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Abstract

The excellent biocompatibility and unique inclusion capability as well as powerful
functionalization capacity of cyclodextrins and their derivatives make them especially attractive
for engineering novel functional materials for biomedical applications. There has been increasing
interest recently to fabricate supramolecular systems for drug and gene delivery based on
cyclodextrin materials. This review focuses on state of the art and recent advances in the
construction of cyclodextrin-based assemblies and their applications for controlled drug delivery.
First, we introduce cyclodextrin materials utilized for self-assembly. The fabrication technologies
of supramolecular systems including nanoplatforms and hydrogels as well as their applications in
nanomedicine and pharmaceutical sciences are then highlighted. At the end, the future directions
of this field are discussed.
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1. Introduction

Cyclodextrins (CDs), a family of macrocyclic oligosaccharides linked by a-1,4 glycosidic
bonds, have been extensively studied in diverse fields since their discovery by Villiers in
1891 [1-10]. Among them, a-, B-, and y-CDs are the most common members, which are
composed of 6, 7, and 8 glucose units, respectively. The truncated cone-shaped CDs possess
a hollow, tapered cavity of 0.79 nm in depth, while both the top and bottom diameters are
increased with the number of glucose units (Fig. 1) [2]. The hydrophobic cavity of CDs
renders them inclusion capacity with a variety of compounds ranging from small molecules
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[11], ions [12], proteins [13], and oligonucleotides [14]. The biomedical applications of CDs
are extremely attractive due to their low toxicity and low immunogenicity [15]. CDs have
been extensively utilized to form inclusion complexes with drugs through host-guest
interactions in pharmaceutical science and technologies. The related applications include
increasing drug solubility and stability [16], enhancing drug absorption [17], masking odors
and tastes [6], controlling drug release profiles [18], alleviating local and systemic toxicity
[10], and improving drug permeability across biological barriers [19]. Pharmaceuticals
formulated using CDs can be dosed by oral, nasal, ocular, rectal, and dermal delivery [17,
20-22]. To further improve the pharmaceutical features of native CDs with respect to
solubility, inclusion capability, controlled drug delivery capacity, and toxicity, chemically
modified CDs have been synthesized, including highly soluble [23], amphiphilic [24], and
hydrophobic derivatives [25]. Currently, there are over 30 marketed pharmaceutical
products based on CD complexes [26].

CDs and their derivatives have been successfully employed to construct supramolecular
systems across length scales and to engineer novel functional materials, taking full
advantage of host-guest interactions between the CD units and guest molecules [27-30].
Besides, CDs can be utilized as molecular valves to switch the ON/OFF release of payload
from hybrid nanosystems [31, 32]. Recently, a broad spectrum of CD-containing polymers
with versatile architectures have been synthesized to assemble functional platforms [33-37].
These assemblies have found wide applications in drug delivery [38], gene therapy [39], and
medical imaging [36]. These comprehensive studies have showed the powerful capacity of
CDs in the fabrication of novel supramolecular entities for biomedical applications. This
review will focus on the current progress in the construction of CD-based supramolecular
systems and their applications for drug and gene delivery. CD materials used for
supramolecular self-assembly, their synthesis, and particulate delivery systems such as
nanomicelles and nanoparticles will be summarized first. Supramolecular hydrogels will
then be reviewed with emphasis on their drug delivery applications. Perspectives on the
bench-to-bedside translation of newly developed CD delivery systems will be discussed at
the end.

2. Cyclodextrin materials library

CDs have been structurally tailored with various charged groups, hydrophilic segments,
hydrophobic moieties, or both hydrophilic and hydrophobic units to further elaborate their
physicochemical properties and molecular recognition capability. Moreover, CDs have been
conjugated onto polymers of various architectures to offer materials with unique features
and excellent biocompatibility. This section will briefly summarize CD derivatives and CD-
containing materials that have been employed to fabricate supramolecular systems for drug
and gene delivery.

2.1. Amphiphilic cyclodextrins

Amphiphilic CDs have been synthesized to increase interactions of CDs with biological
membranes and to render self-assembly capacity in aqueous solutions [40]. According to the
groups conjugated onto CDs, the resulting derivatives can be classified into neutral, cationic,
and anionic CD amphiphiles (Fig. 2).

2.1.1. Neutral cyclodextrin amphiphiles—Neutral amphiphilic CDs with the primary
hydroxyls as polar groups can be synthesized by selectively esterifying the secondary
hydroxyls at positions 2 and 3, thus giving rise to CD amphiphiles with diacyl groups
ranging from 2 to 14 carbons (Fig. 2A) [41-43]. Alternatively, persubstitution of CDs at the
position 6 can be performed by bromide displacement of heptakis(6-bromo-6-deoxy)--CD
using alkylthiolate with alkyl chains varying from 2 to 18 carbons, while the secondary
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hydroxyl groups remain unchanged (Fig. 2B) [44]. Neutral CD amphiphiles may also be
obtained by conjugating with cholesterol derivatives [45, 46]. Recently, amphiphilic
heptakis(6-alkylthio-6-deoxy)-p-CD 2-oligo(ethylene glycol) conjugates possessing
oligo(ethylene glycol) substituent on the secondary side and alkyl groups on the primary
face were synthesized by nucleophilic displacement of perbrominated CDs in combination
with alkylation using ethylene carbonate (Fig. 2C) [47]. Besides amphiphiles with multiple
substituents, mono-substituted amphiphilic CDs have been synthesized [45, 46, 48]. To
provide additional functions to CD amphiphiles, various responsive linkages or targeting
units have been incorporated. By using disulfide bonds to connect hydrophobic substituents
to CDs, redox responsive CD amphiphiles were synthesized [49]. Functional ligands such as
galactosyl and mannosy| residues can be conjugated onto the oligo(ethylene glycol) chains
to render recognition capability and cell-targeting property [50, 51].

2.1.2. Cationic cyclodextrin amphiphiles—Cationic CD amphiphiles were initially
synthesized for supramolecular assembly of soft materials with special surface chemistry
and charge [52, 53]. Recent attention has been focused on their potential for gene delivery
[54]. An easy way to synthesize cationic p-CD ampbhiphiles is to introduce amido groups on
the primary face of CDs with alkyl chains at positions 2 and 3, thereby per-6-amino-p-CD
2,3-di-O-alky! ethers were prepared (Fig. 2D) [52]. Cationic amphiphiles can also be
synthesized by modifying oligo(ethylene oxide) containing amphiphiles with m-amino
groups on the oligomer chains (Fig. 2E) [53]. Recently, a series of amphiphilic B-CD
polycations were synthesized by replacing the primary hydroxyl groups with various amino-
containing moieties (Fig. 2F) [55]. By changing alkyl chains at positions 2 and 3, both the
charge density and the hydrophobic-hydrophilic balance of resulting materials can be finely
tuned.

