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Hyaluronic Acid-Guided Cerasome Nano-Agents for
Simultaneous Imaging and Treatment of Advanced

Atherosclerosis
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Jiefang Sun,* and Yujie Zhou*

Early noninvasive screening and regression therapy for vulnerable
atherosclerotic plaques remain challenging. In this study, it is aimed to
develop a new approach for the active targeting of atherosclerotic plaques
with nano-agents to aid imaging and treatment. Biocompatible hyaluronic
acid (HA)-guided cerasomes are generated to selectively target CD44-positive
cells within the plaque in in vitro studies and in vivo testing in Apoe™/~ mice.
Rosuvastatin (RST) is encapsulated in the HA-guided cerasome
nano-formulation to produce HA-CC-RST, which results in significant plaque
regression as compared to treatment with the free drug. Moreover,

security.['? Clinical studies have shown
that 70-80% of major adverse cardiovascu-
lar events (MACEs) is caused by rupture
of unstable atherosclerotic plaques.®! In-
flammation, accumulation of cholesterol,
and extracellular matrix debris in the ar-
teries all contribute to this condition. Cur-
rent therapies include low-density lipopro-
tein (LDL) cholesterol-lowering drugs, such
as statins and PCSK9 inhibitor (PCSK9i),!*!
which delay atherosclerosis without pre-

gadodiamide-loaded HA-CC enhances magnetic resonance images of
vulnerable plaques, thereby attaining the goal of improved simultaneous
treatment and imaging. Transcriptomic analysis confirms plaque regression
with HA-CC-RST treatment, which potentially benefits from the
anti-inflammatory effect of RST. In summary, a safe and efficient
nano-formulation for the targeted delivery of active agents to atherosclerotic
plaques is developed and may be applicable to other diagnostic and

therapeutic agents for atherosclerosis treatment.

1. Introduction

Atherosclerosis is the major pathological contributor to cardio-
vascular disease (CVD), which causes more than 17.5 million
global deaths each year and threatens quality of life and financial

cipitating plaque regression’®! and are of-
ten accompanied by adverse reactions, such
as hepatoxicity and myopathy.l®! For exam-
ple, PCSK9i substantially decreased plasma
cholesterol level but caused ~2% plaque
regression.[*l Clinical diagnosis relies on
intravascular ultrasound or laser coher-
ence tomography, which are invasive, ex-
pensive, and labor-intensive, precluding the
large-scale screening of high-risk patient
populations.l”l These shortcomings illus-
trate the need to develop sensitive imaging
probes for the noninvasive detection of vul-
nerable plaques.

The utility of actively-targeted nano-formulations delivered by
direct infiltration through the injured endothelium or dysfunc-
tional adventitial neovessels to elicit local accumulation of drugs
has been demonstrated, along with enhanced pharmacokinetics
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Scheme 1. A) lllustration of HA-CC targeting the atherosclerotic plaque in vivo. B) Left carotid artery atherosclerosis, and C) aortic atherosclerosis model

of Apoe™/~ mice.

for treatment and plaque imaging.>"1%! However, uncertainty
over safety and difficulties in industrial production have hin-
dered progress. Recently, hybrid liposomal cerasomes (CCs) have
been developed as novel drug-delivery systems.''"1*] Owing to
their silica-like surfaces, CCs have the advantage of outstanding
morphological stability compared to that of liposomes and excel-
lent biocompatibility. The drug loading method of CCs is similar
to that of liposomes, which means that various active agents can
be flexibly loaded into its aqueous core or lipid bilayer. Cluster
determinant 44 (CD44) is a cell-surface hyaluronan receptor
with physiological functions in hematopoiesis, angiogenesis, cell
differentiation, proliferation, and migration. It has been shown
to be upregulated and activated in vascular endothelial cells,
smooth muscle cells, and macrophages within atherosclerotic
plaques compared to that in normal vessels.'*!*] Hyaluronic
acid (HA), a natural ligand of CD44, shows excellent biocom-
patibility, biodegradability, and low immunogenicity. Therefore,
actively targeting nano-formulations bearing CD44-specific
HA ligands should selectively accumulate in atherosclerotic
plaques.[1¢17]

Here, we aimed to develop an HA-modified CC (HA-CC) for
the targeted delivery of anti-atherosclerotic drugs with potential
for diagnosis and treatment (Scheme 1). The HA-CCs were gen-
erated to selectively target CD44-positive cells within the plaque
in in vitro and in vivo studies. The HA-CC nanocarrier showed
superior targeting of vulnerable plaques than unmodified CC and
could be loaded with gadodiamide (Gd) for noninvasive mag-
netic resonance imaging (MRI) screening. Rosuvastatin (RST)
loaded HA-CC showed significantly higher local enrichment in
CD44-over-expressing plaques than free RST, leading to substan-
tial plaque regression. Pharmacological analysis revealed that lev-
els of pro-inflammatory factors and foam cells decreased, and the
transcriptomic analysis after HA-CC-RST treatment in model
mice showed upregulation of anti-inflammatory genes (CCLS,
CCR6, and CXCRS5). Thus, RST may exhibit pleiotropy in vivo af-
ter targeted delivery. The specific targeting and biological safety
of HA-CC make it a powerful tool for diagnosing and treating
high-risk patients with atherosclerosis.

