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Universal cell membrane camouflaged nano-prodrugs with
right-side-out orientation adapting for positive pathological
vascular remodeling in atherosclerosis

The research explores a universal nanotherapeutic approach

for treating atherosclerosis. It presents the development of right-
side-out orientated self-assembly cell membrane-camouflaged
nanoparticles (OEM-ETBNPs) designed to target foam cells in
atherosclerotic plaques. These nanoparticles utilize the intrinsic
affinity between phosphatidylserine (PS) on the inner leaflet of

cell membranes and PS-targeted peptide-modified nanoparticles.
The study demonstrates that the engineered cell membrane with
overexpressed integrin a9B1, integrated with reactive oxygen
species (ROS)-cleavable prodrugs, enhances targeted drug delivery
and on-demand drug release, ultimately promoting positive cellular
phenotypic conversion and improving therapeutic efficacy in
atherosclerosis.
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A right-side-out orientated self-assembly of cell membrane-camouflaged nanotherapeutics is crucial for
ensuring their biological functionality inherited from the source cells. In this study, a universal and
spontaneous right-side-out coupling-driven ROS-responsive nanotherapeutic approach, based on the
intrinsic affinity between phosphatidylserine (PS) on the inner leaflet and PS-targeted peptide modified
nanoparticles, has been developed to target foam cells in atherosclerotic plaques. Considering the
increased osteopontin (OPN) secretion from foam cells in plaques, a bioengineered cell membrane
(OEM) with an overexpression of integrin 91 is integrated with ROS-cleavable prodrugs, OEM-coated
ETBNPs (OEM-ETBNPs), to enhance targeted drug delivery and on-demand drug release in the local
lesion of atherosclerosis. Both in vitro and in vivo experimental results confirm that OEM-ETBNPs are
able to inhibit cellular lipid uptake and simultaneously promote intracellular lipid efflux, regulating the
positive cellular phenotypic conversion. This finding offers a versatile platform for the biomedical
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Introduction

The implementation of a right-side-out-orientated coating
holds significant importance in advancing the research and
applications of cell membrane camouflaging nano-
therapeutics.™” By preserving the intrinsic structure and func-
tionality of the cell membrane, including pivotal elements like
surface receptors and signal transduction pathways, this
approach bestows amplified effectiveness upon the camouflage,
enabling precise recognition and targeting capabilities.* More-
over, it serves to mitigate immune rejection responses, thereby
improving the overall biocompatibility and stability of the
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applications of universal cell membrane camouflaging biomimetic nanotechnology.

nanoparticles encapsulated within the right-side-out-orientated
cell membrane. However, the achievement of a desired right-
side-out orientation during the coating process remains
a formidable challenge due to the inherent asymmetry and
complex biological properties of the cell membrane. Unfortu-
nately, the process of spontaneous assembly during cell
membrane camouflaging frequently encounters obstacles such
as a low success rate and significant loss, primarily attributable
to the heightened complexity and numerous steps inherent in
the procedure. Therefore, it is an ideal case to improve the
development of a novel and viable strategy to achieve efficient
cell membrane coating, particularly when confronted with
situations lacking suitable affinity between certain cell
membrane and core pairs. To address this critical issue, our
previous research has revealed that the specific binding
between the intracellular domain of the transmembrane
protein band 3 in red blood cells (RBCs) and the P4.2 peptide
ligand can effectively guide the encapsulation of cell
membranes with the desired right-side-out orientation,*
addressing the deficiencies of the traditional preparation
techniques such as co-extrusion®® or ultrasound.®” However, it
is important to note that the highly specific nature of the
transmembrane protein band 3 restricts its applicability to the
right-side-out orientation encapsulation of RBC membranes
alone, resulting in it being unadaptable for a diverse range of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biomimetic cell membrane carriers. To break this limitation,
phosphatidylserine (PS), a phospholipid primarily located on
the inner leaflet of the cell membrane,® is utilized. The PS-
targeted peptide (CLIKKPF) is designed to bind to PS with
remarkable selectivity and affinity.’ It is able to effectively and
directionally camouflage the core carrier by harnessing its
strong binding capacity to PS. This strategy proves to be highly
effective in achieving the inner leaflet-orientated assembly of
diverse cell membrane-camouflaged nanoparticles, thereby
opening up new possibilities for their application and
utilization.

In addition to the challenges associated with the assembly of
cell membrane camouflaged nanoparticles, achieving control-
lable cargo release after their local lesion delivery is another
critical aspect that must be addressed to achieve efficient
therapeutic outcomes. The persistent strong interaction
between the cargo and carrier may not fulfill the diverse
requirements at different stages of delivery. For instance, while
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the strong coupling interaction between the cell membrane and
nanoparticles is beneficial for enhancing cargo delivery and
reducing premature cargo release during circulation in the
bloodstream, it will significantly limit therapeutic efficacy at the
target site or lesion. It is imperative to optimize the core
nanoparticles to respond to both endogenous and exogenous
stimuli, enabling “on-demand” cargo release in the patholog-
ical lesion.* Specifically, the core nanoparticles can be designed
to selectively and responsively release the cargo upon encoun-
tering specific pathological stimuli. This approach allows for
self-adaptive regulation and localized cargo release, thereby
improving therapeutic efficacy and minimizing toxic side
effects.” In the context of pathological stimuli, the development
of a prodrug strategy holds promise for enhancing the phar-
macokinetic efficacy of drugs, particularly in target drug
delivery.’* Reactive oxygen species (ROS), which play a signifi-
cant role in the pathogenesis of atherosclerotic plaques, are
involved in processes such as oxidative stress, inflammation,
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Ilustrations displaying the preparation of right-side-out-orientated coupling-driven ROS-sensitive hanoparticles on the inner leaflet of

the cell membrane for positively regulating cell phenotypic conversion in atherosclerosis. (a) Lentivirus carrying integrin a9 was transfected into
endothelial cells with already high expression of B1 to achieve stable overexpression of integrin a9p1 in endothelial cell lines. (b) Synthesis of the

OEM coated ROS-sensitive polymeric prodrug (OEM-ETBNPs). (c) OEM-

foam cells through phenotypic conversion.
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and apoptosis, thereby accelerating the formation and
progression of atherosclerotic plaques.**** Therefore, ROS-
responsive prodrugs have immense potential for precise treat-
ment of atherosclerosis (AS), allowing for targeted and
controlled cargo release specifically in response to ROS
levels.'>'®

Moreover, within the pathology of AS, osteopontin (OPN)
emerges as a pivotal cell adhesion and chemotactic factor,
exhibiting heightened expression within plaque foam -cells
(FCs)."”*® OPN plays a crucial role in recruiting monocyte-
derived macrophages and facilitating their retention within
chronically inflamed sites, thereby accelerating AS progression
and vulnerable plaque formation.”** Recent investigations
have shed light on the critical involvement of integrin a9f1,
serving as a receptor for OPN, and its associated signaling
pathways in the development of various autoimmune disor-
ders.”** Consequently, within the realm of biomimetic nano-
therapeutic systems for AS target delivery, a design strategy
involves the utilization of nanocarriers engineered with over-
expressed «9B1 on the cell membrane surface (OEM). These
specialized nanocarriers possess the capacity to proficiently
discern and engage with OPN within FCs present in athero-
sclerotic plaques. Leveraging the «9B1/OPN axis and its
inherent homing effect holds immense potential in enabling
highly efficient drug delivery for AS.

Hence, in this study, an OEM camouflaged biomimetic ROS-
sensitive nanotherapeutic approach was employed to develop
AS management. As a model drug, Ezetimibe (ETB) was chosen
because of its pharmacological activity in reducing cholesterol
absorption associated with AS. To achieve a target delivery
approach, the prodrug was functionalized with a right-side-out
orientated coupling. Specifically, the ETB and the PS-targeted
peptide were conjugated using oxalyl chloride (OC) modified
HO-PEG,x-Mal, leading to the formation of ETBNPs. The
resulting OEM-coated ETBNPs (OEM-ETBNPs) spontaneously
self-assembled in a right-side-out orientation on the inner
leaflet of the OEM, facilitated by the specific affinity between the
intracellular domain of PS on the cell membrane and the paired
PS-targeted peptide-modified nanoparticles. Notably, this
assembly process was achieved without the need for additional
steps. The constructed OEM-ETBNPs
demonstrated to significantly improve accumulation within AS
plaques, and the local ROS stimulus triggered an “on-demand”
release of the prodrug, effectively inhibiting lipid uptake and
promoting lipid efflux by FCs through phenotypic conversion.
These mechanisms synergistically enhanced the efficacy of AS
therapy (Fig. 1).

co-extrusion were

Results
Synthesis and characterization of OEM-ETBNPs

For the synthesis of the ROS-sensitive polymeric prodrug (ESI
Fig. 1), HO-PEG,x-OH was conjugated with ETB, followed by
acylation with oxalyl chloride (OC) and HO-PEG,k-Mal to obtain
Mal-PEG,-ETB-PEG,x-Mal (ETBPD). The successful synthesis
was confirmed through 'H NMR analysis (ESI Fig. 2at). To
further functionalize the polymeric prodrug for right-side-out

7526 | Chem. Sci, 2024, 15, 7524-7544

View Article Online

Edge Article

orientated coupling on the inner leaflet of the cell membrane,
the PS-targeted peptide sequence CLIKKPF was reacted with
Mal-PEG,-ETB-PEG,x-Mal via the Michael reaction between
the maleimide and sulthydryl groups, resulting in a functional
polymeric prodrug (PS-Mal-PEG,x-ETB-PEG,x-Mal-PS). The
results were successfully confirmed based on "H NMR and **C
NMR analysis (ESI Fig. 2b, ¢, ESI Tables 1 and 21) and the gel
permeation chromatography traces (GPC) (ESI Fig. 37).

