDs feature controllable sizes,
tunable luminescence, good biocompatibility, and facile
surface functionalization; however, they are prone to
aggregation-induced quenching and limited structural
stability in solid-state applications. In contrast, MOFs
possess highly ordered porous architectures, designable
metal nodes and organic ligands, and excellent structural
robustness, yet they typically lack efficient and tunable
luminescent centers [29]. While both polymers and MOFs
can provide a confined environment, MOFs offer several
distinct features. First, MOFs possess highly ordered and
tunable porous structures, which enable more precise
control over spatial confinement compared to the relatively
disordered polymer networks [30]. Second, the well-defined
metal nodes and coordination environments in MOFs allow
for additional regulation of photophysical processes, such as
enhanced spin-orbit coupling or specific host-guest
interactions, which are difficult to achieve in conventional
polymer matrices [31]. Third, the crystallinity and structural
uniformity of MOFs facilitate more reproducible structure-
property relationships, which is beneficial for mechanistic
understanding and rational design [32]. The combination of
these two components not only leverages the rigid

confinement and framework protection effects of MOFs to
effectively suppress CDs aggregation and deactivation, but
also enables precise regulation of the optical, electrical, and
chemical behaviors of CDs through coordination interactions,
energy transfer, and interfacial coupling. Moreover, the high
specific surface area and well-defined pore channels of MOFs
provide an ideal platform for reactant enrichment, mass-
transport modulation, and multifunctional integration, while
CDs act as efficient signal transducers or photoresponsive

units that impart strong functional outputs. This
complementary and synergistic integration endows
CDs@MOFs systems with pronounced advantages in

luminescence regulation, sensing, anticounterfeiting, lighting
and display technologies, and biomedical applications. In
addition, the composite architecture allows for
multifunctional integration within a single platform. For
example, CDs can provide optical signal output, while MOFs
can simultaneously act as a structural scaffold, selective
adsorbent, or catalytic center. Such functional
complementarity is difficult to realize in individual materials
3 Preparation methods of CDs@MOFs

In studies on CDs@MOFs composites, the choice of synthetic
strategy plays a critical role in determining the final
structure, properties, and application performance of the
resulting materials. To achieve effective integration of CDs
with MOFs, a variety of preparation approaches have been
developed, including direct reactions, precursor-mediated
routes, and physical mixing strategies(Figure 1). Each
method exhibits distinct characteristics and advantages
during the synthesis process, enabling tailored control over
the dispersion, stability, and optoelectronic properties of
CDs according to specific application requirements (Table
1).

3.1 Direct reaction between CDs and MOFs

The direct reaction between CDs and MOFs represents a
simple and efficient synthesis strategy that is well suited for
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large-scale preparation [33]. Typically, pre-synthesized CDs
are directly mixed with pre-formed MOFs under appropriate
reaction conditions. With the assistance of heating, solvent
effects, or catalysts, the CDs can be uniformly dispersed and
stably embedded within the pores of the MOFs or anchored
onto their surfaces [34]. In general, direct CDs - MOFs
integration to construct CDs@MOFs composites can be
classified into two main approaches. The first relies on
physical mixing driven by electrostatic interactions between
oppositely charged CDs and MOFs [35]. As illustrated in
Figure 2a, a MIL-101-type MOF was synthesized via a self-
assembly strategy using chromium nitrate and terephthalic
acid as precursors [36]. The as-prepared MIL-101 was then
dispersed in ethanol, followed by the addition of CDs and
continuous mechanical stirring to obtain CDs@MIL-101
composites. Ui0-66, a positively charged MOF (+21.9 mV),
can be efficiently combined with negatively charged CDs
through electrostatic attraction to form CDs@UiO-66.
Furthermore, by employing UiO-66-NH, with a higher
positive surface charge (+41.3 mV) and folic-acid-modified
CDs bearing enhanced negative charge, the coupling
efficiency of the composite can be further improved [37]. In
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another example, Zhang et al. physically mixed CDs with
NAR@ZIF-8 and subsequently fabricated composite fibers
via electrospinning [38]. By varying the contents of CDs and
NAR@ZIF-8, the electrical conductivity, viscosity, and
surface tension of the spinning solution could be tuned,
thereby regulating the morphology and diameter of the
resulting fibers (Figure 2b). The second approach involves
post-synthetic modification using EDC/NHS chemistry to
covalently link CDs and MOFs [39]. In this strategy, EDC
activates carboxyl groups on the surface of CDs or MOFs to
form unstable o-acylisourea intermediates, which are prone
to hydrolysis. The introduction of NHS converts these
intermediates into more stable NHS esters with high affinity
toward amino groups, significantly enhancing the efficiency
of subsequent amide bond formation with -NH,
functionalities. As a result, the EDC/NHS system has been
widely employed as a representative “zero-length”
crosslinking strategy for covalent coupling between CDs and
MOFs. For instance, Chun et al. formed covalent bonds
between the amino groups of Ui0-66-NH; and the carboxyl
groups of CDs, thereby functionalizing UiO-66-NH, with CDs
to construct heterojunction composites (Figure 2c) [40].

>

CDs@Ui0-66-NH,

Figure 2. Prepared CDs@ MOFs by reaction between CDs and MOFs. (a) Physical mixing. Reproduced with permission
from Ref. [36], Copyright Elsevier, 2023. (b) Electrostatic adsorption. Reproduced with permission from Ref. [38], Copyright
Elsevier, 2023. (c) Post-modification. Reproduced with permission from Ref. [40], Copyright Elsevier, 2023.

