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High-Precision Construction of Colloidal Superstructures
through Cucurbit[n]Uril-Mediated Self-Assembly

Huimin Xie, Chengzhi Guo, Shuyu Zhu, Jing Yan, Yuewen Zhang,* and Yang Lan*

1. Introduction

In the past decades, colloid research has experienced significant growth

across various scientific disciplines. This review explores recent
advancements in the design and fabrication of cucurbit[n]urils
(CB[n])-mediated self-assembly for colloids with advanced structures. CB[n], a
class of macrocyclic molecules known for their distinctive host—guest
interactions, plays a crucial role in synthesizing colloidal superstructures due
to their ability to form stable complexes with a wide range of guest molecules.
This review provides a comprehensive summary of recent advances in
CB[n]-mediated self-assembly strategies for constructing diverse colloidal
architectures. These assemblies are systematically categorized into distinct
types, including colloidal clusters, 1D colloidal chains, raspberry-like colloids,
core-shell colloids, and colloidosomes. While the primary emphasis is placed
on construction methodologies, the potential applications of these
superstructures are also briefly highlighted in areas such as drug delivery,
catalysis, and sensing, to illustrate their relevance in the development of
functional materials. By examining the synthesis methods and potential
applications, this review underscores the versatility and adaptability of
CB[n]-mediated colloidal systems and their potential to drive future

innovations in colloid science.
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Colloids and their assemblies, renowned for
their small size, customizable structures,
and adjustable surface chemistry, are highly
desirable for a diverse range of applica-
tions, including electronics, energy storage,
and biomedical engineering.['-*] Recent ad-
vances in this field highlight the develop-
ment of sophisticated colloidal structures
based on geometric and morphological con-
siderations to enhance material functional-
ities. Key innovations encompass the fabri-
cation of colloidal superstructures such as
colloidal clusters,*l one-dimensional (1D)
colloidal chains,®] raspberry-like colloids, ¢!
core-shell particles,I’! and colloidosomes.!®]
These intricate colloidal configurations ex-
hibit unique properties that expand their
applicability. For instance, the exceptional
durability of raspberry-shaped colloids in
salting-out phenomena highlights their sig-
nificance in aqueous environments with el-
evated salinity levels.[®] These properties es-
tablish their particular significance in sec-
tors like pharmaceutical delivery systems
and oil extraction.

The high-precision construction of colloidal superstructures
primarily involves chemical, physical, and supramolecular ap-
proaches. Chemical methodologies, such as sol-gel processes!’!
and emulsion polymerization,!'% have significantly contributed
to the production of colloids by facilitating control over par-
ticle size and morphology. However, developing effective for-
mulation remains challenging and often requires extensive
experimentation.[''1] Physical methods, such as physical va-
por deposition,!*! play a significant role in the generation of
colloidal superstructures. Nevertheless, they encounter difficul-
ties in scaling up for high particle throughput and ensuring
uniformity in large quantities.'”1® To address these challenges,
supramolecular methods have emerged as promising alterna-
tives, leveraging non-covalent interactions, such as host-guest
interactions and self-assembly processes, to create colloidal struc-
tures with precise control over size, morphology, and compo-
sition. This paradigm offers solutions that address the limita-
tions of chemical and physical methods in producing colloidal
superstructures.[17:1]

Cucurbit[n]urils, abbreviated as CB[n]s, represent a category
of macrocyclic compounds composed of glycoluril units inter-
connected by methylene bridges (Figure 1A).[2°) The variable

“»

n” represents the number of glycoluril units in CB[n], which
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Figure 1. A) Synthesis of cucurbit[n]uril (CB[n]) through the condensation reaction of glycoluril and formaldehyde. B) Space-filling models of CB[5]-
CB[8], illustrating the progressive enlargement yet consistent height of the CB[n] macrocycles. C) Schematic representation of CB[n]-assisted host—guest
complexation modes.[?%! Reproduced with permission from ref. [20] copyright 2015, American Chemical Society.

dictates the size and capability of the macrocyclic framework.
Freeman et al.?!l pioneering the work in 1981 led to the syn-
thesis of CBI[6] through the condensation reaction of glycoluril
and formaldehyde. This first cucurbit[n]uril variant, CBJ[6] fea-
tures six glycoluril units and twelve methylene bridges, with a
pumpkin-like shape that formed the basis of the cucurbit[n]uril
family. Since then, the cucurbit[n]uril family has grown to include
CB[5], CB[7], CB[8], CB[10], and CB[13] each distinguished by the
number of glycoluril units.[?2?] Despite differences in size, all
CB|n] variants share a consistent height of 0.91 nm (Figure 1B),
giving them a toroidal shape that boosts their strength and sta-
bility, making them robust hosts for selective guest molecules via
distinct binding sites and configurations.[?!]

The study highlights that CB[n] possesses two distinct bind-
ing sites for guest molecules. The first, located at the carbonyl-
fringed portals, exhibits an inherent negative charge that at-
tracts cations through ion—dipole interactions, as illustrated in
Figure 1C-i.12] The second binding site of CB[n] is the inner cav-
ity, characterized by its hydrophobic nature, which enables the
encapsulation of specific compounds (Figure 1C-ii). Compatibil-
ity between CB[n] and guest molecules is often assessed through
packing coefficients,?”28] providing insights into the binding
affinity and selectivity of the CB[n]-guest complex.[?] The cav-
ity sizes of CB[n] compounds increase progressively from CB[5]
to CBJ[8], influencing their encapsulation capabilities and deter-
mining the mode of encapsulation. Specifically, CB[5], CB[6],
and CBJ[7] typically host a single guest molecule within their
cavities, forming either binary complexes (CB[n]@Guest 1:1,
Figure 1C-iii,iv) or ternary complexes comprising two CB[n]s and
one guest molecule (CB[n]@Guest@CB[n] 2:1, Figure 1C-v).[28%]
CBJ[5], the smallest member, binds cations like NH,* and Pb**
at its entrances, while its cavity can accommodate only small
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gas molecules such as N, .[3932] CB[6], with a larger cavity, forms
stable binary complexes (CB[n]@Guest 1:1, Figure 1C-iii) with
protonated diaminoalkanes and aromatic amines through ion—
dipole interactions.[**] CB[7], specialized for larger guests, en-
gages in binary complexes (CB[n]@ Guest 1:1, Figure 1C-iii) with
entities such as protonated adamantylamine (ADA) and methyl
viologen (MV) dication.3**] CB[8] is large enough to simul-
taneously accommodate two guest molecules inside its cavity,
leading to the formation of either homoternary complexes with
two identical guest molecules (CB[n]@2Guest 1:2, Figure 1C-vi)
or heteroternary complexes with two distinct guest molecules
(Guestl @CB[n]@Guest 2 1:1:1, Figure 1C-vii).**] In some cases,
CB[8] can also form four-molecule complexes (2CB[n]@2Guest
2:2) as shown in Figure 1C-viii.l*”*8] For example, CB[8] forms bi-
nary complexes (CB[n]@Guest 1:1) with electron-deficient guests
such as MV and can sequentially bind electron-rich guests
such as azobenzene (Azo), naphthalene (Np), phenylalanine,
and tryptophan derivatives to form stable heteroternary com-
plex (Guestl @CB[n]@Guest2 1:1:1). Additionally, CB[8] can also
form homoternary complexes (CB[n]@2Guest 1:2) under spe-
cific conditions, such as when guest molecules possess a pos-
itively charged site or when guest molecules such as viologen
dications (MV?*) undergo one-electron reduction to the radical
cation (MV**).3

