
FOCUS REVIEW

Rational design of stimuli-cleavable polyrotaxanes
for therapeutic applications

Atsushi Tamura and Nobuhiko Yui

Polyrotaxanes (PRXs), comprising many cyclic molecules threaded onto a linear polymer chain capped with bulky stopper

molecules, have attracted considerable attention in the design of biomaterials. If cleavable linkages are included between the

axle polymer terminals and bulky stopper molecules, PRXs acquire a stimuli-responsive dissociation ability. Such stimuli-

cleavable PRXs can dissociate into their constituent molecules in response to various chemical and physical stimuli, such as the

reductive intracellular environment and the acidic lysosomal environment. In this focus review, the basic principle of stimuli-

cleavable PRX design and characteristics of stimuli-cleavable PRXs as drug delivery carriers are described. Additionally, recent

progress in the use of β-cyclodextrin-threaded stimuli-cleavable PRXs as a therapeutic agent for treating Niemann–Pick-type C

(NPC) disease, a family of lysosomal storage disorders characterized by lysosomal accumulation of cholesterol, is described.

The lysosomal release of threaded β-cyclodextrins from PRXs leads to the formation of an inclusion complex with the

cholesterols that accumulate in NPC disease, promoting extracellular excretion of cholesterols. Interestingly, these stimuli-

cleavable PRXs improve impaired autophagic functions in NPC disease in addition to reducing cholesterol. Therefore, stimuli-

cleavable PRXs are promising candidates for the treatment of intractable metabolic disorders.
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INTRODUCTION

Supramolecular compounds have received considerable attention and
three scientists, Felinga, Stoddart and Sovage, who work in the field of
supramolecular chemistry were awarded the Nobel Prize in Chemistry
in 2016 for the development of ‘molecular machines’.1 A rotaxane
is a representative supramolecular compound composed of one or
more cyclic molecules threaded onto an axle molecule.2 A unique
characteristic of rotaxanes is that they exhibit sliding and rotational
motion of the mechanically interlocked cyclic molecules along the axle
molecule. Stoddart et al.3 have reported the regulation of the
localization of the cyclic molecules on the axle molecules of rotaxanes
by means of chemical and electrochemical stimuli, and
these authors have proposed that rotaxanes may be useful as
controllable molecular switches.
A polymeric rotaxane, generally referred to as a polyrotaxane

(PRX), is composed of many cyclic molecules threaded onto a linear
polymer chain capped with bulky stopper molecules, and PRXs have
also attracted attention because of their unique interlocked architec-
ture (Figure 1).4 Cyclic molecules and a linear polymer can combine
in a complementary manner. Therefore, the resulting inclusion
complex formation is strongly related to the cross-sectional area of
the polymer chain and the cavity size of the cyclic molecules. To date,
many combinations of cyclic molecules and linear polymers that can
form polymeric inclusion complexes (pseudo-PRXs) have been
reported.4–7 The most commonly used PRXs and pseudo-PRXs are

composed of α-cyclodextrins (α-CDs) as the cyclic molecules and poly
(ethylene glycol) (PEG) as the axle polymer.8 In general, these PRXs
are synthesized by mixing PEG and α-CDs in an aqueous medium,
causing an inclusion complex to spontaneously form between many
α-CDs and PEG, which then precipitates from the solution.
By capping both terminals with bulky stopper molecules under
heterogeneous conditions, PRXs can be obtained. Although the PEG
axle chain has a flexible conformation in an aqueous medium, the
threading of α-CDs onto the PEG chain increases the persistence
length, resulting in the formation of a rigid backbone structure.9