To achieve stable overexpression of integrin alpha-9/beta-1
(29B1) in endothelial cells (ECs), a9 lentivirus was transfected
into ECs that already exhibit high expression of f1.>*** The a9 in
a normal EC and overexpressed EC (OEC) was detected using
western blotting (WB). As shown in Fig. 2a-c, the expression
level of a9 on the OEC was significantly higher compared to the
normal EC, with an approximately 150-fold increase in protein-
level expression. Correspondingly, the expression level in OEM-
ETBNPs was also approximately 150-fold higher than that in
normal EC membrane coated ETBNPs (EM-ETBNPs). Further-
more, cell membranes were extracted from both the EC and the
OEC respectively, and flow cytometry analysis was performed to
determine the expression of integrin 9 on the cell membranes.
As illustrated in Fig. 2d and e, the fluorescence intensity of anti-
integrin o9 on the OEM was significantly higher compared to
the EM. In addition, SDS-PAGE protein analysis showed that
OEC, OEM, and OEM-ETBNPs had high consistency in protein
bands (ESI Fig. 41).

In aqueous solution, the EM and OEM were co-incubated
with ETBNPs, whereas the EM and OEM were co-extruded
with ETBPD. The hydrodynamic diameter (D;) of OEM-
ETBNPs decreased as the mass ratio of ETBNPs to the cell
membrane increased to 4:1, and a stable D, plateau was
maintained at a higher mass ratio. Therefore, OEM-ETBNPs
with the mass ratio of ETBNPs to EM/OEM at 4:1 were
utilized for all the subsequent studies (Fig. 2f). The Dy, and zeta
potential of ETBNPs, EM-ETBNPs, and OEM-ETBNPs were
further characterized using dynamic light scattering (DLS). As
shown in Fig. 2g, h and ESI Fig. 5,1 the mean Dy, values of
ETBNPs, EM-ETBNPs, and OEM-ETBNPs were 200 + 2.1 nm,
214 + 3.4 nm, and 215 £+ 1.9 nm, respectively. For the group
prepared using the conventional co-extrusion method without
the PS-targeted peptide, ETBPD, EM-ETBPD, and OEM-ETBPD
were further investigated (ESI Fig. 61). The mean Dy, values of
ETBPD, EM-ETBPD, and OEM-ETBPD were 198 + 3.2 nm, 220 +
2.5 nm, and 224 + 2.8 nm, respectively. The low polydispersity
index results indicated a favorable dispersity in ETBPD,
ETBNPs, EM-ETBPD, OEM-ETBPD, EM-ETBNPs;, and OEM-
ETBNPs (ESI Fig. 71).

To validate the morphologies, transmission electron
microscopy (TEM) was utilized to visually observe ETBNPs, as
well as cell membrane coated ETBPD (CM- ETBPD) and ETBNPs
(CM-ETBNPs). The results shown in Fig. 2i indicated that both
ETBNPs exhibited a consistent spherical morphology and dis-
played a homogeneous distribution. After being coated with
a cell membrane, ETBPD and ETBNPs maintained their
uniformity while adopting a nanoscale spherical morphology
with a diameter of approximately 210 nm. Interestingly, it was
noteworthy that the corona layer of CM-ETBNPs exhibited

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis and characterization of OEM-ETBNPs. (a) Schematic diagram of right-side-out-orientated coupling of ETBNPs onto the inner
leaflet of the OEM. (b) WB analysis of protein expression after lentivirus transfection. (c) Quantification analysis of (b). (d) Flow cytometry of anti-
integrin o9 on the EM and OEM. (e) Quantification analysis of (d). (f) The mass ratio of OEM-ETBNPs and EM-ETBNPs. (g) Hydrodynamic diameter
of ETBNPs, EM-ETBNPs, and OEM-ETBNPs. (h) Zeta potentials of ETBNPs, EM-ETBNPs, and OEM-ETBNPs. (i) Representative TEM images of
ETBNPs, cell membrane—ETBPD, and cell membrane-ETBNPs. (j) Representative confocal images of the DiO-cell membrane and Cy5-PS-
targeted peptide. (k) Flow cytometry analysis of the DiO-cell membrane and Cy5-PS-targeted peptide modified ETBNPs. Data shown as mean +
SD. Statistical analysis: (c) one-way ANOVA with Tukey's post hoc test; n = 3. (e) Student's t-test; n = 3; ***P < 0.0001.
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a significantly reduced thickness compared with that of CM-
ETBPD. Furthermore, free ETB, EM-ETBPD, OEM-ETBPD, EM-
ETBNPs, and OEM-ETBNPs all exhibited a favorable stability
throughout a 60 h investigation (ESI Fig. 87). This sustained
stability underscored their suitability for future studies.

To quantify the amount of cell membrane and PS-targeted
peptide present on CM-ETBNPs, double-fluorescent labeling
was employed, enabling the co-localization of the DiO-labeled
cell membrane and Cy5-labeled PS-targeted peptide. Confocal
laser scanning microscopy (CLSM) was used to overlay the cell
membrane with the PS-targeted peptide, as depicted in Fig. 2j.
Flow cytometry analysis was then conducted, demonstrating that
the double positive rates were 55.6% and 86.3% for OEM-ETBPD
and OEM-ETBNPs, respectively (Fig. 2k). These findings sug-
gested the successful camouflaging of the cell membrane onto
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ETBNPs based on the high affinity between PS on the inner leaflet
of the cell membrane and the PS-targeted peptide of ETBNPs.

Universal cell membrane right-side-out-orientated
camouflaged nanoparticles

To validate the right-side-out orientation of the cell membrane
on the nanoparticles and the distribution of PS on the inner
leaflet of the cell membrane in OEM-ETBNPs under normal and
stress conditions, an initial experiment was conducted using an
Annexin V-Cy5 fluorescent probe. Annexin V, a protein with
high affinity for PS, is conventionally situated on the inner
leaflet of the cell membrane. As shown in Fig. 3a and b, the
fluorescence intensity emitted by the OEM-ETBNP group was
rarely observed under normal conditions, confirming the
general distribution of PS on the inner leaflet of the cell
membrane. However, upon the introduction of a cell lysate and
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Fig. 3 Characterization of the right-side-out orientation of the cell membrane. (a) Schematic diagram of the PS distribution of OEM-ETBNPs. (b)
Representative confocal images of PS distribution in OEM-ETBNPs using the probe Annexin V-Cy5. (c) Flow cytometry of PS distribution in OEM-
ETBNPs. (d) Quantification analysis of (c). (e) Schematic illustration of the cell membranes with ssDNA probes and an ssDNA quencher for
investigating the right-side-out orientation of OEM-ETBNPs. (f) Quantifying the different right-side-out orientations of probe-ETBNPs and
probe-ETBPD with FRET. Data shown as mean 4 SD. Statistical analysis: (d) one-way ANOVA with Tukey's post hoc test; n = 5. (f) Student's t-test;

n = 8. ***P < 0.0001.
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sentative confocal images of the SMCs treated with different formulations. (i) Representative confocal images of the MCs treated with different
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hydrogen peroxide (H,0,), the cellular membrane enveloping
OEM-ETBNPs underwent rupture, leading to the translocation
of PS molecules from the inner leaflet to the outer leaflet of the
cell membrane. This PS translocation was easily detected
through a fluorescent probe with a vivid and robust fluores-
cence signal. Furthermore, the results were confirmed and
quantified through flow cytometry analysis (Fig. 3¢ and d).

