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Hypoxia plays an important role in the progression of atherosclerosis. However, ameliorating hypoxia at
atherosclerotic lesions remains a great challenge. To achieve targeted oxygen delivery to atherosclerotic plaques,
Lipid 5-doped, platelet membrane-encapsulated magnetic mesoporous organosilicon nanoparticles loaded with
perfluoro-15-crown ether (PFCE) (FMMON@PL) were prepared. PFCE worked as an oxygen carrier, while iron
oxide nanoparticles (IONPs) acted as nanozymes with catalase-like activity to facilitate oxygen generation. To
enhance plaque targeting, platelet membranes were coated onto mesoporous organosilicon nanoparticles con-
taining PFCE and IONPs. Lipid 5 containing a tertiary amine was doped into the platelet membranes for lyso-
somal escape. Our results demonstrated that FMMON@PL specifically targeted macrophages in atherosclerotic
plaques. FMMON@PL significantly reduced HIF-1a expression, ameliorated oxidative stress, inhibited foam cell
formation, and reduced M1 macrophage polarization. In conclusion, FMMON@PL successfully achieved oxygen
delivery within plaques and inhibited plaque progression, demonstrating the feasibility of hypoxia alleviation for
the treatment of atherosclerosis.

1. Introduction

Hypoxia accompanies the early onset and progression of athero-
sclerosis. Hypoxia may occur in areas of disturbed blood flow (e.g., aortic
arch), which promotes endothelial injury and vascular dysfunction
[1,2]. The increased permeability caused by endothelial injury leads to
the lipid deposition into the subendothelium of the arteries [3,4].
Meanwhile, hypoxia also promotes reactive oxygen species (ROS)

generation and oxidative modification of low-density lipoprotein (ox-
LDL) [5,6]. With the adhesion and infiltration of monocytes, macro-
phages are formed that phagocytose ox-LDL and transform into foam
cells, which eventually form lipid core and promote plaque growth
[7-9]. The high metabolic demand of macrophages and foam cells
within the plaques directly contributes to plaque hypoxia, which in turn
influences macrophage metabolic reprogramming and further promotes
plaque development [10].
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Hypoxia is involved in the progression of atherosclerosis mainly
dependent on hypoxia-inducible factor-1 (HIF-1) [11]. HIF-1 is a key
regulator of hypoxia that modulates the response of endothelial cells and
macrophages to hypoxia [10-13]. HIF-1 is a heterodimeric protein
consisting of HIF-1p (whose activity is unaffected by hypoxia) and HIF-
la (the reactive subunit) that is highly regulated by oxygen. Under non-
hypoxic conditions, HIF-1a can be degraded in an oxygen-dependent
manner. During hypoxia, oxygen deficiency leads to HIF-1a accumula-
tion. In atherosclerotic plaques, elevated HIF-la leads to decreased
cholesterol efflux from macrophages, promoting foam cell formation
[14]. In addition, high expression of HIF-1a promotes macrophage po-
larization to a pro-inflammatory M1 phenotype [15]. Thus, oxygen
delivery-induced reduction of HIF-1a expression has the potential to
reduce lipid burden and improve the inflammatory microenvironment
within atherosclerotic plaques.
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Nanocarrier-dependent oxygen delivery is an effective approach to
alleviate localized hypoxia, including oxygen carrying and oxygen
generation strategies [16-18]. Oxygen carrying strategy utilizes oxygen
carriers to achieve oxygen delivery. The effectiveness of per-
fluorocarbons (PFCs) as the most commonly used oxygen carriers has
been extensively validated. PFC-based oxygen nanocarriers have been
explored in a variety of diseases [19-21]. Oxygen generation strategy
utilize the decomposition of some metal oxides to generate oxygen or the
catalytic generation of oxygen from hydrogen peroxide using catalase
(CAT) or CAT-like nanozymes [22-25]. For example, under neutral
conditions, IONPs can efficiently catalyze the production of oxygen from
hydrogen peroxide [25]. However, despite the fact that the hypoxic
character of atherosclerosis is gradually recognized, the feasibility of
alleviating hypoxia for the treatment of atherosclerosis remains
unknown.