2.1.3. Anionic cyclodextrin amphiphiles—Either carboxylated or sulfated amphiphilic
CDs have been synthesized, in which the charged moieties can be on the primary face or on
the secondary one (Fig. 2G-H). By introducing alky! at the position 6 and carboxylmethyl
groups at positions 2 and 3, carboxyls-containing CD amphiphiles were prepared (Fig. 2G)
[56]. Sulfated amphiphilic CDs can be synthesized via sulfating the 6-hydroxyls of esterified
CDs at positions 2 and 3 (Fig. 2H) [57-59].

2.2. Hydrophobic cyclodextrins

Hydrophobic modification of CDs has been made to develop sustained-release carriers. For
this purpose, alkylated or acylated derivatives, such as heptakis(2,3,6-tri-O-ethyl)-$-CD and
heptakis(2,3,6-tri-O-butyryl)-p-CD were synthesized [18]. More recently, hydrophobic CD
derivatives were prepared by kinetically controlled acetalation of CDs using 2-
methoxypropene as the acetonation reagent (Fig. 3) [60-62]. The acetalated materials can be
easily dissolved in common solvents such as acetone, ethanol, dichloromethane, or THF. A
pH-dependent hydrolysis was observed for the acetalated CD materials, with the degradation
or hydrolysis rate dependent on pH and molecular structures. Elegant modulation of the
degradation rate can be easily achieved by tailoring the acetal type and the degree of
substitution, which may be implemented by controlling the reaction kinetics. More
importantly, both in vitro and in vivo toxicological evaluations suggest that the acetalated
CDs exhibit excellent biocompatibility and their nanoparticles can be safely delivered via
local or systemic administration. Further more, acetalated CDs can form spherical or
cylindrical assemblies in the presence of adamantyl-terminated polyethylene glycol (Ada-
PEG), depending on their weight ratios. This indicated that the complexation capability of
acetalated CDs is well retained.
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2.3. Cyclodextrin-containing polymers

CD-containing polymers of various structures have been synthesized to obtain materials
with multiple recognition sites for molecular self-assembly, to enhance biocompatibility of
polymers for biomedical applications, and to produce functional materials for controlled
drug delivery and gene therapy. These polymers possess diverse architectures varying from
linear, grafted, block, branched, to hyperbranched and dendritic, while the CD units can be
either covalently linked in the main chains or conjugated as flanking side groups.

2.3.1. Polymers with cyclodextrins in the main chain—A facile approach to prepare
CD-containing polymers is to polycondense CDs with epichlorohydrin in the alkali solution
(Fig. 3) [63-65]. Hydrophobic modification on this type of CD-polymers can be performed
by kinetically controlled acetonation to give rise to pH-sensitive polymers [60]. The
acetalated CD-polymers can efficiently encapsulate drugs by both hydrophobic and host-
guest interactions. By introducing other functional monomers such as charged compounds in
the reaction mixture of CD-epichlorohydrin, CD-based polycations can be obtained by a
similar polycondensation reaction [66]. Compared with nonionic counterparts, charged CD
polymers have additional electrostatic interactions with oppositely charged guest molecules
to achieve a synergetic effect [67]. This type of CD-based polymers has been widely
employed to construct nanospheres, nanogels or hydrogels, and nanocapsules, via host-guest
interaction mediated self-assembly in the presence of guest molecules including
hydrophaobic drugs, hydrophobically modified hydrophilic polymers, and hydrophobic
polymers [68-74]. Nevertheless, polymers thus obtained generally exhibit branched structure
and broad molecular weight distribution. Davis's group has designed and synthesized a
series of linear polymers containing f-CDs in their main chains, which have been intensively
studied for drug and gene delivery [10]. For drug delivery, B-CD based linear polymers
(CDPs) with flanking carboxylic groups were synthesized by the polycondensation of
diamino-B-CD derivative with difunctionalized PEG comonomer [75]. These polymers are
extremely soluble in aqueous solutions and exhibit very low toxicity to cultured cells.
Camptothecin (CPT), a highly potent antineoplastic agent, can be covalently conjugated
onto CDPs via its 20-OH functionalized derivative (Fig. 4A). By copolymerization of
diamino-functionalized 3-CD monomers with other difunctionalized comonomers such as
dimethyl suberimidate or dithiobis(succinimidyl propionate), a series of linear, cationic, -
CD-containing polymers (BCDPs) were also synthesized as non-viral vectors (Fig. 4B)
[76-78]. CD-backboned cationic polymers can also be efficiently synthesized via “click
polymerization”. To this end, acetylated-diazido-3-CD and a,»-dipropargylated
oligoethyleneimines were prepared and then Cu(l)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition was carried out to polymerize them to obtain linear polymers with high
molecular weight, and their potential for plasmid DNA (pDNA) delivery was explored [79].
In order to develop polyethyleneimine (PEI)-based gene vehicles with enhanced transfection
efficiency and reduced cytotoxicity, CD-containing polycations based on low molecular
weight PEI were prepared by using CDs such as (2-hydroxypropy!)-B-CD and (2-
hydroxypropyl)-y-CD as cross-linking agents [80, 81]. These CD cross-linked polycations
can be further functionalized by conjugating peptide ligands to achieve active targeting or by
incorporating anticancer drugs to implement dual delivery for synergistic treatment of
tumors [82-84].

In addition, CDs have been utilized as core moieties to produce star-shaped molecules for
drug and gene delivery as well as medical imaging. For examples, B-CD-centered
amphiphilic copolymers were synthesized as nanocarriers for drug delivery, in which drugs
can be loaded by physical encapsulation or covalent conjugation [85-87]. On the other hand,
per(6-guanidino-6-deoxy)-CDs, per(6-amino-6-deoxy)-CDs, and per(6-
guanidinoalkylamino-6-deoxy)-CDs were prepared and examined as in vitro transfection
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agents for pDNA expressing the green fluorescent protein [88]. Taking advantage of the
Cu(l)-catalyzed “click reaction” between acetylated perazido-p-CD and alkyne terminated
oligo ethyleneimines protected with tert-butoxycarbonyl groups, a series of polycationic -
CD “click clusters” have been developed, which were found to be effective vectors with low
cytotoxicity [89]. By coupling seven alkyne-functionalized diethylenetriaminetetraacetic
acid chelates to a per-azide-p-CD, a macromolecular contrast agent for magnetic resonance
imaging has been developed [90].

