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Plaque-Targeted Delivery of Fluoride-Free MXene Nanozyme
for Alleviating Atherosclerosis via Sonocatalytic Therapy

Qiangian Bai, Xinyue Lao, Sin-Yi Pang, Yifei Zhao, Yuan Liu, Xiao Yu Tian,

and Jianhua Hao*

Atherosclerosis is an oxidative stress-induced chronic inflammatory condition
underpinning the progression of cardiovascular diseases (CVDs), ultimately
resulting in leading mortality rate globally. Ultrasound (US)-triggered

catalysis offers localized treatment for deep-seated plaques effectively and
safely, with demand for targeted delivery and anti-inflammatory properties

of sonosensitizers. 2D MXene-based nanomedicine is garnering attention
because of their intriguing catalytic properties of scavenging excessive reactive
oxygen species (ROS), yet MXene-assisted sonocatalytic therapy (SCT)

for treating CVDs remains scarce. Here, this study reports a dual enzyme-
mimicking and US-responsive MXene termed Nb,C-Pt@HA-PEG for alleviating
atherosclerosis. US irradiation enhances the capability of Nb,C-Pt@HA-PEG
nanozymes in eliminating broad-spectrum ROS and resolving vascular
inflammation. Besides, actively targeting lesional macrophages improves their
systemic delivery to plaque and further boosts anti-atherosclerotic efficacy,
contributing to ~#30% plaque size reduction and a more stabilized plaque
phenotype. Notably, etching without hydrofluoric acid renders this nanozyme
highly biocompatible. In long-term biosafety studies, Nb,C-Pt@HA-PEG

is pronouncedly cleared from major organs and no severe changes of liver
and kidney functions are observed. Consequently, this work demonstrates
that Nb,C-Pt@HA-PEG-mediated SCT effectively ameliorates advanced
atherosclerosis without inducing severe cytotoxicity, offering promising
translational potential of MXene-based nanomedicine. Besides, it broadens
application prospects of MXenes to the biomedical field of treating CVDs.

rate globally!l Reactive oxygen species
(ROS) plays a fundamental role in regu-
lating vascular redox homeostasis whereas
excessive ROS induced by cardiovascular
risk factors (e.g., hypertension, hyperlipi-
demia and diabetes) increases oxidative
stress from various sources including
nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOX) and
mitochondrial electron transport chain.[?!
Oxidative stress is a critical contributor
to early stage of endothelial dysfunc-
tion, which scavenges nitric oxide (NO)
therefore reduces NO Dbioavailability.’!
Furthermore, sustained ROS overpro-
duction induces oxidative modifications
of low density lipoproteins (LDL) to be-
come oxidized LDL (oxLDL), which further
impairs endothelial function, triggers in-
flammation and macrophage polarization
and initiates atherogenesis.[*l Increased
oxLDL also facilitates the accumulation
of lipid-laden macrophages (foam cells),
which can generate more ROS when
forming atherosclerotic plaque.’! Thus,
high levels of ROS in the vascular mi-
croenvironment is a characteristic feature
of advanced atherosclerotic plaque.[!

Based on the critical contribution of ROS
during atherogenesis and especially ROS-
induced intraplaque inflammation, recent

1. Introduction

Atherosclerosis is a chronic inflammatory condition underpin-
ning the progression of CVDs, resulting in the leading mortality

studies attempted to target ROS as a potential intervention.
Nanozymes are catalytic nanomaterials exhibiting intrinsic an-
tioxidative properties and mimic natural enzymes to eliminate
ROS."I To date, several nanomaterials have been employed
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as nanozymes for anti-atherosclerosis efficacy, including black
phosphorus nanosheets, hydrogen-intercalated palladium, Prus-
sian Blue and ceria.[®! Furthermore, US has been proved to im-
prove catalytic properties of nanozyme for scavenging ROS.[°!
Sonocatalytic therapy (SCT) leverages US-responsive catalysts
to regulate ROS by initiating various redox catalytic reactions
for treating deep-seated diseases.['”] Therefore, SCT is another
prospective treatment for alleviating atherosclerosis as local tis-
suie penetration of US is up to ~10 cm.!1%!

Although SCT owns the merits of high penetration depth and
tunable treatment area, providing a suitable sonosensitizer for
achieving therapeutic effects safely and efficiently remains chal-
lenging. MXenes, a family of 2D atomically thin nanosheets, are
emerging inorganic nanoplatforms for biomedical applications
attributing to their high planar surface area with abundant an-
choring sites for elaborately engineering.''l However, conven-
tional hydrofluoric acid (HF)-mediated MXene synthesis histori-
cally limited practical clinical translation due to residual fluoride
toxicity."?l Our recently developed fluoride-free routine has cir-
cumvented this biosafety bottleneck, unleashing their untapped
biomedical potential.l'3] Noble metal- decorated MXenes have
been demonstrated to act as nanozymes with amplified enzyme-
like antioxidative activities.['*! Additionally, introduction of no-
ble metal allows MXenes serving as sonosensitizers through
promoting the separation and suppressing the recombination
of electron-hole pairs.!**] Overall, noble metal-deposited MXene-
based nanozymes hold promising potential as sonosensitizer for
SCT.