Additionally, the threaded cyclic molecules can move along the
polymer chains in the PRXs; this dynamic motion is an intrinsic
property of the PRX architecture, similar to that of small-molecule
rotaxanes.
One of the practical applications of PRXs is as ‘slide-ring gels’, in

which the cyclic molecules in the PRXs act as movable crosslinking
points.10,11 PRX-containing hydrogels show unique stress–strain
profiles and properties of extreme stretchability and toughness because
of the molecular mobility of the crosslinking points.11 Our research
group has focused on the unique interlocked architecture of PRXs
and has demonstrated their applications as biomaterials, such as
enhanced multivalent interactions with ligand-modified PRXs and the
direction of stem cell differentiation via the molecular mobility of
PRX-immobilized surfaces.12–14 The molecular mobility observed in
the PRX architecture may provide new insight into the design of
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biomaterials. Another interesting function of PRXs is the stimuli-
induced dissociation of the PRX structure.13,14 In this focus review, the
recent progress in the design of stimuli-cleavable PRXs and their
potential applications as supramolecular drugs are described.

DESIGN AND APPLICATIONS OF STIMULI-CLEAVABLE PRXS

The threading cyclic molecules in PRXs are mechanically interlocked
onto the axle polymer by bulky stopper molecules at the terminals
of the axle polymer. There are no chemical linkages between the cyclic
molecules and the axle polymer. Taking advantage of this structural
characteristic, PRXs can be dissociated into their constituent molecules
in response to chemical and physical stimuli.13,15–18 If cleavable
linkages are installed between the axle polymer terminals and the
bulky stopper molecules, PRXs acquire a stimuli-responsive dissocia-
tion characteristic (Figure 2a). To date, our group has reported a
variety of stimuli-cleavable PRXs that possess cleavable linkers, such as
hydrolysable ester linkages,15 reduction-cleavable disulfide linkages,16

acid-cleavable ketal linkages17 and photo-cleavable o-nitrobenzyl
esters.18 These stimuli-cleavable PRXs are regarded as a new class
of biodegradable polymers and may be useful as biomaterials and
drug delivery systems. In general, a long period of time is required for
the complete degradation of conventional biodegradable polymers
such as polyesters and polycarbonates. By contrast, stimuli-cleavable
PRXs can be rapidly dissociated into their constituent molecules
(axle polymer and cyclic molecules), because the cleavage of a single

cleavable site induces the dissociation of the entire supramolecular
structure.
Taking advantage of the unique dissociation characteristics of

stimuli-cleavable PRXs, we have demonstrated the advantage of using
stimuli-cleavable PRXs for the intracellular delivery of biologically
active biomacromolecules such as plasmid DNA,16 small interfering
RNA19 and acidic proteins.20 To promote the cellular internalization
of these biomacromolecules, positively charged amino groups were
introduced at the threading α-CD moieties of the PRXs. These cationic
PRXs form positively charged polyelectrolyte complexes with
negatively charged biomacromolecules through electrostatic interac-
tions. This complex formation enhances cellular internalization
because the positive surface charge of the complexes promotes their
interaction with the plasma membrane. However, polyelectrolyte
complexation typically masks the biological activity of biomacromo-
lecules. To overcome this limitation, we developed PRXs possessing
reduction-cleavable disulfide linkages in the axle polymer and
N,N-dimethylaminoethyl (DMAE) groups as a cationic moiety
(DMAE-SS-PRX) (Figure 2b). Because the intracellular concentration
of L-glutathione, a biological reductive compound that can cleave the
disulfide linkages, is 3–4 orders of magnitude higher than the
extracellular concentration, DMAE-SS-PRX can be selectively
dissociated in the intracellular environment. DMAE-SS-PRX can form
stable polyelectrolyte complexes with plasmid DNA, small interfering
RNA and acidic proteins under physiological conditions. However,
upon the addition of reductive compounds (e.g., D,L-dithiothreitol,
L-glutathione), the DMAE-SS-PRX readily dissociates, releasing the
plasmid DNA, small interfering RNA and acidic proteins to exhibit
their inherent biological activities. Indeed, polyelectrolyte complexes
between DMAE-SS-PRX and plasmid DNA show a gene expression
efficiency in cultured cells is three to four orders of magnitude higher
than that of non-cleavable DMAE-modified PRX (DMAE-PRX)-based
complexes.16 Similarly, DMAE-SS-PRX/small interfering RNA
complexes show significantly higher gene silencing effects in cultured
cells, and polyelectrolyte complexes between DMAE-SS-PRX
and β-galactosidase, an anionic enzyme with an isoelectric point
of 4.6, also show higher enzymatic activity in cultured cells than
non-cleavable DMAE-PRX.19,20 These results suggest that intracellular
dissociation in response to the reductive intracellular environment
contributes to intracellular release and the subsequent expression of
biological activity. Therefore, stimuli-cleavable PRXs are regarded as
promising candidates for the intracellular delivery of anionic
biomacromolecules.

