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Abstract 

Different from most of the conventional platforms with dissatisfactory theranostic capabilities, supramolecular 
nanotheranostic systems have unparalleled advantages via the artful combination of supramolecular chemistry 
and nanotechnology. Benefiting from the tunable stimuli-responsiveness and compatible hierarchical organization, 
host–guest interactions have developed into the most popular mainstay for constructing supramolecular nanoplat-
forms. Characterized by the strong and diverse complexation property, cucurbit[8]uril (CB[8]) shows great poten-
tial as important building blocks for supramolecular theranostic systems. In this review, we summarize the recent 
progress of CB[8]-based supramolecular theranostics regarding the design, manufacture and theranostic mechanism. 
Meanwhile, the current limitations and corresponding reasonable solutions as well as the potential future develop-
ment are also discussed.
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Graphical Abstract

Introduction
Improving the living quality is always the enthusiasm 
of human beings. However, all kinds of diseases persist 
in haunting people during their lives, bringing dam-
ages to bodies and sometimes even death [1]. Scientific 
community has committed to develop novel therapeutic 
medicines and approaches to boost drug effectiveness 
and reduce the grim side effects [2–6], aiming to harvest 
more in-depth understanding of life course and accord-
ingly improve life quality [7–9].

Compared with the traditional nanotheranostic sys-
tems, supramolecular nanotheranostic systems exhibit 
unique properties attributing to their dynamic respon-
siveness of non-covalent interactions [10–26]. Vari-
ous non-covalent interactions, such as Van der Waals 
force, hydrogen bonding, π–π stacking interactions, 
electrostatic interactions, metal–ligand coordinations 
and charge-transfer interactions, have been widely 
employed to construct supramolecular theranostic 
entities via hierarchically assembling building blocks. 
Especially, host–guest recognition reactions, another 
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conspicuous non-covalent interaction, are draw-
ing increasing attentions owing to their high binding 
affinities which can be regulated by external stimuli 
including pH, temperature, ion, enzyme, redox and 
light. Interestingly, some of these stimuli are the speci-
ficity of lesional microenvironment. Consequently, 
smart supramolecular theranostic systems can release 
the loaded cargoes specifically in the active sites, effi-
ciently impairing the systemic toxicity of free drugs 
[27–31]. Additionally, host–guest inclusions also 
greatly enhance the solubility/stability of drugs [32–
34] and avoid the tedious and time-consuming syn-
thesis with the help of the “Lego-like” incorporation 
manner [35–39].

Cucurbit[n]urils (CB[n]s or Q[n]s, n = 5, 6, 7, 8, 10, 
13, 14 and 15) are classical macrocyclic hosts prepared 
by the acid-catalyzed condensation of formaldehyde 
and glycoluril with a common depth (9.1 Å) and vari-
ational cavity sizes (2.4–11.0  Å) [40–45]. The hydro-
phobic cavity as well as two carbonyl-laced portals 
endow CB[n] with strong binding affinities towards a 
variety of guests (up to × 1017  M–1) [46], thus allowing 
the fabrication of stable CB[n]s-based supramolecular 
theranostic systems [47–58]. Nevertheless, supramo-
lecular architectures based on CB[n]s (n = 5–7) are not 
easily constructed because these CB[n]s can only bind 
one guest. CB[8], with a large cavity, enables to simul-
taneously hold two homo/hetero guests in aqueous 
solution [59, 60], showing a great advantage on estab-
lishing supramolecular theranostic systems. Although 
CB[10] can also synchronously accommodate two 
guests, few works have been done so far [61–63], here 
we mainly discuss the CB[8]-based supramolecular 
theranostic organizations.

There have been a series of Reviews in the field of 
CB[n]-based supramolecular materials, such as supra-
molecular hydrogels [64], supramolecular switches 
[65], supramolecular polymers [66, 67], supramolecu-
lar frameworks [68], supramolecular amphiphiles [69], 
mechanically interlocked molecules [70] and supra-
molecular organic luminescent dyes [71], but the topic 
of CB[8]-based nanotheranostic systems has not been 
comprehensively summarized. This Review will fill 
this gap and systematically summarizes the progress 
in CB[8]-based theranostics (Table  1). By classifying 
the theranostic purposes, this Review is divided into 
three parts: supramolecular diagnose, supramolecular 
therapy and other applications including anti-bacteria, 
weeding and biomolecule detection. The sophisticated 
design of supramolecular theranostic systems and the 
diversiform therapeutic mechanisms will be discussed 
in detail. Furthermore, current limitations of supra-
molecular theranostic systems will be revealed, and 

reasonable solutions and potential future development 
will be proposed and prospected, respectively.

Cucurbit[8]uril‑based supramolecular imaging
Fluorescence imaging
Benefiting from the advantages of slight photo-damage, 
deep tissue penetration and low background interference, 
near-infrared (NIR) fluorescent assemblies are widely 
applied in cell imaging [72–77]. Nevertheless, because 
the emission of most organic dyes cannot reach NIR 
region and the existence of aggregation induced quench-
ing (ACQ) effect, NIR fluorescent assemblies are not eas-
ily available. Based on the host–guest complex ability of 
CB[8] and the calixarene-induced aggregation (CIA), Liu 
et al. developed a two-stage enhanced NIR supramolec-
ular assembly for cell imaging (Fig.  1a-I) [78]. Attribut-
ing to the intermolecular charge transfer (ICT) between 
pyridinium and anthracene group and π–π stacking of 
anthracene groups, 4,4’-anthracene-9,10-diylbis(ethene-
2,1-diyl)bis(1-ethylpyridin-1-ium) bromide (ENDT) 
emitted weak fluorescence at 625  nm (Fig.  1a-II). How-
ever, upon inclusion into CB[8] via a sled n:n binding 
motif (Ka = (1.04 ± 0.12) × 106 L mol_1) (Fig. 1a-III), ENDT 
underwent J-aggregation and then ENDT/CB[8] assem-
bled into nanorods, which initiated the first-stage emis-
sion enhancement and a red-shift (to 655  nm). When 
lower-rim dodecyl-modified sulfonatocalix[4]arene 
(SC4AD) was added into the solution of ENDT/CB[8], 
SC4AD assembled with nanorods to limit the intermo-
lecular rotation of ENDT and provided a hydrophobic 
environment to further augment the emission of ENDT, 
both of which triggered the second-stage enhancement 
of fluorescence (Fig.  1a-IV). In  vitro, ENDT/CB[8]/
SC4AD not only showed negligible cytotoxicity but also 
lighted the lysosome of tumor cells (Fig. 1a-V), displaying 
a potential for lysosome-targeted cell imaging.