For a better understanding of CB[n]'s molecular recognition
properties, readers are encouraged to refer to comprehensive re-
views on this topic.[2%2840-42] By leveraging the selective binding
properties and distinctive binding configurations of CB[n] with
guest molecules, it is possible to effectively control the formation
and arrangement of colloidal particles, leading to the formation
of colloidal superstructures. This review highlights recent devel-
opments underscoring the pivotal role of CB[n] in the synthesis
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Figure 2. Schematic representation of CB[n]-facilitated host-guest self-assembly of colloids. A) Type I: CB[n] portals directly capture two identical or
different colloids, forming colloidal clusters or chains through the inherent affinity between CB[n] and metal nanoparticles. B) Type I1: CB[n]is immobilized
on two distinct colloids, and a linker molecule with dual guest functionalities mediates binary complex formation (CB[n]@Guest 1:1), enabling structured
multi-colloid assemblies. C) Type IlI: Identical guest molecules on two colloids are bridged by CB[n], forming homoternary complexes (CB[n]|@2Guest
1:2) for creating interconnected colloidal networks. D) Type IV: Distinct guest molecules on different colloids are linked by CB[8] through heteroternary
complex formation (Guest1@CB[8]@Guest2 1:1:1), facilitating multi-component assemblies. E) Type V: A single type of CB[n] immobilized on one
colloid interacts with guest-modified particles via binary complex formation (CB[n]@Guest 1:1), achieving simplified yet precise assembly.

and self-assembly of colloidal superstructures. It focuses on var-
ious construction techniques and demonstrates the transforma-
tive impact of CB[n]-meditated approaches on the design of ad-
vanced colloidal materials.

2. Colloidal Superstructures Constructed through
CB[n]-Mediated Self-Assemblies

The unique binding properties of CB[n] support a variety of so-
phisticated strategies to facilitate the self-assembly of colloidal su-
perstructures, capitalizing on their exceptional molecular recog-
nition capabilities. The first and most successful approach uti-
lizes CB[n] macrocycles to capture two identical or different types
of colloids by utilizing the portals of the CB[n] for self-assembly
(Type L, Figure 2A).1¥}] This approach exploits the inherent affin-
ity between the carbonyl portals of CB[n] and metal nanopar-
ticles, thereby enabling the creation of sophisticated colloidal
structures, such as colloidal clusters and chains, through pre-
cise alignment and binding. This technique proves particularly
valuable in the construction of metal nanoparticle-based struc-
tures. Another successful approach involves immobilizing CB|n]
molecules onto two distinct types of colloidal particles (Type
11, Figure 2B).1**] Subsequently, a linker molecule, carrying two
guest molecules, is utilized to engage with the CB[n] units on
each category of colloid via the formation of binary complexes
(CB[n]@Guest 1:1). This interaction promotes the formation of
intricate, highly structured configurations by the specific bond-
ing guest molecules to CB[n] units, achieving precise spatial ar-
rangement and incorporation of multiple colloidal varieties into
a cohesive structure. A third strategy involves the functionaliza-
tion of identical guest molecules on two distinct types of colloids
(Type 111, Figure 2C).[]

Here, CB[n], normally CBJ[8], acts as a “handcuff” or bridge, to
facilitate the assembly of these colloids by creating a homoternary
complex of CB[n]@2Guest 1:2. Within this arrangement, a sin-
gle CB[n] molecule connects two colloidal particles, both contain-
ing identical guest molecules, thereby facilitating the creation of
a complex colloidal network with superior structural integrity.
Similarly, it is also effective to employ the functionalization of
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different guest molecules on two distinct types of colloids, with
CB[8] acting as a linker to mediate the assembly through the for-
mation of heteroternary complexes of Guestl @CB[n]@ Guest2
1:1:1 for the formation of colloidal superstructures (Type IV,
Figure 2D).[*! In this approach, each type of colloid is function-
alized with a unique guest molecule, and a single CB[8] macro-
cycle coordinates the simultaneous interaction with these guest
molecules. This creates a three-component assembly where the
CBJ[8] facilitates the precise alignment and binding of the col-
loids, resulting in complex, multi-component structures. In ad-
dition, a more straightforward yet efficient approach entails im-
mobilizing a single variety of CB[n] on a particular colloidal
particle and modifying a distinct type of colloidal particle with
guest molecules (Type V, Figure 2E).3* The assembly is accom-
plished by utilizing the CB[n] portal binding site and the for-
mation of binary complexes (CB[n]@Guest 1:1), where a single
CB[n] molecule attaches to one guest molecule on a different
colloid. Overall, each of these methodologies leverages the dis-
tinctive binding characteristics of CB[n] to accomplish precise
and refined self-assembly of colloidal systems, showcasing the
adaptability and promise of CB[n] in the realm of colloidal sci-
ence. The utilization of CB[n]-based mediation strategies for the
self-assembly of various colloidal superstructures will be sum-
marized in the upcoming instances. These illustrations will elu-
cidate how each technique fosters the creation of particular col-
loidal architectures, emphasizing the adaptability of CB[n] in or-
chestrating colloidal superstructures.

2.1. Colloidal Clusters

Colloidal clusters are intricate assemblies of small particles that
aggregate to form larger structures.[*] These clusters consist of
colloidal particles, usually within the nanometer to micrometer
range. One important characteristic of colloidal clusters is the in-
teractions between the particles comprising these clusters, which
include van der Waals forces, electrostatic interactions, and cova-
lent or ionic bonds.[**8] The complex interplay of these forces
confers unique structural and functional properties upon the
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clusters, making them highly relevant in multiple scientific and
technological domains. Another key characteristic of colloidal
clusters is the variable number of small particles they contain,
typically ranging from two (dimers) to several hundred, with re-
duced dimensionality often resulting in phenomena absent in
bulk materials.[**% These characteristics render colloidal clus-
ters particularly valuable in materials science, where they con-
tribute to the development of novel composite materials used in
sensing, drug delivery, and catalysts. Colloidal clusters can form
through various mechanisms, including self-assembly, chemical
reactions, and physical aggregation.[*#5152] Understanding the
formation and properties of colloidal clusters remains a vibrant
area of research, with ongoing studies revealing new applications
and providing deeper insights into the fundamental science of
these intricate structures.

