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ABSTRACT

Supramolecular cages are powerful tools for molecular recognition and sensing, using well-defined nanoscale cavities to
encapsulate ions, small molecules, and biologically relevant guests with notable selectivity. Over the past three decades, these
systems have progressed from simple conceptual assemblies to sophisticated covalent and organometallic architectures that
operate in water as chemosensors, delivery vehicles, and separation p. Their analyte detection relies on diverse signal transduction
mechanisms, including luminescence, circular dichroism, and Forster resonance energy transfer, enabling the sensing of anions,
cations, chiral molecules, drugs, explosives, and environmental pollutants. Relative to classical receptors, cages offer notable
advantages such as three-dimensional preorganization, modular functionalization, and the incorporation of multiple recognition
sites within a single discrete framework. However, their broader implementation in real-world settings is still hampered, primarily
by challenges in achieving sufficient stability in water and complex biological fluids. This review outlines design principles for
water-stable cages, discusses analyte-specific and medium-related challenges, and surveys recent examples of water-compatible
systems, including their integration into polymeric materials. Finally, we provide a perspective on next-generation cage-based
chemosensors, emphasizing advanced readout strategies and potential applications in diagnostics, environmental monitoring,
and biomedicine.

1 | Introduction which binding events are monitored or coupled to spectroscopic

or electrochemical outputs. As a result, these cages have emerged

Over the last three decades, supramolecular cages have emerged
as powerful platforms for host-guest chemistry [1], with appli-
cations from catalysis [2-9], sensing [10], separation [11, 12] to
innovative (nano)medicines [13-16]. These well-defined three-
dimensional nanoscale architectures typically consist of metal
ions and organic linkers (metallacages, also referred to as metal-
organic cages) or are constructed purely from covalently bonded
organic linkers (organic cages), giving rise to discrete cavities.
Such cavities can encapsulate ions, neutral molecules, or biolog-
ically relevant guests, enabling the design of chemosensors in

as attractive candidates for synthetic chemosensor design, and, to
emphasize their analogy to the receptors commonly invoked in
biological recognition, we refer to the cage compounds described
herein also as cagereceptors.

The use of cage-receptors for sensing applications has evolved
through several distinct phases. Seminal works on synthetic
macrocyclic systems, such as crown ethers, cryptates, and cav-
itands [17-25], as well as cyclic peptides [26-28] demonstrated
the applicability of cyclic hosts for capturing and binding ions in
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solution. Cage-receptor compounds offer distinctive advantages
over classical synthetic receptors, including cryptands [20, 29],
cyclodextrins [30-32], cucurbit [r]urils [33, 34], calix [n]arenes
[35-38], pillar [n]arenes [39, 40], and cavitands [41-44], among
others [45, 46]. Their three-dimensional cavities create size- and
shape-matched environments for guest molecules, while their
modular construction enables precise tuning of charge, polarity,
and functionality, which clearly distinguishes them from con-
ventional chemical probes [45, 47-49]. For example, control over
the stereochemistry of metal-organic cages enables functions
inherently linked to chirality, including stereoselective guest
recognition and chiroptical behavior. In addition, cage-receptors
can integrate multiple recognition motifs within a single archi-
tecture, allowing for cooperative binding and multifunctional
sensing. Further, it is possible to further expand this design space
by offering opportunities to introduce interior substituents that
tailor the chemical environment of the cavity. In this review, we
instead focus on systems classified as metal-organic cages and
organic cages, which, among other distinctions, differ from crown
ethers, cryptands or cavitands in that they form extended 3D host
frameworks, metal-ligand or covalent in nature, that encapsulate
guests within designable cavities through a variety of noncovalent
interactions. [50, 51]

Early work in the 1980s and early 2000s established the fun-
damental ability of metal-organic cages to bind metal cations,
anions, and neutral organic guests [52-55]. Seminal contribu-
tions, such as the dizinc bistren cages [56], highlighted the
conceptual power of using a confined cavity for selective recog-
nition in water. Subsequently, the introduction of new ligands
and functional groups, such as triazolium units, porphyrins, or
extended aromatic panels, expanded both the scope of detectable
analytes and the range of optical signals [57-60]. Over the last
decade, significant progress has been made, with cages now
tailored to capture and detect cations, chiral molecules [11, 61-
63], nitroaromatic compounds [64], antibiotics [65, 66], steroids
[67-69], and gaseous pollutants like SO, and CO, [70]. In parallel,
sensing mechanisms have expanded to include turn-on/turn-
off luminescence, ratiometric emission, and circular dichroism
(CD), among others, and the field has advanced to the point
where cage-receptors are increasingly applied in bioimaging
and therapeutic contexts [16, 71, 72]. Nonetheless, challenges
remain. Many cage-receptors operate only in organic solvents
or buffered aqueous mixtures, limiting direct application in
biological or environmental contexts. Selectivity often diminishes
in the presence of competing ions or complex sample matri-
ces. Signal transduction is, in many instances, such as when
luminescence is the main readout, prone to pitfalls including
suboptimal signal-to-noise ratio, scattering, inner filter effects
[73], and the possible generation of false positives, while long-
term stability in physiological environments has not yet been fully
established [74-77]. Furthermore, despite significant proof-of-
concept demonstrations, the translation of cage-receptor-based
sensors into deployable technologies, such as environmental
monitoring devices or biomedical diagnostic tools, still remains
to be achieved.

In 2020, an excellent review by Nitschke and co-workers high-
lighted design concepts for water-soluble cages in biomedical
applications [78]. We aim to highlight developments since then,
with a particular focus on sensing examples in which cage-

receptors have been deployed for the detection of inorganic
ions, biomolecules, and pollutants in water, as well as on the
integration of cage-compounds into hybrid materials such as
hydrogels, which have the potential to significantly enhance their
stability and broaden their applicability. To this end, we first
provide a brief discussion of design principles for water-soluble
cage-receptors and functionalization strategies, before address-
ing the challenges associated with supramolecular detection in
aqueous media, the interactions involved in analyte binding,
and the specific difficulties encountered for the analyte classes
discussed herein. We then present a selection of cage-receptors
reported in recent years that are applicable in water or that
exhibit promising features for future cage-receptor-based assays.
Cage-receptors that have been employed to construct hybrid
macroscale materials for sensing applications are also discussed.
Finally, we offer a critical outlook on the progress achieved to date
and on future directions for cage-receptors applicable in water,
while highlighting current limitations.

2 | Design Principles for Recognition in Water

Molecular cage-receptors have been identified early in the
development of supramolecular chemistry as discrete entities,
which delimit a 3D cavity [50, 51]. This broad definition leaves
enough space to include a wide variety of systems from the
frontier of cryptands (initially studied by Jean-Marie Lehn)
[20] to the size and complexity record-breaking metallacages
of Fujita [79]. Commonly, the broad spectrum of systems that
can be classified as cages is divided into two large categories,
encompassing, on the one hand, purely organic structures and,
on the other, metal-organic structures. These two categories
have their extended reticular parallels in the covalent organic
frameworks (COFs) [80, 81] and the metal-organic frameworks
(MOFs) [82-90], respectively, but are clearly differentiated from
them by being discrete entities rather than extended materials.
The vast design and synthesis strategies that are available for both
families, and comprehensive analyses of the structural features
emerging from them, have been thoroughly revised [51, 91-97].
This section provides an overview of these strategies, highlighting
systems applicable to sensing in water, and is complemented by a
schematic summary in Scheme 1.

Disregarding their composition, the molecular design of most of
the systems relies on the connection of strategically positioned
union points by directional nodes (Figure 1) [98-100]. In the case
of organic cages, the union points and nodes present complemen-
tary geometry in shape-persistent building-blocks and matching
reactivity (i.e., alkyne-azide, amine-carboxyl, amine-carbonyl,
boronic acid-diol, etc.), which allows the construction of the cage
structure by the formation of a set of new covalent bonds [101].
Metallacages, in exchange, exploit the well-defined coordination
geometry of metal ions, which are used as nodes to connect
polytopic organic ligands with strategically positioned donor
atoms [98]. In any case, the topologies of the building blocks will
get combined to define the geometry of the obtained assembly
with virtually an unlimited number of possibilities. Importantly,
the successful formation of the cage structure, which is often the
thermodynamically preferred product, is conditioned on the self-
correction capabilities of the systems that allow the escape from
kinetically trapped off-target structures. [102, 103] This process is

2 0f 53

Advanced Sensor Research, 2026

95UB017 SUOLULLIOD BAINRID 3ot (dde ay) Aq peuienob a1e sapie O ‘85N J0'So|nI o} A%Iq1T 8ULUO A1 UO (SUOPUOD-PUR-SLLBIAD" A3 1M Ale.q Ul |UO//:SdNY) SUONIPUOD pue swie | 81 89S *[9202/£0/02] Uo Atelqiauljuo A8]im ‘9160jouyds | In4 nisul jeynss|e Aq ¥ST00S202 SPe/z00T 0T/I0p/wod 8| im Ake.q 1pul|uo’psouenpe//sciy wouy pspeoiumod ' ‘9202 '6TZTTS.Z



Prime design considerations for synthesizing supramolecular cages
with enhanced stability and function in water for luminescence-based sensing
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SCHEME 1 | Design considerations for preparing cage receptors that are chemically robust in water and enable luminescence-based analyte
detection.

granted by the use of dynamic reversible bonds. Thus, besides the
basic design principles, cages intended to sensing applications in
aqueous media must be engineered, balancing this self-corrective
requirement with the need for stability not only toward water
but also toward functional groups present in potential analytes
and their matrices. Additionally, the cavity design for analyte-
directed tuning, and the introduction of readout signals increase
the complexity of the systems, which remains a challenge.

2.1 | Organic Cages

Organic cages are typically built via covalent chemistry and while
this fact provides them in many cases with enhanced stability,

making them capable of standing water environments, harsh
temperatures, and a wide pH range [94, 95], the direct formation
of covalent robust bonds via common synthetical methodologies,
such as copper-catalyzed alkyne-azide cycloaddition (CuAAC)
click reactions [104], nucleophilic substitutions [105], and amide
bond formation (Figure 2a) [95] has the disadvantage of avoid-
ing the self-correction of the structures, and off-path defective
structures and undesired assemblies are often formed, decreasing
the yield of the desired cage structures and requiring their
purification via chromatographic methods. To decrease the for-
mation of off-path structures, a strong preorganization should
be imprinted in the building blocks either by the rigidifica-
tion of the structures or by templating strategies (Figure 2b)
[106-108].
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FIGURE 1 | Schematic representation of the main synthetic strategies for organic cages and metallacages. (a) Organic cages are obtained via
reactions between complementary organic panels that form covalent linkages, which can be under thermodynamic or kinetic control, to yield discrete

covalently assembled cages. A broad range of reactive functionalities can be employed, including amines, aldehydes, azides, alkynes, and thiols. (b)
Metallacages are constructed through coordination-driven self-assembly between electron-donating ligands and metal cations that act as Lewis-acidic
acceptors. Typical ligands include pyridyl donors, Schiff-base motifs, and carboxylate groups, combined with a wide variety of transition-metal cations

to afford well-defined supramolecular cages.

Reversible covalent linkages such as imines, boronic esters, or
disulfide bridges have shown greater effectiveness in the selective
formation of covalent cages. In particular, the combinatorial
imine chemistry has been extensively applied to form dynamic
and responsive cage structures. [111] Although these systems
cannot be directly applied for sensing in aqueous conditions due
to the favored imine hydrolysis, particularly under acidic regimes,
strategies to lock the cages after formation (hence increasing
their stability) have been developed, allowing the formation of
covalent cages in high yields. For example, reduction to amines
(Figure 2c) [109, 112] and Pinnick oxidation to amides [113],
allow chemically robust and water-compatible systems which can
be initially synthesized in non-aqueous media, profiting from
dynamic bonds and later, after locking, transferred to aqueous
environments for the final application.

Besides optimizing the synthesis of water-compatible systems
with high yields, the low water solubility of purely covalent
organic cages is often an issue. To address this, it is necessary
to introduce high polarity or charged groups into the structure,
which requires post-assembly modifications [114].

Besides purely organic structures, non-covalent linkage via
highly directional interactions such as hydrogen-, halogen-,
and chalcogen bonding interactions, have also been reported.
While these interactions can stabilize cage-like structures in
apolar solvents, they are much less prevalent in polar protic
solvents, limiting the applicability of these systems without

additional stabilization sources. H-bonding self-complementarity
has been applied to assemble capsules following the work of
Rebek on the homodimerization of glycourils [115]. This approach
has been used with monomers including amides [116], ureas
[117], and resorcinarenes [118]. However, this type of assem-
bly is highly sensitive to competing H-bonding solvents and
thus incompatible with water. A variation of this strategy is
the assembly of heteromeric cages containing H-bond donors
(e.g., carboxylic acids, alcohols, amines) and H-bond acceptors
(e.g., amines, pyridines, carbonyls) in different building blocks.
Charge-assisted hydrogen-bonded assemblies [119, 120] can also
be formed, increasing the stability of the systems thanks to
the electrostatic contribution to the overall building-block inter-
action, which competes more effectively with solvation, even
achieving assemblies with considerable association constants
in water (~10* M) as for the calix [4]arene capsule reported
by Reinhoult (Figure 3a) [121]. Importantly, further stabiliza-
tion can be promoted by the encapsulation of host molecules
either by the recognition of additional interaction motifs within
the cavity or by the release of high-energy water molecules
and hydrophobic effects (Figure 3b) [122]. A similar approach
has been proposed to stabilize chalcogen-bonded structures in
an aqueous environment [123]. Recently, anion-coordination
assemblies have also appeared as a special class of charge-
assisted hydrogen-bonded structures. Nevertheless, the applica-
tion of such systems as receptors in water remains challenging,
as anion solvation energies preclude the formation of such
assemblies [124].
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FIGURE 2 | (a)Organic cage synthesis via heterodimerization of same-core building blocks bearing complementary reactive substituents, followed
by CuAAC to form the cage structure (CCDC 2271519) [104]. (b) Templated CuAAC synthesis of a porphyrin organic cage, in which 1,4-diazabicyclooctane
acts as a template during the click reaction (CCDC 1535914) [108] (c) Imine-condensation synthesis of a purely organic cage via dynamic self-assembly,

followed by reduction to lock the cage structure (CCDC 800538) [109]. The molecular structures derived from X-ray crystallographic analysis were

rendered using Mercury [110].

2.2 | Metallacages

Metallacages are built using coordination-driven self-assembly.
This principle exploits the defined geometry of metal ions in
coordination and organometallic compounds, combining them
with predesigned ligands that place donor atoms in strategic
positions. Overall, the combination of metal ions and ligands
opens a huge area of the chemical space, making metallacages
attractive when it comes to the exploration of newer applications.
The design of metallacages that function effectively in aqueous
media requires careful consideration of several structural fea-
tures. First, although metal coordination generally meets the self-
correction requirements of coordination-driven self-assembly,
highly dynamic coordination cages can lack sufficient robustness
for use in water and complex media. In general, when considering
monodentate coordination, first-row transition metal centers
display lower thermodynamic stability and [125], even more
importantly, much higher kinetic lability than their 4d and 5d
family members. Thus, not many examples of metallacages using
monodentate coordination to first-row building motifs exist, and
those available are not compatible with an aqueous environment.
Instead, following the approach by Raymond [126], chelating

ligands (0”0, N"O, N"N, etc.) are combined with octahedral first-
row and even representative metal centers (e.g., Ga(III), AI(III),
Ge(IV), Ti (IV)) to generate kinetically inert arrangements that
have shown potential to be used in aqueous media [78]. These
types of octahedral metal ions can be used to form tetrahedral
or cubic cages, depending on the ligand coordination topology
(Figure 4a,b) [127].

