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ABSTRACT: Cholesterol crystals (CCs), originally accumulating
in the lysosome of cholesterol-laden cells, can aggravate the
progression of atherosclerosis. β-cyclodextrin (CD) is a potent
cholesterol acceptor or CC solubilizer. However, the random
extraction of cholesterol impedes the in vivo application of CD for
removing lysosomal CCs. Here, we exploit poly-β-cyclodextrin
(pCD) as a lysosomal CC solubilizer and dextran sulfate grafted
with benzimidazole (BM) as a pH-sensitive switch (pBM) to self-
assemble into a supramolecular nanoassembly (pCD/pBM-SNA).
The CD cavity in pCD/pBM-SNA can be efficiently sealed by
hydrophobic BM at pH 7.4 (OFF). After it enters the lysosome,
pCD/pBM-SNA disassembles, recovers the CD cavity to dissolve
CCs into free cholesterol due to the protonation of BM (ON), and
reduces CCs, finally enhancing the cholesterol efflux and promoting atherosclerosis regression. Our findings provide an “OFF−ON”
tactic to remove lysosomal CCs for antiatherosclerosis as well as other diseases such as Niemann−Pick type C diseases with
excessive cholesterol accumulation in the lysosome.
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Atherosclerosis, one of the major causes of cardiovascular
disease, is characterized by the deposition of a significant

fibro-lipid burden and infiltration of immune cells under the
artery wall.1−4 Among the fibro-lipid burdens, cholesterol
crystals (CCs) play an essential role in the progression of
atherosclerosis.5,6 It has been shown that CCs first generate and
accumulate in the lysosome of cholesterol-laden cells after
cholesterol enrichment by oxidized low-density lipoprotein (ox-
LDL) and then gradually deposit in the atherosclerotic lesion as
the apoptosis of cholesterol-laden cells.7−9 The presence of CCs
promotes chronic inflammation and the formation of necrotic
cores by inducing the secretion of inflammatory cytokines such
as IL-1β and TNF-α, enhancing the infiltration of monocytes
and encouraging foam cells apoptosis.6,10,11 Previous clinical
data has shown that CCs, especially acicular crystals, are directly
related to the formation of vulnerable atherosclerotic plaque,
which are more likely to pierce the fibrous cap covering the
surface of the plaque, resulting in plaque rupture, thrombosis
formation, and the occurrence of cardiovascular and cerebro-
vascular diseases.12,13

It has been reported that only free cholesterol can be
transported by cholesterol transporters in the lysosome such as
Niemann−Pick type C related protein 1 or 2 (NPC-1 or NPC-
2) for further metabolism and efflux intracellularly; once the free
cholesterol is converted into CCs, they cannot be transported by

NPC-1 or NPC-2, leading to the accumulation of massive CCs
in the lysosome and cell apoptosis.14,15 Therefore, the
prevention of CC formation or the dissolution of CCs to free
cholesterol in the lysosome to enhance the disposal of
cholesterol will be of great clinical significance for athero-
sclerotic therapy. As confirmed by a recent study, the
development of atherosclerosis can be halted by the treatment
of cAMP-enhancing agents (such as forskolin, which catalyzes
the production of cAMP,16,17 and rolipram, which prevents the
degradation of cAMP18) to inhibit the formation of CCs and
promote cholesterol efflux in endothelial cells.19 However, for
macrophages or foam cells, which are the major cholesterol-
laden cells in atherosclerotic plaque, none of the clinical drugs
have been used to remove lysosomal CCs in macrophages or
foam cells for the treatment of atherosclerosis.
β-cyclodextrin (CD) is composed of seven (α-1,4-)-linked

glucose units and has a hydrophobic inner cavity and a

Received: September 21, 2021
Revised: November 1, 2021
Published: November 8, 2021

