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An MSR1-Targeting Glycolipid Platform for Imaging the
Changes of Phagocytic Macrophages in the Progression of
Atherosclerotic Plaque

Ming Zhai, Xiaomei Liu, Zhijun Lei, Qinyun Gu, Chendi Gao, Zi-Han Chen, Ya Zeng,
Xiangyun Xu, Wei Wang, Bingyu Li, Yong Fan, Yefei Shi,* Guosong Chen,*
and Wenhui Peng*

The progression of atherosclerosis (AS) plaque is marked by a shift
in the main cell component of phagocytic macrophages from myeloid-derived
to vascular smooth muscle cell (VSMCs)-derived macrophages. It remains a
great challenge to identify proper targeting markers and to image the changes
of phagocytic macrophage, including myeloid-derived or VSMCs-derived
macrophages. Herein, we propose macrophage scavenger receptor 1
(MSR1), as a detection marker of dynamic phagocytic macrophage changes in
atherosclerotic plaques. To focus on this macrophage marker, we designed an
MSR1-targeting synthetic glycolipid platform called sulfated L-fucopyranoside
glycolipid (SFGL) SFGL is precisely fabricated based on a specially
designed synthetic glycolipid with a well-defined structure, and it can be
further co-assembled with functional components such as organic fluorescent
molecules and inorganic gold nanoparticles to achieve multifunctionality. The
study revealed the main cell component change of phagocytic macrophages
from zsGreen positive (zsGreen+) myeloid-derived MSR1(hi) macrophages to
tdTomato positive (tdTomato+) VSMCs-derived MSR1(hi) macrophages during
AS progression in VSMCs lineage tracing atherosclerotic mice. This change
indicates the progression of atherosclerotic plaque, as observed using Near-
Infrared (NIR) imaging and micro-computed tomography (micro-CT). Based
on the results, SFGL, with its exceptional targeting ability and convenient
functionalization, is a promising candidate for both basic macrophage-tracking
research and applications such as imaging and drug delivery.
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1. Introduction

Atherosclerosis is a clinically significant
condition characterized by a complex inter-
play of cellular processes that contribute to
the progression and instability of arterial
plaques.[1–3] This condition often begins
early in life and progresses with age, though
the rate of progression varies unpredictably
among individuals[4,5] Atherosclerosis typ-
ically remains asymptomatic for years or
even decades, with clinical symptoms man-
ifesting in later stages.[6] The accurate and
reliable diagnosis of vulnerable atheroscle-
rotic plaques before clinical manifestations
is crucial for identifying high-risk patients
and tailoring appropriate therapies.[7] As
atherosclerosis develops, plaques undergo
several pathological changes, including pro-
gression, rupture, and healing processes.[8]

Current understanding attributes these
pathological changes primarily to lipid
accumulation and local inflammatory
responses.[9] Various cell types participate
in these pathological processes, including
macrophages, vascular smoothmuscle cells
(VSMCs), lymphocytes, and neutrophils.[10]
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Scheme 1. Schematic diagram of the construction and targeting pathway of SFGL glycolipid platform.

Among these, the phagocytic macrophages play the most impor-
tant role as mediators of inflammation and lipid accumulation
in atherosclerosis environments by engulfing cellular debris and
lipids.[11,12]

As atherosclerotic plaques progress, VSMCs proliferate, mi-
grate into the intima, and transdifferentiate into phagocytic
macrophages. These cells engulf lipids but process them less

efficiently than myeloid-derived macrophages. This inefficiency
leads to increased cell apoptosis, disintegration, and associ-
ated inflammatory responses, promoting plaque progression
and vulnerability.[13–15] Furthermore, the significant presence
of VSMC-derived phagocytic macrophages indicates the forma-
tion of advanced plaque.[16] Thus, atherosclerosis progression in-
volves a shift in phagocytic macrophage origin, challenging to
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Figure 1. VSMCs-derived macrophages were activated into phagocytic MSR1(hi) VSMCs-derived macrophages in the process of atherosclerosis plaque
development. A) Expression of different phagocytic genes in VSMCs-derived macrophages. B) Cell atlas of VSMCs-derived cells in GSE197073. C)
Expression of MSR1 in different kinds of VSMCs-derived cells. D) The trajectory atlas of MSR1’s expression change. E) Individual cell area-under-the-
curve (AUC) values overlay for PHAGOCYTOSIS pathway activities. F) Protein expression level of MSR1 in VSMC, VSMCs-derived macrophages, and
BMDM (n = 3 per group). G) Quantification of MSR1’s expression in F (n = 3 per group). H) Representative images of immunofluorescence staining
of CD68 and MSR1 in the adjacent series of early or advanced atherosclerotic plaque from VSMCs lineage tracing mice. Scale bar = 100 μm. (n = 4 per
group). I) Quantification of mean fluorescence index (MFI) of MSR1 in VSMCs-derived macrophages in different stages of plaque. (n = 4 per group). J)
Quantification of the percentage of VSMCs-derived macrophages in total macrophages (%) in different stages of plaque (n = 4 per group). Data were
presented as mean ± SEM. *p < 0.05, ****p < 0.0001. p-value was determined by one-way ANOVA with Bonferroni post-test (G) or unpaired two-tailed
Student’s t-test (I and J).

image dynamically. We propose SFGL as a complementary imag-
ing platform to visualize these changes via lineage tracing, target-
ing MSR1.[17]

For invasive imaging, optical coherence tomography (OCT)
can identify phagocytic macrophages during inflammatory ac-
tivity, but has limited penetration for deeper VSMCs-derived
macrophages.[18] Intravascular ultrasound (IVUS) imaging of-
fers high penetration but is limited by resolution.[19] For non-
invasive imaging, magnetic resonance imaging (MRI) is rela-
tively slow and produces inconsistent image quality.[20] Com-

pared with the IVUS and MRI, micro-computed tomography
(micro-CT) enhanced with nanoparticles offers non-invasive op-
eration and high-resolution images for identifying atheroscle-
rotic plaque.[21,22] However, the micro-CT imaging method still
cannot accurately capture the main phagocytic macrophages’
component change, limiting its ability to precisely predict
atherosclerotic plaque development.
Analysis of our previously published single-cell RNA sequenc-

ing (scRNA-seq) dataset revealed macrophage scavenger recep-
tor 1 (MSR1), a macrophage scavenger receptor, as the highest
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expressed phagocytic gene in both VSMCs-derived and myeloid
macrophages.[23] This finding suggested that designing a nano-
material specifically targeting MSR1 could potentially enable
monitoring of changes in both phagocytic macrophage popu-
lations. Furthermore, studies have shown that elevated MSR1
expression promotes atherosclerosis development, possibly by
altering the response of macrophages to lipids or debris ac-
cumulated in the plaque.[24–26] Consequently, MSR1 emerges
as a promising target for detecting both types of phagocytic
macrophages and monitoring their main component changes
during atherosclerotic plaque development.
Herein, we propose a novel MSR1-targeting platform based