On the other hand, mono-coordinating ligands can be more
favorably used to generate water-compatible metallacages when
combined with heavier metals, as a clear example, N-heterocyclic
ligands (pyridine, imidazole, triazole, quinoline, etc.) coordinate
with square-planar Pd(II) centers, generating a vast structural
diversity in size, shape, symmetry, and even component nature.
[99] [129] Generally, PA(II) cages are sufficiently stable in water.
Although the typical polyaromatic nature of the ligands com-
monly used in this family of cages limits their solubility, new func-
tionalization strategies and modifications to the cage composition
that promise higher solubility are being explored. For example,
water-soluble and stable Pd,L, peptide cages (L = polyproline-
based ligand; Figure 4c) have recently been synthesized [128,
130]. Although Pd(II) presents relatively high thermodynamic
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FIGURE 3 | (a) Calix [4]arene capsule assembled via charge-assisted hydrogen bonding in water [121]. (b) Guest encapsulation-aided formation of

a hydrogen-bonded cage-like structure in an aqueous environment. The shown 3D structure is a semi-empirical optimization of the host-guest complex,

hydrogen bonds are displayed as green dotted lines. Adapted with permission [121]. Copyright 2013, American Chemical Society.

FIGURE 4 | Common metallacage architectures using octahedral coordination nodes. (a) A cubic Co?*-based arrangement and (b) a tetrahedral
Zn* cages [91]. (c) Polyproline-based Pd,L, metallacages, which produce anisotropic cavities [128].

stability, giving good water compatibility, it is kinetically prone
to ligand exchange reactions in the presence of nucleophiles
bearing soft Lewis bases (as defined in Pearson’s classification).
Thiols, in particular, which are ubiquitous in biologically relevant
environments, are strong scavengers of Pd(II), can rapidly disrupt
the cage structure and limit its scope of application in biological
samples. Pt(II) is an obvious isostructural alternative for directly
translating the extensive knowledge available for generating
complex and diverse Pd(I1)-based self-assembled structures [131]
in the development of broadly applicable sensor platforms.

However, the enhanced kinetic stability of Pt(I) compounds
necessitates high temperatures and long reaction times to allow
structural self-correction in cage synthesis [132]. This compro-
mises the compatibility of the process with certain ligands that
would be of particular interest for sensing applications in water
(such as the previously mentioned peptides or nucleic acids).
Thus, alternative or optimized synthetic protocols need to be
generated in this area. Additionally, as recently pointed out
by Furukawa and coworkers [99], coordination cages based
on square-planar metal centers and N-heterocyclic ligands find
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parallels developed in the area of metal-organic cages (MOCs or
metallacages; Figure 4b), which, instead of single metal ions, use
secondary building units (SBUs) based on carboxylate-metal clus-
ters, particularly the Cu(II) paddlewheel structure. However, this
motif has only limited stability in water [133], and thus migrating
to more water-stable SBUs is needed for the application of
metallacages in aqueous sensing. From the expertise gained with
water-compatible MOFs, which, unlike MOCs, are extended,
crystalline, infinite coordination networks, one can propose
the use of Zr(IV) oxoclusters as particularly suitable synthons,
since their highvalent, hardacid character and robust metal-
oxygen connectivity confer outstanding resistance to hydrolysis
under demanding aqueous conditions [133]. Comparable stability
can be achieved using Al(III)based trimeric or rodlike SBUs,
as well as Cr(IIT) and Fe(III) u;-oxo-centered clusters, which
similarly combine strong metal-carboxylate bonding with high
coordination connectivity to preserve integrity in water and even
under extreme pH [133, 134], yet the application of these types of
SBUs in the construction is scarce [135, 136].

Many other metallacage designs are available, including het-
eroleptic approaches combining binuclear metal-arenes to clip
panel ligands [137], as well as strategies that exploit the charge-
separation preferences of metal ions to form heteroleptic cages
[138]. In all cases, similar thermodynamic and kinetic stability
considerations have to be taken into account to ensure water
compatibility. Recently, organometallic assemblies have attracted
attention for medical-related applications [139], as organometallic
bonds are kinetically inert and the higher covalent character of
C—M bonds provides additional stabilization toward biological
nucleophiles, providing a new platform for the development of
sensors in aqueous and biological environment.

Solubility in water is not an issue only for organic cages that
needs to be solved. Although most metallacages are intrinsically
charged species, in many cases displaying high-charge density,
their charged nature is insufficient to confer water solubility,
as, owing to the common use of aromatic building blocks,
the resulting structures also exhibit high hydrophobicity. While
this characteristic may be positive to the inclusion of certain
guests, it overall causes many of the available designs to display
limited or no solubility in aqueous media, yet some of the less
aromatic-extended systems, or those containing polar ligands,
can also have appropriate solubility [78]. Functionalization of the
cages’ exterior (exo-functionalization) with diverse charged (e.g.,
R-SO;7) [140] or polar (alcohols [141, 142], polyethyleneglycol
[141-143], peptides [144], carbohydrates) [145] groups to favor the
solubility of the cage has been explored with positive outcomes.

2.3 | Cavity Design, Guest-Inclusion and Other
Related Considerations

When compared to other receptors widely used in sensing
applications (e.g., macrocycles or chelators), molecular cages
offer the potential to design tailored cavities that increase
affinity for analytes of different sizes, shapes, and properties
[146]. However, to achieve this tuning of the cage receptor
capabilities, fine synthetic strategies have to be developed [147].
Several avenues are currently being explored to achieve this
aim. First, many available synthetic approaches employ high-

symmetry synthons to increase assembly precision and minimize
off-pathway products. An active trend in cage synthesis deals with
the generation of higher-complexity assemblies with anisotropic
and low-symmetry cavities [148, 149], achieved by the precise
assembly of heteroleptic [150-153] (and heterometallic) [154]
cages. These systems should ultimately recognize guests with the
specific characteristic of biological systems. An advance in this
direction is the use of peptides (Figure 4c) as building blocks in
the construction of cages, which provide anisotropic cavities with
potential specific recognition capabilities [155, 156].

A second avenue in cavity design is the development of func-
tionalization methodologies [114]. Two general scenarios are
possible. In the pre-assembly functionalization (PrAF), the build-
ing blocks used in the assembly of the cages are synthesized
with functional units that will be included in the cage after
the assembly. This approach has the advantage of having a
broad set of organic synthesis tools that can be applied for
the inclusion of such groups. However, pre-assembly modified
synthons have higher complexity, many times including addi-
tional functional groups that may disturb the self-assembly of
the cage structure by generating competing reactive paths or
by simple steric effects, which are particularly important when
the cavity is to be functionalized. Moreover, the functionali-
ties included in the building blocks need to be stable to the
reaction conditions required in the assembly process. This last
consideration is of special importance in the case of peptides
or other biomolecular-related functionalities, which are not
necessarily compatible with high temperatures usually applied to
favor the cage assembly self-correcting processes. On the other
hand, post-assembly modification (PAM), i.e., functionalization
of the cage after the self-assembly process, has the advantage
of not compromising the self-assembly process itself. However,
to be successful, the cage structure should be robust enough to
withstand the chemical processes used for post-functionalization.
While this is, in general, a minor issue in purely covalent organic
cages without reversible bonds and has indeed been applied to
increase cage stability, just a limited number of metallacages
are suitable for PAM, and the possible reactions applicable to
these scaffolds are also limited due to the incompatibility of
metallacages with extreme conditions of pH and temperature,
particularly in the presence of nucleophiles or additional metal
ions [157, 158]. Thus, PAM of metallacages is limited to reversible
processes, such as metal coordination and imine formation, or, in
some cases, reactions with soft synthetic requirements (i.e., nor-
mal or inverse electron-demand Diels-Alder reactions, or click
chemistry) [159].

For water-based sensing applications, metallacage -cavities
require functionalization to enable selective host-guest
interactions, which can be achieved via PrAF or PAM, each
presenting distinct challenges. PrAF leverages organic synthesis
to incorporate functional groups into ligands before assembly
but risks disrupting self-assembly through steric hindrance
or competing coordination, particularly for cavity-targeted
modifications, and demands compatibility with assembly
conditions [158, 160]. On the other hand, PAM avoids these
issues by modifying robust cages post-assembly [112, 157, 158],
yet the chemical instability of metallacages to harsh conditions
(pH, nucleophiles, competing metals) limits it to reversible
chemistries (e.g., metal coordination, imine exchange) or
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mild reactions (click chemistry, or inverse electron-demand
Diels-Alder reactions). [159]

Ultimately, the main challenge in the application of cages in
sensing in aqueous media relies, perhaps, in the matching of the
adequate cage system to the targeted analyte. There is not, of
course, a universal solution. While sensing in water (Section 3)
has to overcome the large enthalpic stabilization granted by
their favorable hydration [161, 162], which is hard to equal
within common organic cavities via fewer hydrogen bonding or
even electrostatic interactions. The detection of organic entities,
such as neurotransmitters or drugs, which is favored by strong
hydrophobic effects, requires mostly increased selectivity and fine
design of receptor-like pockets capable of binding the desired
target [163, 164].

3 | Aspects of Analyte Detection in Water
3.1 | Water—A Non-Innocent Solvent

Before examining specific examples of detection in solution,
this chapter outlines the general aspects and challenges of
sensing in aqueous media using cage-receptors. Many biologically
relevant analytes occur in water and biofluids as ions, whose
detection remains one of the major challenges in supramolecular
receptor chemistry [165-167]. This arises for several reasons.
From an analyte perspective, anions and cations in aqueous
solutions are surrounded by hydration shells that are dynamic but
strongly stabilizing, significantly masking interactions between
the analyte and the receptor. For example, the relatively high
dielectric constant of water (¢ ~ 78 at 25°C) [168] can effectively
screen ionic charges, thereby weakening Coulombic interactions.
For a cage-receptor to bind such hydrated ions, forming, for
example, a host-guest inclusion complex, without relying also on
hydrophobic, 7r-7, dispersion, or hydrogen-bonding interactions,
a large hydration energy must be overcome, and remains a
challenging task (Figure 5a).

From the standpoint of the cage-receptor, several specific chal-
lenges arise when attempting detection in water, which affect
not only the binding strength and selectivity toward analytes but
also the chemical stability and solubility of the receptor itself.
First, water solvates not only the analytes but also the receptor
itself. Consequently, purely ionic cage—analyte interactions show
limited affinity in water. Many receptor designs studied in organic
solvents that rely on hydrogen bonding between the cage-receptor
and analyte perform poorly in water, as strong competition
from water molecules greatly weakens these interactions and
limits their effectiveness for high-affinity binding [169, 170].
Earlier attempts to enhance H-bonding by installing quaternary
ammonium groups into cage-receptor frameworks gave only
modest affinities [171]. More effective designs increasingly rely on
charge-assisted hydrogen bonding, using protonated ammonium,
guanidinium, or amidinium donors to strengthen interactions
with hydrogen-bond-accepting anions. [172-175] Additional inter-
action motifs that can be exploited for anion detection in
water include halogen [176, 177] and chalcogen bonding [178],
cation/anion-7 interactions [179, 180], amongst others. Several
recent reviews provide comprehensive discussions of these inter-
action types, and readers seeking further detail are directed to

those publications [166, 170, 181-183]. Despite these challenges,
water is not merely an “adversary”. The classical and non-classical
hydrophobic effect [184, 185], for instance, can drive weakly
interacting molecules in organic solvents to associate strongly
in water, a principle effectively exploited by many synthetic
macrocyclic receptors.

From the standpoint of the receptor, chemical stability in water,
solubility, and, most importantly, from a detection-performance
perspective, obtaining specificity represents a major challenge
(Figure 5b). Chemical stability becomes an issue when the cage-
receptor constitutes a framework containing hydrolysable link-
ages such as imines or hydrazones, which indeed are prominent
motifs in organic cages. In this context, the use of intrinsically
more resilient analogues, such as oximes or trialkylhydrazonium
derivatives [186], offer a valuable strategy to improve hydrolytic
stability. Other weak points can be metal centers that are prone to
ligand-exchange reactions, particularly with biomolecules such
as thiols, if the metal-ligand bonds are not kinetically stable
enough. As in the case of metallacages, the use of kinetically more
stable metal-ligand linkages is therefore an important design
consideration. For this reason, second- and third-row d-block
elements are often preferred as metal centers, as they can form
stronger coordination bonds, according to the hard-soft acid-
base principle (HSAB) [187], between soft metal ions (e.g., Pt**,
Pd**) and soft donor ligands (e.g., phosphines, pyridines) [78].
Such interactions lead to slower exchange kinetics and thus
higher kinetic stability, although achieving complete inertness
remains an unresolved challenge to date.

Aqueous and biological samples contain many competing ions at
substantially high micro- and millimolar concentrations, while
the analytes of interest may be present only in the nanomolar to
micromolar range. This means that extraordinarily high binding
affinities from the cage-receptor and selectivity are required,
levels that are rarely achievable with current receptor designs in
water.

3.2 | Analyte Specific Challenges
3.21 | Inorganic Analytes

Only a limited subset of metal cations is essential for human
physiology. The major electrolytes Nat, K+, Ca’*, and Mg?*
govern osmotic balance, membrane potentials, and cellular sig-
naling, and typically occur at millimolar concentrations in the
human body [45]. Trace metals such as Mn?™3+4+ Fe2+3+ Co?+3+,
Cu*?*, Zn?*, and Mo*"* function as enzymatic cofactors and are
generally present only in the micro- to nanomolar range [188-
190], with Fe representing a notable exception due to its higher
abundance in blood and typically found in mM concentratons
[45]. Perturbations in the levels of either group are closely
linked to electrolyte disorders and metal-homeostasis diseases.
By contrast, metal cations such as Hg?", Pb*", Cd**, and As**
are intrinsically toxic, owing to their strong affinity for thiol,
phosphate, and amide groups, which disrupts protein structure
and enzyme function and leads to severe neurotoxic, nephrotoxic,
or carcinogenic effects [191]. AI** is similarly monitored because
of suspected neurotoxicity [192]. Overall, alkali and alkaline-earth
cations are simple, hard Lewis acids with closely similar radii
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FIGURE 5 | (a)Schematic representation of the synergistic design principle in supramolecular ion recognition, highlighting the introduction of

multiple noncovalent interactions within a cage-receptor for anion binding. For anion-encapsulating cages operating in aqueous media, Coulombic
interactions alone are typically insufficient to afford a stable host-guest complexes, because hydration shells strongly attenuate purely electrostatic
binding. By contrast, receptors engineered to engage a combination of interactions, for example, anion-7, electrostatic, and the (non)classical
hydrophobic effect, can achieve markedly enhanced binding strength and selectivity. Such cooperative interplay between distinct supramolecular forces
translates into higher apparent binding affinities and, consequently, improved performance in ion sensing applications. (b) Another persistent limitation
arises from the chemical instability of cage-receptors in aqueous and biological environments. For instance, imine-based cages are prone to hydrolysis
in water, while metal-ligand cages may undergo ligand exchanges (e.g., with thiols), ultimately compromising structural integrity and binding function.

and hydration energies within each group. As for the selectivity,
cage-receptors generally struggle to discriminate between ions
of similar size and charge density (e.g., K* vs. Na* or Cl~ vs.
Br™) in aqueous solution (Figure 6a). As a result, receptors that
rely primarily on electrostatic attraction and size/shape comple-
mentarity often struggle to differentiate between, for example,
Na* and K* or Mg** and Ca?* in water. For first-row transition
metal cations, the richer coordination chemistry, defined by
preferred geometries, ligand-field stabilization, HSAB matching,
and distinct redox behavior, provides additional design handles
that can be exploited to achieve much higher selectivity than
is typically possible for s-block cations. Soft, highly polarizable
heavy-metal cations such as Pb*>*, Hg?*, and Cd** display distinct
coordination and reactivity preferences compared to hard or
borderline metal ions, as shown for example by their pronounced
thiophilicity with a tendency to form thermodynamically robust
complexes in aqueous media with sulfur ligands.

Among inorganic anions of biomedical relevance, Cl~ is the prin-
cipal extracellular species (present at high mM concentrations)
and a key indicator of renal and acid-base balance [193]. HS™
contributes to vascular and neural signaling [194], while NO;~

and NO,™ regulate NO availability in the body [195], influencing
blood-flow regulation and cell signaling and serving as biomark-
ers of oxidative stress. Phosphates are especially important:
present at ~1 mM in serum [196], essential for energy metabolism
and nucleic acids, dysregulated in renal and bone disease [197],
and a major environmental pollutant driving eutrophication
[198]. Its strong hydration and multiple protonation states make
selective binding in water particularly difficult for cage-receptors
(Figure 6a). Highly toxic anions such as CN~ and the related
biomarker SCN~ [199], as well as F~ [200], which is beneficial
only at low concentrations, further demonstrate the analytical
need for receptors capable of distinguishing closely related
inorganic anions in complex aqueous settings.