Adv. Sci. 2023, 10, 2202416

2. Results and Discussion

2.1. Selecting HA-CC Nano-Vesicles for Loading Active
Substances

Nano-formulations should exhibit stability along with targeted
drug release and biosafety. The CCs were designed to have su-
perior encapsulation capacity, especially for drugs slightly solu-
ble in water. In this study, RST was loaded into the CC mem-
brane layer using a thin-film hydration method, and hydrophilic
Gd was encapsulated in the inner water phase to constitute the
CCs. Both components were loaded by passive encapsulation
and drug-loaded HA-CC was derived after sol-gel cross-linking
(Figure 1A). The TEM images showed good dispersion and uni-
form spherical morphologies of HA-CC-RST (Figure 1B,C), with
slightly higher contrast of the outer layers than that of the inner
layers, indicating a hollow structure. Taking CC-RST as a typi-
cal example, before and after HA conjugation, CC-RST was ob-
served to be well dispersed in ultrapure water and had an aver-
age hydrodynamic diameters (HD) of ~160 and ~170 nm, re-
spectively, determined using dynamic light scattering analysis
(Figure 1H). The EE was ~50%, with a mass ratio of drug to
lipid being 1:10, an improvement as compared to other passive
loading liposome formulations (Figure 1G). Moreover, the silicon
hydroxyl-rich surface of HA-CC-RST showed a higher negative
charge than CC-RST, with a ¢ potential of nearly —46.3 eV at pH
7.2, indicating successful modification and good colloid stabil-
ity (Figure 1D). The CC-RST and HA-CC-RST had nanostruc-
tures and characteristics similar to those of the corresponding
modified liposomal analogs, that is, LP-RST and HA-LP-RST
(Figure 1D,H) but had remarkably enhanced long-term stabil-
ity and encapsulation capacity. The size of HA-CC-RST only in-
creased slightly from 178 nm to 260 nm without apparent phase
separation during 90 days of storage in water, whereas HA-LP—
RST showed distinct aggregation (Figure 1E). The EE% decreased
slowly from 56% in the freshly prepared sample to 43% after
30 days of storage for HA-CC-RST but showed a rapid decrease
from 32% to 10% for HA-LP-RST (Figure 1F), demonstrating
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Figure 1. Characterizations and properties of hyaluronic acid-modified cerasome (HA-CC) nano-formulation. A) The schematic diagram for preparation
of drug-loaded HA-CC—rosuvastatin (RST); B) TEM image of HA-CC-RST and C) its zoom-in image; D) Zeta potential of the CC-RST before and after
HA conjugation; E-G) Comparison of in vitro properties of the HA-CC—RST and HA-LP—RST; H) Dynamic light scattering results of the CC—RST before
and after HA conjugation. Data represent the mean + SD (n = 3). Significant differences were not calculated in the qualitative analysis.

its good stability compared to that of its liposomal counterpart
(HA-LP-RST). Furthermore, HA-CC-RST demonstrated initial
fast drug release, attaining 15% in the first 2 h, followed by a
slower release rate such that 40% RST remained inside the HA-
CC after 72 h (Figure 1F). In contrast, drug release by HA-LP-
RST was rapid, and almost 100% of encapsulated RST was re-
leased within 72 h. All these results indicated that the inorganic
polysiloxane network on the surface of the CC vesicle effectively
protected the internal lipid bilayer structure and decreased the
permeability of the lipid bilayer so that the drug could not easily
leak. Moreover, the long-term storage stability of the CC deliv-
ery system of the this vesicle is excellent; the particle size did not
change considerably after storage for 3 months at 4 °C, and it
exhibited a low drug leakage rate.

2.2. Plaque Targeting, Pharmacokinetic Properties, and
Biodistribution of HA-CC

Specific binding between CD44 and HA-CC was demonstrated
using the SPR analysis. As shown in Figure 2E,F, HA-CC bound
strongly to CD44 on the SPR chip, but CC did not show any
binding, demonstrating the role of the HA ligand. The cellu-
lar uptake of HA-CC was measured in cultured macrophages
of human and murine origin. Due to inflammatory signals in-
ducing up-regulation, a 2.1-2.8-fold increase in CD44 expres-
sion after LPS stimulation was observed using flow cytome-
try (Figure 2A-C). Receptor-mediated cellular uptake was eval-
uated using HA-CC-Cy5.5 and CLSM (Figure 2D). A 2 h incu-
bation with HA-CC produced an increase in cytosolic fluores-
cence intensity in LPS-treated macrophages. In contrast, CC lack-
ing HA modification exhibited a weak fluorescence signal, sug-
gesting the HA dependence of CC uptake. Incubation of ]774A.1
and RAW264.7 cells with HA-CC produced a 3.9- and 2.05-fold

Adv. Sci. 2023, 10, 2202416

increase in cellular uptake compared to that of non-targeted
CC, as observed using quantitative flow cytometry analysis (Fig-
ure 2G,H). Therefore, it was concluded that the HA-CD44 in-
teraction resulted in the successful targeting of CC to activated
macrophages.