Despite great efforts have been made to enhance the 
emission of aggregation-induced emission fluorogens 
(AIEgens) with the aid of supramolecular macrocycle 
hosts [79–81], short absorption/emission wavelengths 
are still the puzzles greatly limiting their biomedical 
applications [82–84]. Two-photon excitation fluoro-
phores which are usually located in the near-infrared 
region are equipped with the deep tissue penetration 
capacity, minimum background interference, high signal-
to-noise ratio, and are preference for bioimaging [85–89]. 
Construction of supramolecular assemblies with two-
photon excitation and NIR emission may provide more 
possibilities for medical imaging. Liu et  al. reported a 
two-photon NIR supramolecular assembly based on 
tetraphenylethene derivative (TPE-2SP), CB[8] and 
β-cyclodextrin (β-CD)-modified hyaluronic acid (HA-
CD) for mitochondria-targeted imaging (Fig.  1b-I) [90]. 
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Table 1  Chemical structures of guest molecules referred here and their complex stoichiometry, treatment types and assembled 
structures

Chemical structures of guest Complex 
stoichiometry

Therapy model Composition structure

n:n A549

[78]

2:1 A549

[90, 214]

1:1 HeLa

[98]

1:1 A549

[99]

1:2 A549, HeLa, MCF-7, 293T

[106]

1:2 A549, HeLa, KYSE-150 293T

[110]

1:1:1 HeLa

[120]

1:1 C32
B16F10
MCF-7
MDA-MB231

[132]
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Table 1  (continued)

Chemical structures of guest Complex 
stoichiometry

Therapy model Composition structure

1:2 GB
A11T
A13T
A35T1

[139]

1:2 HepG2

[126, 146]

1:2 A549
S180

[152]

1:2 SCC-7
COS7

[164]

1:2 HepG2

[171]

1:2 3T3
4T1
CT26

[175]

1:4 B16F10

[181]

1:1 E. coli

[187, 218]

1:1 HEK 293
HepG2

[194]

1:3 MCF-7

[200]
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TPE-2SP emitted a weak fluorescence at 650  nm, but 
exhibited an enhanced fluorescence emission at 660 nm 
after complexing with CB[7]. Unlike the 1:2 supramo-
lecular pseudorotaxane formed by TPE-2SP and CB[7], 
the self-assembly between TPE-2SP and CB[8] resulted 
in a two-axial netlike pseudopolyrotaxane which owned 
a close packing mode (Ka = 1.50 × 106 M_1) (Fig.  1b-II) 
and triggered a redshift of 30 nm. Interestingly, TPE-2SP/
CB[8] could further assemble into nanoparticles with 
the aid of HA-CD (Fig.  1b-III), which further boosted 
their NIR emission. Surprisingly, TPE-2SP/CB[8]/HA-
CD-based supramolecular nanoparticles owned a two-
photon character and were successfully engaged in 
mitochondrial targeting imaging (Fig.  1b-IV). This two-
photon supramolecular system with assembly-induced 
stepwise enhancement of NIR luminescence opens a new 
way for targeted imaging.

Phosphorescence imaging
Due to the large Stokes shift and long-lived photoemis-
sion, phosphorescence materials have attracted great 
interests in optical fields. Notably, phosphorescence 
materials in solution-phase are of particular interest for 
time-resolved biological imaging because their phospho-
rescence can be easily distinguished from the background 
fluorescence and auto-fluorescence in cellular biospecies 
[91–94]. Nevertheless, water and dissolved oxygen tend 
to induce the excited triplet state of phosphors to occur 
non-radiative relaxation decay [95–97], which leads to 
the phosphorescence quenching. Therefore, develop-
ing water-favoring phosphorescence systems is highly 
demanded, peculiarly with NIR emissive property.

Tian et  al. reported the first instance of visible-light-
excited room-temperature phosphorescence (RTP) in 
aqueous phase using a host–guest assembly strategy 
[98]. The 2:2 quaternary model (Fig. 2a-I) of TBP-CB[8] 
complex induced a noteworthy redshift in the absorption 
(from 346 to 360  nm) and phosphorescence emission 
(from 445 to 565  nm) (Ka = 1.54 × 106  M_1) (Fig.  2a-II). 
The mechanism was proposed that hydrogen bonding, 
diode–diode interaction and hydrophobic interaction 
triggered the CB[8]-directed stacking patterns, which 
not only efficiently restrained the molecular motion of 
TBP but also stably promoted the charge-transfer process 
with a redshifted visible-light wavelength. This unique 
CB[8]-mediated quaternary stacking mode allowed the 
visible-light excitation and tunable photoluminescence, 
enabling the engineered machining of multicolor hydro-
gels (Fig. 2a-III) and biological cell imaging (Fig. 2a-IV).

Based on two kinds of macrocyclic molecules, CB[8] 
and amphiphilic calixarene p-sulfonatocalix[4]arene 
tetrahexyl ether (SC4AH), Liu et  al. constructed a 
phosphorescence capturing system with a delayed NIR 
emission via the secondary assembly strategy (Fig. 2b-
I) [99]. Because CB[8] offered an independent cavity 
to enhance the intramolecular charge transfer (ICT) 
between methoxyphenyl pyridinium salt and naphtha-
lene (Ka = 1.26 × 107 M_1), intersystem cross (ISC) was 
improved and long-lived triplet state was obtained, 
which triggered a delayed phosphorescence emission 
at 530  nm (Fig.  2b-II). Moreover, owing to the fur-
ther restraint of non-radiative relaxation via the sec-
ondary assembly with SC4AH, the phosphorescence 
emission of G⊂CB[8]@SC4AH was further enhanced 

Table 1  (continued)

Chemical structures of guest Complex 
stoichiometry

Therapy model Composition structure

1:1:1 DCs
MCF-7 [206]

1:1:1 HeLa
HepG2

[233]

1:1:1 Serum

[238]
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(Fig.  2b-III). Interestingly, two phosphorescence-cap-
turing systems with NIR emission at 635 (Fig.  2b-IV) 
and 675  nm (Fig.  2b-V), respectively, were feasibly 
acquired by introduction of Nile Red (NiR) or Nile 
Blue (NiB) as acceptor. More importantly, G⊂CB[8]@
SC4AH/NiB not only held low cytotoxicity but also 
realized lysosome-targeted NIR imaging of tumor cells, 
providing a new multistage assembly approach for NIR 
imaging of living cells.

Liu et al. also reported other similar supramolecular 
assemblies emitting room-temperature phosphores-
cence on the basis of host–guest interaction and the 
secondary assembly strategy [100]. Benefiting from 
the energy transfer between supramolecular assembly 
and fluorescent dyes, delayed fluorescence was further 

observed in supramolecular assembly system, which 
was successfully applied in cell imaging.

Considering the special profiles of pathological tissue 
microenvironment, those diagnostic reagents responsive 
to the lesional microenvironment can obtain more pre-
cise theranostic results [101–105]. Liu et al. constructed 
a biaxial pseudorotaxane supramolecular phosphores-
cent probe with pH and glutathione (GSH)-respon-
siveness on the basis of the CB[8]-mediated host–guest 
interaction and the secondary assembly with disulfide-
pillar[4]arene (SSP[4]) (Fig. 3a-I) [106]. Upon formation 
of biaxial pseudorotaxane following a 1:2 complexing 
mode between CB[8] and SSP[4] (Ka = (2.02 ± 0.52) × 106 
M_1), the fluorescence of BPTN gradually disappeared 
and a new phosphorescence emission at around 505 nm 

Fig. 1  (a) Two-stage enhanced NIR supramolecular assemblies for cell imaging. (I) Illustration of the self-assemble process of NIR supramolecular 
assemblies. (II) Fluorescence emission spectroscopy of ENDT, ENDT/SC4AD, ENDT/CB[8] and ENDT/CB[8]/SC4AD. (III) Illustration of the sled n:n 
binding motif. (IV) Fluorescence photographs of ENDT, ENDT/CB[8] and ENDT/CB[8]/SC4AD. (V) Confocal laser scanning microscopy (CLSM) images 
of A549 cells treated with ENDT/CB[8]/SC4AD and LysoTracker Blue. Reproduced with permission [78].  Copyright 2018 Wiley–VCH Verlag GmbH 
& Co. KGaA, Weinheim (b) NIR supramolecular assemblies for two-photon targeting imaging. (I) Illustration of the formation of NIR supramolecular 
nanoparticles and cartoons of each component. Assembly schematic diagram and SEM images of TPE-2SP/CB[8] (II) and TPE-2SP/CB[8]/HA-CD (III). 
(IV) CLSM images of A549 cells treated with TPE-2SP/CB[8]/HA-CD and Mito-Tracker Green. Reproduced with permission [90]. Copyright 2021 Wiley–
VCH GmbH
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emerged (Fig.  3a-II). Further assembly with SSP[4] led 
to the quenching of phosphorescence (Fig. 3a-III). How-
ever, low pH and GSH could induce the disassembly of 
non-phosphorescent assembly and in turn recover its 
phosphorescence (Fig. 3a-IV), which was nicely used for 
specifically imaging tumor cells which are featured with 
low pH and high concentration of GSH (Fig. 3a-V).