In addition, a comprehensive investigation was conducted to
assess the universal applicability of the PS-targeted peptide
based right-side-out orientation in several typical cell
membrane-coated nanoparticles, employing a cell membrane
outer leaflet-specific DNA fluorescent probe. As illustrated in
Fig. 3e, nanoparticles with PS-targeted peptide functionaliza-
tion were co-incubated with cell membranes derived from
various sources (designated as Probe-ETBNPs), including OEC,
EC, RBC, macrophage cells (MCs), liver cancer cells (LCs), and
smooth muscle cells (SMC). As the negative control, nano-
particles without PS-targeted peptide functionalization and
several cell membranes were prepared using the conventional
co-extrusion method (designated as Probe-ETBPD). As shown in
Fig. 3f and ESI Fig. 9,1 the right-side-out orientation rates of the
Probe-ETBPD formulations without the PS-targeted peptide
ranged from 48.5% to 50.4%. Surprisingly, the remarkable
right-side-out orientation of the Probe-ETBNP formulations
with the PS-targeted peptide was up to a high level ranging from
90.5% to 92.3%. These results indicated that the right-side-out
orientated cell membrane coating based on the PS-specific
interaction could be universally applied to multiple cell types.

Characterization of ROS-responsive drug release and target
functions in vitro

To investigate the release behavior of the ROS-responsive pro-
drug, ETBNPs and OEM-ETBNPs were exposed to PBS with or
without H,0,. As shown in Fig. 4a, b and ESI Fig. 10,1 TEM
images revealed a stable nanoscale morphology for OEM-ETBNPs
in PBS. However, upon exposure to a H,O, stimulus, a progres-
sive degradation of OEM-ETBNPs was observed, which could be
attributed to the loss of thermodynamic stability caused by the
cleavage of OC bonds within the OEM-ETBNPs triggered by ROS.
Furthermore, a comprehensive evaluation of the prodrug release
kinetics was conducted (Fig. 4c). The release profile displayed
a rapid release trend within the first 2 h, followed by a relatively
slow-release stage extending until 10 h, ultimately reaching
a plateau. In response to the ROS stimulus provided by H,0,, the
cumulative drug release rate of OEM-ETBNPs was significantly
increased from 36.7% to 70.0% in PBS. This remarkable
enhancement in drug release further confirmed the destruction
of OEM-ETBNPs, resulting in accelerated prodrug activation and
subsequent release from the nanoparticles. These findings shed
light on the ROS-responsive behavior of the prodrug OEM-
ETBNPs and underscored the potential of their controllable
drug release capabilities. The dynamic interplay between the ROS
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stimulus, bond cleavage, and subsequent prodrug activation of
the OEM-ETBNPs represented a pivotal mechanism that could be
harnessed for targeted drug delivery and on-demand drug release
applications.

Subsequently, the targeting performance was validated in
vitro. OPN has been identified to be highly expressed in FCs
localized within AS plaques.™?® Moreover, it has been estab-
lished that OPN acts as a ligand for the integrin «9p1 receptor.
Thus, a transwell experiment was introduced to ascertain
chemotaxis of the overexpression of «9p1 for OPN. As shown in
Fig. 4d, the tested cells, EC or OEC, were independently intro-
duced into the upper chamber, while OPN was introduced into
the lower chamber. Notably, OEC exhibited a significant
migratory capacity towards OPN compared with EC (Fig. 4e-g).
As is well known, FCs mainly present two subtypes, i.e.,
macrophage derived cells (MFCs) and smooth muscle derived
cells (SFCs).>**” Hence, the targeting capability of OEM-ETBNPs
towards these two typical FCs was systematically validated. As
illustrated in Fig. 4h, SFCs induced by oxidized low-density
lipoprotein (ox-LDL) were respectively incubated with EM-
ETBNPs and OEM-ETBNPs. The CLSM images revealed that
compared with the normal SMCs, SFCs exhibited a significant
increase in fluorescence intensity, demonstrating the enhanced
uptake of both EM-ETBNPs and OEM-ETBNPs. Moreover, by
employing flow cytometry analysis for further quantification,
SFCs were found to exhibit a 63.7-fold increased uptake of OEM-
ETBNPs compared to the normal SMCs (Fig. 4j and k).
Furthermore, MFCs displayed a similar performance in selec-
tive uptake as observed in SFCs. As illustrated in Fig. 4i, cellular
uptake content of the normal MCs towards EM-ETBNPs and
OEM-ETBNPs was relatively weak prior to FC formation.
However, after being induced with ox-LDL, the uptake capacity
of MFCs experienced a substantial augmentation. Notably,
through flow cytometry analysis, MFCs exhibited a 55.0-fold
increased uptake of OEM-ETBNPs compared to the normal MCs
(Fig. 41 and m).

In vitro cytotoxicity and blood compatibility

Before administration treatment in vivo, ensuring the safety and
excellent hemocompatibility of the nanomedicine is crucial for
its further application. Therefore, the cytotoxicity of the
formulations was systematically assessed on SMCs and MCs. As
shown in ESI Fig. 11,1 a favorable cell viability was observed
after incubating the cells with the formulations at doses ranging
from 20 pg mL ™" to 100 ug mL " for a duration of 24 h. Notably,
even at a high drug concentration of 100 pg mL™", the cells
exhibited robust viability, indicating the exceptional cell
compatibility of OEM-ETBNPs. Additionally, the blood
compatibility of OEM-ETBNPs was also evaluated through
a hemolysis test in vitro. As demonstrated in ESI Fig. 12,7} the
hemolysis ratios of all drug-contained formulations were found
to be below 5%, which is a widely accepted safety standard for

ox-LDL. (k) Quantification analysis of (j). (1) Flow cytometry analysis of the cellular uptake of EM-ETBNPs and OEM-ETBNPs by MCs treated with or
without ox-LDL. (m) Quantification analysis of . Data shown as mean =+ SD. Statistical analysis: ((f), (g), (k) and (m)) one-way ANOVA with Tukey's
post hoc test; n = 5. For (f), ***P < 0.0001. For (g), ***P < 0.0001. For (k), ***P < 0.0001. For (m), ***P < 0.0001.
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Fig. 5 Characterization of cell cellular lipid uptake and intracellular lipid efflux. (a) Bright-field images of ox-LDL-induced FCs among SMCs
(upper panel) and MCs (lower panel) treated with formulations after ORO staining. (b) Quantification analysis of the relative content of ORO in
SMCs. (c) Quantification analysis of the relative content of ORO in MCs. (d) Typical WB bands of LOX-1 and ABCA1 on MCs after treatment with
formulations. (e) Uptake of DiO-labeled ox-LDL by SMCs and MCs. (f) Quantification analysis of the fluorescence intensity of the SMCs. (g)
Quantification analysis of the fluorescence intensity of the MCs. (h) Quantitative data of (d). Data shown as mean + SD. Statistical analysis: ((b), (c),
(f) and (h)) one-way ANOVA with Tukey's post hoc test; n = 5. ***P < 0.0001. For (b), *P = 0.0114. For (h), LXO-1: saline group vs. OEM-ETBNP
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Fig. 6 Characterization of cell phenotypic conversion regulation in vitro. (a) Typical WB bands and (b) quantitative data of Vimentin and SM22a
on SFCs after treatments. (c) Typical WB bands and (d) quantitative data of INOS and ARG1 in MFCs after treatments. (e) Schematic diagram of
phenotypic conversion in SMCs. (f) Flow cytometry analysis of the phenotypic conversion of SFCs after different treatments. (g) Representative
confocal images of the phenotypic conversion of SFCs after different treatments. (h) Schematic diagram of cell phenotypic conversion in MCs. (i)
Flow cytometry analysis of the cell phenotypic conversion of MFCs. (j) Representative confocal images of the phenotypic conversion of MFCs.
Quantification analysis of the positive percentage of (k) Vimentin and () SM22« in (f). Quantification analysis of the positive percentage of (m)
iNOS and (n) ARG in (i). Data shown as mean =+ SD. Statistical analysis: ((b), (d), and (k)—(n)) one-way ANOVA with Tukey's post hoc test; n =5 and

7532 | Chem. Sci, 2024, 15, 7524-7544

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00761a

Open Access Article. Published on 05 April 2024. Downloaded on 11/30/2025 2:21:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

further applications in vivo. This finding confirms the excellent
hemocompatibility of the formulations.