Scheme 1. Schematic illustration of (A) fabrication of FMMON@PL and (B) used for therapy of atherosclerosis.
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In this study, we used a two-pronged strategy combining oxygen
carrying and oxygen generation strategies. As the earliest discovered
nanoenzymes, IONPs not only catalyze the production of oxygen from
hydrogen peroxide, but are also widely used as MRI contrast agents in
atherosclerosis [26-28]. However, the enzyme-like activity of IONPs is
regulated by environmental pH values. In acidic environments, IONPs
exhibit peroxidase (POD)-like enzyme activity (generating harmful hy-
droxyl radicals) [29-31], while CAT-like enzyme activity is exhibited in
neutral environments [25]. To shield the unfavorable POD-like enzyme
activity, IONPs were encapsulated inside degradable mesoporous orga-
nosilicon nanoparticles (MON) to generate magnetic MON (MMON). As
oxygen carriers, perfluoro-crown ether (PFCE) was loaded into the
mesopores of MMON to produce FMMON, which would further shield
enzyme-like activities of IONPs. Finally, to improve the plaque targeting
and lysosomal escape ability, Lipid 5 (phospholipid analogs with tertiary
amines) was doped into platelet membranes [32], and then coated on
the FMMON to generate FMMON@PL (Scheme 1A). After plaque-
targeted FMMON@PL entered the plaque, oxygen gradually released
from PFCE. Subsequently, FMMON@PL were taken up by macrophages/
foam cells and trapped in lysosomes. In the acidic environment of the
lysosomes, FMMON@PL remained structurally unchanged, thus effec-
tively shielding POD-like enzyme activity of IONPs. With the assistance
of Lipid 5, lysosomal escape was achieved and FMMON@PL entered the
neutral cytoplasm. Glutathione (GSH) with high concentration in the
cytoplasm degraded FMMON@PL, releasing the shielded IONPs. Even-
tually, CAT-like enzyme activity of IONPs was exhibited to produce
oxygen in situ (Scheme 1B). The two-pronged strategy based on
FMMON@PL directly ameliorated plaque hypoxia, leading to reduced
ROS levels and HIF-1a expression. Furthermore, FMMON@PL enhanced
cholesterol efflux and inhibited uptake of ox-LDL, leading to reduced
foam cell formation. Not only that, FMMON@PL also inhibited macro-
phage differentiation to proinflammatory M1l-type macrophages,
improving the proinflammatory environment within the plaque.

2. Materials and methods
2.1. Materials

IONPs (oleic acid-coated Fe3O4 nanoparticles) were provided by
Nanjing XFNANO Materials Tech Co., Ltd. (Jiangsu, China). Hexadecyl
trimethyl ammonium bromide (CTAB), tetraethyl orthosilicate (TEOS),
tris(4, 7-diphenyl-1, 10-phenanthroline)ruthenium(Il) dichloride com-
plex ([Ru(dpp)slCly) and rhodamine B (RhB) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Bis(triethoxysilylpropyl)
disulfide (BTSD), fluorescein isothiocyanate (FITC), glutathione (GSH)
were brought from Shanghai Yuanye Bio-Technology Co., Ltd. 1-Octyl-
nonyl 8-[(2-hydroxyethyl)[8-(nonyloxy)-8-oxooctyl]amino]octanoate
(Lipid 5), lipopolysacchatide (LPS), 2/, 7'-dichlorodihydrofluorescein
diacetate (DCF-DA) and (3-aminopropyl)triethoxysilane (APTES) were
supplied by Shanghai Macklin Biochemical Co., Ltd. Cell Counting Kit-8
(CCK-8), 1, 1-dioctadecyl-3, 3, 3/, 3-tetramethylindocarbocyanine
perchlorate (Dil), Lyso-Tracker Red, Amplex Red and Hoechst 33342
were purchased from Beyotime Biotechnology (Shanghai, China).
Oxidized low-density lipoprotein (ox-LDL) and Dil-labeled ox-LDL (Dil-
ox-LDL) were brought from Shanghai AngYu Biotechnology Co., Ltd.
Primary antibodies, including anti-HIF-1a, anti-CD68, anti-CD86, anti-
CD206, were purchased from Abcam (China).

2.2. HIF-1a expression

5 x 10* RAW264.7 cells were seeded in glass bottom dishes, and
cultured in normoxia or hypoxia (1 % O3, 5 % CO and 94 % N3) for 24 h.
MON@PL, MMON@PL, FMON@PL and FMMON@PL (containing 50
pg/mL of MON) were added and cultured for another 4 h. To observe
intracellular localization, cells were stained with rabbit anti-HIF-1a
antibody overnight at 4 °C and then incubated with Alexa Fluor 647-
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labeled goat anti-rabbit IgG secondary antibody for 1 h at room tem-
perature. The nuclei were stained with the Hoechst 33342. Localization
of HIF-1a was observed by CLSM.

For quantitative analysis of HIF-1a expression, 3 x 10° RAW264.7
cells were seeded in 6-well plates and incubated in normoxia (95 % air
and 5 % CO3) or hypoxia (1 % O3, 5 % CO2 and 94 % Ny) for 24 h.
MON@PL, MMON@PL, FMON@PL and FMMON@PL (containing 50
pg/mL of MON) were added and cultured for another 4 h. After washed
with PBS for three times, cells were collected and HIF-1a expression was
determined by quantitative polymerase chain reaction (qQPCR) and
Western Blot.

2.3. Uptake of ox-LDL

RAW264.7 were seeded in 12-well or 96-well plates and glass bottom
dishes and cultured overnight. After starvation for 24 h, cells were
incubated in hypoxia (1 % O, 5 % CO2 and 94 % N5) for another 6 h.
Then, cells were incubated with MMON@PL, FMON@PL or
FMMON@PL) (containing 50 pg/mL of MON) for 12 h. The medium was
replaced with fresh medium containing ox-LDL or Dil-ox-LDL (50 pg/
mL). After incubation for 24 h, cells were washed with cold PBS. After
stained with Oil Red O (ORO) for optical visualization and quantitative
analysis for absorbance at 492 nm using a microplate reader. Or, cells
were stained with Hoechst 33342 for visualization by CLSM or quanti-
tatively analyzed by flow cytometry.