Although host–guest interactions have promoted 
the development of phosphorescence in water phase, 
the phosphorescence systems with a long lifetime are 
rarely reported [107–109]. Liu et  al. constructed two 
water-soluble phosphorescence supramolecular poly-
mers based on CB[7]/CB[8] and 4-(4-bromophenyl)
pyridin-1-ium bromide (BrBP)-modified hyaluronic 
acid (HA) (HA–BrBP), in which pseudorotaxane poly-
mer CB[7]/HA-BrBP self-assembled into nanofibers 
(Ka = (3.81 ± 0.22) × 106 M_1) but biaxial pseudorotaxane 

polymer CB[8]/HA-BrBP existed as the large spheri-
cal aggregates (Ka1 = (4.49 ± 0.19) × 105 M_1 and 
Ka2 = (2.43 ± 0.08) × 106 M_1) (Fig.  3b-I) [110]. Benefit-
ing from the synergistic effects of host–guest interaction 
and multiple hydrogen bonds, the molecular motion of 
CB[8]/HA-BrBP in aqueous solution was restricted, thus 
the ISC was promoted and meanwhile the non-radiative 
decay was reduced, which eventually contributed to a 
long phosphorescence lifetime up to 4.33 ms (Fig. 3b-II). 
Profiting by the targeting ability of HA, CB[8]/HA-BrBP 
was also successfully applied for the targeted phospho-
rescence imaging of cancer cells (Fig. 3b-III).

Cucurbit[8]uril‑based supramolecular therapeutics
Chemotherapy
Chemotherapy, as the most common performed pro-
cedures to treat a variety of diseases, faces a variety 

Fig. 2  (a) Room-temperature phosphorescence emissive supramolecular assembly excited by visible-light. (I) X-ray diffraction single-crystal 
structure of supramolecular assembly (TBP)2·CB[8]2. (II) Phosphorescent emission spectra of TBP with gradual addition of CB[8]. (III) Photographs 
of hydrogels with different ratios of TBP and CB[8] under daylight or UV light. (IV) CLSM images of Hela cells incubated with TBP and·CB[8] (1:1). 
Reproduced with permission [98].  Copyright 2019 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Supramolecular phosphorescence-capturing 
assembly for NIR lysosome imaging. (I) Illustration of the establishment of RTP-capturing system featured with a delayed NIR emission. (II) 
Phosphorescent emission spectra of G with gradual addition of CB[8]. (III) Phosphorescent emission spectra of G⊂CB[8]. Inset: The time-resolved 
phosphorescence decay plot of G⊂CB[8] at 530 nm. Phosphorescent emission spectra of G⊂CB[8]@SC4AH/NiR (IV) and G⊂CB[8]@SC4AH/NiB (V) 
at different ratios of donor and acceptor. Reproduced with permission [99]. Copyright 2021 Wiley–VCH GmbH
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of challenges in clinical applications, such as the poor 
specificity, low bioavailability and severe side effects 
[111–115]. Nanoparticles constructed from polymeric 
matrix have become brilliant drug delivery systems 
(DDSs) owing to their excellent biodegradability and bio-
compatibility [116–119]. However, the mission of tradi-
tional DDSs is only to transport therapeutic drugs, it is 
necessary to develop precise treatments such as stimuli-
responsive drug release and imaging-guided therapy.

Tang et  al. constructed a supramolecular nanomedi-
cine for imaging-guided cancer therapy [120]. Based 
on the host−guest molecular recognition reaction 
between CB[8], 4,4′-bipyridinium derivative (PTPE) and 
PEGylated naphthol (PEG-Np), amphiphilic supramo-
lecular brush copolymer CB[8] ⊃ (PEG-Np·PTPE) was 
established, which self-assembled into supramolecular 
nanoparticles in aqueous solution. Hydrophobic chemo-
therapeutic drug DOX was sealed in the hydrophobic 
core of supramolecular nanoparticles, establishing a 
supramolecular nanomedicine with Förster resonance 

energy transfer effect (Fig. 4a-I). Under the stimulation of 
low pH and intracellular reducing agents, supramolecu-
lar nanomedicine realized the controlled drug release in 
tumor microenvironment (Fig.  4a-II). Benefiting by the 
supramolecular self-assembly, supramolecular nano-
medicine was highly accumulated in tumor tissues via the 
EPR effect and possessed a long half-life period (Fig. 4a-
III), which contributed to a satisfying antitumous effect 
(Fig. 4a-IV).

Owing to excellent guest-binding behaviors, CB[8] has 
been frequently engaged as a non-covalent crosslinking 
agent in the construction of various functional materials 
[121–125]. However, in almost all of these cases, CB[8] 
was used as crosslink for  polymers, peptides and pro-
teins, whereas CB[8]-cross-linked dimeric prodrug is 
extremely rare. Based on the 1:2 host–guest complexation 
between CB[8] and Tryptophan (Trp) (Ka1 = 1.99 × 106 
M_1 and Ka2 = 1.14 × 105 M_1), Wang et  al. designed a 
supramolecular dimeric prodrug, in which DOX was 
linked to Trp via an acid-labile hydrazone bond, realizing 

Fig. 3  (a) Phosphorescent biaxial pseudorotaxane for selectively imaging tumor cells. (I) Illustration of the supramolecular assembly 
and disassembly of biaxial pseudorotaxane. (II) Photoluminescence spectra of BPTN in the presence of different concentrations of CB[8]. (III) 
Photoluminescence spectra of BPTNC⊂CB[8] and BPTNCCB[8]⊂SSP[4]. (IV) Photoluminescence spectra of BPTNC⊂CB[8], BPTNCCB[8]⊂SSP[4], 
BPTNCCB[8]⊂SSP[4] + GSH and BPTNCCB[8]⊂SSP[4] + weak acid. Reproduced with permission [106].  Copyright 2022 The Author(s) Published 
by the Royal Society of Chemistry. (b) Ultralong phosphorescence supramolecular polymer for tumor cell imaging. (I) Illustration of the construction 
of CBs/HA-BrBP supramolecular polymers. (II) The proposed mechanism of ultralong phosphorescence of supramolecular polymer. (III) CLSM images 
of A549 cells treated with CB[8]/HA-BrBP. Reproduced with permission [110]. Copyright 2020 The Author(s)
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the pH-responsive DOX release in tumor cells (Fig. 4b-I) 
[126]. Under this strategy, other drugs can be chemically 
modified and carried as double guns into “warplane”-like 
CB[8] for improving cancer therapy (Fig. 4b-II and III).

Despite the recent breakthrough in cancer research, 
the improvement of the solubility of hydrophobic drugs 
in water is still a stubborn challenge. The orthogonality 
of different noncovalent interactions has been proved to 
be a facile method to improve the water solubility of drug 
and realize controlled drug release [127–130]. Neverthe-
less, most of the known supramolecular orthogonal sys-
tem are prepared in organic medium, severely limiting 
their relevant biomedical applications [131]. Stang et al. 
combined bis-phosphine organoplatinum(II) ← pyri-
dyl metal–ligand coordination and CB[8]/MV-directed 

host–guest complexation (Ka1 × Ka2 = 109–1010 M_2) to 
establish a water-soluble supramolecular system (Fig. 5a-
I) which not only was able to complex with hydrophobic 
curcumin via a 1:1:1 complexing manner but also display 
a superior anticancer effect over free curcumin (Fig. 5a-II 
and III) [132].