3.2.2 | Organic Analytes

Detection of organic analytes in aqueous and biological media
poses distinct analytical challenges yet is generally more straight-
forward than the determination of inorganic cations and anions.
In living systems, a vast array of organic molecules, ranging
from metabolites such as neurotransmitters to steroid hormones,

Advanced Sensor Research, 2026

9 of 53

95UB017 SUOLULLIOD BAINRID 3ot (dde ay) Aq peuienob a1e sapie O ‘85N J0'So|nI o} A%Iq1T 8ULUO A1 UO (SUOPUOD-PUR-SLLBIAD" A3 1M Ale.q Ul |UO//:SdNY) SUONIPUOD pue swie | 81 89S *[9202/£0/02] Uo Atelqiauljuo A8]im ‘9160jouyds | In4 nisul jeynss|e Aq ¥ST00S202 SPe/z00T 0T/I0p/wod 8| im Ake.q 1pul|uo’psouenpe//sciy wouy pspeoiumod ' ‘9202 '6TZTTS.Z



a Selectivity challenges

Il. Competing species
with comparable K,

|. Size-matching

[ —X

(e
-0

b Challenges for quantitative detection
Protein absorbed or metabolized analytes

Protein-bound metabolites
(Steroid binding to globulins)

W= T

pi

11l. High-concentration, low-affinity interferents in
biofluids and saline media

- Fatty acids Ca2?*

Sugars
H
.COOH HO v H
BHa H H

HO OH

Proteins

Masked metabolites such as
sulfated, phosphorylated neurotransmitters
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world samples. (a) Cage-receptors often face selectivity issues due to matrix components that share similar size, charge, or binding affinity with the

target analyte. This problem becomes particularly pronounced in complex biological matrices such as blood or serum, where numerous interferents,

often present at much higher concentrations than the analyte, significantly hamper reliable detection. (b) Quantitative analysis is further complicated

by the fact that cage-receptors are typically designed to bind the “free” analyte species. In practice, however, many targets, such as steroids bound to

transport proteins or neurotransmitters present as phosphorylated or sulfated derivatives, exist in chemically modified or sequestered forms, reducing

effective receptor binding.

are present only in trace amounts, often at low-nanomolar
concentrations [45, 201]. This imposes stringent performance
requirements on cage-receptors, which must combine high
affinity with high selectivity for analytes (Figure 6a). The cat-
echolamine neurotransmitters serotonin, dopamine, adrenaline,
and norepinephrine exemplify this issue as their close structural
resemblance severely restricts the number of discriminating
interactions available to a cage-receptor [202-205]. From a
supramolecular perspective, such narrow physicochemical dif-
ferences limit the design space for differential binding motifs.
Adding further complexity for reliable detection with cage-
receptors is the fact that many intracellular metabolites and drugs
exist in phosphorylated or glycosylated forms, or undergo addi-
tional metabolic transformations such as sulfation or acetylation,
among others (Figure 6b) [206-208], which increase their charge
density, hydration, and steric bulk. This highlights two relevant
cases for important biomarkers, as dopamine in human serum
circulates predominantly as dopamine-4-sulfate [209-211], and
estrogens are likewise largely absent in their free form, with
roughly 97% of circulating estrogen bound to plasma proteins
[212]. Furthermore, metabolites and drugs, as well as clinically
relevant toxins, pesticides, and illicit drugs, must be detected with
high fidelity in complex matrices such as blood, saliva, wastew-
ater, or plant samples. Their metabolic transformation further
complicates analysis and poses a significant challenge for cage-
receptors, which must distinguish between parent molecules and
their often abundant, structurally altered derivatives to achieve
accurate detection. Many organic analytes also occur at low-nM to
low-puM concentrations and reside in protein-rich environments
that markedly attenuate host-guest interactions.

Organic ions often feature aromatic rings, alkyl chains, het-
eroatoms, or other functional groups that provide multiple inter-

actions for supramolecular recognition. These moieties enable
receptors to exploit 77— stacking, cation-7 and anion- interac-
tions [213], hydrogen bonding [214, 215], and dispersion interac-
tions [216, 217], which can occur either inside the cavity of a cage
or along its external walls. Importantly, the classical hydrophobic
[184] effect plays a central role by providing strong entropic
contributions to the binding event with the cage-receptor. Beyond
the classical hydrophobic effect, the binding of organic ions often
displaces structured water molecules, providing enthalpic stabi-
lization through favorable analyte-receptor interactions and an
entropic gain from water release [185]. Together, these contribu-
tions lower the energetic cost of desolvation and can confer both
higher affinity and improved selectivity. Consequently, organic
cations and anions, particularly those with aromatic or lipophilic
moieties, are often more effectively recognized by cage-receptors
in aqueous solutions, making them attractive targets for sensing
applications. Carbohydrates constitute another important class
of molecular targets that remain challenging for cage-receptors
to bind selectively in water, owing to their complex and highly
diverse chemical structures. As a consequence, association con-
stants in aqueous media are typically modest (often not exceeding
the 10* M~! range) [218], and luminescent sensing systems for
carbohydrates are correspondingly scarce, particularly those that
operate reliably in biofluids. Effective strategies for carbohydrate
recognition in water by supramolecular receptors commonly
combine extended aromatic surfaces, capable of hydrophobic
and CH-r interactions, with polar functionalities that engage
in hydrogen bonding. Electrostatic interactions and hydrophobic
effects can also play significant roles. In this context, the cage-
receptor reported by the Davis group, which incorporates six
N-H:--O hydrogen-bond donor urea or amide units within the
cage pillars, achieves relevant saccharide binding in aqueous
solution [219-221]. Comprehensive reviews on biomimetic car-
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bohydrate recognition and synthetic receptors for saccharides by
Prof. Anthony Davis [218], as well as Tan and coworkers [222], will
therefore not be discussed in detail here, and interested readers
are referred to the reviews cited herein. Instead, only the most
recent designs featuring a luminescent readout are presented in
this review.

Finally, non-canonical nucleic acid structures have recently
emerged as an additional analyte class for detection with metal-
lacages as they can stabilize DNA junctions and G-quadruplexes
(G4s) through electrostatic attraction to the phosphate backbone,
m-stacking with exposed bases or G-tetrads, hydrogen bonding,
and shape-complementary encapsulation of the nucleic acid
motif. A more detailed discussion of these systems will be
presented in Section 5.

4 | Sensing Examples in Water Using Synthetic
Cage-Receptors

Supramolecular chemistry [223] offers substantial promise for
the development of new analytical tools that enable rapid,
cost-effective sensing technologies [224], with the potential to
simplify both signal readout and sample preparation for practical
point-of-care applications. This promise stems from the use of
synthetic, “designer” receptors, which can be prepared entirely
in the laboratory, from receptor synthesis to the implementa-
tion of sensor assays that are, in principle, compatible with
large-scale production and commercialization. Compared with
established analytical techniques such as high-performance lig-
uid chromatography, these receptor-based sensing platforms can
markedly reduce preparation costs and operational complexity,
allowing their use by non-specialized personnel [45]. In this con-
text, synthetic cage-receptors can make a significant contribution
to the realization of truly affordable point-of-care diagnostics.
If successfully translated, such systems could rapidly provide
a broad range of low-cost sensors for analyte detection at the
presumptive screening level [225], for example in emergency or
control settings. Potential applications include the rapid identifi-
cation of illicit explosive substances in law-enforcement contexts,
first-aid scenarios involving unconscious individuals suspected of
drug overdose, or the on-site detection of hazardous drug adulter-
ants such as fentanyl [226]. Beyond these immediate applications,
cage-receptors are also expected to advance biomedical diagnos-
tics more broadly, as already exemplified by crown-ether-based
sensor cassettes for ion detection in blood that have successfully
reached the market [227]. Beyond biomedical uses [16, 78, 228],
this aspect is particularly important in the field of environmental
sensing [201, 229]. Preventing disease caused by pollutants that
enter the food chain through human activity remains both urgent
and highly challenging [201]. Destructive agricultural practices
and poorly managed or inadequately regulated industrial waste
discharges highlight the pressing need for new sensors that are
simple, robust, and effective, offering accessible technologies for
real-world monitoring. Finally, advances in sensing technologies
are expected to substantially benefit plant sciences, from the
detection of pesticides to the development of luminescent tools
for live-cell imaging in plants [201]. These approaches can support
comprehensive environmental monitoring of ecosystems, enable
the visualization of plant processes relevant to biotechnology,

and aid in uncovering new metabolic pathways and metabolite
transport mechanisms within plant systems.

The examples discussed herein are summarized in Table 1, which
reports their analyte scope and key performance parameters,
including the type of targeted analyte, binding affinities, detec-
tion range, limit of detection achieved, solvent system used,
and primary detection mode. Table 2, instead, highlights rep-
resentative optical cage-receptor systems featuring absorbance
or luminescence-based readouts, detailing their chromophoric
units, photophysical properties, targeted analyte classes, and the
major underlying binding interactions.

4.1 | Sensing Inorganic Species
4.1.1 | Inorganic Anions

Luminescence-based readouts are generally favored in chemical
sensing, as they typically provide superior sensitivity, lower limits
of detection, and the capability for ratiometric or time-resolved
measurements that reduce background interference. Nonethe-
less, optical sensors that rely on analyte-induced color changes
in the porphyrin Soret band [230] remain promnent [231], since
the large molar absorption coefficient (up to 10° M~'-cm™)
[232] and distinct spectral shifts enable straightforward, rapid,
and even naked-eye detection using simple instrumentation.
In this respect, Beer and co-workers, introduced triazole- and
triazolium-functionalized Zn?** metalloporphyrin cages (R1 and
R2 in Figure 7) that achieve effective anion binding through a
combination of C-H---anion hydrogen bonding and the Lewis
acidity of the Zn** centers. The binding event is monitored
via shifts in the Soret band of the absorption spectrum. The
neutral receptor R1 binds hard/basic anions in organic media (F~,
Cl~, AcO~, H,PO,~, SO,?7), whereas heavier halides show only
weak responses. This selectivity reflects the strong polarization-
dependent interaction between the porphyrin core and charge-
dense anions. Introducing cationic triazolium units in R2 sig-
nificantly enhances anion binding under aqueous conditions.
For example, at 15% water content in acetone, sulfate binding is
retained with minimal competition from monovalent anions.

The design of luminescent cage receptors often employs triph-
enylamine moieties, [233] which show reduced luminescence
when coordinated to transition-metal ions but become emissive
upon release from the assembly. Yu and co-workers reported
luminescent hexanuclear Pd** cages (R3, Figure 8) constructed
from tris(4-(1H-pyrazol-3-yl)phenyl)amine and dipalladium(II,
II) nodes to give water-compatible assemblies [(N"N),PdL,]*"
[234]. Coordination to Pd** quenches the emission of the triph-
enylamine moieties, creating a low-background system suitable
for turn-on sensing. In ACN/H,0 (1:2, v/v), the cages displayed
a strong luminescence enhancement (~30-fold) upon addition
of HSO,™. Other anions, including SO,*~, HSO,~, NO,~, NO;",
F-, Br—, I, and SCN-, induce negligible changes, confirming
high selectivity for HSO;~. Excess bisulfite eventually causes
quenching, consistent with competitive Pd** coordination and
partial cage decomposition. The water compatibility of R3 was
attributed to the intrinsic robustness of their coordination frame-
work, where strong Pd—N bonds, multidentate chelation, and
the stabilizing influence of the bimetallic Pd(II, II) corners
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FIGURE 7 | Chemical structures of R1 and R2 employed in the UV-
vis-based detection of F~, C1~, AcO~, H,P0O,~, SO,%" in aqueous-organic
solvent mixtures.

collectively suppress hydrolysis and preserve structural integrity
in aqueous media. At the same time, their reliance on an organic
cosolvent indicates limited intrinsic solubility in pure water,
which may constrain their applicability in fully aqueous sensing
environments.

Anthracenes are well-known luminescent moieties that exhibit
decreased luminescence upon aggregation [233]. In this context,
a more recent example involves an anthracene-functionalized
Pd** metallacage (R4, Figure 9) assembled from 4-(anthracen-9-
y1)-N,N-bis(4-(pyridin-3-yl)phenyl)aniline and Pd(NO,), [235]. In
dimethyl sulfoxide (DMSO), the cage displays strongly quenched
emission relative to the free ligand, consistent with Pd**-mediated
excited-state quenching. Addition of OH-, PO,*", or AcO-
triggers cage disassembly, releasing the emissive ligands and
producing a pronounced luminescence turn-on response. Other
anions, including BF,~, PF,~, F-, CI~, Br~, I, NO;~, CO,*,
S0,*~, HPO,*", and H,PO,~, do not induce comparable changes,
either because they fail to promote disassembly or undergo simple

5000
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3000 -

I (a.u.)

2000

1000

T T T T T T 1
300 350 400 450 500 550 600 650
wavelength(nm)

FIGURE 8 | (a) Chemical structure of the cage-receptor R3 used
for the detection of HSO5;~ in aqueous media. (b) The luminescence
response of R3 exhibits an HSO; -dependent increase in emission,
whereas an excess of bisulfite eventually leads to decreased emission due
to decomposition of the cage. Adapted with permission. [234] Copyright
2017, The Royal Society of Chemistry.

nitrate exchange without restoring ligand emission. Although
the system was evaluated exclusively in DMSO, its behavior in
aqueous media remains uncertain, and possible limitations in
solubility, which were not addressed in the original study, may
further restrict its applicability.

Building on the 3,5-dicarboxamide pyridinium motif previously
used by the Beer group for anion-binding interlocked structures
in organic media [176, 236], Liu and co-workers developed
a water-soluble bicyclic amide cage incorporating the same
recognition element (R5, Figure 10). [237] The cage-receptor
was obtained by imine condensation of (2,4,6-triethylbenzene-
1,3,5-triyl)trimethanamine with pyridine-3,5-dicarbaldehyde, fol-
lowed by conversion of the intermediate imine cage into the
amide-based cage-receptor via Pinnick oxidation. R5 combines
charge-assisted hydrogen bonding with a triply cationic scaffold,
enabling strong electrostatic attraction to hydrated anions while
providing a convergent array of amide NH and pyridinium C-H
donors for selective cavity binding. In water, R5 binds hydrophilic
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FIGURE 9 | (a) Chemical structure of R4 used for luminescence-
based detection of OH™, PO,3~, and AcO~. (b) Luminescence response
curves of R4 toward different anions, where binding of OH™, PO,3,
and AcO~ induces disassembly of the cage-receptor, thereby restoring the
luminescence of the anthracene-based ligands. Adapted with permission.
[235] Copyright 2024, Thieme.
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FIGURE 10 | (a)Chemical structure of R5 capable of binding SO4%~
and C,0,%" in water.

oxoanions with high affinity, with SO,>~ and oxalate showing

favorable enthalpic contributions and substantial desolvation
gains. Other anions bind only weakly to R5, with affinities
decreasing in the order I-, NO;~ > AcO~, NO,” > Br~, Cl".

A recently reported, impressively selective SO,*~ cage-receptor
was developed by Wu, Deplazes, and co-workers, who used
a neutral [2.2.2] urea cryptand (R6), achieving high-affinity
sulfate recognition in water using only NH hydrogen bonds,
closely mimicking biological sulfate-binding proteins (Figure 11)
[238]. Prepared through a one-pot, sulfate-templated assembly,
R6 encapsulates SO,*~ via twelve convergent NH---O hydrogen
bonds, as confirmed by X-ray crystallography and molecular
dynamics simulations. In DMSO containing 0.5 vol% H,O, R6

H,0 H,0 ;
- e
0ale & @ ©

CHCI - [:> CHCI :
' o 7° x@)
X@ é;c".' =
’ x@r @+

Cf,':% X cr)
FIGURE 11 | (a) Chemical structure of R6 and (b) Molecular struc-
ture of the R62S0,4%~ complex derived from X-ray analysis in the solid
state. (b) Schematic representation of SO,>~ extraction by R6, omitting
Na't counterions in the aqueous phase. Adapted with permission. [238]

Copyright 2024, Springer Nature.

binds SO,*~, four orders of magnitude stronger than an acyclic
tris-urea control, while displaying only modest affinity for Cl-.
Selectivity studies revealed more than a 10-fold preference for
sulfate over other oxoanions and halides. The receptor’s high sul-
fate affinity stems from a preorganized cluster of six urea groups
whose twelve NH donors create a hydrogen-bonding pocket
precisely complementary to SO,%~. Incorporating the receptor
into cetyltrimethylammonium bromide micelles enhances sulfate
extraction by locally concentrating SO,* at the positively charged
micellar surface, while the phase-transfer counterion methyltri-
alkyl Cg,o-ammonium chloride (A336Cl) enables the anion to
migrate into the micellar interior and, subsequently, into the
organic phase.