Inhibition of FCs by regulating phenotypic conversion in vitro

The results of Oil Red O (ORO) staining exhibited remarkable
efficiency in inhibiting ox-LDL uptake in both SFCs and MFCs
treated with free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs,
and OEM-ETBNPs compared with the saline group. Notably,
OEM-ETBNPs demonstrated the most profound inhibition of
lipid uptake, as evidenced by the lowest relative contents of
lipid in both SFCs and MFCs (Fig. 5a-c). Furthermore, the
results of WB expression of LOX-1, a critical receptor for ox-LDL
internalization, was significantly decreased in MFCs, suggest-
ing a reduction in cholesterol endocytosis. Notably, the
expression of the ABCA1 receptor was upregulated in cells
treated with the formulations, further underscoring their ability
to enhance cholesterol efflux (Fig. 5d and h). Subsequently, after
incubating with high-density lipoprotein, OEM-ETBNPs were
able to significantly promote lipid efflux, further supporting
their critical role in facilitating lipid efflux from FCs (ESI Fig.
131). Moreover, the cellular uptake of DiO-labeled ox-LDL by
SFCs and MFCs was further examined visually supporting the
efficacy of OEM-ETBNPs in reducing intracellular lipid accu-
mulation (Fig. 5e-g).

To investigate phenotypic conversion resulting from lipid
uptake and efflux, the expression of specific markers for SFCs
and MFCs was examined. In SFCs, the expression of Vimentin
and SM22o was examined to confirm the conversion from
a synthetic phenotype to a contractile phenotype. The results of
WB and flow cytometry similarly exhibited a gradual decrease in
Vimentin expression and a concurrent increase in SM22a
(Fig. 6a and b), indicating a conversion from a contractile to
a synthetic phenotype in SFCs. Additionally, in the case of SFCs,
there was a noticeable reduction in the abundance of lysosomes
(ESI Fig. 141), accompanied by a transition in the cell
morphology from spindle-shaped to flat and elongated.>*° This
phenotypic shift was observed as the cells transformed from
a synthetic phenotype to a contractile one. Notably, SFCs treated
with OEM-ETBNPs exhibited the most pronounced decrease in
Vimentin expression and the highest increase in SM22a
expression, providing evidence for efficiently promoting
conversion from the synthetic phenotype to the contractile
phenotype treated with OEM-ETBNPs (Fig. 6e-g, k, 1, ESI Fig.
15a and bf¥).

In MFCs, the expression of iNOS and ARG1 was examined to
assess the conversion from a pro-inflammatory M1 phenotype
to an anti-inflammatory M2 phenotype. As shown in Fig. 6¢ and
d, a gradual attenuation of iNOS expression along with an
elevation in ARG1 expression was observed in WB, revealing
a distinct phenotype conversion in the MFCs. Consistently,
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OEM-ETBNPs exhibited the most diminished expression of
iNOS and the highest expression of ARG1, suggesting the effi-
cient cell phenotypic conversion of MFCs from a pro-
inflammatory phenotype to an anti-inflammatory one
(Fig. 6h—j, m, n, ESI Fig. 15c and df). Moreover, secretion of
inflammatory mediators from M1 MCs was examined,
observing a substantial reduction in the expression of TNF-a, IL-
6, and IL-1P subsequent to treatments® (ESI Fig. 167).

Transcriptomic and bioinformatics analysis of the
mechanism of action of OEM-ETBNPs

To gain insights into the molecular mechanisms underlying
nanotherapeutics utilizing OEM-ETBNPs in SFCs and MFCs,
high-throughput transcriptomics analysis was performed. The
resulting heat map clearly displayed the substantial differences
in the mRNA expression profiles of the two FCs with or without
OEM-ETBNP treatment. Specifically, 180 mRNAs with differen-
tial expression in SFCs and 2460 mRNAs in MFCs were identi-
fied, highlighting significant transcriptomic distinctions
(Fig. 7a, b, f and g). Volcano plot analysis demonstrated that in
SFCs, OEM-ETBNP treatment led to the upregulation of 128
mRNAs and the downregulation of 52 mRNAs, reflecting
substantial changes in gene expression. Furthermore, in MFCs,
the same treatment resulted in the significant upregulation of
769 mRNAs and downregulation of 1691 mRNAs, indicating
distinct and specific molecular responses to the nano-
therapeutics in FCs (Fig. 7c and h). To gain insights into the
biological functions of the differentially expressed mRNAs, gene
ontology (GO) analysis was performed. The results indicated
that OEM-ETBNP treatment could potentially regulate the cell
part and cell process (ESI Fig. 171).

To gain a deeper understanding of the biological functions
of the differentially expressed genes induced by OEM-ETBNPs,
gene set enrichment analysis (GSEA) using the Kyoto encyclo-
pedia of genes and genomes (KEGG) to analyze the signaling
pathway was performed. In SFCs, OEM-ETBNPs were able to
suppress the Wnt signaling pathway, IL-17 signaling pathway,
and TNF signaling pathway (Fig. 7d, e, ESI Fig. 18a and bt). In
MFCs, OEM-ETBNPs were capable of activating the PI3K-Akt
signaling pathway and AMPK signaling pathway, while inhib-
iting the NF-kB signaling pathway (Fig. 7i, j, ESI Fig. 18c and d¥).
Similarly, these findings provide confirmation that OEM-
ETBNPs exerted their effects on the positive cell phenotype
conversion by regulating lipid uptake and efflux.

Characterization of target drug delivery and therapeutic
efficacy in ApoE '~ mice

To evaluate the blood distribution of OEM-ETBNPs, free Cys5,
Cy5-labeled EM-ETBNPs, and Cy5-labeled OEM-ETBNPs were

##%p < 0.0001. For (b) Vimentin: saline group vs. OEM-ETBNP group; $%°P < 0.0001. ETB group vs. OEM-ETBNP group; *##P < 0.0001. EM-
ETBNP vs. OEM-ETBNP group; *P = 0.0312. SM22q: Saline group vs. OEM-ETBNP group; **°P < 0.0001. ETB group vs. OEM-ETBNP group; *##p
< 0.0001. EM-ETBNP vs. OEM-ETBNP group; ***P < 0.0001. For (d), iNOS: saline group vs. OEM-ETBNP group; *°P < 0.0001. ETB group vs.
OEM-ETBNP group; ###p < 0.0001. EM-ETBNP vs. OEM-ETBNP group; ***P < 0.0001. ARG1: Saline group vs. OEM-ETBNP group; $55P < 0.0001.
ETB group vs. OEM-ETBNP group; #*##P < 0.0001. EM-ETBNP vs. OEM-ETBNP group; ***P < 0.0001. For (k), **P = 0.0081. For (), **P = 0.0012.

For (m), *P = 0.0219. For (n), *P = 0.0396.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 7524-7544 | 7533


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00761a

Open Access Article. Published on 05 April 2024. Downloaded on 11/30/2025 2:21:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Chemical Science

a == Model
== OEM-ETBNPs

.1

0

N

Model

OEM-ETBNPs

== Model
== OEM-ETBNPs

2
'1

0

.%

Model

OEM-ETBNPs

b PCA analysis
604 @® Model
504 4 OEM-ETBNPs
404
304
204
g 10
& 1
;:; 10
204
304
404
504
804
<70
4210 8 6 4 2 0 2 4 6 & 10 12 14
C PC1(28.69%)
eup (128)
1 fe @ nosig (62523)
304 edown (52)
= 254
g ”
]

PC3(7.79%)

-Log10(Padjust)

PCA analysis
il ® Model
sl 4 OEM-ETBNPs
04
a0
204
104
od-
104
204
204
40
504
80
-20 -15 -10 5 0 5 10 15 20
PC1(69.24%)
i e ——
LS *
wjoup(769) T - “
@ nosig (54520) | "_.-}
2004 ® down (1691) .._ o .
S ‘

View Article Online

Edge Article

d Wnt signaling pathway

o NES=-1.31
z += p=0.025

i

Model

Zoro cruss ot 19953

Ranked st metric (Signal2Noise)
Lobto=-wno

()

OEM-ETBNPs

20000 0,000

X EY
Rank in Ordered Dataset

VEGF signaling pathway
Prolactin signaling pathway {
IL-17 signaling pathway
TNF signaling pathway-

Calcium signaling pathway{ «

Wit signaling pathway{ «

ECM-receptor interaction
TGF-beta signaling pathway

Lipid and atherosclerosis{ -

Toll-like receptor
signaling pathway

Number

. .3

e7
®13
®24

,,_
¥

0 780

PI3K-Akt signaling pathway

NES=1.49
p=0.031

.