Glioblastoma (GB) is one of the most aggressive malig-
nant brain tumor in adults with a just 4.6  months of 
median survival [133–135]. Owing to the need of cross-
ing blood–brain barrier (BBB) and sophisticated thera-
peutic environment, few chemotherapeutic agents meet 
the clinical treatment request of GB [136–138]. Scher-
man et  al. developed a HA-CF/CB[8] hydrogel carrier 
specially for GB treatment (Fig.  5b-I) [139]. Attributing 
to the matched biocompatibility with surrounding tissue 

Fig. 4  (a) CB[8]-based supramolecular nanomedicine for tumor therapy. (I) Chemical structures of different building blocks and the preparation 
of supramolecular nanomedicine. (II) Illustration of the imaging-guided selective drug release. (III) Pharmacokinetics of free DOX and DOX-loaded 
SNPs. (IV) Tumor volume change of mice with different treatments. Reproduced with permission [120].  Copyright 2017 American Chemical Society. 
(b) Supramolecular DOX-dimer for selective drug release. (I) Chemical structures of different building blocks and the construction of supramolecular 
dimeric prodrug. Cell viability of BEL 7402 cells (II) and LO2 cells (III) after different treatments. Reproduced with permission [126]. Copyright 2019 
Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved
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environment (Fig.  5b-II and III), continuous shape and 
structural remodeling were achieved, which was good for 
tissue healing. (Fig. 5b-IV). Furthermore, efficient degra-
dation of gel (Fig. 5b-V) and deep penetrativity (Fig. 5b-
VI) of the cargos into ex  vivo tissue slice indicated the 
bright prospect of supramolecular hydrogel for future GB 
therapy.

Various enzymes are active and highly expressed in 
the tumor microenvironment, which can be utilized as 
tumor-specific stimuli to enhance the selectivity and 
sensitivity of drug delivery system [140–145]. However, 
the majority of the enzyme triggers are either expressed 
extracellularly or within organs, resulting in the random 
drug release and severe side effects. Hu et  al. presented 
an enzyme-responsive hybrid drug delivery system, 
which released payload therapeutics solely in the pres-
ence of intracellular indoleamine 2,3-dioxygenase 1 
(IDO1), diminishing premature drug release [146]. Trp 
was conjugated onto the surface of Fe3O4 nanoparticles 
and the hatchway of silica core, and drug-loaded rasp-
berry-like nanoparticles were prepared based on the 

host–guest recognition between CB[8] and Trp (Fig. 6a-
I). In the presence of IDO1, Trp was oxidized into 
N-formylkynurenine (F-Kyn), leading to the opening of 
channel gates of nanoparticles (Fig. 6a-II) and triggering 
the drug release specifically in tumor cells (Fig.  6a-III). 
Because of the high selectivity of nanocarrier to IDO1-
overexpressed tumor cells, significant in  vitro cytotox-
icity and superior antitumor effects (Fig.  6a-IV) were 
acquired, providing a promising platform for accurate 
intracellular drug release.

Supramolecular methodology on the basis of cavity-
bearing macrocycles has been proven as a powerful 
strategy to regulate the functions of many natural bio-
macromolecules [147, 148]. Microtubule (MT), a key 
protein filament of the cytoskeleton, plays critical roles 
in intracellular transport and cell division, gradually 
developing into absorbing molecular targets for biomo-
lecular assemblies and cancer chemotherapy [149–151]. 
Liu et  al. presented a supramolecular microtubular sys-
tem by combing primary tubulin–tubulin heterodi-
merization, specific peptide–tubulin recognition and 

Fig. 5  (a) Orthogonal organoplatinum(II) metallacycle for tumor therapy. (I) Schematic illustration of the self-assembly of supramolecular 
system. (II) IC50 value of 2’, 4’ and 5’ measured on different cell lines. (III) IC50 value of 1, 4 and 5 measured on different cell lines. Reproduced 
with permission [132].  Copyright 2018 Published under the PNAS license. (b) A CB[8]-based hydrogel delivery vehicle for GB therapy. (I) Illustration 
of the preparation of supramolecular hydrogel and its cure mechanism. (II) Fluorescence images of GB cells after different treatments. (III) Cell 
viability of different cells after different treatments. (IV) The moduli comparation between tissue and supramolecular hydrogel. (V) The stability study 
of supramolecular hydrogel. (VI) The immumohistochemical staining of GB tissue reflecting the tissue penetrability of supramolecular hydrogel 
delivery vehicle. Reproduced with permission [139]. Copyright 2018 Published by Elsevier Ltd
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cooperative host–guest complexation to seek the cura-
tive effect of intertubular aggregation (Fig.  6b-I) [152]. 
An benzylimidazolium-bearing antimitotic polypeptide 
(BP) with tubulin-targeting ability provided a anchoring 
point to complex with CB[8], exclusively inducing the 
dramatic morphological changes of MT from linear poly-
mers to spherical nanoparticles (Ka = (8.66 ± 0.43) × 105 
M_1) (Fig.  6b-II). After incubation with BP⊂CB[8], evi-
dent compact MTs were found in cellular environment 
(Fig.  6b-III) and a high level of apoptosis was induced 
in the tumor tissues (Fig.  6b-IV), demonstrating that 
orthogonal supramolecular interaction-enhanced inter-
tubular aggregation provides a novel strategy for the fight 
against MT-related diseases.

Phototherapy
Compared with chemotherapy, photodynamic therapy 
(PDT) exhibits the non-invasiveness and high spatiotem-
poral controllability [153–156]. Photosensitizers (PSs) 
are the important component of PDT, which can use 
luminous energy to generate toxic reactive oxygen spe-
cies (ROS) and then massively damage cells [157, 158].

Current PSs can only indistinguishably carry on cell 
imaging and killing, not intelligent enough to fill the 
requirement of personalized treatment. Activatable pho-
tosensitizers (aPSs) which are activated by disease-related 
triggers hold great possibility for personalized PDT 

[159–163]. The most commonly used strategies for con-
struction of aPSs are covalent modifications, which suffer 
from problems involving tedious synthesis and advance 
or lag of activation. Zhang et al. reported a CB[8]-regu-
lated aPS for imaging-guided PDT (Fig. 7a-I) [164]. CB[8] 
can bind with biotinylated toluidine blue (TB-B) through 
host–guest interaction (Ka = 2.67 × 107 M_1), and the fluo-
rescence and PDT activity of TB-B can be turned on or 
off via the assembly/disassembly of 2TB-B@CB[8]. With 
the protection of CB[8], TB-B cannot be easily reduced 
by enzymes, thus enhancing the stability of TB-B in vivo 
(Fig.  7a-II) and eventually contributing to an improved 
anticancer behavior (Fig. 7a-III).