Leveraging the ease of functionalization of calix [n]arenes, Yang
and co-workers synthesized a cage receptor (R7) composed of
both oxa- and aza-calixarene units, a hybrid of three azacal-
ixarenes and two oxacalixarenes (Figure 12) [239]. Absorption
studies of R7 showed that addition of Bu,N*F~ (30 eq) diminishes
the higher-energy absorption band and generates a new visible
absorption band, producing a brown-colored solution. R7 showed
good selectivity, as the addition of other anions such as CI-,
Br, I, PF,~, BF,”, H,PO,~, AcO~, NO,~, HSO,", SO,>", and
PO,3" yield no detectable spectral changes. Fluoride selectivity
was ascribed to its capacity to deprotonate the receptor’s NH
groups, which in turn generated a detectable color change in the
aromatic framework bearing the dinitrophenylene substituents.

Boron-dipyrromethene (BODIPY) dyes are widely used
fluorophores valued for their sharp, intense absorption, high
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FIGURE 12 | Chemical structure of R7 used for the UV-vis-based
detection of F~.

fluorescence quantum yields, and excellent photochemical
stability [240]. With this in mind, Nitschke and co-workers
developed a family of luminescent M, L, tetrahedral cages (RS,
Figure 13) incorporating BODIPY and pyrene fluorophores,
assembled from bis(aminophenyl)BODIPY and pyrene-
substituted formylpyridines with Fe** or Zn*" ions [241].
The Zn** cage lacking pyrene pendants shows optical responses
to certain anions in ACN. For example, binding AcO~ or N5~
induces bathochromic absorption shifts and up to a 25-fold
enhancement of its red emission. Smaller but discernible
responses occur for F~ and Cl-, while Br~, I", NO;~, BF,",
PF,~, and CIO," elicit minimal changes. Spectroscopic analyses
confirmed that the tetrahedral framework remained intact, and
recognition was attributed primarily to electrostatic attraction
and anion-7 interactions, with absorption red-shifts arising
from perturbation of ligand 7 orbitals. A colorimetric test strip
was developed for detecting aqueous AcO~, N;~, F~, and CI~
(1 mMm). Interestingly, amino acids such as cysteine induce cage
disassembly through imine exchange with the linkers, releasing
the BODIPY units and forming mononuclear Fe** amino-acid
complexes. This process enables luminescence-based detection
through distinct changes in color and emission intensity. The
authors also reported a pyrene derivative capable of white-light
emission, offering an additional sensing modality.

Peptide-based recognition motifs offer a promising approach
to designing water-compatible cage receptors. Peptide-derived
capsule hemispheres assemble through directional hydrogen
bonding to form a spherical supramolecular cage, whose internal
hydrogen-bonding network encapsulates and stabilizes anions
in aqueous solution. Granja and co-workers reported peptide-
based capsules (R9) that recognize anion-water clusters rather
than bare anions, establishing a distinct binding mode for
operation in aqueous environments (Figure 14) [242]. The cap-
sules form by dimerization of a,y-cyclic hexapeptides capped
with tris(triazolylethyl)amine groups yielding C;-symmetric
hydrogen-bonded assemblies. X-ray structures revealed that R9
encapsulates hydrated clusters such as 3F~-8H,0 and 3CI~-4H,0,
stabilized through a network of amide hydrogen bonds and
hydrophobic leucine pockets. Water plays an indispensable role,
as drying the samples released the guests, and rehydration
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FIGURE 13 | (a) Truncated chemical structure of cage-receptor R8
used for the detection of acetate anions and amino acids. (b) Lumines-
cence spectra of R8 upon addition of tetrabutylammonium acetate in
ACN, and (c) in response to cysteine in ACN/H,0 (1:1, v/v). Adapted with
permission. [241] Copyright 2014, The Royal Society of Chemistry.

restored the complexes, demonstrating that recognition targets
the hydration sphere itself. Correspondingly, R9 favors small,
strongly hydrated anions (F~, Cl-, AcO~, N;-, NO;”) and
excludes larger, weakly hydrated ones (Br-, I-, PF,”). The
capsules also mediate anion transport across lipid bilayers with
Cl~/H* symport or CI~/OH™ antiport, and the transport can be
monitored because the liposomes contain luminophores (e.g., the
lucigenin assay [243]) that become emissive upon anion uptake
into their inner cavity.

As mentioned above, the detection of small inorganic anions such
as Cl~ imposes very stringent physicochemical requirements on
receptor cages for achieving selectivity. Remarkably, the detection
of CI~ in aqueous solution has recently been demonstrated using
a Pd*"-based metallacage constructed from Pd(NO;), and a 1,3-
di(pyridin-3-yl)benzene ligand (L2) bearing a short polyethylene
glycol chain, leading to [Pd,(L2),(NO;)]*" (R10, Figure 15) [244].
These cages exhibit micromolar binding affinity toward chloride
ions. In this case, the Cl~ binding interactions were attributed
to eight C—H---X~ hydrogen bonds involving the pyridyl NCH
protons, in addition to electrostatic interactions with the Pd**
nodes within the cage framework. Interestingly, the binding
of Cl~ occurs via an anion exchange mechanism, converting
R10 into [Pd,(L2),CI]*". Notably, these interactions persist in
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FIGURE 14 | (a) Chemical structure of R9 (n = 1, 2), which, in combination with a luminescent assay such as the lucigenin assay, can be used
to detect and enable anion transport through lipid bilayer membranes. (b) Schematic representation of the transport mechanisms facilitated by R9 in
liposomal systems. Adapted with permission. [242] Copyright 2024, Springer Nature.

4+

.

<<0\—>\ \ /N—Pd—N\ /

< U P
e}

7\ A

FIGURE 15 | Chemicalstructure of cage-receptor R10 (lacking NO5~
in its cavity), which exhibits binding of CI~ ions in water.
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water, resulting in measurable binding affinities suitable for
chloride capture. Future investigations should aim to evalu-
ate potential cross-selectivity with competing anions and to
incorporate into the receptor design an appropriate reporter
unit for chloride detection beyond nuclear magnetic resonance
(NMR) spectroscopy, which would enhance the applicability of
cage-receptor.

4.1.2 | Cation Sensing

Peptide-based receptors have been used, for example, in
liposome-based assays, [243] where peptide-receptor assemblies
capture analytes and, due to their lipophilicity, facilitate
anion transport across membranes by acting as anion carriers.
However, peptide-based cages can also be assembled to enable
direct luminescence sensing. For example, Stefankiewicz
and co-workers developed water-soluble pseudopeptide cage-
receptors (R11) assembled through reversible disulfide exchange
of three trifunctional thiol building blocks derived from
benzene-1,3,5-tricarboxamide, triphenylamine-triamide, and
trisphenylbenzene-triamide, each bearing three L-cysteine
residues (Figure 16) [245]. Under oxidative conditions, the
monomers assemble into homodimeric tris-disulfide cages,
and mixtures give both homo- and heterodimers through size-
and symmetry-driven self-sorting. The triphenylamine cage
2-2 (R11) displays strong aggregation-induced emission (AIE).
Addition of La(NO;); produced a 1:1 La**-R11 adduct in H,O that
precipitates as an amorphous solid and shows a shifted emission

R11

FIGURE 16 | (a) Chemical structure of R1l, which can be used for
the detection of La** ions in water via (b) luminescence, as the cage
aggregates in the presence of these ions, where aggregation-induced
luminescence enhancement can be observed. Adapted with permission.
[245] Copyright 2021, American Chemical Society.

maximum compared to the amorphous R11 solid alone. La**
binding reorganizes the cage and limits intramolecular motion,
resulting in intense luminescence that increases with La3*
concentration. This coordination is enabled by the polyanionic
framework of R11, where six carboxylates and the rigid, electron-
rich triphenylamine core provide an effective multidentate
O-donor site for hard metal cations.

Triazine-based moieties are attractive structural components
because they enable energy-transfer processes within cage recep-
tors, such as intraligand charge-transfer (ILCT) sensitization in
combination with lanthanide ions [246]. Sun and co-workers
described Eu,L, tetrahedral cages (R12) assembled from C;-
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FIGURE 17 | Chemical structure of R12, which, upon iodide addi-
tion, showed strong emission quenching, whereas Cu?* induced a
pronounced luminescence turn-on response.

symmetric oxazoline ligands, including a triazine-containing
variant that enabled efficient ILCT sensitization (Figure 17)
[247]. The cages were stable in ACN and enabled dual-mode
luminescent sensing as anions such as iodide strongly quench the
emission, whereas Cu?* produces a pronounced turn-on response
of up to 40-fold with over five-fold selectivity versus other
divalent cations. This Cu**-induced enhancement was attributed
to strengthened ILCT sensitization via cation- interactions with
the triazine units, while other divalent cations have only minor
effects.

Compared to fluorescence, phosphorescence is advantageous
for sensing because its lower-energy and long-lived emission
enables time-resolved, background-suppressed, and highly sensi-
tive measurements that are robust to intensity fluctuations and
efficiently quenched by target analytes [248]. In this respect,
the Yam group developed Au(I)-containing metallacages (R13)
and related two-dimensional assemblies [AugL,], (n = 1 or
o0) formed from tetrakis-dithiocarbamato-calix [4]arene deep-
cavitand ligands that organize into octanuclear Au(I) motifs
(Figure 18) [249]. These systems display green phosphores-
cence in deoxygenated dichloromethane, arising from mixed
metal-centered and ligand-to-metal charge-transfer excited-state
character modulated by Au---Au interactions, with possible con-
tributions from dithiocarbamate-centered states. A key sensing
feature is their pronounced response to Ag*. In DCM/ACN
mixtures, addition of AgPF, induced large red shifts in the lumi-
nescence, attributed to formation of Au(I)---Ag(I) metallophilic
contacts and Ag(I)---7 interactions that extend the Au(I)---Au(I)
network and generate new three-center ligandtometal-metal
charge transfer emissive states, i.e., Au(I)---Au(I)---Ag(I). NMR
data supported a reorganization of the distorted dimeric cage
into a more symmetric structure upon Ag* interaction, consistent
with the observed photophysics, although a discrete Ag* complex
could not be definitively assigned. Other metal ions (Zn**,
Hg**, Cd?*, Ni?*, Pb**, Co*", Mn?**, Fe**, Cu?*) produced no
comparable luminescence changes.

Relative Emission Intensity &

Wavelength / nm

FIGURE 18 | (a) Chemical structure of R13, which can be used for
the detection of Ag* ions via luminescence. (b) Luminescence response
curves showing the increase in the emission band intensity of R13 upon
addition of Ag" ions to a solution of the receptor-cage. (c) Images of
cuvettes containing R13 in solution, showing the distinct optical changes
exhibited by the cage-receptor in the presence of Ag* or upon addition of
I~. Adapted with permission. [249] Copyright 2014, American Chemical
Society.

Ratiometric luminescent sensors offer inherent self-calibration
by relying on the ratio of two emission signals rather than a single
intensity, thereby minimizing interferences and enhancing both
accuracy and sensitivity. Dai and co-workers developed a water-
soluble organic cage (R14) that acts as a ratiometric luminescent
probe for Au*t (Figure 19) [250]. The receptor was obtained by
reduction of an imine cage formed from (IR,2R)-cyclohexane-
1,2-diamine and 2-hydroxybenzene-1,3,5-tricarbaldehyde. In PBS
buffer, R14 displays dual emission. Upon addition of Au**, a
ratiometric response to Au** was possible, achieving a limit of
detection (LoD) in the nM range. The assay maintains good
selectivity toward common ions, while stronger interferents,
including Fe**, Cu*", Zr**, Pb*, and Ag', were efficiently
suppressed by trapping them via ethylenediaminetetraacetic acid
complexation. Mechanistic studies support a redox process in
which R14 is oxidized to a dimer as Au’* is reduced to Au*
or Au® nanoparticles, and subsequent coordination stabilizes
these assemblies and drives the ratiometric response. The method
performed reliably in real matrices, yielding accurate recoveries
for Au** spiked into domestic wastewater and human serum, in
agreement with atomic absorption measurements.
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FIGURE 19 | (a) Chemical structure of R14 used for the detection of
Aut ions in buffered solution. (b) Corresponding luminescence changes
of R14 upon addition of Au3*. Adapted with permission. [250] Copyright
2022, Elsevier.

Leveraging the functionalization possibilities of calix
[n]arenes, Dai and co-workers introduced a triphenylamine-
functionalized Ni-based coordination cage (R15) with octahedral
geometry, assembled from 4,4',4"-nitrilotribenzoic acid, p-
tert-butylsulfonylcalix [4]arene, and Ni** (Figure 20) [251]. In
ACN, R15 is weakly emissive, but the addition of AI** produces
a selective turn-on response, yielding more than a 500-fold
luminescence increase accompanied by a red-shift, achieving uM
detection limits even in simulated sewage. It was proposed that
AP* binding restricts phenyl rotation, suppressing nonradiative
decay and enhancing intermolecular charge transfer to the
triphenylamine units. Interestingly, the A** @R15 complex also
functions as a secondary probe for the antibiotic nitrofurantoin,
as its presence induces complete quenching, enabling pM-level
detection within seconds (~40 s).

Zeng and co-workers developed a benzothiadiazole-based [3 + 2]
imine cage (R16) prepared by condensing 4,4’-(benzothiadiazole-
4,7-diyl)dibenzaldehyde with tris(2-aminoethyl)amine (TREN) in
chloroform (Figure 21) [252]. Luminescence screening of R16
showed a pronounced and selective response to Cd**. In fact, the
addition of 10 eq produced nearly seven-fold emission enhance-
ment, visible by eye under UV illumination. Ag* and Cu?**
induced slight quenching, while other metal ions (Co**, Ba®*,
Pb**, Mg?*, Zn**, Fe?*, Ni**) caused only minor changes. NMR
titrations revealed downfield shifts in cage proton signals and
partial release of TREN, indicating that the sensing mechanism

involves Cd**-induced cage decomposition, with the liberated
fluorescent components responsible for the turn-on signal.

4.2 | Detection of Bioactive Organic Molecules

Detection of anticancer drugs with simple synthetic receptors
enables rapid, cost-effective, and minimally invasive quan-
tification of drug levels in patient samples, pharmaceutical
formulations, and environmental matrices, surpassing the prac-
tical accessibility of many conventional analytical platforms.
An optical cage receptor for detecting gold-based anticancer
bisdithiolene-type metal complexes was developed by Rivas,
Costas, and co-workers. They designed a tetragonal prismatic
cage (R17, Figure 22) with an A,B, architecture, where the
A units are dipalladium hexaazamacrocyclic complexes and
the B units are the tetraanionic form of palladium tetrakis(4-
carboxyphenyl)porphyrin [253]. Although R17 was not evaluated
in water, in ACN it acted as a selective host for planar anionic
guests with extended 7 conjugation. Gold bisdithiolene com-
plexes such as TBA [Au(tdas),] (tdas [2]~ = 1,2,5-thiadiazole-
3,4-dithiolate), bound in a 1:1 stoichiometry, as shown by light
absorption titrations of R17 with up to 20 eq of guest. Complex-
ation generated characteristic spectral changes, notably reduced
bathochromically shifted and less intense absorption maxima.
Other bisdithiolene complexes, as well as the corresponding
Pt, Pd, and Ni analogues, were likewise encapsulated with 1:1
stoichiometry. In this cage-receptor design, host-guest binding
was enabled by 7-7 stacking between the planar aromatic guest
cores and the porphyrin panels, supplemented by metallophilic
Pd-Au interactions.