3.2 Reaction between CDs and MOF Precursors
The reaction between CDs and MOF precursors (such as

metal salts and organic ligands) is typically carried out by
introducing CDs as functional components during the MOF
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synthesis process, allowing them to interact with metal ions
or organic linkers before the complete formation of the
MOFs crystalline framework [41, 42]. Compared with direct
mixing strategies, this approach enables CDs to participate in
the nucleation or early growth stages of MOFs, thereby
promoting more homogeneous incorporation within the
framework [43, 44]. Moreover, the abundant surface
functional groups of CDs (e.g., amino, carboxyl, and hydroxyl
groups) can effectively coordinate with metal precursors,
enhancing the structural stability of the composites,
reducing the likelihood of post-synthetic leaching, and
largely preserving the intrinsic structural characteristics of
the MOFs [45, 46]. Wang et al. introduced CDs during the
synthesis of MOFs, where the CDs acted as internal
nucleation templates and the MOFs self-assembled around
them. Scanning electron microscopy (SEM) analysis showed
that the pristine MOFs exhibited a well-defined rhombic
octahedral morphology [47]. After the incorporation of CDs,
the morphology of the resulting CDs@MOFs composites
changed significantly. With increasing CDs content, the MOFs
surface evolved from smooth to rough, accompanied by a
gradual decrease in particle size. This trend highlights the
crucial role of CDs as nucleation regulators, which interfere
with crystal growth and thereby modulate the size and
surface texture of the resulting MOFs structures (Figure 3a).
Ha et al. prepared CD@MOF composites using zirconium
clusters as the metal nodes and biphenyl-4,4'-dicarboxylic
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acid (H:bpdc) as the organic linker. The structures of the
CDs@MOFs composites were investigated by SEM and
transmission electron microscopy (TEM). The pristine MOFs
exhibited a nanoflower-like morphology, and the CDs@MOFs
composites displayed a similar nanoflower-like structure
with a slightly larger size than that of the original MOFs [48].
These observations indicate that the introduction of CDs did
not disrupt the intrinsic MOFs framework. TEM analysis
further confirmed the presence of CDs within the
CDs@MOFs composites (Figure 3b). Using an ultrasound-
assisted method, Boonmak et al. incorporated CDs into
benzene-1,3,5-tricarboxylic acid to fabricate CDs@HKUST-1
composites [49]. Owing to the large pore size and
functionalized pore surfaces of HKUST-1, the framework can
not only serve as a host for loading CDs but also capture
guest molecules. Notably, the emission intensity of the as-
prepared CDs@HKUST-1 was very weak, which was
attributed to energy transfer from the CDs to the Cu?*
centers in HKUST-1 (Figure 3c). In another study, CDs were
embedded into the three-dimensional porous structure
during the growth of ZIF-8, enabling the in-situ preparation
of highly luminescent CDs@ZIF-8 nanocomposites [50]. The
formation of CDs@ZIF-8 is believed to arise from
coordination interactions between Zn?* and N-containing
groups or terminal carboxyl groups on the surface of CDs
during the growth of the ZIF-8 framework (Figure 3d).
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Figure 3. Prepared CDs@ MOFs by reaction between CDs and MOF precursors. (a) CDs act as nucleation regulators during
MOFs crystallization. Reproduced with permission from Ref. [47], Copyright Elsevier, 2026. (b) CDs incorporation preserves
the intrinsic MOFs nanoflower architecture. Reproduced with permission from Ref. [48], Copyright Elsevier, 2024. (c)
Interfacial energy transfer quenches CDs emission in HKUST-1. Reproduced with permission from Ref. [49], Copyright Royal
Society of Chemistry, 2022. (d) Coordination interactions enable in situ confinement of CDs in ZIF-8. Reproduced with

permission from Ref. [50], Copyright Elsevier, 2023.
3.3 Reaction between CDs precursors and MOFs
This strategy involves introducing CDs precursors into

preformed MOFs, allowing the confined microenvironment
of the MOF to participate in and regulate the carbonization
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process [51]. Small-molecule or polymeric precursors are
first infiltrated into the pores or channels of the MOF,
followed by thermal, hydrothermal, or chemical treatments
to induce in situ carbonization, yielding CDs with spatial
confinement and structures templated by the host
framework. Benefiting from the well-defined porosity and
chemical tunability of MOFs, this approach enables precise
control over the nucleation sites, size distribution, and
surface functionalities of the resulting CDs [52]. Moreover,
because carbonization occurs within or on the surface of the
MOF architecture, the obtained CDs@MOFs composites
typically exhibit intimate interfacial contact and enhanced
electronic or catalytic coupling This method is particularly
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attractive when precise control over the size or spatial
distribution of CDs is required. MIL-53(Fe) features
diamond-like channels that facilitate the ingress and
enrichment of small molecules. Li et al. impregnated glucose
molecules into MIL-53(Fe) via an impregnation method [53].
Because the internal pore surface area of the MOF particles
is much larger than the external surface area, most glucose
molecules are physically adsorbed inside the MOF channels,
while only a small fraction is adsorbed on the external
surface and can be readily removed by washing. Upon
heating the glucose-loaded MIL-53(Fe), glucose undergoes
carbonization under the confinement of the MOF channels to
form CDs (Flgure 4a).
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Figure 4. Prepared CDs@ MOFs by reaction between CDs precursors and MOF. (a) In situ carbonization of glucose
confined within MIL-53(Fe) channels. Reproduced with permission from Ref. [53], Copyright Royal Society of Chemistry, 2018.
(b) Pore-confined formation of ordered CDs arrays inside HKUST-1 frameworks. Reproduced with permission from Ref. [54],
Copyright Wiley, 2017. (c) MOFs-confined nanoreactor synthesis of CDs/CdS@MIL-101 composites. Reproduced with

permission from Ref. [55], Copyright Elsevier, 2019.