Immunohistochemical (IHC) analyses showed that CD44 was
located in the plaque interior and was mainly overexpressed
by macrophages (Figure 3G). Thus, HA-CC targeted active
macrophages that overexpressed CD44 in the vulnerable plaques.
Apoe~/~ mice were administered with fluorophore-labeled HA-
CC-Cy5.5 at different time intervals, and in vivo targeting and
enrichment of HA-CC in atherosclerotic plaques were evaluated.
As shown in Figure 3B, the plaque-rich left carotid and con-
trol right carotid arteries were examined by monitoring fluores-
cence enhancement. Bright fluorescence was observed in the left
carotid artery at 2 h post-injection, with maximum fluorescence
at 24 h post-injection, and detectable fluorescence remained up
to 7 d after administration. The same accumulation of HA-CC-
Cy5.5 was not observed in the right carotid artery, indicating in
vivo targeting. Histological examination of the left carotid arter-
ies confirmed the colocalization of the fluorescence signal and
atherosclerotic plaques (Figure 3C,D), further indicating the en-
richment of HA-CC in the plaques. The HA-CC-CyS5.5 was also
found in the liver and kidney, consistent with the known distri-
bution patterns of nano-formulations (Figure 3A), and gradually
filtered away, as indicated by the radiant efficiency of liver from
nearly 2 x 10° at the first 2 h to nearly 0.4 x 10° after 168 h. A
pharmacodynamic investigation of the circulation stability and
targeting capacity of HA-CC, which is considered to be partly de-
termined by surface properties, was conducted. The presence of
HA prolonged the CC circulation time, favoring HA-CC enrich-
ment in vulnerable plaques (Figure 3E). Monitoring Si concen-
trations in plaques revealed preferential accumulation of HA-CC
over CC (Figure 3F).

2202416 (3 of 10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. A-C) Flow cytometric analysis of CD44 expression in macrophages following LPS stimulation. D) Confocal laser scanning microscopy analysis
of enhanced cellular internalization of HA-CC in THP-1 and RAW264.7 cells with or without 24 h LPS stimulation. Non-targeted CC was the control. Scale
bar: 50 um. Improved hyaluronic acid-modified cerasome (HA-CC) macrophage interaction with or without 24 h LPS stimulation. SPR analysis of the
binding between CD44 and CC F) with or E) without HA conjugation. Flow cytometric analysis of G) J774A.1 and H) RAW 264.7 cells after incubation for
2 h with fluorescent Cy5.5-labeled HA-CC (HA-CC-Cy5.5) or fluorescent Cy5.5-labeled CC (CC-Cy5.5). Differences among the groups were determined

using ANOVA with Tukey’s multiple comparison test (n = 5), and *p < 0.05 was considered significant.
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Figure 3. In vivo distribution and removal of fluorescent Cy5.5-labeled hyaluronic acid-modified cerasome (HA-CC-Cy5.5): ex vivo NIR images of A) the
excised kidney, liver (Scale bar: 1.0 mm) and B) carotid artery after 2, 8, 24, 72, and 168 h. Preferential accumulation of HA-CC on the plaque-rich left
carotid arteries. C) Accumulated HA-CC-Cy5.5 determined using fluorescence microscope. Lumen contour is indicated with a dashed white circle. Scale
bar: 0.1 mm. D) Representative H&E staining image of the left carotid artery cross-section. Scale bar: 0.1 mm. E) Pharmacokinetics of CC with or without
HA modification (n = 3). F) Concentration levels of CC-based nano-carriers in aorta. Differences among the groups were determined using ANOVA with
Tukey’s multiple comparison test (n = 5). *p < 0.05 was considered significant. I) Fluorescence HIC analysis of CD44 overexpression in the plaque. Scale
bar: 0.1 mm.
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Figure 4. Accumulation and imaging of hyaluronic acid-modified cerasome gadodiamide (HA-CC-Gd) in moderate aorta atherosclerotic models. A)
Schematic illustration of the MRI of aorta plaque in vivo. B) MRI of atherosclerotic aorta at different time points (pre-injection; 3, 6, and 24 h post-
injection). The vessel wall is indicated with a red circle, and plaque is indicated with a red circle. MRI signals of plaques were enhanced by rapid
acquisition with a relaxation enhancement (RARE) sequence at T1 weighted image. C) Quantification of MRI signal strength after addition of different
MRI agents. Differences among the groups were determined using ANOVA with Tukey’s multiple comparison test (n = 5). *p < 0.05 was considered
significant, and **p < 0.01 was considered highly significant. D) Fluorescence image and E) histology of plaques after MRI testing. Adjacent tissue
cross-sections were monitoring fluorescence imaging and then stained with H&E.

2.3. Screening Vulnerable Plaques Using HA-CC-Gd Mediated
MRI Tool

MRI offers submillimeter level resolution with unlimited pene-
tration depth; hence, it is a widely used noninvasive technique for
the diagnosis of atherosclerotic lesions.['#191 Apoe™/~ mice were
intravenously injected with CC-Gd with or without HA modifi-
cation, as well as free Gd, and then imaging was performed be-
fore and after injection at 3, 6, and 24 h (Figure 4A). A strong
MRI signal was observed in the atherosclerotic plaque at 3 h post-
injection and lasted for 24 h before returning to pre-injection val-
ues, indicating HA-CC-Gd clearance (Figure 4B). Dose of 0.5 mg
kg™' HA-CC-Gd increased the MRI signal strength by approxi-
mately 80% and 40% at 6 h (Figure 4C) compared to that of the
non-targeted CC-Gd and free drug, suggesting preferential ac-
cumulation. Cy5.5-labeled HA-CC-Gd was also administered to
Apoe™/~ mice for a dual-mode location to ensure the MRI sig-
nal was from HA-CC-Gd. Mice were sacrificed after MRI, and
histological examination of aortas revealing results similar to
those of pathological, fluorescent, and MRI images suggested
outstanding in vivo vulnerable plaque recognition by HA-CC
(Figure 4D,E).

