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ABSTRACT: Cucurbit[n]uril (CB[n]) macrocycles (especially CB[5] to CB[8])
have shown exceptional attributes since their discovery in 2000. Their stability,
water solubility, responsiveness to several stimuli, and remarkable binding
properties have enabled a growing number of biological applications. Yet, soon
after their discovery, the challenge of their functionalization was set. Nevertheless,
after more than two decades, a myriad of CB[n] derivatives has been described,
many of them used in cells or in vivo for advanced applications. This perspective
summarizes key advances of this burgeoning field and points to the next
opportunities and remaining challenges to fully express the potential of these
fascinating macrocycles in biology and biomedical sciences.
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1. INTRODUCTION
Supramolecular chemistry has been developing tremendously
for the past half-century. In this context, host•guest
interactions based on macrocyclic molecules have attracted
considerable attention.1−5 Among the main families of
macrocycles including cyclodextrins, calixarenes, and pillarar-
enes, the family of cucurbit[n]urils (CB[n]s, n = 5−8, 10, 13−
15) have developed since 2000 as an original class of
macrocyclic compounds.6−12 Their water solubility (especially
for CB[7]), stimuli-responsiveness, and extraordinary binding
properties toward a variety of guest species made them
amenable for several biological applications.13−17 For example,
by forming inclusion complexes, (i) they can improve the
solubility (and stability) of otherwise insoluble drugs
permitting their use in biology (use as an excipient),18,19 (ii)
they can improve therapeutic efficacies and reduce side
effects,20,21 or (iii) they can be used as reversal agents for
toxic molecules, when the binding is sufficiently high (i.e.,
paraquat).22,23 In parallel, researchers realized soon after their
discovery that their full potential could be unlocked if they
could be functionalized. Indeed, the added value conferred by
the attached groups could be combined with the unique
properties of the CB[n] cavities to produce conjugates
featuring synergistic properties. The literature is replete with
examples of cyclodextrin,24,25 calixarene,26 or pillararene27,28

derivatives, many of them used in biology and biomedical
sciences.25,26,29,30 For instance, the introduction of carboxyl
thioether groups on γ-cyclodextrins dramatically improved the
affinity of the host toward neuromuscular blocking agents

(NMBAs).31,32 Replacement of tert-butyl groups by sulfonates
on calixarenes enhanced their water solubility and reduced
their toxicity.33 The functionalization of pillar[6]arenes by
carboxylate groups improved both their water solubility and
their affinity for paraquat.27,34 However, CB[n] are quite
chemically inert, and their functionalization has rapidly
become a daunting task. Nevertheless, more than 30 CB[n]
derivatives are known today, carrying either hydrophobic tails,
hydrophilic groups, fluorescent tags, targeting units, or DNA
strands, all of them used in biomedical applications. Even if
improved methods of derivatization are still highly desirable to
facilitate access to more functional CB[n] macrocycles, the
ensemble of CB[n] derivatives reported up to now shows (i)
that functionalized CB[n] is not structurally limited and (ii)
that the grafted group imparts dramatic changes, often
enabling the modified CB[n] to be applied in an entire new
application or research field. In this Perspective, we have
summarized the three main strategies enabling access to
functionalized CB[n] (F-CB[n]) and reviewed recent advances
in their applications (F-CB[5] to F-CB[8]) at the interface of
chemistry and biology. Finally, we discuss key advances and
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propose next challenges to overcome, expected to create new
opportunities for both supramolecular and biomedical fields.

2. MAIN METHODS TO PREPARE FUNCTIONALIZED
CUCURBITURILS

Many efforts have been devoted to developing new synthesis
methods for the preparation of F-CB[n]. Today, three main
strategies are available to access these compounds11 (Figure 1).
One of the most important aspects was to find a method

featured by (i) ease of execution and (ii) high yields. Another
perhaps equally important question is (iii) the need or the ease
of purification. Each strategy possesses its own advantages and
drawbacks, but it happened that the direct functionalization
and the X+1 method were the most useful considering the
number of F-CB[n] reported. The prefunctionalization
(functionalized precursor method, considering modified
glycolurils reacted with unmodified analogues) often yielded
statistical mixtures or small-cavity macrocycles, less used in
biology. The post- (or direct) functionalization or the X+1
method afforded many derivatives, the vast majority of which
are monofunctionalized CB[n] which have been largely used in
biomedical experiments.
2.1. Functionalized Precursors
In the classical CB[n] synthesis, glycoluril is condensed with
formaldehyde to produce the ring-shape macrocycles (Figure
1).35 Quite early in this field, researchers tried to modify the
structure of the glycoluril monomer before cyclization. Tao
and co-workers have prepared in this way a variety of F-CB[n]s
featured by several (most often) hydrophobic groups on the
carbon atoms in the equatorial plane of the hosts.36 However,
bifunctionalized glycolurils usually yield small cavity CB[n]s (n
≤ 6) presumably due to deleterious steric effects hindering the
formation of larger cavity (n ≥ 7) macrocycles. Alternatively,
mixtures of functionalized and unmodified glycoluril precur-
sors, or monofunctionalized glycolurils yielded larger cavity F-

CB[n].37 Hemimethyl-substituted CB[7] (HMeCB[7]) is one
of the notable F-CB[7] obtained from monofunctionalized
glycoluril.37 Compared to CB[7], HMeCB[7] (methyl groups
are randomly distributed) showed higher water solubility and
better biocompatibility in vitro and in vivo.38 Therefore, efforts
in this direction seem to have focused on modifying the
glycoluril unit on the methine groups delivering F-CB[n]
modified only on the macrocycle periphery. Another strategy
could consist of elongating the glycoluril unit to produce F-
CB[n] featured by higher cavities (from one carbonyl rim to
the other) but constrains in the glycoluril geometry seem
important to allow macrocyclization which could explain why
such derivatives have not yet been described (i.e., inheritance
angle39 and propensity for C-shape dimers versus S-shape
dimers40).
2.2. Direct Functionalization

Postfunctionalization consists of directly modifying the
structure of CB[n] with suitable functional groups (Figure
1).41,42 However, due to the chemical inertness of these
macrocycles, rather harsh conditions are required to modify
them. Thus, it was particularly hard to work on the carbonyl
(urea) functions or on the bridging methylene groups.43

However, the outer C−H bonds were found to be particularly
sensitive to oxidation. Kim and co-workers managed to
transform CB[6] to perhydroxy CB[6] using K2S2O8 in
water at 85 °C.41 Hydroxyl substituents could next be
substituted by other functional (i.e., allyl) groups toward
several F-CB[6], but this method was initially better to modify
CB[5] and CB[6].41 By modulating experimental conditions,
monohydroxy CB[6] (CB[6]-(OH)1)

44 and monohydroxy
CB[7] (CB[7]-(OH)1)

45 could be produced, the latter
subsequently derivatized to monoallyloxy CB[7] by a
Williamson reaction with a strong base.45,46 Then, Kim and
co-workers introduced another method from CB[6]-(OH)1 or
CB[7]-(OH)1 to substitute the hydroxyl group by several

Figure 1. Schematic illustration of the three main strategies for the synthesis of F-CB[n]s.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.3c00273
JACS Au 2023, 3, 2356−2377