2.1.1. Formation of Inorganic Nanoparticle Clusters

Inorganic nanoparticle clusters are highly organized assemblies
of individual nanoparticles that exhibit unique physical and
chemical properties distinct from their constituent components.
These clusters are known for their enhanced optical, electronic,
and catalytic behaviors, making them valuable in fields such as
nanomedicine, catalysis, and environmental sensing. Conven-
tional methods for assembling such clusters often rely on elec-
trostatic interactions, ligand-mediated stabilization, or chemical
cross-linking, which can lack precision and dynamic tunability.
The use of CB[n] macrocycles introduces a novel strategy for self-
assembling inorganic nanoparticle clusters through host-guest
interactions at the molecular level. CB[n] acts as a molecular
linker, leveraging its carbonyl portals to interact selectively with
nanoparticles, facilitating precise spatial arrangements and form-
ing stable, responsive structures. In a pioneering example, Lee’s
marked the first use of CB[n] macrocycles in mediating the self-
assembly of colloidal particles, creating dynamic and responsive
colloidal clusters.**] In this study, gold nanoparticles (AuNPs)
were assembled into clusters through supermolecular interac-
tions between the carbonyl portals of CB[5] and AuNPs (Type
I, Figure 2A). The formation process involved reducing tetra-
chloroauric acid (HAuCl,) with sodium borohydride (NaBH,) in
the presence of CBJ[5], which promoted the creation of AuNP clus-
ters either singly or doubly capped by CB[5] at its carbonyl portals
(Figure 3A-i). By varying the ratio of CBJ[5] to the gold precursor,
Lee demonstrated control over the cluster size and configuration,
with increased CB[5] content transforming linear colloidal chains
to 3D clusters of reduced size. Transmission electron microscopy
(TEM, Figure 3A-ii-vii) further highlighted the precise tunability
of cluster sizes based on CBJ[5] concentration. This research in-
troduces an innovative approach to stabilizing metal nanoparti-
cles using CB[5] as a capping agent, forming dynamic colloidal
clusters with potential applications in catalysis and sensing. It
makes an important step toward exploring CB[n]-facilitated self-
assembly for the creation of colloidal superstructures.

Building on Lee’s pioneering demonstration of CB[n]-
mediated colloidal assembly, the field has rapidly shifted from
mere structural proofs of concept to the exploration of highly
tunable, function-oriented nanostructures. At the heart of this
evolution lies the capacity of CB[n] macrocycles to exert sub-
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nanometer control over nanoparticle spatial organization while
simultaneously providing selective molecular recognition. This
dual functionality has opened avenues for innovative plasmonic
and sensing applications, transforming static clusters into dy-
namic, responsive architectures. A significant advance in ex-
ploiting these assemblies for plasmonic enhancement emerged
with Taylor et al.®3 who leveraged CBJ[5] and CBJ[7] to establish
sub-nanometer gaps in AuNP clusters (Figure 3B). Such pre-
cise gap control, intrinsically tied to the CB[n] portal geometry,
was crucial for creating uniform “hot spots” capable of reliable
and reproducible surface-enhanced Raman spectroscopy (SERS).
This strategy highlighted the capacity to integrate molecular-level
sensing and materials assembly into a single supramolecular
platform.

The versatility of CB[n]-based assemblies became further evi-
dent when Teng et al.l>*] targeted environmental applications. By
employing CB[8] to create 1 nm interparticle separations, they en-
gineered hotspots ideal for detecting endocrine-disrupting com-
pounds such as estrone (E1), bisphenol A (BPA), and diethyl-
stilbestrol (DES) (Figure 4A). These studies underscored the im-
portance of exploiting host-guest chemistry not just for control-
ling nanoparticle arrangement, but also for selectively concen-
trating target analytes within plasmonic junctions. This approach
demonstrated how subtle tweaks, such as matching the size and
binding affinities of CB[8] to specific pollutants, can translate
into enhanced sensitivity and selectivity, paving the way for real-
world monitoring of water contamination and other environmen-
tal challenges. In parallel, Davison et al.[*! expanded the scope
of CB[n]-mediated designs by introducing computational meth-
ods and numerical simulations to optimize cluster formation and
plasmonic performance. Their work showcased the fine-tuning
of nanoparticle geometry and gap distances under 1 nm through
CB[7] bridging, culminating in ultrasensitive, single-molecule-
level SERS (Figure 4B). By systematically integrating supramolec-
ular chemistry, computational design, and advanced nanoparticle
synthesis, this research points to a future where CB[n]-based as-
semblies are tailored with near-atomic precision for analytical,
diagnostic, and other high-value applications.

Collectively, these follow-up works illustrate a vibrant pro-
gression in CB[n]-mediated nanoparticle cluster engineering,
moving from foundational self-assembly principles to sophis-
ticated functional systems. Through precise gap control, selec-
tive host-guest interactions, and adaptability to various analytes,
CB[n] macrocycles have proven themselves integral to design-
ing next-generation plasmonic materials. As such, they embody
a powerful strategy for bridging the gap between fundamental
nanochemistry and practical applications in environmental sens-
ing, diagnostics, and beyond.

2.1.2. Formation of Polymeric Colloidal Clusters

Beyond leveraging the carbonyl portals of CB[n] to directly co-
ordinate with metal nanoparticle surfaces (Iype I, Figure 2A), a
parallel strategy uses CB[8]-mediated heteroternary complexation
(Type 11, Figure 2B) to assemble colloidal particles into sophisti-
cated polymeric architectures. In this approach, CB[8] acts as a
supramolecular “bridge” between two complementary functional
groups, which are often placed on different colloidal particles,
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Figure 3. A) i) Formation of AuNP clusters mediated by CB[5] in aqueous media, with inset showing CB[5] doubly and singly capped by AuNPs. TEM
images depict of AuNP clusters at varying CB[5]/Au ratios: ii) 0, iii) 0.1, iv) 0.2, v) 0.5, vi) 1, and vii) from 0 to 1 by addition of CB[5] after the reduction.
Scale bar: 20 nm.[*3] Reproduced with permission from ref. [43] copyright 2010, The Royal Society of Chemistry. B) i) Current strategies for generating
AuNP clusters coagulation with inconsistent and uncontrollable interparticle spacing. ii, iii, iv) AuNPs joined into either dimer or colloidal clusters by
CB[5], with a portal-to-portal separation rigidly fixed at 0.9 nm. TEM images show representative aggregation products at specific time points, with
variations in topology corresponding to the DLCA (m) and RLCA (n) regimes.[*3] Reproduced with permission from ref. [53] copyright 2011, American
Chemical Society.
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thus enabling the controlled organization of multiple building
blocks into stable, higher-order structures.

A striking demonstration of this concept comes from the work
of Xu et al.[*®! who employed microfluidic droplets as miniature
reaction vessels to guide the assembly of polystyrene colloids
functionalized with MV and Np (Figure 4C). By introducing these
functionalized colloids into microdroplets in the presence of
CB[8], they formed heteroternary complexes (MV@CB[8]@Np)
that drove the precise clustering of colloids. This microfluidic set-
ting allowed for fine-tuning of the colloidal concentration, yield-
ing diverse and well-defined assemblies, including Janus parti-
cles, linear chains, and more complex square and pyramidal ge-
ometries. By capitalizing on the Poisson distribution of colloids
within each droplet, the researchers achieved predictable control
over both the number of particles per cluster and the resulting
structural complexity.