on synthetic glycolipids, called sulfated L-fucopyranoside glycol-
ipid (SFGL), to detect main component changes in phagocytic
macrophages during plaque progression and predict atheroscle-
rotic plaque development via NIR imaging and micro-CT. SFGL
is a supramolecular material assembled by specially designed
synthetic glycolipids, consisting of sulfated L-fucopyranoside
head and hydrophobic lipid tail (Scheme 1). The glycolipids are
chemically synthesized from L-fucose through a seven-step pro-
cess, resulting in a small molecule with a well-defined structure.
The delicate hydrophilic-hydrophobic balance enables SFGL to
form well-controlled nano-assemblies with an average diameter
of 6 nm in aqueous solution. Furthermore, SFGL serves as a
supramolecular scaffold supporting multifunctionality through
dynamic coassembly with functional components. Multiple im-
portant imaging functions are achieved by combining SFGL with
alkyl chain-modified fluorescent molecules for NIR imaging and
inorganic nanoparticles for micro-CT.
Cell experiments verified SFGL’s high targeting efficiency to-

ward macrophages, including RAW264.7 and VSMCs-derived
macrophages. Organ fluorescent images demonstrated that
SFGL could precisely locate plaque in the aortic arch. Us-
ing a VSMC lineage tracing model, we proved that SFGL
could reflect the main cell component changes of phagocytotic
macrophages frommyeloid (zsGreen+MSR1+) to VSMC-derived
(tdTomato+MSR1+) as plaque progressed. In micro-CT imaging,
SFGL@Au nanoparticles (Scheme 1) displayed increased CT sig-
nals in the aortic arch, indicating high specificity in recognizing
and reflecting plaque pathological changes.
Our glycolipid supramolecular platform, SFGL, offered great

advantages in efficient targeting, convenient functionalization,
and easy preparation. These characteristicsmade SFGL a promis-
ing candidate for basic macrophage-targeting research and clini-
cal applications in atherosclerosis as a new biomaterial.

2. Results

2.1. MSR1(hi) VSMCs-Derived Macrophages Gradually Increased,
Leading to a Dominant Number of MSR1(hi) Macrophages in
Advanced Plaque

Identifying highly expressed phagocytic genes offers poten-
tial avenues for targeting phagocytic cells, including myeloid
and VSMCs-derived macrophages. We analyzed our previ-
ously published scRNA-seq dataset to find potential phagocytic
genes highly expressed in both VSMC-derived and myeloid
macrophages.[23] Our analysis revealed MSR1 was the highest-
expressed phagocytic gene in VSMCs-derived macrophages

(Figure 1A). Sub-clustering of tdTomato+ cells uncovered a
distinct group of VSMCs-derived macrophages with high
MSR1 expression, which we termed MSR1(hi) VSMCs-derived
macrophages (Figure 1B,C). Pseudo-time analysis demonstrated
a gradual upregulation of MSR1 during VSMC to macrophage
trans-differentiation (Figure 1D). Furthermore, GO enrichment
analysis showed that MSR1(hi) VSMCs-derived macrophages
marker genes were enriched in the “Phagocytosis” signaling
pathway, which meant that the VSMCs-derived macrophages
were activated into the phagocytic MSR1(hi) VSMCs-derived
macrophages (Figure 1E).
To validate these findings experimentally, we used our previ-

ously published method to induce VSMCs’ trans-differentiation
into macrophages. We then examined MSR1 expression levels
in VSMCs, VSMCs-derived macrophages, and myeloid-derived
macrophages. Western blot analysis revealed increasedMSR1 ex-
pression in VSMCs-derived macrophages compared to the con-
trol, confirming that cholesterol stimulation indeed promoted
VSMCs to trans-differentiate into MSR1(hi) VSMCs-derived
macrophages (Figure 1F,G). For comparison, the myeloid cells
served as a positive control. We further conducted immunoflu-
orescent staining for CD68 and MSR1 in early and advanced
plaques. Our results demonstrated that the MSR1 staining pos-
itive area was larger in advanced plaques, which also exhib-
ited a larger lipid core area, compared to early-stage plaques
with smaller lipid cores. Furthermore, MSR1 expression in
VSMCs-derived macrophages was significantly higher in ad-
vanced plaque than in their early counterparts (Figure 1H). Con-
currently, we observed an increase in the number of VSMCs-
derived macrophages highly expressing MSR1 (Figure 1I,J).
From these results, we concluded that as the plaque develops,

the number of MSR1(hi) VSMCs-derived macrophages gradually
increases, ultimately becoming the dominant macrophage pop-
ulation in advanced plaques.

2.2. Synthesis and Functionalization of SFGL

Given the high expression of MSR1 in VSMCs-derived
macrophages, we designed a MSR1-targeting platform, SFGL,
based on synthetic glycolipid amphiphiles. We selected sulfated
L-fucopyranoside as the monosaccharide construct for these am-
phiphiles and serve as the targeting component. This choice was
based on its role as the basic unit of fucoidan, a polysaccharide
derived from brown algae and a known ligand of MSR1.[27,28]

Meanwhile, the alkyl chains were designed to be linked via
the anomeric functionalization of carbohydrates. The balance
between the hydrophobicity of alkyl chains and hydrophilicity
of carbohydrates induced self-assembly of the glycolipid in
water, forming a targeting platform capable of incorporating
other functional components such as organic small molecules
and inorganic nanoparticles. This supramolecular design fa-
cilitated easy functionalization of SFGL through coassembly
with alkyl chain-modified fluorescent molecules or inorganic
nanoparticles. The synthesis of the glycolipid amphiphile from
L-fucose was achieved through a seven-step process. Initially,
L-fucose was peracetylated to obtain compound 1 (Figure S1,
Supporting Information). The subsequent selective anomeric
deprotection of the peracetylated L-fucose produced an anomeric
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hemiacetal, providing a single accessible hydroxyl group for
further functionalization. This hemiacetal was alkylated with
tert-butyl bromoacetate, resulting in compound 3 with a notable
selectivity for the 𝛼-anomer, and achieved in 75% yield. Follow-
ing this, subsequent selective deprotection of the tert-butyl ester
in compound 3 under acidic conditions was conducted using
trifluoroacetic acid, and the corresponding free carboxylic acid
4 was obtained in high yield. Then, the free carboxylic acid 4
and 1-aminopentadecane were coupled into compound 5 via
an amidation reaction. Acetyl groups on compound 5 were
deprotected to give compound 6 with three available hydroxyl
groups. Finally, the sulfated glycolipid amphiphile, compound
7, was obtained through the total sulfation of hydroxyl groups in
compound 6. The detailed synthetic route is shown in Figure S1
(Supporting Information).
The self-assembly behaviors of SFGL in aqueous media was

