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Recently, sustained release vectors, especially cyclodextrin (CD) based supramolecular carriers, have
been reported to play an important role and have spurred interesting developments as novel gene
delivery systems. This review will summarize the recent designs of CD-based supramolecular structures
as sustained gene release systems in terms of CD-based graft copolymers, polyrotaxanes or poly-
pseudorotaxanes, and supramolecular hydrogels; the advantages of these CD-based supramolecular
carriers in terms of biocompatibility, gene transfection ability and controllable release rate by tuning the
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de-threading of CDs; and the applications of these CD-based supramolecular sustained gene release
systems in disease treatments by taking advantage of their increase of the therapeutic gene's treatment
DOI: 10.1039/c8gm00570b period, thereby improving the gene transfection efficiency and avoiding repeated administration to

increase patient compliance. Last but not least, the further endeavour towards CD-based supramolecular
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structures as more precise sustained gene release systems will also be discussed.

1. Introduction

Though gene therapy has shown promising therapeutic effects
over the past few years, its clinical trials still face a number
of challenges, especially in terms of achieving sustained and
continuous gene expression in targeted cells or tissues to meet
the clinical demand."™** Recently, non-viral sustained release
gene or drug delivery vectors, which aim to provide a persistent
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concentration of therapeutics to disease sites and to improve the
transfection efficiency with low toxicity, have shown attractive
applications in treating locoregional diseases such as primary
tumors, angiogenesis or reproducible tissue regeneration.'*2°
To achieve sustained gene delivery, a variety of non-viral vectors
have been designed by taking advantage of natural or synthetic
polymers with invisibility to the immune system.>"** Typically,
natural polymers (i.e., agarose,”® hyaluronan,* chitosan,>
or alginate®®) have been proposed as sustained gene delivery
vectors at an early stage. Although natural polymers are able to
provide a mild environment for genes and can be degraded into
the biocompatible components of the extracellular matrix, their
gene transfection efficiency is still far from satisfaction. There-
fore, an alternative approach by attaching genes to synthetic
polymers, such as poly(i-glutamic acid) (PLGA), poly(ethylene-
imine) (PEI), poly(i-lysine) (PLL), and poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA),”” in the form of hydrogels,
nanospheres, microspheres, or scaffolds,>®*° has been utilized
to achieve the sustained release of genes. It is worth mentioning
that there are several advantages of polymer-mediated sustained
release systems.*°” Firstly, the therapeutic gene can be pro-
tected from the aggressive environment before release.*?
Secondly, the polymers can be modified by various methods to
achieve targeting specificity.** Thirdly, the encapsulated gene
can be released from the gene-polymer complexes at a control-
lable constant rate and transferred into the cell efficiently.** Last
but not least, they can maintain therapeutic gene concentrations
in targeted cells or tissues for a long time, and therefore repeated
administration is circumvented and patient compliance can be
improved.*®

Among recently reported sustained gene delivery systems,
cyclodextrin (CD) based supramolecular systems have attracted
wide interest.’” Cyclodextrin is a general term for a series of
biocompatible cyclic oligosaccharides produced by amylose
with the assistance of cyclodextrin glucosyltransferase from
bacillus, which possess the ability to serve as host molecules

Xian Jun Loh is a polymer chemist
working in the inter-disciplinary
field of biomaterials. He is a
senior scientist and currently the
department head of the Soft
Materials at the Institute of
Materials Research and Engineer-
ing (IMRE) and a faculty member
of the National University of
Singapore (NUS). He 1is the
current Vice President of the
Singapore National Institute of
Chemistry and a fellow of the
Royal Society of Chemistry. His
main research interests are in the design of supramolecular and
stimuli-responsive polymers and hydrogels for biomedical and
personal care applications.

Xian Jun Loh

182 | Mater. Chem. Front., 2019, 3, 181-192

View Article Online

Materials Chemistry Frontiers

CD-based polyrotaxanes
focotmononmer)

NOz ON
W-C}—umwmwwmﬁmtw«mmcmw-owﬁ
Vo, WL o on

Cationic copolymer-CD-based
Improved amphiphilic  SuPramolecular hydrogel
copolymer-CD hydrogel

Dendrimer-CD hydrogel <
CD grafted polymers

Pw’@wu:-”s}

1999 2003 2007 2009 2011 2012 2016 2017 2018

g R~

(N

CD-based
gene carrier

Dendrimer-CD
. based hydrogel

LD & Targeted CD-based
Improved dendrimer-CD supramolecular
polypseudorotaxanes hydrogel

Polyrotaxanes composed of CDs
and amphiphilic copolymer

Fig. 1 The advances of cyclodextrin-based sustained gene delivery systems
in recent years. Reproduced with permission.** Copyright 2016, Elsevier.
Reproduced with permission.** Copyright 1999, American Chemical Society.
Reproduced with permission.** Copyright 2007, American Chemical
Society. Reproduced with permission.*> Copyright 2009, Elsevier. Repro-
duced with permission.*® Copyright 2012, Elsevier. Reproduced with permis-
sion.*” Copyright 2011, Royal Society of Chemistry. Reproduced with
permission.*® Copyright 2012, Elsevier. Reproduced with permission.*®
Copyright 2012, American Chemical Society. Reproduced with permis-
sion.>® Copyright 2017, John Wiley and Sons. Reproduced with permission.>
Copyright 2018, John Wiley and Sons.

