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With excellent biocompatibility and biodegradability, natural polysaccharides and their derivatives have
exhibited great potential in constructing drug delivery vehicles for tissue engineering and therapeutics.
Cucurbit[n]uril (CB[n])-mediated reversible crosslinking of polysaccharides possess intrinsic stimuli-
responsiveness towards competitive guests and have been extensively investigated to fabricate various
particles and hydrogels for multiple stimuli-responsive drug release by incorporation with other stimuli
including photo, redox, and enzyme. Through host-guest interactions between CB[6] and aliphatic
diamines, functional tags covalently connected with CB[6] can be readily anchored into polysaccharide-
based hydrogels, realizing multiple functionalization. The rheological property and drug release profile of
polysaccharide-based supramolecular hydrogels can be facilely tuned through CB[8]-mediated dynamic
homo or hetero crosslinking of polysaccharides and/or other polymers. In this review, we introduce and
summarize recent progress regarding polysaccharide-based supramolecular drug delivery systems
mediated via host-guest interactions of CB[6] and CB[8], covering both bulk hydrogels and particular
systems. At the end, possible utilization of CB[7]-based host-guest interactions in constructing
polysaccharide-based drug delivery systems and future perspectives of this research direction are also
discussed.
© 2020 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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1. Introduction that can drive targeted delivery, and others are susceptible to

enzymatic degradation that may facilitate controlled drug release

Polysaccharides are a family of biopolymers isolated from
natural sources, which are endowed with biocompatible advan-
tages over synthetic polymers, suitable for biomedical applications
(Fig. 1). Due to their excellent biocompatibility and biodegradabil-
ity, polysaccharides, for instance, chitosan, sodium alginate,
hyaluronic acid, cellulose etc., have been extensively utilized to
construct drug delivery vehicles (hydrogels, particles) for tissue
engineering and therapeutics [1-3]. Some polysaccharides
(hyaluronic acid, pectin, etc.) even have natural biological receptors
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at specific site [4]. Moreover, with abundant active groups
(hydroxyl, amino, carboxylic group) in the polymer chain of
polysaccharides, chemical modification of polysaccharides to
construct drug delivery vehicles can also be readily achieved [5].
Usually, polysaccharides often need to be crosslinked to improve
the physical and chemical properties when forming drug delivery
vehicles. The most commonly employed covalent crosslinking
methods include alkenyl chemistry, click chemistry, and cleavable
covalent bonding (Schiff base, disulfide chemistry, etc.) [2,6,7].
Although covalent crosslinking offers polysaccharide-based drug
delivery vehicles with robustness, the irreversible chemical bonds
often make it complicated to tune the crosslinking degree. In
addition, the overall biocompatibility of covalently crosslinked
polysaccharides might be affected by synthetic conditions and
potentially toxic degradation products or byproducts such as
glutaraldehyde [7,8]. Thereby, noncovalent supramolecular cross-
linking strategy is often more favorable than covalent crosslinking,
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Fig. 1. Chemical structures and schematic diagram of representative polysacchar-
ides, CB[n] and host-guest complex of CB[6] and CB|[8], respectively.

because the biological properties of polysaccharides can be well
maintained, and the crosslinking degree is more facilely adjusted
via crosslinking [2]. Moreover, the dynamic noncovalent cross-
linking of polysaccharides often endows the obtained hydrogels
with self-healing property and responsiveness. For instance,
positively charged polysaccharides (e.g., protonated amino groups
on chitosan) and negatively charged polysaccharides (e.g., depro-
tonated carboxylic groups on hyaluronic acid and alginate) are
often crosslinked with the help of oppositely charged polyelec-
trolytes or multivalent ions [9,10]. The obtained hydrogels are
often pH-responsive, due to the protonation/deprotonation effect
of amino groups and carboxylic groups on polysaccharides.
Notably, along with the evolution of supramolecular host-guest
chemistry studies from initial molecular recognition in organic
solvents to more challenging recognition and self-assemblies in
water, macrocyclic host-guest interactions are particularly appeal-
ing as driving forces for noncovalent crosslinking of polymers
under aqueous solutions in recent years, especially for construct-
ing drug delivery vehicles for biomedical applications [11-15]. The
dynamic host-guest interactions not only endow drug delivery
vehicles intrinsic stimuli responsiveness towards competitive
guests, but also pave a promising way to readily achieve multiple
functionalization through host-guest complexation [16,17]. More-
over, by incorporation with responsiveness towards other stimuli,
including photo, redox, and enzyme, polysaccharide-based par-
ticles and hydrogels mediated via host-guest interactions may
achieve more specific drug release [16].