Letterpubs.acs.org/NanoLett

© 2021 American Chemical Society
9736

https://doi.org/10.1021/acs.nanolett.1c03664
Nano Lett. 2021, 21, 9736−9745

D
ow

nl
oa

de
d 

vi
a 

C
H

IN
A

 P
H

A
R

M
A

C
E

U
T

IC
A

L
 U

N
IV

 o
n 

D
ec

em
be

r 
28

, 2
02

1 
at

 0
4:

32
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fanglin+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siyuan+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingjing+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhigui+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.1c03664&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/22?ref=pdf
https://pubs.acs.org/toc/nalefd/21/22?ref=pdf
https://pubs.acs.org/toc/nalefd/21/22?ref=pdf
https://pubs.acs.org/toc/nalefd/21/22?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


hydrophilic outer surface.20 It has been reported that CD is a
highly efficient cholesterol acceptor or solubilizer by an
inclusion interaction because the size of the CD cavity matches
well with the size of the cholesterol molecule.21 Recently, the
CD derivative of 2-hydroxypropyl-β-cyclodextrin (HP-β-CD)
has been shown to have an antiatherosclerotic effect by reducing
the CC load and augmenting reverse cholesterol transport of
macrophages in the plaque after a high dose (2 g/kg) of
subcutaneous injection in atherosclerosis animal models.22

However, the direct exposure of the hydrophobic inner cavity
of CD in the circulatory system will be confronted with many
challenges. The CD cavity can extract cholesterol from cell
membranes or lipoproteins that are circulating in the blood,
which can lead to the premature occupation of the CD cavity
before the dissolution of the CCs.23 This would not only cause
serious hemolysis in the blood and hearing loss24−27 but also
reduce the capacity for dissolving CCs. Second, the nonspecific
biodistribution of CD as well as HP-β-CD in vivo further limits

its use. In addition, it has been reported that the hydrophilic
outer surface of CD hinders its capacity for membrane
penetration and internalization by cells.26 Recent studies
showed that the CD cavity of methyl-β-cyclodextrin (M-β-
CD) sealed with a hydrophobic statin could switch on again
when it reaches a cholesterol-rich microenvironment, which
would enhance the antiatherosclerosis effect of methyl-β-
cyclodextrin.28 However, whether this strategy could be used
to remove CCs in the lysosome remains unclear. Therefore, a
novel strategy that can safely and efficiently deliver CD to
cholesterol-laden cells such as macrophages and foam cells to
remove lysosomal CCs is required to hamper the progression of
atherosclerosis.
Previous researches have shown that poly-β-cyclodextrin

(pCD), as an important constituent in supramolecular
chemistry, exhibits a higher binding intensity with hydrophobic
molecules compared with that of CD due to multivalent
inclusion interactions.29−36 In the current study, we report