2.4. Macrophages polarization

To study the macrophage polarization in vitro, RAW264.7 were
seeded in 6-well plates and cultured overnight. The medium was
replaced with No-saturated fresh medium, cultured in hypoxia (1 % O,
5 % CO and 94 % N») for 5 min and placed in normoxia for 10 min. The
hypoxia-normoxia cycle was repeated for 12 times to induce M1-type
macrophages [33,34]. At last, MMON@PL, FMON@PL and
FMMON@PL (containing 50 pg/mL of MON) were added and incubated
with cells for 24 h. The medium was collected to measure IL-6 and TNF-o
by mouse IL-6 and TNF-a ELISA Kits (Beyotime). Cells were washed by
cold PBS. PE-labeled CD86 antibody (Abcam) and APC-conjugated
CD206 antibody (Abcam) were added and incubated at 4 °C for 1 h,
respectively. Cells were collected and analyzed by flow cytometry. Or,
cells were stained with Hoechst 33342 and observed by CLSM.

2.5. Treatment protocol

ApoE /™ mice were fed with a high-fat diet. After 4 weeks, mice were
randomized into four groups (n = 6). The mice were intravenously
injected with saline (control)) MMON@PL, FMON@PL and
FMMON@PL at a dose of 2 mg/kg iron via tail veil weekly for 4 weeks.
The body weight of the mice was recorded before each administration.
After 2 weeks, mice were sacrificed to collect aortas, blood and major
organs to evaluate therapeutic effect.

2.6. Histological analysis

Aortas were fixed by perfusion of 4 % paraformaldyhyde. After the
removal of the periadventitial tissues, aortas were dissected longitudi-
nally and stained with Oil Red O (ORO). Histological analysis was per-
formed by hematoxylin—eosin (H&E) staining and Masson's trichrome
staining.

For immunohistochemistry analysis, frozen sections of aortas were
permeabilized and blocked using a solution containing 0.1 % Triton X-
100 in 5 % BSA. Then, the sections were incubated with the primary
antibodies at 4 °C overnight. After washed with PBST for five times, the
sections were incubated with appropriate secondary antibodies at room
temperature for 1 h. After washed with PBST, the sections were stained
with DAPI for fluorescent visualization.
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2.7. Statistical analysis

Results are presented as the mean + standard deviation (SD). Sta-
tistical comparisons were made by unpaired Student's t-test (between
two groups). Data analysis and figures were prepared using the Graph-
Pad Prism software (Version 7.0).

3. Results and discussion
3.1. Preparation and characterization of FMMON@PL

MMON containing IONPs were first synthesized with an average
diameter of 55.3 nm (Fig. 1A). MMON exhibited spherical morphology
with at least one magnetic particle located at MMON's center (Fig. 1B).
The average amount of iron in MMON was measured to be 16.7 pg/mg,
and the encapsulation efficiency of iron was calculated to be 33.4 %. In
addition, the mesopores of MMON can be clearly observed, which pro-
vided space for PFCE filling. As proved by TEM-EDS mapping (Fig. 1C)
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and '°F NMR (Fig. S1), PFCE was successfully loaded into MMON to
generate FMMON. The amount of PFCE in FMMON was calculated to be
0.64 pmol/mg. And thus, the encapsulation efficiency of PFCE was 2.2
%. Importantly, fluorine can be observed throughout MMON in the
images of TEM-EDS mapping, suggesting complete shielding of IONPs.
In order to improve the capability of targeting atherosclerotic plaques,
platelet membranes were coated onto the surface of FMMON to generate
FMMON@P. And Lipid 5 was doped into platelet membranes to equip
the nanoparticles with lysosomal escape. The amount of doped Lipid 5
was determined by Zeta potential of MMON@P. It gradually increased
with the increase of mass ratio of Lipid 5/MMON (Fig. S2). However,
over-doped Lipid 5 may lead to premature clearance in vivo [32]. Ulti-
mately, the mass ratio of Lipid 5/MMON was determined to be 2:1 to
produce FMMON@PL. As shown in Fig. 1D, the average diameter of
FMMON@PL was 79.6 nm, larger than that of MMON. It was explained
by that coating of platelet membranes increased the hydrated particle
size. Similar to MMON, FMMON@PL showed uniform morphology and
spherical structures as shown in Fig. 1E and F. In addition, the

Fig. 1. (A) Size distribution and (B) morphology of MMON. (C) Energy dispersive X-ray spectroscopy (EDS) elemental mapping of FMMON. (D) Size distribution of

FMMON@PL. (E) SEM and (F) TEM images of FMMON@PL.

1020



Y. Wang et al.

mesopores of MMON can hardly be observed, indicating PFCE filling and
coating of platelet membranes (Fig. 1F). Western blot analysis also
verified that characteristic platelet membrane proteins, including
CD42b, CD47 and CD42b, were present on FMMON@PL, indicating
successful translocation of platelet membrane to FMMON (Fig. S3).