2357

https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nitriles or alcohols in superacidic conditions.47 In parallel, a
mild oxidation reaction was set for CB[n] to get CB[n]-(OH)1
(n = 5 to 8) using the homolytic cleavage of H2O2 by UV light
(254 nm) in acidic water.42 Even if isolated yields of
monohydroxylation remain rather modest (between ∼5 and
30% depending on the CB[n] considered),45,48 the direct
hydroxylation methods have started to be largely used
worldwide.49−52 More recently, carborane guest molecules
that can be controllably included in CB[7] have been used to
facilitate the isolation of CB[7]-(OH)1,

53 which appeared to
be a key compound to access a growing family of
monofunctionalized F-CB[7].
2.3. X+1 Method
In parallel, Isaacs and co-workers introduced a building-block
approach to access a series of monofunctional CB[6]54 and
CB[7]55 derivatives (Figure 1). After isolation of C-shape
acyclic CB[n]-type molecules, especially a glycoluril hexamer,56

this team managed to prepare mono-F-CB[n] by coupling
glycoluril hexamers with relevant building blocks (often a
monofunctionalized glycoluril unit).55 A growing ensemble of
mono-F-CB[7] has thus been isolated by this method, and
many of them have been applied in a biomedical context. In
particular, a monoazido-CB[7] also appeared to be a key
compound to access many derivatives by click chemistry with
relevant monopropargyl derivatives. However, and as for the
other methods, CB[8] remains reluctant to functionalization
even if a few derivatives are known57,58 and despite the
enormous interest in accessing such derivatives owing to the
larger cavity of this CB member.

3. APPLICATIONS OF F-CB[5]
The smallest member of the cucurbituril family, CB[5], is
featured by a small cavity, making the scope of molecules to
include narrow despite showing the highest solubility in the
series.10 The modest size of the CB[5] cavity is suitable to
include several gas molecules, such as N2, O2, Ar, NO, or CO2
as documented for decamethyl-CB[5] (CB[5]-(Me)10) in the
solid state.59 Later, Huber and co-workers showed that per-
hydroxylated-CB[5] (CB[5]-(OH)10, Figure 2) could bind O2

at 37 °C and in the presence of NaCl at a concentration
relevant in blood (but not CB[5]-(Me)10).

60 Even if
toxicology studies are required to confirm the relevance of
CB[5]-(OH)10 to transport oxygen in biological media, these
results are promising enough to envision its use as a substitute
to hemoglobin.

4. APPLICATIONS OF F-CB[6]
With a larger cavity compared to that of CB[5], CB[6] can
bind aliphatic guest molecules, often positively charged, with
large binding constants.61 This enabled investigation of a larger

set of compounds to be included in CB[6], but difficulties in
its functionalization (low solubility) and possible low solubility
in water even after modifications are likely to have hampered
developments in this direction as can be checked by the small
number of F-CB[6] reported. Another reason may stand in the
still quite restricted number of includable guest molecules as
compared to those possible with CB[7] or CB[8]. Never-
theless, a few examples have been described using mono-
functionalized CB[6], and more studies have been devoted to
perfunctionalized CB[6], polymerized to produce macrocyclic
vesicles for various usages.
4.1. F-CB[6] in Therapy and Bioimaging
After the successful synthesis and isolation of perallyloxy-
CB[6] (CB[6]-(O-allyl)12, Figure 3),

41 Kim and co-workers

further functionalized it by thiol−ene click chemistry with
small PEG chains and prepared a CB[6]-(PEG3)12 derivative
using 2-[2-(2-methoxyethoxy)-ethoxy]-ethanethiol.62

Next, they could trigger the self-assembly of CB[6]-
(PEG3)12 into supramolecular vesicles featured by diameters
from ∼30 to 1000 nm and a membrane thickness of ∼6 nm.
The surface of the vesicles was featured by the abundant
presence of CB[6] cavities, making it easily amenable to
further modification by host−guest chemistry. After having
anchored mannose derivatives on the vesicles, via conjugation
to spermidine (included in the surface CB[6] cavities), the
sugar-decorated vesicles could recognize concanavalin A with a
high affinity. Next, Kim and co-workers replaced monothiols
by dithiols to cross-link CB[6]-(O-allyl)12 and prepare
covalent F-CB[6] polymer nanocapsules.63,64 This strategy
set the foundation for several studies in the biomedical context.
The covalent F-CB[6] nanocapsules were featured by an
average diameter of ∼100 nm and a shell thickness of ∼2.1 nm.
However, 2D oligomeric objects were observed to form rolled
or folded objects rather than nanocapsules in DMF. Based on
this discovery, this team further developed a method to
produce free-standing F-CB[6]-based 2D polymers with single-
monomer thickness.65 To enable the discovered F-CB[6]
nanocapsules to respond to a relevant stimulus, Kim and co-
workers next prepared new nanocapsules by grafting amino
groups at the periphery of CB[6] (CB[6]-(NH2)12) before
cross-linking with disulfide linkers.66

The on-surface CB[6] provided easy noncovalent (albeit
robust) functionalization for HepG2 cell internalization by
receptor-mediated endocytosis, the capsule internal space,
room for encapsulating model cargo molecules, and the linker’s
in-cell responsiveness to reduction for capsule degradation and
cargo release. Subsequently, the same group developed a
modular bioimaging platform based on F-CB[6] nanocapsules
to realize multimodal cancer-targeted in vivo imaging (Figure
4a).67 The high binding affinity between CB[6] and

Figure 2. Chemical structure of CB[5]-(OH)10 (the hydroxyl groups
enhance the ability to bind oxygen molecules).

Figure 3. Chemical structure of CB[6]-(O-allyl)12 (the alkene groups
allow further functionalization and polymerization).
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spermidine (spmd) in vivo was used to prepare three new
molecules: a cyanine 7, a 64Cu-NOTA complex, and a cyclic
RGDyK peptide, all modified with spmd and inserted on the
surface of the nanocapsules by CB[6] complexation. This
strategy allowed an efficient combination of in vivo cancer
targeting and visualization by near-infrared (NIR) imaging and
positron emission tomography (PET) in mice.
The usefulness of F-CB[6] nanocapsules was clearly

demonstrated in previous examples. However, difficulties in
obtaining CB[6]-(O-allyl)12 incited researchers to find an
alternative way to produce F-CB[6] nanocapsules. Wang and
co-workers thus developed a more direct method to get
analogous nanocapsules from perhydroxy-CB[6] using double
alkylation by a ditopic linker.68 Chlorin e6 (Ce6) was next
successfully loaded in the new F-CB[6] nanocapsules before
surface decoration by folic acid−spermine (FA-SP) conjugates
for targeted cellular delivery. The new F-CB[6]-based
nanocapsule showed good photodynamic therapy (PDT)
activity in vitro (Figure 4b). Subsequently, Wang and co-
workers introduced an azobenzene unit (AZO) in the linker
between perhydroxy CB[6] macrocycles to study the
possibility for cargo release by light.69,70 Two different
mechanisms were proposed whether the system was applied
in vitro or in vivo, relying either on (i) light-induced trans−cis
isomerization of the azo bond or (ii) hypoxia-induced
breakdown of the azo bond, illustrating their potential in
drug controlled release.