2.3.2. Cyclodextrin-conjugated polymers—CDs have been covalently conjugated
onto various polymers to modify physicochemical properties, to improve biocompatibility,
to enhance drug/gene delivery capabilities, or to impart macromolecular hosts with multiple
binding sites. Linear, branched, hyperbranched, block, and dendritic polymers have been
modified with CD units (Fig. 5). These CD-containing polymers were utilized to fabricate
supramolecular assemblies across nano, micro, and macro-scales. Table 1 lists representative
CD-conjugated polymers that have been investigated for applications in biomedical fields,
involving either biodegradable or nonbiodegradable polymers of synthetic or natural
sources. Generally, two approaches are employed to synthesize CD-pendant polymers. One
is the direct polymerization of CD-containing monomers alone or copolymerization with
other monomers, which is frequently used to prepare CD-pendant acrylate polymers [91-95].
Another strategy is frequently carried out by coupling functionalized CDs to the target
polymers or their derivatives, which is generally applied to polymers with functional groups
[96-98]. While most of the studied CD-flanking polymers are homopolymers or random
copolymers in which CD units are randomly distributed, block-structured polymers
characterized by tandem alignment of a PEG block and a block bearing $-CD units on the
side chain have been developed recently to construct assemblies for versatile drug delivery
[35]. First, a PEG-based diblock copolymer with a polyaspartamide block containing
ethylenediamine (EDA) units (PEG-b-PEDA) was synthesized. -CD was then covalently
linked to PEG-b-PEDA via nucleophilic reaction between mono-6-tosyl f-CD and EDA
units to obtain CD-pendant block copolymer PEG-b-PCD. a-CD conjugated block
copolymers can be synthesized via a similar procedure. As a more efficient approach, p-CD
units can be conjugated via the copper(l)-catalyzed “click” reaction [99]. To do this, PEG-b-
polyaspartamide with propargyl side groups were synthesized, onto which mono-6-azido-f3-
CD was conjugated via Huisgen [3+2] dipolar cycloaddition between alkyne and azide.

3. Nanomedicines assembled by cyclodextrin derivatives

3.1. Supramolecular therapeutics

CD-based polypseudorotaxanes (CDPRs) are a family of supramolecular polymers with CDs
threading onto the polymer chains. Since their discoveries by several groups [100-102],
there has been great interest in engineering novel controlled drug delivery systems from
these novel polymers. Because the inclusion of CD units onto polymer chains provides
abundant hydroxyls in the resulting materials, a plethora of therapeutics may be conjugated
on the polymers to produce supramolecular prodrugs. Furthermore, additional functions
such as targeting to specific tissues, cells, or molecules, can be implemented by
incorporating recognizable units such as carbohydrate ligands, peptides, proteins, apatamers
or other nucleic acids, and antibodies and their derivatives. For drug delivery applications,
biodegradable CDPRs have been developed that can be dissociated by hydrolyzing the
terminal moieties (Fig. 6). These CDPRs generally consist of a-CD, PEG, and a
biodegradable moiety [103]. The biodegradable moiety exists at both terminals of the PEG
chain. As a conceptual proof study, Yui and coworkers synthesized biodegradable CDPRs
based on a-CD and PEG, which are capped with L-phenylalanine (L-Phe) via a peptide
spacer. The water solubility of these CDPRs can be improved by hydroxypropylation of
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CDs [104]. Enzymatic cleavage of the peptide linkage by papain or a-chymotrypsin may
lead to disassociation of supramolecular structure and complete release of threaded CD units
[105]. Drugs can be conjugated onto CDPRs by either nondegradable spacers or degradable
linkages. For instance, theophylline, an anti-asthma drug, was introduced onto a
hydroxypropylated a-CD units of a-CD/PEG polyrotaxane capped with L-Phe [106]. A
complete release of theophylline-immobilized a-CDs could be achieved, as a result of the
dissociation of supramolecular structure triggered by the papain-mediated terminal
hydrolysis. The release rate is closely related to the association profiles of drug-CDPR
conjugates in aqueous solution, which is dependent on interactions among drug molecules
and/or the terminal moiety in the conjugate. The antitumor agent doxorubicin (Dox) was
conjugated to a tyrosine capped CDPR via hydrolysable ester linkages, and the cytotoxic
drug could be released upon hydrolysis [107]. In vitro release study demonstrated that this
supramolecular polymer-Dox conjugate yielded a sustained release of Dox over 4 days in
PBS (pH 7.4). Furthermore, a cell-penetrating peptide could be attached to the two termini
of the polymer chain to facilitate intracellular uptake by tumor cells, which was
substantiated by fluorescence imaging. For drugs conjugated to polyrotaxanes via
degradable bonds, their release is largely determined by the hydrolytic characteristics of the
linkages. Accordingly, selective delivery to intracellular organelles may be achieved by
using acid-labile spacers or reducible linkages, since these endocytic vacuoles possess low
pH and high reduction potential [108, 109].

3.2. Cyclodextrin-based nanoparticles for drug delivery

The well-recognized biocompatibility and inclusion capability of CDs and their derivatives
make them extremely attractive in developing therapeutic nanoparticles. Nanoentities such
as nanospheres, nanogels, micelles, and vesicles can form from CD-based materials
including amphiphilic CDs, CD-polymers, CD-pendant polymers, and CD-based
polyrotaxanes (Fig. 7) [35, 40, 110]. Nanoassemblies thus formed exhibit multiple
hydrophilic/hydrophobic domains and recognition sites, and therefore are potential
nanocarriers for both hydrophilic and hydrophobic bioactive molecules.

Hydrophobic interaction mediated self-assembly of neutral amphiphilic CDs bearing fatty
acyl groups at positions 2 and 3 produced nanospheres with size from tens to hundreds of
nanometers [111]. These nanocarries can load both water-soluble and insoluble drugs such
as metronidazole, Dox hydrochloride, progesterone, and bifonazole, via both hydrophobic
and host-guest interactions between drug and CD units [112, 113]. These nanoformulations
were considered to be useful in oral, ocular and intravenous administration, due to their
favorable stability at pH from 1 to 11 and lower hemolytic activity [113]. Using amphiphilic
- or y-CDs with decanoic alkyl chains at the secondary side, which were synthesized
through one-step transesterification of CDs by vinyl-acyl fatty esters catalyzed using
thermolysin, nanoassemblies of 70-220 nm can be obtained [114]. These nanostructures can
serve as efficient nanoplatforms to deliver artemisinin (ART), an antimalarial lipophilic
drug. ART-loaded nanosystems can be further decorated by PEG fatty acid esters through
complexation between fatty and CD units. In vitro study using both multi-resistant K1 and
susceptible 3D7 strains demonstrated the effective antimalarial activity of assembled
nanomedicines. Depending on the hydrophobic chains, self-assembly of cationic
amphiphilic f-CDs substituted with alkyl groups at the primary side and m-amino-oligo-PEG
segments at the secondary side may form bilayer vesicles or nanoparticles [53]. For the
hexyl substituted 3-CD amphiphile, it may form nanoparticles that can efficiently load
anionic 5,10,15,20-tetrakis(4-sulfonatophenyl)-21H,23H-porphyrin (TPPS) [115]. The
photodynamic properties of the entrapped photoactive TPPS were well preserved. In vitro
studies based on HelLa cells evidenced the photodynamic efficacy of TPPS-loaded
nanomedicines, resulting in significant cell death upon illumination with visible light.
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Furthermore, biomodal photodynamic nanomedicines simultaneously photogenerating nitric
oxide (NO) and singlet oxygen (20,), can be fabricated by encapsulating both TPPS and a
NO photodonor into the nanoassemblies wherein hydrophobic, electrostatic, and inclusion
interactions may be involved [116]. Photodelivery of NO and 10, from the nanoassembly
upon visible light excitation was evidenced by detecting these transient species. Cell culture
experiments indicated amplified level of cancer cell mortality, and therefore confirmed the
dual photodynamic action of these multifunctional nanomedicines integrated with dual
therapeutics and imaging capability. For cationic CD derivatives, electrostatic attraction
mediated self-assembly may form nanoparticles in the presence of anionic starch, in which
hydrophobic molecules can be included by CD cavities [117].