INTERACTION BETWEEN PRXS AND BIOLOGICAL

COMPONENTS

Recently, β-CDs have attracted attention because of recent studies
that have revealed that β-CDs act as an active pharmaceutical
ingredient for the treatment of many diseases, such as Alzheimer
disease,21 Niemann–Pick-type C (NPC) disease,22 age-related macular
degeneration23 and atherosclerosis.24 Because β-CDs can form inclu-
sion complexes with cholesterols, β-CDs interact with cholesterols and
remove them from the plasma membrane.25,26 This effect sometimes
modulates the localization and function of transmembrane proteins,
particularly those localized in the lipid raft domain. This cholesterol
removal effect is considered to be related to the therapeutic effect of
β-CDs. However, cholesterol removal with β-CDs destabilizes or
disrupts the plasma membrane and shows a toxic effect. Additionally,
the administration of β-CD derivatives can cause acute toxicity,27 lung
toxicity28 and hearing loss.29 Therefore, the therapeutic application
of β-CD derivatives is limited because of their toxic effects.
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Figure 1 Schematic illustration of the formation of pseudopolyrotaxanes
(PRXs) between a linear polymer (e.g., poly(ethylene glycol) (PEG)) and
cyclic molecules (e.g., α-cyclodextrin (α-CD)) and the synthesis of PRXs.
A full color version of this figure is available at the Polymer Journal journal
online.
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This limitation is difficult to overcome because both the therapeutic
and toxic effects of β-CDs are related to the inclusion of cholesterols in
their cavities.
One strategy for overcoming the toxicity of β-CDs is to use the

PRX structure. Because the cavities of β-CDs in PRXs are occupied by
the polymer chain, β-CDs threaded into PRXs cannot form inclusion
complexes with cholesterols, and PRXs show negligible interactions
with cholesterols.30 Therefore, such PRXs are expected to show
negligible toxicity. To validate this hypothesis, we designed
β-CD-threaded PRXs composed of β-CDs modified with hydrophilic
functional groups as the cyclic components, PEG-b-poly(propylene
glycol)-b-PEG triblock copolymer (Pluronic P123) as the axle polymer
(the β-CD forms inclusion complexes with the PEG-b-poly(propylene
glycol) segments of the Pluronic31), and N-triphenylmethyl groups as
stoppers (Figure 3a). These PRXs did not remove cholesterols from
the plasma membranes of cultured fibroblasts, whereas plasma
membrane cholesterols were removed into the culture medium upon
treatment with 2-hydroxypropyl β-CDs (HP-β-CDs) (Figure 3b). The
degree of membrane destabilization could be estimated based on the
hemolysis of erythrocytes. The PRXs did not induce hemolysis,
whereas the HP-β-CDs exhibited strong hemolysis at concentrations
45 mM (Figure 3c). Additionally, the PRXs did not reduce cell
viability, even at a β-CD concentration of 20 mM, whereas cell viability
was decreased for HP-β-CD concentrations 410 mM (Figure 3d).
According to these results, it is concluded that the toxic effect of β-
CDs can be masked by the formation of the supramolecular threaded
PRX architecture.
Another limitation regarding β-CDs is cellular internalization.