2.2. One-Directional (1D) Colloidal Chains

1D colloidal chains represent a distinct class of nanostruc-
tures in which particles are arranged in elongated, linear
configurations.l’ These chains are characterized by their elon-
gated structure, which results from the specific interactions
among the constituent particles. The mechanical, optical, and
electronic properties of colloidal chains depend on the alignment
and proximity of the particles within them. A distinctive feature
of 1D colloidal chains is their ability to exhibit anisotropic prop-
erties due to their linear structure.>’] This reduced dimension-
ality imparts anisotropic behaviors that can be strategically ex-
ploited in photonics, electronics, and sensing, where directional
transport and field enhancement are crucial.l’®*! While external
fields and templating have traditionally been used to create such
linear assemblies,|®] recent research has highlighted the unique
capabilities of CB[n] supramolecular chemistry to drive precise,
dynamic chain formation.

2.2.1. Formation of 1D Chains with Nanoparticles

Inspired by the formation of AuNP clusters through supramolec-
ular interactions between the carbonyl portals of CB[n] and
AuNPs (Type I, Figure 2A), Hiiskén et al.l®!l investigated the
preparation of 1D colloidal chains via the electrokinetic assem-
bly of nanoparticles, with CB[7] controlling the subnanometer
junctions between AuNPs (Figure 5A). By applying an electric
field across a nanoporous membrane, they orchestrated the direc-
tional flow of CB[7] and AuNPs to create consistent 0.91 nm junc-
tions. This level of sub-nanometer control is a hallmark of CB[n]-
mediated assemblies, with the electrokinetic setup enabling fine-
tuning of chain formation through voltage, reactant ratios, and
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temperature. Consequently, Hiiskén’s approach offers a potent
demonstration of how supramolecular recognition can be har-
nessed under dynamic, field-driven conditions to yield ordered
1D nanostructures.

2.2.2. Formation of Colloidal Chains with Nanorods

In parallel, Jones et al.[**) explored the assembly of gold nanorods
(AuNRs) into linear arrays using CB[8] host—guest interac-
tions (Figure 5B). By functionalizing AuNRs ends with MV
and employing telechelic linkers featuring Np, the authors
achieved end-to-end alignment governed by a heteroternary
complex (MV@CB[n]@Np). This system allowed for controlled
end-to-end self-assembly of AuNRs (Type II, Figure 2B). This
supramolecular strategy underscores the precision with which
CB[n] can drive linear architectures: altering linker length or
rigidity dramatically impacted the assembly, shifting the sys-
tem from orderly chains to disordered aggregates. Furthermore,
the assembly was rendered switchable via competitive binding,
demonstrating that CB[n]-mediated 1D chains can be made re-
versible and stimuli-responsive, which is a key attribute for sen-
sors and reconfigurable nanomaterials.

Building upon this responsive framework, Xu et al.*! in-
troduced pH-dependent host-guest interactions to enable re-
versible transitions between assembled and dispersed AuNRs
states (Figure 5C). This was achieved through the formation of
a homoternary complex, CB[n]@2guest 1:2, in an aqueous so-
lution (Type 111, Figure 2C). Harnessing a homoternary complex
(CB[n]@2guest), the authors modulated the system’s protonation
state to toggle chain formation on and off, highlighting the adapt-
ability of CB[n] chemistry for creating dynamic, “smart” colloidal
chains. This approach not only enhances control over nanorod
assemblies but also paves the way for responsive materials with
potential applications in nanoswitches and on-demand release
systems.

2.2.3. Formation of Colloidal Chains with Patchy Particles

Expanding beyond metallic nanoparticles, researchers have also
exploited CB[n]-mediated host-guest interactions to guide 1D
assembly of “patchy” colloids, which are particles featuring
chemically distinct surface regions. Benyettou et al.*’! pio-
neered a redox-responsive scheme in which CB[7]-functionalized
anisotropic polystyrene particles formed colloidal chains through
diphenyl viologen (DPV) bridging (Figure 6A), which is medi-
ated by CB[n] host—guest interactions (Type IV, Figure 2B). This
approach highlighted the selectivity of homoternary complexes
(CB[7]@2DPV) in directing reversible 1D chain formation, show-
casing the versatility of CB[n] chemistry even in polymer-based
systems.

Figure 4. A) A schematic representation illustrates the ligation of AuNPs and the capture of estrogen using CB[8].1>*] Reproduced with permission
from ref. [54] copyright 2023, Springer Vienna. B) Formation of CB[7]-Au@Ag NPs precision nano-junctions through host—guest interactions and self-
assembly, with TEM images and solution photographs showing the aggregation of Au@Ag NPs following CB[7] addition. Microfluidic-assisted self-
assembly of polystyrene colloids into structured clusters mediated by CB[8].[°>] Reproduced with permission from ref. [55] copyright 2023, Wiley-VCH.
C) i) Formation process of a three-component heteroternary complex in water mediated by CB[8] (blue rods: MV2* and red rods: Np moieties). ii)
Schematic representation of the assembly of the heteroternary complex between CB[8] and colloidal particles functionalized with MV2+ and Np. iii)
Formation of structured colloidal assemblies within a droplet-based microfluidic system.[>6] Reproduced with permission from ref. [56] copyright 2015,
Wiley-VCH.
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Figure 5. A) i) Formation of 1D chains of AuNPs and CBJ[7]. ii) TEM images of CB[7]-mediated AuNP chains at different magnifications.[®"] Reproduced
with permission from ref. [61] copyright 2013, American Chemical Society. B) i) Formation of a heteroternary complex between MV, Np, and CBJ[8]. ii)
Functionalization of AuNRs with MV moieties 1. ii) Addition of either di-Np linker (3a or 3b) with CB[7], with CB[8], or with CB[8] in the presence of 4. iv)
TEM images depicting the alignment of AuNRs with di-Np linker 3b via CB[8] heteroternary complex formation. Scale bars, 25 nm.[44] Reproduced with
permission from ref. [44] copyright 2013, The Royal Society of Chemistry. C) i) Formation of pH-responsive assembly/disassembly processes of AuNR
chains. TEM images showing ii) the original AuNRs, iii) end-to-end assembled AuNRs, iv) disassembled AuNRs after adjusting the solution pH to 2, v)
end-to-end assembled AuNRs after adjusting the solution pH to 9, vi) disassembled AuNRs after adjusting the solution pH to 2 again.[*] Reproduced

with permission from ref. [45] copyright 2017, Elsevier Ltd.

Taking responsiveness a step further, Elacqua et al.l®?) incor-
porated light-triggered assembly and disassembly. By integrating
azobenzene (Azo) and viologen (Vio) motifs within patchy col-
loids, they leveraged a heteroternary complex (Vio@ CB[n]@Azo,
Type 11, Figure 2B) to generate 1D structures upon visible-light
exposure (Figure 6B). UV irradiation caused trans—cis isomeriza-
tion in the Azo group, breaking the complex and prompting dis-
assembly while reversing the isomerization-restored linear as-
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semblies. This photoregulated mechanism illustrated how mul-
tiple stimuli such as redox, pH, and light can be integrated into
CB[n]-mediated colloidal chains, expanding the design space for
sophisticated, adaptive materials.