to encapsulate guest components to form supramolecular
structures in a self-assembly manner.*®*® Interestingly, recent
reports showed that CD based supramolecular structures could
be designed as sustained gene release systems (Fig. 1). More
importantly, these supramolecular architectures exhibited high
transfection efficiency, lower carrier cytotoxicity, and a controll-
able gene release rate by tuning the CD concentration.*’ Typically,
Lin et al. experimentally revealed that higher CD concentrations
might lead to slower gene release rates.*’ In short, CD based
supramolecular structures, with high biocompatibility, satisfac-
tory gene transfection efficiency, and gene release rate adjust-
ability, show great advantages in sustained gene delivery as well
as disease treatment."” However, a comprehensive summary of
the recent advances of CD based supramolecular structures as
sustained gene delivery systems as well as their potential
therapeutic applications is lacking. Hence, this review covers
the recent designs of CD based supramolecular structures,
in terms of CD-grafted polymers, polyrotaxanes or polypseudoro-
taxanes, and supramolecular hydrogels, as well as their unique
properties in therapeutic applications, to provide the frontiers of
material chemistry in CD and its various self-assembly forms for
sustained gene delivery as well as precision medicine.

2. Design of cyclodextrin-based
structures for sustained gene delivery
2.1 Cyclodextrin-based graft copolymer for gene delivery

Due to the features of bioavailability, biocompatibility and
charge density enhancing capability, cyclodextrins (CDs) are
connected with cationic polymers to achieve improved gene
transfection efficiency. Generally speaking, cyclodextrin-based
polymeric structures are formed by linking the cyclodextrin
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core with cationic copolymer monomers with low cytoxicity.>>
The first CD based cationic polymer for gene delivery was
reported in 1999, when modified B-cyclodextrin (B-CD) was
conjugated with dimethylsulfate (DMS) or dithiobis(succinimidyl
propionate) (DSP) to form low cytotoxic polycations, with the
ability to compress genes into small size particles and to show
similar transfection efficiency to poly(ethylene imine) (PEI).*’
Furthermore, their gene delivery capacity or transfection effi-
ciency and cytotoxicity largely depended on the polymeric
structure and molecular weight.>® More interestingly, the CD-
based polymers could be further cast into a film form to achieve
sustained release of the gene. As a typical example, Hu et al.
loaded a conjugate of PEI and CD with plasmid deoxyribonu-
cleic acid (PEI-CD/pDNA), and cast them with poly(p,.-lactic
acid) (PDLLA) films, which allowed PEI-CD/pDNA to accumu-
late in the film layers.>® The experimental results showed that
the pDNA could be gradually released for 28 h, with degrada-
tion of the multilayer film, and exhibited higher gene transfec-
tion efficiency than the control group without CD conjugation.

The conventional cationic cyclodextrin-based polymers were
designed as linear repeating units, which were linked through
the covalent molecular interactions between CDs and polymer
monomers. Recently, more dense structures based on conjugat-
ing multiple cationic arms onto one CD core to greatly enhance
the local charge density were explored. Typically, Yang et al.
designed a star shaped o-CD-OEI polymer, in which the o-CD
core was linked to many oligomeric ethyleneimine (OEI)
arms.”® Experimental results revealed that, compared with high
molecular weight branched PEI, the cell toxicity of a-CD-OEI
vectors was smaller while the gene expression ability was still
high, which served as an ideal strategy to achieve satisfactory
gene transfection with low cytotoxicity. Similarly, Xu et al
designed another star-like polymer composed of B-CD cores
and short cationic poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) arms with further conjugation to poly(ethylene
glycol) (PEG).>” Compared with high molecular weight PDMAEMA
polymers, this unique structure exhibited much better biocompa-
tibility and higher gene transfection efficiency. It is also worth
mentioning that CD-based cationic polymers with a free CD cavity
were able to achieve synergistic delivery of genes and small drugs
with the ability to serve as guest molecules inside the host CD
cavity. For example, as shown in Fig. 2, Ma et al. designed a
dendrimer polymer based on the per-6-azido-p-CD (B-CD-(N3),)
and poly(r-lysine) (PLL) dendron for co-delivery of genes and
drugs, where the cavity of B-CD could encapsulate hydrophobic
anticancer drugs and the cationic PLL groups could bind DNA,
exhibiting good gene transfection efficiency and sustained drug
release behavior.>

Due to the unique hydrophobic cavity of CD, CD-based
cationic gene delivery vectors have the ability to achieve surface
functionalization or targeting ligand modification by easily
forming an inclusion complex, without disturbing particle
morphology or polycation/DNA interactions. As a typical case,
Bellocq et al. synthesized a cancer cell targeting CD-based gene
delivery vehicle made of an inclusion complex between a cationic
CD derivative polymer to condense pDNA and transferrin (Tf) as
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Fig. 2 Design of cationic dendrimeric polymers based on per-6-azido-
B-CD and PLL dendrons for co-delivery of genes and drugs. Reproduced
with permission.>® Copyright 2013, Elsevier.

well as adamantyl end-terminated PEG.>® The adamantly group
could serve as a guest molecule to form an inclusion complex
with the host CD molecule by self-assembly, which introduced
the PEG group into the CD derivative cationic polymer for
stability or biocompatibility increase and the Tf targeting group
to allow the complex to recognize cancer cells with abundant
transferrin receptors (TfRs). It represented a popular approach
to modify CD based vectors to achieve targeted delivery of the
therapeutic gene by host-guest self-assembly, including trans-
ferrin for TfR recognition,*”®" gold (Au) nanoparticles for
targeted photo-thermal treatment,®* and peptides for fibroblast
growth factor receptor (FGFR) targeting.®