4.2. F-CB[6]s in Tissue Engineering

Tissue engineering is a developing modern clinical applica-
tion.71 Kim and co-workers developed engineered supra-
molecular hydrogels mimicking the 3D organization of live
tissue using a complex of (i) a CB[6] conjugate of hyaluronic
acid (HA): CB[6]-HA (Figure 5), (ii) a diaminohexane
conjugate of HA (DAH-HA), and (iii) a CB[6] conjugate of

Figure 4. a) Facile surface modification of F-CB[6] nanocapscule and the use of CB[6]-based nanocapsule as a robust and multifunctional platform
for multimodal imaging of a cancer-bearing mouse. Reprinted with permission from ref 67. Copyright 2017 Royal Society of Chemistry. b)
Schematic illustration of preparation of F-CB[6]-based nanocapsules for targeted delivery and PDT. Reprinted with permission from ref 68.
Copyright 2019 American Chemical Society.

Figure 5. Chemical structures of CB[6]-HA (the functional group
was modified for the construction of hydrogel) and CB[6]-Dexa (the
functional group is a synthetic glucocorticoid to induce the
differentiation of MSCs to chondrocytes).

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.3c00273
JACS Au 2023, 3, 2356−2377

2359

https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00273?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dexamethasone (CB[6]-Dexa, Figure 5).72 This combination
was used for the controlled chondrogenesis of human
mesenchymal stem cells (hMSCs). The F-CB[6]-based
supramolecular hydrogels could act as good scaffolds for
cartilage regeneration via controlled drug delivery. Although
less developed than other applications, this work demonstrated
the relevance of using F-CB[6] for tissue engineering and aims
to foster more work in this direction.
4.3. F-CB[6]s in Sensor Devices
Sensors are key devices regularly used in our everyday life. In
particular, organic field-effect transistor (OFET)-based sensors
possess several advantages like simple fabrication, low cost,
versatile usages, and high sensitivity.73 Acetylcholine (ACh+),
an important neurotransmitter of the human central nervous
system, and choline (Ch+), a smaller analogue of ACh+, are
involved in several biological functions. Detecting and
quantifying their presence are currently needed, but traditional
methods based on acetylcholine esterase (AChE) have low
detection limits (μM to nM). Kim and co-workers have
developed a perallyoxy-CB[6]-based OFET for the selective
detection of ACh+ over Ch+, with a low detection limit of 1 ×
10−12 M (pM).73 Compared with unmodified CB[6] featured
by low solubility and so low processability, perallyoxy-CB[6]
showed higher binding affinity and selectivity toward ACh+,
and its good solubility in alcohol enabled easy device
fabrication by spin coating.

5. APPLICATIONS OF F-CB[7]
With a relatively large cavity binding aliphatic groups as well as
aromatic compounds,10 CB[7] has attracted the most attention
from the supramolecular community. With a relatively good
solubility in water and just about sufficient in DMSO, several
dozens of CB[7] derivatives have been obtained and used in
the biomedical context. Hence, the growing field of F-CB[7]
has passed from a burgeoning area to a flourishing domain with
several categories of functional groups appended to CB[7] like
targeting groups, anchoring groups, fluorescent groups, or
informed (DNA) groups, all used for various biomedical
applications.
5.1. Targeting CB[7] to Reach Specific Cells or Tissues
CB[7] has shown interesting potential for drug solubilization
and stabilization by sequestration followed by passive release
toward a wide range of bioactive molecules.14 However, in
most cases, CB[7] is used in vitro,74,75 since it cannot
distribute very specifically in vivo. To overcome this limitation,
Isaacs, Briken, and co-workers reported in 2013 the first
targeting cucurbiturils: two biotin-functionalized CB[7]s
(CB[7]-biotins, Figure 6) for the targeted delivery of
oxaliplatin to cancer cells.76 As anticipated, the presence of
biotin significantly enhanced the efficiency of CB[7]-biotin to
target biotin receptors and deliver the loaded drugs at relevant
sites, resulting in improved drug efficacy. In this paper, Isaacs
and co-workers also described the synthesis of the first CB[7]
peptide conjugates, namely CB[7]-glutathione and CB[7]-
cyclo-(Arg-Gly-Asp-D-Phe-Cys), although they did not report
on biological applications with these compounds.
In 2018, Agasti and co-workers reported the synthesis and

use of CB[7]-conjugated antibodies CB[7]-Ab targeting
microtubules in fixed mouse embryonic fibroblast (MEF)
cells,77 before capitalizing on the tight binding of CB[7] for
adamantane derivatives to fluorescently label the microtubules
by an adamantane-functionalized Cy5 fluorescent dye.

Remarkably, the fluorescent staining, which was stable after
multiple washing steps, was highly specific to the microtubules.
This was next used to perform super-resolution imaging of the
microtubule network by a combination of an adamantane-
functionalized DNA strand, complementary to another strand
carrying a new-generation fluorescent dye for cell imaging. In
the same paper, a CB[7]-Phalloidin (Figure 7) conjugate was

prepared for F-actin targeting. Phalloidin is a bicyclic
heptapeptide known for its high level of specific binding for
F-actin. Using this new targeting CB[7], the authors
specifically labeled the actin cytoskeleton of ovary tissues of
Drosophila melanogaster before fluorescence imaging by
coincubation with an adamantane-functionalized Cy5. The
authors conclude with live-cell biorthogonal multiplex imaging
using CB[7]-Abs specifically targeting mitochondria, micro-
tubules, and actin and relevant conjugated fluorescent dyes.
In 2021, Houghton and co-workers reported an anticarci-

noembryonic antigen antibody modified CB[7]: CB[7]-
M5A.78 This conjugate was used combined with a 68Ga-
radiolabeled ferrocene guest radioligand as a pretargeting agent
for positron emission tomography in BxPC3 xenografted nude
mice. The targeting CB[7] enabled improved tumor uptake of
the radioligand. This approach was further explored in 202279

using the same CB[7]-M5A but this time combined with other
radioligands: [64Cu]Cu-NOTA-PEG3-Fc and [64Cu]Cu-
NOTA-PEG7-Fc) benefiting again of the ultrahigh binding of
the appended ferrocene moiety (Fc) of the radioligands toward
CB[7]. Results showed specific tumor uptake with excellent
extended lag time, suggesting possible use without clearing
agents that have until now complicated clinical applications of
this technique.
In 2023, Lecorche, Jacquot, Bardelang, and co-workers

reported the synthesis of a peptide-targeting CB[7], CB[7]-

Figure 6. Chemical structures of different CB[7]-biotins (the biotin-
based functional group was introduced for improving targeting
efficiency).