To address challenges related to clinical development of CPT such as poor solubility,
insufficient in vivo stability of the active form, and toxicity, CPT was covalently conjugated
to CDPs, which could assemble into nanoparticles with a diameter smaller than 100 nm.
Through this strategy, the solubility of CPT can be increased by more than 3 orders of
magnitude. The inclusion complexation between -CD and CPT has been well elaborated
[118]. Both hydrophobic and host-guest interactions are responsible for the formation of
nanoassemblies. Pharmacokinetics and biodistribution studies in rats and tumor-bearing
mice indicated that intravenous administration of the optimized CPT-conjugated
nanomedicine (IT-101) gave prolonged plasma half-life and enhanced CPT distribution in
the tumor tissue when compared to CPT alone [119]. Preclinical efficacy evaluations in
several mouse xenografts indicated that 1T-101 displayed good tolerability and antitumor
activity [120]. More importantly, both preclinical and clinical data confirmed that this novel
nanopharmaceutical is able to address not only solubility, stability, toxicity, and
pharmacokinetic issues associated with the CPT delivery, and also can impart unique
biological properties that enhance therapeutic efficacy of CPT [121]. IT-101 is now in phase
I/11 clinical development for the treatment of cancer and solid tumor [122]. Utilizing similar
CDPs, antiproliferative peptide tubulysin can be covalently conjugated through a disulfide
linker to obtain nanomedicines with potent antitumor activity and dramatically enhanced
maximum tolerable dose [123].

In order to construct versatile nano-assembled drug carriers, diblock copolymer PEG-b-PCD
with a PEG block and a block bearing f-CD units on the side chain has been developed
recently (Fig. 5D and Fig. 8A) [98]. Host-guest complexation between PEG-b-PCD and
hydrophobic guest molecules allowed for the formation of core-shell structured host-guest
nanoassemblies. In the presence of small guest molecules, spontaneous formation of
nanoparticles concomitant with cargo loading was directly observed by transmission
electron microscopy (TEM) and atomic force microscopy (AFM) [124]. Through this
approach, hydrophobic drugs such as ibuprofen (IBU), indomethacin (IND), and
dexamethasone (DMS) can be efficiently formulated into nanoparticles with significantly
improved solubility. Even for guest molecules like rapamycin (RAP) that has been
considered to be thermodynamically unfavorable to complex with 3-CD can be successfully
loaded to form nanoassemblies (Fig. 8B). The presence of multiple recognition sites and
their synergistic effect should have contributed to the enhanced complexation ability of
PEG-b-PCD to guest molecules with a larger molecular volume. Similarly, hydrophobic
polymers such as poly(p-benzyl L-aspartate) (PBLA) and poly(D,L-lactide) can serve as
guest molecules to drive the formation of nanoassemblies. For the nanoparticles with PBLA
as the hydrophobic building component, they exhibited well-defined spherical shape as
observed by TEM, AFM, and SEM. Fluorescence and 1H NMR measurements together with
TEM observation suggested the core-shell structure (Fig. 8C). The rigid core is mainly
composed of PBLA chains, while palisade PEG chains constitute the hydrophilic shell,
which endows the particles with colloidal stability. These assemblies were stable during
long term storage and could also be successfully reconstituted after freeze-drying [125]. The
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size of these nanoparticles can be modulated by the composition of the host PEG-b-PCD
copolymer, the molecular weight of PBLA, and the weight ratio of PBLA/PEG-b-PCD. For
example, significant increase in size was observed when the PBLA content was increased.
Since for the micelle-like assemblies, the release profile of payload is largely controlled by
the physicochemical properties of core that is dramatically affected by the constituent
materials [126-128], PEG-b-PCD-based nanoassemblies offer customer-made control over
in vitro pharmacokinetics simply by changing the guest materials for nanoformulation.

It was found that coassembly of 3-CD polymers (polyBCD) and hydrophobically modified
dextrans led to gel-like nanoassemblies of ~200 nm [72]. The host-guest complexation
between B-CD units and alkyl groups is responsible for the spontaneous formation of
supramolecular nanoassemblies. Further tailoring of physicochemical properties of
nanoassemblies such as disassembling and swelling characters can be achieved by changing
the hydrophobic groups conjugated onto dextran [129]. These nanogels can efficiently load
hydrophobic compounds such as benzophenone and tamoxifen, by including them into CD
cavities of polyBCD and/or solubilizing them into the hydrophobic microdomains formed by
the modified dextran. Accordingly, these assemblies are potentially useful in pharmaceutics
and cosmetic field [68].

Besides above strategies, the formation of CD-based supramolecular nanostructures in
aqueous solutions can be realized through self-assembly driven by CD threading onto
specific polymer chains of homopolymers or copolymers. Zhang et al. reported a facile one-
pot method to assemble polymer micelles from a-CD and poly(s-caprolactone)
homopolymer. The core-shell structured micelles with a hydrophobic core can efficiently
load prednisone acetate and sustain its release for 700 h [130]. Via inclusion complexation
of a-CD and PEG, cytocompatible vesicles can be assembled by PEG-containing block or
graft copolymers [131-134]. These hollow nanospheres may encapsulate enzymes and other
hydrophilic drugs, and the drug-loaded assemblies exhibited better in vitro efficacy
compared with the free therapeutics. In these cases, inter-molecular aggregation, resulting
from the threading of a-CD molecules onto PEG chains, mediates the assembling process
and the formation of assemblies.

3.3. Supramolecular systems for gene delivery

Recently, CDs and their derivatives as well as CD-based polymers have attracted great
attention for gene delivery [39]. It has been found that CDs and their derivatives can bind
with nucleic acids and increase their stability against nuclease as well as improve cellular
uptake, and accordingly have been utilized as absorption enhancers of both viral and
nonviral vectors for oligonucleotide delivery [135-137]. Positive charge-modified CDs have
been explored as novel vectors for gene delivery [88, 89, 138]. In addition, CD units have
also been covalently linked to various polycations to increase their transfection efficiency
and decrease their toxicity [79, 139-143]. This section highlights supramolecular polycations
and CD-materials derived assemblies that have been developed for gene delivery.