In this work, we present a fluoride-free biocompatible
nanozyme termed as Nb,C-Pt@HA-PEG with US-augmented
catalytic therapy for treating advanced atherosclerosis, over-
coming aforementioned obstacles (Scheme 1). Herein, the no-
ble metal platinum nanoparticles (PtNPs)-deposited Nb,C MX-
ene serving as catalase (CAT)/superoxide dismutase (SOD)-
mimicking nanostructure exhibits exceptional broad-spectrum
ROS-scavenging properties under US irradiation. Attaching
hyaluronic acid (HA) endows this nanostructure with promoted
delivery to atherosclerotic plaque by targeting CD44 receptors
overexpressed on inflammatory macrophages and endothelial
cells (ECs). To maintain the stability and biocompatibility for fur-
ther preclinical studies, poly(ethylene glycol),o, (PEG) was em-
ployed to achieve PEGylation on the Nb,C nanosheets by elec-
trostatic adsorption. Specifically, the introduction of PtNPs to the
surface of Nb, C confers a profound structural distortion through
surficial interaction, and the resultant reduction in symmetry
leads to enhanced generation of electrons and holes under US
irradiation. Density functional theory (DFT) calculations demon-
strate a significant electron transfer between PtNPs and Nb,C,
which is beneficial to augment the enzyme-like activities. In addi-
tion, the PtNPs on the surface of Nb,C further facilitates electron
transfer, ultimately enhancing the separation of electrons and
holes. In vitro studies confirm that these rationally engineered
Nb,C-Pt@HA-PEG nanozymes with promoted accumulation in
the polarized macrophages scavenge diverse ROS and perform
intrinsic antioxidative properties to dampen inflammatory re-
sponses related to atherogenesis. Upon US irradiation, Nb,C-
Pt@HA-PEG-mediated SCT exhibits notably superior antioxida-
tive and anti-inflammatory effects with augmented ROS elimi-
nation and inflammatory resolution. In vivo studies demonstrate
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that Nb, C-Pt@HA-PEG nanozymes selectively target atheroscle-
rotic plaques upon an intravenous (i.v.) injection, with a ~3-
fold higher accumulation than that of Nb,C-Pt@PEG coun-
terparts. Nb,C-Pt@HA-PEG-mediated SCT exerts an outstand-
ing anti-atherosclerosis efficacy by regulating intraplaque redox
homeostasis and inhibiting macrophage infiltration, contribut-
ing to ~30% lesional shrinkage, a thicker fibrous cap, and ~50%
smaller necrotic core area. RNA-sequencing analysis further elu-
cidates that the underlying molecular mechanisms driving these
therapeutic effects are resolving inflammatory responses, pro-
moting efferocytosis, inhibiting lipid uptake and maintaining
redox homeostasis within the vascular microenvironment. Re-
peated i.v. administrations of this fluoride-free nanoplatform do
not induce severe cytotoxicity, as evidenced by pronounced clear-
ance from liver 4 weeks after full treatment and no significant
change in the hepatic and renal functions and morphology of ma-
jor internal organs.

2. Results and Discussion

2.1. Synthesis and Characterization of Nb,C MXenes

The 2D fluoride-free Nb,C MXenes were synthesized through
an innovative electrochemical method based on our previous
research.[%¥ The schematic diagram of the crystallization of Pt-
NPs on Nb,C MXenes and following modification with HA and
PEGylation are illustrated in Figure 1A. In a typical synthesis pro-
cess, the few-layer pristine Nb,C MXenes suspension was soni-
cated for 1 h to obtain MXenes, which were subsequently reacted
with H,PtCl; and sodium citrate aqueous solution to fabricate
Nb,C-Pt. The Nb,C-Pt MXenes were functionalized with amine
group before conjugated with HA (Nb,C-Pt@HA) and finally
encapsulated with DSPE-PEG (Nb,C-Pt@HA-PEG). The scan-
ning electron microscopy (SEM) image reveals the pristine Nb,C
MZXene exhibiting few-layered nanosheet structure (Figure 1B).
The element mapping confirmed that Nb and Pt are evenly dis-
tributed throughout Nb,C-Pt nanosheets (Figure S1A, Support-
ing Information). The morphology of Nb,C and Nb,C-Pt was
further examined with transmission electron microscopy (TEM).
The TEM images show the prepared pristine Nb,C with an aver-
age thickness of ~0.63 nm (Figure 1C; Figure S1B, Supporting
Information) and Nb,C-Pt possesses consistent nanosheet mor-
phology with pristine Nb,C, with PtNP (x5 nm) distributed on
the surface (Figure 1D).

To further investigate the chemical composition of the ob-
tained Nb,C-Pt MXenes, X-ray diffraction (XRD) and X-ray pho-
toelectron spectroscopy (XPS) were performed (Figure 1E-G).
XRD analysis indicates the elimination of characteristic peaks
of Nb,AIC in both Nb,C and Nb,C-Pt samples while Nb,C-
Pt nanosheets display distinctive peaks for PtNP from pristine
Nb,C, closely aligning with the standard peaks for Pt (111) and
(200) (Figure 1E).') In addition, while the pristine Nb,C crys-
tal structure guides the Pt deposition process, the character-
istic peaks of Nb,C (100) and (103) remain unchanged after
Pt decoration, indicating preservation of the substrate’s struc-
tural integrity. Only additional peaks corresponding to metal-
lic Pt are observed, confirming successful deposition without
compromising the underlying MXene structure. The survey XPS
spectrum further confirms the growth of PtNP on the NbD,C
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Scheme 1. Schematic illustration of the synthesis strategy and anti-atherosclerotic mechanism of Nb,C-Pt@HA-PEG-mediated SCT. This work
started with an evaluation of the ROS-scavenging capability of Nb,C-Pt@HA-PEG nanozymes. The targeted delivery of Nb,C-Pt@HA-PEG and
enzyme-mimicking, ROS-eliminating and anti-inflammatory capability of Nb,C-Pt@HA-PEG-mediated SCT were then investigated using RAW 264.7
macrophages in vitro. The pharmacokinetics and biodistribution (especially within atherosclerotic lesion) of Nb,C-Pt@HA-PEG were assessed in a