For the detection of bioactive compounds, chiral recognition,
that is, the ability to distinguish between enantiomers, is highly
important. To achieve this, chiral information must be encoded
into the receptor cage itself, so that it can provide energetically
more favorable binding for one enantiomer over the other. Li
and co-workers reported an anionic, homochiral octahedral cage
(R18) formed from Ga*" ions and tris-acylhydrazone benzene
ligands, providing a water-stable platform for the potential
detection of chiral guests (Figure 23) []. The cage, formed by
condensing a tris-acylhydrazide with salicylaldehyde sulfonic
acid in the presence of GaCls, is obtained as a racemic mixture
of two homochiral enantiomers. With twelve sulfonate groups,
R18 is highly water-soluble and remains stable in D, O for at least
one month. Binding is driven largely by the hydrophobic effect,
supplemented by electrostatic attraction toward cationic guests.
Adding chiral substrates to R18 generated strong CD signals, and
their intensity varied linearly with enantiomeric excess, enabling
accurate enantiomeric excess (ee) determination. Although CD is
not the most sensitive detection method, R18 is notable for its full
water compatibility. Fluorescence-detected CD, already effective
for macrocyclic systems, [254] could further enhance sensitivity
for aqueous chiral sensing.

Ito and co-workers reported chiral dimeric lanthanide macrotri-
cyclic complexes (R/S-receptor-Ln; Ln = Eu**, Tb*") that act as
chirality sensors for N-Boc-protected amino acid anions in polar
media (R19, Figure 24) [255]. The complexes were assembled
from chiral bisoctadentate cyclen ligands and LnCl,, giving stable
dinuclear structures that retain one coordinated solvent molecule
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FIGURE 20 | (a) Chemical structures of the components of R15. Luminescence response curves of R15 in the presence of (b) AI** and (c)

nitrofurantoin. Adapted with permission. [251] Copyright 2023, American Chemical Society.

per metal center. In methanol, the Eu and Tb** receptors display
strong red and green emissions, which are modulated when
the coordinated solvent is displaced by the carboxylate group
of an N-Boc amino acid anion. Luminescence titrations showed
clear enantioselective sensing of N-Boc-aspartate, and competi-
tion experiments demonstrated that the aspartate dianion binds
preferentially, indicating that both its charge and length are
recognized. Combining (S)-receptor and (R)-receptor with Tb3*
enabled simple visual discrimination of N-Boc-D- and L-aspartate
through a red/green luminescence color change, detectable at low
micromolar concentrations.

Zonta and co-workers developed a family of chiral
supramolecular cages (R20) constructed from Zn?*- tris(2-
pyridylmethyl)amine (TPMA) complexes linked by enantiopure
diamines, designed as diastereodynamic probes that assemble
around dicarboxylate templates and thereby operate as
molecular-length sensors (Figure 25) [256]. Dicarboxylates
from succinate (C,) to sebacate (C,,) direct cage formation,
giving well-defined host-guest complexes. CD spectroscopy
showed that the chiroptical response correlates directly with
guest length as short dicarboxylates (C4, C5) induced negative
CD bands, whereas longer guests (C,, Cg) produce positive, red-
shifted bands. These opposite signals reflect a helicity inversion
of the TPMA stereodynamic units, triggered by conformational
adjustments of the diamine linkers that modulate the Zn---Zn
distance within the cage. This length-dependent self-assembly
effectively converts an achiral structural parameter, guest
chain length, into a chiroptical output with a resolution of
two methylene units. Although the presence of imine linkages
renders these cages unstable in water, subsequent studies have
shown that cage stability can be modulated by the identity of
the bound dicarboxylate [257], suggesting opportunities to refine

this dynamic architecture for more robust sensing designs and
potentially adapt it for aqueous environments.

Cheng and co-workers introduced an achiral tetraphenylethene
(TPE)-based octacationic cage (R21) that acquires induced chiral-
ity upon binding deoxynucleotides in water, giving both CD and
circularly polarized luminescence (CPL) signals [258] (Figure 26)
[259]. The highly water-soluble cage (x~22 mM) stabilizes two
hydrogen-bonded nucleotides inside its hydrophobic cavity with
medium binding constants, whereas recognition is driven by
electrostatic attraction to phosphate groups and base-pair hydro-
gen bonding. Luminescence titrations of the cage-receptors with
deoxynucleotides in water revealed emission enhancement for
adenosine monophosphate (A), thymidine monophosphate (T),
and cytidine monophosphate (C), but strong quenching for
guanosine monophosphate (G), reflecting a balance between
restricted intramolecular rotation (RIR), which increases emis-
sion, and photoinduced electron transfer (PET), which quenches
it. For the nucleotides A/T/C, RIR dominates upon guest binding,
whereas guanine’s stronger electron-donor character shifts the
equilibrium toward PET, producing net quenching. Chiroptical
studies revealed efficient chirality transfer from the ribose units
to the cage, giving induced CD bands and CPL.

Most known molecular probes for amino acids operate through
a chemical reaction with their nucleophilic functionality, with
thiol-containing amino acids being prominent targets and
biomarkers [260], as their nucleophilic thiol group can trigger
a response in cage receptors by inducing their disassembly.
For example, Han and co-workers reported emissive poly-NHC
organometallic cages from a sulfonate-pendant TPE-bridged
tetrakis(1,2,4-triazolium) ligand and Ag,O, yielding a water-
soluble Ag;L, cage (R22) in H,O (Figure 27) [261]. The cage-

Advanced Sensor Research, 2026

23 of 53

95UB017 SUOLULLIOD BAINRID 3ot (dde ay) Aq peuienob a1e sapie O ‘85N J0'So|nI o} A%Iq1T 8ULUO A1 UO (SUOPUOD-PUR-SLLBIAD" A3 1M Ale.q Ul |UO//:SdNY) SUONIPUOD pue swie | 81 89S *[9202/£0/02] Uo Atelqiauljuo A8]im ‘9160jouyds | In4 nisul jeynss|e Aq ¥ST00S202 SPe/z00T 0T/I0p/wod 8| im Ake.q 1pul|uo’psouenpe//sciy wouy pspeoiumod ' ‘9202 '6TZTTS.Z



T

Fluorescent Intensity (a.u.)

Mnm

FIGURE 21 | (a) Chemical structure of R16 used for luminescence-
based detection of Cd?*. (b) Changes in the emission spectra of R16 upon
addition of Cd** ions in CHCI;/ACN. Adapted with permission. [252]
Copyright 2023, MDPI.

receptor shows AIE features, where R22 acts as a selective
luminescence turn-off sensor for thiol-containing amino acids
in water, as cysteine addition causes progressive lumines-
cence quenching with pM-level detection limits, whereas other
amino acids produce negligible interference. Mechanistic studies
showed that cysteine triggers decomposition of R22 into the
free TPE ligand. Beyond sensing, R22 enabled lysosome-targeted
imaging in A549 cells displayed strong antibacterial activity
against Staphylococcus aureus, and showed selective anticancer
activity.

Zhang, Stang, and co-workers reported emissive tetragonal
prismatic Pt(II) cages (R23) assembled from eight Pt(II) accep-
tors, four dipyridyl ligands, and two TPE-based sodium ben-
zoate ligands (Figure 28) [262]. Cages incorporating 1,2-di(4-
pyridyl)ethylene pillars displayed TPE-based emission and acted
as turn-on luminescence sensors for thiol-containing amino
acids in MeOH/H,0 (1:1, v/v). Although non-emissive in this
solvent system, addition of cysteine or glutathione generates
strong, linear luminescence responses with nM detection limits,
while other amino acids produce negligible effects. NMR studies
indicated that thiols decompose the cage through preferential Pt-
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FIGURE 22 | (a) Truncated chemical structure of R17 used for UV-
vis-based detection of bisdithiolene-type metal complexes. (b) UV-vis
monitoring of the titration of R17 with [Au(tdas),|” and the corre-
sponding absorbance variation at the Soret band as a function of
substrate concentration. Adapted with permission. [253], Copyright 2013,
Wiley-VCH.
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FIGURE 23 | Truncated chemical structure of R18 and represen-
tative chiral organic and bioactive molecules detected through CD
measurements in water.

S coordination, releasing the AIE-active TPE ligand that accounts
for the turn-on signal. Notably, the cage can be regenerated by
adding Pt** acceptors, enabling reversible and stimuli-responsive
assembly.
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FIGURE 24 | Chemical structure of the bis(octadentate cyclen)-
based cage-receptor R19, functioning as a chirality sensor for N-Boc-
protected amino acids.

R20

FIGURE 25 | General structure of the R20 receptor with a dicar-
boxylic acid bound inside the cage-receptor’s cavity, detected via changes
in the CD signal.

The application of cage receptors in indicator displacement assays
(IDAs) is well developed for synthetic macrocyclic chemosensors
but remains comparatively underexplored for discrete cage-
receptors [45, 46]. IDAs are particularly attractive because they
provide a straightforward strategy to harness spectroscopically
silent cage receptors for analyte detection by employing a
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FIGURE 26 | (a) Chemical structure of R21, which hosts two
nucleotides, while host-guest complex formation with the cage-receptor
produces measurable (b) changes in luminescence emission intensity and
induces chiroptical responses such as CD and CPL signals. Adapted with
permission. [258] Copyright 2021, Chinese Chemical Society.

reporter dye whose optical properties change upon encapsulation
within the cage cavity or displacement by a more strongly
binding analyte. Natarajan and co-workers developed two water-
soluble triazolium covalent cages (R24), prepared by a CuAAC
click approach followed by triazole N-methylation and chloride
exchange (Figure 29) [263]. Their rigid hydrophobic cavities,
cationic surfaces, and hydrogen-bonding triazolium sites make
these cages well-suited for adenosine triphosphate (ATP) sensing
via an IDA format in HEPES buffer using 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS) as the reporter
dye. ATP binding displaces HPTS, whose emission intensifies
once free in solution because it is no longer quenched by
charge-transfer processes inside the cage. This IDA achieved
nM detection limits and over 90-fold signal enhancement. The
cages show strong selectivity for ATP over adenosine diphos-
phate (ADP), adenosine monophosphate (AMP), nicotinamide
adenine dinucleotide (NAD), and thymidine monophosphate
(TMP), while partial responses to guanosine triphosphate (GTP),
cytosine triphosphate (CTP), uridine triphosphate (UTP), and
pyrophosphate (PP;) reflect contributions from phosphate charge
density and adenine 7-stacking. NMR and computational stud-
ies confirmed adenine encapsulation through 7-stacking and
triazolium-triphosphate hydrogen bonding. Interestingly, the
sensing platform remains effective across pH 3-11 and in complex
media, including 10% bovine serum albumin, human serum
albumin, and human serum, where ATP binding is still detectable
at uM concentrations with LoDs in the nM regime.

The same group also reported two Pd*" coordination cages
(R25) for the luminescent-based detection of bile acids in water
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FIGURE 27 | (a)Chemical structure of R22 in water, used for luminescence-based detection of thiols such as cysteine. (b) Fluorescence spectra of

R22 upon the addition of different amino acids. (c) Fluorescence spectra of R22 with increasing concentrations of cysteine. (d) Photograph showing the

fluorescence response of amino acid solutions in the presence of R22 in water under UV excitation. Adapted with permission. [261] Copyright 2023,

Wiley-VCH.

FIGURE 28 |
based detection of cysteine or glutathione in aqueous media, which

Chemical structure of R23, used for luminescence-

triggers cage disassembly and thereby restores the luminescence of TPE.
Schematic representation of the self-assembly process of R23.

(Figure 30) [264]. Specifically, inspired by the Fujita-type cage
design, the authors employed an expanded analogue derived from
a conformationally flexible triazine-pyridine ligand. The larger
triazine-pyridine cage accommodates two amphiphilic bile acids
in a 1:2 stoichiometry, stabilized by cooperative interguest hydro-
gen bonding. Importantly, this analogue enables luminescence-
based detection of chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA), and ursodeoxycholic acid (UDCA), achieving nM
detection limits when sulforhodamine 101 (SR101) is used as the
indicator dye.

A more recent example utilizing an IDA-based detection
method was reported by Martinez-Mafiez, Marti-Centelles,

and co-workers, who employed a Pd-based molecular cage for
scopolamine detection using an IDA format with luminescent
readout with fluorescein (FL) [265]. The cage, formed by
reacting a 4,4’-oxydi(benzohydrazide) linker with [Pd(3-
pyridinecarboxaldehyde),](NO;),, yielded the receptor R26
(Figure 31), previously developed by the group for doxorubicin
delivery [266]. A preassembled R26>(FL), complex containing
two encapsulated dye molecules served as the sensor. Upon
addition of scopolamine, FL was displaced, forming a new 1:2
scopolamine-R26 complex (R26,>scopolamine), accompanied
by a detectable increase in the emission of the displaced
fluorescein. This enabled detection at diagnostically relevant
low-micromolar limits of detection. Other drugs, such as ecstasy
or ketamine, have been shown to cause a moderate increase
in luminescence and could therefore potentially interfere with
scopolamine detection.

Yuan and co-workers reported a phenanthroline-based trefoil-
shaped metal-organic cage (R27) that functions as a mul-
tifunctional fluorescent sensor for Fe**, Cr,0,%~, and nitro-
furan/nitroimidazole antibiotics (Figure 32) [267]. The recep-
tor [Cd;L;-6MeOH-6H,0], synthesized through a solvothermal
method from a phenanthroline-derived ligand (H,L) and Cdl,, is
water-stable and microporous. Luminescence studies in aqueous
solution revealed strong quenching upon addition of Fe’* or
Cr,0,%, with LoDs in the low uM range. The quenching mech-
anism was attributed to resonance energy transfer, supported by
spectral overlap between the analytes’ absorption and the cage
excitation band. Importantly, the sensing response was reversible
and retained after five cycles without structural degradation.
For antibiotics, the cage-receptor displayed efficient fluorescence
quenching with nitrofurazone (NFZ), nitrofurantoin (NFT),
metronidazole (MNZ), and ornidazole (ONZ), with detection
limits as low as 0.52 pM.

Pushing the application further toward blood detection, Carillo,
Lahoz, and co-workers utilized TPE units within a covalent
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FIGURE 30 | (a) Chemical structure of R25 used as a cage-receptor for the detection of bile acids in water through an IDA format. (b) Schematic
representation of the working principle of the IDA for luminescence-based detection of CDCA. Adapted with permission. [264] Copyright 2024, American

Chemical Society.

cage, in which a thiol-Michael addition provides stable thioether
pillars supporting the TPE top panels, albeit with yields that
remain amenable to future optimization [268]. One isomer of the
resulting cage-receptor (R28, Figure 33) was found to be lumines-
cent, and in the presence of 3-nitrotyrosine, an important kidney
disease marker, the luminescence was quenched, enabling its
detection in aqueous solutions at low micromolar concentrations
and, more importantly, in diluted blood samples spiked with 3-
nitrotyrosine, achieving low micromolar LoDs. Because of its

limited solubility, the cage-receptor necessitates the use of an
organic co-solvent (e.g., DMSO) for effective operation. Despite
this requirement, its demonstrated performance in blood samples
provides a compelling illustration of its practical applicability and
diagnostic potential.

In 2012, the Davis group reported a bisanthracenyl-based cage-
receptor that enables fluorescence-based detection of glucose in
water through the anthracene panels incorporated into the recep-
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FIGURE 31 | Molecular structure of R26 derived from X-ray analysis and its assembly with the FL reporter dye to form [R26OFL,], which enables

scopolamine detection in an IDA format, as the analyte displaces FL from the cage-receptor, rendering the free dye emissive. Adapted with permission.

[265] Copyright 2025, Wiley-VCH.

FIGURE 32 | Chemical structure of R27 used for the luminescence-
based detection of antibiotics, such as MNZ, in water. Adapted with
permission. [267] Copyright 2023, American Chemical Society.

tor design [269]. Importantly, the cage-receptor (R29, Figure 34)
bears six carboxylate pendants, which confer millimolar water
solubility. The binding affinity for 8-glucose is moderate (56 M),
yet millimolar concentrations of this analyte could be detected,
as binding to the receptor led to quenched anthracene emission
in phosphate buffer. Although some in vivo applications have
been explored, the binding affinities of such cages must be further
increased to render them suitable for practical use.

Instead of employing the established C—H:--# and N-H:--O
interactions used by the Davis group, Tan, Stoddart, and their
coworkers utilized C—H---w and C—H---O interactions for glucose

binding. They introduced two pyrene-based molecular cages
(R30, Figure 35) [270], where the pyrene panels act as the roof
and floor of the structure, providing flat, electron-rich surfaces
for interaction with all-axial C—H bonds of glucose in its chair
conformation. Four para-xylylene pillars regulate the distance
between the roof and floor. The polarized C—H bonds function
as hydrogen-bond donors, forming multiple C—H---O hydrogen
bonds with the hydroxyl groups of glucose. Upon glucose binding,
these receptors exhibit enhanced fluorescence intensity, making
them effective for glucose sensing in water.