Furthermore, Zhang et al. loaded glucose molecules into the
pores of MOFs and subsequently calcined the composites
[54]. Owing to the thermal stability of the MOFs at the
applied temperature, the resulting CDs were confined within
the MOFs pores, yielding structurally ordered CDs arrays,
denoted as CDs@MOFs. After calcination, the N, adsorption
capacity of CDs@HKUST-1-200 decreased dramatically from
approximately 130 cm3 g! for pristine HKUST-1 to about 5
cm? g1, indicating that most of the internal pores of HKUST-
1 were occupied by CDs (Figure 4b). By co-incorporating
CdS quantum dots and CDs into MOFs pores, ternary
composites can be constructed using the MOF cavities as
nanoreactors. In this approach, Cd?*, S*7, and carbon-dot
precursors were simultaneously introduced into the pores of
MIL-101 via a one-step dual-solvent method, followed by
thermal treatment. As shown in Figure 4c, TEM images of
CDs/CdS@MIL-101  clearly reveal that ultrasmall

nanoparticles are embedded within the MIL-101
nanocrystals without severe aggregation [55].

3.4 Reaction between CDs Precursors and MOF

precursors
In this bottom-up co-assembly strategy, CDs precursors and
MOFs precursors react simultaneously, enabling the

synchronous formation of CDs and the MOFs. This one-pot
synthetic route allows the carbonization process and MOFs
crystallization to mutually influence each other, thereby
establishing robust and homogeneous integration at an early
stage of material construction [56, 57]. During the reaction,
CDs can nucleate within the evolving coordination network
or at the interfaces between metal ions and organic linkers,
leading to composite materials with highly interconnected
architectures. The morphology, composition, and defect
structure of the resulting CDs@MOFs can be finely tuned by
adjusting precursor ratios, reaction temperature, or solvent
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conditions [58]. Omer et al. reported an approach for the in-
situ encapsulation of CDs within the pores of MOFs [59]. In
this process, luminescent CDs are generated in situ and
subsequently trapped inside the MOF cavities, yielding
CDs@MOFs composites. The CDs@MOFs exhibit bright blue
emission, with emission bands attributable to both the MOF
ligand and the confined CDs, indicating successful
encapsulation of CDs within the MOFs pores (Figure 5a). Xu
et al. demonstrated a synthetic route to CDs@UiO-66(0H)2.
Using ZrOCl2:8H20 as the metal precursor, 2,5-
dihydroxyterephthalic acid as the organic linker, and
tetraethylammonium bromide as a template, CDs were
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generated in situ during a co-thermal process and
simultaneously encapsulated within the UiO-66(0H)
(Figure 5b) [60].

The direct reaction between CDs and MOFs method is
considered the most suitable for large-scale production due
to its operational simplicity, mild conditions, and
compatibility with existing MOF synthesis protocols [61]. In
contrast, strategies involving precursor-mediated in situ
growth generally offer better interfacial integration and
structural control, but may face challenges in scale-up due to
more complex reaction conditions, sensitivity to synthesis
parameters, and potential batch-to-batch variability [62]

cns@mo 66(OH)2
Luminescence sensor

Figure 5. Prepared CDs@ MOFs by reaction between CDs precursors and MOF precursors. (a) One-pot co-assembly
generating in situ CDs encapsulated within MOF pores. Reproduced with permission from Ref. [59], Copyright American
Chemical Society, 2022. (b) One-pot co-assembly yielding in situ CDs confined in Ui0-66(0OH)2. Reproduced with permission
from Ref. [60], Copyright Royal Society of Chemistry, 2018.

4 Influence of MOFs on the luminescent behavior of CDs
MOFs provide a confined and rigid microenvironment that
regulates the excited-state dynamics of CDs. By restricting
molecular motion, suppressing nonradiative decay, and
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Figure 6. MOF-regulated solid-state luminescence of CDs. (a) Pore confinement suppresses aggregation-caused
quenching of CDs. Reproduced with permission from Ref. [67], Copyright Wiley, 2024. (b) Framework immobilization
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stabilizing excited states, MOFs enable CDs to access
emission pathways that are difficult to achieve in isolated
systems, including solid-state luminescence, room-
temperature phosphorescence (RTP), and chiral emission.
These effects primarily arise from spatial confinement,
interfacial passivation, and energy-level modulation.

4.1 MOF-promoted solid-state luminescence of CDs
Solid-state emission of CDs is typically limited by
aggregation-caused quenching. MOFs alleviate this issue by
spatially isolating CDs within porous frameworks and
immobilizing them, thereby reducing nonradiative losses.
This confinement enables efficient solid-state luminescence
[63-65]. First, when CDs are embedded within MOF
micropores, the interparticle distance between CDs is
forcibly increased, thereby preventing direct stacking and
reducing excitation energy dissipation [66]. For example, Li
et al. employed ZIF-8 as an efficient encapsulation matrix to
confine CDs, allowing the CDs to preserve their intrinsic
fluorescence characteristics and yielding solid-state
fluorescent CDs@ZIF-8 powders. Upon hybridization with
ZIF-8, the MOF can absorb incident light and transfer the
excitation energy to the CDs, thereby enhancing their
excitation efficiency. In addition, ZIF-8 may improve the
overall light-harvesting capability of the composite.

Furthermore, charge transfer from ZIF-8 to CDs may occur,
altering the band structure of CDs and facilitating radiative
recombination under specific excitation wavelengths, which
collectively ~ contributes to  enhanced  solid-state
luminescence (Figure 6a) [67]. Second, the rigid
frameworks of MOFs can immobilize the position and
orientation of CDs, thereby suppressing charge migration
between adjacent emitters and reducing nonradiative decay
pathways [68]. In post-synthetic immobilization strategies,
CDs bearing terminal carboxyl groups can coordinate with
terminal hydroxyl groups on ZrBTB, effectively anchoring
the CDs within the framework. Kung et al. demonstrated the
immobilization of CDs with three different sizes and
successfully synthesized a series of solid-state emissive
CDs@MOFs (Figure 6b) [69]. Third, the rigidity of MOFs
structures can further weaken interactions among surface
functional groups of CDs, enabling the composites to
maintain high luminescence efficiency in the solid state [70].
Gong et al. prepared solid-state emissive CDs@MOFs
composites using anhydrous citric acid as the carbon
precursor and ZrCls as both the metal source and an
inorganic salt matrix. The amount of ZrCls was found to
strongly influence the interaction between the rigid
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framework and CDs. The photoluminescence quantum yield
of the resulting CDs@MOFs initially increased with
increasing ZrCls content and subsequently decreased,
highlighting the critical role of framework rigidity and
coordination environment in regulating solid-state emission
(Figure 6¢) [71].