next explored. Upon dissolution in water, the synthetic glycolipid
amphiphiles immediately formed nanoparticles with an average
diameter of around 6 nm, as confirmed by cryo-TEM (Figure 2A).
These nanoparticles exhibited a substantial negative zeta poten-
tial of -86.3 mV, attributed to the sulfated groups in glycolipids
(Figure S3, Supporting Information).
In this way, we built up the MSR1-targeting platform SFGL,

which featured hydrophobic cores composed of alkyl chains. This
platform demonstrates remarkable versatility in incorporating
various functional components through hydrophobic interaction,
enabling further transfer to targeted positions. This functional-
ity was demonstrated through the incorporation of organic small
molecules and the integration of inorganic nanoparticles. We
added FITC-C15, a fluorescein isothiocyanate (FITC) modified
with an alkyl chain (Figure S1, Supporting Information), to the
SFGL solution. The SFGL effectively captured these hydropho-
bic molecules in water, resulting in significantly higher fluores-
cence intensity compared to the system without SFGL. This en-
hanced fluorescence confirmed the successful combination of
SFGL with FITC-C15 (Figure 2A). We applied the same method
to incorporate gold nanoparticles decorated with alkyl chains into
SFGL. As the results are shown in Figure 2A, initially, these gold
nanoparticles were dispersed in chloroform. Upon addition of
the SFGL aqueous solution, these gold nanoparticles were mod-
ified with SFGL and extracted into the upper water phase, which
were named as SFGL@Au. This process resulted in a slight in-
crease in gold nanoparticle size, consistent with aminor red shift
observed in the UV spectrum (Figure S4A,B, Supporting Infor-
mation). TEM imaging exhibited that the morphology of the gold
nanoparticles remained similar before and after SFGL modifica-
tion (Figure S4C,D, Supporting Information). The zeta potentials
of the gold nanoparticle before and after conjugation with SFGL
were also investigated. And the result showed that SFGL@Au
had a higher negative charge (Figure S5, Supporting Informa-
tion), indicating the modification of SFGL. The number of gly-
colipids modified on gold nanoparticles was roughly estimated.
The results showed that ≈ 650 glycolipid molecules were conju-
gated to each gold nanoparticle, with the modification density of
≈1.44 molecules/nm2. The exact calculation process was shown
in Figure S6 (Supporting Information).
These results collectively demonstrated the SFGL platform’s

ability to easily incorporate both organic and inorganic functional
components through a simple mixing process. The stability of

SFGL was tested under different conditions (Figure S7, Support-
ing Information). SFGL showed the similar state in PBS and
cell culture medium (DMEM with 10% FBS) with PDI of 0.37.
And this platform exhibited good stability in cell culture medium
within prolonged incubation time (10 days). SFGL showed no
degradation after the addition of H2O2 and under NIR II light
illumination. The stability of SFGL was also tested under varying
pH levels, and it showed no change during this process (Figure
S8, Supporting Information). Based on this platform, highly effi-
cient targeting and tracing toward phagocytic macrophages dur-
ing the process of atherosclerosis could be performed. Next, we
explored the targeting ability of this platform both in vitro and
in vivo.

2.3. The Targeting Ability of SFGL Toward MSR1(hi) Cells,
Including MSR1(hi)VSMCs-Derived Macrophages and MSR1(hi)

Myeloid Macrophages, was Extensively Investigated both In
Vitro and In Vivo

To elucidate the targeting efficacy of SFGL toward MSR1 on
MSR1(hi) cells, we detected the ability of SFGL to bind toMSR1(hi)

cells in vitro. We investigated its ability to bind to RAW264.7
and activated VSMCs-derived macrophages, as these cell types
could express MSR1. So, we detected SFGL’s targeting effi-
ciency toward these two kinds of cells. First, the targeting abil-
ity of SFGL in vitro was investigated by confocal laser scan-
ning microscopy in RAW264.7. After the RAW264.7 cells were
incubated with SFGL at different concentration ranges from 10
to 100 μg mL−1, the fluorescent intensity was found to be in-
creased as the concentration rose (Figure 2B,C).We also assessed
whether SFGL could influence the viability of these cells using
the CCK-8 test, and our findings indicated that SFGL had mini-
mal influence on cells’ viability (Figure 2D). Quantitative assess-
ment via flow cytometry showed that SFGL’s targeting efficiency
toward RAW264.7 cells (Figure 2E,F) reached optimal levels at
50 μg mL−1, with no significant improvement at 100 μg mL−1.
This finding suggests an efficient targeting capability at moder-
ate concentrations to detect the macrophages.
We utilized a myocardial infarction model to validate SFGL’s

target ability in vivo. Results showed that SFGL effectively tar-
geted the MSR1(hi) cells in the infarcted area (Figure S9A,B,
Supporting Information), demonstrating its potential for in vivo
application. We then investigated SFGL’s targeting efficiency
toward VSMCs-derived macrophages. After the VSMCs were
trans-differentiated into MSR1(hi) VSMCs-derived macrophages
(Figure S10A,B, Supporting Information), we observed increased
expression of macrophage-related marker genes and decreased
expression of VSMC contractilemarker genes (Figure S10C, Sup-
porting Information). The Oil Red O staining confirmed the ac-
quired ability of these cells to phagocytose lipid droplets, indicat-
ing successful transdifferentiation and activation into phagocytic
macrophages in vitro.
For further investigation of SFGL’s targeting specificity, we

incubated both normal SMC and MSR1(hi) VSMCs-derived
macrophages with varying concentrations of SFGL. We then as-
sessed the targeting efficiency using flow cytometry. Our analysis
revealed a significantly higher positive ratio forMSR1(hi) VSMCs-
derived macrophages compared to normal SMCs when exposed
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Figure 2. The construction of a targeting platform and the targeting ability of SFGL toward MSR1(hi) Cells, including MSR1(hi)VSMCs-derived
macrophages. A) Schematic diagram of the construction and functionality for SFGL targeting platform. There are two steps. In step 1, glycolipid SFGL
was synthesized through the route shown above, and the targeting platform was built through directly dissolved SFGL in water. The cryo-TEM images
showed the SFGL’s assembly behavior. The scale bar is 50 nm. Step 2 was the addition of a functional part. After adding the fluorescent part, the SFGL
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to the same SFGL concentration (Figure 2G,H). This marked dif-
ference in SFGL uptake between the two cell types demonstrates
the SFGL’s ability to specifically target MSR1(hi) cells, including
MSR1(hi)VSMCs-derived macrophages.