Cucurbit[n]urils (CB[n]s, n=5-8, 10) are a family of macrocyclic
host molecules composed of n glycoluril units linked by 2n
methylene groups (Fig. 1) [18,19]. As intrinsic water-soluble and
biologically-inert macrocycles, CB[n]|s have received particular
interest in biomedical research field, since they can form ultra-
strong host-guest complexes with binding affinities largely exceed
other macrocycle-based (for instance, cyclodextrin) supramolecu-
lar systems in aqueous solution [20-22]. CB[6] and CB[7]
homologues form binary host-guest complexes with aliphatic
and aromatic derivatives, while unique CB[8] homologue is large
enough to simultaneously accommodate two guests inside its
cavity, forming homo-ternary complexes with phenylalanine
terminated guests, and hetero-ternary complexes with electroni-
cally complementary guests [20,21]. CB[n] homologues have been
extensively utilized to construct various supramolecular assem-
blies for drug delivery applications [11,20,21,23-25]. For instance, a
plenty of CB[n]-based supramolecular prodrugs were developed
via direct encapsulation of drug molecules either to improve their
therapeutic performance towards various diseases and/or inhibit/
reverse undesired side effects [26-30]. Supramolecular nano
assemblies (micelles/vesicles, organic framework, nanocapsules)

mediated via host-guest interactions of CB[n]s have also been
extensively investigated for efficient drug delivery applications
[31-33]. In particular, through host-guest interactions between
CB[6] and aliphatic diamines, functional tags covalently connected
with CB[6] can be readily anchored into polysaccharide-based
hydrogels, realizing multiple functionalization [34-36]. The
rheological property and drug release profile of polysaccharide-
based supramolecular hydrogels can be facilely tuned through
CB[8]-mediated dynamic homo or hetero crosslinking of poly-
saccharides and/or other polymers [37,38]. In this review, we
introduce and summarize recent progress regarding polysaccha-
ride-based supramolecular drug delivery systems mediated via
host-guest interactions of CB[6] and CB[8], covering both bulk
hydrogels and particular systems. Acyclic CB[n] conjugated
polysaccharides for direct drug loading was not detailed discussed
[39]. Moreover, possible utilization of CB[7]-mediated host-guest
interactions to construct polysaccharide-based drug delivery
vehicles is also included at the end of this article, and future
perspectives of this research direction is also discussed.

2. Polysaccharide-based supramolecular drug delivery systems
mediated via CB[6]-guest interactions

As the first identified homologue, CB[6] has a portal diameter of
only 3.9A, which is commonly known to selectively encapsulate
aliphatic amines, and the strongest binary host-guest interactions
of CB[6] occurs when complexing with pentano- and hexano-
bridged a,w-diammonium functionalities (K, up to 10'® L/mol)
[20,40]. With two identical carbonyl portal located on both sides,
CB[6] was employed to regulate the aggregation behavior of
polysaccharides, resulting in formation of polysaccharide-based
particles for drug delivery. Tan et al. firstly observed nano sized
micelle-like aggregation of sodium alginate upon addition of CB[6]
in an aqueous solution, resulting from the Coulombic forces
between the carbonyl portal of CB[6] and sodium alginate, with
sodium as bridge [41]. Subsequently, they successfully fabricated
CB[6]/alginate hydrogel beads with a uniform size (with diameter
of ca. 2.5mm) for the controlled release of a model drug
5-fluorouracil [42].

CB[6] derivatives have also been built into polysaccharide-
based biomaterials for drug delivery and related applications
[34,36,43]. In particular, CB[6] and aliphatic diamines are firstly
pre-modified on two polysaccharides, respectively. The strong
host-guest interactions between CB[6] and aliphatic diamines
served as the main driving force for dynamic crosslinking of
polysaccharides, resulting in the formation of hydrogels or
particles for drug delivery [34-36]. Furthermore, the un-
complexed aliphatic diamines can be employed for further
functionalization via host-guest interactions between CB[6]-
conjugated functional tags and un-complexed aliphatic diamines

CB[6] grafted polysaccharide

DAH grafted polysaccharide

Hydrogels (CB[6])/DAH)

CB[6] with “tags”