Figure 7. Chemical structure of CB[7]-Phalloidin (the functional
group was introduced for targeting F-actin).
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VH4127 (Figure 8), enabling cell uptake by receptor-mediated
transport through specific and noncompetitive Low Density

Lipoprotein (LDL) receptor (LDLR) binding (Figure 9).80

Cell uptake and trafficking could be followed using an
adamantane-functionalized Alexa680 fluorescent conjugate
(A680-ADA), again benefiting from the ultrahigh binding of
adamantane derivatives toward CB[7]. Results showed that the
A680-ADA•CB[7]-VH4127 complex was stable over HPLC
purification and in cells and showed better endocytosis
potential compared with the direct A680-VH4127 conjugate.
With LDLR being overexpressed in several tumor types, this
conjugate could be a relevant targeting cargo for addressing
anticancer drugs specifically, thereby reducing side effects and
improving therapeutic efficacy.80

5.2. F-CB[7]s in Molecular and Cell Biology

In 2011, Kim and co-workers developed an F-CB[7]-based
supramolecular latching system for applications in proteo-
mics.81 They have employed CB[7] decorated beads (CB[7]-
beads, prepared from CB[7]-OH) to bind 1-trimethylammo-
niomethylferrocene (AFc)-conjugated proteins to collect and
enrich plasma membrane proteins.82 Subsequently, they
extended their technique to the intracellular proteome.83

CB[7]-beads were used to bind suberanilohydroxamic acid−
ammonium-adamantane (SAHA-Ad)-labeled histone deacety-
lases from an MDA-MB-231 breast cancer cell lysate to realize
the enrichment of intracellular proteins. This method showed
several advantages compared to classical methods involving
click chemistry and biotin−streptavidin, such as better water
solubility and higher yields. Next, the supramolecular latching
system by CB7-beads was employed to purify recombinant
proteins (Figure 10), including Herceptin and cytokine
interferon α-2a, avoiding issues like contamination, protein
denaturation, and critical conditions for protein capture.84

Then, they proceeded to protein tagging (plasma membrane,
intracellular/organelle proteins, and a mutant of the DNA-
repair protein) by adamantane derivatives before protein
imaging using CB[7] conjugated to cyanine fluorescent dyes.51

Figure 8. Chemical structure of CB[7]-VH4127 (the functional
group offers the ability to target LDLR to enhance cell uptake).

Figure 9. CB[7]-VH4127 conjugate targeting LDLR for efficient
intracellular delivery in LDLR expressing cells. Reprinted with
permission from ref 80. Copyright 2023 American Chemical Society.

Figure 10. CB[7]beads-based affinity chromatography for the purification of therapeutic proteins. Reprinted with permission from ref 84.
Copyright 2020 Springer Nature.
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The cyanine 3-conjugated CB[7] (CB[7]-Cy3, Figure 11) was
used to bind the tagged proteins, thus allowing for precise

analyses of proteins located in and on fixed living cells by
fluorescence imaging. Next, they used ADA-COOH to modify
the proteins on the surface of C. elegans (a roundworm). After
addition of CB[7]-Cy3, a red fluorescence appeared on its
surface, indicating that the visualization of proteins on live
animals is possible with this technique.51 Thereafter, Kim and
co-workers used the pair CB[7]-Cy3 with ADA-BDP630/650
(adamantane conjugate of boron-dipyrromethene 630/650X)
to confirm the binding of ADA and CB[7] inside C. elegans by
fluorescence resonance energy transfer (FRET).85 Then, they
conjugated Erbitux, an antibody targeting the human
epidermal growth factor receptor for the treatment of neck,
colorectal, and lung cancers, to CB[7] (CB[7]-Erbitux).85

After binding of CB[7]-Erbitux to cancer cells, a following
injection of ADA-Cy5 could target CB[7]-Erbitux-bound
cancer cells and achieve bio-orthogonal in vivo cancer imaging.
Besides, Kim and co-workers developed a single-vesicle

content-mixing assay based on tight CB[7] binding, and FRET
between CB[7]-Cy3 and ADA-Cy5, where Cy3 and Cy5 act as
donor dye and acceptor dye, respectively.86 The CB[7]-Cy3
and ADA-Cy5 conjugates were encapsulated in different
vesicles, and the flickering fusion could be monitored in vitro
by the strong FRET effect after binding between CB[7]-Cy3
and ADA-Cy5 (Figure 12).

The same method was subsequently exploited to study
autophagy. CB[7]-Cy3 was intracellularly translocated in
lysosomes, while ADA-Cy5 was accumulated in mitochondria.
After the fusion of lysosomes and mitochondria, the FRET
signal appeared as a result of the host−guest interaction
between CB[7]-Cy3 and ADA-Cy5, successfully visualizing
the autophagosome−lysosome fusion process.87

Seitz and co-workers employed DNA to explore the limits of
bivalency using CB[7]•ADA binding pairs and DNA to
control the distance (70−360 Å) between the CB[7] and
adamantane groups (CB[7]-DNA-1-1, CB[7]-DNA-1-2 and
CB[7]-DNA-1-3, Figure 13).88 The results showed that the

distance between the two recognition modules, scaffold
flexibility, and binding affinity of each recognition module
can influence the binding properties of a bivalent system. In
another context, Mao and co-workers used DNA and optical
tweezers to determine the mechanical features of the host−
guest interaction between CB[7] and ADA (CB[7]-DNA-2
and CB[7]-DNA-3, Figure 13).89 The forces maintaining
CB[7] on positively charged ADA and neutral ADA were
determined to be 49 and 44 pN, respectively.
Besides, Isaacs and co-workers modified CB[7] (CB[7]-

DNA-4, Figure 13) and ADA (ADA-DNA) by single-strand
DNA, forming a duplex in the presence of adenosine
triphosphate (ATP).90 A protein inhibitor was initially located
in the cavity of CB[7]-DNA-4, then released after ATP
triggered duplex formation (Figure 14).
Finally, Jayawickramarajah and co-workers used the CB[7]

•ADA host−guest pair as a surrogate to replace the regularly
used base pair for DNA strand displacement, modulating
enzyme activity and layered reactions detecting specific
microRNA.91 This method is a positive alternative to the
traditional base-pair-driven, toehold-mediated strand displace-
ment, enhancing the diversity of the toolbox for the
manipulation of the function of dynamic DNA machines.

Figure 11. Chemical structure of CB[7]-Cy3 (the functional group
was introduced as a fluorescent tracer).

Figure 12. Schematic illustration of SNARE-mediated content mixing
using a host−guest FRET pair. Reprinted with permission from ref 86.
Copyright 2015 American Chemical Society.

Figure 13. Chemical structures of different CB[7]-DNAs modified
with various DNA fragments. (The functional groups can enhance the
specific binding properties according to the principle of comple-
mentary base pairing).
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Recently, Wang and co-workers employed supramolecular
systems based on hyaluronic acid (HA)-modified CB[7]
(CB[7]-HA, Figure 15) and TPP-PEG-ADA (TPP: triphenyl-

phosphonium, a well-known moiety targeting mitochondria)92

to get some control on the biological properties of
mitochondria (Figure 16).52 By mixing TPP-PEG-ADA with

mitochondria, the latter were decorated with many ADA
groups, tightly recognizing CB[7]. By adding CB[7]-HA, the
CB[7]•ADA recognition triggered the aggregation and fusion
of mitochondria, alleviating possible adverse damages induced
by mitochondrial fission, which could be confirmed both in
vitro and in vivo.

5.3. F-CB[7]s in Bioimaging and Therapy
Fluorescent cucurbit[7]uil (CB[7]-Cy3) has already been
mentioned and used for several biological applications.51,86,87

As unmodified CB[7] is not fluorescent, conjugation with a
relevant chromophore is needed if fluorescent tracking is
envisioned. For instance, Urbach and co-workers have
conjugated CB[7] to tetramethylrhodamine (TMR, CB[7]-
TMR, Figure 17).93 Confocal fluorescence microscopy showed

CB[7]-TMR uptake in live neurons and its corresponding
location in the cytoplasm (Figure 18), possibly by endocytosis.