plaque-bearing ApoE~/~ mouse model. Notably, we then evaluated the anti

-atherosclerotic efficacy, plaque destabilization and rupture inhibition effect,

and the therapeutic mechanism of Nb,C-Pt@HA-PEG-mediated SCT in vivo. Additionally, RNA-sequencing was employed to elucidate the molecular
mechanisms involved in macrophages treated with Nb, C-Pt@HA-PEG-mediated SCT. Finally, the long-term safety profile of Nb, C-Pt@ HA-PEG-mediated

SCT was evaluated in vivo.

substrate (Figure 1F). Figure 1G presents the Pt 4d;, XPS pro-
file for Nb,AIC, Nb,C, and Nb,C-Pt, featuring a prominent dou-
blet at 315.8 eV and 332.8 eV, corresponding to the Pt (II) and
Pt (IV) chemical states indicative of species such as PtH,O,. Be-
sides, the XPS spectrum reveals deconvoluted peaks, resulting
in a broad peak at 335.4 eV, the characteristic of Pt° state.l'”] Af-
ter confirming the successful crystallization of PtNP on the pris-
tine Nb,C substrate, complementary XPS was performed to ex-
plore the synergistic interaction between Pt and Nb,C. The Pt
4f peaks (Figure S1C, Supporting Information, 4f;, at 72.36 eV
and 4f; , at 75.25 eV) show a notable positive shift (~1.1-1.2 eV)
compared to typical metallic Pt° values, indicating strong metal-
support interaction (SMSI) with Nb,C, while maintaining the
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characteristic splitting of ~2.9 eV. Additionally, the presence of Pt
4d peaks (332.77, 335.42, 319.06, and 315.8 eV) further confirms
the electronic state of Pt and its interaction with the substrate
(Figure 1G). Taken together, these combined results indicate both
electronic interaction through charge transfer and structural in-
tegration between Pt and Nb,C, suggesting clear SMSI effects.
Next, the synthesis of Nb,C-Pt@HA was obtained via
EDC/NHS chemistry between amine-modified Nb,C-Pt (Nb,C-
Pt-NH,) and HA. The dynamic light scattering (DLS) was em-
ployed to verify the zeta potentials ({-potentials) after surface
modification of Nb,C. The ¢-potential of Nb,C-Pt appeared to
shift from -34.7 mV to +20.3 mV (Nb,C-Pt-NH,) and —27.8 mV
(Nb,C-Pt@HA), respectively, suggesting successful modification
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Figure 1. Characterization of Nb,C MXenes. A) Schematic diagram of synthesis procedure of Nb,C-Pt@HA-PEG. B) Representative SEM images of
multilayer pristine Nb,C. Representative TEM images of single-layer C) pristine Nb,C and D) Nb,C-Pt. E) XRD patterns of Nb,AIC, Nb,C and Nb,C-Pt
nanosheets. The curves were normalized for comparison. F) XPS survey and G) high-resolution XPS of Pt 4d region in Nb,AIC, Nb,C and Nb,C-Pt

nanosheets.

of amine-group and HA (Figure S1D, Supporting Information).
To improve the biocompatibility of Nb,C-Pt@HA for further bi-
ological applications, we decorated Nb,C MXenes with PEG, a
NP stabilizing agent in cardiovascular nanomedicine delivery
applications.[*! Nb,C-Pt@HA-PEG was synthesized by sonica-
tion with Nb,C-Pt@HA and DSPE-PEG,,, solution. As shown
in Figure S1D (Supporting Information), the {-potential of Nb,C-
Pt@HA-PEG is —28.3 mV.

2.2. The ROS-Scavenging Performance of Nb,C-Pt@HA-PEG
Nanozymes
Overproduction of ROS in the microenvironment of atheroscle-

rotic plaque persistently increases cellular oxidative stress and
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further induces chronic inflammation and vascular damage,
playing a pivotal role in the pathogenesis of atherosclerosis.!
Therefore, we started with examining whether Nb,C-Pt@HA-
PEG nanosheets can impair the ROS generation. First, the
general ROS-scavenging performance of Nb,C-Pt@HA-PEG
nanosheets was tested by using the typical 2,2'-Azino-bis-3-
ethylbenzthiazoline-6-sulfonic acid (ABTS) assay. The antiox-
idant capacity was presented by Trolox-equivalent antioxidant
capacity (TEAC), an analogue of vitamin E featuring similar an-
tioxidant properties to vitamin."”! The results showed that Nb, C-
Pt and Nb,C-Pt@HA-PEG nanosheets shared similarly stronger
TEAC than pristine Nb,C with or without US irradiation, indi-
cating that Pt-modification renders Nb,C-Pt and Nb,C-Pt@HA-
PEG nanosheets with more effective ROS clearance capability
(Figure 2A).[2°1 Furthermore, to assess specific enzyme-like