In summary, these advances in 1D colloidal chains under-
score the power of CB[n] host-guest chemistry to orchestrate
precise, dynamic, and stimulus-responsive assemblies across a
variety of particle types. Whether manipulating electrokinetic

© 2025 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 6. A) i) The scheme of a particle—particle junction shows a homoternary complex of CB[7]J@2DPV 1:2 linking two particles. ii) Self-assembly of
patchy particles induced by inclusion complex formation between DPV and CB[7]. iii) Microscopic images of chain-like structures consisting of multiple

DPV-linked patchy particles. Scale bar, 4 um.[#6] Reproduced with permission from ref. [46] copyright 2016, American Chemical Society. B) i) Fabrication
of patchy particles from carboxylated poly(styrene) colloidal clusters. ii) Target host-guest-driven assembly mediated by CB[8]. iii) Confocal images
of colloidal chains, Scale bar, 5 um. iv) Bright-field microscopic images of assembled patchy colloids in the presence of CB[8]. Scale bar: 5 um.[62]
Reproduced with permission from ref. [62] copyright 2017, American Chemical Society.
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flows to create uniform junctions, guiding nanorods into well-
aligned chains, or programming patchy colloids to respond to
light and redox cues, researchers are increasingly leveraging
CBInJ’s high specificity and tunable binding capacity to push
the boundaries of colloidal self-assembly. These versatile strate-
gies not only broaden the practical applications of linear colloidal
structures in sensing, nanophotonics, and optoelectronics but
also signal exciting new directions for designing adaptive, recon-
figurable materials.

2.3. Raspberry-Like Colloidal Superstructures

Raspberry-like colloids are unique colloidal assemblies charac-
terized by a core—corona structure that resembles the appear-
ance of a raspberry.l®! These colloids typically consist of a larger
central core particle surrounded by a dense layer of smaller
nanoparticles, creating a distinctive hierarchical arrangement. A
notable feature of raspberry-like colloids is their ability to ex-
hibit multifaceted properties that arise from both the core and
corona components. This duality enables them highly respon-
sive to external stimuli, enhancing their versatility across various
applications.[®3-%¢] By precisely controlling the size and compo-
sition of the core and corona, researchers can tailor the physi-
cal and chemical properties of the colloids for specific purposes.
Raspberry-like colloids are particularly valuable in advanced coat-
ings and as hierarchical templates for fabricating complex struc-
tures, particularly in catalysis and drug delivery systems. As re-
search continues to advance, these colloids open up exciting op-
portunities for innovation across various scientific and techno-
logical domains.

A key driver in realizing these intricate architectures has
been the use of CB[n]-based host-guest chemistry, which en-
ables precise, reversible, and stimulus-responsive assembly. Lan
et all’] first demonstrated this principle by assembling MV-
functionalized polymeric nanoparticles around an Azo-modified
silica core via heteroternary complexation (MV@CB[8]@Azo,
Type I, Figure 2B). The resulting structures featured a hierarchi-
cal “raspberry” configuration, confirmed by electron microscopy,
and showcased dynamic photocontrol (Figure 7A). UV-induced
trans-to-cis isomerization of Azo disrupted the host-guest com-
plexes and temporarily disassembled the colloids; exposure to
visible light reversed the isomerization and reassembled the
raspberry-like structures. This study laid the foundation for em-
ploying CB[n] macrocycles in light-responsive colloidal systems
with switchable morphologies.

Subsequent research expanded on these concepts by lever-
aging the dual functionality of CB[n] to stabilize and organize
metal nanoparticles on polymer colloids, thereby creating ro-
bust nanocomposites for catalysis. Wu et al.** incorporated
CB[7] onto MV-functionalized polymeric spheres (CB[nj@MV
1:1), then anchored palladium (Pd) nanoparticles to the CB[7] por-
tal sites (Type V, Figure 2E), forming stable, uniform raspberry-
like architectures with high catalytic activity for Suzuki coupling
reactions (Figure 7C). Beyond Pd, this platform proved versatile
for other metals like gold and silver, underlining the broad util-
ity of CB[7] in suppressing nanoparticle aggregation and thereby
preserving catalytic performance over multiple reaction cycles.
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Pushing these approaches further, Hu et al.[®® introduced
paramagnetic iron oxide nanoparticles into the corona and
demonstrated that the same CB[8]-based heteroternary complex-
ation (MV@CBJ[8]@Azo, Type 11, Figure 2B) could impart pho-
toresponsive assembly and disassembly, enabling controlled re-
lease of the entrapped cargo (Figure 7B). They also investi-
gated the rheological properties of these dispersions, showing
that the raspberry-like colloids could reversibly switch between
shear-thickening and shear-thinning states under different light
exposures. Such dual physical responsiveness, including mag-
netic manipulation and photo-switchable assembly, highlights
the enormous design flexibility afforded by CB[n] host—guest in-
teractions in next-generation colloidal systems. Building on this
concept, Hu et al.[®! further investigated the photocontrolled rhe-
ological behavior of colloidal dispersions with CB[8]. By assem-
bling MV-functionalized iron oxide nanoparticles onto an Azo-
functionalized silica core, they created hybrid raspberry-like col-
loids (Figure 7D), which also formed heteroternary complexes of
MV@CB[8|@Azo 1:1:1 (Type II, Figure 2B). This assembly en-
abled the colloids to exhibit reversible photocontrolled behavior,
switching between shear-thickening and shear-thinning states
upon light exposure.

These studies emphasize how CB[n]-mediated chemistry un-
derpins the formation of raspberry-like colloids that are both
structurally complex and functionally versatile. By integrating
magnetic, catalytic, and photoresponsive behaviors into a sin-
gle core—corona architecture, researchers are forging new paths
for stimuli-responsive materials with broad potential in advanced
coatings, drug delivery, smart fluids, and beyond.

2.4. Core-Shell Colloidal Superstructures

Core—shell colloids are sophisticated colloidal structures com-
posed of a central core particle encased within a shell of a
different material.”] These colloids, typically ranging from the
nanometer to micrometer scale, are defined by distinct layer-
ing achieved through various interparticle interactions. The ma-
terials for the core and shell can be independently tailored, al-
lowing a wide range of physical and chemical properties within
a single colloidal entity. This structural design offers unique
advantages in applications requiring specific surface character-
istics, optical properties, or chemical stability.”%! For instance,
the core can provide mechanical strength or magnetic proper-
ties, while the shell can offer protection, biocompatibility, or
catalytic activity.l”l Core-shell colloids have applications in var-
ious fields, including drug delivery, where they facilitate con-
trolled release and targeted delivery of therapeutic agents,”!! and
catalysis, where the shell can act as a selective barrier or cat-
alytic surface.”?! Additionally, they are used in electronics and
optics, where the core-shell structure enhances electrical con-
ductivity or light absorption.[”*] The synthesis of core-shell col-
loids can be accomplished through various methods, such as sol—
gel processes,! emulsion polymerization,!'%l and layer-by-layer
deposition,”* which allow precise control over the thickness and
composition to suit specific applications.