2.4. The Distribution of SFGL in Atherosclerotic Mice

Having established that a concentration of 50 μg mL−1 SFGL
achieved optimalmacrophage targeting efficiency in vitro, we ver-
ified SFGL’s targeting efficiency in vivo. we maintained this con-
centration in the mice plasma by injecting 0.69 μg kg−1 SFGL
into the tail vein of the subjects. The tracing distribution of SFGL
was continuously observed using fluorescence imaging for 12 h
post-intravenous injection of FITC-labeled SFGL. Atherosclero-
sis model mice exhibited distinct fluorescence signals in the ar-
teries, while healthymice showed no obvious fluorescence signal
in the aorta (Figure S11A, Supporting Information).
To further characterize SFGL’s distribution, we sacrificedmice

at 3, 6, 12, and 24 h post-injection. Fluorescent analysis of the
aorta and major organs (heart, liver, spleen, lung, and kidney)
revealed a temporal trend in SFGL’s localization. Figure 3A,B
showed that the strongest fluorescent signals within the artery ap-
peared 12 h post-injection, gradually attenuating thereafter. No-
tably, fluorescent signals in the aortic plaque reached their peak
at 12 h and remained relatively stable through 24 h, with mini-
mal decline (change in MFI < 0.5), suggesting sustained reten-
tion in the targeted pathological tissue. In contrast, SFGL sig-
nals in metabolic organs (e.g., liver and kidney) peaked earlier
(liver at 6 h; kidney at 12 h) and then declined significantly (MFI
decrease > 1), indicating active clearance. This accumulation in
the liver may be related with negative surface charge of SFGL.[29]

At the 24 h time point, the aorta exhibited the highest relative
fluorescence intensity. This observation underscores SFGL’s re-
markable ability to target artery plaque, which was closely re-
lated with its saccharide part rather than negative charges.[30]

The observed fluorescence kinetics across tissues, particularly
the time-dependent decline in signal in liver and kidney, indicate
that SFGL is cleared primarily via hepatic and renal pathways.
The differential clearance rates and prolonged arterial retention
provide indirect pharmacokinetic insights, consistent with the
compound’s design for targeting vascular activated phagocytic
macrophages.

2.5. SFGL In Vivo Enables Imaging of Phagocytic Macrophage
Change During Plaque Progression

Based on SFGL’s ability to target MSR1, we sought to inves-
tigate SFGL’s capacity to detect changes in the main compo-
nent of phagocytic macrophages during plaque development.

We injected the cy5-linked SFGL into VSMCs lineage tracing
atherosclerotic mice. We then analyzed CD68 staining in se-
ries sections of early-stage and late-stage plaque from these
mice. In early-stage atherosclerotic plaques, we found that SFGL-
positive cells were predominantly enriched in the myeloid-
derived macrophages region (zsGreen+CD68+), located on the
plaque surface (Figure 4A). Conversely, in the late-stage plaques,
the SFGL-positive cells were mainly concentrated in the VSMCs-
derived macrophages region (tdTomaoto+CD68+), primarily sit-
uated at the atherosclerotic plaque’s base (Figure 4B).
As the atherosclerotic plaques progressed, we observed an in-

crease in the percentage of necrotic core (Figure 4C,D), indicat-
ing enhanced plaque vulnerability. Meanwhile, as the plaque pro-
gressed, we also noticed that the number of bothmyeloid-derived
and VSMCs-derived macrophages increased (Figure 4E), with a
corresponding rise in SFGL+ cells of both lineages (Figure 4F).
However, we noticed that the percentage of myeloid-derived
macrophages among total macrophages decreased, while the per-
centage of VSMCs-derivedmacrophages increased (Figure S11B,
Supporting Information). This trend was mirrored in the SFGL+

cell population, with a decrease in the percentage of SFGL+

myeloid-derived cells (from 55.42% to 26.51%) and an increase in
SFGL+ VSMCs-derived macrophages (from 44.58% to 73.49%).
These data demonstrated that the SFGL+ cells accurately re-

flected the changing composition of phagocyticmacrophage pop-
ulations. These results indicated that the SFGL-identified cell
component changes were mainly attributed to the main com-
ponent of macrophages changed from myeloid macrophages to
VSMCs-derived macrophages as plaque progressed.

2.6. SFGL’s Targeting Ability Toward MSR1(hi) Cells Enables SFGL
to Image the Phagocytic Macrophages Changes During Plaque
Progression in Myh11CreB6G/R Lineage Tracing Mice

To examine the targeting efficacy of SFGL toward MSR1(hi)

macrophages. By staining and imaging the MSR1 in the se-
ries of adjacent plaques slides of VSMC lineage tracing Ldlr−/−

mice injected with SFGL, we found that the SFGL+ area specif-
ically colocalized with the MSR1+ macrophage area. Mean-
while, we found that MSR1+ and SFGL+ cells showed syn-
chronous increases during progression, demonstrating SFGL’s
in vivo target ability. (Figure 5A,B). Furthermore, to check the
SFGL’s ability to accurately image the phagocytic macrophages
changes, we performed flow cytometry analysis using F4/80+

CD204(hi) (MSR1(hi)) as unique markers for detecting patholog-
ical phagocytic macrophages in Myh11Cre B6GR Ldlr−/− mice.
Many reference papers used F4/80 and CD204(hi) (MSR1(hi)) as
unique markers in flow cytometry to distinguish the patholog-
ical macrophage sub-population.[31,32] We then used tdTomato+

platform caught it and showed high fluorescence intensity. In the fluorescence spectrum, the black line represents the SFGL platform with fluorescent
molecules, and the red line represents water with fluorescent molecules. For the imaging group, Au nanoparticles decorated with alkyl chains were
transferred from the organic phase into the aqueous phase after adding SFGL. Au nanoparticles showed purple. B) Representative immunofluorescent
images of SFGL combined positive RAW264.7 macrophages exposed to different concentrations of SFGL; Scale bar = 50 μm. C) Quantification of posi-
tive SFGL+ cells / total cells in B, (n = 3 per group). D) CCK8 results of cell survival rate quantification. (n = 3 per group). E) Diagram of flow cytometry
of RAW264.7 incubated with different concentrations of SFGL. F) Quantification of the SFGL+ cells / total cells in the flow cytometry of E (n = 3 per
group). G) Diagram of flow cytometry of SMC and CD68+ SMC exposed to different concentrations of SFGL of 50 μg and 100 μg mL−1, respectively. H)
Quantification of the ratio of SFGL+ cells in G, (n = 4 per group). Data were presented as mean ± SEM. *p < 0.05, ****p < 0.0001, ns, no significance.
p-value was determined by one-way ANOVA with Bonferroni post-test (C, E, G, H).
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Figure 3. The tracing distribution of SFGL in atherosclerotic mice. A) Fluorescent representative imaging of different organs at different time points
after SFGL’s injection. Scale bar = 500 μm. B) Quantification of different organs’ mean fluorescence index (MFI) of different organs at different time
points after SFGL’s injection. (n = 3 per group). Data were presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no
significant. p-value was determined by one-way ANOVA with Bonferroni post-test (C).