Threading CD units to polymer chains has demonstrated to be a facile and effective
approach to develop novel supramolecular functional materials [29, 38, 144]. Linear PEI
(LPEI) has been found capable of forming polypseudorotaxane with a- or y-CD, and the
complexation is dependent on pH (Fig. 9A) [145]. Utilizing the polypseudorotaxane
consisted of LPEI (M, =2.2kDa) and y-CD, polyplexes of pDNA encoding luciferase can be
formed [146]. Polyplexes based on this supramolecular polycation showed increased cellular
uptake, high gene expression, and low cytotoxicity even at high N/P ratios. Based on this
type of supramolecules, polycations with charged moieties on the side chains can also be
developed. Ooya et al. fabricated a biocleavable cationic polyrotaxane [147], in which
dimethylaminoethyl-modified a-CDs are threaded onto a 4 kDa-PEG chain capped with
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benzyloxycarbonyl tyrosine via disulfide linkages. This supramolecular polycation can
effectively condense pDNA to form polyplexes as evidenced by AFM observation together
with gel electrophoresis and &-potential measurements. The cleavage of disulfide linkages
under reducible conditions in cytosolic milieu facilitated the decondensation and
intracellular trafficking of pDNA payload. In vitro transfection revealed that the assembled
polyplexes could rapidly escape from endosome/lysosome and deliver pDNA to the nucleus.
Li and coworkers designed similar supramolecular vectors composed of multiple
oligoethylenimine-grafted f-CDs threaded on a poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (PEO-PPO-PEQ) chain (Fig. 9B) [148]. These cationic
polyrotaxanes with different oligoethylenimines could condense pDNA into nanoparticles
with low cytotoxicity against cultured L929 and HEK 293 cells, and displayed effective
gene transfection with efficiency comparable to those of branched PEI (25 kDa). Through a
similar strategy, anthryl-modified-B-CD was threaded onto polypropylene glycol (PPG) to
prepare supramolecules that showed good binding abilities towards calf thymus DNA [149].
Another strategy to construct CD-based supra-polycations is complexing charged molecules
with CD-polymers, utilizing the host-guest interactions between guest molecules and -CD
units (Fig. 9C). This has been demonstrated by using Ada cationic derivatives and -CD
polymers [150]. The mentioned host-guest supramolecules can form polyplexes with pDNA
as indicated by gel retardation, {-potential, and surface enhanced Raman spectroscopy
experiments. The stability of assembled polyplexes was closely related to the chemical
structure of guest molecules. In the presence of a fusogenic peptide, the optimized
polyplexes exhibited transfection efficincy comparable to that of DOTAP, a commercialized
agent.

Besides suprapolycations, CD-originated supramolecular assemblies have been found
effective nanovehicles for gene therapy. This has been corroborated by nanosystems
fabricated using cationic CD-amphiphiles and CD-polymers. As extensively demonstrated,
CD-amphiphiles may form thermotropic liquid crystals and lyotropic assemblies including
micelles, nanoparticles, and monolayer/bilayer vesicles [40]. However, it was found only
recently that positively charged assemblies formed by CD amphiphiles might function as
efficient vectors for gene delivery. For this purpose, amphiphilic p-CDs installed with fatty
acyl chains at the secondary positions and positive moieties on the primary side were
synthesized and utilized to form assemblies [151]. The assembled nanoentities showed
superior DNA complexing and delivery capabilities. High resolution TEM observation
suggested an onion-like structure for the pDNA-containing nanoparticles, in which CD
amphiphiles and pDNA molecules were alternately arranged to form the lamellar
architecture [55]. By carefully tailoring the molecular structure of CD amphiphiles, both the
amphiphilicity and charge density can be finely tuned, which in turn can modulate
transfection efficiency and cytotoxicity. The optimized nanosystems displayed transfection
efficiencies significantly higher and toxicities lower than those of PEI (25 kDa)-based
polyplexes. Besides the amphiphilic nature and cationic clusters, the presence of hydrogen-
bonding centers, which were considered to be also responsible for cooperative and reversible
complexation with anionic DNA chains, is crucial to attain high transgene expression with a
relatively low cytotoxicity. On the other hand, Davis and coworkers have utilized BCDPs to
produce polyplexes with size of <200 nm [76]. These low toxic polycations possess in vitro
transfection efficiencies comparable to those of PEI (25 kDa) and Lipofectamine. The
transfection activity and cell toxicity are mainly determined by the comonomer structure,
charge center type as well as the CD type and functionalization [77, 152-154]. Additionally,
the colloidal stability of these nanoplexes can be further enhanced by surface decoration
using Ada-conjugated PEG (PEG-Ada), which is achieved through the host-guest
interactions between -CD and Ada group. Furthermore, active targeting may be
implemented by introducing transferrin (Tf) onto the PEG shell of nanoassemblies, using a
Tf-PEG-Ada conjugate [155]. In vivo transfection experiments in both murine models and
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non-human primates showed that the Tf-functionalized nanoparticles can efficiently deliver
the gene payload to tumor tissues, and perform their pharmacological action after
intravenous injections [156-158]. Recent clinical results further confirmed the effectiveness
and safety of these non-viral nanoparticles for systemic administrations [159].

3.4. Nanosystems for simultaneous drug and gene delivery

Combination therapy has long been recognized as a highly efficient strategy to establish new
regimens for the chemotherapy of infectious diseases and cancer as well as antiviral
chemotherapy [160]. Nanoparticles have been demonstrated to be effective platforms to load
two or more synergistically active drugs and concurrently deliver them in a spatiotemporally
controlled manner to promote synergism and suppress drug resistance [161]. There is
increasing interest to combine drug delivery and gene therapy in one nanoparticle to enhance
the transfection efficiency, achieve a synergistic effect, or to ameliorate the toxicity related
to gene delivery [162-164].

To develop a multifunctional polymer nanocarrier via host-guest interactions for
simultaneous drug and gene delivery, B-CD units were conjugated onto branched PEI (PEI-
CD) to synthesize a host polymer (Fig. 5B) [165]. Using PBLA as a macromolecular guest,
nanoassemblies with diameter <200 nm can be constructed (Fig. 10A). Observation using
TEM, AFM, and SEM revealed the assembled nanoparticles to be spherical. TEM study
together with fluorescence, zeta-potential, and NMR measurements as well as titration study
suggested that the spheres had a core-shell structure (Fig. 10B). The core was mainly
composed of hydrophobic PBLA chains, while the shell comprised PEI segments. The
cationic shell can effectively condense pDNA to form nanoscaled polyplexes (Fig. 10C).
Cell culture experiments showed that pDNA encoding red fluorescence protein can be
transfected and expressed in osteoblast cells, using the polyplexes based on the host-guest
nanoparticles (Fig. 10D). On the other hand, the hydrophobic core may serve as a
nanocontainer to accommaodate hydrophobic drugs. DMS, a potent steroidal anti-
inflammatory drug can be efficiently loaded and released in a sustained manner (Fig. 10E).
Moreover, introducing DMS into the polyplexes can increase the transfection efficiency as
well as dramatically reduce the cytotoxicity of assemblies (Fig. 10F).