Benefiting from the maximum permissible exposure 
and excellent penetration depth, NIR photosensitiz-
ers have attracted growing interest in phototherapy 
[165–167]. Compared with NIR-I (750–1000  nm) pho-
tosensitizers, NIR-II (1000–1350  nm) photosensitizers 
exhibit better photo-conversion efficiency and biologi-
cal tissue penetration [168–170]. However, the limited 
solubility, strong aggregation and fussy synthetic pro-
cedure limit their further biological applications. Zhang 
et  al. developed a supramolecular strategy to realize a 
high-efficiency NIR-II PTT via fabricating supramo-
lecular radical dimer [171]. Attributing to the accep-
tor–donor–acceptor configuration, N,N’-dimethylated 
dipyridinium thiazolo[5,4-d]thiazole (MPT2+) tended to 

Fig. 6  (a) Trp/CB[8]-mediated hybrid nanoparticles for targeted drug delivery in IDO1-overexpressed tumor cells. (I) Illustration of the targeted 
release mechanism of hybrid supramolecular nanoparticles. (II) Transmission electron microscope (TEM) images of hybrid nanoparticles (left) 
and their collapse upon exposure to IDO1 (right). (III) Biodistribution of DOX in major organs and tumors at 24 h post-injection of free DOX 
and hybrid supramolecular nanoparticles. (IV) Tumor volume change of mice during treatment. Reproduced with permission [146].  Copyright 
2019 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. (b) CB[8]-mediated microtubule aggregation for enhancing cell apoptosis. (I) Illustration 
of BP⊂CB[8]-mediated targeted microtubular aggregation. (II) TEM images of free MTs (up) and BP@MTs (down). (III) CLSM image of A549 cells 
treated with BP⊂CB[8]. (IV) The percentage of TUNEL-positive cells in tumor tissue of mice after different treatments. Reproduced with permission 
[152]. Copyright 2019 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim
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form a supramolecular dimer inside the cavity of CB[8], 
forming a 2:1 host–guest inclusion (2MPT2+-CB[8]) 
(Ka1 = 5.69 × 106 M_1 and Ka2 = 1.36 × 106 M_1) (Fig. 7b-I). 
Upon MPT2+ was reduced into MPT•+, a strong NIR-II 
absorption could be achieved with the help of the CB[8]-
enhanced ICT (Fig.  7b-II), which prompted a high-effi-
ciency photothermal conversion (Fig. 7b-III). In addition, 
the stability of radical dimer was also improved with the 
shelter of CB[8], collectively contributing to a high inhi-
bition rate of cancer cells (Fig. 7b-IV). This line of supra-
molecular research provides a new path to fertilize the 
application of organic radicals in phototherapy.

Host–guest interaction-based supramolecular archi-
tectures have provided miscellaneous therapeutic sched-
ules for diseases treatment, but the role of host is only to 
complex guest molecules or pharmaceutical molecules. 
It seems that the functionality of host molecules is mil-
lennially unchanged [172–174]. Wang et al. explored the 
chaotropic effect between closo-dodecaborate cluster 
(B12) and CB[8] to regulate the self-assembly of supra-
molecular organic frameworks (SOFs) and realize the 
targeted imaging and PDT (Fig.  8a-I) [175]. Chaotropic 

anions B12 are prone to interact with the positive polar 
and hydrophobic surfaces of CB[8], thus CB[8] could 
be further used to encapsulate methylene blue (MB) via 
host–guest interaction (Ka = 3.24 × 1013–2.50 × 1016 M_2) 
for PDT. When B12-PEG-RGD met with MB@CB[8] in 
water, a shuttle-shaped NanoSOF was formed (Fig. 8a-II), 
which could accumulate in tumor tissue with the syner-
gistic effect of targeting peptide RGD and the enhanced 
permeability and retention (EPR). When entering into 
tumor cells, intracellular substances carrying N-termi-
nal aromatic peptides triggered the release of MB from 
NanoSOF (Fig. 8a-III) and the imaging-guided PDT was 
realized (Fig.  8a-IV and V). This work emphasizes the 
architectonic regulatory function of chaotropic effect, 
extending the inclusion property of CB[8] and providing 
more possibilities for construction of various supramo-
lecular self-assemblies used in other fields.

Although PDT has developed into the major treatment 
modality for skin diseases and cancer [176–178], the skin 
photosensitivity caused by the body accumulation of clin-
ical photosensitizers is still the unsolved number-one pri-
ority, which brings much trouble and poor quality of life 

Fig. 7  (a) CB[8]-regulated aPS for imaging-guided PDT. (I) Illustration of the mechanism of aPS-mediated imaging-guided PDT. (II) In vivo 
imaging of mice intravenously administrated with TB-B and 2TB-B@CB[8]. (III) Tumor volume change of mice during treatments. Reproduced 
with permission [164].  Copyright 2016 American Chemical Society. (b) A CB[8]-based supramolecular radical dimer with a high NIR-II photothermal 
conversion efficiency. (I) Illustration of the self-assembly of 2MPT•+-CB[8]. (II) UV/Vis–NIR spectra of 2MPT•+-CB[8] with different irradiation time. 
(III) Heating and cooling cycle of 2MPT•+-CB[8] and the calculated photothermal conversion efficiency. (IV) Inhibition rate plots of HepG2 cells 
after 2MPT•+-CB[8] induced PTT. Reproduced with permission [171]. Copyright 2019 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim
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for patient [179, 180]. Li et  al. reported a three-dimen-
sional supramolecular organic frameworks to reduce 
the skin phototoxicity of three clinical porphyrin-based 
photodynamic agents (PDAs) based on an adsorption 
and retention mechanism (Fig.  8b-I) [181]. Skin lesion 
experiments demonstrated that supramolecular organic 
frameworks remarkably suppressed the sunlight-tempted 
skin phototoxicity and tumor-bearing mouse model 
proved that the efficacy of PDT posted by supramolecu-
lar organic frameworks was still high (Fig. 8b-II and III), 
collectively certifying that this supramolecular organic 
frameworks provided an efficient strategy to improve the 
safety of clinically applied PDAs.

Gene and immune therapy
Molecular machines responding to external stimuli have 
attracted an increasing number of attentions from differ-
ent fields [182, 183]. However, adjusting the morphology 
and functionality of biomolecules by utilizing the revers-
ible shelter of macrocyclic hosts remains challenging 
[184–186]. Usually, acids and bases are the main driving 
forces to launch molecular machines, but the physiologi-
cal environment cannot tolerate strong acids and bases, 
which guides scientists to the other external stimuli, 
such as light and heat. Liu et al. presented two supramo-
lecular complexes on the basis of host–guest interaction 
between CB[8], azobenzene and bispyridinium salts (Ka 
up to 109 M_1), and the dissociation and recombination of 
which could be reversibly regulated using light and heat 
(Fig. 9a-I) [187]. Because the positively charged viologen 

Fig. 8  (a) CB[8]-regulated supramolecular organic frameworks for imaging-guided PDT. (I) Construction of CB[8]-regulated supramolecular 
organic frameworks and their application for imaging-guided PDT. (II) TEM image of the supramolecular organic framework. (III) The chemical 
structures of N-terminal aromatic peptides (up) and the illustration of dilution effect and N-terminal aromatic peptides-co-triggered degradation 
of supramolecular organic frameworks (down). (IV) In vivo fluorescence images of mice with different treatments. (V) Tumor volume change 
of mice with different treatments. Reproduced with permission [175].  Copyright 2020 Wiley–VCH GmbH. (b) Supramolecular organic frameworks 
applied to improve the safety of clinical porphyrin photosensitizers without breaking their antitumor efficacy. (I) Illustration of the formation 
of supramolecular organic frameworks. (II) Photos of excised tumor tissues of mice with different treatments. (III) Tumor volume change of mice 
with different treatments.. Reproduced with permission [181]. Copyright 2022 Elsevier Ltd. All rights reserved
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groups in the ‘locked’ configuration draw DNA backbone 
closely, DNA was tightly condensated (Fig. 9a-II). Never-
theless, the viologen moieties in the ‘unlocked’ configura-
tion were directly exposed to the aqueous solution, which 
could be activated by UV irradiation to generate ROS and 
destroy the integrity of DNA. This work provided a new 
assembly strategy to imitate the collaborative and multi-
point binding manners in biological systems.