2.2 Cyclodextrin-based polyrotaxanes and
polypseudorotaxanes for sustained gene release

In recent years, supramolecular polyrotaxanes and polypseudo-
rotaxanes have received increasing attention owing to their
exceptional architecture and low material toxicity, and they are
widely applied in drug and gene delivery.®*** Polyrotaxane is a
supramolecular complex formed by cyclic molecules threaded
onto a linear polymeric chain, whose ends are blocked by large
capping molecules to prevent the cyclic component leakage
and to maintain its stability. Different from polyrotaxane, poly-
pseudorotaxane has no hindered molecules at both ends of the
linear chain, where the cyclic molecule can freely dissociate and
associate from the supramolecular architecture. It is worth
mentioning that polyrotaxanes or polypseudorotaxanes are
composed of multiple rings passing through a linear polymer,
which is different from ordinary polymers with covalent linkage
of repeating units and limited freedom. Furthermore, the cyclic
group can freely rotate or slide on the chain molecule for poly-
rotaxanes, while the de-threading of macrocycles is stimulated
upon cleavage of large terminal groups. Due to this free mobility
of the cyclic molecule on the chain polymer, polyrotaxanes or
polypesudorotaxanes are favorable structures in facilitating the
interaction between the cationic polymer and the anionic gene.®
Hence, a number of reports have investigated the utilization of
CD-based polyrotaxanes or polypseudorotaxanes for gene delivery,
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which exhibited good biocompatibility and excellent gene
delivery capabilities.

2.2.1 Cyclodextrin-based polyrotaxanes. By taking advan-
tage of molecular recognition, cyclodextrin molecules might
form supramolecular polyrotaxane structures with linear poly-
(ethylene glycol) (PEG) or poly(propylene glycol) (PPG) with
large terminal groups. Due to size fitting, linear PEG can form
supramolecular complexes with the o-CD cavity, as one o-CD
molecule might thread onto two ~CH,CH,O- repeating units of
PEG.®® By taking advantage of this, Ooya et al. designed an
a-CD-based polyrotaxane showing good gene delivery efficiency,
in which a-CD was modified with cationic N,N-dimethylamino-
ethylmethacrylate (DMAEMA) arms to form a polyplex with the
anionic gene, while the linear PEG chain passed through the
annular cavity of o-CD and was further blocked by larger
benzyloxycarbonyl tyrosine caps at both ends.®®> More interest-
ingly, as this self-assembly process occurred in a size dependent
manner, o-CD with the smallest cavity size could only thread
onto poly(ethylene oxide) (PEO) while B-CD or y-CD exhibited
high affinity to poly(propylene oxide) (PPO) with extra side methyl
groups.®” For example, Li et al. designed a polyrotaxane-based
gene delivery vector by combining the triblock copolymer of PEO-
PPO-PEO and the B-CD ring with cationic oligoethyleneimine
(OEI) arm grafting.®® In this case, B-CD was threaded on the PPO
fragment and might move freely to unbound PEO segments,
which increased the flexibility of cyclic components in anionic
gene binding. Furthermore, the block copolymer PEO-PPO could
also react with cationic OEI conjugated o-CD to form supra-
molecular polyrotaxanes for gene delivery. In this case, o-CD
could form supramolecular complexes with the PEO segment but
not the PPO chain, because the volume of the PPO chain was so
voluminous that it might not pass through the smaller o-CD
inner ring. Such a polyrotaxane structure also allowed the cyclo-
dextrins to freely rotate and move on the chain, thus enhancing
the interaction of cationic groups with anionic DNA and improv-
ing gene transfection efficiency.**

It is worth mentioning that the polyrotaxane delivery sys-
tems were explored not only for transit gene delivery but also
sustained or continuous gene release.”® As shown in Fig. 3,
Yang et al. synthesized polyrotaxane carriers composed by
multiple o-CDs and the amphiphilic triblock copolymer PPO-
PEO-PPO.*> After terminal end capping of the copolymer after
polyrotaxane formation, short chain cationic OEI molecules
were further conjugated to cyclic a-CD to produce high gene
transfection efficiency, which could prolong the gene transfection
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Fig. 3 Design of polyrotaxanes for gene delivery, by threading a-CD with
cationic OEl arms onto linear PPO-PEO-PPO triblock copolymers as well
as large end group capping. Reproduced with Permission.*®> Copyright
20009, Elsevier.
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period due to stability increase. Similarly, polyrotaxane formed by
threading the B-CD-OEI loop onto a PEO-PPO-PEO triblock
copolymer could also exhibit strong DNA binding ability and
sustainable gene transfection efficiency.”®

2.2.2 Cyclodextrin-based polypseudorotaxanes. Due to the
blockage of terminal capping groups, polyrotaxane systems are
still not ideal for sustained gene release vector design. There-
fore, more efforts were devoted to synthesizing polypseudo-
rotaxanes to achieve sustained gene release and delivery. Harada
et al. firstly used the o-CD macrocycles and the PEG chain to form
polypseudorotaxane, while o-CD would detach from the PEG
chain when the polypseudorotaxane was dissolved in water.”*
Furthermore, Higashi et al. investigated PEGylated proteins and
found that this unique protein form could self-assemble into
polypseudorotaxane with cyclodextrins and achieve sustained
release of protein. Hence, similar ideas were applied to design
sustained gene delivery vectors by taking advantage of the poly-
pseudorotaxane structure.””