T s 411713

OEM-ETBNPs

1000 1250 1500 1750 2000 2250 2500
Rank in Ordered

Cytokine-cytokine
receptor interaction’

Hematopoietic cell lineage
TNF signaling pathway

Fluid shear and atherosclerosis
NF-kappa B signaling pathway-
Lipid and atherosclerosis:
JAK-STAT signaling pathway
IL-17 signaling pathway

PI3K-Akt signaling pathway:

AMPK signaling pathway{ -

@ FDR

Number
.14
® 33
® 54
@73

Fig. 7 Mechanism studies of OEM-ETBNPs by transcriptome high-throughput sequencing. (a) Heatmap diagram of genes differentially expressed with or
without OEM-ETBNP treatment in SFCs. (b) Principal component analysis (PCA) of the differentially expressed genes with or without OEM-ETBNP treatment
in SFCs. (c) Volcano plot showing upregulated (red) and downregulated (blue) genes by RNA-Seq analysis (cutoff log 2 (fold change) = 2.0) with or without
OEM-ETBNP treatment in SFCs. (d) GSEA of the Wnt signaling pathway in SFCs. () KEGG from differential expression of genes in the OEM-ETBNP group as
compared with the model group in SFCs. (f) Heatmap diagram of genes differentially expressed with or without OEM-ETBNP treatment in MFCs. (g) Principal
component analysis (PCA) of the differentially expressed genes with or without OEM-ETBNP treatment in MFCs. (h) Volcano plot showing upregulated (red)
and downregulated (blue) genes by RNA-Seq analysis (cutoff log 2 (fold change) = 2.0) with or without OEM-ETBNP treatment in MFCs. (i) GSEA of the
PI3K-Akt signaling pathway in MFCs. (j) KEGG from differential expression of genes in the OEM-ETBNP group as compared with the model group in MFCs.
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intravenously injected into ApoE '~ mice. As shown in Fig. 8a,
blood circulation measurements confirmed that the OEM-
ETBNPs had much longer blood circulation time than the
ETBNPs. Furthermore, the fluorescence intensity gradually
waned during 24 h investigation. OEM-ETBNPs exhibited
a sustained and robust fluorescence signal within 8 h, while the
fluorescence signals of the other two groups started to diminish
after 4 h (Fig. 8b and ESI Fig. 19at). These results underscored
a significantly prolonged blood circulation of OEM-ETBNPs,
facilitating their superior accumulation in the aortic arch and
aortic root. In addition, the distribution of the aorta and main
organs was evaluated in ApoE '~ mice (Fig. 8c and ESI Fig.
19bt), and OEM-ETBNPs displayed noteworthy accumulation in
the aortic arch at 12 h, exhibiting the highest intensity of fluo-
rescence. Even after 24 h, while the fluorescence intensity
overall decreased, the OEM-ETBNP group invariably exhibit the
strongest signal, indicating their sustained performance in the
enhanced target area delivery. In addition, the accumulation of
fluorescence intensity in the heart, liver, spleen, lung and
kidney gradually diminished in 24 h (ESI Fig. 19c-e¥).
Moreover, the anti-AS ability of formulations was assessed in
ApoE™'~ mice as illustrated in Fig. 8d. The results of ORO
staining of the aortas showed that formulations were able to
reduce the lipid content of plaques compared with the saline
group. Quantitative analysis indicated that the free ETB treat-
ment had a limited curative effect, with the lipid content ratio
slightly decreasing from 28.6% to 20.9% (Fig. 8e and j). In
contrast, the proportion of plaques treated with EM-ETBPD,
OEM-ETBPD, EM-ETBNPs, and OEM-ETBNPs decreased to
15.0%, 10.8%, 5.9% and 3.0%, respectively, representing
approximately 1.9-fold, 2.6-fold, 4.8-fold and 9.6-fold reduction
compared with the saline group, highlighting that OEM-
ETBNPs could efficiently enhance therapy for AS. Further-
more, ORO staining of the aortic roots showed a consistent
trend with the aortic plaque results. The lipid content of the
plaque decreased from 57.3% to 50.6%, 42.3%, 36.1%, 27.0%
and 10.0% after treatment with saline, free ETB, EM-ETBPD,
OEM-ETBPD, EM-ETBNPs, and OEM-ETBNPs, respectively,
which were consistent with the tendency in AS plaque of the
aorta (Fig. 8f and k). Moreover, the H&E staining results
demonstrated that ApoE™~ mice treated with OEM-ETBNPs
showed the least inflammatory response in the aorta (Fig. 8g
and 1). The necrotic areas in the aortic roots were assessed using
Toluidine blue staining. A large necrotic area with substantial
cholesterol crystals was observed in the saline group, while the
necrotic area was significantly reduced after OEM-ETBNP
treatment. Quantitative analysis results showed that
compared with the saline group (41.1%), the average necrotic
area was decreased to 33.6%, 25.1%, 18.0%, 12.7% and 6.2% for
free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs, and OEM-
ETBNP treated groups, respectively (Fig. 8h and m). As shown
in Fig. 8i and n, Masson's trichrome staining was used to assess
the content of collagen in plaque areas. Compared with the
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saline group, free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs,
and OEM-ETBNPs effectively decreased the collagen content,
especially for OEM-ETBNP treatment. These results confirmed
that OEM-ETBNP treatment showed comprehensive anti-AS
effects, i.e., reducing the plaque area, diminishing the inflam-
matory response, decreasing the necrotic area, and lowering the
collagen content in ApoE~/~ mice.

Inhibition of FCs by regulating phenotypic conversion in vivo

The phenotypic conversion of SFCs and MFCs in the aortic root
was further analyzed using en face staining in an AopE '~
mouse. As shown in Fig. 9, consistent with the cellular
outcomes, the treatment with formulations led to notable
changes in the phenotype of SFCs. These changes were char-
acterized by a gradual decrease in Vimentin expression and an
increase in SM22o. expression (Fig. 9a, ¢ and d). Similarly,
significant alterations were observed in the cell phenotype of
MFCs following treatment with formulations. These changes
were characterized by a gradual reduction in the expression of
iNOS and a concomitant increase in the expression of ARG1
(Fig. 9b, e and f). Subsequently, immunofluorescence staining
of aortic root sections provided valuable insights into the
phenotypic conversion of the two FCs. OEM-ETBNPs exhibited
the lowest expression of Vimentin and the highest expression of
SM220. in SFCs, indicating a profound transition from the
synthetic phenotype to the contractile phenotype in SMCs upon
treatment with OEM-ETBNPs (Fig. 9¢, i and j). Additionally, in
MFCs, OEM-ETBNPs displayed the lowest expression of iNOS
and the highest expression of ARG1, indicating a positive
conversion from the M1 phenotype to the M2 phenotype in
MFCs upon treatment with OEM-ETBNPs (Fig. 9h, k and 1).

Biosafety assessment

To evaluate biosafety in vivo, the typical biochemical markers in
plasma and pathological analysis of major organs were used.
The body weight of mice treated with OEM-ETBNPs did not
show any significant difference compared with the other
groups, suggesting that the treatment did not induce any
systemic toxicity or adverse effects that could affect the overall
health and well-being of the mice (ESI Fig. 20at). Complete
blood count tests were performed to assess the effects of the
treatments on blood parameters. The cell contents of white
blood cells (WBCs) and RBCs displayed no significant change,
which are important components of the blood and play crucial
roles in various physiological processes, including immune
function (ESI Fig. 20b and ct). Furthermore, the contents of
alkaline phosphatase (ALP) and alanine transaminase (ALT)
had no significant change after one-month treatments, indi-
cating normal liver function. The blood urea nitrogen (BUN)
and creatine kinase (CK) also remained within the normal range
(ESI Fig. 20d-gt). Additionally, pathological analysis of the
major organs stained with H&E showed no obvious histological
toxicity in all the treatment groups (ESI Fig. 217). Overall, these

collage content in (i). Data shown as mean + SD. Statistical analysis: (j—n) one-way ANOVA with Tukey's post hoc test; n = 5 and ***P < 0.0001.
For (j), *P = 0.0346 and *P = 0.0269. For (k), **P = 0.0099. For (1), **P = 0.0075 and *P = 0.0264. For (n), **P = 0.0046.
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Fig. 9 Characterization of phenotypic conversion regulation in vivo. En face immunofluorescence images of the phenotypic conversion of (a)
SFCs and (b) MFCs. Quantification analysis of the fluorescence intensity of (c) Vimentin and (d) SM22« in SFCs. Quantification analysis of the
fluorescence intensity of (e) INOS and (f) ARG1 in MFCs. Aortic root sections stained with (g) SFCs and (h) MFCs. Quantification analysis of the
fluorescence intensity of (i) Vimentin and (j) SM22a. in SFCs. Quantification analysis of the fluorescence intensity of (k) INOS and (l) ARG1in MFCs.
Statistical analysis: (c—f and i—1) one-way ANOVA with Tukey's post hoc test; n =5 and ***P < 0.0001. For (c), **P = 0.0015 and *P = 0.0274. For
(e), *P = 0.031. For (f), *P = 0.0218. For (i), ***P < 0.0001. For (j), **P = 0.0024. For (k), **P = 0.0024.
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findings demonstrated that OEM-ETBNPs could be a potential
candidate as a safe and effective treatment formulation for
chronic vascular diseases.