Gene therapy has developed into a promising strat-
egy to inhibit tumors via delivering versatile tumor-
suppressive noncoding RNAs (ncRNAs) [188–191]. 
Nevertheless, the evolution of gene therapy is impeded 
by the low transfection efficiency of nonvirus carri-
ers and the safety grounds of virus vectors [192, 193]. 
Xu et  al. tailored a supramolecular nanoassembly 
(CNC@CB[8]@PGEA) equipped with the degradable 
poly(aspartic acid) (PAsp)-grafted cellulose nanocrys-
tal (CNC) chains and hydroxyl-rich ethanolamine-
functionalized poly(glycidyl methacrylate) (PGEA) side 
chains (Fig.  9b-I) [194]. Attributing to the host–guest 
self-assembly of CB[8], CNC-PAsp-Np/EA and MV-
PGEA, rodlike morphologies were acquired, which 
combined the unique advantages of CNCs, PAsp and 

PGEA. CNC@CB[8]@PGEA condensed pc3.0-miR-101 
and pc3.0-MEG3 into nanocomplexes with a diameter 
of about 200  nm (Fig.  9b-II) and implemented the co-
transport of short and long ncRNAs in vivo to suppress 
the growth of hepatocellular carcinoma (HCC) tumor 
(Fig. 9b-III) without inducing obvious toxicity.

Short interfering ribonucleic acid (siRNA) acts as 
a new hopeful therapeutic agent and has gained sig-
nificant impetus in tumor therapy [195–199], but weak 
ribonuclease (RNase) resistance and inefficient cellular 
uptake greatly limit their therapeutic efficacy and cor-
responding clinical application. Liu et al. constructed a 
supramolecular nanocapsule (NC) based on the host–
guest complexation between a triviologen derivative 
and CB[8] for siRNA delivery (Fig.  10a-I) [200]. The 
positive charges on the surface of nanocapsules could 
bind siRNA and realize intracellular siRNA delivery 
(Fig.  10a-II). Profiting from the supramolecular self-
assembly of nanocapsule, siRNA was protected from 
enzymatic degradation (Fig. 10a-III) and efficiently sup-
pressed the expression of apoptosis protein (Fig.  10a-
IV), suggesting that the established supramolecular 

Fig. 9  (a) Photoresponsive supramolecular complexes for efficiently regulating DNA. (I) Chemical structures of 6 and 7 and the optically controlled 
configuration interconversion process of supramolecular complexes. (II) Atomic force microscope (AFM) images of pBR322 DNA (left) and DNA 
condensation induced by trans-7⊂CB[8] (right). Reproduced with permission [187].  Copyright 2014 The Author(s). (b) Rodlike supramolecular 
nanoassemblies for effective delivery of ncRNAs. (I) The synthesis process of supramolecular nanoassemblies and their application for co-delivering 
pc3.0-MEG3 and pc3.0-miR-101. (II) AFM image of ncRNAs-loaded supramolecular nanoassemblies. (III) Tumor-suppressive effect of ncRNAs-loaded 
supramolecular nanoassemblies. Reproduced with permission [194]. Copyright 2017 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim



Page 16 of 27Wu et al. Journal of Nanobiotechnology          (2024) 22:235 

nanocapsules serve as an effective siRNA carrier for 
gene therapy.

Now, chemically synthesized vaccines have aban-
doned the employment of foreign carrier proteins, thus 
the original strong B-cell suppressing immune reactions 
against saccharide and glycopeptide epitopes are weak-
ened [201–205]. With no unnecessary elements, these 
covalent vaccines have good application foreground, 
whereas they are hampered by the time-consuming 
synthesis and characterization. Li et  al. built a MUC1 
glycopeptide antitumor vaccine by using host–guest 
interaction (Fig.  10b-I) [206]. In detail, different glyco-
sylations acted as the B epitopes, TT830-843 from teta-
nus toxoid served as the T-helper (Th) cell epitope, and 
they assembled into the B-epitope–Th-epitope structure. 
TLR2 ligand Pam3CSK4 and B-epitope–Th-epitope entity 
were separately decorated with methyl viologen (MV2+) 
and naphthalene, and they were manacled together by 
CB[8]. Compared with the simple mixed vaccines, the 
constructed vaccines elicited a higher level of IgG anti-
bodies (Fig. 10b-II) and cytokine (Fig. 10b-III), and also 

induced complement-dependent cytotoxicity (Fig.  10b-
IV), setting an example for the future chemically synthe-
sized vaccines.

Other applications
Antimicrobial therapy  Owing to the high mortality and 
morbidity rate, fungal infection has severely threatened 
human health [207–210]. Although azoles have devel-
oped into the frontline drugs for fungal disease [211], 
their unprecedented antifungal resistance increases the 
difficulty of treatment, which in turn drives the develop-
ment of alternative antifungal therapeutics, such as PDT. 
Benefiting from the unique twisted structures, aggrega-
tion-induced emission (AIE) photosensitizers are always 
equipped with strong luminous power and high ROS 
productivity [212]. However, AIE PSs with effective anti-
fungal function often require costly and time-consuming 
covalent modifications [213], hence developing more 
promising construction strategy for AIE antifungals is 
highly needed.

Fig. 10  (a) Supramolecular polymer nanocapsules for effective siRNA delivery. (I) Illustration of the construction of supramolecular polymer 
nanocapsules. (II) Illustration of the intracellular siRNA delivery by supramolecular polymer nanocapsules. (III) Biostability test of siRNA 
with or without supramolecular polymer nanocapsules. (IV) Western blot analysis of intracellular survivin protein after different treatments (1: 
control; 2: scramble siRNA; 3: lipofectamine 2000-siRNA complex; 4: NC-siRNA complex (50 nM); 5: NC-siRNA complex (100 nM). Reproduced 
with permission [200].  Copyright 2019 The Royal Society of Chemistry. (b) A noncovalent strategy to construct chemically synthesized vaccines. 
(I) Illustration of the construction of synthesized vaccines. (II) ELISA anti-MUC1 IgG antibody titers (left) and analyses (right) after different 
immunizations. (III) The secretion of TNF-α cytokine by dendritic cells after different stimulations. (IV) Cytotoxicity assay of MCF-7 cells after different 
immunizations. Reproduced with permission [206]. Copyright 2014 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim
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Tang et  al. developed two stereoisomeric photosensi-
tizers ((Z)/(E)-TPE-EPy) by harnessing host–guest strate-
gies (Fig. 11a-I) [214]. Attributing to the CB[8]-mediated 
stereoisomeric engineering (Ka of (Z)- and (E)-complexs 
were 5.8 × 104 and 3.6 × 105 M−1, respectively), the excited 
state energy of photosensitizers flowed from the nonradi-
ative decay to the ISC process and radiative decay, which 
led to the reinforced fluorescence intensity (Fig.  11a-II) 
and ROS productivity (Fig. 11a-III). Also, electropositiv-
ity endowed (Z)/(E)-TPE-EPy with mitochondrial target-
ing and the targeted antifungal PDT was  realized. With 
the cationic shielding effect of CB[8], the dark toxicity of 
(Z)/(E)-TPE-EPy@CB[8] was dramatically reduced with-
out sacrificing their PDT efficiency. This supramolecular 
assembly-assisted stereoisomeric engineering of pho-
tosensitizers opens up new doors for combating fungal 
infections.