2.4. Plaque Regression Effect of HA-CC-RST

Atherosclerosis is a complex chronic inflammatory disease,?!
and targeted treatment of inflammation is an attractive thera-
peutic approach.??2] Oral statins are the first drug of choice
for the disease and are widely prescribed to inhibit choles-
terol synthesis and reduce cholesterol levels.[”)] Statins have
pleiotropic effects, including anti-inflammatory effects, en-
hanced macrophage phagocytosis, and improved macrophage

Adv. Sci. 2023, 10, 2202416

efferocytosis!?*2>2¢] Potent immunomodulatory effects have been

ascribed to hydroxymethylglutaryl-coenzyme A reductase inhibi-
tion in inflammatory cells!?’~2l and RST has been found to ex-
hibit higher lipid-lowering effect than other statins. However, a
recent meta-analysis demonstrated that the anti-atherosclerotic
effects of RST were independent of its lipid-lowering effect. Thus,
targeted delivery of RST to plaques will probably result in in-
creased plaque regression.[? The effects of HA-CC-RST were
investigated in three different models, carotid artery atheroscle-
rosis, as well as moderate and severe aortic atherosclerosis, estab-
lished by adjusting the duration of high-fat feeding (Figure 5A).
For carotid artery atherosclerosis, the mean plaque area in HA-
CC-RST-treated mice was significantly lower than that in the oral
statin-treated or placebo mice. Carotid artery atherosclerosis mice
administered a high-dose of HA-CC-RST showed a 79% decrease
in plaque area compared to that in oral statin-treated or placebo
mice (Figure 5C). For moderate aorta atherosclerotic models, Oil
red O staining of lipid-rich plaques showed a 13.3% decrease in
plaque area in the low dose HA-CC—RST-treated group and a
29.5% decrease in the high dose treated group compared to that
in placebo or oral statin-treated groups (Figure 5D,E). MRI with
HA-CC-Gd also demonstrated plaque regression (Figure 5B). In
advanced aorta atherosclerotic models, high-dose HA-CC-RST
treatment produced a 56.3% decrease in plaque area, suggest-
ing that RST delivered by HA-CC is primarily responsible for
the anti-atherosclerosis effect (Figure 5F,G). Histological analy-
sis showed a significant decrease in plaque area in the high-dose
HA-CC-RST group compared to that in the placebo group (Fig-
ure 5H). The number of foam cells was also markedly decreased
in the plaques, demonstrating a remarkable regression of the
plaques (Figure 5I). Comparing different statin-based actively tar-
geted HA-CC, RST nano-agent demonstrated the most promi-
nent plaque regression, achieving a 78.7% decrease in plaque

2202416 (5 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. In vivo efficacy of hyaluronic acid-modified cerasome rosuvastatin (HA-CC—RST) in reversing plaques of differing severity in different Apoe~/~
mice models. A) Schematic illustration of anti-atherosclerosis therapy in vivo. B) MRI of aorta plaque at 6 h post-treatment HA-CC-Gd for advanced
atherosclerosis model at the end of treatment. C) Plaque area measurements for moderate aortic atherosclerosis. D) Oil Red O stain of aortas moderate
atherosclerosis. E) Quantification of plaque area, moderate atherosclerosis. F) Oil Red O stain of aortas, severe atherosclerosis. G) Quantification
of plaque area, advanced atherosclerosis. H) H&E stained cross-sections of aortas, advanced atherosclerosis. I) Foam cell numbers determined by
histology analysis in advanced atherosclerosis. J) Quantification of plaque volume. K) Histological cross sections: H&E, immunohistochemical staining
with antibodies against MAC-3, MMP-9, and VEGF of left carotid arteries; placebo and HA-CC-RST 5 mg kg™! group. Differences among the groups
were determined using ANOVA with Tukey’s multiple comparison test (n = 5). *p < 0.05 was considered significant, and **p < 0.01 was considered
highly significant.
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Figure 6. A) RNA-Seq transcriptomic analysis: differentially expressed genes (DEGs) in the hyaluronic acid-modified cerasome rosuvastatin (HA-CC—
RST) treatment group. B) Representative down-regulated genes. Intravenous injection of HA-CC was used as control. C) The release of TNF-a from after
treating THP1 with different agents. D) RST reduced the production of MCP1 by human macrophages. THP1 monocytes were differentiated with 100 nm
PMA for 3 days and treated with 10 um RST or Dexamethasone (Dex) for 24 h. Quantification of F) ALT and G) LDL-C concentrations in plasma (Oral RST:
5.0 mg mL™"; HA-CC-RST: 5 mg mL~"). H) Body weight changes of mice during the treatment period. E,I) UREA and CREA concentration monitoring
during treatment. J) H&E results for main organs. Differences among the groups were determined using ANOVA with Tukey’s multiple comparison test
(n=15). *p < 0.05 was considered significant, and **p < 0.01, ***p < 0.01 were considered highly significant.
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volume (Figure 5I). Histological analysis and immunostaining
showed increased number of cholesterol crystal-rich atheroscle-
rotic plaques and enhanced expression of many inflammatory
factors, such as MAC-3, MMP-9, and VEGF, in the left carotid
artery in the placebo group (Figure 5K). In contrast, the high dose
5 mg kg~! HA-CC-RST-treated group showed reduced expres-
sion of inflammatory markers. Moreover, HA-CC-RST was more
effective in atherosclerotic regression than the systemic admin-
istration of RST, supporting the notion that targeted delivery of
RST to the plaque site to inhibit local inflammation is a viable
approach against atherosclerosis.