CD-based polypseudorotaxanes consisting of CDs and
PEGylated cationic poly(amidoamine) (PAMAM) dendrimer
were firstly utilized for sustained gene delivery by H. Arima’s
group.”® In detail, PAMAM dendrimers were used for gene
binding, while PEG groups could form supramolecular poly-
pseudorotaxanes with either o-CD with single PEG chain
threading ability or y-CD with two PEG segment threading
capacity. This unique polypseudorotaxane was reported to serve
as a gene delivery vector which could slowly release the encap-
sulated gene for more than 2 days. Furthermore, the gene release
rate could be slowed down by the reduction of the dissolution
medium volume. More interestingly, o-CD conjugated dendri-
mers were reported to show improved transfection capacity and
negligible cytotoxicity when compared to the unfunctionalized
dendrimers.”* Hence, Motoyama et al. synthesized a hybrid
polypseudorotaxane by attaching o-CD to PEGylated PAMAM
dendrimer as the core and then interacting with «-CD or y-CD
via supramolecular recognition between CD and PEG (as shown
in Fig. 4a), which showed efficient and sustained in vitro pDNA
transfection capability for at least 72 h.

It should be highlighted that the gene release mechanism of
polypseudorotaxanes was largely associated with the shedding of
CD from the linear polymer backbone, while the de-threading
rate of CD was proportional to the volume of the dissolution
medium, as shown in Fig. 4b.*® When injected into the body, the
body fluid might gradually dilute the polypseudorotaxane which
led to CD fall-off. In this case, the released genes/polymer
complexes could be absorbed by surrounding cells through
endocytosis. This dilution process might be modulated by
adjusting injection sites or changing the molecular weight of
the polymeric backbone, while CD might finally be circulated or
experience kidney clearance with the ability to reduce the
undesired side effects in clinical trials.

2.3 Cyclodextrin-based hydrogels for sustained gene release

Among the currently reported CD-based sustained gene delivery
systems, the most successful attempt was the design of supra-
molecular hydrogels, made of CDs as non-covalent linkers and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 4 (a) Design of PEG-a-CDE and CD based polypseudorotaxane;
(b) gene release mechanism of polypseudorotaxane after injection into
the body. Reproduced with permission.*® Copyright 2012, Elsevier.

the corresponding polymer chains. Due to their excellent
biocompatibility, reversibility, low irritation, and proper elasti-
city or viscosity, hydrogels received extensive attention in the
biomedical field.”>”® Interestingly, supramolecular hydrogels
have been successfully designed as novel delivery vehicles
owing to the controlled stability, good biocompatibility, high
drug loading and controllable release behaviour.””””® One
salient feature of the novel hydrogels is the absence of cross-
linking agents. Unlike conventional chemically crosslinked
hydrogels with undesired cytotoxicity concerns due to the
utilization of toxic chemical crosslinkers or photo-initiators,
supramolecular hydrogels utilized biocompatible CDs with less
cytotoxicity as physical crosslinkers due to their unique topo-
logical structures and have become popular designs for drug or
gene delivery.”®%°

In recent years, a series of inclusion complexes between a
polymer backbone and CDs were explored to form reversible
supramolecular hydrogels with controllable swelling charac-
teristics.®" More interestingly, therapeutic genes could be dispersed
into the matrix of these hydrogels to achieve gene delivery.*”
Because these CD-based hydrogels were crosslinked by the physical
interactions between polymers and their complex with CDs, these
unique hydrogels had low cytotoxicity and good biocompatibility, in
comparison with chemically cross-linked polymeric hydrogels which
involved the usage of chemical crosslinkers or photo-initiators with
potential toxicity. Another important feature of CD based supra-
molecular hydrogels lies in their ability of in situ formation of solid
state hydrogels, upon the stimulus of shearing force, temperature or
pH changes. Furthermore, a number of studies demonstrated that
CD-based supramolecular hydrogels had good sustained release
capabilities of encapsulated cargos.**®* Therefore, attempts were
made to use CD-based supramolecular hydrogels to achieve
sustained gene release and delivery.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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2.3.1 Supramolecular systems based on cyclodextrins
and dendrimers for sustained gene delivery. The formation of
polymeric hydrogels required a complex polymeric network,
where polymeric dendrimers or higher generation repeated
branched molecules represented a good candidate. As a typical
example, Deng et al. developed a novel hydrophilic hydrogel
matrix to encapsulate plasmid DNA for sustained gene delivery,
which was formed by mixing PEGylated polyamidoamine
(PAMAM) dendrimer with o-CD, as shown in Fig. 5a. In this
design, PEG, which was ratified for in vivo injection by the U.S.
Food and Drug Administration (FDA) due to its biocompatibility
and low immunogenicity,®® was incorporated to form an inclu-
sion complex with a-CD by self-assembly and physically cross-
linked to form a supramolecular hydrogel, while the cationic
PAMAM dendron was used for binding with plasmid deoxyribo-
nucleic acid (pDNA) and condensing pDNA into nanoparticles.*”
The DNA release profile showed that pDNA polyplexes exhibited
sustained release behavior for 5 days without quick release,
because the gene release was due to the gradual degradation
and destruction of this supramolecular hydrogel. Furthermore,
it was revealed that the gene release from the hydrogel was in the
form of a polyplex (the nanocomplex between pDNA and poly-
mers) rather than in naked pDNA form, which could protect
pDNA from rapid elimination.