Surface immobilization technologies of bioactive 
ligands have accelerated the development of smart sur-
faces for biomedical applications [215, 216]. Current 
surface immobilization strategies ensure the spatial con-
trolling of bioactive ligands [217], but temporal control-
ling of these ligands needs new strategies. Jonkheijm 
et  al. developed the supramolecular supported lipid 

bilayers (SLBs) based on the supramolecular host–guest 
chemistry for spatio-temporal release of bacterial cells 
(Fig.  11b-I) [218]. The photoswitchable supramolecular 
ternary system was formed by assembling an azoben-
zene–mannose conjugate (Azo–Man) and CB[8] onto 
MV2+-functionalized liquid-state SLBs. Based on the 
photo-responsive conformational switching of azoben-
zene group, Escherichia coli (E. coli) enabled to bind onto 
supramolecular SLBs via cell-surface receptors (Fig. 11b-
II), and meanwhile was specifically erased by UV irradia-
tion (Fig.  11b-III), thus providing a potential to exploit 
reusable sensors.

Weed control  Because of the simple preparation, revers-
ible oxidation–reduction quality and good electron defi-
ciency, MV2+ derivants are the most used guest molecules 
in the CB[8]-mediated host–guest complexations [46]. In 
addition to this, MV2+ can cut off the electron transport 
from plastocyanin to nicotinamide adenine dinucleotide 
phosphate (NADP+) and disturb normal functioning of 
photosystem I (PSI), being able to perform a high herbi-
cidal efficacy in gardening and agriculture [219–221].

Nevertheless, since taking a sip can be lethal and there 
are no valid antidotes clinically available currently, the 

Fig. 11  (a) Supramolecular engineering of AIE photosensitizers for fungal killing. (I) Chemical structures of stereoisomers and corresponding 
supramolecular assemblies and the illustration of their sterilization mechanism via PDT. (II) Absorption and emission spectra of stereoisomers. (III) 
ROS generation assessment of stereoisomers and corresponding supramolecular assemblies. Reproduced with permission [214].  Copyright 2022, 
The Author(s). (b) CB[8]-mediated photoswitchable adhesion and release of bacteria on SLBs. (I) Chemical structures of different components 
and the illustration of the mechanism of bacteria adhesion and release. (II) The number of bacteria immobilized on supramolecular SLBs. (III) The 
number of residual bacteria immobilized on supramolecular SLBs. Reproduced with permission [218]. Copyright 2015 Wiley–VCH Verlag GmbH & 
Co. KGaA, Weinheim
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toxicity of MV2+ to humans is always an unsolved safety 
problem [222]. Wang et  al. reported a human-friendly, 
photo-responsive supramolecular herbicide via ternary 
host–guest self-assembly between an azobenzene deriva-
tive (Trans-G), MV2+ and CB[8] (Ka = 9.37 (± 2.37) × 104 
M_1) [223]. Under sunlight or UV irradiation, Trans-
G converted its configuration from trans- to cis- form, 
which in turn dissociated the ternary host–guest interac-
tions and released MV2+ to perform herbicidal function 
(Fig. 12a-I). Due to owning the spatiotemporal controlla-
bility, this formulation afforded a safer toxicity profile on 
both zebrafish (Fig. 12a-II) and murine model (Fig. 12a-
III) compared to free MV2+. Additionally, the herbicidal 
activity of supramolecular ternary complex was com-
parable to that of free MV2+ (Fig.  12a-IV), overcoming 
the safe issue of traditional MV2+-loaded antimicrobial 
agents.

Based on the similar mechanism of ternary host−
guest complexation, Wang et  al. constructed a 
MV2+-sandwiched and HA-coated supramolecular 
nanoparticles (MV-NPs) for precisely performing bio-
activity or toxicity (Fig.  12b-I) [224]. Benefiting by the 
HA-mediated hyaluronidase (HAase)-responsiveness 
and azobenzene-guided photo-responsiveness, HA 

lamination on MV-NPs could be peeled under multiple 
stimuli such as HAase, UV and IR irradiation, realizing 
decoating-induced activation (DIA) for selective anti-
bacterial (Fig. 12b-II), anticancer (Fig. 12b-III) and even 
user-friendly herbicide (Fig. 12b-IV). This work supplied 
a new supramolecular formulation to tame and control 
the toxicity and bioactivity of nanomaterials for multi-
functional biomedical applications.

Biomolecule detection  Immunosuppressive tumor 
microenvironment is one of the important reasons leading 
to the failure of tumor therapy, and IDO1 which regulates 
the metabolism between Trp and F-Kyn, is demonstrated 
to be an archcriminal for immune escape [225–227]. 
Therefore, the biocatalytic activity of IDO1 is closely asso-
ciated with tumor progression. Although various methods 
have been developed to monitor the expression of IDO1, 
such as antibody-peptide conjugates, high-performance 
liquid chromatography (HPLC), colorimetric determina-
tion and commercialized Green Screen kit [228–232], but 
these methods need relatively strict derivatizations that 
are unsuitable for live cell analysis.

Hu et al. showed a supramolecular tandem method for 
real-time monitoring the intracellular activity of IDO1 

Fig. 12  (a) Photo-responsive supramolecular vesicles for user-friendly herbicide. (I) Illustration of the CB[8]-mediated supramolecular complexation 
and photo-driven, reversible complexation and decomplexation. (II) Liver tissue observation of zebrafish after different treatments. (III) Survival 
curves of mice after different treatments. (IV) Weed control efficacy of different treatment methods. Reproduced with permission [223].  Copyright 
2018 The Author(s). (b) DIA of supramolecular toxic nanoparticles for multifunctional applications. (I) Illustration of the preparation of MV-NPs 
and HA-MV-NPs. (II) The comparation of bacteriostasis rate after different treatments. (III) Tumor volume change of mice after different treatments. 
(IV) Weed control efficacy of different treatment methods. Reproduced with permission [224]. Copyright 2020 American Chemical Society
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(Fig.  13a-I) [233]. Aggregation-induced quenching dye 
MP was first encapsulated in the cavity of CB[8] to gen-
erate a binary complex MP⊂CB[8] with the enhanced 
green fluorescence (Ka > 106 M_1), then Trp bound the 
residual cavity of CB[8] to construct a ternary inclu-
sion (MP·Trp)⊂CB[8], which was accompanied with the 
complete fluorescence quenching. Once encountering 
the intracellular IDO1, Trp in complex was immedi-
ately oxidized into NFK and luminous MP⊂CB[8] was 
released to illume cells (Fig.  13a-II). Because IDO1 was 
overexpressed in tumor cells but not in normal cells and 
supramolecular sensor was sensitive to the change of 
intracellular Trp concentration, this label-free method 
could precisely sort out tumor cells, avoiding the fussy 
pre-preparation and strict derivatizations.