An early demonstration of this dynamic control harnessed
CB[8] host-guest interactions as a “molecular handcuff” to as-
semble cleavable core-shell microspheres. Lan et al.l”®! en-
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Figure 7. A) i) Stepwise formation of heteroternary complex of MV@CB[8]@Azo 1:1:1 and light-driven reversible disassembly of the complex. ii)
Raspberry-like colloids obtained by the formation of heteroternary complex and light-driven reversible disassembly. TEM images of SiO,-coated raspberry-
like colloids (iii, scale bars, 200 nm) before and (iv, scale bars, 100 nm) after calcination.[®’] Reproduced with permission from ref. [67] copyright
2014, Wiley-VCH. B) i) Hybrid multi component raspberry like colloids (HMRCs) obtained through the formation of heteroternary complexes of

Macromol. Chem. Phys. 2025, 70005 70005 (11 of 19) © 2025 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

85UB01 SUOWIWOD SAIERD 3|01 dde U Aq peuLeA0b a1 SepIe YO (88N JO S3In Joj A%IgIT BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLIRYWOY B | 1M AR Iq1/eu1uO//SAIY) SUORIPUOD PUB SWB L 8U) 89S *[5Z02/90/TT] Uo AriqIauluo ABIM 8a110 AUeD YBINGUIP3 'SIN PURI0JS 0j UOIEINPI SHN Ad L0TO0SZ0 daeW/Z00T 0T/I0P/wWod AB] 1M Aze.q1[euljuo;/SANY Woi) pepeojumoq ‘0 ‘SEBETZST


http://www.advancedsciencenews.com
http://www.mcp-journal.de

ADVANCED
SCIENCE NEWS

M

Chemistry ana Physics

www.advancedsciencenews.com

gineered polymeric cores and acylate-based shell polymers
functionalized with complementary guest moieties, MV and
Np, which selectively bind inside the CB[8] cavity (Figure
8A). This arrangement yields a robust heteroternary com-
plex (MV@CB[8]@Np, Type II, Figure 2B) that envelops the
core with a functional shell, yet it remains reversible under
mild conditions. Introducing a competing guest (ADA) dis-
places the MV-Np pair and triggers shell detachment, show-
casing a supramolecular on/off mechanism. In biomedical con-
texts, such switchable core—shell architectures hold immense
promise for stimuli-responsive drug release and therapies that
demand controlled activation or deactivation within biological
environments.

Building on the versatility of CB[8] in constructing dy-
namic and reversible supramolecular systems, Zhu et al.l’%! ex-
tended the concept to immuno-affinity supramolecular magnetic
nanoparticles (ISM-NPs) for the efficient capture and gentle re-
lease of small extracellular vesicles (sEVs). By bridging antibod-
ies onto magnetic cores via CB[8]-mediated heteroternary com-
plexes (e.g., Np and bipyridine guests, Type IV, Figure 2D), they
fashioned cleavable linkages that minimize damage to sEVs dur-
ing isolation and re-collection (Figure 8B). This design achieved
both high capture (85.5%) and release (>82%) efficiencies, pre-
serving the vesicles’ structure and offering new capabilities in di-
agnostics and therapeutic development. The reversibility of the
CB[8]-based linkages under mild conditions underscores the po-
tential for fine-tuned control in future bioseparation and purifi-
cation platforms.

The selective host-guest chemistry of CB[n] also opens
opportunities in catalysis and biosensing. Mao et al.l”’l re-
vealed that CB[6] can selectively bind certain substrates,
such as 2,2'-biazobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), to catalyze reactions effectively. By coating oxidase-
loaded zeolitic imidazolate framework-8 (ZIF-8) with CBJ[6]
(CB[6]/GOx@ZIF-8,Type V, Figure 2E), the authors created
a unique supramolecule/biomolecule@nanomaterial core—
shell architecture (Figure 8C). This design retained CBI[6]’s
catalytic selectivity while leveraging a cascade reaction path-
way to boost signal detection of glucose and cholesterol.
The synergy between the macrocyclic host and the ZIF-8
framework thus facilitated a sensitive platform for biomarker
analysis, illustrating how integrating CB[n] with porous or
enzymatic components can elevate functional performance in
biosensing.

These studies highlight the transformative role of CB[n]-based
chemistry in elevating core—shell colloids from static composites
to dynamic, interactive nanoplatforms. By enabling reversible
shell formation, selective molecular capture and release, and
tunable catalytic activity, CB[n]s offer unprecedented precision
for designing next-generation colloidal systems. These advances

www.mcp-journal.de

promise wide-ranging applications, from targeted drug delivery
and regenerative medicine to environmental monitoring and ad-
vanced nanoelectronics, underscoring the versatility and power
of supramolecular strategies in shaping the future of functional
materials.

2.5. Colloidosomes

Colloidosomes represent a distinct category of microcapsules
with a shell composed of colloidal particles enclosing a hollow
interior.l®] These particles can be made from various materials,
such as polymers, metals, or silica, while the hollow space within
colloidosomes is adept at encapsulating diverse substances, in-
cluding pharmaceuticals, genetic material, proteins, and imaging
agents. The precise control over size, shape, and constituent ma-
terials allows for fine-tuning of their physicochemical properties,
enabling controlled release behaviors that are particularly useful
in biomedical applications.”®] However, traditional methods for
preparing colloidosomes, such as emulsion polymerization, elec-
trospray, acoustic-based techniques, and template-assisted self-
assembly, present challenges. These include complex purifica-
tion processes, batch-to-batch inconsistencies, and limited con-
trol over the size, shape, and stability of the final structures.l”>-33]
Recent advances in microfluidics technologies, particularly have
revolutionized colloidosome fabrication. Microfluidic platforms,
particularly droplet-based systems, have addressed many of these
limitations. These systems generate microdroplets with precise
sizes, which can then be stabilized to form colloidosomes with
enhanced monodispersity and functionality.

Recent work has leveraged CB[n] host—guest chemistry to
enhance both the precision and responsiveness of colloido-
some shells. In a pioneering example, Zhang et al.””) employed
a one-step microfluidic strategy in which MV-functionalized
AuNPs and Np-functionalized polymers formed heteroternary
complexes with CB[8] (Type I, Figure 2B), self-assembling into
robust shells at droplet interfaces (Figure 9A). This process not
only yielded highly monodisperse colloidosomes but also enabled
encapsulation of diverse cargo (e.g., fluorescein isothiocyanate-
dextran (FD), rthodamine B) and facilitated controlled release
through the redox-triggered disruption of MV@CB[8]@Np com-
plexes. Notably, the presence of AuNPs imparted SERS capabil-
ities, illustrating how colloidosomes can be functionalized for
both cargo delivery and in situ sensing.