In another study, Lin et al. utilized monofunctionalized
methyl ether PEG (MPEG) to combine with the arginine-
functionalized poly(i-lysine) PLL dendrimer (PLLD-Arg), which
further interacted with o-CD by host-guest interactions to form
a supramolecular hydrogel, as shown in Fig. 5b.*" In this case,
cationic PLL dendrimer was used to carry the anionic gene by
electrostatic forces due to its excellent biocompatibility and
gene transfection ability, while arginine was utilized to modify
MPEG-PLLD copolymers because arginine was reported to
increase the gene transfection efficiency of non-viral polymeric
vectors. This unique system could achieve sustained gene
release continuously for more than 6 days. Furthermore, experi-
mental results revealed that the hydrogel strength could be
adjusted by varying the amount of a-CD. In detail, higher a-CD
amount led to more rapid gel formation and increased hydrogel
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Fig. 5 (a) Structure of the supramolecular hydrogel made of an inclusion
complex between PEGylated PAMAM dendrimer and o-CD. Reproduced
with permission.*” Copyright 2011, Royal Society of Chemistry. (b) Schematic
illustration of the MPEG-PLLD-Arg dendrimer and o-CD based supra-
molecular hydrogel with anionic gene loading. Reproduced with permission.**
Copyright 2017, Elsevier.
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strength; higher strength might slow down the rate of hydrogel
erosion or degradation and reduce the release rate of the
encapsulated gene. In vitro cellular model evaluation showed
that this hydrogel had satisfactory gene transfection efficiency,
indicating its great potential in future sustained therapeutic
gene release applications.

2.3.2 Supramolecular systems based on cyclodextrins and
block copolymers for sustained gene delivery. Besides dendri-
mers, linear block copolymers could also serve as important
backbones for supramolecular hydrogels. Typically, Pluronic
(or block copolymer of PEO-PPO-PEO) triblock polymers have
been extensively studied to form hydrogels with CDs, with great
potential for drug and gene loading. Li et al. firstly reported a
novel supramolecular hydrogel composed of triblock copoly-
mer PEO-PPO-PEO and CDs owing to the threading of cyclic
CD molecules onto linear polymer chains, which could be easily
prepared at room temperature.’® Further study by Ni et al.
systematically explored the kinetics, rheology and formation
mechanism of this supramolecular hydrogel based on «-CD
and PEO-PPO-PEO, and experimental results demonstrated
that the o-CD/PEO-PPO-PEO hydrogel with reversibility and
thixotropic properties was formed due to inclusion complex
formation between o-CD and the PEO group by self-recognition
as well as hydrophobic interactions between PPO segments.®”

By taking advantage of this, PEO-PPO-PEO was used in sub-
sequent studies to achieve sustained gene delivery. As shown in
Fig. 6a, Ma et al. designed a novel polypseudorotaxane based
hydrogel to carry plasmid DNA, in which the block copolymer
was composed of PEO-PPO-PEO and PLL.*® PEO-PPO-PEO was
incorporated to interact with o-CD through supramolecular
interactions, and cationic polymer PLL might be combined
with anionic plasmid DNA through electrostatic interactions
for gene encapsulation. Since heparin sodium might bind to
cationic polymers and disrupt the polymer-DNA interactions,®
this PEO-PPO-PEO-PLL/u-CD/gene supramolecular hydrogel’s
in vitro gene release profile could be obtained upon heparin
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Fig. 6 Cyclodextrin-based hydrogels for sustained gene release. (a) Syn-
thetic routine of the PEO-PPO-PEO-PLL/a-CD/gene supramolecular
hydrogel. Reproduced with permission.*® Copyright 2011, Elsevier. (b) Struc-
ture of the MPEG—-PCL—-PDMAEMA/a.-CD/PEG/gene supramolecular hydro-
gel. Reproduced with permission.*® Copyright 2012, American Chemical
Society. (c) Schematic illustration of the MPEG-PCL-PEI/a-CD supra-
molecular hydrogel with sustained gene release ability. Reproduced with
permission.>® Copyright 2017, John Wiley and Sons.
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sodium treatment as well as later electrophoresis analysis.
Experimental results showed that pDNA was released from the
hydrogel matrix during formulation of the pDNA/PLL complex,
and this hydrogel could sustainably release the embedded gene
for more than 72 h. More interestingly, the increase of PEO-
PPO-PEO-PLL or a-CD content could slow down pDNA release,
because the elevated amount of PEO-PPO-PEO-PLL or o-CD
might increase the density and strength of supramolecular
hydrogels. In short, the results indicated that supramolecular
hydrogels with good biocompatibility could be used for the
potential sustained delivery and continuous release of genes.