Figure 1. Schematic diagram of the poly-β-cyclodextrin supramolecular nanoassembly as a pH-sensitive lysosomal cholesterol crystal remover for
antiatherosclerosis. (a) Switch OFF state of pCD/pBM-SNA. pCD/pBM-SNA turns off the CD cavity by sealing it with BM to prevent hemolysis and
enters into the atherosclerotic plaque by enhanced permeability and retention (EPR) effects of the inflammatory endothelium. (b) Switch ON state of
pCD/pBM-SNA: (i) pCD/pBM-SNA actively targets the cholesterol-laden cells by interaction between DS and SR-A1 and enters into endosome; (ii)
pCD/pBM-SNA is transported into the lysosome intracellularly, disassembles, and recovers the CD cavity in the acidic lysosome; (iii) pCDmediates
the solubilization and removal of CCs.
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poly(isobutylene-alt-maleic anhydride) grafted with CD-NH2
(pCD) for lysosomal CC removal and dextran sulfate (DS)
grafted with benzimidazole (pBM) as a pH-sensitive switch to
engineer a supramolecular nanoassembly (pCD/pBM-SNA).
Poly(isobutylene-alt-maleic anhydride) was chosen because the
anhydride moiety could readily react with the primary amine
groups of CD-NH2 under mild conditions, resulting in a high
grafting efficiency.29 In addition, the enhanced hydrophilicity of
pCD due to the carboxylate group in the polymer chain and the
hydrophilic outer surface of CD would further increase the
solubility of complexes of pCD and cholesterol, which would
decrease the tendency of complexes of pCD and cholesterol to
crystallize again. We chose DS as the polymer backbone of BM
because DS could actively target the scavenger receptor A1 (SR-
A1), which is overexpressed on the surface of cholesterol-laden
cells (macrophages or foam cells) in atherosclerotic plaque, and
could improve the uptake of the supramolecular nanoassembly
by SR-A1-mediated endocytosis and the transportation into the
lysosomes.37−40 Moreover, BM (pKa 5.67) was utilized as a pH-
sensitive switch because of its pH-dependent protonation and
change in association constant with the CD cavity.41,42 Under
physiological conditions (pH 7.4), BM exhibited a hydrophobic
property and a high association constant with the CD cavity,
which facilitated the self-assembly of pCD/pBM-SNA by
multivalent inclusion interactions between pCD and pBM,
accompanied by sealing the CD cavity and preventing the
extraction of cholesterol from the cell membrane or lipoproteins
(switch OFF). When pCD/pBM-SNA was efficiently accumu-
lated in atherosclerotic plaque, entered into cholesterol-laden
cells such as macrophages or foam cells by SR-A1 mediated
endocytosis, and fused with the acidic lysosome (pH 4−6), the
association constant between BM and the CD cavity decreased
to a very low level due to the change in BM from hydrophobic to
hydrophilic after protonation. This transition led to the
disassociation of BM from the CD cavity, the disassembly of
pCD/pBM-SNA (switch ON), and the recovery of the capacity
of pCD to solubilize CCs for antiatherosclerosis (Figure 1).
pCD and pBM were first synthesized (Schemes S1 and S2)

and characterized by 1H NMR spectroscopy, elemental analysis,
and FTIR spectroscopy (Figure S1). A 1H NMR and elemental
analysis revealed that the pCD and pBM contained 15 CDs and
5 BMs, respectively, in each polymer backbone. We hypothe-
sized that pCD and pBM could self-assemble into pCD/pBM-
SNA at pH 7.4 and switch off the CD cavity by sealing it with BM
(Figure 2a). The formation of pCD/pBM-SNA was monitored
by dynamic light scattering (DLS). The results showed a
remarkable decrease in the particle size as the ratio between CD
and BM was varied from 1:0 to 1:2; the equilibrium value of the
particle size was approximately 80 nm (Figure 2b), which
suggested that the self-assembly and size control of pCD/pBM-
SNA mainly depended on the multivalent inclusion interactions
between pCD and pBM. Furthermore, the repulsive electrostatic
interactions between the negatively charged carboxylate group
in pCD and the negatively charged sulfate group in pBM also
played a crucial role in modulating the particle size.43,44 The
formation of particles in the pCD solution (1:0) might be due to
the hydrogen-bonding interactions of pCD.29 In addition, the
hemolysis of pCD was effectively prevented when pCD self-
assembled into a supramolecular nanoassembly, and only 2%
hemolysis occurred even at a ratio of 1:0.1 between CD and BM,
indicating that the CD cavity remained in the OFF state (Figure
2c). The results also implied that there could be other factors
that prevent hemolysis, such as the steric effect between pCD/

pBM-SNA and red blood cells.23 To obtain a suitable particle
size for enhanced permeability and retention (EPR) effects of
the inflammatory endothelium in atherosclerotic plaque as well
as to avoid hemolysis, an optimized CD/BM molar ratio of 1:1
was used to construct pCD/pBM-SNA for all of the following
investigations. The final pCD/pBM-SNA had a particle size of
approximately 80 nm and a ζ potential of approximately −16
mV with good dispersity (Figure S2a,b). Moreover, the pCD/
pBM-SNA also showed remarkable colloidal stability in PBS
(pH 7.4) and serum during incubation for 12 h (Figure S2c),
which was essential for its biological performance in vivo.45