3.2. Oxygen carrying and oxygen generation

To verify oxygen release from PFCE, oxygen release was detected
from oxygen-saturated saline, MMON, FMMON and FMMON@PL. As
shown in Fig. 2A, all groups exhibited similar oxygen release within 1 h,
which was attributed to the rapid release of dissolved oxygen from the
water. Oxygen release in MMON was comparable to saline, while

Journal of Controlled Release 380 (2025) 1017-1030

FMMON exhibited enhanced oxygen release. Specifically, oxygen
release in FMMON was 2.3 times higher than in MMON within 2 h.
Interestingly, the oxygen release of FMMON@PL was only 52.5 % of that
of FMMON within 2 h. In addition, FMMON almost released all oxygen
within 3 h, whereas oxygen release from FMMON@PL lasted for 6 h.
FMMON@PL exhibited a sustainable oxygen release compared with
FMMON, given a similar total amount of oxygen. This may be attributed
to the slow release of oxygen due to platelet membrane coating. In
addition, O, release efficiency from PFCE can be calculated to be 66.2 %.

In the transmembrane transport of oxygen, oxygen is transported
along the cell membrane or organelle membrane rather than in water
due to the higher solubility of oxygen in the phospholipid bilayer
compared to water [35]. Thus, the released oxygen from FMMON@PL

Fig. 2. (A) Oxygen release from MMON, FMMON and FMMON@PL. (B) TEM and (C) SEM images of MMON after treatment with 10 mM of GSH for 6 h. (D) Images
of enzyme-like activities of FMMON@PL pretreated with GSH at pH 5.0 and pH 7.4. (E) Absorption spectra of RhB treated with IONPs, MMON, FMMON, MMON@PL
and FMMON@PL at pH 5.0. (F) Oxygen generation in H,O, solution at pH 7.4 with different formulations.
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first accumulated in the platelet membrane, forming an oxygen shield The slow release of oxygen facilitates FMMON@PL plaque-targeted
that slowed down the further release of oxygen. In addition, unlike oxygen delivery in vivo. In response to the low-oxygen environment of
FMMON, the hydrophilic layer of platelet membrane on the surface of the veins, FMMON may have released all oxygen before they reach the
FMMON@PL may form the “unstirred water layer” [35], which prevent plaque, whereas the platelet membrane may ensure efficient plaque
the exchange of substances between the platelet membrane and water, oxygen delivery via targeting the plaque and slowing oxygen release.

further reducing the rate of oxygen release. To initiate oxygen generation, FMMON@PL must degrade to expose

Fig. 3. (A) Confocal images of TNF-a-activated HUVECs and LPS/ox-LDL-activated RAW264.7 incubated with FMMON@ML and FMMON@PL. Nucleus was stained
with Hoechst 33342 (blue), cell membranes were stained with Dil (red) and nanoparticles (FMMON@ML and FMMON@PL) were labeled with FITC (green). Scale
bar: 10 pm. Quantitative analysis of (B) activated HUVECs and (C) activated RAW264.7 incubated with FMMON@ML and FMMON@PL. (D) Confocal images of
activated RAW264.7 incubated with FMMON@P or FMMON@PL (green) for 2 h and 4 h. Lysosomes were labeled with Lysotracker Red. Scale bar: 20 pm. (E)
Confocal imaging of ROS and levels in H,O,-pretreated RAW264.7 treated different nanoparticles. Quantitative analysis of intracellular (F) ROS and (G) H,0 levels
in HoOs-pretreated RAW264.7 incubated with different groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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IONPs. As shown in Fig. 2B and C, FMMON@PL lost the spherical shape
after incubation with 10 mM GSH for 6 h, accompanied by some irreg-
ular clumps. Most importantly, exposed IONPs could be clearly observed
(Fig. 2B). As a comparison, MMSN (containing no disulfide bonds) were
not vulnerable to GSH and still remained structurally intact (Fig. S4),
indicating GSH-dependent degradation of MMON.

As described before, enzyme-like activities of IONPs depend on pH
values of environment. As shown in Fig. 2D, after degradation of
FMMON@PL, exposed IONPs exhibited POD-like activity at pH 5.0 to
generate -OH, inducing degradation and discoloration of RhB [36],
while exhibiting CAT-like activity at pH 7.4 to generate oxygen. POD-
like enzyme activity was successfully inhibited by burying IONPs in
the core of MMON and sealing with PFCE. As shown in Fig. 2E, 83.5 % of
RhB was degraded by exposed IONPs in the presence of H,O5 at pH 5.0,
and it was 62.8 % by MMON@PL. However, only 5.1 % of RhB was
degraded by FMMON@PL in the same conditions. These results also
suggested that the sealing of PFCE played a major role in inhibiting the
activity of POD-like enzyme activity. As shown in Fig. 2F, degassed
FMMON@PL did not catalyze the production of oxygen in the presence
of HyO at pH 7.4. However, obvious oxygen generation was detected
after FMMON@PL were pretreated with GSH. Oxygen generation effi-
ciency of degraded FMMON@PL was revealed by HoO, consumption. As
shown in Fig. S5, 37.5 % of Hy0O, was consumed by degraded
FMMON@PL within 3 h. However, in the same condition, FMMSN@PL
with pretreated with GSH barely catalyzed the production of oxygen.
Overall, the dual enzyme-like activities of FMMON@PL were no longer
entirely dependent on pH of the environment, but rather on their
structural integrity.