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. ROS-scavenging capacities of Nb, C-Pt@-HA-PEG. Comparison of antioxidative capacity among Nb,C, Nb,C-Pt and Nb, C-Pt@-HA-PEG under
USirradiation or non-US conditions by A) ABTS method and B,C) CAT assay (n = 3). All the data are presented as mean = SEM. Statistical significance was
calculated by one-way ANOVA with Tukey's test for post hoc analysis. ns: not significant (P > 0.05), *P<0.05, ***P<0.001, ****P<0.0001, ####P<0.0001.
ESR spectra of D) ¢O,~ and E) eOH trapped by DMPO with pristine Nb,C, Nb,C-Pt or Nb,C-Pt@-HA-PEG or their US-irradiated counterparts. 2D slice
and 3D ELF diagram of F) pristine Nb,C MXene, G) Nb,C adsorbed by 1 Pt atom and H) Nb,C adsorbed by a Pt cluster. The blue and red regions
correspond to electron delocalization and localization, respectively. 1) Schematic illustration of the Pt-adsorption-induced local symmetry breaking of
Nb,C, leading to the emergent US-responsive properties. J) Calculated d-band center of Nb,C and Nb,C-Pt. K) ELF featuring the interfaces between
Nb,C and adsorbed Pt. L) CDD diagram of interfaces within Nb,C-Pt, the yellow and cyan areas correspond to electron accumulation and depletion,
respectively.
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catalytic properties of Nb,C-Pt@HA-PEG nanosheets as
sonosensitizers, three representative ROS, including hydro-
gen peroxide (H,0,), superoxide anion (#0,”) and hydroxyl
radical (eéOH) were tested for comparing the ROS-scavenging
activities among pristine Nb,C, Nb,C-Pt and Nb,C-Pt@HA-PEG
nanosheets, respectively. Initially, we investigated the CAT-like
property of Nb,C MXenes. CAT, an enzyme in the vascular
wall, catalyzes the decomposition of H,0,, acting as antioxidant
defense system to reduce intraplaque ROS burden.!??] Nearly
50.2% and 54.8% of H,0, were scavenged by Nb,C-Pt and
Nb,C-Pt@HA-PEG MZXenes, respectively, which had ~30%
improvement compared to their pristine NDb,C counterparts
(Figure 2B). Additionally, both Nb,C-Pt+US group (77.5%)
and Nb,C-Pt@HA-PEG+US (80.2%) group revealed a ~25%
increase in H,0, inhibition rate than Nb,C-Pt group (50.2%)
and Nb,C-Pt@HA-PEG (54.8%), accompanied by no significant
difference was found between pristine Nb,C group and pristine
Nb,C+US group. Therefore, these data not only suggested
that Pt-deposited Nb,C MXenes performed higher CAT-like
enzymatic activities than pristine Nb,C, but also demonstrated
that the resultant boosted ROS-scavenging capabilities under
US treatment derived from their US-responsiveness (Figure 2C).
SOD is another key antioxidant enzyme in regulating redox
homeostasis by catalyzing the dismutation reaction of eO,™ rad-
icals into biologically less harmful H,0, and O,.[! Next, the
SOD-like activities of Nb,C MXenes were evaluated by electron
spin resonance (ESR) using 5,5-Dimethyl-1-Pyrroline-N-Oxide
(DMPO) as spin trapping agent. 0, radicals were initially
produced by catalysis of H,0, under light for mimicking the
intraplaque microenvironment with excessive ROS. The ESR in-
tensities of #O,~ from Nb,C-Pt and Nb,C-Pt@HA-PEG groups
were lower than Nb,C group with or without US irradiation,
indicating the similarly superior SOD-like catalytic properties of
both Pt-deposited nanosheets than pristine Nb,C in quenching
¢0,™ radicals (Figure 2D). Finally, we investigated the capability
of Nb,C MXenes to offset excessive eOH radicals, the most
potent oxidizing and biologically damaging species inducing
inflammation and tissue injury.[?!! ¢OH radicals were generated
by Fenton reaction between Fe** and H,0,. Nb,C-Pt and Nb,C-
Pt@HA-PEG diminished eOH radicals in the same manner as
evidenced by similarly partial reduction in the ESR intensities
of eOH (Figure 2E). However, pristine Nb,C group showed no
obvious change from control group, demonstrating the inherent
ROS-scavenging properties of Nb,C-Pt and Nb,C-Pt@HA-PEG
nanozymes. Furthermore, there was significant decline in ESR
intensities of eOH radicals after Nb,C-Pt-mediated or Nb,C-
Pt@HA-PEG-mediated sonocatalytic treatment compared with
sole nanozymes groups. Comparatively, no significant difference
was detected between pristine Nb,C group and Nb,C+US group
(Figure 2E). Collectively, these data suggested that both Nb,C-Pt
and Nb,C-Pt@HA-PEG nanosheets not only solely acted as
nanozymes in diminishing diverse free radicals formation,
but also featured superior CAT-like and SOD-like antioxidant
properties upon US irradiation.