Discussion

In summary, our study unveiled an innovative strategy encom-
passing the overexpression of integrin o9B1 on the cell
membrane and the utilization of a universal assembly approach
employing PS mediated right-side-out assembly on the inner
leaflet of the cell membrane. This innovative approach was
capable of enhancing target drug delivery to FCs while regu-
lating the cellular phenotype, leading to effective treatment of
AS.

Our previous study had demonstrated the successful spon-
taneous right-side-out coupling of nanoparticles via specific
coupling between the transmembrane protein band 3 and P4.2
peptides. However, this methodology was confined to the use of
RBC membranes, necessitating the further exploration of
a novel and versatile approach to facilitate the spontaneous
right-side-out coating of nanoparticles applicable to universal
cell membranes. In this study, a PS-targeted peptide was
employed as a feasible targeting moiety, conferring specific
binding to PS on the inner leaflet of the cell membranes.
Subsequently, through deft utilization of a PEG linker as the
functional soft arm, PS-targeted peptides were expertly conju-
gated with the prodrug to harvest ETBNPs. Remarkably, by
using a straightforward co-incubation protocol with a diverse
repertoire of cell membranes, devoid of additional treatments
such as co-extrusion or ultrasound, we orchestrated the
assembly of nanoparticles assuming an enchanting right-side-
out orientation. These nanoparticles flawlessly encapsulated
and inherited the biological functionality endowed by the
source cells.

Based on our findings using extracellular membrane-specific
DNA probes, a favorable right-side-out orientated assembly
utilizing PS-targeted peptide functionalized nanoparticles was
observed compared with the traditional co-extrusion without
PS-targeted peptide modified nanoparticles. Notably, cell
membrane coated ETBNPs exhibited a thin corona layer, while
cell membrane coated ETBPD showed a substantial coating
through repeated co-extrusion, resulting in a thick corona layer.
Subsequently, the distribution of PS on the cell membrane was
validated by incubating OEM-ETBNPs with an Annexin V-Cy5
probe. Annexin V was an affinity-driven protein for PS nor-
mally localized on the inner leaflet of the cell membrane.
Through the implementation of the Annexin V-Cy5 fluorescent
probe, the exposed PS on the cell membrane was able to be
specifically labeled and detected. This analysis provided crucial
insights into the right-side-out orientation of cell membrane
coating on the nanoparticles, introducing a novel method for
the efficient and spontaneous harvest of well-defined OEM-
ETBNPs using a simple and convenient mixing approach.

According to previous reports,**** FCs, including SFCs and
MFCs, are formed by the engulfment of a large amount of lipids
by either SMCs or MCs in the arterial wall, and are the patho-
logical cells in AS plaques.*®****% Interestingly, the cell
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phenotype in SFCs treated with OEM-ETBNPs underwent
a conversion from the abnormal synthetic phenotype to the
normal contractile phenotype, whereas in MFCs treated with
OEM-ETBNPs, a conversion from the pro-inflammatory M1
phenotype to the anti-inflammatory M2 phenotype was exhibi-
ted. The therapeutic effects revealed the positive cell phenotypic
conversion mediated by lipid metabolism regulation. Tran-
scriptome sequencing was performed on the treated SFCs and
MFCs to gain valuable insights into the underlying molecular
mechanisms. The analysis showed significant alterations in
gene expression profiles in both cell types. In SFCs, OEM-
ETBNPs were able to significantly inhibit the Wnt signaling
pathway mediated by the binding of ox-LDL receptor-related
proteins, thereby regulating SMC proliferation, migration,
differentiation, and apoptosis, ultimately facilitating a positive
regulation of SMC phenotype conversion.** Additionally, OEM-
ETBNPs demonstrated inhibition of the TNF pathway and IL-
17 pathway, thereby suppressing inflammatory responses and
reducing proliferation and migration, resulting in the SMCs’
phenotype conversion from synthetic to contractile.®”** In
MFCs, the activation of the AMPK signaling pathway was
confirmed to inhibit inflammatory responses and the M1
phenotype. Moreover, the PI3K-Akt pathway was found to play
a key role in regulating MC polarization and lipid metabolism
through regulating the expression of inflammatory factors and
nuclear receptors. Following treatment with OEM-ETBNPs, both
the AMPK signaling pathway and the PI3K-Akt pathway were
activated, suggesting a beneficial effect on MC regulation.*>*°
Moreover, after treatment with OEM-ETBNPs, the NF-kB
signaling pathway was inhibited, highlighting a potential ther-
apeutic intervention to mitigate MC-associated inflammation.*
These findings further provided valuable molecular evidence
supporting the therapeutic potential of OEM-ETBNPs in regu-
lating the positive cellular phenotypes with favorable biocom-
patibility for safe and efficient AS management.

Overall, our study presented a comprehensive and innovative
approach for target delivery and treatment of FCs within AS
plaques. By exploiting the overexpression of a9p1 integrin and
utilizing the inner leaflet assembly with a PS-targeted peptide,
OEM-ETBNPs were able to significantly regulate the aberrant
lipid metabolism and subsequently promote positive cell
phenotypic conversion. These findings had significant impli-
cations for the future development for targeting FC therapies
and provided valuable insights into the underlying mechanisms
of AS treatment. Further research in preclinical investigation is
warranted to further optimize and translate this strategy with
the potential to revolutionize the precise AS management.

Materials and methods

The PS-targeted peptides were purchased from Nanjing Taiye
Co. Ltd (Nanjing, China), while HO-PEG,x-Mal and HO-PEG,-
OH were obtained from Pengshuo Co. Ltd (Shanghai, China).
OC was purchased from Macklin Co. Ltd (Shanghai, China).
Ezetimibe (ETB) was sourced from Yuanye Co. Ltd (Shanghali,
China). The Annexin V-Cy5 apoptosis detection kit, 1,1’-dio-
ctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chlorobenzenesulfonate (DiD) dyes, and 3,3’-dioctadecylox-
acarbocyanine perchlorate (DiO) dyes were obtained from Bio-
tium Inc (Fremont, USA). Fluorescein isothiocyanate (FITC),
Cy5-N-hydroxysuccinimide (NHS), and p,i-dithiothreitol were
provided by Sigma-Aldrich (MO, USA). NAP-5 columns were
procured from GE Healthcare (Pittsburgh, PA). DAPI and cell
total protein extraction kits were provided by Beyotime Institute
of Biotechnology (Jiangsu, China). 22-(N(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl) amino)-23,24-bisnor-5-cholen3f-ol (22-NBD choles-
terol) was obtained from J&K Scientific Ltd (Shanghai, China).
The endothelial cell line stably transfected with mouse integrin
alpha-9 (29) lentivirus was purchased from Yueyongdajiang Co.,
Ltd (Chengdu, China). Antibodies against ARG1 (ab239731),
iNOS (ab178945), Vimentin (ab8978), SM22a (ab14106), LOX-1
(ab60718), ABCA1 (ab307534), goat anti-rabbit IgG H&L (Alexa
Fluor® 488) (ab150077), and goat anti-mouse IgG H&L (Alexa
Fluor® 555) (ab150118) were sourced from Abcam. Fetal bovine
serum (FBS) and DMEM high glucose were purchased from
Biological Industries (Chongqing, China). The membrane and
cytosol protein extraction kit were purchased from Beyotime
(Shanghai, China).

Synthetic of the ROS-sensitive polymeric prodrug (PS-Mal-
PEG,-ETB-PEG,-Mal-PS)

ETB (41 mg, 1 mmol) and HO-PEG,x-OH (400 mg) were dis-
solved in 5 mL of methylene chloride (CH,Cl,) and added to OC
(63.4 mg, 5 mmol) along with triethylamine (50 puL). The reac-
tion mixture was initially stirred at 4 °C for 1 h and then the
temperature was raised to 30 °C for 5 h with continuous stirring.
After the excess OC was removed by reduced pressure distilla-
tion, the mixture was supplemented with Mal-PEG,x-OH (80
mg), and the reaction was allowed to proceed overnight at room
temperature to obtain Mal-PEG,x-ETB-PEG,x-Mal. Subse-
quently, after Mal-PEG,x-ETB-PEG,-Mal re-dissolved in DMSO,
the PS-targeted peptide (17 mg) was introduced, and reacted at
40 °C for 12 h. Following this, the resulting mixture underwent
freeze-drying, and the lyophilized products were suspended in
DMSO. The products were dialyzed (MWCO: 3500 Da) against
deionized water to remove DMSO. Finally, the dialyzed samples
were subjected to a 48 h lyophilization process, resulting in the
formation of ETBNPs.