Because β-CD derivatives strongly interact with plasma membrane
cholesterols, the cellular internalization levels of β-CD derivatives are
typically low. Therefore, β-CD derivatives do not strongly affect
intracellular cholesterols; however, several diseases show abnormal
intracellular cholesterol homeostasis. PRXs are expected to be inter-
nalized into cells through endocytosis, as the PRX architecture exhibits
a negligible interaction with cholesterols in the plasma membrane. To
confirm this hypothesis, the intracellular distributions of fluorescently
labeled HP-β-CDs and PRXs were investigated.30 HP-β-CDs were

detected at the cell surface, suggesting that HP-β-CDs localize at the
plasma membrane and that colocalization with endosomes or lyso-
somes difficult to occur (Figures 3e and f). In contrast, PRXs were
observed in the perinuclear regions of the cells and colocalized with
late endosomes and lysosomes, indicating that PRXs are internalized
into cells via endocytosis. To examine the detailed cellular internaliza-
tion pathway of PRXs, the cellular internalization level of PRXs was
assessed after treatment with pharmacological endocytosis inhibitors,
such as dynasore (an inhibitor of dynamin, which blocks clathrin-
mediated endocytosis), genistein (an inhibitor of several tyrosine
kinases, which blocks caveolae-mediated endocytosis) and amiloride
(an inhibitor of Na+/H+ exchange, which blocks micropinocytosis).32

The results showed that the cellular internalization level of the PRXs
decreased for all tested endocytosis inhibitors, indicating that PRXs are
internalized into cells via multiple endocytosis pathways. If PRXs are
designed to dissociate under lysosomal acidic pH levels, threaded β-
CDs may be locally released from the PRXs after endocytosis. This
intracellular local release of β-CDs from PRXs is a potential approach
for altering intracellular cholesterol level and localization.

STIMULI-CLEAVABLE PRXS FOR THE TREATMENT OF

NIEMANN–PICK-TYPE C DISEASE

NPC disease is a lysosomal storage disorder caused by a mutation in
either the NPC1 or NPC2 protein.33–35 Both NPC1 and NPC2 have
a pivotal role in the transport of low-density lipoprotein-derived
cholesterols to the endoplasmic reticulum. If these proteins are
deficient, low-density lipoprotein-derived cholesterols accumulate in
lysosomes.33 As a result, patients suffering from this disease present
fatal clinical symptoms such as progressive neurodegeneration and
hepatosplenomegaly.33 Although an effective clinical treatment for
NPC disease has not been established, HP-β-CDs have recently
received attention because of their strong ability to promote
the excretion of intracellular cholesterol in NPC disease cells.34

Consequently, the administration of HP-β-CDs significantly prolongs
lifespan in mouse and feline models of NPC disease.21,36,37 Currently,
clinical trials of the treatment of NPC disease with HP-β-CDs are
underway.38 However, for the treatment of NPC disease, a high dose
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Figure 2 (a) Design of stimuli-cleavable polyrotaxanes (PRXs) possessing cleavable linkages in the axle. (b) Schematic illustration of the polyelectrolyte
complexation of stimuli-cleavable PRXs with nucleic acids and their intracellular dissociation through the cleavage of the PRXs.
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of HP-β-CDs is required in model mice (~4000 mg kg− 1),21,36 which
may have severe adverse effects.
In this regard, stimuli-cleavable PRXs are potential candidates for

overcoming the therapeutic and toxic effects of β-CD derivatives.
Although PRXs themselves exhibit negligible interactions with choles-
terol, stimuli-cleavable PRXs may dissociate in the intracellular
environment and release β-CDs to exert a cholesterol-reducing effect
in NPC disease. To confirm the cholesterol-reducing effect of stimuli-
cleavable PRXs, intracellular cholesterol content in NPC disease
patient-derived skin fibroblasts (NPC1 fibroblasts) was examin-
ed.30,32,39 In these experiments, β-CD-threaded PRXs composed of