Since both Nb,C-Pt and Nb,C-Pt@HA-PEG nanozymes pos-
sess Detter catalytic properties in eliminating ROS than pristine
Nb,C nanosheets under US treatment, the significantly en-

Adv. Mater. 2025, 2420189 2420189 (6 of 16)

www.advmat.de

hanced US-responsiveness can be explained by the emergence
of piezoelectric properties upon PtNP functionalization.!??]
Piezoelectricity originates from the absence of an inversion cen-
ter in the material’s structure, leading to off-centered negative
and positive charges upon external force application. For low-
dimensional materials such as MXenes, modifications through
strain engineering, surface functionalization, or adsorption of
single atoms/NPs can significantly alter their local structure,
giving rise to emergent piezoelectricity or even ferroelectricity.!?3!
To elucidate the physical origins of enhanced US-responsive
properties in PtNPs-functionalized Nb,C MXene, DFT simula-
tions were carried out. The pristine Nb,C MXene structure was
constructed based on the Nb, AlC structure with oxygen terminal
groups, which is consistent with our previous report.'**! The
electron localization function (ELF) analysis of pristine Nb,C
(Figure 2F) reveals perfectly symmetric electron configurations
on both surfaces, as evidenced in both 2D and 3D representa-
tions. Here, Pt was omitted after geometry relaxation to focus
on the symmetry variation of MXene imposed by Pt adsorption.
Upon single Pt atom adsorption, the local structure of the MXene
surface begins to deviate from its initial symmetric configura-
tion due to surface interactions, similar to the effect imposed by
terminal groups.!?23<] As shown in Figure 2G, the ELF diagrams
of MXene influenced by one Pt have already shown some notice-
able changes. When a Pt cluster is introduced, more pronounced
structural distortion is observed (Figure 2H). The impact of Pt
adsorption on Nb,C local structure can be quantified through
distortion indices of the local polyhedra. As shown in Figure 2I,
the NbC,0, octahedra undergoes significant distortion upon
Pt adsorption. In specific, the octahedral distortion index (A )
increase from 9.1 x 10~° to 0.019, while the bond angle variation
(6%) boosted from 0.414 to 33.7 deg?. These changes indicate a
transformation from nearly perfect octahedra to distorted ones,
resulting in a reduced effective coordination number (E. ) from
6.00 to 5.90.12*l In contrast, the NbC;0, polyhedra on the oppo-
site surface experience minimal structural changes, creating an
asymmetric distortion pattern across the whole MXene lattice.
This spatial variation in symmetry breaking can effectively
induce piezoelectric properties in the PtNP-functionalized
MXene structure, leading to enhanced response to US
treatments.

Furthermore, metal atom or NP modification is known to
enhance the catalytic activity of MXenes.**®] In our sys-
tem, Pt adsorption shifts the d-band center (Figure 2]) to a
higher energy level (—0.837 eV) compared to the pristine one
(=1.007 eV), indicating enhanced oxygen affinity during the
ROS-scavenging process.?®! The ELF (Figure 2K) and charge
density difference (CDD, Figure 2L) featuring the Pt-MXene
interface analyses demonstrate pronounced electron transfer
and strong electronic interactions between MXene and the ad-
sorbed Pt, suggesting an efficient charge transfer from MX-
ene to Pt This enhanced electronic interaction may facili-
tate scavenging ROS through more effective charge transfer.
While our simulations employed a simplified Pt-atom adsorp-
tion model to maintain computational efficiency, the effects of
PtNPs adsorption are expected to be more pronounced in actual
systems.
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2.3. In Vitro Antioxidative and Anti-Inflammatory Performance of
Nb,C-Pt@HA-PEG-Mediated SCT

We have demonstrated that the introduction of PtNP endowed
Nb,C-Pt and Nb2C-Pt@HA-PEG with superior catalytic proper-
ties than pristine Nb,C MXene and US-responsiveness. Next, we
investigated whether the modification of HA ligands improves
the targeted delivery of Nb, C-Pt@HA-PEG nanosheets to inflam-
matory macrophages for further amplifying their antioxidative
effects in vitro. Thus, we first evaluated the cytotoxicity of dif-
ferent Nb, C formulations at various concentrations in vitro. Cell-
counting kit-8 (CCK8) assay suggested that all Nb,C MXenes with
different modifications did not cause a significant decrease in the
RAW 264.7 macrophages viability even at a high concentration of
500 pg mL~! (Figure S2A, Supporting Information). We chose to
apply US to RAW 264.7 macrophages with 200 pg mL™! of var-
ious Nb,C formulations 4 h post-incubation in the following in
vitro experiments.