The authors also showed that the fluorescence of the conjugate
was quenched upon guest binding and that guest affinity for
the host was essentially unchanged.
Almost at the same time, Isaacs and co-workers conjugated

CB[7] to poly(ethylene glycol) (PEG, CB[7]-PEG, Figure
19), the conjugate binding several proteins and thereby
increasing their stability and biopharmaceutical activity (Figure
20).94

Beside covalent protein conjugation, this supramolecular
kind of modification opened the way to adding prosthetic
functionality to proteins by simple mixing with a relevant F-

Figure 14. Schematic illustration of ATP-fueled release of the protein
inhibitor. Reprinted with permission from ref 90. Copyright 2017
American Chemical Society.

Figure 15. Chemical structure of CB[7]-HA (the functional group
was introduced as scaffold for mitochondrial aggregation and fusion).

Figure 16. Schematic illustration of supramolecular mitochondrial
aggregation and fusion. Reprinted with permission from ref 52.
Copyright 2020 American Chemical Society.

Figure 17. Chemical structure of CB[7]-TMR (the dye-based
functional group was introduced as a fluorescent tracer).

Figure 18. False color confocal fluorescence micrograph of live HT22
cells treated with 91 μM CB[7]-TMR (red) and Hoechst 33342
(blue). Reprinted with permission from ref 93. Copyright 2020
American Chemical Society.

Figure 19. Chemical structure of CB[7]-PEG (the PEG-based
functional group was introduced to enhance biocompatibility).
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CB[7]. Indeed, leveraging the established strong host−guest
interaction between CB[7] and N-terminal aromatic amino
acids,13 three different proteins were tested (glucagon,
Rituximab, and insulin), with the addition of CB[7]-PEG
resulting in better solubilities and inhibition of protein
aggregation. In vivo tests on mice showed a prolonged activity
of insulin after supramolecular modification by CB[7]-PEG, in
part ascribed to the additional molecular weight impacting
lymphatic absorption rates.95 Subsequently, CB[7]-PEG was
used to enhance the therapeutic efficacy of a coformulation of
insulin and pramlintide.96 Indeed, the coadministration of
insulin with pramlintide is more effective than insulin alone,
but the mixture is unstable, requiring the two compounds to be
administrated separately. After supramolecular pegylation by
CB[7]-PEG, the coformulation could be stabilized for over
100 h at 37 °C under continuous stirring, improving the
stability time of insulin commercial formulations (aggregation
after 10 h). Furthermore, CB[7]-PEG also improved the
pharmacokinetics of insulin and pramlintide and increased
postprandial glucagon suppression in diabetic pigs, showing
the potential application for dual-hormone replacement
therapy.
In parallel, Zhang and co-workers prepared a CB[7]-based

polymer with PEG chains (poly-CB[7]) for drug delivery and
anticancer therapy (Figure 21).97 Bis-alkyne functionalized
CB[7] was synthesized by direct functionalization and linked
by PEG to integrate CB[7] in the main chain of the polymer.
Compared to unmodified CB[7],75 Poly-CB[7] loaded with
oxaliplatin showed enhanced anticancer activity both in vitro

(HCT116, colorectal cancer cell line) and in vivo, as well as
longer circulation performance in vivo due to the presence of
PEG fragments.
Nanomedicine is one of the most active research fields for

biomedical applications.98 In this context, Isaacs and co-
workers used metal−organic polyhedra to assemble CB[7]-
bis(pyridine) (Figure 22) into CB[7]-decorated nanoparticles

for drug delivery (Figure 23A).99 The Fujita-type MOP
assembled by palladium ions and bis-pyridines100,101 served as
a nanoparticle scaffold to (i) host Nile Red (NR) or
Doxorubicine (DOX) and (ii) carry on dangling CB[7] rings
used to enable the inclusion of guest molecules in MOP by the
hydrophobic effect, and their release upon competitive binding
in the appended CB[7]. This CB[7]-MOP approach was then
translated successfully in vitro using HeLa cells.
Subsequently, Kim and co-workers demonstrated the

possibility to use monoallyloxy-CB[7] (CB[7]-AO1, Figure
22) as a building unit for the construction of nano vesicles
(Figure 23B).46 They discovered that CB[7]-AO1 behaved as a
nonclassical surfactant in water, self-assembling in responsive
nano vesicles. Although the mechanism is not fully understood,
the presence of the monoallyloxy group is postulated to be the
origin of this peculiar behavior. Then, they introduced
glutathione (GSH) as a guest to be bound in the cavities of
CB[7]-AO1 vesicles. After light irradiation, GSH was
conjugated to CB[7]-AO1 to form CB[7]-GSH (Figure 22)
by means of thiol−ene click chemistry, disrupting the
morphology of the vesicles and releasing previously loaded
cargos. CB[7]-AO1 vesicles loaded with doxorubicine showed
good light-triggered drug release in vitro, as tested on HeLa
cells.
Thereafter, Wang and co-workers constructed surface

programmable nanoparticles based on poly(lactic acid)
(PLA)-modified CB[7] (CB[7]-PLA, Figure 24) and poly-
(lactic-co-glycolic acid) (PLGA) for drug delivery.102 The
abundant CB[7] cavities exposed on the surface of the drug-
loaded nanoparticles allowed further easy modifications by
inserting molecules with different structures, imparting addi-

Figure 20. Cartoon depicting supramolecular PEGylation of the
insulin protein through strong noncovalent binding of the CB[7]
moiety to the N-terminal phenylalanine residue. Reprinted with
permission from ref 94. Copyright 2016 National Academy of
Science.

Figure 21. Schematic illustration of supramolecular polymeric
chemotherapy based on poly-CB[7]. Reprinted with permission
from ref 97. Copyright 2018 Elsevier.

Figure 22. Chemical structures of CB[7]-bis(pyridine) (the
functional group was introduced to construct MOP), CB[7]-AO1
(the functional group offers the function of surfactant in water), and
CB[7]-GSH (the functional group was modified to interrupt nano
vesicles for drug delivery).
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tional functions like targeting, fluorescence, and secondary
drug binding. Following a similar approach consisting of
incorporating F-CB[7] in (or assembling F-CB[7] as)
nanoparticles, these systems were used for (i) responsive
drug delivery,103 (ii) combined photodynamic therapy (PDT)
and chemotherapy (CB[7]-AIE, Figure 24 and 25),104 and
(iii) deep-tissue-inflammation imaging.105

The fusion of organic and inorganic structures can combine
the advantages of both worlds, as perfectly illustrated by the
CB[7]-MOP developed by Isaacs.99 This kind of hybrid
materials has shown great performance in biomedical
applications.106 For instance, Wang and co-workers have
prepared and studied hybrid materials made of F-CB[7] and
gold nanorods,107,108 iron nanoparticles,109,110 and gra-

phene.111 Compared with CB[7]-decorated organic materi-
als,112 the presence of metals in CB[7]-decorated metallic
materials imparted new features in these hybrid materials. Au
nanorods have started to be used as bioactive agents in
photothermal therapy (PTT), due to their absorption in the
NIR spectrum and ability to transform the collected energy
into heat. The modification of the surface of Au nanorods by
CB[7]-NH2 (Figure 26) enabled the addition of several new
features, including targeting and drug transportation, thanks to
the numerous appended CB[7].