Overexpression of integrin «9 on ECs by lentivirus

The integrin o9 lentiviruses were transfected into a normal EC
following the guidelines outlined in the Lentivirus Operation
Manual to obtain an OEC. After the transfection process, WB
analysis was employed to confirm the successful expression of
the target protein.

Preparation of biomimetic ROS-sensitive nanoparticles (OEM-
ETBNPs)

OEMs were prepared as previously described.”® OEMs and
ETBNPs were co-cultured for 30 min at 37 °C to harvest OEM-
ETBNPs. For OEM-ETBPD synthesis, OEMs and ETBPD were
co-extruded using an Avestin mini-extruder (Avestin, LF-1,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Canada, 100 nm polycarbonate porous membrane) for 10
times to harvest OEM-ETBPD.

General characterization of OEM-ETBNPs

Mal-PEG,-ETB-PEG,x-Mal and PS-Mal-PEG,-ETB-PEG,x-Mal-
PS were dissolved in DMSO-d6 or CDCl;, and then 400 pL of
solution was transferred into NMR tubes. The structure char-
acterization of the samples was conducted using "H NMR and
3C NMR spectroscopy. The relative molecular weight and its
distribution of PS-Mal-PEG,x-ETB-PEG,x-Mal-PS were deter-
mined using GPC.

The Dy, and zeta potentials of ETBNPs, ETBPD, EM/OEM-
ETBPD and EM/OEM-ETBNPs were measured using a Malvern
Zetasizer Nano ZS unit (Nano ZS 90, Malvern, UK) equipped
with a He-Ne laser (A = 633 nm) at a scattering angle of 90° at 25
°C. The stability of free ETB, ETBNPs, ETBPD, OEM/EM-ETBNPs
and OEM/EM-ETBPD dispersed in 1x PBS and 10% serum was
evaluated by monitoring the changes in particle size after 60 h
of incubation.

The membrane proteins of OECs, OEMs and OEM-ETBNPs
were extracted using the membrane and cytosol protein
extraction kit and subjected to SDS-PAGE. The expression of
integrin o9 was detected by WB.

The morphologies of ETBNPs, cell membrane-ETBPD, and
cell membrane-ETBNPs were visualized using TEM at 200 kV
(JEM-2100F, JEOL, Japan). For the preparation of the TEM
samples, ETBNPs, cell membrane-ETBPD, and cell membrane-
ETBNP suspension droplets were dripped on copper-coated
mesh grids for 2 min and then negatively stained with 2%
(wt/vol) sodium phosphotungstate for 1 min and rinsed with
filtered 1x PBS three times.

Preparation of the Annexin V-Cy5 probe for OEM-ETBNPs

The Annexin V-Cy5 probe was utilized to assess the distribution
of PS in OEM-ETBNPs. Initially, under normal conditions, OEM-
ETBNPs and the Annexin V-Cy5 probe were co-incubated for 1 h,
followed by centrifugation at 6500xg for 5 min to wash the
samples. Subsequently, after the addition of cell lysate and
H,0,, another 1 h co-incubation of OEM-ETBNPs with the
Annexin V-Cy5 probe was carried out, followed by a second
round of centrifugation at 6500xg for 5 min to wash the
samples again. Through this experimental procedure, the
distribution of PS in OEM-ETBNPs during the encapsulation
process could be evaluated.

Preparation of the ssDNA probe for OEM-ETBNPs

The ssDNA probe was prepared following a previously reported
method.” Initially, the ssDNA probe (50 pM) was reduced
in DTT (0.1 M, 0.17 M phosphate buffer solution, pH = 8.0)
for 1 h. Subsequently, the ssDNA probe was purified using
a NAP-5 column with 1x PBS as the eluent. A different cell
membrane was incubated with the ssSDNA probe at a concen-
tration of 25 pM for 1 h at room temperature, and then soni-
cated and washed with 1x PBS to obtain the probe-cell
membrane.

Chem. Sci, 2024, 15, 7524-7544 | 7539
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To produce probe-cell membrane-ETBNPs, the probe-cell
membrane co-incubation ETBNPs were kept at 4 °C for 1 h.
Alternatively, to obtain probe-cell membrane-ETBPD, the probe-
cell membrane and ETBPD were co-extruded using an Avestin
mini-extruder 10 times.

The percentage of probe-cell membrane-ETBNPs/ETBPD
with a right-side-out orientation, denoted as P, was calculated
using the following equation:

p=(Fy— F)I(Fy — F) &Y

where F, represents the fluorescence intensity at 520 nm
measured with an excitation wavelength of 480 nm, F; repre-
sents the fluorescence intensity at 20 min after quenching (0.4
uM), and F, represents the background fluorescence intensity.

In vitro drug release from nanotherapeutics

The drug release from ETBNPs and OEM-ETBNPs was investi-
gated using the dialysis method.*® Solutions of ETBNPs and
OEM-ETBNPs, prepared at a concentration of 1 mg mL ™", were
introduced into dialysis bags with a MWCO of 3500 Da.
Subsequently, the dialysis bags, one containing ETBNPs and the
other containing OEM-ETBNPs, were immersed in 50 mL of
release medium. To evaluate the influence of H,0, on drug
release, one set of dialysis bags was supplemented with 1 mM
H,0,, while the other set served as the control without H,O,. At
predetermined time intervals, 2 mL of the release medium from
each dialysis bag was withdrawn, and an equivalent volume of
fresh medium was replenished. The concentration of released
drug was determined using a UV-Vis spectrophotometer at
280 nm, employing a standard curve for quantification.

Chemotaxis assays

To assess the targeting capability of OEMs to OPN, chemotaxis
assays were performed as previously described.* In brief, a total
of 1 x 10° EC/OEC containing serum-free media were added to
the upper chamber. Subsequently, 500 pL of culture media
containing either pure medium or OPN was added to the lower
well and cultured at 37 °C with 5% CO, for 12 h. A membrane
with a pore size of 8.0 um was used to facilitate the migration of
cells from the upper chamber to the lower chamber. After the
12 h incubation period, the cells that had migrated to the lower
chamber were collected, and their nuclei were stained with
DAPI for subsequent counting.

FC formation and lipid uptake inhibition

SMCs and MCs were cultured in DMEM supplemented with
10% FBS and 100 pg mL ™" penicillin/streptomycin at 37 °C and
5% CO,. Once the cells reached an approximate confluence of
80%, they were transitioned to serum-free DMEM. Subse-
quently, the MCs and SMCs were pretreated with various
formulations, including saline, free ETB, EM-ETBPD, OEM-
ETBPD, EM-ETBNPs, and OEM-ETBNPs, each at a concentra-
tion of 1 mg mL™", for a period of 12 h. Concurrently, SMCs
were exposed to a culture medium containing 80 ug mL ™" of ox-
LDL, and the MCs were treated with 100 ng mL ~* of LPS and 80
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pg mL ™" of ox-LDL for a duration of 24 h to assess their ability to
inhibit lipid uptake.***” The blank group was only treated with
serum-free DMEM.

Cellular uptake

To further assess the targeting capability of OEM-ETBNPs,
SMCs and MCs, SFCs and MFCs were selected for cell uptake
studies.*® These cells were seeded in 6-well plates at a density of
1 x 10> cells per well in 2 mL of DMEM medium containing
10% FBS and incubated at 37 °C with 5% CO, for 24 h. Subse-
quently, DiD-labeled EM-ETBNPs and OEM-ETBNPs were added
to each well, and the samples were incubated for 4 h. For
fluorescence imaging, the cells were washed three times with 1
x PBS and fixed with 4% paraformaldehyde (PFA) at room
temperature for 30 min. To prevent non-specific binding, the
cells were then blocked with 5% bovine serum albumin before
incubation with green-phalloidin for 12 h, respectively. Finally,
the samples were counter-stained with DAPI to visualize the cell
nuclei and imaged using a CLSM (Leica).

In vitro toxicity assays

Cell viability was assessed using the MTS assay. SMCs and MCs
were seeded in a 96-well plate. These cells were then treated
with various concentrations of free ETB, EM-ETBPD, OEM-
ETBPD, EM-ETBNPs, and OEM-ETBNPs in serum-free
medium for a duration of 24 h.