Building on these concepts, Stephenson et al.®*l demon-
strated a similar microfluidic assembly approach, employing
polystyrene nanoparticles bearing MV groups crosslinked by
CB[8] and a Np-functionalized polyacrylamide linker (Figure 9B).
The evaporation of the continuous phase induced tight packing
of the nanoparticles into hollow shells, again stabilized by CB[8]-

from ref. [68] copyright 2016, The Royal Society of Chemistry. C) i) Complexation between MV and CB[7]. ii) Schematic representation of the formation
of polymeric nanocomposites through in situ reduction of metallic ions in an aqueous suspension of the P(St-co-StMV)]/CB[7]. TEM images of iii)
P(St-co-StMV) colloids (scale bars: 100 nm) and iv) Pd@P(St-co-StMV) nanocomposites (scale bars, 50 nm. Inset scale bars: 20 nm).[34] Reproduced
with permission from ref. [34] copyright 2015, The Royal Society of Chemistry. D) i) Schematic of the rheological behavior in the light-induced reversible
assembly of raspberry-like colloids. ii) Functional components used to assemble hybrid raspberry colloids, with CB[8] as a supramolecular linker. SEM
images of iiii) assembled raspberry-like colloids; iv) disassembled raspberry-like colloids, and v) reassembled raspberry-like colloids.[%®] Reproduced with

permission from ref. [69] copyright 2018, Wiley-VCH.
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Figure 8. A) i) Reversible preparation of core—shell polymeric microspheres via the formation and dissociation of a heteroternary complex of

MV@CB[8]@Azo 1:1:1. TEM images show ii) C1, iii) core—shell polymeric microspheres, and iv) the disassembled microspheres. v) CLSM image of the
core—shell microspheres. Scale bars: ii, iv) 200 nm, iii) 100 nm, v) 5 mm.[”3] Reproduced with permission from ref. [75] copyright 2012, The Royal Society
of Chemistry. B) i) The schematic illustration of ISM-NPs assembly and disassembly in the presence of 1-ADA. TEM images show ii, iii) ISM-NPs, iv)
small extracellular vesicles (sEVs) captured by ISM-NPs, and v) release of sEVs from the ISM-NP-sEV complex. Scale bars are as follows: ii) 100 nm, iii)
20 nm, iv, v) 200 nm.[7¢] Reproduced with permission from ref. [76] copyright 2022, Elsevier Ltd. Additionally, C) i) presents a schematic of the synthesis
process for the CB[6]/Ox@ZIF-8A nanocomposite. ii) TEM images of ZIF-8A, GOXx@ZIF-8A, and CB[6]/GOx@ZIF-8A. Scale bars: 500 nm. iii) Transmis-
sion electron microscopy—energy dispersive spectroscopy (TEM-EDS) mapping images of the GOx/CB[6]@ZIF-8A nanocomposite.l’”] Reproduced with
permission from ref. [77] copyright 2021, American Chemical Society.
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Figure 9. A) i, ii) Schematic representation of the microdroplet generation process using a microfluidic T-junction device. iii) The high monodispersity of
microfluidic droplets is demonstrated. iv) TEM image of the microcapsule shell, showing AuNPs ~5 nm in diameter. v) Schematic representation of the
proposed microcapsule formation process.[”! Reproduced with permission from ref. [79] copyright 2012, American Association for the Advancement
of Science. B) i) Schematic of colloidosome formation. ii) Schematic of the ternary supramolecular complex formed. iii) The molecular structure of
CBI[8]. iv—vii) The colloidosome formed from the interfacial assembly of PS-MV, CB[8] and p-Np.[®] Reproduced with permission from ref. [84] copyright
2014, The Royal Society of Chemistry. C) i) Schematic of the preparation of supramolecular colloidal microcapsules by a flow-focusing microfluidic
device. i) Molecular structure of MCP, AP, and CB[8]. iii) Schematic representation of the proposed microcapsule from CB[8]-mediated supramolecular
assembly. iv) The release profile of 150 kDa FD cargo from microcapsules over 1 h after 30 s of UV irradiation at 377 nm. v) Schematic representation
of the photochemical disassembly of the heteroternary complex between MV, Azo, and CBJ[8]. vi) Fluorescence images showing the triggered release of
150 kDa FD cargo from microcapsules, upon exposure to UV light.[8] Reproduced with permission from ref. [85] copyright 2016, The Royal Society of
Chemistry.

mediated heteroternary complexes. This approach further under- MV@CB[8]@Azo 1:1:1 occurs at the droplet interface (Type II,
scored the versatility of colloidosomes for cargo encapsulation  Figure 2B). Above its lower critical solution temperature (LCST),
and controlled release, reinforcing the promise of supramolec-  the PNIPAM component undergoes a conformational shift that
ular host-guest interactions in creating stable yet reconfigurable  increases shell permeability, enabling thermo-triggered cargo re-
microcapsules. lease. Simultaneously, UV-induced Azo isomerization breaks the
More recently, attention has turned to introducing multiple  supramolecular crosslinks (MV@CB[8]@Azo), offering an addi-
stimuli-responsive properties within a single colloidosome sys-  tional light-responsive release mechanism. This dual-stimulus
tem. Yu et al.®%] incorporated both thermal and photoresponsive  approach showcases the powerful synergy between microfluidic
components by combining poly(N-isopropylacrylamide) (PNI-  precision and CB[8]-mediated complexation, paving the way for
PAM) and Azo moieties into the colloidosome shell (Figure 9C).  the design of “smart” colloidosomes that respond to multiple ex-
These colloidosomes were formed by combining MV-bearing  ternal cues.
colloidal particles (MCPs) and an Azo-functionalized poly- These studies illustrate a rapid evolution in colloido-
mer (AP) within microfluidic droplets. Upon the addition of some technology, progressing from simpler microcapsules
CB[8] in the microfluidic device, heteroternary complexation of  to highly sophisticated, multifunctional constructs. By inte-
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Table 1. Different strategies for CB[n]-mediated colloidal superstructures.
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Colloidal
structure

Key structural features

Advantages

Applications

Limitations

Colloidal Clusters

1D Colloidal
Chains

Raspberry-Like
Colloids

Core-Shell
Colloids

Colloidosomes

Controlled interparticle gaps
(0.91 nm)

End-to-end aligned NPs/
nanorods
Programmable junctions

Core—corona hierarchy
Hybrid structures
(polymer/magnetic/NP)
Reversible assembly

Dynamic shell layers
Responsive interfaces
Selective molecular recognition

Hollow microcapsules

Sub-nanometer precision
Enhanced plasmonic coupling
Tunable optical properties

Anisotropic properties
Stimuli-responsive
reconfiguration

Dynamic assembly/disassembly

Multifunctional surfaces
High surface area
Responsive to external stimuli

Controlled cargo
encapsulation/release
Selective molecular recognition
Tunable catalytic activity

High monodispersity

SERS sensing
Catalysis
Photothermal therapy

Nanowire electronics
Optical waveguides
Mechanically responsive
sensors

Targeted drug delivery
Catalytic reactors
Tunable rheological fluids

Biomedical carriers
Bioseparation
Enzyme-mimetic catalysis

Encapsulated drug delivery

Limited to metal NPs due to
electrostatic forces

Requires end-specific
functionalization
Scalability challenges

Complex synthesis steps
Potential corona inhomogeneity

Dual guest functionalization
required
Competitive guest interference

Specialized fabrication (e.g.,

® Nanoparticle-stabilized shells ®  Multi-stimuli responsiveness ® Diagnostic probes
® Modular cargo loading ® Customizable release profiles ® Microreactors

microfluidics)

Limited shell permeability tuning

grating CB[n]-based host-guest interactions into microfluidic
production, researchers have unlocked unprecedented con-
trol over colloidosome assembly and properties. This, in
turn, opens wide-ranging possibilities in areas such as drug
delivery, diagnostics, and advanced materials, where cus-
tomizable release profiles and stimuli-responsive behavior are
paramount.