The CB[7]-Au nanorods demonstrated improved ther-
apeutic activity due to the synergistic combination of
chemotherapy and photothermal therapy (Figure 27).107 The
combination of CB[7]-Au nanorods with protein-70 pro-
moter-based plasmid (Hsp-plasmid) formed supramolecular
vesicles, which were next used simultaneously for PTT and
gene delivery. This strategy showed improved overall
therapeutic efficacy against tumors in both in vitro and in
vivo assays.108

In parallel, the surface of Fe3O4 nanoparticles, known for
magnetic field guided targeting and magnetic resonance
imaging, was modified to carry on CB[7], preventing
nanoparticle aggregation in water and offering additional
cavities to accommodate drug molecules and targeting units.109

Figure 23. (A) Schematic representation (a) of the chemically
responsive release of NR or DOX from the hydrophobic cavity of
MOP2 by ADA. (b and c) Naked eye detection of hydrophobic guest
encapsulation and chemical-responsive release (b, DOX; c, NR).
Reprinted with permission from ref 99. Copyright 2017 American
Chemical Society. (B) Schematic illustration of monoallyloxy CB[7]
for the construction of light responsive nano vesicles. Reprinted with
permission from ref 46. Copyright 2018 John Wiley and Sons.

Figure 24. Chemical structures of CB[7]-PLA (the functional group
was introduced to construct nanoparticles) and CB[7]-AIE (the
functional group was introduced as a fluorescent indicator).

Figure 25. Schematic illustration of the use of CB[7]-AIE for
imaging-guided, synergistic PDT and supramolecular chemotherapy.
Reprinted with permission from ref 104. Copyright 2021 Royal
Society of Chemistry.

Figure 26. Chemical structures of CB[7]-NH2 (the functional group
was introduced to connect Au nanorods) and CB[7]-PEG-Ce6 (the
functional group was introduced for the function of PDT).
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Later, CB[7]-Fe3O4 nanoparticles were used as guided
artificial receptors in a stepwise injection protocol, to
accommodate subsequent therapeutic agents.110 After mag-
netic accumulation of CB[7]-Fe3O4 nanoparticles in a tumor,
Ferrocene (Fc)-modified Au nanoparticles (Fc-Au nanorods)
focused around the CB[7]-modified magnetic nanoparticles in
the tumor via strong binding between CB[7] and Fc, thereby
realizing stepwise targeting PTT.
Besides metallic particles, nano graphene oxide (NGO) is

another popular compound used to build hybrid materials. The
simultaneous use of Ce6 and F-CB[7] (CB[7]-PEG-Ce6,
Figure 26) proved to be a good combination of PDT and
chemotherapy.113 To develop multimodal treatments, the
addition of NGO to Ce6 and F-CB[7] enabled the
construction of a multifunctional supramolecular system for
an efficient cancer therapy combining PTT, PDT, and dual
chemotherapy using oxaliplatin and banoxantrone (Figure
28).111

Beside traditional drug delivery methods, new methods
based on F-CB[7] have emerged.114,115 Webber and co-
workers prepared micelles using F127 linked CB[7] dimers
(CB[7]-F127-CB[7]) and complementary Fc-PEG8 units to
offer an artificial host for the following drug delivery (Figure
29).114 The mixture of CB[7]-F127-CB[7] and PEG8-Fc can

instantly form a hydrogel to precisely localize at a desired
place, with the dangling CB[7] in the hydrogel acting as
receptors for subsequently administered conjugates of guest
molecules with fluorescent compounds or relevant drugs.
Considering whole cells, the modification of cell membranes

has been realized thanks to functionalized β-cyclodextrins,116
before being used for drug delivery.117 With a macrocyclic ring
and a hydrophobic cavity, functionalized CB[7] has also been
used to modify cell membranes.115 After addition of 1, 2-
distearoyl-sn-glycero-3-phosphoethanolamine-PEG (DSPE-
PEG) on CB[7] (CB[7]-PEG-DSPE, Figure 30), the
conjugate was anchored on the cell membrane of macrophages,
providing a multimodal platform for cell surface modification
by simple addition of relevant compounds.

Then, liposomes carrying various drugs were modified by
DSPE-PEG-ADA to be attached to the surface of CB[7]-
macrophages, owing to the strong host−guest interactions
between the CB[7] and ADA units. The macrophages could
lead drug-loaded liposomes up to inflamed tissues and release
the drugs for augmented therapy. Following a similar strategy,
CB[7]-macrophages were used to promote contact of E. coli
preliminary coincubated with a mannose−ADA conjugate. The
CB[7]•ADA recognition was again very powerful at bringing
together the cells carrying the CB[7] and ADA fragments,
thereby showing powerful antibacterial ability (Figure 31).118

Besides the modification of cell membranes, Wang and co-
workers recently used CB[7]-PEG-DSPE and lecithin to
construct CB[7]-liposomes for drug delivery.119 Since poly-
amines are essential for tumor cell growth, they are often
overexpressed and so considered as biomarkers in some types
of cancers, such as breast and prostate cancers. Due to the
strong binding affinity between CB[7] and polyamines, the
CB[7]-functionalized liposomes showed high targeting effi-
ciency toward 4T1 cells (a type of breast cancer cell line
overexpressing polyamines). Tests in vivo on 4T1 cells-bearing
mice demonstrated that CB[7]-functionalized liposomes

Figure 27. Schematic diagram showing the preparation of the OX/
FA/CB[7]-Au nanorods and the principles of synergistic chemo-
photothermal therapy. Reprinted with permission from ref 107.
Copyright 2019 Royal Society of Chemistry.

Figure 28. Preparation of CB[7]-NGO for photothermal/photo-
dynamic and hypoxia-activated chemotherapy of cancer. Reprinted
with permission from ref 111. Copyright 2021 Royal Society of
Chemistry.

Figure 29. Schematic illustration of supramolecular homing of guest-
appended small molecules based on the affinity for locally applied
host macrocycles. Reprinted with permission from ref 114. Copyright
2019 American Chemical Society.

Figure 30. Chemical structure of CB[7]-PEG-DSPE (the functional
group enables anchoring on the cell membrane).
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offered better tissue penetration and longer retention time in
breast tumors. In the context of trauma and surgery, the
control of coagulation is of tremendous importance and
previous studies have shown the relevance of the supra-
molecular strategies.120,121 Wang and co-workers developed
CB[7]-functionalized platelets (SPLTs) based on hyaluronic
acid-Von Willebrand factor-binding peptide (HA-VBP)-
modified CB[7] (CB[7]-HA-VBP, Figure 32) and ADA-

anchored platelets (ADA-PLTs).122 This supramolecular
combination showed an enhanced hemostatic activity with 1
order of magnitude better targeting efficiency compared to
native PLTs, and less than 1/4 total bleeding time and 1/10
total bleeding volume compared to the control group.
Finally, Wang and co-workers used CB[7]-HA (Figure 33)

loaded with curcumin to alleviate the symptoms of psoriasis,123

relying both on the release of curcumin in cells and on

polyamines sequestration, otherwise known to trigger inflam-
matory processes and exacerbate the disease.
5.4. F-CB[7]s for Biosensing

Unmodified CB[7] has regularly been used for biosensing, one
of the main methods consisting of displacing a reporter dye
from the cavity of the host.11 This technique allowed for
monitoring of enzymatic activity,124 or translocation across
lipid bilayer membranes.125 To expand the scope of biological
systems that can be studied by fluorescence using CB[7],
several teams grafted different fluorophores on this host. For
example, Nau, Hennig, and co-workers developed a host−
guest FRET system based on carboxyfluorescein-modified
CB[7] (CB[7]-CF, Figure 34) and DAPI for the sensing of
DNA (Figure 35), reporting a new method to measure the
concentration of DNA.126 In 2022, challenges in detecting
biorelevant metalobites incited Jochmann, Kappes, Bieder-
mann, and co-workers to develop a nitrobenzofurazan-

Figure 31. Supramolecular artificial receptor (SAR)−macrophages
rapidly and specifically recognized E. coli through strong and
multivalent host−guest interactions, thus improving the latching
and internalization of E. coli, inducing M1 polarization of macro-
phages to generate ROS and effectively kill bacteria. Reprinted with
permission from ref 118. Copyright 2022 Royal Society of Chemistry.