Because the CCs initially accumulate in the lysosome, in
which the pH is approximately 4−6, we further investigated

Figure 2. pH-sensitive self-assembly (switch OFF) and disassembly
(switch ON) of pCD/pBM-SNA. (a) Schematic diagram of self-
assembly (switch OFF the CD cavity) and disassembly (switch ON the
CD cavity) of pCD/pBM-SNA at pH 7.4 and 5.5. (b) Influence of the
CD/BM ratio on the particle size of pCD/pBM-SNA determined by
DLS. Data points represent mean ± SD (n = 3). (c) Influence of the
CD/BM ratio on the hemolysis of pCD/pBM-SNA under physiological
conditions. Data points represent mean± SD (n = 3). (d) TEM images
of pCD/pBM-SNA at different pH values (pH 7.4, 6.5, 5.5, and 4.5).
Scale bar: 50 nm. (e) Differential scanning calorimetry (DSC) spectra
of pCD/pBM-SNA at different pH values (pH 7.4, 6.5, 5.5, and 4.5). (f)
Change in fluorescence intensity of TNS incubated with pCD/pBM-
SNA at different pH values (pH 7.4, 6.5, 5.5, and 4.5).
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whether pCD/pBM-SNA could show switchable “OFF−ON” in
response to different pH values (pH 7.4, 6.5, 5.5, and 4.5). First,
transmission electron microscopy (TEM) was used to observe
the self-assembly (switch OFF) and disassembly (switch ON) of
pCD/pBM-SNA at different pH values. The TEM images
showed that the morphology of pCD/pBM-SNA remained
intact at pH 7.4 and 6.5 and had a particle size of approximately
60 nm, whereas pCD/pBM-SNA began to disassemble at pH 5.5
and no pCD/pBM-SNA was observed at pH 4.5 (Figure 2d).
Furthermore, the reduced count ratio of pCD/pBM-SNA,
determined by DLS, confirmed that the amount of pCD/pBM-
SNA was reduced with the disassembly of pCD/pBM-SNA
when the pH decreased (Figure S3). The thermal property of
pCD/pBM-SNA at different pH values was investigated by
DSC. The endothermic peak belonging to pBMwas significantly
enhanced as the pH decreased (Figure 2e), indicating that more
pBM was released due to the disassembly of pCD/pBM-SNA. It
has been reported that 6-(p-toluidino-2-naphthalenesulfonic
acid) (TNS) could bind strongly to the CD cavity and enhance
the fluorescence intensity of TNS. To illustrate that the
disassembly of pCD/pBM-SNA could recover the CD cavity,
TNSwas incubated with pCD/pBM-SNA at different pH values.
As shown in Figure 2f, the enhanced fluorescence intensity of
TNS at pH 5.5 and 4.5 was more apparent than that at pH 7.4
and 6.5, suggesting that more CD cavities were exposed to bind
to TNS when the pH decreased. These data revealed that the
self-assembly and disassembly of pCD/pBM-SNA were pH-
dependent, mainly resulting from the pH-dependent proto-
nation of BM and the change in the association constant
between the CD cavity and BM. This transition would liberate
the CD cavity and recover the capacity of pCD to further
solubilize CCs.
Next, we investigated the improvement of the interaction