It is known that nanoparticle-based drug combinations may address multidrug resistance
associated with the overexpression of P-glycoproteins (Pgps) by codelivery of chemo drugs
with Pgp inhibitors or siRNA, or by distinct mechanisms of action due to changed delivery
pathways [166, 167]. However, precisely controlling the delivery pathway and on-demand
releasing the payload at the diseased sites remain challenging in terms of developing
desirable nanovehicles. To circumvent this issue, Dox, a commonly used anticancer drug,
was conjugated to a water-soluble polycation of B-CD crosslinked low molecular weight PEI
(600 Da) to render a prodrug polycation (PC-Dox) [84]. PC-Dox can effectively condense a
tumor suppressor gene p53, giving rise to nanocomplexes. In vitro studies of mMRNA
expression and Western blot demonstrated that PC-Dox/p53 nanoparticles could
significantly suppress the proliferation of multi-drug resistant cancer cells to achieve the
synergistic effects. In vivo investigation further substantiated the desirable therapeutic
outcome with enhanced efficacy and alleviated side effects. Alternatively, a host-guest
assembly approach can be adopted to construct nanoparticles for combination therapy [168].
Ada group modified Dox was synthesized, which can form a cationic supramolecular
prodrug (PEI-CD/Ada-Dox) in the presence of B-CD crosslinked PEI (PEI-CD). By forming
host-guest nanoparticles, this drug-containing supramolecular polycation functioned as an
efficacious vector for human tumor necrosis factor-related apoptosis-inducing ligand-
encoding plasmid gene. Pharmacodynamic evaluation indicated that these supramolecular
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nanoassemblies effectively inhibited tumor growth and significantly prolonged the survival
time of tumor-bearing mice.

3.5. Responsive nanoparticles based on cyclodextrin derivatives

Stimuli-responsive nanoparticles have been recognized as promising carriers that may
enhance the therapeutic efficacy and minimize side effects by selectively releasing the
payload at the right location and in a well-controlled profile upon triggering by diseases-
associated pathophysiological signals or specific transporting pathways. CDs and their
derivatives are among the most popular organic materials that have been utilized to engineer
responsive nanovehicles. In one way, the reversibility of host-guest interactions between
CDs and guest molecules provides an easy way to achieve the chemical-responsiveness. In
another way, CDs may serve as easily functionalizable scaffolds to introduce additional
responsive moieties by supramolecular recognition or covalent conjugation to attain
chemical and/or physical stimuli-sensitivity.

As aforementioned, core-shell structured nanoassemblies can be formed by the host
copolymer PEG-b-PCD and various guest molecules. These nanoparticles displayed
chemical-sensitivity due to the reversible complexation between CD units and guest
molecules. As for PEG-b-PCD/PBLA nanoassemblies, in the presence of small molecule
stimuli such as potassium iodide, benzyl alcohol or cetyltriethylammonium bromide,
significant inter-particle aggregates were formed as shown in Fig. 11A [98]. This chemical-
triggered aggregation is largely related to the deshelling effect resulting from the
competition between small stimuli and PBLA to complex with §-CD units. The
disassociation of PEG shell is beneficial to the intracellular trafficking of nanoparticles, and
thereby improving the efficiency of intracellular drug and gene delivery [169, 170]. Stimuli-
responsive nanoparticles can also be formed by small molecules and PEG-b-PCD
copolymers [124]. For pyrene/PEG-b-PCD nanoassemblies, the excimer intensity was
decreased when adamantane-1-carboxylic acid (ADCA) or 3-CD was introduced to the
aqueous solutions, suggesting the chemical-triggered release of pyrene from assemblies.
More intuitive results were observed in release studies using two hydrophobic drugs, i.e.,
IND and RAP. The presence of various chemical stimuli, including benzyl alcohol and
ADCA, accelerated the release rate of model drugs in the initial stage, which is independent
of drug structure (Fig. 11B). Interestingly, increase in the RAP release was also observed in
the presence of another hydrophobic drug IBU. These results demonstrated that the cargo
release from PEG-b-PCD-based assemblies could be triggered to some extent by
competiting compounds against guest molecules. Additionally, free f-CD may serve as a
competitor to the host copolymer to spring and speed the release of drug payload.
Temperature responsive nanoparticles can also be fabricated using PEG-b-PCD copolymers.
This was implemented by using poly(N-isopropylacrylamide) (PNIPAm), a well-known
thermosensitive polymer, as a guest polymer [171]. Spontaneous formation of spherical
nanoparticles can be achieved by co-assembly of PEG-b-PCD/PNIPAmM in aqueous solutions
(Fig. 11C). Measurements based on dynamic light scattering (DLS), SEM, TEM, and NMR
evidenced that these PNIPAm-containing nanoparticles exhibited thermosensitive phase
transition behavior. In vitro drug release study using IND as a model drug showed that drug
release rate could be switched between high and low in an On/Off fashion by temperature
(Fig. 11D).

Responsive nanosystems can also be produced by functionalized CDs. Acetalated CDs or
CD-polymers are a new generation of biomaterials that hydrolyze in a pH sensitive fashion
[60-62]. RAP-containing nanoparticles based on either acetalated 3-CD or $-CD polymers
exhibited pH-responsive release profiles (Fig. 12A). Assembly of acetalated p-CD materials
and Ada-PEG offered spherical or cylindrical assemblies, as imaged using SEM and TEM
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(Fig. 12B-C). These aggregates possess multiple sensitivity, considering the presence of
host-guest interactions and pH-labile acetal moieties. On the other hand, redox-responsive
vesicles or nanoparticles can be obtained using amphiphilic CDs with their hydrophobic
substituents linked by disulfide bonds. These nanoassemblies may disintegrate in the
presence of the disulfide reducing agent dithiothereitol, leading to the release of
hydrophobic guest molecules [49].

Another approach to construct responsive CD-assemblies is to introduce stimuli-sensitive
moieties using host-guest recognition mediated supramolecular assembly. Amphiphilic CDs
with an alkyl chain at the position 6 and oligo-PEG segments at the positions 2 and 3 can
form bilayer vesicles (CDVSs) in aqueous solutions [172, 173]. Taking advantage of host-
guest interactions, CDVs can be peripherally decorated with an Ada modified peptide [174].
In comparison to CDVs without peptide decoration, the modified ones displayed pH-
triggered release of cargo molecules, where the release rate was accelerated at pH 5. The
morphological transition from spherical vesicles to fibers, resulting from the secondary
structural transitions of the octapeptide from random coil to 3-sheet domains as a function of
pH, may be responsible for the significantly varied release behaviors since this effect has
been observed for other supramolecular assemblies [175]. As a result, this supramolecular
nanosystem can function as a pH-responsive drug delivery carrier.

4. Supramolecular hydrogels based on cyclodextrins and their derivatives

Supramolecular hydrogels are particularly interesting for drug delivery and tissue
engineering. The complexation capability and versatile functionalibility of CDs and their
derivatives make them attractive to construct supramolecular hydrogels or even hydrogel
assemblies with excellent biocompatibility, stimuli-sensitivity, and self-healing capacity
[176-180].