3.3. Cellular uptake and lysosomal escape

Platelet-membrane coated nanoparticles are capable of specifically
binding impaired vascular endothelial cells and macrophage-derived
foam cells. In this study, cellular uptake of FMMON@PL was evalu-
ated against TNF-a-activated HUVECs and LPS/ox-LDL-activated
RAW264.7 cells. As shown in Fig. 3A, compared with FMMON@ML
(containing no platelet membranes), FMMON@PL can obviously bind to
and be internalized into activated HUVECs and activated RAW264.7
cells. In addition, FMMON@PL were barely internalized into non-
activated HUVECs and RAW264.7 cells, which facilitated specific tar-
geting. These results were supported by quantitative results of flow
cytometry. Specifically, mean fluorescence intensity (MFI) of
FMMON@PL in activated HUVECs was 4.5 times higher than that of
FMMON@ML (Fig. 3B and S6). And that was 7.3 times higher than that
of FMMON@ML in activated RAW264.7 cells (Fig. 3C and S7). There
results demonstrated more efficient targeting of FMMON@PL to
damaged endothelial cells and foam cells compared to FMMON@ML.

Endothelial damage is the initial stage of plaque formation and is
prevalent in plaque progression. However, as the plaque progresses,
foam cells gradually form and dominate plaque vulnerability. Interest-
ingly, it appeared that activated RAW264.7 cells took up more
FMMON@PL compared to activated HUVECs. Under the same condi-
tions, activated RAW264.7 cells internalized 3.1 times more
FMMON@PL than activated HUVECs detected by flow cytometry and
5.5 times measured by a microplate reader (Fig. S8). These results
suggested that FMMON@PL exhibited higher affinity for foam cells.

After being internalized into cells, the ability to lysosomal escape
determined the enzyme-like effect of FMMON@PL and cell fate. As
shown in Fig. 3D, FMMON@P (containing no Lipid 5) co-localized with
lysosomes (yellow area), while FMMON@PL showed significant lyso-
somal escape (green area) after incubation with cells for 2 h or 4 h.
Pearson correlation coefficients (r) were calculated and used to measure
the ratio of co-localization of FMMON@PL with lysosomes. r > 0.5 in-
dicates co-localization, while r < 0.5 indicates no co-localization. Spe-
cifically, r of FMMON@P was 0.567 and 0.641, respectively, while r of
FMMON@PL was 0.341 and 0.425, respectively, after incubated for 2 h
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and 4 h.

3.4. Reducing ROS

After lysosomal escape, FMMON@PL can reduce ROS levels by
consuming Hy05. As shown in Fig. 3E, levels of ROS and HyO, were
revealing by ROS and H,0; probes, respectively. FMMON@P hardly
lowered ROS levels, but did reduce HyO5. It was explained by that
FMMON@P were trapped in lysosomes and exhibited POD-like activity
after degradation. FMMSN@PL had little effect on the levels of ROS and
Hy02 due to the fact that FMMSN@PL cannot be degraded by GSH.
FMMON@PL can significantly reduce ROS levels by consuming H2Os.
Specifically, ROS were reduced by more than 75 % (Fig. 3F and S9)
compared to the other groups, accompanied by consuming 82.7 % of
H0; (Fig. 3G and S10). In contrast, FMMON@P consumed 67.4 % of
H30,, but ROS were instead elevated by 6.0 %, which led to severe
cytotoxicity of FMMON@P. Cell viability of FMMON@P was 43 %
against HyOq-pretreated RAW264.7 (Fig. S11) and 60 % against LPS/ox-
LDL-activated RAW264.7 (Fig. S12), while that of FMMON@PL was 96
% and 99 %, respectively. The massive death of foam cells may promote
the formation of necrotic cores in plaques and favor plaque vulnera-
bility. Therefore, timely lysosomal escape is beneficial not only for
reducing ROS but also for avoiding cell death.

3.5. Alleviating hypoxia and reducing HIF-1a expression

To clarify the role of PFCE and IONPs, MON@PL (containing no
FPCE and IONPs) were first tested. Changes in intracellular oxygen were
monitored using a hypoxia probe ([Ru(ddp)s]Cly) whose fluorescence
signals can be dynamically quenched by molecular oxygen. As shown in
Fig. S13A and S13B, the fluorescence signals (red) of Ru(ddp)sCly in
RAW264.7 under hypoxic conditions were extremely elevated compared
with that under normoxic conditions. MON@PL hardly quenched the
fluorescence signals, suggesting no capability to ameliorate hypoxia.
This is because MON@PL can neither carry oxygen nor produce oxygen.
Therefore, as shown in Fig. S13C, S13D and S13E, MON@PL also failed
to reduce HIF-1a expression.