Fig. 2. Polysaccharide-based supramolecular hydrogels mediated via CB[6] guest
interactions.
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(Fig.2)[36].In 2012, Kim et al. reported supramolecular hyaluronic
acid (HA) hydrogel prepared in situ and its successful application
for cell tissue engineering in vivo [36]. CB[6] modified HA (CB[6]-
HA) and diaminohexane grafted HA (HA-DAH) could assemble into
biocompatible hydrogel (CB[6]/HA-DAH) in the presence of cells
with tunable mechanical property through the strong and selective
encapsulation of DAH by CB[6] [36]. The hydrogel was modularly
modified with various functional tags covalently connected with
CB[6] such as fluorescent-dye-conjugated CB[6] (FITC-CB[6]) and
peptide conjugated CB[6] via host-guest complexation with
unoccupied DAH moieties. Cell proliferation results suggested
that the treatment of CB[6]/HA-DAH hydrogels with c(RGDyK)-
CB[6] (a cyclic derivative of RGD having a high affinity for avs3
integrin, RGD for arginylglycylaspartic acid) not only led to the
capture of c(RGDyK) peptides but also reconstructed a stable RGD
environment for cellular adhesion and proliferation with high
efficiency. In vivo experiments suggested that CB[6]/HA-DAH
hydrogel was in-situ formed under nude mice’s skin within a few
minutes post-administration and its shape was kept for more than
two weeks. After in-situ modification of FITC-CB[6], the hydrogel
inside the mouse emitted fluorescence for 11 days, while hydrogel
modified with carboxyfluorescein without CB[6] conjugation lost
fluorescence within a day [36]. This strategy was subsequently
employed to prepare CB|[6]/HA-DAH hydrogel modified with drug-
CB[6] conjugate for the facial chondrogenesis control of human
mesenchymal stem cells, and long-term mesenchymal stem cell
cancer therapy in vitro and in vivo [34,43].

3. Polysaccharide-based supramolecular drug delivery systems
mediated via CB[8]-guest interactions

The unique ability of CB[8] in forming stable ternary host-guest
complexes by simultaneous encapsulation of two guests into its
cavity has greatly expanded the molecular recognition of CB[8].
The sequential encapsulation of an electron deficient guest (such
as methyl viologen dication, MV) and an electron rich guest (such
as naphthyl (Nap) derivatives) by CB[8] results in formation of
hetero-ternary complexes, stabilized by charge-transfer interac-
tions (K, up to 10 L? mol2) [44,45]. A compound with both
electron deficient and electron rich moieties (such as 2-anthracene
ammonium (Ant), coumarin), or one that could be reduced to
radical cation species (such as MV**), often experiences a double
encapsulation by CB[8], forming homo-ternary complexes [46-48].
It is worthy to note that some specific peptide sequences
containing tryptophan (Trp) or phenylalanine (Phe) residues could
also be dimerized by CB[8] through double encapsulation of Trp or
Phe residues (K, up to 10" L2 mol~2) [49,50]. With such unique
strong ternary host-guest interactions of CB[8], the applications of
CB[8] as a supramolecular “glue or handcuff’” for polymer
crosslinking to fabricate polysaccharides-based drug delivery
vehicles have been extensively studied, because only guests need
to be pre-modified on polysaccharides when using CB[8] for
crosslinking, avoiding challenging preparation of CB[n] derivatives.
Polysaccharide-based supramolecular drug delivery vehicles con-
structed through ternary host-guest interactions of CB[8] exhibit
intrinsic stimuli responsive property, as the controlled release of
cargoes from hydrogels and particles can be readily achieved upon
addition of a competitive guest of CB[8] with a higher binding
affinity.

3.1. Homo-ternary host-guest interactions of CB[8]

Wang et al. reported the preparation of chitosan (CS)-based
supramolecular nanostructures mediated via homo-ternary host-
guest interactions of CB[8] [51]. CS was first modified with
Phenylalanine (Phe) through amidation reaction to obtain CS-Phe,

and the addition of CB[8] into CS-Phe aqueous solution resulted in
formation of CS nanoparticles (CB[8]/CS-Phe) driving by homo-
ternary complexation between CB[8] and 2Phe. A model drug
doxorubicin was loaded into CB[8]/CS-Phe nanoparticles and was
found to exhibit selective release towards endogenous and
exogenous competitive guest, spermine and amantadine, respec-
tively (Fig. 3). With the help of microfluidic technique, Scherman
et al. developed supramolecular cargo delivery microcapsules by
employing CB[8]-mediated crosslinking of Ant modified hydrox-
yethyl cellulose (HEC-Ant) as supramolecular skins of micro-
capsules [52]. The permeability of the skin was tunable through
UV-triggered [4+4]-photo-dimerization of two Ant moieties
inside CB[8]'s cavity. Upon addition of competitive guests for
disassembling CB[8]/2Ant complexes, the skin of the microcapsule
was readily destructed, resulting in the release of the loaded
cargoes. This microfluidic strategy to prepare microcapsules for
controlled drug delivery was also successfully demonstrated by
using CB[8]-mediated hetero-ternary complexation between Nap
modified HEC and MV functionalized poly((vinylbenzyl)trimethy-
lammonium chloride) [53].