4.1. Hydrogels based on inclusion complexes

It was found by Li et al. that high molecular weight PEGs (or PEOs) are able to form
inclusion complexes with a-CD in an aqueous solution to produce hydrogels [181]. Since
their report, threading CD units onto polymer chains to form polypseudorotaxanes as
physical crosslinkers has become the most extensively studied approach to engineer
supramolecular hydrogels based on CDs or their derivatives (Fig. 13A) [29, 34]. So far,
physical hydrogels have been fabricated by inclusion complexation between a-CD and PEO
homopolymer or its block/graft copolymers, a-CD and PEI or poly(e-lysine) grafted
copolymers, B-CD or its hydrophilic derivatives (such as hydroxypropyl-3-CD and partially
methylated-p-CD) and PPO block/graft copolymers, y-CD and PEI graft copolymers [34,
182]. The physicochemical properties, biocompatibility, biodegradability, and sensitivity of
these supramolecular hydrogels can be elegantly tailored by carefully selecting appropriate
guest polymers for assembling. Through this approach, hydrogels with various functions,
such as temperature-, photon-, chemical-, redox-, or pH-sensitivity, have been prepared for
drug delivery applications [183-185].

Hydrogels based on inclusion complexes have been extensively investigated as injectable
drug delivery systems for a broad spectrum of bioactive agents including small molecular
drugs, proteins, vaccines or pDNA [177]. Since these hydrogels are formed by
supramolecular self-assembly in an aqueous solution without the use of chemical
crosslinkers, in situ loading of drug payload can be achieved at room temperature and under
mild conditions, which is especially beneficial to biomacromolecular drugs [186-189].
Depending on the characteristics of guest polymer used, the laden drugs may be released in
a rapid, sustained, triggered, or a combined manner. Under certain circumstances, drugs can
be incorporated into hydrogels by covalent conjugation to modulate their release kinetics.
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For example, heparin (a powerful anticoagulant) was modified by PEGylation [190]. By
forming a-CD/PEG inclusion complexes under mild conditions, the assembling of
supramolecular hydrogels and loading of PEGylated heparin could be achieved
simultaneously. Similarly, hydrophobic drugs can be entrapped into hydrogels by
synthesizing polymeric prodrugs via PEGylation [191]. Compared with their free
counterparts, PEGylated drugs have different diffusion rate within hydrogel, and therefore
may result in varied release kinetics. In addition, the released PEGylated drug may have
changed in vivo circulation and biodistribution, which in turn lead to different therapeutic
significance [192].

4.2. Host-guest hydrogels

Co-assembly of CDs or its derivatives with hydrophobically modified polymers is another
widely explored strategy to self-assemble hydrogels (Fig. 13B). The formation of these
supramolecular hydrogels is largely driven by inclusion complexation between the CD units
and hydrophobic groups. Hydrogels can be instantaneously formed at room temperature by
mixing B-CD polymers or -CD conjugated polymers with hydrophobically modified
hydrophilic polymers such as PEG, dextran, chitosan, and hyaluronic acid, which can
sustain the release of proteins or hydrophobic drugs [74, 97, 193-195]. Based on host-guest
recognition between B-CD and cholesterol inclusion, Hennink's group fabricated self-
assembling hydrogels utilizing 8-arm star shaped PEG modified with either 3-CD or
cholesterol via a succinyl linker that is hydrolytically cleavable. The resulting hydrogels are
thermally reversible upon heating and cooling cycles, and their properties can be tailored by
a plethora of parameters, such as temperature, polymer concentration, f-CD/cholesterol
stoichiometry, and the molecular weight of the star shaped PEG. In vitro degradation results
suggested a surface erosion mechanism, and the degradation behavior is mainly controlled
by network swelling stresses and the initial cross-linking density. Consistent with the
degradation profile, the entrapped proteins like lysozyme and bovine serum albumin can be
released from the hydrogels in continuous, nearly zero-order patterns. It was also found that
the combination of free 3-CD and cholesterol-derivatized 8-arm or linear PEG in an aqueous
solution may form elastic hydrogels [196]. In general, pharmacologically active cargoes
varying from small molecules to proteins are loaded into these hydrogels by physical
entrapment during the self-assembling process. On the other hand, drugs can be charged by
conjugating to materials that may serve as or interact with the components of hydrogels. By
using photoresponsive groups such as azobenzene as the host moieties, responsive
supramolecular hydrogels were developed, which can achieve light controlled cargo release
[197, 198].

5. Concluding remarks

Whereas CDs and their small molecular derivatives have already been successfully used as
excipients in the pharmaceutical field, the use of their derivatives for constructing
supramolecular assemblies for biomedical applications has emerged only recently. Previous
comprehensive studies on CDs for the creation of new formulations for water-insoluble
drugs have addressed critical issues related to their pharmaceutical significance, safety, and
limitations, especially for a- and p-CDs. However, the use of parent CDs, particularly p-CD,
is limited to oral and topical formulations because of their renal toxicity resulting from the
accumulation of CD crystals or CD-cholesterol complexes due to their low water solubility.
This has been partly circumvented by developing two proprietary modified 3-CDs, i.e.
hydroxypropyl- and sulfobutylether-B-CD, which have dramatically increased water
solubility. Currently, parent CDs and their modifiers have been utilized to formulate arrays
of lipophilic drugs to deliver by dermal, buccal, oral, sublingual, rectal, ophthalmic,
intramuscular, and intravenous routes. These CD-based formulations, however, cannot
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achieve spatiotemporally controlled payload delivery according to the anatomical and
pathological features of various diseases and the disease development state, due to their
intrinsic limitations.

Nanoscaled supramolecular systems have been considered to be the most promising carriers
for drug and gene delivery as well as other biomedical applications, in view of their
successful clinical performances for tumor therapy and diagnosis of cardiovascular diseases.
With the delicate design and well-controlled manipulation, the resulting nanoparticles may
have many advantages. They could have prolonged circulation, broad payload spectrum,
unique size and shape characteristics for tissue penetration and passive targeting as well as
specific cellular/subcellular trafficking pathways, easy to tailor for active targeting at
different levels, and facile control of cargo release by sophisticated materials engineering.
Introducing CDs into supramolecular platforms may render enhanced biocompatibility,
functionalizing flexibility, and recognition capability for both the drug payload and the
therapeutic target, as partly demonstrated by intensive studies on nanomedicines assembled
from CD-containing polymers. Recent advances in cyclodextrin chemistry and self-
assembly make it possible to engineer diverse assemblies such as general nanoparticles,
micelles, vesicles, nanogels, nanopolyplexes, supramolecular hydrogels as well as highly
complex superstructures and multifunctional systems simply by a combinatorial strategy,
taking full advantages of host-guest interactions and other noncovalent forces by utilizing
CD-materials. Nevertheless, most of these studies are in the proof-of-concept stage, and only
a few therapeutic nanosystems have been comprehensively investigated. The successful
translation of these laboratory innovations to clinical reality remains challenging. First, more
efficient synthetic approaches that can be easily scaled up need to be developed to produce
small molecule CD derivatives with high purity and a desirable yield, and to give rise to CD-
containing polymers with finely controlled topology, structure, and molecular weight as well
as its distribution. Second, whereas myriad of CD modifiers and CD-containing polymers
have been created for drug delivery applications, the majority of them lacks systemic
biocompatibility evaluation and comprehensive toxicological study with the exception of a
few commercially available products. The establishment of the nonclinical safety data
package is necessary for clinical trials of new pharmaceutical products. Third, much more
comprehensive and intensive studies need to be carried out for promising delivery systems
with candidate therapeutics of clinical significance. Last, the cost is another factor that limits
the successful translation of new delivery systems. The high costs are justified only when
the new pharmaceuticals can overcome the inability of traditional formulations to deliver a
drug or to perform an important function. One should always bear in mind that development
of new therapeutics based on the newly created supramolecular systems is often a long way
to a therapy, considering its success probability, clinical outcomes, and market popularity. In
spite of these challenges, the future of CD-based supramolecular systems in drug and gene
delivery is promising, in view of the notable clinical success of new pharmaceuticals based
on parent CDs, their small molecule derivatives, and CD-containing polymers as well as
other controlled delivery systems.
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Fig. 1.