Besides the copolymer of PEO-PPO-PEO, amphiphilic poly-
(ethylene glycol)-poly(e-caprolactone) (PEG-PCL) block copoly-
mers have also been utilized to form supramolecular structures
with CDs."®® Further studies showed that PEG-PCL conjugated
with cationic segments such as poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) could exhibit excellent pDNA binding
ability.®® By considering these advantages, Li et al. incubated
the MPEG-PCL-PDMAEMA triblock copolymers with an o-CD
and PEG mixture solution to form stable supramolecular poly-
pseudorotaxane hydrogels as a sustained gene release vector
(Fig. 6b).*° In this hydrogel system, PCL segments with high
hydrophobicity could partially aggregate to form the interior of
the micelle, while the cationic PDMAEMA segment could bind
with DNA. And the hydrophilic and biocompatible MPEG chain
could crosslink with o-CD to form a supramolecular network.
This rheological hydrogel was successfully utilized as a gene
carrier, while the embedded gene was released upon hydrogel
erosion. Experimental results showed that this hydrogel could
achieve more than 6 days’ continuous gene complex release,
while the naked gene released from the o-CD/PEG hydrogel only
lasted for up to 3 days. Furthermore, as shown in Fig. 6¢, Liu
et al. synthesized a supramolecular hydrogel which was formed
by the combination of cationic MPEG-PCL-PEI with anionic
pDNA and o-CD, owing to the threading of CDs onto PEG
chains.*® Experimental results demonstrated that this supra-
molecular hydrogel could release the gene for up to 7 days in a
sustained manner, and showed better biocompatibility and
higher gene transfection ability in comparison with PEI alone,
indicating its immense potential as a sustained gene delivery
vector.

3. Potential therapeutic applications of
cyclodextrin-based sustained gene
release vectors

Gene therapy has shown excellent clinical effects and great
potential in treating hereditary diseases or cancers, while its
success heavily relies on the design of carriers to safely deliver
therapeutic genes to targeted cells or organs.’®® Compared
with the common gene delivery vectors with only transient
transfection ability, vectors with sustained gene release capacity
might ensure gene transfection for a longer period of time
which could be beneficial for high transfection efficiency or
effective disease treatments. In detail, if the gene is delivered
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and continuously released in a carrier-encapsulated manner,
it can effectively prolong the half-life of the therapeutic gene in
the body and avoid rapid gene clearance, thereby maintaining
high transfection efficiency, and clinically reduce the number
of administrations, which can improve patient compliance.'® In
the following section, the therapeutic applications of CD-based
sustained gene release systems are summarized.

3.1 Advantages of cyclodextrin-based sustained gene release
vectors

The sustained release of genes which can avoid repeated
administration has far-reaching implications for clinical appli-
cations such as cancer treatment, tissue regeneration, or neuro-
logical repair.'®* Although the most widely used gene vectors in
current clinical trials are still viral vectors, such as the lentiviral
vector,'% y-rotavirus (y-RV),'® or the adeno-associated virus
(AAV) vector,"®* they might exhibit very high integration effici-
ency and might cause the body to produce an immune response
with unpredictable consequences. Non-viral vectors are superior
to viral vectors in terms of biocompatibility. Therefore, different
formulations of non-viral vectors were designed to achieve
continuous delivery of genes, including nanospheres, scaffolds,
etc. For example, Jeon et al. demonstrated that the addition
of pDNA-containing poly(lactic-co-glycolic acid) (PLGA) micro-
spheres to PLGA scaffolds enabled sustained release of genes for
two months and maintained long-term transfection efficiency.'*
Furthermore, Tahara et al. used chitosan modified PLGA nano-
spheres for gene delivery.'®® The transfection efficiency of
modified and unmodified nanospheres was compared and it
was found that chitosan-modified PLGA nanospheres exhibited
small interfering ribonucleic acid (siRNA) sustained delivery
capacity (Fig. 7a) and higher transfection efficiency (Fig. 7b).
Last but not least, as shown in Fig. 7c and d, Peng et al. con-
tinuously delivered DNA-binding protein inhibitor Id1-targeted
small interfering ribonucleic acid (siRNA) to tumor cells by
using a poly(ethyleneimine) (PEI)/collagen hydrogel, which
showed sustained siRNA release ability and a better tumor
suppressing effect."®”

Due to the good biocompatibility of CDs, CD-based gene
delivery systems might be less toxic than other non-viral cationic
gene delivery vectors. Furthermore, CD-based gene delivery sys-
tems had high transfection efficiencies and were able to control
gene release rates by altering the composition of the delivery
system. Hence, the CD-based sustained gene release system had
great significance and application prospects in gene therapy. As
typical examples, CD-based polypseudorotaxanes or supramole-
cular hydrogels could serve as gene delivery vehicles with the
ability to continuously but not suddenly release therapeutic
genes, upon slow dissociation or degradation of supramolecular
structures. For instance, Motoyama et al. combined CD with
PEG-PAMAM dendrimer to form polypseudorotaxane, which
could control gene release by adjusting the dissolution medium
volume and achieved sustained release of the gene for up to
72 h.”? Similarly, supramolecular hydrogels based on MPEG-
PCL-PDMAEMA and o-CD could also be utilized to in vitro
release embedded genes slowly for up to 6 days, as shown
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and dissociation profile (b) of these supramolecular hydrogels as a function
of incubation time at pH 7.4 and 37 °C. Reproduced with permission.*°
Copyright 2012, American Chemical Society.

in Fig. 8.* These experimental results showed that the gene
release of CD-based hydrogels was mainly controlled by the
depolymerization of CDs and the degradation or erosion of
supramolecular hydrogels.

Since the release rate of genes in the CD based supramolecular
system was affected by the strength of the system, a major feature
of the CD-based sustained gene release system was that the gene
release rate might be adjusted by changing the composition
concentration within supramolecular systems. For example, the
supramolecular system made of Pluronic F-68 and cationic poly(r-
lysine) block copolymer F-68-PLL as well as o-CD could exhibit a
tunable gene release rate, by adjusting the concentrations of a-CD
or F-68-PLL (Fig. 92)."® The experimental results showed that high
concentrations of o-CD or F-68-PLL would slow down the rate of
gene release, which might be due to stronger gelation upon
increasing o-CD or F-68-PLL concentrations (Fig. 9b).
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molecular complex systems containing F-68-PLL, a-CD and plasmid DNA.
Reproduced with permission.*® Copyright 2012, Elsevier.