ROS generated by NOX of phagocytic leukocytes (e.g., mono-
cytes and macrophages) is a fundamental biological process in
regulating immune functions of innate cells under physiolog-
ical conditions.[””] Yet, in the context of CVDs, NOX in the
vascular endothelial cells is elevated by CVDs risk factors to
produce excessive intracellular ROS, thereby increasing vascu-
lar oxidative stress.[?¢] Consequently, overproduction of ROS by
macrophages and endothelial cells contributes to atherogenesis.
Considering the aforementioned CAT/SOD-mimicking proper-
ties of Nb,C-Pt nanozymes to clear diverse ROS under US treat-
ment, we then studied whether Nb,C-Pt-PEG or Nb,C-Pt@HA-
PEG nanozymes and their mediated SCT could attenuate the
ROS production in RAW264.7 macrophages. Cells were pre-
treated with lipopolysaccharide (LPS) before incubation with a
ROS probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-
DA). DCFH-DA was loaded into macrophages and converted
into non-fluorescent DCFH by deacetylation with intracellular es-
terase. Inflammatory RAW 264.7 macrophages were subjected to
various treatments and the intracellular ROS oxidized DCFH to
fluorescent 2',7’-dichlorofluorescein (DCF), serving as an indica-
tor of ROS. Strong fluorescence was detected from LPS-treated
RAW 264.7 macrophages by confocal laser scanning microscopy
(CLSM) compared with naive RAW 264.7 macrophages, suggest-
ing an intracellular microenvironment with high levels of ROS
(Figure S3, Supporting Information). Similarly strong green flu-
orescence was monitored in the US-treated macrophages while
~60% and ~80% of the fluorescent signals were quenched by
Nb,C-Pt-PEG and Nb,C-Pt@HA-PEG nanozymes, respectively,
suggesting both nanozymes exhibited distinguished antioxida-
tive performance (Figure 3A,B). In particular, CLSM images
from Nb,C-Pt@HA-PEG+US group showed the dimmest green
fluorescence and the mean fluorescent intensity (MFI) from
Nb,C-Pt@HA-PEG+US group was ~50% less than that from
Nb,C-Pt@HA-PEG group (Figure 3A,B). These results demon-
strated that Nb,C-Pt@HA-PEG-mediated SCT owned outstand-
ing antioxidative performance and US treatment boosted the cat-
alytic properties of Nb, C-Pt@HA-PEG nanozymes in scavenging
ROS. Furthermore, to quantitatively evaluate ROS-scavenging
capacity of various treatments at cellular level, supplementary
flow cytometric analysis of DCF-positive cells was conducted
(Figure 3C; Figure S4, Supporting Information). In line with
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previous CLSM observations, Nb,C-Pt@HA-PEG+US group
showed the least DCF-positive macrophages, reinforcing the
superior performance of Nb,C-Pt@HA-PEG-mediated SCT in
eliminating ROS than all other treatments (Figure 3D).
Nanomedicines for scavenging endogenous ROS represent ef-
fective strategies to resolve macrophage inflammation in ROS-
associated diseases by promoting the transition of classical in-
flammatory M1 phenotype into regenerative M2 phenotype.!?8]
Since we have demonstrated Nb,C-Pt@HA-PEG nanozyme as a
desirable therapeutic agent against endogenous oxidative stress
in macrophages under US irradiation, effects of scavenging
ROS on regulating macrophage polarization would further pro-
vide comprehensive evidence for elucidating the regulatory ef-
fect of Nb,C-Pt@HA-PEG-mediated SCT during the develop-
ment of atherosclerosis. To this end, the expression levels of
M1 markers (INF-a, IL-1p and IL-6) and M2 markers (Arg-
1 and TGF-p) were quantified by quantitative real-time poly-
merase chain reaction (QRT-PCR) measurements.??! To ob-
tain M1 macrophages, RAW 264.7 macrophages were stimu-
lated with LPS, resulting in substantial increase in the secre-
tion of TNF-q, IL-18 and IL-6, which are pro-inflammatory ef-
fector molecules responsible for chronic inflammation related
to atherosclerosis.*”) Arg-1, one of the most robust markers
for M2 phenotype macrophages, is an anti-inflammatory en-
zyme for arginine metabolism in macrophage to manipulate
immune responses in chronic atherosclerosis.!/ qRT-PCR re-
sults showed significant reduction in the expression of IL-18
and IL-6 from all treatment groups excluding pristine Nb,C
group, possibly attributing to the inherent antioxidative effect of
Nb,C-Pt-PEG and Nb,C-Pt@HA-PEG nanozymes. More impor-
tantly, Nb,C-Pt@PEG+US and Nb,C-Pt@HA-PEG+US groups
revealed a notably superior efficacy in attenuating the expression
of TNF-q, IL-1f and IL-6 than their counterparts without US
irradiation while no significant difference was detected among
all markers between Nb,C-PEG and Nb,C-PEG+US groups
(Figure 3E-G). Collectively, these findings suggested that integra-
tion with PtNP conferred the antioxidative and anti-inflammatory
properties to Nb,C MXenes under US treatment, rendering
PtNP-deposited Nb,C MXenes a potential sonosensitizer for SCT.
Of note, macrophages treated with Nb,C-Pt@HA-PEG+US not
only showed the most pronounced inhibition in the expression
of all three pro-inflammatory markers, but also showed the sig-
nificantly higher expression of Arg-1 compared with all other
groups (Figure 3E-H). No significant difference was detected in
the expression of TGF-f among all groups (Figure S5, Support-
ing Information). These data indicated that Nb,C-Pt@HA-PEG-
mediated SCT showed the most potent resolution of macrophage
inflammation and regulated macrophage polarization to M2 anti-
inflammatory phenotype in vitro, potentiating this therapy for
further attenuating the development of atherosclerosis in vivo.
Since vascular endothelium system plays pivotal role during
the development of atherosclerosis, we also evaluated biosafety
profile and regulatory effects of Nb,C-Pt@HA-PEG-mediated
SCT on vascular endothelial cells (ECs). Intracellular adhesion
molecule 1 (ICAM-1) present on ECs contributes to recruiting cir-
culating monocytes to leaky vascular endothelium, an early event
in the atherogenesis.[*’] As shown in Figure S2B (Supporting In-
formation), all formulations of Nb,C MXenes did not exert cy-
totoxicity in human umbilical vein endothelial cell (HUVECs).
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Figure 3. In vitro anti-atherosclerosis and in vivo plaque-targeting performance of Nb,C-Pt@HA-PEG nanosheets. A) Representative confocal fluo-
rescence images of intracellular ROS detected by DCFH-DA assay and B) corresponding MFI in LPS-induced RAW 264.7 macrophages after various
treatments (n = 3). C) Representative flow cytometry histograms of intracellular ROS stained by DCFH-DA and D) corresponding quantitative analysis.
Data are presented as means + SEM. Statistical significance was calculated by one-way ANOVA with Tukey’s test for post hoc analysis. ns: not significant