4.2 MOF-promoted
phosphorescence of CDs
RTP in CDs is hindered by oxygen quenching and
rapid nonradiative decay. The rigid and confined
environment of MOFs suppresses molecular motion
and limits oxygen diffusion, facilitating intersystem
crossing and stabilizing triplet states, thus enabling
RTP emission [72-74]. For example, Hu et al. employed an
aluminum-based MOF as the precursor for constructing
CDs@MOFs composites, in which the organic ligands served
as carbon sources for cross-linked carbonization [75]. The
porous architecture of the MOF imposed spatial confinement
on the CDs, thereby enhancing RTP emission. The RTP
behavior was found to be strongly dependent on the
synthesis temperature. At relatively low temperatures, the
organic linkers in the MOF could not be converted into CDs.

room-temperature

With increasing temperature, surface-state emissive centers
formed, although the carbon core was not yet fully
carbonized. Upon further temperature elevation, a large
number of isolated sp?-conjugated domains were generated
within the sp3-dominated carbon matrix, accompanied by
the partial decomposition of surface functional groups,
resulting in the most pronounced RTP emission. Excessively
high temperatures, however, led to oxidation of these
isolated sp? domains, reducing the number of core emissive
centers and consequently weakening the RTP intensity
(Figure 7a). In addition, the metal ions and organic linkers
of MOFs may introduce the “heavy-atom effect,” which
enhances spin-orbit coupling and thereby promotes more
efficient ISC, facilitating the formation of long-lived triplet
states in CDs [76]. Meng et al. embedded CDs into MOFs
containing heavy metal ions, exploiting their ability to
modulate triplet energy levels and further enhance ISC [77].
As a result, CDs@MOFs composites exhibiting tunable RTP
emission wavelengths ranging from blue to red, as well as
adjustable phosphorescence lifetimes, were successfully
achieved. Notably, these CDs@MOFs displayed excellent
photostability, with both photoluminescence and RTP
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intensities showing only slight attenuation even after 10 h of
continuous excitation (Figure 7b).

4.3 MOF-induced chirality of CDs
Chiral MOFs or asymmetric confinement environments can
induce chiroptical activity in CDs by perturbing their

electronic structures and restricting conformational freedom.

This enables circular dichroism and circularly polarized
luminescence in otherwise achiral systems [78,79]. Zhang et
al. co-encapsulated CDs and spiropyran (SP) into chiral MOF
to construct CDs-based photochromic solid-state circularly
polarized luminescence (CPL) assembly [80]. Under
alternating ultraviolet and visible-light irradiation, the SP
units within the CDs@MOF/SP assembly reversibly switched
between a colorless closed-ring form and a blue open-ring
form. This transformation selectively deactivated or
activated the photochromic fluorescence resonance energy
transfer between CDs and SP, enabling reversible optical
switching of both photoluminescence and CPL signals
(Figure 8a). By selecting a pair of violet-emissive
enantiomeric lanthanide-based MOFs (D/L-MOF) as chiral
hosts, full-color CDs were confined within the MOF to form
D/L-CDs@MOF assemblies [81]. The uniformly encapsulated
CDs not only overcame aggregation-caused quenching in the
solid state but also inherited the chirality of the parent MOF,
resulting in pronounced chiroptical activity (Figure 8b).

Moreover, the confinement effect of MOFs can enforce
specific spatial orientations of CDs and reduce their
conformational freedom, thereby stabilizing chiral
conformations [82]. In this context, asymmetric
arrangements of the carbon core or surface functional
groups of CDs may become fixed, leading to circular
dichroism or CPL responses. Zhang et al. employed a liquid-
phase epitaxial layer-by-layer strategy to fabricate achiral
porous pyrene-based MOF films as host templates [83].
Chiral amino acids were confined within the MOFs pores as
carbon precursors and subsequently carbonized to generate
uniform arrays of ultrasmall chiral CDs, yielding chiral
CDs@MOFs film. In contrast to CDs obtained by direct
carbonization of chiral amino acids, which exhibited
negligible CPL activity, effective excited-state -chirality
transfer was achieved in chirCDs@MOFs due to array
confinement and coordination interactions between chirCDs
and MOFs (Figure 8c). Gu et al. further realized circularly
polarized RTP by synthesizing chirCDs@MOFs composite
films via a gel-to-film conversion strategy. In the resulting
chirCDs@MOFs films, the chiral MOF provided an
asymmetric environment, while CDs served as the afterglow
emitters embedded within the framework [84]. The strong
chirality transfer and the seamless integration between
chiral nanoparticles and chiral MOFs were identified as key
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factors enabling high circularly polarized afterglow emission.