or zsGreen+ signals to determine whether the cells were of
VSMC origin or myeloid origin. Our results demonstrated that
within SFGL+F4/80+ CD204(hi) (MSR1(hi)) cells, early plaques
showed predominant zsGreen+ signal (myeloid-derived), while
late plaques exhibited increased tdTomato+ population (VSMC-
derived). Quantitative analysis revealed a significant (p < 0.01)
shift in phagocytic macrophage origin within SFGL+F4/80+

CD204(hi) (MSR1(hi)) cells: myeloid-derived (zsGreen+) popula-
tions dominated early plaques (72.3%), while smoothmuscle cell-
derived (tdTomato+) populations predominated in advanced le-
sions (72.9%) (Figure 5C,D). These findings provided direct evi-
dence of SFGL’s ability to image the phagocytic changes during
plaque progression.

2.7. SFGL’s Targeting Ability Toward MSR1(hi) Cells Enables SFGL
to Image the Phagocytic Macrophages Changes During Plaque
Progression in Myh11Cre B6G/R Lineage Tracing Mice

2.8. SFGL Enables Triple-Modal Micro-CT/NIR-II/PA Imaging for
Precise Tracking of Atherosclerotic Plaque Progression

Considering plasmonic gold nanoparticles were widely used
in micro-CT imaging due to their excellent biocompatibility

and imaging capabilities,[33] we developed SFGL@Au by link-
ing SFGL with gold nanoparticles to enable micro-CT detection
of SFGL. A micro-CT imaging platform was used to visualize
plaques following SFGL@Au injection. As a negative control, we
administered gold nanoparticles alone, which yielded no signif-
icant enhanced signals within the atherosclerotic plaque in ar-
teries harvested from the high-fat diet (HFD)-fed atherosclerotic
mice. In contrast, SFGL@Au markedly enhanced the micro-CT
signals of the artery plaques in the Ldlr−/− mice (Figure S11C,D,
Supporting Information).
Considering SFGL could detect the activated phagocytic

MSR1(hi) VSMCs-derived macrophages in atherosclerosis
plaque, we explored its potential application in monitoring
plaque progression. Our previous data indicated that the increas-
ing trend of phagocytic MSR1(hi)VSMCs-derived macrophages
could reflect changes in atherosclerotic plaque size in vivo.
Consequently, we investigated whether SFGL@Au could capture
the plaque progression under micro-CT imaging. We injected
the SFGL@Au into atherosclerotic mice fed with either short-
term or long-term HFD. Our findings revealed that in the
advanced plaques, the area positive for SFGL identified by CT
was significantly larger than in early-stage plaque (Figure 6A,B).
To validate the correlation, we performed a histological analy-

sis of the harvested artery plaques and compared the results with

Adv. Funct. Mater. 2025, e16172 © 2025 Wiley-VCH GmbHe16172 (8 of 15)
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Figure 4. SFGL’s in vivo targeted imaging of vulnerable plaques in VSMCs lineage tracing mice. A) Regions of early stages adjacent series sections of
atherosclerotic plaque had macrophages (CD68+) co-localized with SFGL+ cells. Scale bar = 100 μm. B) Regions of advanced-stage adjacent series
sections of atherosclerotic plaque had macrophages (CD68+) co-localized with SFGL+ cells. Scale bar = 100 μm. C) Masson staining representative
images of the plaque in A & B. Scale bar = 100 μm. D) Quantification of plaque area percentage of A & B (left). Quantification of necrosis area percentage
of plaque in C (right). (n = 5 per group). E) Quantification of the number of zsGreen+CD68+ and tdTomato+CD68+ cells in early-stage and advanced-
stage atherosclerotic plaque. (n = 5 per group). F) Number of zsGreen+ SFGL+ cells in early-stage and advanced-stage atherosclerotic plaque. (n = 5
per group). G) Percentage of zsGreen+ SFGL+ cells and tdTomato+ SFGL+ cells of SFGL+ cells, respectively. (n = 5 per group). Data were presented as
mean ± SEM. **p < 0.01, ***p<0.001, ****p < 0.0001. p-value was determined by unpaired two-tailed Student’s t-test. The white dotted line indicated
plaque area. The white # indicated the lumen area within the plaque.
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Figure 5. A) Regions of early and late stages, adjacent series sections of atherosclerotic plaque, CD68+ co-localized with SFGL+ cells. Scale bar =
100 μm. B) Quantification of the number of zsGreen+MSR1+ and tdTomato+MSR1+ cells in early-stage and advanced-stage atherosclerotic plaque.
(down). Quantification of the number of zsGreen+SFGL+ and tdTomato+SFGL+ cells in early-stage and advanced-stage atherosclerotic plaque. (n = 5
per group). C) Diagram of flow cytometry of SFGL+ CD204+ F4/80+ zsGreen+ cells and SFGL+ CD204+ F4/80+ tdTomato+ cells changed in the process
of atherosclerosis plaque progression. D) Quantification of the SFGL+ CD204+ F4/80+ tdTomato+ cells or SFGL+ CD204+ F4/80+ zsGreen+ cells /
SFGL+ CD204+ F4/80+ in the flow cytometry of C. (n = 5 per group). Data were presented as mean ± SEM. **p < 0.01, ****p < 0.0001. P-value was
determined by an unpaired two-tailed Student’s t-test.