between pCD and CCs after the disassembly of pCD/pBM-
SNA under the acidic conditions of lysosomes. To verify this
hypothesis, an aminofluorescein (AF)-modified pCD (AF-
pCD) was synthesized (Scheme S3), characterized (Figure
S4), and used to construct a supramolecular nanoassembly (AF-
pCD/pBM-SNA). Then, AF-pCD/pBM-SNA was incubated
with CCs at different pH values and imaged by confocal laser
scanning microscopy (CLSM). The results showed that the
fluorescence signal on the surface of the CCs was significantly
elevated when the pH decreased to 5.5 (Figure 3a), highlighting
an effective switch ON of the CD cavity at a lower pH, leading to
an improved adsorption of AF-pCD/pBM-SNA on the surface
of the CCs. A flow cytometry analysis also confirmed the above
results (Figure 3b). As shown in Figure 3c, the hemolysis of
pCD/pBM-SNA was effectively restrained at pH 7.4 and 6.5 but
reoccurred as the pH decreased. A similar hemolysis of pCD/
pBM-SNA was found at pH 5.5 and 4.5, which was equal to that
of free pCD. Furthermore, the capacity of pCD/pBM-SNA to
solubilize CCs was significantly weaker than that of pCD at pH
7.4 and 6.5 because the CD cavity was occupied by BM in the
OFF state. However, both pCD and pCD/pBM-SNA showed
identical capacities for solubilizing CCs when the pH was
decreased to 5.5 and 4.5 (Figure 3d). We found that pCD can
accommodate the hydrophobic cholesterol molecules and form
a nanostructure with a particle size of about 100−200 nm
(Figure S5), and similar results were also found in the complexes
of pCD and paclitaxel.29 The above results indicate that the
activated CD cavity under the acidic conditions of lysosomes
could fully recover the functions of extracting cholesterol and
dissolving CCs.

To test whether the pCD/pBM-SNA can remove the
lysosomal CCs from cholesterol-laden cells in vitro, we selected
bone marrow derived macrophage (BMDM) as a model cell to
stimulate the generation of CCs through incubation with ox-
LDL.6 The generation of CCs in BMDM (CCs-BMDM) was
confirmed by CLSM (Figure S6). The cytotoxicity of pCD/
pBM-SNA against CCs-BMDMwas detected by theMTT assay.
No significant cytotoxicity toward CCs-BMDM was found after
24 h of incubation with pCD/pBM-SNA when the concen-
tration of CD was lower than 2 mM (Figure S7). For 48 h
incubation, the cytotoxicity of pCD/pBM-SNA against CCs-
BMDM was concentration-dependent. Also, the ratio of cell
viability was more than 75% when the concentration of CD was
lower than 2 mM (Figure S7). In addition, AF-pCD/pBM-SNA
was used to evaluate the cellular uptake by CCs-BMDM with a
fluorescence microreader. The results showed that AF-pCD/
pBM-SNA was effectively internalized and exhibited time-,
concentration-, and energy-dependent properties (Figure
S8a,b,e). The endocytosis process of the AF-pCD/pBM-SNA
was significantly blocked by chlorpromazine (clathrin-mediated
endocytosis) and nystatin (caveolin-mediated endocytosis),
implying that the intracellular transport of AF-pCD/pBM-SNA
may occur by endosome/lysosome pathways (Figure S8c).46

Furthermore, a competitive inhibition study with excess DS
further verified that the cellular uptake of AF-pCD/pBM-SNA
relied on the interactions between DS and SR-A1 overexpressed
on the surface of CCs-BMDM (Figure S8d). A previous report
showed that SR-A1-mediated endocytosis also occurred by the
endosome/lysosome pathway.47 The intracellular transport of
AF-pCD/pBM-SNA was also assessed by CLSM. As the
incubation time was increased from 2 to 4 h, AF-pCD/pBM-
SNA (green) colocalized with Lyso-Tracker labeling endo-

Figure 3. pH-sensitive improvement of the interaction between pCD/
pBM-SNA and CCs. (a) Interaction between AF-pCD/pBM-SNA and
CCs at different pH values (pH 7.4, 6.5, 5.5, and 4.5) observed by
CLSM. Scale bar: 50 μm. (b) Interaction between AF-pCD/pBM-SNA
and CCs at different pH values (pH 7.4, 6.5, 5.5, and 4.5) analyzed by
flow cytometry. (c)Hemolysis of pCD and pCD/pBM-SNA at different
pH values (pH 7.4, 6.5, 5.5, and 4.5). (d) Relative capacity of CC
solubilization of pCD and pCD/pBM-SNA at different pH values (pH
7.4, 6.5, 5.5, and 4.5). Data points represent mean ± SD (n = 3). *P <
0.05, ***P < 0.001.
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some/lysosome (red) as well as the reflection fluorescence of
CCs (white) in CCs-BMDM, evaluated by the increased yellow
pixels and white pixels (Figure 4a). These results demonstrated
that pCD/pBM-SNA could be effectively internalized and
transported into endosome/lysosome intracellularly, finally
colocalizing with lysosomal CCs.
To investigate the disassembly of pCD/pBM-SNA in CCs-