marker H) Arg-1 expression as an evaluation of the effect of scavenging ROS on the macrophage phenotypic transition after varied treatments in LPS-
induced RAW 264.7 macrophages (n = 3). Data are presented as means + SEM. Statistical significance was calculated by one-way ANOVA with Tukey’s
test for post hoc analysis. ns: not significant (P > 0.05), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. #P<0.05, ###P<0.001. ) In vitro uptake of
Nb,C-Pt-PEG and Nb,C-Pt@HA-PEG by RAW 264.7 macrophages by ICP-MS measurements (n = 4). J) ICP-MS measurements of the Nb content in the
aorta and heart harvested from plaque-bearing ApoE™/~ mice and healthy C57BL/6 mice 4 h post-injection of Nb,C-Pt-PEG or Nb,C-Pt@HA-PEG (n
= 3-6). Statistical significance was calculated by Student’s t test. All the data are presented as mean + SEM. ns: not significant (P > 0.05). **P<0.01,
#%P<0.001.
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Benefiting from the US-responsiveness of Nb,C-Pt@HA-PEG
nanozymes, ECs treated with Nb,C-Pt@HA-PEG-mediated SCT
showed a 28% lower expression of ICAM-1 than Nb,C-Pt@HA-
PEG-treated cells. Additionally, we observed ~30% inhibition
of pro-inflammatory ICAM-1 in Nb,C-Pt@HA-PEG+US-treated
cells compared with Nb,C-Pt-PEG+US-treated cells, suggest-
ing that the effective delivery of Nb,C-Pt@HA-PEG enhanced
the suppression of marker gene related to vascular inflamma-
tion in the context of atherosclerosis (Figure S6A, Supporting
Information).

Given that HA serves as targeting ligand for CD44 recep-
tors on activated macrophages or ECs, the outstanding anti-
inflammatory effect of Nb,C-Pt@HA-PEG-mediated SCT likely
stems from higher cellular uptake of Nb,C-Pt@HA nanozymes
by inflammatory macrophages.I*}! To verify the targeted deliv-
ery of HA-modified Nb,C MXenes to activated macrophages or
ECs, we compared cellular niobium (Nb) contents in the cells af-
ter incubation with the same concentration of Nb,C-Pt-PEG or
Nb,C-Pt@HA-PEG. Inductively coupled plasma mass spectrom-
etry (ICP-MS) measurements showed that the amount of Nb in
Nb,C-Pt@HA-PEG group was ~1.5-fold of that in Nb,C-Pt-PEG
group (Figure 3I). Although there was no significant difference
in the cellular uptake between two nanostructures by HUVECs,
the mean ND contents in the cells in Nb,C-Pt@HA-PEG group
showed a #25% increase than thatin Nb, C-Pt-PEG group (Figure
S6B, Supporting Information). These data not only demonstrated
that modification of nanosheets with HA promoted delivery to
inflammatory macrophages and ECs in vitro, but also encour-
aged us to further examine the ability of Nb,C-Pt@HA-PEG as a
plaque-targeting nanozyme for alleviating atherosclerotic plaque
in vivo.

2.4. In Vivo Plaque-Targeting and Anti-Atherosclerosis Efficacy of
Nb,C-Pt@HA-PEG-Mediated SCT

For in vivo studies, we first examined the blood pharmacokinet-
ics of Nb,C-Pt and Nb,C-Pt@HA-PEG following an i.v. injection
into the plaque-bearing ApoE~/~ mice, keeping the concentra-
tion of Nb injected at 10 mg Nb kg~! per mouse. ICP-MS mea-
surements of Nb contents were performed in the blood samples
extracted from different time points. The results showed that
Nb,C-Pt@HA-PEG displayed biexponential decay kinetics with
blood half-ife (t;,) of ~1.52 h while Nb,C-Pt showed a shorter
half-life of 1.21 h, demonstrating that PEGylation increased the
circulating time of Nb,C-Pt@HA-PEG (Figure S7, Supporting
Information).

To demonstrate the preferential delivery of Nb,C-Pt@HA-PEG
nanozymes to atherosclerotic plaques, we compared the organ-
level distribution between Nb,C-Pt@PEG and Nb,C-Pt@HA-
PEG. 4 h post-injection of both Nb,C MZXenes into plaque-
bearing ApoE~/~ mice, ICP-MS analysis of Nb contents in the
aorta and heart showed evidently ~threefold higher accumula-
tion of Nb,C-Pt@HA-PEG (0.13% ID, percentage of injected
dose) compared to their counterpart Nb,C-Pt@PEG (0.03% ID)
(Figure 3]). Meanwhile, we did not observe a similar pattern
of differential distribution in other major organs; both types of
Nb,C MXenes accumulated abundantly in the liver and spleen,
with limited accumulation in the kidneys (Figure S8, Support-
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ing Information). Moreover, we probed the distribution of both
Nb,C MXenes upon injection into non-atherosclerotic C57BL/6
mice and found similarly low ND contents in the aorta and heart
for both Nb,C-Pt@PEG and Nb,C-Pt@HA-PEG groups, which
were much less than those in plaque-bearing mice (Figure 3]).
Taken together, these results indicated that HA modification
selectively promoted delivery of Nb,C MXenes to atheroscle-
rotic plaques, endowing Nb, C-Pt@HA-PEG nanozymes with im-
proved plaque-targeting capability in vivo. The accumulation of
both nanosheets in the aorta and heart was progressively higher
from 4 h post-injection to 24 h post-injection (Figure S9, Support-
ing Information). Thus, atherosclerotic mice were exposed to US
at 24 h post-injection of Nb,C MXenes in the following efficacy
studies.