As demonstrated in Table 1, the comparative analysis outlines
the key features, applications, advantages, and limitations of vari-
ous CB[n]-mediated self-assembly strategies, providing a concise
reference to facilitate comparison across systems.

3. Conclusion and Perspectives

In this review, we have explored the transformative role of cu-
curbit[n]urils (CB[n]) in colloidal science, highlighting their ca-
pacity to mediate the assembly of colloidal particles into so-
phisticated architectures, ranging from colloidal clusters and 1D
chains to raspberry-like assemblies, core—shell colloids, and col-
loidosomes. The unique host-guest chemistry of CB[n] not only
imparts exceptional stability and responsiveness to these systems
but also enables a wide range of functions, facilitating applica-
tions in catalysis, drug delivery, sensing, and beyond. Leverag-
ing diverse synthetic strategies has further allowed researchers
to fine-tune parameters such as particle size, composition, and
assembly dynamics. Moreover, CB[n]’s intrinsic ability to encap-
sulate and protect guest molecules extends the performance and
lifetime of colloidal structures.

Overall, CB[n]-mediated colloidal assemblies represent a
promising avenue for a variety of advanced applications. How-
ever, several challenges and limitations must be addressed to
fully unlock their potential: i) Stability under physiological con-
ditions: CB[n]-based assemblies may be sensitive to environ-
mental factors such as pH, ionic strength, and the charge of

Macromol. Chem. Phys. 2025, 70005 70005 (15 of 19)

the guest molecules. These conditions, often encountered in bi-
ological environments, can lead to unexpected aggregation or
destabilization.®®8”] Although CB[n]s themselves are chemically
stable, the long-term in vivo stability and biodegradability of
CB[n]-mediated colloids require further investigation to ensure
safety and efficacy; ii) Scalability and repeatability: The complex
and often costly synthesis of CB[n]-mediated colloids pose chal-
lenges for large-scale production. Ensuring reproducibility and
minimizing batch-to-batch variability are essential for applica-
tions like drug delivery and diagnostics, where precise control
over assembly properties is essential; iii) Limited functionaliza-
tion of CB[n]s: Compared to other supramolecular hosts, CB[n]s
offer relatively fewer options for chemical modification, which
may limit their versatility in interacting with a broader range of
guest molecules.

Looking ahead, CB[n]-mediated self-assembly in colloidal sci-
ence holds significant potential for groundbreaking advance-
ments in materials design and functionality. Several potential di-
rections for future research are outlined below:

3.1. Development of Functionalized CB[n]s for Covalent
Attachment to Colloids

Functionalizing CB[n]s to enable covalent bonding to colloidal
surfaces signifies a pivotal advancement in colloidal science.!®8]
By creating CB[n] derivatives that can be chemically tethered to
colloids, researchers could achieve more stable and robust col-
loidal assemblies. This would facilitate the construction of highly
complex and architecturally sophisticated colloidal structures
with enhanced durability and functional properties.l®! Such ad-
vancements could enable the design of colloidal systems with ap-
plications in targeted drug delivery, environmental sensing, and
nanocatalysis.!%!

© 2025 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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3.2. Integration with Emerging Technologies

Integrating CB[n]-mediated colloidal systems with emerging fab-
rication technologies, such as microfluidics, 3D printing, and soft
robotics, presents exciting opportunities.

i. Microfluidics offers precise control over colloidal assembly
processes, allowing for the scalable production of uniform
colloidal structures. The responsive nature of CB[n] host—
guest interactions allows for the dynamic disassembly of mi-
crocapsules under external stimuli, enabling targeted pay-
load release.®!! This integration highlights the potential of
flow-directed colloidal assembly in creating multifunctional
materials.

ii. 3D printing technologies have expanded the possibilities
for constructing complex colloidal architectures. Integrat-
ing CB[n] host-guest chemistry into 3D bioprinting pro-
cesses facilitates the fabrication of multilayered tissue con-
structs with high stability and specificity, advancing tis-
sue engineering.”?l Additionally, CB[7] has been utilized to
fabricate novel photoinitiators such as 3,6-Bis[2-(1-methyl-
pyridinium)vinyl]-9-methyl-carbazole diiodide (BMVMC) to
improve the water solubility of 3D hydrogel structure. This
development offers promising opportunities for construct-
ing biocompatible 3D hydrogel scaffolds essential for re-
generative medicine applications.’] In the realm of soft
robotics, CB[n]-based supramolecular networks offer mate-
rials with adaptive and self-healing properties. These ma-
terials exhibit exceptional stretchability and mechanical re-
silience, making them ideal for wearable electronics and sen-
sor applications.[*!]

iii. The convergence of CB[n] chemistry with cutting-edge man-
ufacturing technologies is poised to drive innovation in smart
material design, significantly enhancing the functional capa-
bilities of colloidal systems. This opens new pathways to ad-
dress challenges in personalized medicine, adaptive robotics,
and sustainable material development.

3.3. Creation of Responsive and Adaptive Materials

The dynamic and reversible nature of CB[n]-mediated host-guest
interactions presents a distinctive advantage for developing re-
sponsive and adaptive colloidal materials. Future research could
focus on the design of multi-stimuli responsive systems capable
of controlled assembly and disassembly in response to environ-
mental triggers such as light, temperature, pH, or specific chemi-
cal signals.[] These responsive materials hold significant poten-
tial for applications in drug delivery, where controlled release is
critical, as well as in reconfigurable materials for soft robotics and
adaptive optics.

3.4. Multi-Functional Assemblies and Hybrid Materials

The future of CB[n]-mediated self-assembly may also lie in the
synthesis of hybrid colloidal materials that combine the unique
properties of CB[n]s with other nanomaterials or supramolecu-
lar systems. For example, the integration of CB[n] chemistry with
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metal-organic frameworks, graphene, or other functional nano-
materials could yield multi-functional assemblies with enhanced
mechanical, electrical, or catalytic properties.®*-8] These hybrid
systems could find application across diverse fields, including en-
ergy storage, environmental remediation, and advanced sensing
technologies.

In conclusion, CB[n]-mediated colloidal science has matured
into a versatile, dynamic field, poised to shape the next gener-
ation of functional materials. By capitalizing on CB|[n]|’s precise
binding, robust stability, and adaptability, researchers are well-
positioned to develop innovative solutions to existing challenges
and to pioneer entirely new applications across diverse scientific
and technological domains.
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