As shown in Fig. 4A, MMON@PL (containing no PFCE) and
FMON@PL (containing no IONPs) added can significantly quench the
fluorescence signals, indicating the effectiveness of oxygen carrying and
oxygen production. Notably, FMMON@PL exhibited the most quench-
ing of [Ru(ddp)s]Cl; fluorescence, indicating the most oxygen delivery
by combination of oxygen carrying and generation. The addition of
MMON@PL and FMON@PL quenched 35.8 % and 46.7 % of the fluo-
rescence, respectively, while FMMON@PL quenched 73.3 % compared
to hypoxia (Fig. 4B).

In normoxia, HIF-la is rapidly degraded by the ubiquitin-
proteasome, whereas degradation of HIF-la subunit is inhibited in
hypoxia. The undegraded HIF-1a and HIF-1p form active HIF-1, which is
transported to the nucleus to regulate the transcription of a variety of
genes. As shown in Fig. 4C, HIF-1a was overexpressed and dominantly
translocated into the cell nuclei in hypoxia compared with that in nor-
moxia. MMON@PL, FMON@PL and FMMON@PL can inhibit expression
and of HIF-1a. At protein level, the inhibitory effect of FMMON@PL on
HIF-la was comparable to FMON@PL and higher than that of
MMON@PL. Expression of HIF-la was reduced by 51.2 % by
MMON@PL, 62.1 % by FMON@PL and 63.4 % by FMMON@PL as
shown in Fig. 4D. Interestingly, at mRNA level, the inhibitory effect of
FMMON@PL on HIF-1a was higher than that of both MMON@PL and
FMON@PL. Expression of HIF-la mRNA was reduced by 58.5 % by
MMON@PL, 56.8 % by FMON@PL and 71.9 % by FMMON@PL
(Fig. 4E). However, FMMON@PL inhibited nuclear translocation of HIF-
la significantly better than MMON@PL and FMON@PL as shown in the
magnified view of Fig. 4C.
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Fig. 4. (A) Confocal images and (B) quantitative analysis of RAW264.7 in hypoxia after treatment with MMON@PL, FMON@PL and FMMON@PL. (C) CLSM
observation of HIF-1a expression and its nuclear translocation in RAW264.7. (D) Western blot of HIF-1a expression in RAW264.7 in hypoxia after various treatments.
(E) mRNA levels of HIF-1a in RAW264.7 in hypoxia after various treatments. *P < 0.05, **P < 0.01 and ****P < 0.0001. n.s., not significant.

3.6. Inhibition of foam cell formation

Studies have shown that inhibition of HIF-1a downregulates genes
associated with fat storage, fatty acid elongation, and cholesterol
metabolism, suggesting that oxygen delivery has the potential to reduce
lipid burden and inhibit foam cell formation [14]. As shown in Fig. 5A,
hypoxia induced accumulation of lipid droplets in macrophages, which
is consistent with the previous report [37]. MMON@PL, FMON@PL and
FMMON@PL significantly inhibited the accumulation of lipid droplets
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in macrophages, and FMMON@PL exhibited the best inhibition effect.
Specifically, cellular uptake of ox-LDL was inhibited by 38.7 % and 46.0
% by MMON@PL and FMON@PL respectively compared to control,
while it was 77.4 % by FMMON@PL revealed by ORO staining. Results
in Fig. 5B also suggested the best inhibition of ox-LDL uptake by
FMMON@PL. Ox-LDL uptake was inhibited by 55.6 % and 61.2 % by
MMON@PL and FMMON@PL respectively, while it was 89.4 % by
FMMONG@PL revealed by the results of flow cytometry (Fig. 5C and
S14).
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Fig. 5. (A) Representative images and quantification of Oil Red O (ORO) staining of RAW264.7 treated with MMON@PL, FMON@PL and FMMON@PL. (B) Cellular
uptake and (C) quantitative analysis of Dil-ox-LDL in RAW264.7 treated with MMON@PL, FMON@PL and FMMON@PL. (D) Cholesterol efflux rate in RAW264.7
treated with MMON@PL, FMON@PL and FMMON@PL. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. n.s., not significant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

To clarify the role of FMMON@PL, cholesterol efflux was performed
and the results were shown in Fig. 5D. MMON@PL, FMON@PL and
FMMON@PL showed improved cholesterol efflux. In specific, choles-
terol efflux was increased by 27.7 %, 21.6 % and 33.2 % by MMON@PL,
FMON@PL and FMMON@PL respectively compared to control group.
These results suggested that oxygen delivery based on FMMON@PL can
inhibit ox-LDL uptake and promote cholesterol efflux, thus suppressing
foam cell formation.