In vitro cholesterol efflux quantification

SFCs and MFCs were incubated with different samples,
including free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs, and
OEM-ETBNPs at a concentration of 1 mg mL ™" in serum-free
DMEM for a duration of 12 h. Subsequently, the cells were
incubated with 22-NBD cholesterol (5 pg mL™") for 12 h after
washing twice with 1x PBS and incubated in serum-free DMEM
containing high-density lipoprotein (50 pg mL ") for an addi-
tional 6 h. The amount of cholesterol efflux was determined by
calculating the percentage of fluorescence in the medium
relative to the total fluorescence detected in both the cells and
the medium. To quantify cholesterol efflux, the medium was
collected, and the fluorescence associated with the released
cholesterol was measured using a microplate reader (Flex-
Station II, NanoDrop, USA).

Hemolysis assay

RBCs were obtained from whole blood of healthy C57BL/6 mice
and subsequently washed three times with saline (150xg,
10 min, and 4 °C). Subsequently, different groups suspended in
normal saline were incubated with RBC suspension at 37 °C for
1 h. As controls, pure water was used as the positive control,
with normal saline as the negative control. After centrifugation
at 1000xg for 5 min, the absorbance of the supernatants from
the collected each group was measured at 545 nm using a UV-
Vis spectrophotometer.

The hemolytic activity was calculated as a percentage using
the following equation:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Hemolytic activity (%) = (ODt — ODyc¢)/
(ODPC — ODNC) x 100% (2)

where OD+ represents the OD test value obtained in the pres-
ence of free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs, and
OEM-ETBNPs, ODy corresponds to the negative control, and
the ODp( indicates the positive control.

Oil red O staining

To assess the extent of AS, the cells or aorta were subjected to
ORO staining, following a previously established protocol.* A
stock ORO solution (Sigma-Aldrich) was prepared by dissolving
150 mg of ORO powder in 50 mL of isopropanol (Sigma-
Aldrich). Firstly, the cells or aorta were fixed with 4% PFA to
preserve their structural integrity, and washed with 60% iso-
propanol to remove any residual fixative and prepare them for
staining. The fixed cells or aorta were stained for at least 1 h to
ensure sufficient dye uptake and proper visualization of lipid-
rich areas associated with AS.

Flow cytometry

Atotal of 1 x 10° cells were seeded in advance onto 6-well plates
and treated with various labeled fluorescence groups. The cells
were digested with trypsin, followed by centrifugation at 150xg
for 5 min. followed by centrifugation. A cell filter was employed
to ensure uniform dispersion of the cell population. Flow
cytometry data were obtained and analyzed using FlowJo soft-
ware (Treestar, Ashland, USA). The blank group was only treated
with serum-free DMEM.

To assess the phenotypic transition of SMCs and MCs, SMCs
and MCs were co-cultured with different treatments for 12 h.
Cell surface receptors were fluorescently labeled with anti-
bodies against ARG1, iNOS, Vimentin, and SM22a. The
percentages represent SM220/ARG1 and Vimentin/iNOS double
negative (lower left quadrant), double positive (upper right
quadrant), solely Vimentin/iNOS positive (lower right quad-
rant), and solely SM22a/ARG1 positive (upper left quadrant),
respectively.

Transcriptomic analysis

Cell samples were collected MFCs, MFCs treated with OEM-
ETBNPs, SFCs, and SFCs treated with OEM-ETBNPs. The
above samples were subjected to rapid freezing in liquid
nitrogen. To analyze the genetic information of these cell
samples, high-throughput sequencing was performed by Meiji
Co., Ltd located in Shanghai, China. The sequencing data
generated from the samples were then processed and analyzed
using the Meiji Cloud platform, an online analysis tool.

Enzyme-linked immunosorbent assay

MFCs were cultured in 24-well plates and incubated with
serum-free DMEM containing different samples, including
free ETB, EM-ETBPD, OEM-ETBPD, EM-ETBNPs, and OEM-
ETBNPs for 12 h. The blank group was treated only with
serum-free DMEM. After the incubation period, the cell culture
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supernatants were collected and subjected to centrifugation at
13000xg for 2 min to remove any cellular debris. The
concentrations of TNF-a, IL-6 and IL-1p were determined using
specific ELISA kits, which allow for the quantification of these
inflammatory cytokines.

Western blotting

SFCs and MFCs were treated with saline, free ETB, EM-ETBPD,
OEM-ETBPD, EM-ETBNPs, and OEM-ETBNPs for 12 h, respec-
tively. SFCs were collected and Vimentin and SM22a were
quantified by WB, respectively. MFCs were collected and ABCA1,
LOX-1, ARG1, and iNOS were quantified by WB, respectively.
The blank group was only treated with serum-free DMEM.

Animals

Eight-week-old male AopE ’~ mice were procured from Beijing
HFK Bioscience Co., Ltd (Beijing, China). All experimental
procedures and animal care adhered to institutional and
national guidelines for the care and use of laboratory animals.
The Laboratory Animal Welfare and Ethics Committee of
Chongqing University reviewed and approved all aspects of
animal care and experimental protocols (IACUC issue no.: CQU-
IACUC-RE-202308-003). The AopE~~ mice were randomly
divided into six groups, each consisting of five mice. These mice
were fed a western diet comprising 21.0% anhydrous milk fat,
34% sucrose, 20.0% protein and 0.15% cholesterol for a dura-
tion of eight weeks. Additionally, the mice received intravenous
injections via the tail vein every three days for one month, with
a volume of 150 pL. The injected substances varied among the
groups as follows: (a) saline, (b) free ETB, (c) EM-ETBPD, (d)
OEM-ETBPD, (¢) EM-ETBNPs, and (f) OEM-ETBNPs. The injec-
tion dosage administered to each mouse was 20 mg kg™~ *. After
the completion of the treatment period, the mice were
sacrificed.

Ex vivo target delivery

To assess the ex vivo target delivery, 150 pL of free Cy5, Cy5-
labeled EM-ETBNPs and OEM-ETBNPs were injected through
the tail vein of the mice. After 12 and 24 h, the aorta and organs
were collected and washed three times with 1x PBS to remove
the blood residues. The imaging and fluorescence quantifica-
tion of vessels and organs were performed using an in vivo small
animal optical imaging system.

In vivo blood circulation measurement

To investigate the blood circulation behavior of OEM-ETBNPs,
150 pL of free Cy5, Cy5-labeled EM-ETBNPs and OEM-ETBNPs
were intravenously injected into the tail vein of the mice.
Blood samples were collected at specific time points: 0.5, 1, 2,
4, 8,12, and 24 h post-injection. The collected blood samples
were diluted with 40 uL of 1x PBS containing 0.2 x 107> M
EDTA,x and transferred to 96-well plates. The fluorescence
intensity of the samples was measured using both a fluores-
cence microplate reader and an in vivo small animal optical
imaging system.
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Immunofluorescence

The cells or frozen sections were washed with 1x PBS three
times to remove any debris or residual substances and fixed in
4% PFA for 15 min at room temperature, ensuring the preser-
vation of cellular structures. To minimize non-specific binding,
a blocking step was performed using 5% bovine serum albumin
for a duration of 1 h and then incubated overnight at 4 °C with
antibodies against ARG1, iNOS, Vimentin, and SM22a. On the
next day, the cells or frozen sections were washed three times to
remove any unbound primary antibodies and incubated with
fluorescence-coupled secondary antibodies for a duration of at
least two hours. The nuclei were stained with DAPI. The stained
cells or frozen sections were imaged using a laser confocal
microscope, which provides high-resolution images and
enables the visualization of specific antigens within the cells or
tissues. The fluorescence intensity was quantified using Image J
software.

Histology and immunohistochemistry staining

For histological analysis, the aortic root sections were fixed with
4% PFA for 1 h and stained with ORO, H&E, Toluidine blue, and
Masson. Furthermore, H&E staining was performed on the
sections of the principal organs, encompassing the heart, liver,
spleen, lung, and kidney.

Blood and serum biochemistry analysis

Blood samples were subjected to comprehensive analysis to
determine the levels of various parameters, including RBC,
WBC, ALT, ALP, BUN, and CK. This analysis was performed
using a highly advanced and automated analyzer platform
(Sysmex KX-21, Sysmex Co., Japan).

Statistical analysis

Statistical analyses were conducted using the Statistical Package
for Social Sciences, a widely recognized software for data anal-
ysis. The results were presented as mean + SD, providing
a measure of central tendency and variability in the data. Each
experiment was performed with a minimum of three replica-
tions to ensure the robustness and reliability of the findings.
Tukey's multiple comparison test, the Mann-Whitney U test,
and Student's ¢-test were used to identify significant differences
where appropriate. Significance was indicated as no signifi-
cance (ns), or *P < 0.05, **P < 0.01, and ***P < 0.0001.
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