By contrast, simple physical mixtures of powdered chiral
MOFs and CDs exhibited large interfacial gaps and failed to
display CPL behavior. (Figure 8d)

5 Optical Applications of CDs@MOFs

Benefiting from the outstanding optical properties of CDs
and the high structural tunability of MOFs, CDs@MOFs
composites have demonstrated remarkable advantages
across multiple application fields [85]. The confinement
effect, adjustable pore architecture, and metal ions of MOFs
endow the composite systems with enhanced stability,
selectivity, and interfacial activity, while the intrinsic
fluorescence, versatile surface chemistry, and good
dispersibility of CDs provide optical and chemical
responsiveness [86]. Owing to this synergistic integration,
CDs@MOFs have experienced rapid development in sensing,
optoelectronic devices, and biomedical applications [87-89].
In sensing, CDs@MOFs exploit their high specific surface
area and multiple recognition sites to enable sensitive
detection of ions, small molecules, and gases. In optical and
luminescent devices, these composites can achieve stable
and bright solid-state emission, rendering them promising
solution-processable emissive layers for next-generation
light-emitting diodes (LEDs). In biomedical applications,
CDs@MOFs integrate favorable biocompatibility,
fluorescence imaging capability, and drug-loading potential,
enabling multifunctional platforms for imaging, controlled
release, and therapy.

5.1 Lighting Applications

CDs@MOF composites have emerged as promising materials

for lighting and display applications owing to their tunable
emission properties, excellent solid-state stability, and
structural designability [90]. The rigid framework and
confinement effect of MOFs effectively suppress aggregation-
induced quenching of CDs in solid or film states, thereby
preserving efficient luminescence, while CDs serve as the
primary emissive centers, providing broadband tunable
emission and high color purity [91]. In LEDs construction,
CDs@MOFs function as emissive layers in which the
emission wavelength, intensity, and energy-transfer
processes of CDs can be precisely regulated through rational
design of MOF pore structures, metal nodes, and organic
linkers, enabling the realization of stable monochromatic or
white LEDs [92]. By optimizing the amount of ZrCls during
CD synthesis, the emission wavelength of the resulting CDs
can be red-shifted from 596 to 650 nm. Encapsulation of CDs
within MOFs yields optically stable CD@MOF phosphors that
can be used to fabricate red LEDs. When the driving current
is increased from 20 to 100 mA, the emission peak position
remains nearly unchanged, and only a slight decrease in
intensity is observed, indicating excellent operational
stability of the red LEDs [71]. Gong et al. fabricated three
monochromatic LEDs using three different CDs@ZIF-8
phosphors. Distinct blue, green, and red emission peaks
were clearly observed in the electroluminescence spectra
[67]. The triangular region formed by the corresponding
color coordinates encloses the white light region,
demonstrating that multicolor and even white LEDs can be
achieved by adjusting the mixing ratio of the three CDs@ZIF-
8 phosphors (Figure 9a). Liu et al. prepared yellow-emissive
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CDs@MOFs via electrostatic adsorption. The resulting
CDs@MOFs exhibited a high photoluminescence quantum
yield of 81.17% and retained 100% and 80% of its
fluorescence intensity after prolonged light irradiation (60
min) and high-temperature treatment (478 K), respectively
[93]. Using CDs@ZIF-8 as a phosphor combined with a 450
nm blue laser diode, a white LEDs was constructed,
exhibiting chromaticity coordinates of (0.37, 0.33) (Figure
9b). Ren et al. synthesized two types of CDs@MOFs via
different routes: a two-step method involving post-
embedding of CDs into MOF surfaces or pores, and a one-pot
hydrothermal method in which CDs served as nucleation
centers for MOF growth. Different synthesis strategies led to
either red- or blue-shifted emission of CDs. By blending
these two CDs@MOFs as emissive layers in LEDs and
adjusting their ratios, tunable white LEDs ranging from cool
white to warm white were achieved [94]. Notably, the
fluorescence intensity of the LEDs remained nearly constant
as the temperature increased from 30 to 90 ° C, indicating

excellent thermal stability (Figure 9c). Owing to their
continuously tunable emission spectra and outstanding
photostability, CDs@MOFs have also been explored for
plant-growth lighting. By inserting red-emissive CDs into the
pores of mesoporous MOFs under heated stirring conditions,
Zhang et al. fabricated CDs@MOFs and successfully
constructed far-red (FR) LEDs. Comparative cultivation
experiments with commercial plant lamps revealed that,
after 14 days, lettuce seedlings grown under both light
sources showed similar morphology, while those illuminated
by the FR-LEDs exhibited increased fresh and dry weights,
along with significantly enhanced chlorophyll and soluble
protein contents [95]. These results demonstrate that FR-
LEDs plant growth lamps based on CDs@MOFs can
effectively enhance biomass accumulation owing to their
optimized emission characteristics (Figure 9d).

5.2 Therapy

CDs@MOFs composites integrate the outstanding optical
properties and biocompatibility of CDs with the structurally
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Elsevier, 2025.

tunable porosity and functional metal ions of MOFs, offering
broad prospects in biomedical therapy [96]. The therapeutic
efficacy of these systems relies on precise regulation of the
pathological ~ microenvironment, including infection
suppression, modulation of oxidative stress, activation of
specific cell death pathways, and light-responsive
treatments [97]. MOFs serves as an efficient platform for the
storage and controlled release of drugs, metal ions, or
bioactive species, while their metal ions (e.g., Zn?*, Cu?*, or
Fe?*) can directly participate in biological regulation [98].
Meanwhile, CDs exhibit antioxidant activity, photothermal
conversion, or reactive oxygen species (ROS) generation
under light irradiation or microenvironmental stimuli,
enabling synergistic multimodal therapeutic effects [99-101].
In wound healing applications, CDs@MOFs composites
accelerate tissue repair through antibacterial and anti-
inflammatory activities, oxidative stress regulation, and
angiogenesis promotion. For example, CDs were embedded
into MOF constructed via coordination between Fe3* and
carboxybenzyl penicillin (CARB), followed by immobilization
on cellulose nonwoven fabric to fabricate a smart composite
dressing. Under infection-induced acidic conditions, the