4.3 | Detection of Environmental Pollutants

Environmentally relevant nitroaromatic pollutants are attrac-
tive guests for molecular cages because their electron-poor
aromatic rings engage in strong -7 stacking, charge-transfer,
and hydrogen-bonding interactions with electron-rich, shape-
matched cavities, leading to favorable interactions accompa-
nied by a luminescence change of the cage-receptor. Stang,
Chi, Mukherjee, and co-workers reported M;L, trigonal cages
assembled from preorganized metalloligands bearing octahedral
AI(IIT), Ga(IIl), or R(I) centers and Pt(II) acceptors, yielding
trigonal-bipyramidal and trigonal-prismatic architectures (R31,
Figure 36) [271]. Two Ru**-based trigonal-prismatic cages, assem-
bled from 1,3,5-tris(4-pyridylethynyl)benzene and half-sandwich
arene-Ru acceptors, were designed with electron-rich ethynyl
linkers that impart intrinsic luminescence. Their electron-rich
framework promotes strong donor-acceptor interactions with
electron-deficient nitroaromatics. In MeOH, luminescence was
efficiently quenched by trinitrotoluol (TNT) and picric acid
(PA). TNT induced clear quenching of R31, enabling uM-level
detection, while PA produced even stronger quenching consistent
with its higher electron deficiency. Selectivity studies showed that
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FIGURE 33 | Chemical structure of the cage-receptor R28 used for
the detection of the chronic kidney disease biomarker 3-nitrotyrosine
in aqueous solution and in diluted blood samples via luminescence-
quenching-based detection upon host-guest binding.

only nitroaromatics caused substantial quenching, supporting an
excited-state electron-transfer or charge-transfer mechanism.

Sun and co-workers reported luminescent lanthanide cages
that undergo a concentration-controlled helicate-to-tetrahedron
transformation using oxazoline-based bis(tridentate) ligands and
Eu(OTf); (Figure 37) [272]. The Eu,(Ll); cage-receptor (R32)
exhibited enhanced red luminescence, and the addition of several
nitroaromatics led to emission quenching, with PA producing
the strongest response and enabling detection in the micromolar
range. UV-vis titrations and lifetime measurements indicated
that quenching arises from ground-state charge-transfer complex
formation between the 7-rich oxazoline ligands and electron-poor
nitroaromatics, disrupting the Eu** antenna effect.

Near-infrared (NIR) emission is particularly valuable in sens-
ing because it penetrates deeper into samples and experi-
ences much lower background autofluorescence, which together
provide higher signal-to-noise ratios and enable more sensi-
tive detection in complex environments. Pan and co-workers
developed the first NIR-emissive lanthanide cage for nitroaro-
matic sensing, a Nd™-based binuclear assembly (R33) formed
from the (4,4',4",4""'-(ethene-1,1,2,2-tetrayl )tetrakis(benzene-4,1-
diyl))tetrakis(methylene)tetrapyridin-4(1H)-one (TPE-4PO) lig-
and [273]. In DMSO, R33 shows characteristic Nd** NIR emission
that is selectively and strongly quenched by P, with negligible
response to other nitroaromatics. Time-resolved photolumines-
cence and NMR studies reveal a predominantly static quenching
mechanism arising from specific host-guest interactions. Li
and co-workers reported a carbazole-based M,L; cage (R34,
Zn,(L1);(NTf,),) designed for cavity-directed sensing of nitroaro-
matic explosives (Figure 38) [274]. The cage, which is assembled
from a V-shaped carbazole ligand and Zn(NTf,), in ACN,
shows strong carbazole-centered emission. PA induces up to
55% quenching with 1:1 host-guest binding and a high affinity,
whereas other nitroaromatics produce much weaker responses.
Isothermal titration calorimetry

(ITC) revealed enthalpy-driven binding, and mass spectrometry
analysis confirmed the formation of the inclusion complex
[PACR34]**. The quenching mechanism involves a PET step
from the electron-rich carbazole panels to the electron-poor PA,
facilitated by 7— stacking within the cage cavity.

Zhang and co-workers reported two hexanuclear heterometal-
lic cages, [Co,Ln,(LH,;),(H,0),]-(Cl0,)s-NO;-nH,0 (Ln = Dy
or Yb, R35), assembled solvothermally from a carboxylate-
functionalized tris-triazamacrocyclic ligand (HgL) with Co*" and
Ln** ions (Figure 39) [275]. The resulting nitrate-encapsulated
cages were structurally robust in solution and in suspension.
In DMSO, both complexes display ligand-centered luminescence
that is strongly quenched by nitroaromatic analytes, with PA
inducing near-complete quenching and affording nM LoD-levels.
Control experiments confirmed that the cages remain struc-
turally intact in the presence of PA, excluding decomposition
as the origin of quenching. Mechanistic studies pointed to the
involvement of both PET and Fdrster resonance energy transfer
(FRET), supported by significant spectral overlap between the
cage emission and PA absorption.

Reversal of AIE in the presence of PA for its detection was
also exploited by Mukherjee and co-workers, who developed
a tetraphenylpyrazine-based tetraimidazole ligand that self-
assembled with Pt(II) to form a tetrafacial barrel, Pt;L,(PEt;),q
(R36, Figure 40) [276]. In acetone/H,O (80:20 v/v), where
R36 is less soluble due to the presence of water, it shows a
nine-fold luminescence enhancement when compared to pure
acetone, where it is soluble. Interestingly, the Pd** analogue dis-
plays aggregation-induced quenching. R36 functions as a highly
selective luminescent sensor for PA. Indeed, titration studies
showed a 98% quenching with PA, 40% with 4-nitrophenol,
and a negligible response to other nitroaromatics. Mechanistic
studies indicated that sensing arises from a combination of
hydrogen bonding, 7-7 stacking with the pyrazine core, and
FRET enabled by strong overlap between PA absorption and cage
emission.
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FIGURE 34 | (a)Chemical structure of the bisanthracenyl-based cage-receptor R29 developed by Davis and coworkers, and (b) fluorescence-based
detection of Bglucose at millimolar concentrations in phosphate buffer. Adapted with permission. [269] Copyright 2012, Nature Springer.
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FIGURE 35 | (a)Chemical structure of R30, and (b) its luminescence
response to glucose binding in water. Adapted with permission. [270]
Copyright 2021, American Chemical Society.

He and co-workers reported a phenoxazine-based supramolec-
ular Zn,L; cage (R37) constructed from V-shaped dipyridyl-
phenoxazine ligands and Zn(BF,), by coordination-driven self-
assembly (Figure 41) [277]. The resulting cage-receptor R37 shows
strong phenoxazine-centered emission in ACN. Luminescence
titrations revealed highly selective quenching by PA, with the
addition of one equivalent causing a pronounced decrease in
emission, whereas other nitroaromatic analytes induced only
minor effects. Mechanistic investigations confirmed the encap-
sulation of a single PA molecule within the cavity, and the
sensing response was attributed to photoinduced electron transfer

from the electron-rich phenoxazine core to the electron-deficient
PA, further reinforced by m-7 stacking interactions and tight
confinement within the host cavity.

Luminescence-based detection of monofluorinated compounds
has become increasingly important because many are toxic and
highly persistent. Furthermore, there is growing concern that,
when used as replacements for classic per- and polyfluoroalkyl
substances (PFAS), they might eventually be subject to a compa-
rable regulatory framework [278]. Besides, traditional detection
methods for such compounds rely on laborious and cost-intensive
chromatography-based techniques [279]. In this respect, Nitschke
and co-workers expanded the functional scope of Cu* coordina-
tion cages with a CugL, pseudo-octahedral assembly (R38) that
undergoes dynamic stereochemical reconfiguration while dis-
playing highly selective guest recognition (Figure 42) [280]. The
cage-receptor, formed by condensing trianiline with 6-methyl-2-
formylpyridine and coordinating the ligand to Cu(MeCN),BF,,
encapsulates tetrahedral guests with extended arms to yield
unprecedented 3D suitanes via mechanically interlocked host-
guest architectures. It shows good selectivity for fluorinated
corticosteroids, with NMR data indicating exo-binding on the
host’s closed faces. Future studies could explore the detection
of such analytes via indicator displacement or luminescence
methods, for which this cage is a promising receptor.

As mentioned, the detection of PFAS has become increasingly
important due to their toxic nature, which has stimulated the
development of rapid luminescent sensors. However, efficient
luminescent sensing systems remain scarce. Notably, Severin
and co-workers have reported a heteroleptic Pd,L,L’, cage (R39,
Figure 43) specifically engineered for the selective recognition
and extraction of short-chain perfluoroalkyl carboxylates [281].
The tetracationic cage, formed from diimidazolyl and dipyridyl
ligands, presents polarized CH donors that are preorganized
for carboxylate binding. In CD;CN, R39 binds trifluoroacetate
(TFA™) with medium affinity and encapsulated longer perflu-
orocarboxylates (C,F;COO~ to C,F,COO~) with slightly lower
affinities. TFA~ binding occurs through a dense network of
CH---O and CH---F interactions. A key feature of R39 is its ability
to extract PFAS directly from buffered aqueous solution (50 mm
HEPES, pH 7.5) into CD;NO, with high efficiency, while common
inorganic anions (F~, Cl-, NO;~, AcO~, CO;*", HPO,*") are
not extracted. Control experiments with related Pd complexes
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FIGURE 36 | (a)Chemical structure of the building blocks of R31 and its X-ray derived molecular structure. (b) Fluorescence spectra of R31 (1.0 um
in methanol) in the presence of TNT (0-175 uM). Adapted with permission. [271] Copyright 2011, American Chemical Society.
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FIGURE 37 | (a) Concentration-triggered self-assembly of either an Eu,(L1); helicate or an Euy(L1)s tetrahedron R32 from ligand L1. (b) X-ray-
derived molecular structure of R32. Adapted with permission. [272] Copyright 2017, The Royal Society of Chemistry.

R34

FIGURE 38 | Truncated chemical structure and energy-optimized
theoretical model of R34 used for the luminescence-based detection of
nitroaromatic compounds, such as picric acid. Adapted with permission.
[274] Copyright 2020, Elsevier.

or tetraalkylammonium salts showed markedly lower extraction
(12%-27%), underscoring the essential role of the imidazole-based
binding pocket and preorganized CH donors in enabling selective
PFAS recognition.

Another significant form of environmental contamination can
be further constituted by the employed dye molecules them-
selves, in the case in which they are not adequately removed
from wastewater and subsequently able to enter drinking water
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FIGURE 39 | (a) Structure of the carboxylic acid functionalized
tristriazamacrocyclic ligand HgL. Mixing of HgL with Co(ClO,4),-6H,0
and Dy(NO3);-6H,0 leads to the formation of R35. (b) Percentages of flu-
orescence quenching of R35 in DMSO obtained for various nitroaromatic
analytes. Adapted with permission. [275] Copyright 2019, Wiley-VCH.
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FIGURE 40 | (a) Truncated chemical structures and molecular
structure from X-ray diffraction experiments of R36 used for the
luminescence-based detection of nitroaromatics, such as picric acid.
(b) Sensing mechanism for the detection of PA by R36. Adapted with
permission. [276] Copyright 2024, American Chemical Society.

sources. Hence, the monitoring of freshwater for organic dyes has
become an increasingly important task. To this aim, Yoshizawa
and co-workers reported a Pt**-linked M, L, coordination capsule
(R40) featuring an accessible hydrophobic cavity formed by bent
bispyridine ligands and square-planar Pt(II) hinges, a design
that stabilizes encapsulated 7-chromophores by shielding them
from solvent and suppressing nonradiative decay (Figure 44)
[282]. Within this confined environment, dyes such as BODIPY,
coumarin 153, and Nile red are quantitatively encapsulated in
water and retain >60% of their intrinsic fluorescence efficiency,
producing strongly emissive complexes (e.g., R40ODBODIPY.
Co-encapsulation with planar aromatics (anthracenes, phenan-
threne, pyrenes) further modulated the emission wavelength and
quantum yield via 7-7 stacking and excimer-like interactions,
yielding ternary complexes with color-tunable fluorescence from
green to orange. Time-resolved spectroscopy confirmed long-
lived excited states (R40DBODIPY), evidence that the capsule’s
rigid, metal-linked scaffold stabilizes emissive states far more
effectively than Pd** analogues. Together, these results demon-
strate how the capsule’s cavity geometry, 7-acidic interior, and
rigid Pt** framework cooperate to enhance dye emission and
enable fine control over photophysical properties, an approach

with conceptual relevance for sensing emissive pollutants and
designing aqueous photofunctional materials.

Fujita and co-workers showed that confinement within coor-
dination cages can invert conventional guest photophysics,
exemplified by tetraazaporphine (TAP) encapsulated in a Pt**-
linked ML, cage (R41) in water (Figure 45) [283]. Within R41,
TAP is stabilized through hydrophobic confinement and -surface
interactions that suppress aggregation and, owing to the electron-
deficient character of the cage, limit charge-transfer quenching,
thereby preserving strong emission in water. The highly cationic
host further influences the protonation state of TAP and shields
its excited state from external quenchers, enabling reversible
ON/OFF luminescence switching. Encapsulation of TAP in
water, achieved upon heating, affords the R41DTAP inclusion
complex, in which aggregation is effectively prevented, resulting
in bright red luminescence arising from confinement within the
cage-receptor. Notably, the emission is reversibly regulated by
pH, with the addition of triethylamine under basic conditions
inducing deprotonation of the encapsulated TAP and consequent
luminescence quenching, whereas subsequent addition of HNO;
restores the protonated, emissive state. In addition, the cage pro-
tects TAP from external quenchers such as dimethylformamide
(DMF) and DMSO, reducing bimolecular quenching constants by
nearly an order of magnitude.

Duan and co-workers reported the first amide-functionalized
Ce(IV) tetrahedral cage (R42) for NO detection(Figure 46) [284].
The neutral Ce,(H,TTS), cage features twelve inward-facing
amide groups that create a hydrophilic-lipophilic cavity well
suited to biological environments. In DMF/H,0 (9:1, v/v), the
cage exhibits weak blue emission that is almost completely
quenched upon binding the nitronyl nitroxide 2-phenyl-4,4,5,5-
tetra-methylimidazolineyloxyl-3-oxide (PTIO). Subsequent addi-
tion of NO to the R42DPTIO complex restores the emission
within 5 min, producing up to a 12-fold turn-on and a detection
limit of 5 nM. The response is highly selective for NO over other
reactive oxygen and nitrogen species and remains stable across
pH 5-9. Mechanistically, confinement of PTIO and NO within
the cage brings the reactants into close proximity, accelerating
the spin-trapping reaction in an enzyme-like fashion. Confocal
microscopy in MCF-7 cells further demonstrated that intracel-
lular fluorescence of R42 is quenched by PTIO and recovered
upon NO release from sodium nitroprusside, confirming its
applicability for live-cell NO imaging.