Figure 32. Chemical structure of CB[7]-HA-VBP (the functional
group can promote the aggregation of PLTs to enhance hemostatic
activity).

Figure 33. Chemical structure of CB[7]-HA (the functional group
was introduced as scaffold for drug delivery).

Figure 34. Chemical structures of CB[7]-CF, CB[7]-NBD, CB[7]-
Cy5, CB[7]-Coumarin, CB[7]-Bodipy, CB[7]-TAMRA, and CB[7]-
SiR (the functional groups were introduced as fluorescent indicators).
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functionalized CB[7] (CB[7]-NBD, Figure 34) used in array-
based chemosensing methods to distinguishing 14 bioorganic
analytes toward sensing in biofluids (Figure 36).127

The same year, Gagey-Eilstein, Agasti, and co-workers
synthesized a series of fluorophore-functionalized CB[7]
(CB[7]-Coumarin, CB[7]-Bodipy, CB[7]-Cy3, CB[7]-Cy5,
CB[7]-TAMRA, and CB[7]-SiR, Figure 34) as indicators to
detect disease-specific amyloid assemblies,128 which remains a
daunting task.129 This method not only enabled discrimination
between different self-assembled forms of amyloid-β (Aβ)
aggregates with high accuracy but was also applied successfully
to predict clinically relevant changes (Figure 37).
5.5. F-CB[7]s for Controlled Release
Chen and co-workers reported in 2020 an original strategy for
controlled drug release of a medicine encapsulated in CB[7]-
Hexanoate (Figure 38).130 The negatively charged carboxylate

form is repelled from the CB[7] cavity, thereby preventing
intermolecular association, the linker being presumably too
short for self-inclusion. The cavity-free conjugate is thus
amenable for drug binding. However, lowering pH by the

Figure 35. Schematic illustration of a DNA chemosensing ensemble
based on FRET between DAPI (donor) and CB7-CF (acceptor).
Reprinted with permission from ref 126. Copyright 2019 Royal
Chemical Society.

Figure 36. Schematic illustration of CB[7]-NBD as the key sensor
used in array-based chemosensing to distinguish several bioorganic
analytes in aqueous media and biofluids. Reprinted with permission
from ref 127. Copyright 2022 American Chemical Society.

Figure 37. Strategy for fingerprinting biomolecular surfaces based on their chemical and topological features is based on fluorophore-linked CB[7]
receptors. Reprinted with permission from ref 128. Copyright 2022 American Chemical Society.

Figure 38. Chemical structure of CB[7]-Hexanoate (the functional
group was introduced to enable pH responsive controlled release).
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addition of acids protonates the carboxylate, affording a neutral
form prone to self-inclusion in the CB[7] cavity by
intermolecular associations and hence release of the previously
encapsulated active compound. Despite the necessity for this
F-CB[7] to match intermolecularly (which may be a drawback
in vivo), this remarkably simple and effective way to
encapsulate and release a bioactive compound should foster
the tuning of the linker and the charge group as this should be
a way to modulate the strength of aggregation or to propose
intramolecular self-inclusion, and so expand the scope of
bioactive compounds that could be transported and released.

6. APPLICATIONS OF F-CB[8]
Among the CB[n]s family, CB[8] has a relatively larger cavity
size, which can accommodate large molecules or simulta-
neously bind two molecules, showing sizably different binding
properties with respect to those possible with CB[6] or
CB[7].10 Compared to other macrocycles with large cavities,
such as γ-cyclodextrin131 or pillar[7]arene,132 which have been
functionalized, very few F-CB[8] have been reported, and only
a couple of them were used for biological applications. Isaacs
and co-workers managed to synthesize two CB[8] derivatives
(Me4CB[8] and Cy2CB[8], Figure 39) which were used to
improve the solubility of several molecules,57 benefiting from
better solubilities of these derivatives compared to unmodified
CB[8].

This result could be explained by hampered self-association
of the macrocycles in water133 due to the presence of
protruding alkyl groups. Recently, they demonstrated the
Me4CB[8] can act as an antidote toward a wide range of drugs
of abuse,58 the new host showing an especially strong binding
affinity toward phencyclidine (PCP, Ka = (5.35 ± 0.19) × 108
M−1). Subsequent in vivo studies suggested that Me4CB[8]
can be a potent antidote to prevent PCP-induced hyper-
locomotion.
To enhance the solubility of CB[8], Ma and co-workers

modified it, randomly substituting the peripheric C−H bonds
by sulfonate groups.134 Based on the substitution degree n, the
following CB[8]-Zn series (Figure 40) was obtained: CB[8]-

Z3.18, CB[8]-Z6.62, and CB[8]-Z6.81. Among these derivatives,
CB[8]-Z3.81 proved to be the best binder (Table 1) toward a
range of NMBAs, including cisatracurium besylate (CisA),
rocuronium (Roc), vecuronium (Vec), pancuronium (Pan),
and proflavine. With binding affinities reaching 107 M−1, the
neuromuscular block induced by CisA, Roc, Vec, and Pan can
be efficiently reversed by encapsulation in CB[8]-Z3.18,
illustrating well its potential for clinical applications.

7. CONCLUSION
While CB[5] has a small cavity amenable to bind only a small
scope of compounds, CB[7] combined: (i) a relatively large
cavity to bind a myriad of molecules, (ii) enough water
solubility, and (iii) a relatively accessible functionalization. We
can surmise that CB[6] and CB[8] are still difficult to
functionalize owing to the relatively poor water solubility, and
accordingly, a comparatively smaller number of studies
involving F-CB[6] or F-CB[8]. Yet, considering these
constraints, F-CB[n] is involved in a surprisingly high number
of applications in biomedical sciences. Even if most studies
must have taken time and effort, the combination of properties
brought simultaneously by (i) the cavity of the macrocycle and
(ii) the grafted function(s) has often enabled pushing forward
frontiers impossible to overcome solely using a CB[n] and
another molecule, noncovalently. While the main advances
have been summarized in the previous section, fascinating
perspectives remain to be explored like gene therapy,
customized hydrogels, or molecularly imprinted polymers.
Indeed, what makes the specificity of cucurbiturils is their high
to ultrahigh guest binding in water, the solvent par excellence
for biomedical applications of these well-tolerated compounds
in vivo. Other macrocycles like calixarenes, cyclodextrins, or
pillararenes, or more broadly supramolecular or covalent cages
have allowed landmark achievements like specific DNA
binding,135 anion recognition,136,137 or sugar recognition.138

But these are endowed with neither the binding strength in
water nor the versatility of bound systems, accessible by
functionalized cucurbiturils.