β-CDs modified with 2-(2-hydroxyethoxy)ethyl (HEE) groups as
the cyclic components, Pluronic P123 as the axle polymer,
N-triphenylmethyl groups as stopper molecules and reduction-
cleavable disulfide linkages between the axle polymer terminals and
stopper molecules (HEE-SS-PRXs) were prepared (Figure 3a). After
the NPC1 fibroblasts were treated with HEE-SS-PRXs for 24 h,
cholesterol content was assessed by means of filipin III staining, and
the amount of total cholesterol was quantified using an enzymatic
method. Figure 4a shows filipin III-stained normal and NPC1
fibroblasts, in which bright fluorescence was observed only in the
NPC1 fibroblasts, indicating that excess cholesterol accumulated in the
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Figure 3 (a) Chemical structure of β-cyclodextrin (β-CD)/Pluronic-based stimuli-cleavable polyrotaxanes (PRXs). (b) Amounts of cholesterol extracted from the
plasma membranes of NPC1 fibroblasts treated with 2-hydroxypropyl β-CDs (HP-β-CDs) and PRXs at various concentrations for 2 h at 4 °C (n=3). (c)
Hemolytic ratios of rat erythrocytes treated with HP-β-CDs and PRXs at various β-CD concentrations for 3 h (n=3). (d) Viability of NPC1 fibroblasts treated
with HP-β-CDs and PRXs at various β-CD concentrations for 24 h (n=4). (e) Intracellular distribution analysis of FITC-HP-β-CDs (green) and FITC-PRXs
(green) in NPC1 fibroblasts after incubation for 24 h (scale bar, 20 μm). Early endosomes, late endosomes and lysosomes were stained
with EEA1, CD63 and LAMP1 antibodies, respectively (red). The nuclei were stained with DAPI (blue). (f) Colocalization percentage of FITC-HP-β-CD and
FITC-PRXs with respect to early endosomes (EE), late endosomes (LE) and lysosomes (LY) after 24 h, as determined from confocal laser scanning
microscopic (CLSM) images. The bars depict the mean values for 20 cells (****Po0.001). Reproduced with permission from ref. 30 © 2014 Nature
Publishing Group.
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cells. The fluorescence intensity in the NPC1 fibroblasts treated with
HP-β-CDs (1 mM) was slightly reduced. Interestingly, the fluorescence
intensity in the NPC1 fibroblasts treated with HEE-SS-PRXs (1 mM

threaded β-CDs) was reduced to the normal level. The quantification
of total cholesterol revealed that the HEE-SS-PRXs reduced intracel-
lular cholesterol to an ~ 100-fold lower concentration than did the
HP-β-CDs (Figure 4b). These results indicate that the lysosomal
release of threaded β-CDs from HEE-SS-PRXs causes significant
cholesterol reduction. Note that the HEE-modified β-CDs and
Pluronic P123 showed a lower capability for cholesterol reduction
than did the HEE-SS-PRXs. Overall, the HEE-SS-PRXs reduced
lysosomal cholesterol to a much lower concentration than did the

HP-β-CDs without extracting cholesterol from the plasma membrane.
The detailed mechanism involved in the reduction of lysosomal
cholesterol remains unclear. Because the functions of cholesterol
processing at the endoplasmic reticulum and cholesterol excretion
via transporters in NPC1 cells are normal, it is considered that the β-
CDs released from the PRXs form inclusion complexes with choles-
terol in the lysosomes and assist in transporting cholesterol to the
cytoplasm.40,41

EFFECT OF STIMULI-CLEAVABLE PRXS ON IMPAIRED

AUTOPHAGY IN NPC DISEASE

Autophagy is a system for the bulk degradation of cytoplasmic protein
aggregates and subcellular organelles. In particular, basal autophagy
has a pivotal role in the constitutive turnover of cytoplasmic
components to maintain cellular function.42,43 Atg5− /− or Atg7− /−

mice display neurodegeneration and hepatomegaly, indicating that
basal autophagy is strongly related to the pathology of
neurodegeneration.44,45 Indeed, impaired basal autophagy has been
reported in various neurodegenerative diseases and lysosomal storage
disorders.46,47 Various studies have reported that the accumulation
of autophagosomes occurs even under basal conditions in NPC
disease.48–50 Therefore, improvement in impaired autophagy and
lysosomal cholesterol accumulation is required for the treatment of
NPC disease. Sarkar et al.50 have reported that HP-β-CDs prevent
autophagic flux in normal and NPC1 model cells. Therefore, it
remains challenging to improve lysosomal cholesterol accumulation
and impaired autophagy in NPC disease.
Because of this, the effect of stimuli-cleavable PRXs on impaired

autophagy in NPC disease was investigated. Figure 5a shows normal
and NPC1 fibroblasts immunostained with anti-LC3, a marker protein
for autophagosomes associated with the autophagosomal membrane.51