2.5. Pharmacological Effect of HA-CC-RST in Plaque Regression

Macrophages are key components of atherosclerotic initiation,
progression, and regression and promote the local inflammatory
response by secreting pro-inflammatory cytokines, chemokines,
and reactive oxygen and nitrogen species. The anti-inflammatory
effect of RST was demonstrated by its inhibition of TNF-a and
MCP-1 secretion in THP-1 cells (Figure 6C,D). To further under-
stand the plaque regression effect, RNA-Seq transcriptomic stud-
ies following 5 mg kg! HA-CC-RST treatment every alternate
day for 3 days were performed on the severe aortic atheroscle-
rosis model; the mice were sacrificed on day 4, and aortas were
isolated. HA-CC-RST treatment suppressed the expression of
a cluster of inflammatory genes (CCLS, CCR6, and CXCR5) as
well as multiple chemokine-related genes (CD79a, CD79b) (Fig-
ure 6A).

In contrast, LDL-C levels were not significantly lower in the
HA-CC-RST group than those in the control group, suggesting
that the anti-atherosclerotic effects were not exerted via lipid-
lowering (Figure 6G). Therefore, HA-CC-RST might downreg-
ulate the expression of inflammatory and chemokine-related
genes, thus inhibiting the migration, activation, infiltration, and
proliferation of macrophages in plaques, decreasing the number
of foam cells, and reducing plaque inflammation.

In terms of biosafety, alanine aminotransferase levels were
higher following RST treatment than those following HA-CC or
5 mg kg™ HA-CC-RST treatment (Figure 6F), suggesting that
HA-CC-RST may have reduced deleterious effects on liver when
compared to RST. Both CREA and UREA remained stable dur-
ing treatment, indicating that HA-CC-RST did not cause obvi-
ous renal injury (Figure 6E,I). The body weights of the mice
also increased during treatment (Figure 6H). H&E staining indi-
cated no distinct organ injuries (Figure 6]). These results demon-
strated the safety of HA-CC-mediated RST delivery. In summary,
a new targeting agent with enhanced feasibility, effectiveness,
and safety for the treatment of atherosclerotic plaques has been
developed.

3. Conclusion

The HA-guided CC for targeted delivery of diagnostic and ther-
apeutic agents into atherosclerotic plaques has been developed
successfully. The high affinity between the HA ligand and plaque
surface CD44 conferred improved targeting capacity. Drugs were
able to overcome the mass transfer barrier and were delivered
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to lipid-rich hydrophobic atherosclerotic plaques. Increased drug
delivery efficiency was evident from the requirement of 50-fold
lower doses of HA-CC-RST than those of oral RST, significantly
reversed atherosclerosis, 56.3% and 78.7% reduction in plaque
area and volume, respectively. The results were further corrobo-
rated by the RNA-Seq transcriptomic analysis that revealed the
pleiotropic effects of RST during plaque regression. Further-
more, the drug delivery system can be used to transport any pay-
load into atherosclerotic plaques. Thus, HA-CC is anticipated
to be a multifunctional platform for the therapy of vulnerable
plaques and the early diagnosis of plaques with a high risk of
MACEs. This platform has promising potential for reducing mor-
tality caused by atherosclerosis.

4. Experimental Section

Materials and Instruments: Sodium hyaluronate (HA) with an av-
erage molecular weight of 10 kDa was purchased from Huaxi Bio-
pharmaceutical Co., Ltd. (Sichuan, China); mPEG2000-DSPE-Cy5.5,
phosphatidylethanolamine (DMPE), and distearoyl phosphatidylcholine
(DSPC) from Corden Pharma Switzerland LLC (Switzerland); choles-
terol (Chol), N-hydroxysulfosuccinimide sodium salt (NHSS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), rosuvas-
tatin (RST), atorvastatin (AST), simvastatin (SST), and Gadodiamide
(Gd) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Anti-vascular endothelial growth factor (VEGF) and anti-matrix
metallopeptidase-9 (MMP-9) monoclonal antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). Rabbit anti-CD44,
anti-macrophage inflammatory protein 3 alpha (MAC-3), rabbit recom-
binant anti-CD31 polyclonal, and rabbit anti-alpha smooth muscle actin
(anti-SMA) monoclonal antibodies were purchased from Abcam (Shang-
hai, China). Human recombinant CD44 protein with an hFc tag was pur-
chased from Sino Biological Inc (Beijing, China).

Animal Models: For demonstration the efficiency of HA-CC-RST for
atherosclerosis with different severity, different the SPF-grade Apoe™"
mice (6 weeks old; weight, 16 + 1 g) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) and maintained
at 22 °C with a 12-h light/dark cycle and food and water was provided ad
libitum. Three types of plaque-bearing animal models, that is, the mod-
erate, advanced aorta, and left carotid atherosclerosis model, were estab-
lished as follows: Apoe™~ mice on a high-fat diet were fed rodent chow
until 8 weeks of age, after which an atherogenic diet containing 10% fat
and 2% cholesterol was administered for 24 and 36 weeks for obtaining
the moderate and advanced atherosclerosis models, respectively; the left
carotid atherosclerosis model was established by implanting a cannula in
the left carotid artery of the Apoe™~ mice to cause carotid artery steno-
sis, followed by high-fat diet feeding for 12 weeks. All animal studies were
performed in accordance with the animal welfare requirements defined by
the Laboratory Animals Welfare Office of the Capital Medical University.