BMDM, AF-pCD and Rhodamine B (RhB) -modified pBM
(RhB-pBM) (Scheme S4 and Figure S4) were used to prepare a
supramolecular nanoassembly (AF-pCD/RhB-pBM-SNA). The
TEM images revealed that AF-pCD/RhB-pBM-SNA possessed
a pH-sensitive assembly and disassembly (Figure S9). After

incubation with CCs-BMDM for 4 h, AF-pCD/RhB-pBM-SNA
was withdrawn and CCs-BMDMwas incubated for another 1, 3,
and 6 h in fresh culture medium. As shown in Figure 4b,c, after 1
h incubation most of the AF-pCD (green) and RhB-pBM (red)
colocalized and yielded yellow fluorescence. Meanwhile, the
fluorescence spectrum also revealed that the green and red
signals were highly identical. The colocalization of AF-pCD and
RhB-pBM became weak after 3 h of incubation along with a
gradual separation of green and red signals. After 6 h of
incubation, most of the green and red pixels separated,
suggesting that AF-pCD and RhB-pBM dissociated and AF-
pCD/RhB-pBM-SNA disassembled.

Figure 4.Colocalization, intracellular disassembly, removal of lysosomal CCs, and enhanced cholesterol efflux of pCD/pBM-SNA. (a) CLSM images
of CCs-BMDM incubated with AF-pCD/pBM-SNA for 2 and 4 h. The black arrows indicate the colocalization of the AF-pCD/pBM-SNA with
endosomes/lysosomes and CCs. (b) Intracellular disassembly of AF-pCD/RhB-pBM-SNA in CCs-BMDM after different incubation times. (c)
Representative fluorescence signals of AF-pCD and RhB-pBM in CCs-BMDM after different incubation times. (d) In vitro removal of lysosomal CCs
after treating CCs-BMDMwith pCD/pBM-SNA for 0, 12, and 24 h. (e) Efflux of cholesterol fromCCs-BMDMafter the treatment of pCD/pBM-SNA
for 0, 12, and 24 h. Data points represent mean± SD (n = 3). *P < 0.05. (f) Capacity of pCD/pBM-SNA to remove cholesterol in the lysosome. Scale
bar: 20 μm.
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As shown in Figure 4a, large amounts of CCs were found in
the lysosome. Furthermore, the in vitro effect of removing
lysosomal CCs from CCs-BMDM by pCD/pBM-SNA was
evaluated by CLSM. The results revealed that pCD/pBM-SNA

markedly reduced the number of lysosomal CCs as well as
cholesterol stained by filipin in CCs-BMDM after incubation for
12 and 24 h (Figure 4d) in comparison to 0 h. In addition, a
quantitative analysis also showed that pCD/pBM-SNA