3.7. Inhibition of M1-type macrophages

Within plaques, macrophages are polarized into the M1 phenotype
and M2 phenotype. M1-type macrophages promote foam cell formation
and inflammatory progression, ultimately leading to atherosclerotic
lesion and plaque instability. In contrast, M2-type macrophages promote
tissue remodeling, repair, and removal of dead cells and debris, which
facilitates regression of atherosclerotic plaques [38]. However, hypoxia
promotes macrophage polarization to a pro-inflammatory M1 pheno-
type, promoting foam cell formation and the inflammatory microenvi-
ronment. Interestingly, oxygen delivery based on FMMON@PL
significantly inhibited macrophage polarization to a pro-inflammatory
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M1 phenotype. As shown in Fig. 6A and B, hypoxia successfully
induced polarization of macrophages to M1 phenotype, as evidenced by
elevated expression of CD86 (M1 phenotype marker). MMON@PL,
FMON@PL and FMMON@PL all significantly reduced CD86 expression.
Among them, FMMON@PL showed the best inhibition of CD86 (M2
phenotype marker) expression. Specifically, CD86 expression was
reduced by 68.8 %, 54.9 % and 78.6 %, respectively, by MMON@PL,
FMON@PL and FMMON@PL (Fig. 6C). It should be noted that
MMON@PL, FMON@PL and FMMON@PL did not increase CD206
expression, suggesting that oxygen did not modulate M1-to-M2
polarization.

Decreased M1-type macrophages reduced the expression of inflam-
matory factors. As shown in Fig. 6D, TNF-a expression was reduced by
52.4 %, 54.6 % and 73.2 % by MMON@PL, FMON@PL and
FMMON@PL respectively. Similarly, IL-6 expression was also reduced
by 36.0 % and 78.9 % by FMON@PL and FMMON@PL respectively.
However, IL-6 expression was increased by 29.5 % by MMON@PL
(Fig. 6E). This may be caused by POD-like enzyme activity of unshielded
IONPs. These results suggested that FMMON@PL altered the inflam-
matory microenvironment of plaques, exhibiting great potential for
improving plaque stability.
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Fig. 6. (A) Immunofluorescence images of double staining for CD68 and CD206 to label M1 or M2 phenotype macrophages. (B) Flow cytometry analysis of the
macrophage phenotypes after different treatment. (C) Mean fluorescent intensity of CD86 after different treatment. Expression of (D) TNF-a and (E) IL-6 after

different treatment. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001

FMMON@PL-based oxygen therapy for atherosclerosis involves
combating oxidative stress, inhibiting foam cell formation and inhibit-
ing the formation of M1-type macrophages thereby reducing the in-
flammatory response. One of the key regulators is HIF-la. Plaque
growth directly contributes to the difficulty of diffusing oxygen deep
into the artery walls. Oxygen consumption is also exacerbated by the
high metabolic demands of macrophages and foam cells within the
plaque. Both promote high expression of HIF-1a within the plaque. First,
HIF-1a regulates the expression of various genes that affect oxidative
stress and redox homeostasis. In atherosclerotic lesions, increased
oxidative stress damages endothelial cells and promotes oxidation of
lipids (LDL), which in turn triggers further inflammatory responses.
Secondly, HIF-1a further promotes monocyte and macrophage infiltra-
tion by upregulating the expression of pro-inflammatory cytokines
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(TNF-q, etc.). Finally, HIF-1a also promotes lipid accumulation in arte-
rial endothelial cells and macrophages by regulating the expression of
genes related to lipid metabolism, further promoting foam cell forma-
tion. To summarize, HIF-1a drives the progression of atherosclerosis at
different levels and increases the risk of cardiovascular events.

3.8. Plaque-targeting in vivo

Atherosclerotic plaques were constructed in the aorta of ApoE ™/~
mice by feeding a high-fat diet. To verify the plaque-targeting behavior,
FITC-labeled FMMON@ML and FMMON@PL were administrated
intravenously. After 24 h, mice were sacrificed and aortas were collected
and visualized by fluorescence imaging. As shown in Fig. 7A, large areas
of FITC fluorescence were observed in aorta treated with FMMON@ML
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Fig. 7. (A) Representative ex vivo images and fluorescent intensity of aortas with plaques from ApoE”~ mice treated with FITC-labeled FMMON@ML and
FMMON@PL. (B) Deposition of FITC-labeled FMMON@ML and FMMON@PL in aortic plaques. Nucleus was stained with DAPI (blue), and macrophages were labeled
via CD68 staining (red). *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and FMMON@PL, and the aortic arch, which is most prone to plaque
formation, showed the strongest FITC fluorescence. More importantly,
aorta treated with FMMON@PL exhibited stronger fluorescence than
FMMON@ML, suggesting enhanced targeting of FMMON@PL to pla-
ques. Specifically, the fluorescence intensity of the FMMON@PL group
was 2.06 times higher than that of FMMON@ML. In addition, carotid
arteries also showed significant FITC fluorescence, indicating plaque
formation. To-MRI in carotid arteries also demonstrated plaque-
targeting and accumulation of FMMON@PL (Fig. S15). In order to
examine the distribution of FMMON@PL within the plaque, colocali-
zation of macrophages (CD68) and FMMON@PL were performed as
shown in Fig. 7B. As a comparison, FMMON@ML accumulated in the
plaque barely co-localized with macrophages. However, obvious
colocalization of FMMON@PL with macrophages can be clearly
observed. These results suggested specific targeting of FMMON@PL to
macrophages in atherosclerotic plaques.