dressing simultaneously restored fluorescence and released
CARB, enabling real-time infection monitoring and effective
antibacterial therapy. As infection subsided, reduced
bacterial activity led to a local pH increase, which in turn
decreased CARB release through a pH-responsive negative
feedback mechanism [102]. Additionally, Fe®* competitively
coordinated with bacterial ligands and CDs, coupling sensing
and therapy. In a murine wound model, this dressing
significantly accelerated wound closure, suppressed
bacterial proliferation, and allowed visualization of infection
severity (Figure 10a). Similarly, a nanozyme-integrated
MOF was constructed using CDs as ligands and Zn?* as the
central metal. CDs exhibited oxidase-like activity, protecting
biological systems from ROS-induced damage, while Zn?*
provided intrinsic antibacterial functionality. This
integration strategy prevented nanozyme aggregation,
improved biocompatibility, and enabled tunable release of
CDs and Zn?*. In vivo studies demonstrated that the
CDs@MOFs effectively alleviated inflammation at diabetic
wound sites, promoted angiogenesis, enhanced collagen
deposition, and facilitated tissue remodeling [103]. By
integrating sonosensitizing CDs and calcium peroxide into
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MOFs, CDs@MOFs system was developed for
immunotherapy via synergistic induction of cuproptosis,
ferroptosis, and Ca?* overload. The CDs@MOFs induced
ferroptosis accompanied by intracellular glutathione (GSH)
depletion and lipid peroxidation accumulation. Concurrently,
excessive Cu?* released from the system promoted
aggregation of  lipoylated dihydrolipoamide S-
acetyltransferase, further triggering cuproptosis [104].
Under ultrasound irradiation, the sonosensitizing CDs
generated ROS, amplifying oxidative stress and activating
antitumor immune responses (Figure 10b). To achieve
tumor-specific drug release, Shen et al. employed CDs to
protect a doxorubicin (DOX)-loaded MOFs from degradation
under physiological conditions [105]. The resulting DOX-
CDs@MOF selectively degraded in the acidic tumor
microenvironment, releasing CDs and DOX to trigger tumor-
specific ferroptosis and chemotherapy. A single treatment
was sufficient to eradicate tumors via tumor-targeted
chemotherapy combined with enhanced ferroptosis-
mediated sonodynamic and chemodynamic therapy. In
photothermal and photodynamic therapy, CDs serve as
efficient photoresponsive units, while MOFs confine and
enrich photosensitizers and oxygen, significantly improving
therapeutic efficiency and reducing side effects (Figure 10c).
Jin et al. reported the CDs@MOFs responsive to both the
tumor microenvironment and near-infrared light, which
decomposed endogenous H:02 via Fenton-like reactions. The
system exhibited pronounced NIR photothermal therapy
effects and depleted GSH, thereby enhancing H20:
decomposition and increasing intracellular ROS levels,
ultimately improving the efficacy of photodynamic therapy
and chemodynamic therapy. Similarly, a self-assembled

CDs@MOFs was synthesized using CDs, FeCls, and trimesic
acid as precursors [106]. Upon entering the tumor
microenvironment, elevated GSH levels reduced Fe3* to Fe?*
while consuming GSH, leading to framework disintegration
and release of CDs and Fe?*. Fluorescence from CDs was
restored and switched “on,” enabling tumor imaging.
Meanwhile, the released Fe?* reacted with H.0; via the
Fenton reaction to generate highly reactive hydroxyl radicals
(»OH), achieving chemodynamic therapy. Consequently,
under fluorescence imaging guidance, an efficient tumor
microenvironment-responsive synergistic chemodynamic-
photothermal therapeutic strategy was realized (Figure
10d).

5.3 Sensing

CDs@MOFs composites exhibit broad application potential
in sensing owing to their excellent optical responsiveness
and highly designable porous architectures [107-109]. The
fundamental sensing mechanism relies on analyte - material
interactions that induce measurable changes in optical,
electrical, or chemical signals [110, 111]. The well-defined
pore channels and abundant coordination sites of MOFs
enable selective enrichment and recognition of target
species, including metal ions, small molecules, and pesticides
[112, 113]. CDs serve as highly sensitive signal transduction
units, whose fluorescence intensity, emission wavelength, or
lifetime can respond rapidly to microenvironmental
variations [114-116]. In the detection of metal ions (e.g., Fe3*,
Hg®*, and Cu®*), organic molecules, and pesticides,
CDs@MOFs typically achieve high sensitivity through
coordination interactions, static or dynamic fluorescence
quenching, inner filter effects, or energy transfer
mechanisms [117 118]. By mimicking metal-protein
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Figure 13. Food Preservation of CDs@MOFs. (a) Shrimp freshness observation. Reproduced with permission from
Ref. [138], Copyright Elsevier, 2025. (b) Strawberry preservation. Reproduced with permission from Ref. [139],
Copyright Wiley, 2025. (c) Tomato preservation. Reproduced with permission from Ref. [140], Copyright Elsevier, 2024.

interactions in biological systems, Doherty et al. developed a
biomimetic CDs@MOFs capable of highly sensitive and
selective detection of Pb?*. The CDs@MOFs film containing
1.4 wt% gold exhibited a pronounced quenching response,
achieving a detection limit as low as 800 ppt while
maintaining stable performance over five sensing cycles
(Figure 11a) [119]. Song et al. encapsulated CDs into MOFs
to construct a ratiometric luminescent CDs@MOFs probe for
the selective recognition and sensitive detection of ascorbic
acid (AA). Upon interaction with AA, the absorption peak at
550 nm decreased significantly, attributed to the formation
of a binary complex between CDs and AA, which altered the
absorption characteristics of CDs at this wavelength. During
sensing, a distinct fluorescence color transition from orange-
red to yellow and then to green was observed with the
naked eye. The probe exhibited a linear detection range of
0.02 - 255 pM and a detection limit of 6.6 nM. (Figure 11b)
[120]. Zhang et al. integrated CDs with MOF-808 to achieve
selective degradation and sensitive detection of paraoxon
and parathion. Two distinct CDs@MOFs composites were