While the use of pesticides has undoubtedly advanced agri-
cultural practices and increased crop yields, their overuse and
improper disposal have led to severe environmental contamina-
tion that threatens both ecosystems and human health. Prolonged
exposure to certain pesticides, in particular, has been associated
with a higher incidence of neurodegenerative diseases such as
Parkinson’s disease [285]. A recent study introduced a lumines-
cent Ag(I)-carbene metallacage, Ag,(L),4, (L = tetraimidazolium
ligand) formed through coordination-driven self-assembly of an
AIE ligand [286]. This cage receptor R43 (Figure 47) exhibits a 36-
fold increase in fluorescence relative to the free ligand, owing to
restricted intramolecular motion upon metal coordination. This
strong emission enables sensitive detection of the pesticide 2,6-
dichloro-nitroaniline (DCN) via fluorescence quenching, with a
detection limit of 1.64 ppm arising from combined static and
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FIGURE 41 | (a)Scheme for the synthesis of R37 and its formation of a host-guest complex with nitroaromatics, such as PA. (b) Fluorescent spectra
of R37 upon the addition of PA (1.0 eq). (c) The quenching efficiencies of different nitroaromatic analytes. Adapted with permission. [277] Copyright
2023, Elsevier.
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FIGURE 42 | (a)Preparation and characterization of CulsL, cage R38. (b) Single-crystal X-ray structure of R38 and the pace-filling representation
of R38. (c) Cartoon showing the putative exo binding mode of the fluorinated steroid G11 by R38 over its non-fluorinated steroid analogue. (d) The
corticosteroids screened, showing those observed to bind and those that did not. Adapted with permission. [280] Copyright 2024, American Chemical
Society.
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FIGURE 43 | (a) Chemical structure of R39 used for the selective
recognition and extraction PFAS. (b) Two different views of the molecular
structure of R39DTFA as determined by single-crystal X-ray analysis.
Adapted with permission. [281] Copyright 2024, Wiley-VCH.
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FIGURE 44 | (a)Chemicalstructure of cage-receptor R40 and space-
filling representation of its crystal structure (substituents and counterions
omitted for clarity) used for the luminescence-based detection of aromatic
compounds in water. (b) Schematic representation of the formation
of R40>2-5a and R40D22-6 (2 = BODIPY indicator dye). Adapted with
permission. [282] Copyright 2015, American Chemical Society.

R41

FIGURE 45 | (a) Chemical structure of R41 and tetraazaporphine
(TAP). (b) Schematic illustration of the host-guest complex formation
between R41 and TAP (R41DTAP). Adapted with permission. [283]
Copyright 2009, American Chemical Society.
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FIGURE 46 | Chemical structure of R42 and fragments of the func-
tional tetrahedron showing the principle of fluorescent variation upon the
addition of PTIO and NO. Adapted with permission. [284] Copyright 2011,
American Chemical Society.

dynamic quenching. The study showcases silver-carbene coor-
dination as a promising strategy for designing highly emissive
supramolecular sensors for environmental monitoring. It will
be interesting to explore whether analogous sensors can be
developed for DCN detection in aqueous media.

5 | Biological Applications and Imaging

Imaging and tracking of diseases, drugs, and molecular signals in
living systems, particularly in cells, rapidly and straightforwardly,
is an important task for elucidating metabolic pathways and
monitoring drug distribution, intending to improve therapeutic
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FIGURE 47 | Chemical structure of R43 used for the luminescence-
based detection of the pesticide 2,6-dichloro-nitroaniline in ACN.

efficiency and clarify underlying mechanisms. Among the avail-
able techniques, fluorescence-based detection methods remain
particularly powerful, as they can be directly implemented in
advanced microscopy platforms such as confocal, two-photon, or
super-resolution microscopy, enabling spatially and temporally
resolved studies within live cells. The continuous progress in
luminescence spectroscopy has further enhanced the utility of
these approaches: fluorescent and phosphorescent chemosensors
or receptors now provide higher brightness, longer lifetimes,
and improved photostability, allowing precise visualization even
in complex biological environments [287-290]. Deoxyribonucleic
acid (DNA) sensing and imaging play crucial roles in under-
standing cellular metabolism and disease detection. Beyond
conventional DNA or ribonucleic acid (RNA) targets, DNA
junctions [291] and G4s [292-294] have emerged as important
DNA-based structures for sensing applications. G4s participate in
gene regulation, replication, telomere maintenance, and genome
stability, functioning both as beneficial regulators and potential
genomic threats, thereby making them attractive targets for
cancer therapy [295]. However, their selective detection and
imaging remain challenging, because conventional DNA-binding
dyes [45, 296] often fail to distinguish G4s from other nucleic
acid structures, and cost-effective alternatives to antibody-based
imaging protocols [297] are highly desired. Supramolecular
chemistry has gained momentum as a strategy for G4 detection.
In particular, host-guest-based transducer elements have been
used in array formats to enable differential sensing and topol-
ogy classification without the need for G4-selective ligands for
each target [298]. After metal-based supramolecular squares and
cylinder-like structures were shown to bind and stabilize DNA
junctions [299, 300] and G4 structures [301-305], more recent
studies have demonstrated that metallacages can also selectively
recognize and stabilize these secondary structures [306, 307],

FIGURE 48 | Synthesis of the Pd,L,
exo-functionalized with BODIPY fluorophores.

metallacages R44

thereby providing new opportunities to investigate G4 biology in
living systems.

Casini and co-workers reported a family of BODIPY-
functionalized Pd,L, metallacages (R44) designed for
fluorescence imaging and drug delivery in cancer cells (Figure 48)
[308]. The cages were synthesized by self-assembly of bispyridyl
ligands tethered to BODIPY dyes via amide or triazole linkages,
yielding highly emissive complexes that remain stable for several
hours in aqueous and PBS buffer. Noteworthy, the authors
showed that glutathione promotes cage disassembly, where
only part of the assembly remains intact (ca. 30%). Cytotoxicity
assays in human melanoma A375 cells showed that the empty
cages were non-toxic at concentrations up to 50 uM. In contrast,
cisplatin-loaded cages retained anticancer activity comparable
to free cisplatin, with ECs, values of approximately 30 um.
Fluorescence microscopy showed efficient cellular uptake
via endocytosis, with accumulation in cytoplasmic vesicles
rather than in the nucleus, independent of counterion (BF,”
or NO;7). This work demonstrates how exo-functionalization
with BODIPY enables bright luminescent metallacages for
intracellular imaging, while preserving host-guest properties
relevant to cisplatin encapsulation and delivery.

As noted above, G4s have emerged as important targets for
imaging and sensing applications. However, despite the abil-
ity of metallacages to bind and stabilize these structures, a
luminescence-based detection strategy has yet to be reported.
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FIGURE 49 | (a) Chemical structure of R45 used for G4 imaging
in cells. (b) Luminescence response of R45 in the presence of G4s,
showing increasing fluorescence quenching. (c) Subnuclear regions of
a representative R45-treated nucleus visualized by three-dimensional
surface plotting of single-pixel luminescence intensities (yellow: higher
luminescence intensity due to G4-bound R45). Adapted with permission.
[309] Copyright 2019, Wiley-VCH.

We nonetheless highlight here a system that, while not strictly
a classical metallacage, is structurally closely related and has
already been successfully applied to G4 imaging, and we antici-
pate that fully cage-like architectures for G4 sensing will follow
in the near future. Subcellular duplex DNA and G-quadruplex
interaction profiling of a hexagonal Pt?>" metallacage was reported
in cells by Peinador, Berger, Terenzi, and co-workers [309].
The metallacage-like receptor R45 (Figure 49) is obtained by
self-assembly of the 4,4’-([1,1’-biphenyl]-4,4’-diyl)bis(1-(pyridin-
4-ylmethyl)pyridin-1-ium) ligand with Pt>* ethylenediamine dini-
trate and targets G4-regulated genes in vivo, as it binds G4
structures and is readily visualized by luminescence microscopy
due to its intrinsic emission. Notably, R45 displays distinct
photophysical behavior upon binding duplex DNA versus G4s.
Indeed, G4 binding leads to decreased fluorescence and a con-
comitant spectral shift. In cells, R45 produces intense, punctate
nuclear and nucleolar signals that co-localize with G4-enriched
regions, showing preferential engagement with G4 structures.
The G4-binding nature can be attributed to the cage’s tendency to
interact with G4s through - stacking on the terminal guanine
quartets.

A tetragonal-prism Pt(II) metallacage (R46, Figure 50) incor-
porating a tetraphenylethene (TPE) ligand was developed by
the Stang group as a prototypical theranostic scaffold [310],
self-assembled from TPE-based donors and cis-(PEt;),Pt(OTf),
acceptors into a discrete, cationic cage. Coordination to the
Pt(II) nodes restricts intramolecular rotation of the TPE core and
triggers AIE, rendering the metallacage weakly emissive in dilute
solution but highly fluorescent when formulated as nanoparti-
cles. Encapsulation into liposomes yields stable, biotin-targeted
supramolecular nanoparticles that accumulate selectively in can-
cer cells overexpressing biotin receptors. Within cells, the Pt**

centers engage nuclear DNA in a manner analogous to classical
platinum drugs, while the bright AIE fluorescence enables real-
time visualization of uptake, tumor localization, and treatment
response. This system exemplifies how TPE-based metallacages
can integrate defined composition, robust luminescence, and
Pt-DNA binding into a single, modular theranostic platform.

In brief, organic cages and metallacages employ largely sim-
ilar signal-transduction strategies, with only nuanced differ-
ences in the dominant photophysical regimes they access. Both
architectures predominantly rely on luminescent readout, as
emissive ligands can be embedded directly into their scaffolds,
enabling the use of diverse chromophores spanning UV-vis to
near-infrared excitation and emission windows. Metallacages are
particularly attractive in this regard, because metal-centered and
charge-transfer excited states provide access to long-lived phos-
phorescence, large Stokes shifts, and environment-sensitive emis-
sion, features that are advantageous for time-gated detection and
imaging but can also render the signal more susceptible to coor-
dination-sphere perturbations and matrix-induced quenching.
Organic cages, which more commonly exploit purely fluorescent
states, typically offer simpler photophysics and straightforward
spectral tuning, yet shorter lifetimes and smaller Stokes shifts
can limit their suitability for time-resolved measurements in
turbid or strongly autofluorescent media. The systems collected in
Table 1 illustrate these design trends at the level of analyte scope
and general photophysical response, while Table 2 specifically
highlights the diversity and performance of luminescence-based
readouts implemented in cage-based sensors.

With respect to robustness, both classes are still evolving
toward improved stability in aqueous environments and complex
matrices such as biofluids. For organic cages, moving beyond
classical imine condensation toward more hydrolytically robust
backbones, together with the emergence of peptide-based and
related frameworks, has markedly enhanced chemical stability
and water solubility. Metallacages, by contrast, remain to a
significant extent prone to ligand-exchange reactions in the
presence of competing nucleophiles and biomolecular ligands,
which can compromise long-term sensing performance in real-
istic samples. A rigorous comparison of sensing performance
across these platforms is further hampered by the limited number
of studies in biologically or environmentally relevant samples
and by the frequent absence of key analytical figures of merit,
such as recoveries, validation against established methods, and
standardized benchmarking protocols. Consequently, the field
is still in a phase where establishing robust architectures and
proof-of-concept demonstrations generally takes precedence over
systematic, cross-platform performance comparisons.

6 | Hybrid Materials

Many metallic and organic cages still suffer from limited chemical
stability in water and, in particular, in biological media. In
real aqueous samples and biofluids, receptor performance is
further compromised by deactivating species such as proteins,
cell debris, and inorganic or organic particulates, which can
bind to receptors, block their cavities, or induce aggregation,
thereby impairing host-guest recognition. A promising strat-
egy to address these limitations is the incorporation of these
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FIGURE 50 | (a) Chemical structure of R46, which aggregates in aqueous media to form Iuminescent nanoparticles for theranostic applications.
(b) Schematic representation of R46 nanoparticle transport within blood vessels, accumulation in tumor tissue, and subsequent uptake via receptor-

mediated endocytosis. Adapted with permission. [310] Copyright 2016, National Academy of Sciences.

receptors into porous polymeric matrices [312]. These materials
can function as size-selective sieves, offering protection from
large macromolecules while allowing access to small analytes.
In addition, immobilization often enhances receptor stability
and enables the fabrication of hybrid materials suitable for
device-oriented sensing applications.

Beyond environmental monitoring of wastewater or biological
samples, this approach aligns well with the needs of personalized
medicine, which increasingly requires continuous and minimally
invasive analysis methods. In this context, immobilized receptors
could, in principle, be integrated into wearable patches or subcu-
taneous sensors for the real-time detection of metabolites, disease
biomarkers or toxins.

Hydrogels, owing to their high-water content, soft mechanics,
and tunable structure, are widely used in biomedical contexts,
including drug delivery, wound healing, biosensing, and tissue
engineering. Their ability to mimic the native extracellular matrix
makes them particularly attractive as scaffolds for cell growth
and tissue regeneration [313]. However, conventional hydrogels
often suffer from limitations in functionality, including poor
mechanical strength, limited responsiveness to external stimuli,
and insufficient dynamic behavior for complex biomedical envi-
ronments [314, 315]. Here, supramolecular coordination cages
offer several unique properties that can complement and enhance
the performance of hydrogel materials. Their modular nature and
structural tunability allow for precise control over size, shape, and
functionality. Furthermore, their dynamic and reversible metal—-
ligand interactions make them inherently responsive to external
stimuli such as pH, temperature, light or mechanical force,
features that are increasingly desirable for biomedical materials
operating in variable physiological conditions [157, 316].

In this chapter, we will discuss the immobilization of receptor-
cage compounds for the preparation of hybrid materials and
their key implementations, ranging from improved sensing
and adsorption to enhanced mechanical properties, stimuli-
responsive material design, and controlled release systems, areas
where cage compounds play an essential role.

Maspoch and co-workers covalently integrated a Rh** cuboctahe-
dral cage-receptor, [Rh,(COOH-bdc),],,, onto a bimodal waveg-
uide silicon interferometer for real-time sensing of nitrogenous
organic pollutants in water (Figure 51) [317]. The 24 peripheral
carboxylates were coupled to an APTES-modified surface, pre-
serving the 12 open Rh** axial sites for guest coordination. The
resulting sensor enabled rapid (<15 min), label-free detection of
benzotriazole with limits of detection of 0.064 pg mL™" in Milli-
Q water and 0.068 pg-mL™ in tap water, and imidacloprid with
0.234 and 0.107 pg-mL~! in Milli-Q and tap water, respectively,
all below their ECj, toxicity thresholds. Control experiments
showed that this polyhedral Rh?* arrangement significantly
outperforms discrete Rh,(bdc), paddlewheel complexes (LoD =~
0.352 ug-mL™!), while maintaining reproducibility and 80%-120%
accuracy in line with FDA guidelines.

Network topology control and mechanical tunability are among
the most impactful ways SMBAs enhance hydrogels. In a key
study, Johnson and coworkers linked star-shaped polymers with
preassembled M,,L,, Fujita-type cages (12 Pd**, 24 bis(pyridyl)
ligands), where each cage presents 24 outward-directed polyethy-
lene glycol (PEG) arms that act as high-functionality junctions,
enabling precise control over loop defects and connectivity
beyond traditional covalent gels (Figure 52a) [318]. Such topology
control directly impacts diffusion, viscoelasticity, and cell-matrix
interactions in biomedical settings. Building on this concept,
Johnson’s star poly metal-organic cages (PolyMOCs) used mul-
tifunctional polymer arms coordinated around M,,L,, cages
to generate star-like architectures with tunable rheology and
relaxation dynamics, allowing the design of injectable hydrogels
or cell-instructive scaffolds with tailored mechanical lifetimes
(Figure 52b) [319].

Nitschke and co-workers further expanded metallacage-
hydrogel complexity using Fe,L; cage-crosslinked polymer
gels featuring differentially addressable cavities [320]. These
Fe**-imine M,L, tetrahedral cages, assembled from Fe®*,
2-formylpyridines, and aromatic diamines, are integrated
via PEG-aldehyde ligands as dynamic cross-linking nodes in
water-based hydrogels (Figure 53), imparting coordination-
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Adapted with permission. [317] Copyright 2023, American Chemical Society.

driven stimuli-responsiveness. Orthogonal guest binding (e.g.,
fluorobenzene, K, = 6.1 - 10> M™!) enables multiple functions
to be independently activated within a single material, offering
a promising platform for future multi-functional biomedical
systems such as smart wound dressings or drug delivery gels
with spatially and temporally controlled therapeutic responses.