Consistent with the results of a previous report,50 a large number of
LC3-positive puncta were observed in the NPC1 fibroblasts, even
under basal conditions (cultured in normal growth medium)
(Figure 5b). Although the treatment of NPC1 fibroblasts with
HP-β-CDs (10 mM) markedly reduced cholesterol accumulation
(Figure 4b), the number of LC3-positive puncta increased with the
treatment of HP-β-CDs compared with untreated NPC1 fibroblasts,
suggesting that β-CD derivatives perturb autophagic functions. In
contrast, the number of LC3-positive puncta in NPC1 fibroblasts
was reduced to the normal level upon treatment with HEE-SS-PRXs
(1 mM threaded β-CDs) for 24 h.
To further clarify the effect of HEE-SS-PRXs on impaired

autophagy in NPC1 fibroblasts, the amounts of LC3-II and p62
(selectively degraded via autophagy52) were assessed by means of
immunoblotting (Figure 5c). The intracellular levels of LC3-II and
p62 in NPC1 fibroblasts were ~ 2-fold higher than those in normal
fibroblasts. This is because of impaired proteolysis in the autolyso-
somes and/or impaired autophagic maturation (fusion of autophago-
somes with lysosomes). HP-β-CD treatment significantly increased the
levels of both LC3-II and p62 in NPC1 fibroblasts, suggesting that
autophagic maturation was further perturbed. By contrast, both
the LC3-II and p62 levels were decreased upon treatment with
HEE-SS-PRXs, suggesting that the PRXs improved the impaired
proteolysis in the autolysosomes and/or reduced the impairment of
autophagic maturation.
To verify whether the HEE-SS-PRXs affected autolysosome

formation in the NPC1 fibroblasts, the autophagic flux in the
NPC1 fibroblasts was monitored using an expression vector encoding
mRFP-GFP tandem fluorescence-tagged LC3 (mRFP-GFP-LC3)
(Figure 5d).53 When mRFP-GFP-LC3 is localized to autophagosomes,

Figure 4 (a) Filipin staining for cholesterol in normal and NPC1 fibroblasts
treated with 2-hydroxypropyl β-CDs (HP-β-CDs) (1 mM) and HEE-SS-PRXs
(1 mM threaded β-CDs) for 24 h (scale bars, 20 μm). (b) Amounts of total
cholesterol in normal and NPC1 fibroblasts treated with HP-β-CDs and HEE-
SS-PRXs at various β-CD concentrations for 24 h (n=3) (*Po0.05,
***Po0.005). HEE, 2-(2-hydroxyethoxy)ethyl; PRX, polyrotaxane; SS,
disulfide. Reproduced with permission from ref. 39 © 2015 American
Society for Biochemistry and Molecular Biology.
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both mRFP and GFP show fluorescence signals. By contrast,
when mRFP-GFP-LC3 is localized to the acidic autolysosomes, only
mRFP shows a fluorescence signal because GFP is quenched
under acidic conditions. In the NPC1 fibroblasts, the number of
mRFP-positive/GFP-positive puncta (autophagosomes) was increased
and the number of mRFP-positive/GFP-negative red puncta
(autolysosomes) was decreased compared with the normal fibroblasts
(Figures 5e and f). The treatment of NPC1 fibroblasts with HP-β-CDs
slightly increased the number of mRFP-positive/GFP-positive puncta,
but a negligible change in the number of mRFP-positive/GFP-negative
puncta was observed. Notably, the treatment of NPC1 fibroblasts with
HEE-SS-PRXs markedly decreased the number of mRFP-positive/
GFP-positive puncta and increased the number of mRFP-positive/
GFP-negative puncta to levels comparable to those observed in normal
fibroblasts.
Ballabio and co-workers54 have reported that lysosomal cholesterol