Additionally, the homo-ternary host-guest interactions of CB[8]
and 2Phe was employed to fabricate polysaccharide-based
supramolecular hydrogel with self-healing property and stimuli-
responsiveness (Fig. 3). Scherman and co-works developed a facile
reproducible methodology to prepare a variety of polysaccharide-
based supramolecular hydrogels by CB[8]-mediated crosslinking of
Phe-grafted polysaccharides including HA, HEC, carboxymethyl
cellulose (CMC), and guar, respectively [54]. CB[8]/CMC-Phe
supramolecular network can be further interpenetrated with
supramolecular DNA network to obtain double network hydrogels
with complementary mechanical property of each hydrogel [55].
The hybrid hydrogel possessed selective degradability towards
specific enzymes, geared for applications of drug-controlled
release and tissue engineering. In 2018, Scherman et al. demon-
strated the application of high water content (98%) CB[8]/HA-Phe
supramolecular hydrogel for efficiently delivering chemotherapies
for glioblastoma treatment in vitro and ex vivo [37]. The optimized
supramolecular hydrogel was injectable and adjusted less stiff than
brain tissue, thereby implantable after surgery resection, and the
contact surface area was increased than that of commercially used
Gliadel® wafers. By replacing Phe with coumarin, the stiffness of
CB[8]/HA-coumarin supramolecular hydrogel was reversibly
modulated through light-controlled [2+2] cycloaddition of
coumarin [38]. Very recently, Wang et al. reported the fabrication
of berberine (BBR)-loaded supramolecular konjac glucomannan
(KGM) hydrogel (CB[8]/KGM-Phe) with tunable crosslinking
degree for ulcerative colitis (UC) therapy [56]. The supramolecular
hydrogel was stable in gastric area and can be degraded by colon-
specific enzymes, resulting in burst drug release at the colon site. In

Phe grafted polysaccharide

© &

CB[8] and CB[8]/2Phe
complex

Hydrogels (CB[8]/2Phe)

Fig. 3. Polysaccharide-based supramolecular hydrogels and particles constructed
by homo-ternary host-guest interactions of CB[8].
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vivo mice model study with dextran sulfate sodium induced UC
demonstrated that BBR-loaded CB[8]/KGM-Phe hydrogel signifi-
cantly improved the therapeutic efficacy of BBR without causing
systematic toxicity.

3.2. Hetero-ternary host-guest interactions of CB[8]

Compared with homo-ternary complexation, hetero-ternary
host-guest interactions of CB[8] are more favorable to crosslink
polysaccharides with different biopolymers or synthetic polymers,
mostly for the purpose of performance complementation, provid-
ing a facile and tunable method for constructing superior drug
delivery vehicles [57-59]. In 2012, Scherman et al. prepared a high
water content supramolecular hydrogel via CB[8]-mediated cross-
linking between Nap modified HEC (HEC-Nap) and MV modified
poly(vinylalcohol) (PVA-MV) under biologically relevant temper-
atures [58]. The high biocompatibility of this hydrogel was
benefited from the combination of HEC polysaccharides. The
mechanical properties of the CB[8]/HEC-Nap/PVA-MV hydrogel
were readily tuned through varying the ratios of each constituents,
to suppress the initial burst release of proteins from hydrogel as
well as to realize highly sustainable release of proteins with well-
preserved activity. Later, the multiple stimuli-responsive property
of this supramolecular hydrogel towards temperature, competitive
guests, specific organic solvents, and MV reducing agent was
successfully demonstrated, because these external stimuli can
disassemble CB[8]/Nap/MV hetero-ternary complexes, resulting in
collapse of the supramolecular hydrogel [59]. Light-triggered
“activation” and “de-activation” of photo-responsive competitive
guest (azobenzene (Azo) imidazolium derivative) in CB[8]/Nap/
MV-mediated polysaccharide-based supramolecular hydrogel was
also investigated to facilely photo-modulate its rheological
properties [60].