8. KEY ADVANCES AND NEXT CHALLENGES
After initial findings of drug binding in the cavity of
CB[7],74,139 one could have questioned the added value of
preparing functionalized CB[n]. Early intuitions have led to
targeting cucurbiturils, the immediate benefit standing in the
rational distribution of the host to specific cells or tissues and,
by extension, of host−guest complexes once carrying suitable
drugs. Even if particularly relevant to enable addressing a toxic

Figure 39. Chemical structures of Me4CB[8] and Cy2CB[8] (the
functional groups were introduced to enhance solubility and modify
binding properties).

Figure 40. Chemical structure of CB[8]-Zn, with n representing the
calculated value for the number of functional groups (the functional
groups were introduced to enhance solubility and modify binding
properties).
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or bioactive compound to a specific location (i.e., tumors,
inflamed tissues, or organ-specific diseases), therefore preserv-
ing healthy cells, this approach remains largely unexplored.
Even so, after about two decades and starting from laboratory
curiosities, the field of functionalized cucurbiturils has grown
to a mature research area, key findings having enabled
unclocking of troublesome bottlenecks (essentially functional-
ization methods). The protocols now available, even if still far
from perfect (yields for monofunctional compounds and
purification methods can, and should, be improved), have
enabled preparation of a myriad of CB derivatives having
shown a plethora of interesting properties. More specifically:

• CB[5]-(OH)10 has shown a great potential for oxygen
transport which could open the way to a potent artificial
hemoglobin.60 It would now be interesting to check its
toxicity in detail and investigate this behavior in vivo.
The scope of guests fitting in the cavity is here reduced,
but there are still several interesting molecules to be
trapped in the cavity of a CB[5] that may benefit from
macrocycle surface functionalization (i.e., targeting).

• Functionalized CB[6] has mainly be used to prepare
nanocapsules used in various applications of biomedical
relevance (principally compound capture and release,
and in theranostics).66−70 Yet, there are much fewer
derivatives than for F-CB[7]; a reason could be the
remaining rather low solubility of F-CB[6] hampering
further use in water. However, managing to prepare
water-soluble and functional F-CB[6] could open the
way to many unique applications of CB[6] due to the
specific size and shape of its cavity. It is also the more
easily obtained cucurbituril, in high amounts, and much
easier to functionalize by a hydroxyl group.

• Functionalized CB[7] have first been used for cell
targeting in a biomedical context,76−79 but strangely, few
works have been done in this direction since. Yet
targeting can add a great value to CB[7], toward specific
tissue distribution in vivo, thereby enhancing therapeutic
efficacy and decreasing side-effects of complexed drugs.
But perhaps the most important advance in this field is
the reliable use of the CB[7]•ADA or CB[7]•Fc pair to
attract or glue together two tethered entities. As
anticipated quite early by some researchers,140,141 the
ultrahigh affinity of CB[7] for ADA or Fc amino
derivatives enabled to strongly (though dynamically)
link together (i) polymer beads and proteins, (ii) DNA
strands, (iii) mitochondria, or even (iv) cells, to cite but
a few examples. The CB[7]-bead system has enabled
several advances and by this has established its
potential.82−84 Again, there remains to do a lot in this
direction (i.e., specific cell isolation, purification, or in
nanomedicine). Fluorescent CB[7] (by grafting of
fluorophores) have been widely used (i.e., for protein
location in living cells,51 monitoring of membrane
fusion,86,87 following CB[7] cell uptake,93 deep-tissue-
inflammation imaging,105 quantitative DNA sensing,126

bioorganic analyte sensing,127 or predicting protein
structural changes).128 The CB[7]•ADA pair is so
stable that it can easily sustain the conditions
encountered in cells. It has thus been instrumental to
dramatically expand the possibilities offered by CB[7] in
vivo. We can anticipate that many more fluorescent
CB[7] will be prepared and used in the future, and many

more systems using the CB[7]•ADA pair will be used in
chemistry and biology. DNA-CB[7] conjugates have
enabled the determination of the strength of supra-
molecular interactions by a new method,88,89 and an
ATP-fueled method was developed for selective protein
inhibitor release after DNA duplex formation.90

Considering the huge developments in the domain of
DNA (i.e., DNA origami,142 wireframe assembly,143 tile
assembly144), we can bet for unique combinations and
properties once the DNA assembly will have been
combined with the specific features of the ultrahigh-
affinity bonds provided by the CB[7]•ADA pair. The
supramolecular PEGylation of proteins by CB[7]-PEG
conjugates has also been shown to improve the
pharmacokinetics of insulin and pramlintide,96 while
CB[7]-NH2 was used in nanomedicine107,108,111 and
CB[7]-allyl assemblies in drug release.109 The field of
nanomedicine has particularly benefited from F-CB[7]
(chemotherapy,113 photothermal therapy,107,110,111 pho-
todynamic therapy,104,111,113 gene therapy,108 as well as
synergistic combinations of these). Of note, function-
alized CB[7] has rarely been interfaced with metal−
ligand complexes, a notable example being the CB[7]-
decorated MOP cages benefiting from the surface
binding provided by the grafted macrocycles.99 If we
consider the great developments over the last decades of
metallo-supramolecular chemistry,145,146 we can easily
imagine a wealth of opportunities to explore at this
interface (i.e., with helicates,147 grids,148 foldamers,149

metallogels,150 or catenated structures151,152). Likewise,
CB[7] containing polymers have little been applied to
the biomedical field (chemotherapy,97 supramolecularly
functionalized platelets).122 Many more applications of
such conjugates are expected in the future (i.e., cyclic
polymers, antibacterial, gene delivery). Finally, the
opportunity to tune cell surfaces thanks to anchored
CB[7] on relevant membranes115,118 has also opened the
door to cellular biology. With few exceptions, all these
works could not have been done without CB[7]
functionalization. Finally, molecular motors are topical
systems,153 and very little has been done toward
cucurbituril molecular motors.154−156 Yet natural mo-
lecular motors are ubiquitous in biology, bringing pivotal
functions for cell machinery.157 We can anticipate that,
when the assembly of cucurbituril-based molecular
motors will have been mastered, new avenues will be
opened toward influencing natural molecular machines,
or creating new functions. There are few doubts that
when this will happen, F-CB[7] will play crucial roles.

• Compared to F-CB[7], functionalized CB[8] are still
quite exotic compounds, CB[8] being very hard to
functionalize, and also relatively weakly soluble. CB[8]-
(Me)4 and CB[8]-(Cy)2 have been investigated as
soluble hosts to improve the solubility of hydrophobic
drugs. The small number of derivatives used in biological
applications illustrates quite well the daunting task of
functionalizing CB[8]. Yet, if we consider the develop-
ments CB[8] brought already by itself in the biomedical
field (i.e., supramolecular protein dimerization,158

enzymatic activity sensing,159 drug delivery,160 and
biomaterials construction)161 and the specificity of its
cavity for two planar aromatic guest fragments or
globular fragments, larger than those usually bound by
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CB[7], there are no doubts about the number of
possibilities remaining to be explored if the CB[8]
functionalization can be unlocked (i.e., targeting,
additional functions provided to host-stabilized hetero-
guest pairs, or labeled-CB[8] for host-mediated protein
dimerization, oligomerization of polymerization, mim-
icking the widely seen ring-shape protein aggregates).
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