3.2 Cyclodextrin-based sustained gene release systems for
DNA delivery

Gene therapy plays a very important role in cancer treatment. The
delivery of anti-proliferation plasmid DNA or pDNA to tumor cells,
by using non-viral gene carriers instead of viral vectors with limited
inside cavity space which might not be suitable for pDNA with
high molecular weight, represents a good idea in cancer treatment.
As a typical example, Suzuki et al. used a non-viral gene carrier to
deliver the interleukin 12 gene (IL-12) and allowed the overexpres-
sion of IL-12 proteins in tumor cells, which could effectively inhibit
the cancer cell growth by immunomodulation.'®® In the other case,
Li et al. utilized a star shaped cationic polymer to deliver a tumor
suppressor p53 gene into the animal body and significantly slowed
down tumor progression, indicating the good prospects of pDNA
based gene therapy for cancer treatment.'®

It is also worth mentioning that, due to the transient and
low transfection efficiency of many gene vectors as well as poor
biocompatibility, the widespread use of pDNA based gene
therapy has been limited. Hence, CD-based sustained gene
delivery vectors might exhibit unique advantages. As a typical
example, Liu et al. designed and synthesized a supramolecular
hydrogel based on MPEG-PCL-PEI and a-CD to continuously
deliver apoptosis resistant B-cell lymphoma-2 (Bcl-2) conver-
sion gene (nuclear receptor Nur77 gene) in the form of pDNA to
cancer cells as shown in Fig. 10a.°® The detailed mechanism
involved mitochondria targeting by nuclear orphan receptor
Nur77 and apoptosis induction due to the interaction of Nur77’s
ligand binding domain (LBD) and Bcl-2 protein, which resulted
in Bcl-2’s conformation change, exposure of the apoptotic BH3
domain, and transformation of Bcl-2 from a growth-promoting
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Fig. 10 (a) Schematic diagram of the MPEG-PCL-PEI and a-CD based
supramolecular hydrogel for the treatment of Bcl-2 expression elevated
drug-resistant tumors. (b) In vitro gene release profile of MPEG-PCL-PEI/
a-CD/pDNA supramolecular complexes at different weight ratios. (c) In vivo
drug resistant tumor growth inhibition upon treatment of sustained gene
release systems. Reproduced with permission.>® Copyright 2017, John Wiley
and Sons.

protein to a pro-apoptotic protein.'’® More interestingly, this
MPEG-PCL-PEI/a-CD supramolecular hydrogel was capable of
releasing the Nur77 gene for up to one week (Fig. 10b) and
exhibited higher gene transfection efficiency than branched PEI
only. This supramolecular hydrogel/Nur77 gene complex was
used to treat HepG2/Bcl-2 drug resistant tumors (Bcl-2 over-
expressed HepG2 cell xenografted tumor) and exhibited more
significant tumor growth inhibition capability than the chemo-
therapeutic treatment group alone. More importantly, the result
showed that, when compared with the MPEG-PCL-PEI/Nur77
group, the MPEG-PCL-PEI/a-CD/Nur77 group had higher tumor
inhibition capability against Bcl-2 drug-resistant cells, indicating
higher gene transfection efficiency when the gene was conti-
nuously delivered in the hydrogel system, in comparison with
polymer solution alone (Fig. 10c). In this unique sustained
delivery system, the therapeutic gene was not released quickly
and could be maintained at a high transfection concentration
for a long time, which might increase the probability of gene
transfection or expression integration and promote the apopto-
sis of tumor cells. These results indicated the great potential of
CD-based sustained release systems in clinical applications and
the “enemy into friend” strategy might be propitious for precise
cancer therapy.

In order to increase the selectivity of vectors or reduce side
effects in sustained release systems, it might be valuable to
modify the vectors with targeting ligands with the ability to
recognize disease cells or tissues. For cancer cells, folic acid
(FA) represents a popular ligand as the folate receptor (FR) is
highly expressed on the membrane of most tumor cells."**
Studies have shown that attaching the FA group to the gene
carriers might significantly increase tumor treatment efficiency.
Therefore, Liu et al. further designed and synthesized a supra-
molecular hydrogel based on MPEG-PCL-PEI-FA and o-CD for
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sustained delivery of the Nur77 gene (Fig. 11a), in which the
presence of FA groups endowed the polyplex with cancer cell
targeting ability even with peritumoral injection of supra-
molecular hydrogels.’® As shown in Fig. 11b, in vivo experiment
showed that this MPEG-PCL-PEI-FA/o-CD supramolecular
hydrogel with FA targeting ligand modification could load and
continuously release both Nur77 pDNA and chemotherapeutic
paclitaxel in the form of a polyplex with a significant inhibitory
effect on Bcl-2 drugresistant tumor cells, indicating the great
potential of targeted CD-based sustained gene release systems in
tumor treatments.