Preparation of the HA-Functionalized CC by Thin-Film Hydration:
Organoalkoxysilane lipid 1 (CL-1) was synthesized as previously described.
CCs containing CL-1, DSPC, and DMPE at a mass ratio of 5:3:1, and con-
trol liposomes (LPs) containing DSPC, cholesterol, and DMPE at a molar
ratio of 5:3:1 were selected. To compare the therapeutic effects, RST, AST,
and SST were encapsulated in the lipid bilayer of CCs with a drug to lipid
molar ratio of 1:10. In brief, lipids and different statins were dissolved in
ethanol simultaneously, evaporated to dryness in a rotary evaporator, hy-
drated at 37 °C for 1 h in ultrapure water, and then the resulting emulsion
was processed using probe sonicator at 180 W for 10 min. Fluorophore-
labeled CC was prepared by adding mPEG2000-DSPE-Cy5.5 (1% of total
lipids) to the CC formulation, according to the aforementioned protocol.
Hydrophilic Gd was encapsulated using a Gd aqueous solution (1.0 mg
mL~") as the hydrating solution after rotary evaporation using the afore-
mentioned procedure. The procedures for the preparation of control lipo-
somes are provided in the Supporting Information.
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Activation of the HA carboxyl group was required for HA modification
of CC. HA was dissolved in aqueous solution of NHSS and EDC for 1 h
at 37 °C, and the activated HA was separated by adding 10 volumes of
ethanol followed by centrifugation. The active HA ester was dissolved in
10 mm NaHCOj; buffer to obtain a final pH of pH 8.5 and incubated
with CC or LP overnight at room temperature prior to purification of HA-
modified nanovesicles using ultrafiltration centrifugation (50 KD).

Characterization of Nano-Formulations: Nano-formulations were di-
luted 100-fold in ultrapure water, and the size distribution and zeta po-
tential were characterized using a Zetasizer Nano ZS90 (Malvern, UK).
The morphology was analyzed using a transmission electron microscope
(HT7800, HITACHI, Japan). The encapsulation efficiency (EE) and drug re-
lease testing procedures are described in the Supporting Information. In
brief, free drug was recovered by ultrafiltration centrifugation, and nano-
formulations were disrupted and diluted with methanol to release the en-
capsulated drug for measurement. The RST concentration was determined
using HPLC, and Gd and CC contents were determined using inductively
coupled plasma—mass spectrometry (ICP—MS) to assess Gd and Si ele-
ments. The EE was calculated using the following formula:

EE = Cfree/ Crotal X 100% (M

In Vitro Targeting Capacity Validation: For achieving SPR data, the Bi-
acore T200 (Cytiva, USA) was used to monitor CD44 and HA-CC binding
using a Biacore sensor chip (Protein A). A 10 mm glycine-HCI (pH 1.5)
buffer solution was used for chip regeneration, and 1x PBS aqueous solu-
tion (pH 7.4) was used as the running buffer.

RAW264.7, |774A.1, and THP-1 cells were cultured in 100 x 20 mm
dishes containing Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, penicillin (100 U mL™"), streptomycin
(0.1 mg mL™"), nystatin (12.5 U mL™"), and I-glutamine (2 mm). The cells
were harvested, washed twice with PBS, centrifuged, and resuspended in
PBS (0.5 mL). Flow cytometry was performed using Alexa Fluor 488 rat
anti-human CD44 and 1gG2b isotype control antibodies on a flow cytome-
ter (BD FACS Calibur, USA) at the FL2-channel (excitation: 488 nm, emis-
sion: 560 nm), and 1 x 10* events were analyzed per sample.

The endocytic capacity of THP-1 and RAW264.7 cells with or without
24-h LPS stimulation was assessed by confocal laser scanning microscopy
(CLSM). THP-1 and RAW264.7 were seeded into a 6-well plate at a density
of 5 x 10 cells/well and incubated with fluorescent Cy5.5-labeled HA-CC
(HA-CC-Cy5.5) or fluorescent Cy5.5-labeled CC (CC-Cy5.5) at 37 °Cfor 2 h.
The cells were fixed with 4% paraformaldehyde solution and nuclei stained
with DAPI for 10 min before CLSM observation. The HA inhibition was
evaluated by adding HA to the culture medium after PBS washing followed
by CLSM. Enhanced HA-CC interaction with J774A.1 and RAW264.7 cells
was determined by flow cytometry after further incubating for 2 h with HA-
CC-Cy5.5. Fluorescence intensity allowed comparison of endocytosis with
and without 24 h LPS stimulation.

Pharmacokinetics, Plaque Targeting, and Tissue Distribution: The non-
targeted CC-Cy5.5 and HA-CC-Cy5.5 (0.1 mg Si kg™") were administered
via the mouse tail vein, and organ distribution at 2 h, 8 h, 24 h, 48 h, 72 h,
and 7 days HA-CC-Cy5.5 was visualized using an in vivo imaging system
(CRI Maestro 2, USA).

The Apoe™/~ mice were fed a high-fat diet for at least 36 weeks and
were randomly divided into 2 groups of 5 according to body weight and
were intravenously administered a single large dose of CC (0.1 mg Si kg™")
with or without modifying HA. Mice were sacrificed 2 h post treatment, and
aortas were dissected for measuring nanovesicle concentration based on
silicon content using ICP—MS to assess plaque targeting.