Although some developed host–guest systems already 
offer new methods for the inspection of health-relevant 
biomarker Trp in the complicated media, these systems 
are usually accompanied with the sophisticated depro-
teinization and the low sensitivity owing to their weak 

binding affinities with Trp [234–237], thus realizing the 
accurate detection of Trp in untreated biological samples 
is highly pursued. Biedermann et al. constructed a rotax-
ane chemosensor for direct detection of Trp in blood and 
urine samples, in which CB[8], a reporter dye and β-CD 
respectively acted as macrocyclic molecule, axial compo-
nent and stopper group (Fig.  13b-I) (log Ka = 0.2) [238]. 
Upon Trp drilling into the cavity of CB[8], a face-to-face 
π–π stacking occurred between electron-deficient dye 
and electron-rich Trp, which induced the charge-transfer 
interactions and significantly quenched the fluorescence 
of the reporter dye (Fig.  13b-II). This supramolecular 
chemosensor not only enabled high-throughput screen 
in a microwell plate but also realized chirality sensing 
and label-free enzyme reaction monitoring. Moreover, 
printed sensor chips outwardly immobilized with the 
rotaxane-microarrays could be used for fluorescence 
imaging of Trp (Fig.  13b-III–V), greatly overcoming 
the limitations of sensing in biofluids and inspiring the 

Fig. 13  (a) An off −on supramolecular fluorescent biosensor for monitoring IDO1 activity in living cells. (I) Illustration of the detection mechanism 
of supramolecular fluorescent biosensor. (II) Fluorescence images of HepG2 cells with different treatments. Reproduced with permission [233].  
Copyright 2019 American Chemical Society. (b) CB[8]-based rotaxane chemosensor for optical detection of Trp in biological samples. (I) Design 
principle of supramolecular rotaxane 17. (II) Illustration of the analyte binding by rotaxane 17. (III) Illustration of the fluorescence imaging of Trp 
in blood serum by rotaxane 17-immobilizated glass surfaces. (IV) Fluorescence images of a microarray before and after treatment with Trp. (V) 
Emission intensity change of a sensor chip after treatment with different serums. Reproduced with permission [238]. Copyright 2023 The Author(s)
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development of new supramolecular chemosensors for 
molecular diagnostics.

Norfloxacin (NOF), a third generation of quinolone 
antibiotics, has been widely used in the daily life of peo-
ple. Whereas, the overuse of NOF has meanwhile caused 
serious environmental pollution as it has been detected 
in soil, surface water and even groundwater and drink-
ing water. To date, several analytical methods including 
HPLC, side-flow immunoassay strip (LFIS), ELISA, sur-
face-enhanced Raman spectroscopy (SERS) and capillary 
electrophoresis (CE) have been used to detect NOF, but 
expensive and time-consuming pretreatment and profes-
sional analysis technics are needed. Xiao et  al. reported 

a supramolecular fluorescence probe (DBXPY@CB[8]) 
to rapidly and sensitively detect norfloxacin based on 
host–guest interaction between CB[8] and dibromoxan-
then-9-one phenylpyridine cationic derivative (DBXPY) 
(Fig. 14a-I) [239]. The addition of norfloxacin induced an 
obvious blue-shift of DBXPY@CB[8], and the detection 
of NOF was not affected by pesticides, amino acids and 
other antibiotics which contributed to a low detection 
limit (1.08 × 10−7 M) (Fig. 14a-II and III). With the help 
of smart phone RGB analysis, a quantitative and visual 
detection of norfloxacin in food and water can be realized 
without any precision instrument (Fig. 14a-IV), perform-
ing a great improvement over conventional techniques.

Fig. 14  (a) A supramolecular fluorescent probe for determination of norfloxacin. (I) Schematic illustration of the self-assembly of supramolecular 
fluorescent probe. (II) The fluorescence emission change of DBXPY@CB[8] after addition of different drugs. (III) Fluorescence photographs 
of DBXPY@CB[8] after addition of various drugs, pesticides and amino acids. (IV) Schematic illustration of the detection process of supramolecular 
fluorescent probe. Reproduced with permission [239].  Copyright 2023 Elsevier B.V. All rights reserved. (b) Supramolecular phosphorescent 
probe for determination of dodine. (I) Chemical structures of different components and the schematic illustration of the detection mechanism 
of supramolecular phosphorescent probe. (II) Phosphorescent emission change of CB[8]-BPCOOH after addition of different pesticides. (III) 
Phosphorescent photographs of CB[8]-BPCOOH-based solid film in the presence of different pesticides. (IV) Phosphorescent photographs 
of CB[8]-BPCOOH-based indicator paper in the presence of different concentrations of dodine. Reproduced with permission [240]. Copyright 2022 
American Chemical Society
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Different from the above fluorescence detections, Xiao 
et al. developed a supramolecular charge-transfer dimer 
(CB[8]-BPCOOH) featuring RTP for detection of dodine 
(Fig.  14b-I) [240]. Benefiting by the host–guest interac-
tion between CB[8] and BPCOOH, the molecular rota-
tion of BPCOOH was inhibited and the water molecules 
and oxygen in surrounding microenvironment were iso-
lated, which significantly improved the RTP emission 
behavior of BPCOOH. Interestingly, CB[8]-BPCOOH 
only specifically recognized dodine among other 10 
pesticides (Fig.  14b-II), performing a dual detection 
capacity (phosphorescence quenching and meanwhile 
fluorescence enhancing), thus greatly improving the 
detection accuracy. Furthermore, CB[8]-BPCOOH could 
be functionalized into solid films (Fig. 14b-III) and indi-
cator papers (Fig. 14b-IV) which were equipped with the 
advantages of fast identification and easy portability, pro-
viding more probabilities for cucurbit[n]uril-based RTP 
material.

Conclusion and outlooks
Now, a myriad of CB[8]-based supramolecular theranos-
tic systems have been developed to improve the limita-
tions of current medical technologies. Benefiting from 
the CB[8]-based host–guest chemistry, the solubility/sta-
bility, pharmacokinetics behaviors as well as the duration 
of activity of loaded-drugs are significantly improved, 
hopefully fulfilling the high requirements of personalized 
treatment. Owing to the “Lego-like” self-assembly modes 
and dynamic reversibility of host–guest chemistry, not 
only the synthesis and purification is easy and feasible, 
but also the spatial and temporal drug release can be 
realized, greatly enriching the theranostic functions and 
reducing the side effects. Despite CB[8]-based supra-
molecular theranostics have been vastly developed and 
acquired a great deal of brilliant progresses over the past 
years, there are still irremissible issues to be overcame.

•	 Compared to cyclodextrins with a good commercial 
availability in various sizes, CB[8] is not at an afford-
able cost nor commercially available on a large scale, 
which has hindered its applications in the field of 
pharmaceutical science communities and biomate-
rials. Therefore, this challenge requires continuous 
concerted efforts from synthetic chemists, pharma-
cist, and biologists to optimize the preparation con-
ditions for the large-scale preparation of CB[8].

•	 Owing to the weak solubility both in water and 
organic solvents, CB[8] is quite chemically inert and 
its functionalization becomes a daunting task as a 
consequence. Considering the developments brought 
by CB[8] in the field of biomedical, there is no doubt 

that a number of possibilities remains to be explored 
in case that the functionalization of CB[8] can be 
unlocked.

•	 Except for cyclodextrins, almost no macrocycles 
including CB[8], have been approved or even used 
in clinical practice owing to their potential biotox-
icity and immunogenicity. More attentions should 
be paid to the biocompatibility and degradability of 
CB[8] to avoid the systemic toxicity and immuno-
toxicities.

•	 Although CB[8]-based supramolecular theranos-
tic systems have been engaged in a variety of bio-
medical fields, as mentioned and referenced ear-
lier in this Review, more complicated theranostic 
means are not involved, such as ultrasound imaging 
(US), photoacoustic imaging (PA), single-photon 
emission computed tomography (SPECT), mag-
netic resonance imaging (MRI), X-ray computed 
tomography (CT), radiotherapy, ultrasound therapy 
and smart immunotherapy. It is the high time to 
develop more novel supramolecular theranostics 
via reasonably crossing chemistry, pharmacology, 
materials engineering, cancer biology and oncol-
ogy.

In conclusion, we passionately believe that CB[8] 
and their derivatives are highly promising and potent 
candidates in constructing smart supramolecular nan-
otheranostics with the improved therapeutic effects. 
Prominent improvement and achievements will be 
achieved in the field of supramolecular theranos-
tics and meaningful improvement of health services 
of human beings will be observed benefiting from the 
intelligent development of CB[8]-based biomaterials in 
the near future.
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