3.3 Cyclodextrin-based sustained gene release systems for
RNA delivery

Last but not least, the cyclodextrin-based supramolecular hydro-
gel could not only be used to deliver pDNA, but also be utilized to
carry and release small interfering RNA (siRNA) or short hairpin
RNA (shRNA) in a sustained manner. On the one hand, RNA
interference (RNAi) might be triggered by dsRNA (double-
stranded RNA) and could induce a loss of function phenotype
by inhibiting gene expression at the post-transcriptional level. On
the other hand, shRNA is a hairpin structure consisting of two
short inverted repeats joined by a loop and its hairpin structure
could be removed to produce antisense siRNA for specific
recognition and degradation of target messenger RNA (mRNA)
by base complementary pairing, representing an interesting
approach for gene therapy. For example, matrix metalloprotein-
9 (MMP-9) was reported to be overexpressed in a variety of
malignancies and was closely associated with tumor invasion

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

View Article Online

Review

a
@ MPEG-PLLD-Arg/a-CD/MMP-9

supramolecular complexes

Nrioy

.
U3
NS

/
e (] Honey QQ\ |
‘gﬂ) i

MPEG-2K:

1%

v

MMP-9: HQp  a-CD: | |

d

PLLD-G4: Arg: P

G

(

c) =
|
” el " 2%
T eewes,
Y

s

/

Y o

) f‘/‘ Ca-8% ‘ . A, 0}0.9

'/ ° % . . . 67\96‘ &

204 ¥ %%,

—esee
1 2 0 N

0
S
%,

7
0

Cumulative release (%)
2

A 6%

3 4 5 6
Time (day)

Fig. 12 (a) Schematic diagram of the MPEG-PLLD-Arg/a-CD/MMP-9
shRNA supramolecular hydrogel for the treatment of tumors; (b) in vitro
gene release profile of MPEG-PLLD—-Arg/a-CD/MMP-9 supramolecular
complexes; (c) in vivo tumor growth inhibition effect with various treat-
ments. Reproduced with permission.** Copyright 2017, Elsevier.

and metastasis,'*? while RNA interference technology could be
employed to reduce the amount of MMP-9 protein to inhibit
tumor growth and invasion.'"® As a successful trial, Lin et al.
designed a supramolecular system based on MPEG-PLLD-Arg
and o-CD for gene delivery, and the synthesized hydrogel was
used to combine with the pMMP-9 gene as shown in Fig. 12a.**
This system showed very good biocompatibility compared to
the commercial non-viral gene carrier gold standard PEI with a
molecular weight of 25 kDa (PEI-25Kk). In vitro release results
indicated that this supramolecular hydrogel could continuously
release the MMP-9 shRNA for more than 6 days (Fig. 12b).
Western blot results showed that the expression of MMP-9
protein was obviously lower in MPEG-PLLD-Arg/MMP-9 shRNA
treated cells than in the PBS treatment group, indicating that
MPEG-PLLD-Arg/MMP-9 shRNA did reduce the amount of mRNA
expression of MMP-9 in cancer cells. As shown in Fig. 12¢, in vivo
experiments showed that the tumor volume was significantly
reduced in the hydrogel-treated group of MPEG-PLLD-Arg/o-
CD/MMP-9 shRNA, indicating that the CD-based sustained gene
release system could be utilized for RNA delivery and control its
release manner for improved therapeutics.

4. Conclusion and perspectives

Since gene therapy has shown remarkable therapeutic effects in
clinical trials and owing to the importance of carrier design in
successful gene therapy, attention has been paid to searching
for excellent gene carriers with excellent biocompatibility and
gene transfection capacity. Furthermore, the design of delivery
systems to achieve sustained gene release and satisfactory gene
transfection efficiency might circumvent the repeated admini-
stration and reduce side effects. Among the sustained gene
delivery systems, evidence suggests that using cyclodextrins
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(CDs) to construct gene carriers has significant advantages due to
their hydrophilic property and biocompatibility. In this review, we
summarized recent interesting advances concerning CD-based
sustained gene delivery systems. CDs can self-assemble with
suitable polymer segments to form supramolecular structures by
host-guest interactions, while the most successful attempt was
the formation of supramolecular hydrogels. In the case of supra-
molecular hydrogels, CDs could serve as a physical cross-linker of
the polyplex between the cationic polymer and therapeutic gene
(either DNA or RNA) and might avoid the usage of chemical cross-
linkers or photo-initiators with high toxicity. More importantly,
the de-threading of CD cyclic molecules from supramolecular
hydrogels could lead to release of the gene in the form of a
polyplex rather than in a naked form, which might ensure high
transfection efficiency during the sustained release process. More
interestingly, the gradual erosion and breakdown of hydrogels
allows the gene to be released slowly, while the release speed of
the encapsulated gene could be adjusted by modulating the CD
concentration and the transfection efficiency might be influenced
by utilizing different cationic polymers or changing the polymer
length. Last but not least, CD-based delivery systems have the
advantages of easy functionalization, because CDs can be further
modified by host-guest interactions to form inclusion complexes
without affecting the mutuality or particle morphology of the
cationic polymer/gene polyplex. In short, CD-based sustained
gene delivery systems might show great potential in gene therapy.

In future studies, the CD based structures might be worth
exploring for their potential to experience physical modifications
for achieving active targeting to disease sites. Furthermore, few
CD-based sustained delivery system with stimulus triggered release
ability has been reported, in terms of pH, temperature, photo or
light stimulus, to achieve on-demand therapeutics. Current reports
on applications of CD-based sustained gene release systems have
mainly focused on improvement of tumor therapy, and they might
also be valuable for other treatments in terms of tissue regenera-
tion, angiogenesis, and genetic defects or anomalies which might
lead to more contributions in long term gene therapy.
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