synthesized via host-guest interactions. The fluorescence of
the nanocomposites was quenched by the inner filter effect
of the organophosphate degradation product 4-nitrophenol
[121]. The CDs/MOFs exhibited a linear detection range of
0.001 - 360 uM for paraoxon with a detection limit of 0.3 nM,
while CDs@MOFs showed a linear range of 0.01-100 pM for
parathion with a detection limit of approximately 3.3 nM.
The composites were further applied to the analysis of
organophosphate residues in real samples, where detection
results in pak choi were consistent with those obtained by
high-performance liquid chromatography (Figure 11c).
Beyond fluorescence-based sensing,
electrochemiluminescence (ECL) biosensing systems have
also demonstrated significant potential [122, 123]. Wang et
al. constructed CDs@MOFs using CDs as luminophores and
ZIF-8 as a carrier, with PEDOT: PSS introduced to enhance
electrical conductivity, resulting in substantially improved
luminescence performance. Further modification with gold
nanoparticles led to an approximately tenfold enhancement
factor compared with individual CDs [124]. Coupled with a
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DNAzyme-based dual-cycle target amplification strategy, an
ECL biosensor was developed for highly sensitive detection
of miRNA-21, achieving a detection limit as low as 50 aM
(Figure 11d). In addition to single-mode sensing, Li et al.
realized multimodal detection of glucose and maltose based
on colorimetric, fluorescence, and photothermal responses
[125]. The CDs@MOFs functioned simultaneously as a
fluorescent probe, an oxidase-mimicking nanozyme
generating H:0;, and a peroxidase-mimicking catalyst
producing «OH radicals, yielding low detection limits of 12,
7.5,and 1.1 pM, respectively (Figure 11e).

In terms of sensor device integration, CDs@MOFs
composites can be incorporated into thin films, paper-based
substrates, or microstructured platforms to construct
portable and visually readable sensing systems [126]. Their
stable fluorescence signals can be captured using
smartphone cameras or portable light sources, enabling
quantitative analysis of color or intensity variations and
thereby facilitating the transition of laboratory-based
sensing technologies toward rapid on-site detection [127,
128]. Li et al. encapsulated CDs within the internal cavities of
Au-ZIF to synthesize CDsMOFs to monitor the degradation of
triazophos (TZP) sprayed onto lettuce leaves using a
hydrogel-based sensor [129]. A fitting equation was
established within the lettuce matrix to accurately track TZP
degradation over time. Combined with image-processing
algorithms, quantitative detection was achieved with a
detection limit as low as 0.07 ng mL*! (Figure 12a). RGB
color recognition represents one of the most widely adopted
intelligent detection modes. During sensing, a smartphone
equipped with a self-developed color-recognition
application converts colorimetric and fluorescence images
into RGB values, enabling quantitative analysis through
simple color variations and providing a practical reference
for rapid on-site semi-quantitative detection. As shown in
Figure 12b, when the analyte concentration increased from
107 to 102 mg mL™, the blue channel in the colorimetric
mode gradually faded [130]. In another example, the color
information in photographs was converted into RGB values
using a smartphone-based color detector to determine
analyte concentrations (Figure 12c) [131]. Beyond portable
detection, CDs@MOFs can also be employed to construct
flexible and wearable sensors for real-time monitoring of
environmental or physiological signals [132]. By
incorporating CDs@MOFs into flexible substrates, Yang et al.
demonstrated a touch-based glucose sensor prototype
capable of continuously monitoring glucose levels in
fingertip sweat for one month at room temperature, while
maintaining excellent electrochemical sensitivity after
storage at physiological temperature for 30 days (Figure
12d). Furthermore, Zhang et al. developed a 3D-printed
microfluidic chip for on-chip dual-mode detection of DPA,
integrating both ratiometric fluorescence and colorimetric
sensing [133]. To enhance usability and minimize
environmental or instrumental variability, the microfluidic
chip was integrated into a semi-portable device and
operated via smartphone control, resulting in a compact and
user-friendly system. Under smartphone-assisted operation,
detection limits derived from RGB signal analysis were 0.33
UM and 12.27 pM, respectively (Figure 12e).

5.4 Food Preservation

Foods are prone to quality deterioration during storage due
to microbial proliferation, oxidative reactions, and the
accumulation of gaseous byproducts [134]. By integrating
the optical and chemical functionalities of CDs with the
structural advantages of MOFs, CDs@MOFs offer a
multifunctional and synergistic strategy for the preservation
of meat, fruits, and vegetables [135]. On the one hand, the
high specific surface area and tunable pore structures of
MOFs enable efficient adsorption of oxygen, carbon dioxide,
and ethylene, among which ethylene capture is particularly
critical for significantly delaying the ripening and senescence
of fruits and vegetables [136]. On the other hand, the
antibacterial and antioxidant activities exhibited by CDs and
certain MOFs metal ions effectively suppress microbial
growth on food surfaces and mitigate lipid oxidation,
discoloration, and nutrient loss [137]. Kim et al. employed
PVA-coated CDs@MOFs film for food preservation studies, in
which the film color gradually changed from green to brown
with increasing storage time. In contrast, pure PVA films
exhibited negligible changes in the a* and b* values during
shrimp spoilage [138]. The pronounced color transition
observed in the CDs@MOFs films arises from the pH
sensitivity of both CDs and MOFs. Specifically, protonation or
deprotonation of surface functional groups on CDs alters
their electronic structure in response to pH variations,
resulting in distinct color changes. Similarly, MOF structures
are sensitive to pH fluctuations, which modify the metal -