SFGL@Au micro-CT imaging. We found a positive correlation
between plaque size and the area of SFGL@Au accumulation un-
der micro-CT imaging (Figure 6C). Our findings demonstrated
that as plaque volume increased (as evidenced by micro-CT re-
sults), there was a corresponding decrease in collagen content
(Col3a1-positive areas) alongside an increase in instability mark-
ers (MMP9-positive areas). These observations indicated that
plaque instability progresses with plaque development, which
was consistent with the SFGL@Au-based detection of plaque pro-
gression. (Figure 6D–F). Building upon the establishedmicro-CT
imaging capabilities of plasmonic gold nanoparticles, we devel-
oped SFGL@Auby co-conjugating SFGLwith both gold nanopar-

ticles and NIR-II fluorophores IR1061 (emission >1000 nm) for
dual-modal imaging. In vivo NIR-II imaging revealed strong,
specific signals (SBR = 5.2) at aorta plaque lesions in the
SFGL injected group, but there was no signal at all in the PBS
group, both groups’ aortic plaque could be stained. (Figure 6G;
Figure S11E, Supporting Information), while co-localized micro-
CT contrast confirmed targeted accumulation in aorta plaque le-
sions (Figure S11F, Supporting Information). The NIR-II com-
ponent enabled real-time tracking of plaque development in liv-
ing animals, while micro-CT provided high-resolution anatom-
ical localization, together establishing SFGL@Au as a com-
prehensive imaging platform for atherosclerosis monitoring.

Adv. Funct. Mater. 2025, e16172 © 2025 Wiley-VCH GmbHe16172 (10 of 15)
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Figure 6. MSR1-targeted SFGL can image the vulnerable plaque progression undermicro-CT A) CT images of the aorta with early or advanced atheroscle-
rotic plaque from mice after injected with gold conjugated SFGL. Scale bar = 500 μm. (n = 5 per group). B) Quantification of plaque volume in A. C)
Representative Oil Red O staining images of plaque and quantification of the ratio of lesion Area / Lumen Area ratio. (n = 4 per group). D) the rep-
resentative IF images of Colea1 and MMP9 staining in 16w plaque series slides. E) the representative IF images of Colea1 and MMP9 staining in 24w
plaque series slides. F) the quantification of Col3a1+ area or MMP9+ area change as the plaque progressed. (n = 4 per group). G) the representative
NIR images show that the SFGL can enhance the atherosclerotic aortic plaque in vivo. SBR = 5.2. (n = 3 per group). H) the representative PA images
show that the SFGL can enhance the atherosclerotic plaque in the aortic arch in vivo. (n = 4 per group). Scale bar = 20 μm. Data were presented as
mean ± SEM. ****p < 0.0001. P-value was determined by unpaired two-tailed Student’s t-test.
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Furthermore, to further expand SFGL’s in vivo atherosclerosis
ability, we conducted complementary photoacoustic (PA) imag-
ing using SFGL-Cy5 conjugates, andwe found that strong PA sig-
nal intensity at aortic arch plaques increased; however, the con-
trol group’s PA signal intensity was negative. (Figure 6H) To fur-
ther validate SFGL@Au’s distribution, we quantified gold con-
centration in various organs, feces, and urine after 24 h post-
injection by using ICP-OES. The quantitative analysis of gold
content (%) showed significantly higher accumulation in aor-
tic atherosclerotic lesions (10%) compared to non-target tissues
(<6%, p<0.01), while ICP-MS revealed elevated AuNP levels in
urine and feces at 24 h, confirming renal and hepatobiliary clear-
ance as the primary elimination routes. The agreement between
fluorescence imaging and ICP-MS validated the biodistribution
data, collectively demonstrating SFGL@Au’s preferential target-
ing of plaques and its progressive clearance via excretory path-
ways. These findings provided a comprehensive pharmacokinetic
profile of SFGL@Au, highlighting both its selective plaque ac-
cumulation and efficient systemic elimination. (Figure S12A,
Supporting Information). This observation was consistent with
our previous in vivo NIR fluorescence imaging data, reinforc-
ing SFGL@Au’s high affinity for atherosclerosis plaques in aor-
tas. The Excretion Rate of SFGL@Au was calculated through
the following equation: (Au content detected in excretions)/ To-
tal injected dose * 100%, we found that the Excretion Rate of
SFGL@Au was 49.33%. Furthermore, we found that the gold
content in urine (43.04%) is significantly higher than that in fe-
ces (6.290%), this indicated that the SFGL@Au mainly excreted
by kidney and urine. These micro-CT imaging results clearly
illustrated that SFGL@Au could selectively accumulate in the
atherosclerotic plaque lesion. Furthermore, we scanned the livers
and spleens from SFGL@Au injected mice. Notably, no obvious
signals were detected in these organs under micro-CT, further
confirming SFGL@Au’s strong affinity for atherosclerotic plaque
(Figure S12B, Supporting Information). These results suggested
that the SFGL@Au could serve as an enhanced imaging method
under micro-CT to identify and quantify increasing populations
of phagocytic MSR1(hi)VSMCs-derived macrophages.

3. Conclusion

We have introduced an innovative targeting platform, SFGL, de-
signed to track the dynamic shift in phagocytic macrophage pop-
ulations during atherosclerotic plaque development. This plat-
form capitalized MSR1 as a key target, exploiting its high expres-
sion in both phagocytic and myeloid macrophages. The SFGL
platform, as supramolecularmaterials assembled fromglycolipid
amphiphiles in aqueous solutions, enabled precise identification
and imaging of phagocytic cells within plaque lesions, facilitating
detailed analysis of their distribution and temporal changes.
We proved the MSR1-targeting capability of SFGL, which pre-

cisely tracked the phagocytic macrophage origin and phenotypic
switching during plaque progression. This was demonstrated by
flow cytometry. Flow cytometry analysis of F4/80+CD204(hi) pop-
ulations revealed a significant (p < 0.01) transition frommyeloid-
derived (72.3% zsGreen+) to VSMCs-derived (72.9% tdTomato+)
macrophages between early and advanced plaques, respectively.
These findings established SFGL as an effective tool for monitor-
ing macrophage origin dynamics change in atherosclerosis. The

quantitative correlation between MSR1 expression and SFGL ac-
cumulation further validated its targeting specificity for patholog-
ical phagocytic macrophages.
Traditional imaging modalities, such as CT and MRI, often

lacked the resolution to capture cellular and molecular changes
within plaques. Although the main phagocytic macrophage
component change from myeloid macrophages to VSMCs-
derived macrophages was an important indicator of vulnerable
plaque formation, previous attempts using macrophage-specific
nanoparticles for CT or MRI imaging have overlooked the im-
portance of monitoring this phagocytic macrophage component
change for accurate plaque assessment.[32] SFGL addressed this
limitation by specifically targeting and tracking these cellular
transitions, offering a more precise evaluation of plaque develop-
ment. Our results further demonstrated that SFGL, when com-
binedwith gold nanoparticles (SFGL@Au), could accurately visu-
alize atherosclerotic plaque progression under micro-CT imag-
ing, correlating well with histological findings. Notably, only
50 μg of SFGL@Au per mouse was required for effective imag-
ing, which was a significantly lower dose compared to conven-
tional CT contrast agents. This reduction in required dosage
minimizes potential toxicity, enhancing SFGL’s clinical potential.
Furthermore, unlike polysaccharide-based biomaterials with un-
certain constituents,[31,34] SFGL was constructed by glycolipids
with a precise chemical structure, which facilitated its functional
reproducibility and reliability. The modular design of SFGL,
based on supramolecular interaction, also allowed facile combi-
nationwith diverse contrast agents, thereby enablingmultimodal
imaging capabilities.
Overall, SFGL represented a significant advancement in imag-

ing technology for atherosclerosis, combining high targeting
affinity, precise component detection, convenient functionaliza-
tion, and precise chemical structure. Its ability to track changes in
phagocytic macrophages, provided valuable insights into plaque
development, making SFGL a promising candidate for clinical
applications in the diagnosis and treatment of atherosclerosis.