Figure 5. Atherosclerotic-plaque-targeting effect and therapeutic efficacy of pCD/pBM-SNA in ApoE−/− mice with atherosclerotic lesions. (a)
Accumulation of AF-pCD/pBM-SNA in the heart/aorta using ex vivo imaging after 2, 6, and 12 h postinjection (n = 3). (b) Fluorescence intensity of
the heart/aorta measured by an ROI assay after 2, 6, and 12 h postinjection of AF-pCD/pBM-SNA. Data points represent mean ± SD (n = 3). *P <
0.05, *P < 0.01. (c) Fluorescence intensity of blood and main organs measured by an ROI assay after 2, 6, and 12 h postinjection of AF-pCD/pBM-
SNA. Data points represent mean± SD (n = 3). (d) Time course of PA imaging of ApoE−/−mice after intravenous injection of Cy7-pCD/pBM-SNA.
The red arrows indicate the aorta. (e) CLSM imaging of the freezing microtome section of the aortic root after administration of AF-pCD/pBM-SNA
for 2, 6, and 12 h: (red) Alexa Fluor 647 Anti-CD68 antibody; (green) AF-pCD/pBM-SNA; (white) CCs; (blue) nucleus. Scale bar: 200 μm. (f) Aortic
root sections were stained with Oil RedO to observe the development of atherosclerotic plaque, stained with Alexa Fluor 647 anti-CD68 to analyze the
content of macrophages or foam cells, and visualized by polarized light microscopy to evaluate the formation of CCs. Scale bar: 400 μm. (g) The plaque
area relative to the total aortic root area after treatment with pCD/pBM-SNA in ApoE−/− mice with atherosclerotic lesions. (h) The plaque CC area
relative to the total aortic root area after treatment with pCD/pBM-SNA in ApoE−/− mice with atherosclerotic lesions. Data points represent mean ±
SD (n = 6). *P < 0.05, **P < 0.01.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c03664
Nano Lett. 2021, 21, 9736−9745

9741

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03664?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


effectively improved the efflux of free cholesterol after
incubation for 12 and 24 h, resulting in a decrease in the
amount of free cholesterol intracellularly, while the amount of
free cholesterol in the cellular supernatant was elevated (Figure
4e). Previous reports showed that β-CD derivatives could
mobilize lysosomal-stored free cholesterol and decrease
lysosomal cholesterol accumulation, bypassing the function of
NPC-1 or NPC-2, finally enhancing cholesterol extracellular
efflux.48,49 To further elucidate the mechanism of enhanced
lysosomal cholesterol efflux by pCD/pBM-SNA, CCs-BMDM
was incubated with AF-pCD/pBM-SNA for various times. We
found that AF-pCD/pBM-SNA colocalized with cholesterol in
lysosomes after a 4 h incubation and then mobilized cholesterol
out of lysosomes as the incubation time was increased to 8 h.
After 12 h of incubation, cholesterol in lysosomes remarkably
decreased (Figure 4f). It has been reported that the expression of
a cholesterol-related ATP-binding cassette (ABC) transporter,
such as ABCA1, played an important role in cholesterol efflux.50

In this study, expression of ABCA1 in CCs-BMDMwas reduced
on incubation with pCD/pBM-SNA from 0 to 36 h (Figure
S10). According to a previous study, the downregulation of
expression of ABCA1 could be due to cholesterol lowering by
pCD/pBM-SNA.51 These results suggest that the enhanced
efflux of cholesterol by pCD/pBM-SNA was independent of the
function of ABCA1, which was similar to the function of HP-β-
CD.22

To evaluate the atherosclerotic-plaque-targeting effect of
pCD/pBM-SNA in vivo, ApoE−/− mice with atherosclerotic
plaque were intravenously administered with AF-pCD/pBM-
SNA. As shown in Figure 5a,b, after 2 and 6 h postinjection, AF-
pCD/pBM-SNA efficiently accumulated at the aorta and aortic
root where it was apt to form plaques, and the fluorescence
signals decreased as the time was extended to 12 h. The
biodistribution revealed that AF-pCD/pBM-SNA possessed a
good, long circulating effect, and the accumulation of AF-pCD/
pBM-SNA in the liver and kidney implied that AF-pCD/pBM-
SNA would be metabolized in the liver and eliminated in the
kidney (Figure 5c and Figure S11). Meanwhile, photoacoustic
(PA) imaging was also applied to investigate the targeting
capacity of Cy7-labeled pCD/pBM-SNA (Cy7-pCD/pBM-
SNA) in vivo. The PA imaging showed an enhanced PA signal
in the aorta (Figure 5d), which further confirmed that pCD/
pBM-SNA could be delivered to the region with plaques.
Similarly to the ex vivo study, the intensity of the PA signal
decreased over time. In addition, the CLSM imaging of aortic
root sections showed that AF-pCD/pBM-SNA colocalized with
macrophages or foam cells (anti-CD68 labeled) and CCs
(white) in the atherosclerotic plaque (Figure 5e). The targeting
capacity of pCD/pBM-SNA to the atherosclerotic plaque may
result from the EPR effects of the inflammatory endothelium
and the active targeting effect of DS through the interaction with
SR-A1 overexpression on the surface of the macrophages or
foam cells in the atherosclerotic plaque, which would be
beneficial to removing lysosomal CCs from plaques.
To evaluate the effect of pCD/pBM-SNA treatment on the