ligand coordination environment and consequently affect
their optical properties. The synergistic interaction between
CDs and MOFs amplifies the colorimetric response,
producing a clear transition from green to brown as shrimp
spoilage progresses. This pH-responsive behavior provides a
reliable visual indicator for real-time monitoring of shrimp
freshness  (Figure 13a). CDs@MOFs nanofibrous
membranes exhibit pronounced photodynamic antibacterial
activity, favorable biosafety, and excellent physicochemical
properties, rendering them highly promising for strawberry
preservation. As shown in Figure 13b, no significant
differences in appearance were observed among the
strawberry groups during the first three days of storage. In
the control group, partial spoilage and deterioration became
evident by day 6, and severe decay occurred between days 9
and 12, rendering the fruit unsuitable for consumption [139].
In contrast, strawberries treated with CDs@MOFs
nanofibrous membranes under photodynamic conditions
maintained good quality without visible spoilage even after
12 days of storage. Colorimetric analysis using a color
difference meter revealed no significant differences in color
parameters among the treatment groups (Figure 13b).
During 24 days of storage at 4 ° C, Kim et al. monitored the
physicochemical and microbiological parameters of
tomatoes subjected to different packaging treatments [140].
Tomatoes in the control group, polyethylene packaging, and
agar/gel packaging exhibited rapid increases in visible
damage and mold growth. In comparison, agar/gel/MOF
composite films significantly reduced the degradation rate of
packaged tomatoes. Notably, tomatoes packaged with
agar/gel/CDs@MOFs films showed negligible visible decay,
indicating the effectiveness of the designed nanocomposite
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films in extending tomato shelf life. Although weight changes
were observed in all groups during storage, the control
group exhibited more pronounced weight loss than the
agar/gel/CDs@MOFs-packaged group. Weight loss in fresh
fruits during storage is primarily attributed to respiratory
activity and moisture evaporation, leading to water loss
(Figure 13c).

6 Conclusions

This review systematically summarize the construction
strategies,  structural  characteristics,  luminescence
regulation mechanisms, and recent research progress of
CDs@MOFs composites in applications including sensing,
anti-counterfeiting, lighting and display, food preservation,
and biotherapy. By integrating CDs with metal - organic
framework materials, the confinement effect, rigid skeleton,
and highly designable microenvironments of MOFs offer
distinct advantages for the precise regulation of carbon dot
luminescence. These features not only effectively suppress
aggregation-induced quenching under solid-state conditions
but also enable luminescence enhancement, solid-state
emission, activation of room-temperature phosphorescence,
and multimodal optical responses. Meanwhile, diverse
synthetic routes and integration modes endow CDs@MOFs
systems with excellent structural tunability and functional
integration capability, positioning them as an important
platform for the development of next-generation carbon-
based functional materials. Despite the significant advances
achieved in recent years, the CDs@MOFs field still faces
several critical scientific and technological challenges.

(1) Interfacial structure regulation of CDs@MOFs
composites

Although substantial progress has been made in exploiting
the confinement effect and rigid frameworks of MOFs to
modulate the luminescence of CDs, a comprehensive
understanding of the true interfacial binding modes,
structural configurations, and their impacts on energy-level
alignment and excited-state dynamics remains elusive. Most
existing studies rely on indirect spectroscopic evidence to
interpret emission enhancement or phosphorescence
activation, while the microscopic origins of charge/energy
transfer pathways, singlet-triplet conversion, and interfacial
electronic coupling are still insufficiently resolved. Future
investigations should integrate in situ and time-resolved
characterization techniques (such as ultrafast transient
absorption spectroscopy, in situ photoluminescence, EPR,
and X-ray absorption spectroscopy) with first-principles
calculations and excited-state simulations. Such combined
experimental - theoretical approaches will be essential for
establishing a clear structure - property - dynamics
relationship and enabling the rational design of CDs@MOF

systems with predictable and tunable photophysical
behaviors.

(2) Device-level translation of CDs@MOFs

Despite their promising optical performance and

multifunctionality, the application of CDs@MOF composites
in device-level systems, including light-emitting diodes,
sensing platforms, and flexible wearable electronics, remains
at an early developmental stage. Critical issues such as
structural optimization, long-term operational stability, and
scalable fabrication have not yet been sufficiently addressed.

Future research should focus on evaluating the performance
of CDs@MOF-based devices under practical operating
conditions, thereby accelerating the transition of CDs@MOF
materials from laboratory-scale demonstrations to reliable
and practical optoelectronic and sensing devices.

(3) Safety, stability, and degradability in biomedical and
food-related applications

In biomedical and food-related applications, CDs@MOF
composites have demonstrated considerable potential in
imaging, therapy, preservation, and quality monitoring.
However, systematic evaluations of biosafety, environmental
stability, and biodegradability remain insufficient. Most
current studies emphasize functional performance, whereas
the long-term behavior of these composites in complex
biological environments or food storage conditions is less
explored. Future efforts should incorporate comprehensive
toxicological assessments, in vivo metabolism studies, and
environmental degradation analyses to clarify the fate and
potential risks associated with MOF metal nodes, organic
ligands, and CDs during use and disposal. Furthermore, the
design of low-toxicity, biodegradable, and biofriendly MOF
frameworks, in combination with green and sustainable
carbon-dot synthesis routes, will be crucial for improving
the translational feasibility and regulatory acceptance of
CDs@MOF materials in biomedical and food safety
applications.

(4) Standardization, scalability, and practical deployment of
CDs@MOFs

Despite the rapid development of CDs@MOF composites,
their transition toward practical applications is still
hindered by the lack of standardized evaluation protocols
and scalable fabrication strategies. One key challenge lies in
the reproducibility of composite structures, as variations in
CDs size, surface states, and MOF crystallization conditions
can lead to significant batch-to-batch differences in optical
and functional performance. Establishing standardized
synthesis procedures, along with unified metrics for
evaluating luminescence efficiency, stability, and sensing
performance, will be essential for comparing results across
different studies.
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