4. Experimental Section
Materials and the exact synthetic routes are documented in the Sup-

porting Information.
Fabrication of MSR1-Targeting Platform SFGL: The SFGL platform was

constructed by dissolving compound 7 in water at a 5 mg mL−1 concen-
tration under vigorous stirring. The SFGL aqueous solution had a strong
Tyndall effect, which indicated the self-assembly of glycolipids.

Fabrication of Fluorescence-Labeled SFGL: To create the fluorescent-
labelled SFGL, we first linked fluorescent molecules with hydrophobic alkyl
chains. In this way, these decorated dye molecules gathered aggregated
in water and showed little fluorescence intensity because of aggregation-
caused quenching. However, upon adding these fluorescence groups to
SFGL aqueous solution with a mass ratio of 1%, we observed the fluores-
cence intensity immediately increased a lot, which indicated the successful
assembly of SFGL with fluorescence molecules (Figure 2A).

Fabrication of Gold Nanoparticles Decorated with SFGL: First, gold
nanoparticles with an average diameter of 12 nm were fabricated in wa-
ter by mixing 2.4 mL of 10 mm HAuCl4 and 3 mL of 0.1 m sodium citrate
under vigorous stirring. Then these gold nanoparticles were prefunction-
alized with alkyl chains and dispersed in CHCl3 through a two-step lig-
and exchange approach using n-dodecanethiol (n-C12H25SH).

[35,36] Typ-
ically, 0.4 mL of the concentrated (≈0.8 mg mL−1) aqueous solution of
gold nanoparticles was added to 10 mL of 19.3 μL n-C12H25SH in DMF.
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The solution was sonicated for 30 min and incubated overnight. The
modified gold nanoparticles were washed with CHCl3 three times and
concentrated. Subsequently, these concentrated gold nanoparticles were
added into 10 mL of 19.3 μL n-C12H25SH in CHCl3. Followed by the same
sonication, incubation, and purification process, we finally obtained gold
nanoparticles modified with alkyl chains (C12H25-) in CHCl3. Through
simply mixing SFGL aqueous solution with gold nanoparticles suspended
in CHCl3, the glycolipid SFGL was absorbed onto the surface of gold
nanoparticles through virtue of hydrophobic interaction. In this way, the
gold nanoparticles were transferred into water, and SFGL@Au was suc-
cessfully fabricated (Figure 2A; Figure S4, Supporting Information). The
transmission electron microscopy (TEM) images showed that SFGL@Au
nanoparticles maintained an average diameter of 12 nm (Figure S4C,D,
Supporting Information). However, the dynamic light scattering results
showed that the hydrodynamic diameter of SFGL@Au was around 25 nm,
which might be due to the negative charged surface of SFGL. Besides, the
result also showed that SFGL@Au had a narrow distribution with polydis-
persity index of 0.3 (Figure S4B, Supporting Information).

Fabrication of SFGL with Fluorescent Molecules and Gold Nanoparticles:
The gold nanoparticles combined with SFGL through the method men-
tioned above. Then fluorescentmolecules were added into the systemwith
the mass ratio of 1% under sonication. In this way, SFGL could combine
with different agents to realize multiple imaging methods.

Animals: In our study, we crossed theMyh11Cre mice (a genetically en-
gineered mouse model in which the Cre recombinase gene was inserted
under the control of theMyh11 promoter) with CAG-LoxP-ZsGreen-Stop-
LoxP-Tdtomato (B6-G/R) Ldlr−/− mice to generate the Myh11Cre B6-G/R
Ldlr−/− SMCs lineage-tracing mice atherosclerotic model to investigate.
Following tamoxifen induction, the zsGreen reporter was excised in SMCs
only due to high Myh11Cre recombinase expression in SMCs, resulting
in tdTomato expression. In contrast, myeloid cells retained zsGreen flu-
orescence because of their negligible Myh11Cre expression. This allowed
us to distinguish SMCs (tdTomato+) frommyeloid cells (zsGreen+) based
on their distinct fluorescent reporter profiles. At 8-week of age, these mice
were intraperitoneally injected with 75mg k−1g tamoxifen (T-5648, Sigma)
for five days to achieve lineage tracing of VSMCs. All mice were housed
in a temperature-controlled environment maintained at 18–25 °C with a
12-h light/dark cycle. Ldlr−/− and B6G/R Myh11Cre Ldlr−/− mice were fed
with a Clinton/Cybulsky High Fat Rodent Diet (HFD, 40% calories from
fat; and 1.25% cholesterol, D12108C, Research Diets) for 12 or 24 weeks
to induce atherosclerosis. Mice were sacrificed by cervical dislocation and
then sequentially perfused with 5 mL of phosphate-buffered saline (PBS),
followed by 10 mL of 4% paraformaldehyde, and finishing with another
5 mL of PBS, via the left ventricle. Mouse aortas, brachiocephalic arteries,
and hearts were carefully dissected and embedded in the Optimal Cutting
Temperature compound before being frozen, sectioned, and subjected to
further analysis. The Animal Care and Use Committees of the Shanghai
Tenth People’s Hospital, affiliated with Tongji University, approved all ani-
mal studies in compliance with animal welfare regulations. All procedures
were carried out per the “Guideline for the Care and Use of Laboratory An-
imals” published by the National Institutes of Health (NIH Publication,
8th Edition, 2011). Our animal ethics approval number is: SHDSYY-2022-
2149.

CCK-8 Test: Cells were first incubated in a complete medium for 24 h
in an incubator (37 °C, 5% CO2) to ensure attachment. Subsequently, the
cells were then incubated with SFGL. Afterwards, 10 μl of Cell Counting
Kit 8 (k1018, APExBIO) solution was added to each well. The cells were
protected from light and incubated for 2 h, and then the absorbance was
measured at 450 nm.