Incorporation of nanoparticles into polysaccharides matrix via
CB[8]-mediated hetero-ternary host-guest interactions was also
developed to improve their respective drawbacks (Fig. 4). For
instance, to inhibit initial burst release of cargoes from hydrox-
ylpropyl cellulose (HPC)-based hydrogels, virus nanocages were
integrated into HPC hydrogel network via CB[8]-mediated cross-
linking of HPC and virus that are respectively pre-modified with
MV and Nap [61]. The virus compartments inside hydrogel not only
improved the solubility of the loaded model drug tetrasulfonated
zinc phthalocyanine, but also facilitated its quantification inside
the hydrogel. In contrast, very recently, Wang et al. reported the
“turn-off” of non-specific toxicity of MV functionalized polylactic
acid nanoparticles by CB[8]-mediated supramolecular coating of
Azo grafted HA (HA-Azo) [62]. This toxicity shielding strategy was
validated by using in vitro and in vivo models. Notably, upon remote
photo-irradiation, the configuration change of Azo from trans to cis
would disassemble the CB[8]/Azo/MV hetero-ternary complexes,
resulting in falling off of HA-Azo from the nanoparticles, thereby

\ : > l |
* 8 _ ‘\\/ g
7 i \_/ “ =
MYV and Nap grafted nanoparticles and
polysaccharide

CB[8] and CB[8)/Nap/MV complex

Hydrogels (CB[8)/Nap/MV)

Fig. 4. Polysaccharide-based supramolecular hydrogels constructed by hetero-
ternary host-guest interactions of CB[8].

activating the toxicity of nanoparticles, which can be applied for
smart and safe antibacterial and anticancer therapy.

4. Outlook

CB[6] and CB[8]-mediated host-guest interactions have been
extensively investigated to construct polysaccharide-based supra-
molecular particles and hydrogels for drug delivery applications.
In addition to particles and hydrogels, CB[6] was also modified
on HA chain to prepare HA receptor targeted on demand
theranostic systems via host-guest interactions between CB[6]
and spermidine conjugated functional groups [63]. Despite these
successes, the large-scale obtaining of pure mono-substituted
CB[n]s derivatives bearing active sites remains challengeable, and
the low organic solubility of CB[n] derivatives and their self-
inclusion issues constrain their efficient conjugation with poly-
meric materials [25]. These obstructions are pretty much the
agenda for biomedical applications of CB[n]. For instance, the
grafting of CB[6] onto polysaccharides requires tedious synthetic
steps to obtain allyl- or amino-terminated CB[6] derivatives
first, and the relatively poor water solubility of CB[6] derivatives
also makes difficult to react with polysaccharides in aqueous
solutions that often has to be used for dissolving polysaccharides.
Therefore, direct grafting of CB[n] onto polysaccharides via radical
reactions is worthy to be investigated. In addition, as CB[8]
derivatives bearing active sites is yet to be synthesized and
CB[8] possesses unique ability to form ternary complexes for
polymer crosslinking, the pre-modification of guest molecules
onto polymer chains is most commonly employed to construct
CB[8]-based drug delivery systems. CB[8]-mediated hetero-ter-
nary complexation mostly involves MV or MV modified guests,
which raises significant cytotoxicity concerns for biomedical
applications, although several particular cases demonstrated that
MV modified guests exhibit relatively good biocompatibility
[64,65]. Nevertheless, the safety profile also needs to be fully
addressed in future studies.

More importantly, the integration of CB[7] with polysacchar-
ides has been rarely investigated. The challenging large-scale
synthesis of CB[7] derivatives and the requirement of tedious
synthesis for grafting CB[7] onto polysaccharide constrain the use
of CB[7] in construction of polysaccharide-based drug delivery
systems. With superior water solubility, well-explored safety
profile and appropriate cavity size, CB[7] exhibits the greatest
potential among CB[n] family for drug delivery applications
[26,28]. Zhang et al. have developed PEG/CB[7] copolymer to
complex with anticancer drugs for efficient supramolecular
polymeric chemotherapy [29]. Supramolecular PEGylation of
biopharmaceutics through CB[7]-mediated host-guest interac-
tions with aromatic amino has achieved great success in improving
therapeutic efficacy of insulin and pramlintide [66,67]. Polysac-
charides are often considered as potential alternatives of PEG, as
they can play similar “stealth” role to PEG for blood circulation
prolonging through, for instance, constraining non-specific protein
binding [2,68]. Moreover, most polysaccharides have good
biocompatibility and low immunogenicity, which can be modified
with CB[7] to construct supramolecular assemblies via host-guest
interactions of CB[7] for drug delivery applications. Meanwhile, the
variety of polysaccharides used to construct CB[n]-based supra-
molecular drug delivery systems may also get extended along
with the development of CB[n]s in the future.
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