3.9. Therapeutic effects and biosafety

To explore the anti-atherosclerosis effect of FMMON@PL, athero-
sclerotic AopE~/~ mice were randomly grouped into four groups fol-
lowed by the treatment of saline (control), MMON@PL, FMON@PL and
FMMON@PL via tail veins once a week for 4 weeks (Fig. 8A).
Throughout the treatment, MMON@PL, FMON@PL and FMMON@PL
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did not cause significant changes in the body weight of the mice
(Fig. S16). MMON@PL, FMON@PL and FMMON@PL significantly
reduced the lesion area, while FMMON@PL showed the best therapeutic
effect. In specific, lesion area was reduced by 41.4 %, 48.8 % and 62.3 %
by MMON@PL, FMON@PL and FMMON@PL respectively (Fig. S17).
After therapy, plaque size was remarkably reduced as evidence by H&E
(Fig. 8B) and Masson staining (Fig. S18). In addition, the expression of
HIF-1a with plaques was consistently reduced (Fig. 8B). With the
decreased expression of HIF-1a, oxidative stress within the plaque was
also alleviated. The fluorescence of 4-HNE (an oxidative stress
biomarker) was visualized by CLSM. As expected, the fluorescence of 4-
HNE was dramatically weakened. These results suggested that that ox-
ygen carrying and oxygen generation can effectively inhibit HIF-1a
expression and oxidative stress, and the combination of the two strate-
gies showed better inhibition effect.

After treatment, the level of inflammatory factors (TNF-a, IL-6)
decreased. TNF-ua expression was reduced by 50.0 %, 53.8 % and 65.9
% by MMON@PL, FMON@PL and FMMON@PL respectively. Similarly,
IL-6 expression was also reduced by 27.1 % and 56.1 % by FMON@PL
and FMMON@PL (Fig. S19), while it was increased by 57.8 % by
MMON@PL, which was similar to the results in Fig. 6. The decrease of
inflammatory factors was mainly due to the inhibition of formation of
M1 macrophages. As shown in Fig. 8C, expression of CD86 (green) with
plaques was significantly reduced after treated with MMON@PL,
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Fig. 8. Timeline diagram of the animal experiment. (B) Histopathological staining of plaques from mice treated with MMON@PL, FMON@PL and FMMON@PL. (C)
Immunofluorescence images of double staining for CD86 and CD206 to label M1- or M2-type macrophages.
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FMON@PL and FMMON@PL. Among them, FMMON@PL exhibited
better inhibition of MIl-type macrophages than MMON@PL and
FMMON@PL. However, M2-type macrophages were barely observed in
plaques in all groups. These results again suggested that oxygen supply
significantly alleviated the plaque inflammatory microenvironment by
suppressing the M1 phenotype rather than promoting the M2
phenotype.

Finally, biosafety is another aspect that needs to be examined. As
shown in Fig. S20, it showed that the hemolysis rate was only 6.4 % even
at a concentration of 0.2 mg/mlL, indicating decent hemocompatibility
of FMMON@PL. Given the presence of platelet membranes, coagulation
tests were conducted. As shown in Fig. S21, FMMON@PL did not cause
coagulation. Another concern is whether the presence of IONPs promote
ferroptosis. GSH content and the typical ferroptosis indicators, gluta-
thione peroxidase 4 (GPX4) and SLC7A11/xCT were evaluated. As
shown in Fig. S22, GSH content decreased by 55.3 % and 45.8 %
respectively by after IONPs and FMMON@P treatment. And the
expression of GPX4 and xCT decreased by 62.3 % and 61.8 % respec-
tively after IONPs and FMMON@P treatment. However, FMMON@PL
hardly reduced GSH content and the expression of GPX4 and xCT. These
results indicated that IONPs and FMMON@P promoted the ferroptosis.
However, FMMON@PL barely affected ferroptosis, probably resulted
from timely lysosomal escape of FMMON@PL.

After tail vein injection, the number of FMMON@PL in blood cir-
culation decreased over time. As shown in Fig. S23, it decreased by 30.8
%, 59.7 % and 73.6 % after 12 h, 24 h and 48 h post injection, respec-
tively. In addition, FMMON@PL accumulated mainly in livers and kid-
neys (Fig. S24), suggesting possible metabolism through liver and
kidney. Slightly elevated FMMON@PL were also observed in liver and
kidney by Prussian blue staining (Fig. S25), which is consistent with the
results in Fig. S18. However, no tissue damage to organs can be observed
by HE staining, especially in liver and kidney (Fig. S26). These results
demonstrated the good biosafety of FMMON@PL.

4. Conclusion

In conclusion, FMMON@PL successfully achieved oxygen delivery
within atherosclerotic plaques. FMMON@PL directly ameliorated pla-
que hypoxia, leading to reduced ROS levels and inhibiting HIF-1a
accumulation and nuclear translocation. FMMON@PL also enhanced
cholesterol efflux and inhibited uptake of ox-LDL, leading to reduced
foam cell formation. Not only that, FMMON@PL also inhibited macro-
phage differentiation to proinflammatory M1l-type macrophages,
improving the proinflammatory environment within the plaque.
FMMON@PL successfully achieved oxygen delivery within plaques and
inhibited plaque progression, demonstrating the feasibility of alleviating
hypoxia for the treatment of atherosclerosis.
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