An interesting example of mechanochemical responsiveness is
presented by Gostl, Schmidt, and coworkers developed water-
based hydrogels in which mechanical stress triggers (i.e., ultra-
sounds) the release of non-covalently bound guest molecules
from polymer-decorated cages [321]. They reported a polymer-
decorated Pd**((TPT), (TPT = triazine) octahedral cage assem-
bled from six PEG-functionalized bipyridyl-Pd*" corners and
four TPT faces. The PEG chains (M,, = 10-20 kDa) imparted
high water solubility and enabled the hydrophobic cavity to
encapsulate pharmaceutically active guests such as progesterone
(1:1) and ibuprofen (2:1), as confirmed by NMR spectroscopy.
Guest uptake was driven by the hydrophobic effect, while encap-
sulation was reversible. Remarkably, cargo release was achieved
mechanochemically by ultrasonication (20 kHz, aqueous solu-
tion), which ruptured Pd-N coordination bonds and fragmented
the cage, leading to complete release of the encapsulated drugs,
i.e., progesterone or ibuprofen. Control experiments showed that
amodel cage lacking PEG chains did not undergo mechanochem-
ical activation and retained its cargo under identical conditions,
underscoring the role of polymer handles in force transduction.
Release efficiency depended strongly on polymer length: longer
PEG chains (M,, = 20 kDa) doubled the release efficiency
relative to shorter ones (M,, = 10 kDa). While the intact cage
is stable in aqueous solution and protects hydrophobic drugs
from precipitation, sonication selectively activates disassembly,
linking structural fragility to a useful stimulus-response mech-
anism. This work highlights how polymer-decorated cages can
act as water-soluble drug carriers that release non-covalently
bound cargo in response to mechanical force, opening opportu-
nities for ultrasound-triggered delivery systems. Besides, unlike
covalent mechanophores, this strategy enables non-destructive,
force-triggered cargo release, which could be leveraged for

motion-activated drug delivery or feedback-controlled therapeu-
tics responsive to tissue strain.

Incorporating metallacages as dynamic crosslinkers in hydro-
gels imparts mechanoresponsive and stimuli-adaptable proper-
ties. The Schmidt group demonstrated this using palladium-
based MyL, metal-organic cages formed from bis(bipyridine)-
terminated PEG ligands (1-6 kDa) and 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (TPT) panels as multifunctional, non-covalent crosslink-
ers (Figure 54) [322] Hydrogels prepared at 10-20 wt% in water
were transparent, with tunable mesh sizes and swelling ratios.
The intact M¢L, cavities encapsulated hydrophobic drugs such
as ibuprofen, progesterone, and drospirenone, supported by
upfield 'H NMR shifts. Drug loadings reached up to 6.2 wt%,
surpassing earlier star-polymer—cage systems (~0.7 wt%). Ultra-
sound irradiation (20 kHz, 3 h) induced Pd—N bond scission,
triggering ibuprofen release (~66%) by the hydrogel. These cage-
crosslinked hydrogels enable reversible, force-triggered release of
unmodified molecules and self-rearrangement under stress, com-
bining coordination-cage host—guest chemistry with polymer
mechanochemistry, an attractive feature for resilient, soft-tissue
materials.

Beyond mechanical stimuli, light-responsive control of
metallacage-hydrogel systems has also emerged as a tool to
enable spatiotemporal control over hydrogel properties. Johnson
and coworkers designed light-responsive metallacage hydrogels
by incorporating photoisomerizable dithienylethene (DTE) [323]
ligands into Pd-based metallacage-crosslinked PEG networks
(Figure 55). [324] PEG-DTE ligands (~4.6 kDa) formed Pd;L,
rings in the open form and Pd,,L,; cages in the closed form
upon UV irradiation, shifting the hydrogel from a soft o-gel to a
stiffer c-gel. Green light reversed the process, restoring the softer,
dynamic state. Systems with excess free ligand showed a similar
but amplified light-induced stiffening (~ ten-fold). The closed-
state cages displayed slower ligand exchange (7 ~ 1,085 s vs 555
s), reducing self-healing ability. This reversible photo-switching
between soft/healable and stiff/static states demonstrates
precise light-controlled tuning of hydrogel mechanics and
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FIGURE 52 | (a) Comparison between the traditional supramolecular metallogels and the polyMOCs with M,L, and M;,L,, junctions with
chemical structure of polymeric ligands that target M;,L,, and M,L, cage junctions, respectively. Adapted with permission. [318] Copyright 2016,
Nature Springer. (b) Synthesis of polyMOC by coordination of polymer-bound ligands and small molecule ligands (SMLs) with Pd?* to form metallacage

junctions within star polymers. Adapted with permission. [319] Copyright 2017, Wiley-VCH.

functionality, enabling applications in cell culture, drug delivery,
and photoresponsive biomaterials.

From a structural perspective, the polymer architecture used in
metallacage-hydrogels significantly affects the hierarchical struc-
ture of the material and mechanical performance. For example
Johnson and co-workers [325] showed that the polymer architec-
ture in SMBA hydrogels strongly influences network hierarchy
and mechanics. Linear and star-shaped PEG macromers (2.7-
22 kDa) with Pd(NO,), form M;,L,, or M,L, cages, giving gels
at only 5.4-5.9 wt% polymer and ~240 uM Pd?*. Scattering data
shows intact MOCs, with M;,L,, units clustering into cage-dense
domains that introduce hierarchical structure. Rheology reveals
high junction connectivity (branch functionality up to ~12, and
~9-10 with star PEG) and outperforming typical metallogels with
similar metal loading. Tuning polymer length and architecture
thus enables polyMOCs that couple molecularly precise junctions
with robust mechanics, relevant for load-bearing tissues such as
cardiac and musculoskeletal systems.

Metallacages can direct cargo transport within soft matter, mim-
icking biological processes. Nitschke and co-workers advanced
this concept with a thermoresponsive Fe?*,L, cage (present
as triflimide salt functionalized with PEG1000(mim)* chains
(mim* = 1-methylimidazolium), enabling reversible phase trans-
fer between water and ethyl acetate (Figure 56). [326] At <10°C
the cage is water-soluble, while at 70°C chain expansion drives
solubility in ethyl acetate. UV-vis and DLS showed complete
shuttling within 30 s, and stablility over 15 heating—cooling cycles.
The cage encapsulates 1-fluoroadamantane, which transferred
quantitatively between phases upon thermal cycling, with ~71%
retention after six phase-boundary crossings. This “heat engine”
thus translates thermal gradients into directional chemical work,
offering a generalizable route to stimuli-responsive transport and
purification systems. Combined with the possibility of designing
light-healable supramolecular polymers, demonstrated by Burn-
worth et al. [327], this non-equilibrium behavior suggests the
potential for biomimetic drug carriers that move toward infection
or inflammation sites guided by local thermal or chemical cues to
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FIGURE 53 | Chemical structure of Fe?*—imine M,Lg tetrahedral
cage used for preparing cage-crosslinked, stimuli-responsive hydrogels.
Hydrogels are formed from polymers crosslinked by subcomponent
metallacages, creating two internal phases that give distinct release
profiles depending on guest encapsulation. Adapted with permission.
[320] Copyright 2015, American Chemical Society.

then self assemble into biomimetic materials, suchs as hydrogels
as a response to a secontary stimulus.

7 | Summary

Water-compatible cages are generally constructed either by cova-
lent assembly of shape-persistent organic building blocks or
by coordination-driven self-assembly of metal ions with preor-
ganized ligands. For organic cages, dynamic covalent linkages
such as imines enable error correction, followed by chemical
“locking” (e.g., reduction of imines) to generate hydrolytically
robust frameworks, while metallacages rely on metal centers
and ligand sets that combine efficient self-assembly with high
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kinetic and thermodynamic stability in water. In both families,
water solubility is usually achieved by decorating the cage exterior
with polar or charged groups, and the interior cavity is tailored
with specific functional motifs to control size, shape, polarity,
and binding interactions. The water stability in metallacages
has been significantly improved through strong Pd—N bonds,
multidentate ligands, and stabilizing bimetallic Pd** corners
[234], however, stability in the presence of biologically relevant
nucleophiles is still a challenge. Organic cages exploit charge-
assisted hydrogen bonding using triply cationic, pyridinium-rich
scaffolds bearing amide N—H and pyridinium C—H donors to
bind strongly hydrated anions [237], with additional gains in
apparent affinity achievable by combining cages with charged
micelles that locally concentrate the host and enable anion
transfer into hydrophobic environments [238]. Anion sensing is
currently the most advanced application, with high affinities
in water achieved by strategically placing positive charges and
hydrogen-bond donors, and peptide-based macrocyclic and cage-
like receptors offering multivalent N—H---anion interactions,
hydrolytic robustness, intrinsic biocompatibility, and modular
routes to incorporate luminescent or electrochemical reporters.
Despite extensive structural and binding studies, signal trans-
duction remains a bottleneck. Many cages lack suitable chro-
mophores, prompting post-assembly functionalization, indicator
displacement, or analyte-triggered disassembly, while emerging
optical strategies such as reverse FRET (rFRET) [328], and chiral
cages exhibiting CPL [329-333], open avenues for chiroptical
sensing, including enantiomeric excess determination.

In terms of analyte scope, although anion sensing (such as
for inorganic anions or carbohydrates) is relatively well estab-
lished, cage-based sensing has seen substantial developement in
the area of nitroaromatics, especially nitrobenzene derivatives
and nitroaromatic pesticides [334, 335], while persistent pollu-
tants such as PFAS [336, 285, 337-339] remain underexplored
despite their health impact [340]. And for such targets sensing

FIGURE 54 | (a)Chemical structure of the Pd**4(TPT), octahedral cage assembled from six PEG-functionalized bipyridyl-Pd** corners and four

TPT faces, which can encapsulate drugs, and (b) its use in an ultrasound-responsive system enabling triggered drug release from the cage-polymer

network. Adapted with permission. [322] Copyright 2023, Wiley-VCH.
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FIGURE 55 | Chemical structure of the photoswitchable polyMOC.
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Pd,,L,q junction
P

Photoresponsive Pd-based metal-organic cages act as reversible junctions in

polymer networks, allowing light-gated switching between two topologies. UV irradiation drives DTE-based polymer ligands from an open to a closed
form, changing their bite angle and converting small Pd;L¢ rings into larger Pd,4L4g cages, which alters branch functionality and defect structure.

Subsequent green-light exposure reopens the DTE units, regenerating the original Pd;Ls network without inhibiting cage assembly despite multiple

diastereomeric products. Adapted with permission. [324] Copyright 2018,

Springer Nature.

Ethyl acetate

Water

10°

FIGURE 56 | Chemical structure of the Fe?*,L, cage bearing twelve PEG1000(mim)* chains that can undergo thermally driven phase transfer

between water and ethyl acetate. At 10°C, contracted PEG chains expose charged imidazolium and ether oxygens, making the cage water-soluble. At
70°C, expanded PEG chains expose hydrophobic ethylene segments, shifting solubility to ethyl acetate. Adapted with permission. [326] Copyright 2020,

Wiley-VCH.

in organic phases may be acceptable or necessary, so current
cage sensors are better suited for presumptive environmental
monitoring than fully quantitative analysis. Biologically relevant
analytes such as carbohydrates are relatively widely explored,
[218, 222] whereas neurotransmitters and hormones remain

challenging targets because of their low concentrations and close
chemical similarity, and current cages lack sufficient sensitiv-
ity and selectivity. An interesting recent developement is that
cages can stabilize DNA junctions and G4 structures and thus
appear promising for targeting and imaging secondary DNA
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FIGURE 57 | The future development of cage receptors should move beyond purely photoluminescence-based detection and exploit other estab-

lished sensing modalities, such as chemiluminescence, electrochemiluminescence, and electrochemical readouts. Coupled with device miniaturization,

the use of composite materials, and integration into wearable technologies, these advances are expected to significantly enhance the practical utility and

real-world applicability of cage-receptor-based sensing systems.

structures, as well as for fundamental studies of nucleic-acid
architecture.

Hybrid strategies, embedding cages into hydrogels or mem-
branes for analyte preconcentration and matrix exclusion, or
using sensor arrays with fingerprint analysis, provide routes to
enhanced selectivity. Cage-hydrogel systems offer adaptive soft
materials with structural crosslinking, stimuli-responsive cargo
delivery, self-healing, multi-cargo encapsulation, and tissue-
tuned mechanics. Overall, receptor cages are progressing toward
more robust and deployable sensing systems but have not yet
surpassed classical cryptands that underpin commercial blood-
ion sensors [227], with notable alternatives such as cubane-like
zinc phosphate architectures from Murugavel and co-workers
that bind fluoride across multiple charge states with detec-
tion limits near 1 ppm [341], and intracellular sensing is still
constrained by uptake, endosomal trapping, corona formation,
instability, and toxicity, highlighting the need for improved
water stability, ratiometric or lifetime-based readout, and targeted
functionalization.

8 | Perspectives

Organo- and metallacages have emerged as powerful molecu-
lar receptors for sensing in aqueous environments, but future
work must focus on real-world implementation, where the
main challenges are stability, selectivity, advanced signal read-
outs, and device integration (Figure 57). Substantial progress in
cavity design, signal modulation, and analyte scope has been

achieved, and promisingstrategies are emerging. For example,
crown-ether-based Pd** metallacages assembled from flexible
bidentate pyridyl ligands, as shown by Clever and co-workers
[342], alkoxysilane- and orthoester-based hosts that mimick
crown-ether complexationreported by von Delius and colleagues
[343], and new quantitative imine-forming methodologies from
Prins and co-workers that use auxiliary metal coordination to
stabilize imine linkages in organic cages [344] all represent
powerful structural motifs and design strategies. Nevertheless,
cages containing hydrolysable groups or metal nodes prone to
ligand exchange remain problematic for real-world applications,
although the developments mentioned above and the use of
covalently robust organic cages (e.g., peptide-based cages) are
promising. For more robust cage-receptor based sensors, embed-
ding them into composite materials will be crucial to protect them
from chemical degradation and to enable practical devices such
as continuousmonitoring platforms and wearable technologies
[345], although in the near term their use will likely remain
focused on presumptive detection rather than fully quantitative
diagnostics. Embedding cagereceptors into suitable polymeric
matrices can help mitigate surface fouling by physically sepa-
rating the receptors from interfering species while still allowing
target analytes to reach the sensing sites, which is crucial for
real-world applications [346]. Once stability and selectivity are
improved, cage-receptors will be well positioned for multiplexed
and multimodal sensing, combining confined cavities with tun-
able readouts (ratiometric luminescence, electrochemical signals,
circularly polarized emission) and integration into optical fibers,
field-effect transistors, or wearable sensors, thereby uniting sens-
ing, imaging, and therapy in biomedicine and enabling portable
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environmental detectors. Future design principles should more
fully exploit IDA [46] concepts and integrate them with “chemical
nose”-type [347] sensing strategies. This approach will enable
multiplexed detection [348], the tailoring of receptor derivatives
with differential selectivity for biorelevant analytes, and the use
of data-driven methods such as principal component analysis
[349], to extract analyte-specific fingerprints. At the same time,
efforts should extend beyond traditional luminescence toward
electrochemical and electrochemiluminescent (ECL) readouts,
[350-362] which remain largely unexplored.

From a production and real-world performance perspective the
sensing examples herein discussed must be evaluated critically,
as in many cases the synthetic yields remain moderate, if not
low, and scale-up is rarely reported and frequently overlooked
bottleneck. Finally, computational design, machine learning, and
automated synthesis [363-369] are expected to accelerate the
discovery of cages with optimized binding and signaling, and,
when coupled with advanced device engineering, should help
transition cage-based sensors from proof-of-concept studies to
deployable technologies.

9 | Conclusions

Supramolecular cages have evolved from elegant self-assembled
structures into versatile platforms for molecular recognition and
sensing. The ability to tune their cavity physicochemical prop-
erties, externally functionalize their surfaces, and incorporate
signal-transduction elements such as luminophores makes them
uniquely powerful compared to classical macrocyclic receptors.
In recent years, major advances in synthetic strategies aimed
at increasing structural diversity, water compatibility, analyte
scope, and functional outputs, including luminescence, electro-
chemistry, and even multimodal readouts, have further expanded
their utility. Yet, one can say that the journey toward practical
deployment has only begun. Challenges of stability in complex
media, reliable quantitative sensing, and seamless integration
into devices remain to be solved. Encouragingly, progress in
robust cage scaffolds, hybrid materials such as hydrogels, and
computationally guided design points to viable pathways forward.
Looking ahead, supramolecular cages are poised to develop
into multimodal chemosensing systems, for example by integrat-
ing electrochemical and luminescence readouts to afford user-
friendly, cost-effective sensors for diagnostics, environmental
monitoring, and biomedical applications. Over the next decade,
they are expected to mature into multifunctional, multiplexed
platforms that are increasingly robust, selective, and readily
integrated, and that not only sense but also respond and adapt to
their environment. Consequently, supramolecular cages are likely
to transition from isolated receptors to active components within
smart materials and devices, including wearable sensors designed
to address pressing challenges in diagnostics, therapeutics, and
environmental monitoring.
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