Flow Cytometry and Immunofluorescent Detection: The efficiency of
SFGL in targeting different cell types was determined by using flow
cytometry-based Cy5 conjugated SFGL. The positive cells were analyzed
using FlowJo Software (V10.0.7, USA). After the cells were seeded at
1× 105 cells/well on culture dishes, we incubated them with different con-
centrations of Cy5 conjugated SFGL for 12 h. Then, we fixed the cells with
4% paraformaldehyde for 15min, then permeabilized them with 0.2% Tri-
ton X-100 (X100RS, Sigma, USA) in PBS for 5min. Nuclei were labeled
with DAPI (Vector Laboratories), and fluorescently labeled cells were then

visualized using an LSM710 laser confocal microscope (Carl Zeiss, Ger-
many). Image J was used to calculate the area of the lesion area or the
positive region.

Fluorescence Imaging: Fluorescence imaging of SFGL conjugated with
FITC was performed with Ldlr−/−mice. Ldlr−/− mice were treated with an
HFD for 24 weeks to establish an atherosclerotic model. 12 experimental
mice were divided into 4 groups of three mice each: Each group was in-
jected with SFGL conjugated with FITC. After that, 4 groups of mice were
euthanized at different time points of 3, 6, 12, and 24 h. Postmortem, the
aortas and othermajor organs from eachmouse were obtained to evaluate
the fluorescence activity of the nanoparticles. The fluorescence intensity
of different nanoparticles was detected with the IVIS lumina small animal
live imaging system (PerkinElmer, USA). Moreover, the relative fluores-
cence signal intensity was quantitatively analyzed using the Living Image
software (4.4).

NIR-II Imaging: NIR-II imaging of SFGL conjugated with IR-1061 was
performed with Myh11Cre B6-G/R Ldlr−/− SMCs lineage-tracing mice.
NIR-II fluorescence images (1000 nm, 1000 LP, 0.05W cm−2, and 200ms)
were taken using a in vivo NIR-II fluorescence imaging system (Shanghai
United Digital Biotech. Co. Ltd., NIR-II-ST) with a commercial InGaAs ar-
ray detector (1000-1700 nm).

Photoacoustic Imaging: Photoacoustic imaging of SFGL conjugated
with cy5 was performed with Myh11Cre B6-G/R Ldlr−/− SMCs lineage-
tracing mice. The mice were anesthetized in the imaging chamber of pho-
toacoustic imaging instrument (Vevo LAZR, FujiFilm VisualSonics Inc.,
USA). A 685 nm pulse laser was used for excitation.

Atherosclerotic Lesion Analyses: The right common carotid arteries and
the aortic arch from the atherosclerotic mice were carefully excised and
processed for histology. HE staining was performed for morphological
analysis. The collagen contents at the injured or ruptured areas were quan-
tified with Masson staining. All analyses were performed by Image J soft-
ware (V2.10 NIH USA).

Murine MI Model: Mice were anesthetized with pentobarbital sodium
(50mg kg−1, Intraperitoneal injection) and intubated with a 22-gauge in-
cubation tube while being mechanically ventilated with a small rodent res-
pirator. A left thoracotomy was performed between the third and fourth
intercostal space. The left anterior descending coronary artery (LAD) seg-
ment corresponding to≈1.5–2mmbelow the tip of the left auricle was per-
manently ligated with an 8-0 monofilament nylon suture. Then, the chest
wall was closed, and air in the thorax was evacuated. Mice in the sham
group underwent the same procedure without LAD ligation. After surgery,
cardiac function was examined by echocardiography. All mice were care-
fully monitored each day after MI. Mice that died immediately or had an
ejection fraction (EF)> 50% after surgery were excluded from this study.
Heart samples were harvested at different time points for subsequent ex-
periments.

Cell Culture and Stimulation: Rat aortic smooth muscle cells (A7r5,
RASMCs) were purchased from Shanghai Zhongqiaoxinzhou Biotechnol-
ogy. Cells were cultured in DMEM (SH30243.01, HyClone) with 10% FBS
(10099141, Gibco) and 1% penicillin-streptomycin at 37 °C with 5% CO2.
The A7r5 cells were stimulated with water-soluble cholesterol (10 μgmL−1,
72 h, C4951-30MG, Sigma), FGF21 (5 ngmL−1, 24 h, HY-P7173,MCE), ox-
LDL (100 μg mL−1, 24 h, P00794, Solarbio), palmitic acid (300 μmol L−1,
12 h, HY-N0830, MCE), lactate (10 mm, 12 h, HY-B227, MCE), and oxyhe-
moglobin (20 μg mL−1, 6 h, YO-7109, Bomei Biotech). After stimulations,
the cells were harvested for downstream experiments.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR): Total
RNA was extracted using Trizol regent (Thermo Fisher, USA) according
to the manufacturer’s instructions. Purified RNA (1000 ng) was reverse-
transcribed using a Primer Script RT Reagent Kit (rr820a, Takara). The
qPCR was then performed on the cDNA product using FastStart Universal
SYBR GreenMaster (QR0100, Roche) on a Roche Light cycler. The primers
were listed in Table S2 (Supporting Information).

ScRNA-seq Data Processing: The scRNA-seq data derived from
tdTomato+ cells and zsGreen+ cells isolated from the aortas of HFD-
fed B6-G/R Myh11Cre mice (GSE197073) were generated in our previous
study.[23] To analyse these datasets, we employed the widely used Seurat
v3.1.1 in R.[37] As a crucial step, we conducted rigorous quality control to
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exclude cells with poor gene expression profiles. Specifically, we excluded
cells that expressed fewer than 200 genes or those withmore than 10%mi-
tochondrial genes among the total expressed genes. After normalization,
we performed Principal Components Analysis and calculated the number
of significant principal components using the Elbow Plot function. For un-
supervised clustering, we employed the UMAP algorithm, setting the reso-
lution to 0.6 to ensure a better annotation of cell types. In addition, marker
genes were defined based on the Find Marker function and literature.

Micro-CT: The samples were subjected to micro-CT scanning (vivaCT
80; SCANCO Medical AG, Switzerland) at 55 kV with a resolution of 9 μm
after perfusion with PBS and contrast agent. Dragonfly software (Object
Research Systems Inc, Canada) was used for data analysis and image
processing.

Statistical Analysis: Statistical analysis was performed usingGraphPad
Prism (Version 9.0). Results were displayed as mean ± standard error of
the mean (SEM). Student’s t-test or Mann-Whitney U-test was used to
analyze the difference between standard and non-normal variables. Dif-
ferences across more than three groups were compared using one-way
ANOVA followed by a post hoc analysis with the Bonferroni test. p < 0.05
was treated as statistical significance.
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