accumulation inhibits the fusion of endosomes with lysosomes and of

endosomes with autophagosomes in two cell models of lysosomal
storage disorders. These authors showed that soluble N-ethylmalei-
mide-sensitive factor attachment protein receptors (SNAREs), such as
VAMP7, Vit1b and syntaxin7, are preferentially sequestered to these
cholesterol-enriched compartments. Sarkar et al. have reported that
the fusion of syntaxin17 and VAMP8, essential factors in the fusion of
autophagosomes with lysosomes55,56, is altered by excess cholesterols,
disrupting the formation of autolysosomes.50 Therefore, the reduction
of lysosomal cholesterol caused by HEE-SS-PRXs is expected to
improve the localization of these fusion factors. However, it remains
unknown why treatment with β-CDs did not improve the impaired
autophagic flux in NPC1 fibroblasts, although lysosomal cholesterol
was reduced at a high concentration. The critical difference between
HP-β-CDs and HEE-SS-PRXs is the ability to extract cholesterol from
the plasma membrane (Figure 3b). It is predicted that the extraction of
cholesterols from the plasma membrane by HP-β-CDs affects the
process of autophagic flux.

Figure 5 (a) Immunostaining for LC3 in normal and NPC1 fibroblasts treated with 2-hydroxypropyl β-CDs (HP-β-CDs) (10 mM) and HEE-SS-PRXs (1 mM

threaded β-CDs) for 24 h (scale bars, 20 μm). (b) Numbers of LC3-positive puncta in normal and NPC1 fibroblasts treated with HP-β-CDs (10 mM) and HEE-
SS-PRXs (1 mM threaded β-CDs) for 24 h. The bars depict the mean values for 30 cells (*Po0.05, ****Po0.001). (c) Immunoblot analysis for LC3, p62
and β-actin in normal and NPC1 fibroblasts treated with HP-β-CDs (10 mM) and HEE-SS-PRXs (1 mM threaded β-CDs) for 24 h.
(d) Confocal laser scanning microscopic (CLSM) images of normal and NPC1 fibroblasts transiently expressing mRFP-GFP tandem fluorescence-tagged LC3
(mRFP-GFP-LC3) (green and red puncta indicate GFP and mRFP, respectively) treated with HP-β-CDs (10 mM) and HEE-SS-PRXs (1 mM threaded β-CDs) for
24 h (scale bars, 20 μm). (e, f) Numbers of mRFP-positive/GFP-positive (e) and mRFP-positive/GFP-negative puncta (f) in normal and NPC1 fibroblasts
expressing mRFP-GFP-LC3. The bars depict the mean values for 30 cells (*Po0.05, ***Po0.005). HEE, 2-(2-hydroxyethoxy)ethyl; PRX, polyrotaxane;
SS, disulfide. Reproduced with permission from ref. 39 © 2015 American Society for Biochemistry and Molecular Biology.
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CONCLUSION

In this focus review, the basic principles of stimuli-cleavable PRXs, the
characteristics of stimuli-cleavable PRXs for drug delivery
and therapeutic applications, and recent progress in the use of
stimuli-cleavable PRXs as supramolecular therapeutic agents for
treating NPC disease have been described. β-CD-threaded
stimuli-cleavable PRXs are promising candidates for NPC disease
therapy because of their excellent cholesterol-reducing effect and
ability to improve the impaired autophagic flux in NPC disease. It
will be important to evaluate the safety and therapeutic efficacy of
stimuli-cleavable PRXs in a mouse model of NPC disease. Addition-
ally, stimuli-cleavable PRXs may be useful for treating other diseases,
such as other lysosomal storage disorders and hypercholesterolemia.
We would like to pursue these possibilities along with developing an
optimal design for PRXs as supramolecular therapeutic agents.
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