SD rats (Beijing Vital River Laboratory Animal Technology Co., Ltd.) of
mixed gender were randomly divided into 2 groups of 5 and were intra-
venously administered a single large dose of 0.1 mg Si kg™ of CC with or
without modifying HA. Blood samples were collected at 0, 1, 2, 6, 8, and
24 h post administration, centrifuged, and CC concentration with or with-
out HA ligand calibrated by Si concentration was measured using ICP-MS
to evaluate pharmacokinetic properties.

In Vivo MRI Screening of Plaques in Apoe™~ Mice: Images were ob-
tained using a 9.4 T (Bruker 94/30 USR) small animal magnet with a bird-
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cage coil having a diameter of 30 cm at Tsinghua University. Mice were
anesthetized with 1.5% isoflurane air mixture at 35-37 °C with warm air
flowing through the bore, and respiration was monitored (MP150, Biopac,
Goleta, CA). Pre-injection images were captured 1 day prior to treatment.
CC-Gd, with or without HA modification, was injected via the tail vein,
and control mice were was administered with Gd solution. The imaging
was performed prior to the injection and at 3, 6, and 24 h post-injection.
The imaging sequences used were 1_Localizer, TOF_2D_FLASH, and
T1_FLASH. The detailed MRI parameter settings are provided in the Sup-
porting Information. The signal strength of the transverse section of the
aortic plaque was obtained using Bruker Paravision 360 2.0, and MRlcron
(Version 11).

HA-CC-RST Therapy of Apoe™'~ Mice: Apoe™/~ mice fed a high-fat diet
for 24 weeks were randomly divided into four groups according to body
weight and plasma LDL-cholesterol (LDL-C) levels. Mice were treated with
vehicle (5% glucose) or administered 1.25, 2.5, or 5 mg RST kg™ of HA-
CC-RST via the tail vein once daily for 28 days. Body weight was mea-
sured once or twice weekly. Dissection was performed from the proximal
ascending aorta to the bifurcation of the iliac artery using a dissecting
microscope. The aorta was opened longitudinally, pinned flat onto black
dissecting wax, stained with Oil red O, and photographed at fixed mag-
nification. The percentage of the total aortic area containing lesions was
calculated to evaluate plaque progression.

Transcriptomic Analysis of Atherosclerotic Aortas:  Apoe™/~ mice fed with
a high-fat diet for 24 weeks were randomly divided into two groups accord-
ing to body weight and plasma LDL-C levels and administered 5 mg kg™
HA-CC-RST via the tail vein once daily for 14 days. Mice were sacrificed on
day 29 and aortas were analyzed. A total of T ug RNA per sample was used
for sequencing, and libraries were generated using the NEBNext UltraTM
RNA Library Prep Kit for lllumina (NEB, USA), according to the manu-
facturer’s protocol, and index codes were added to attribute sequences
of each sample. The experimental details are provided in Supporting In-
formation. THP-1 monocytes were differentiated with 100 nm PMA for 3
days and treated with 10 um RST or 0.1 um dexamethasone for 24 h. MCP1
levels in the media were measured using the MCP1 ELISA kit (Invitrogen).

Statistical Analysis:  All data were presented as the means + standard
deviations (SD) from at least three repeated experiments. Differences
among the groups were determined using one-way analysis of variance
(ANOVA) with Tukey's multiple comparison test. Sample size (n) for each
statistical analysis was not less than 5. Kaplan—Meier survival curves were
generated using the log-rank test for comparisons using Prism 7. *p < 0.05
was considered significant, and **p < 0.01 was considered highly signifi-
cant.
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the author.

Acknowledgements

This study was supported by the National Natural Science Foundation
of China (81400324), National Natural Science Foundation of China
(81770431), Beijing Municipal Natural Science Foundation (7182048),
and Beijing Municipal Medical Research Institute Public Welfare Devel-
opment Pilot Project (Beijing medical research 2019-3).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

2202416 (9 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Keywords

active targeting delivery, atherosclerosis, cerasomes, diagnosis and treat-
ment, hyaluronic acid

Received: April 26, 2022
Revised: November 23, 2022
Published online: December 18, 2022

(1]

(2]

(3]

(4]

(3]

(6]
7]
(8]
9]
(1]
(]

(2]

Adv. Sci. 2023, 10, 2202416

P. Song, Z. Fang, H. Wang, Y. Cai, K. Rahimi, Y. Zhu, F. G. R. Fowkes,
F. ). . Fowkes, I. Rudan, Lancet Global Health 2020, 8, 721.

D. Zhao, J. Liu, M. Wang, X. Zhang, M. Zhou, Nat. Rev. Cardiol. 2019,
16, 203.

G. A. Roth, G. A. Mensah, C. O. Johnson, G. Addolorato, E. Ammirati,
L. M. Baddour, N. C. Barengo, A. Z. Beaton, E. |. Benjamin, C. P.
Benziger, A. Bonny, M. Brauer, M. Brodmann, T. J. Cahill, |. Carapetis,
A. L. Catapano, S. S. Chugh, L. T. Cooper, J. Coresh, M. Criqui, N.
DeCleene, K. A. Eagle, S. Emmons-Bell, V. L. Feigin, J. Fernandez-Sola,
G. Fowkes, E. Gakidou, S. M. Grundy, F. J. He, G. Howard, et al., J.
Am. Coll. Cardiol. 2020, 76, 2982.

A. K. Ruotsalainen, P. Makinen, S. Yla-Herttuala, Curr. Atheroscler.
Rep. 2021, 23, 45.

M. Karimi, H. Zare, A. B. Nik, N. Yazdani, M. Hamrang, E. Mo-
hamed, P. S. Zangabad, S. M. M. Basri, L. Bakhtiari, M. R. Hamblin,
Nanomedicine 2016, 11, 513.