reduction of CCs and the improvement of atherosclerotic
regression in vivo, ApoE−/− mice with atherosclerotic lesions
were treated for 2 weeks, during which the mice were
continuously fed with the Western diet. The mice received 50,
100, and 150 mg/kg of pCD/pBM-SNA every other day; free
pCD could not be used because it can induce severe hemolysis of
human erythrocytes even at a low dose (50 mg/kg) of pCD/
pBM-SNA. As shown in Figure 5f, the treatment with pCD/

pBM-SNA could decrease the atherosclerotic plaque size, the
CD68-marked macrophages or foam cells, and the CC load
within the aortic root in a dosage-dependent manner. The
treatment of pCD/pBM-SNA at a high dosage resulted in the
strongest antiatherosclerotic capability (Figure 5g,h). The
improvement in the therapeutic effect of pCD/pBM-SNA at a
high dosage could be ascribed to the targeted delivery to
atherosclerotic plaque and efficient solubilization of lysosomal
CCs into free cholesterol. Free cholesterol dissolved by pCD
would be further metabolized into water-soluble oxysterols for
diffusion extracellularly or nontoxic cholesteryl esters for storage
intracellularly, respectively.22,52 Meanwhile, free cholesterol
would be transferred to high-density lipoprotein for reverse
cholesterol transport to the liver.53 Moreover, cholesterol in a
complex with pCD might enter into blood circulation, in which
cholesterol would be released from the complex and exchange
with lipoproteins for further disposal.54 In addition, a safety
evaluation of pCD/pBM-SNA showed that no significant
differences were found in the hemogram and pathologic analysis
from the H&E staining images of the heart, liver, spleen, lung,
kidney, and brain in comparison with the saline group (Figures
S12 and S13). In addition, the influence of pCD/pBM-SNA on
the serum cholesterol homeostasis in vivo was investigated. As
shown in Figure S14, no significant differences were found in the
total cholesterol, free cholesterol and cholesterol ester in the
serum after the intravenous administration of pCD/pBM-SNA
in comparison with saline, suggesting that pCD/pBM-SNA has
good biocompatibility.
In summary, we present a pH-sensitive controllable “OFF−

ON” therapeutic strategy based on pCD/pBM-SNA for the
removal of lysosomal CCs from cholesterol-laden cells in
atherosclerotic plaque. In a physiological environment with pH
7.4, pCD/pBM-SNA restrains the interaction between the CD
cavity and cholesterol by sealing with hydrophobic BM, prevents
random extraction of cholesterol, and further improves its
biosafety and tolerability (switch OFF). After it enters the
lysosome, pCD/pBM-SNA exhibits a pH-sensitive disassembly
and switches on the CD cavity again due to the protonation of
BM (switch ON), which recovers the capacity of dissolution of
CCs and enhances the cholesterol efflux, finally remarkably
removing CCs from atherosclerotic plaque and improving the
regression of atherosclerosis. These findings suggest that pCD/
pBM-SNA would be a potential platform for removing
lysosomal CCs, which not only resolves the progression of
atherosclerosis but also deserves study in the future in other
diseases such as Niemann−Pick type C diseases with the
lysosomal accumulation of excessive cholesterol.
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