Molecular structures and dimensions of various CDs: A, a-CD; B, -CD; and C, y-CD. The
positions 2, 3, and 6 are indicated with the numbers of 2, 3, and 6, respectively.
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Fig. 2.

Schematic illustration of various amphiphilic CDs that have been synthesized so far. A,
Neutral amphiphiles hydrophobically modified on the secondary side. B, Neutral
amphiphiles hydrophobically decorated on the primary side. C, Neutral amphiphiles with
hydrophobic moieties at the primary sites and hydrophilic segments on the secondary side.
D, Cationic amphiphiles with charged groups on the primary side and hydrophobic moieties
at the secondary sites. E, Cationic amphiphiles with charged moieties on the secondary side
and hydrophobic moieties at the primary sites. F, Cationic amphiphiles with charged
segments on the primary side and hydrophobic moieties at the secondary sites. G, Anionic
amphiphiles with charged groups on the secondary side and hydrophobic moieties at the
primary sites. H, Anionic amphiphiles with charged groups on the primary side and
hydrophobic moieties at the secondary sites.
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Fig. 3.

A schematic showing the synthesis of pH-sensitive acetalated CDs and CD-containing
polymers by kinetically controlled acetalation in the presence of 2-methoxypropene, and
their self-assembly in the presence of Ada-PEG.
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Linear CD-polymers for drug and gene delivery: A, Schematic illustration (i) and molecular

structure of CPT-conjugated CDP; and B, Schematic illustration (i) and structure (ii) of p-

CD based linear cationic polymer. Both schemes and structures were made according to
references [75, 78].
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Fig. 5.

Schematic illustration of the typical structures of CD-pendent polymers studied for
biomedical applications: A, CD-grafted linear polymer; B, CD-pendant graft copolymer; C,
CD-conjugated dendrimer; and D, CD-flanking block copolymer.
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Schematic illustration of supramolecular therapeutics based on CD-based

polypseudorotaxane.
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A B C D E
Fig. 7.

CD-based nanoassemblies studied for drug delivery. A, Nanosphere; B, Vesicle; C,
Nanogel; D, Micelle; and E, Micelle-like core-shell structured assembly.
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Core-shell structured responsive nanoparticles assembled by PEG-b-PCD and guest
molecules. A, Schematical illustration of the formation of nanoassemblies and their
responsive behaviors. B, TEM image of nanoparticles based on PEG-b-PCD/RAP. C, TEM
image showing the core-shell structured nanoparticles formed by PEG-b-PCD and PBLA.
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Fig. 9.

CD-based supramolecular polycations for gene delivery. A, Threading of CD units onto
positively charged polymers. B, CD-based polyrotaxane modified with positively charged
moieties. C, Supramolecular polycations formed by the complexation of CD-polymer and
positively charged molecules.
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Fig. 10.

Core-shell structured nanoassemblies formed by B-CD-conjugated PEI (PEI-CD) and PBLA
for simultaneous drug and gene delivery. A, Schematic showing the formation of
nanoassemblies. B, TEM image of PEI-CD/PBLA assemblies after staining with
phosphotungstic acid. C, Gel retardation assay of PEI-CD/PBLA assemblies and pDNA. D,
Transfected cells were viewed by fluorescence microscopy 48 h after transfection.
Excitation was performed with green light. Polyplexes with the weight ratio of PEI-CD/
PBLA assemblies to pDNA of 8 were employed. E, In vitro DMS release profile from DMS
containing PEI-CD/PBLA assemblies. F, Cytotoxicity of PEI-CD/PBLA assemblies and
DMS containing assemblies against osteoblast cells. After incubation for 24 h with the
solutions of different polyplexes, the cell viability was detected.
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Responsive nanoplatforms assembled from PEG-b-PCD and guest molecules. A, De-
shelling of PEG-b-PCD/PBLA assemblies in the presence of potassium iodide (0.05 M). B,
In vitro release profiles of PEG-b-PCD/RAP nanoassemblies in the absence or presence of a
chemical stimulant ADCA. C, TEM image of assemblies formed by PEG-b-PCD/PNIPAmM
at a weight ratio of 10:5. D, In vitro release profiles of IND from PEG-b-PCD/PNIPAmM
(10:5) assemblies in response to temperature switching between 23 and 37°C.
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Host-guest interaction

Cyclodextrin polyrotaxane

Fig. 13.

Schematic illustration of two typical approaches to engineer supramolecular hydrogels based
on CDs and their derivatives. A, Fabrication of hydrogels based on inclusion complexes
between CDs and various polymers that can thread into CD cavities. B, Supramolecular
hydrogels formed by physical cross-linking through host-guest interactions between CD-
containing polymers and hydrophobically modified polymers.
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Table 1
CD-conjugated polymers for biomedical applications.

Type of polymer CD type Synthesis method Biomedical applications  References

Dextran and its derivatives a-CD, B-CD  Conjugating to the polymers or Drug delivery [199-201]
oxidized products

Hyperbranched PEI B-CD Coupling to the preformed polymer Biomimetic biological [202-204]
via “click chemistry” membranes or

solubilization

Hyperbranched polyglycerol B-CD Conjugating to the preformed Drug delivery [205, 206]
polymer via nucleophilic reaction

Copolymer of oligo-(ethylene glycol) B-CD Conjugating to the preformed Drug delivery [207]

methyl ether acrylate, N- copolymers via “click chemistry”

isopropylacrylamide, and acrylate

Polyaspartamide B-CD Conjugating B-CD to the preformed Drug delivery [98, 99]
polymers via nucleophilic reaction or
“click chemistry”

8-Arm star PEG B-CD Conjugating to the preformed Drug delivery [195]
polymer

Chitosan and its derivatives 3-CD or its Coupling or nucleophilic reaction Drug delivery, gene [208-211]

derivatives between CD and chitosan delivery
Polyamidoamine (PAMAM) dendrimer a-, B-,and y-  Conjugating CDs to the preformed Drug delivery, gene [139, 212]
CcD polymers delivery

Linear and branched PEI B-CD Conjugating CDs to the preformed Drug delivery, drug/gene [142, 165,

polymers codelivery, gene delivery, 168,
and medical imaging 213-215]

Poly(e-lysine) B-CD Conjugating CDs to the preformed Gene delivery [143]
polymers

Hyperbranched poly(amido amine) B-CD Michael addition copolymerization Gene delivery [216]
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