J. S. Suh, S. H. Lee, Z. Fouladian, . Y. Lee, T. Kim, M. K. Kang, A. J.
Lusis, K. I. Bostrom, R. H. Kim, N. H. Park, Sci. Rep. 2020, 10, 6383.
A. Adams, W. Bojara, K. Schunk, Cardiol. Res. 2017, 8, 7.

Y. Wang, K. Zhang, X. Qin, T. Li, ). Qiu, T. Yin, J. Huang, S. McGinty,
G. Pontrelli, J. Ren, Q. Wang, W. Wu, G. Wang, Adv. Sci. 2019, 6,
1900172.

C. A. Fox, A. Moschetti, R. O. Ryan, Biochim. Biophys. Acta Mol. Cell.
Biol. Lipids 2021, 1866, 159025.

J. D. Kratz, A. Chaddha, S. Bhattacharjee, S. N. Goonewardena, Car-
diovasc. Drugs Ther. 2016, 30, 33.

M. Hashizume, S.-i. Kawanami, S. lwamoto, T. Isomoto, ).-I. Kikuchi,
Thin Solid Films 2003, 438-439, 20.

Z.Cao, Y. Ma, X. L. Yue, S. Z. Li, Z. F. Dai, J. Kikuchi, Chem. Commun.
2010, 46, 5265.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]
[21]

[22]
(23]

(24]
(25]
(26]

[27]

(28]

(29]

www.advancedscience.com

Y. Wang, Y. Chen, M. Zhang, H. Qu, J. Zheng, Q. Pang, X. Yan, RSC
Adv. 2016, 6, 16292.

L. Zhao, E. Lee, A. M. Zukas, M. K. Middleton, M. Kinder, P. S.
Acharya, J. A. Hall, D. J. Rader, E. Pure, Arterioscler. Thromb. Vasc. Biol.
2008, 28, 1283.

H. Xu, M. Niu, X. Yuan, K. Wu, A. Liu, Exp. Hematol. Oncol. 2020, 9,
36.

C. A. Cuff, D. Kothapalli, I. Azonobi, S. Chun, Y. Zhang, R. Belkin, C.
Yeh, A. Secreto, R. K. Assoian, D. ]. Rader, E. Puré, J. Clin. Invest. 2001,
108, 1031.

S. Misra, V. C. Hascall, R. R. Markwald, S. Ghatak, Front. Immunol.
2015, 6, 201.

Z. A. Fayad, V. Fuster, J. T. Fallon, T. Jayasundera, S. G. Worthley, G.
Helft, ). G. Aguinaldo, ). ). Badimon, S. K. Sharma, Circulation 2000,
102, 506.

J. M. Cai, T. S. Hatsukami, M. S. Ferguson, W. S. Kerwin, T. Saam, B.
C. Chu, N. Takaya, N. L. Polissar, C. Yuan, Circulation 2005, 112, 3437.
S. Taleb, Arch. Cardiovasc. Dis. 2016, 109, 708.

P. Raggi, ). Genest, J. T. Giles, K. ). Rayner, G. Dwivedi, R. S. Bean-
lands, M. Gupta, Atherosclerosis 2018, 276, 98.

O. Soehnlein, P. Libby, Nat. Rev. Drug Discovery 2021, 20, 589.

C. Hardtner, C. A. Ehlert, I. Hilgendorf, Curr. Opin. Lipidol. 2021, 32,
258.

N. Eberhardt, C. Giannarelli, Nat. Cardiovasc. Res. 2022, 1, 196.
K.-U. Jarr, J. Ye, Y. Kojima, Z. Ye, H. Gao, S. Schmid, L. Luo, R. A.
Baylis, M. Lotfi, N. Lopez, A. V. Eberhard, B. R. Smith, I. L. Weissman,
L. Maegdefessel, N. J. Leeper, Nat. Cardiovasc. Res. 2022, 1, 253.

T. A. Jacobson, M. K. Cheeley, P. H. Jones, R. La Forge, K. C. Maki, J.
A. G. Lopez, P. Xiang, D. M. Bushnell, M. L. Martin, |. D. Cohen, J.
Clin. Lipidol. 2019, 13, 415.

M. G. Nanna, A. M. Navar, T. Y. Wang, X. . Mi, S. S. Virani, M. |. Louie,
L. V. Lee, A. C. Goldberg, V. L. Roger, |. Robinson, E. D. Peterson, J.
Am. Heart Assoc. 2018, 7, e008546.

R. Mulchandani, T. Lyngdoh, P. Chakraborty, A. K. Kakkar, Acta Car-
diol. 2018, 73, 393.

F. Mach, K. K. Ray, O. Wiklund, A. Corsini, A. L. Catapano, E. Bruck-
ert, G. De Backer, R. A. Hegele, G. K. Hovingh, T. A. Jacobson, R. M.
Krauss, U. Laufs, L. A. Leiter, W. Marz, B. G. Nordestgaard, F. J. Raal,
M. Roden, R. D. Santos, E. A. Stein, E. S. Stroes, P. D. Thompson, L.
Tokgozoglu, G. D. Vladutiu, B. Gencer, J. K. Stock, H. N. Ginsberg,
M. J. Chapman, E. A. So, Eur. Heart J. 2018, 39, 2526.

2202416 (10 0‘F10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