Given that we have demonstrated the plaque-targeted delivery
of Nb,C-Pt@HA-PEG nanozymes, we next investigated whether
Nb,C-Pt@HA-PEG-mediated SCT exerted anti-atherosclerosis
effect. Upon i.v. administration of Nb,C MXenes into plaque-
bearing ApoE~/~ mice fed with high cholesterol diet (HCD) for
20 weeks, our treatment regimen took place every 3 days for
total three times from week 21-22, keeping the amount of Nb
injected constant across all groups (Figure 4A). Especially, for
Nb,C-Pt-PEG+US and Nb,C-Pt@HA-PEG+US groups, we ap-
plied US irradiation 24 h post-injection of MXenes for 10 min.
All mice were sacrificed 48 h after the final US treatment. First,
we examined the efficacy of Nb,C-Pt@HA-PEG-mediated SCT
on plaque size by staining whole aortas and aortic root sec-
tions with Oil Red O (ORO) (Figure 4B,C; Figure S10, Sup-
porting Information). The lesion areas in the whole aortas of
mice from Nb,C-Pt@HA-PEG group (24.5%) were considerably
smaller than those from untreated mice (32.4%) and US-treated
mice (29.2%), indicating the inherent antioxidative properties
of Nb,C-Pt@HA-PEG nanozymes (Figure 4H). Besides, the le-
sion areas in the whole aortas from Nb,C-Pt-PEG+US group
(26.1%) and Nb,C-Pt@HA-PEG+US group (19.1%) were also
significantly smaller than those from control groups, suggest-
ing that the introduction of PtNP conferred US-responsiveness to
both nanozymes (Figure 4H). These findings aligned with previ-
ous in vitro studies. Particularly, Nb,C-Pt@HA-PEG+US group
showed significantly smaller plaque size than Nb,C-Pt@HA-
PEG group in the whole aorta, reinforcing the merit of US-
enhanced SCT. Next, we found that the aortic root plaque ar-
eas of mice from Nb,C-Pt-PEG+US, Nb,C-Pt@HA-PEG, and
Nb,C-Pt@HA-PEG+US groups were notably smaller than those
from untreated mice and US-treated mice, with ~#20%, ~15% and
~30% reduction, respectively (Figure 4I). Similarly, the aortic root
area of Nb, C-Pt@HA-PEG+US group showed a ~20% reduction
compared with that of Nb,C-Pt@HA-PEG group. Overall, mice
receiving Nb, C-Pt@HA-PEG-mediated SCT showed the small-
est lesion area in both the entire aorta and the aortic root area
among all treatment groups, which derives from promoted ac-
cumulation of Nb,C-Pt@HA-PEG nanozymes in the plaque and
US-augmented sonocatalytic effects.

Next, we evaluated the effect of Nb,C-Pt@HA-PEG-mediated
SCT on plaque stabilization since plaques at advanced stage with
low collagen contents are prone to rupture, inducing subsequent
thrombus formation and severe cardiovascular events.** Sir-
ius Red staining of the aortic root showed thicker fibrous colla-
gen cap around the plaques from Nb, C-Pt@HA-PEG+US group
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Figure 4. In vivo anti-atherosclerotic efficacy of Nb,C-Pt@HA-PEG-mediated SCT. A) Schematic illustration of in vivo Nb, C-Pt@HA-PEG-mediated SCT
regimen. Representative images of B) Oil Red O (ORO)-stained intact aortas; C) ORO-stained aortic roots; D) Sirius Red-stained aortic roots (under
polarized mode); immunofluorescent staining of E) a-SMA (Green: a-SMA, highly expressed by VSMCs; Blue: DAPI) and F) CD68 (Red: CD68, marker
of monocytes and macrophages; Blue: DAPI); G) fluorescent staining of dihydroethidium (DHE) on aortic roots from various treatments (n = 8-9).
Corresponding quantitative analysis of H) fractional plaque area in total aorta; 1) plaque area, ]) collagen content, contents of K) smooth muscle cells
and L) monocytes and macrophages and M) mean fluorescence intensity (MFI) of intraplaque ROS in the aortic root. Data are presented as means +

“P<0.001, ****P<0.0001. ¥P<0.05, ##P<0.01, ###P<0.001.
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(Figure 4D). Corresponding quantitative analysis revealed that
the collagen content in Nb,C-Pt@HA-PEG+US group (17.3%)
is notably higher than all other groups (x10%) (Figure 4J).
Moreover, vascular smooth muscle cells (VSMCs), highly ex-
pressing a smooth muscle actin (a-SMA), are generators of ex-
tracellular matrix (such as collagen, elastin and proteoglycan)
to stabilize the atherosclerosis by contributing to fibrous cap
formation.’) Immunofluorescent (IF) staining revealed obvi-
ously higher expression of a-SMA in the Nb,C-Pt@HA-PEG-
mediated SCT group than that in all other groups (Figure 4E;
Figure S11, Supporting Information). The aortic a-SMA-positive
area for the Nb,C-Pt@HA-PEG+US group is ~1.5-fold of that
in other groups (Figure 4K), suggesting a more stabilized plaque
phenotype and matching the observed elevation in collagen de-
position in the previous Sirius Red staining (Figure 4D). In addi-
tion, sections of aortic root from mice receiving Nb,C-Pt@HA-
PEG-mediated SCT showed the smallest size of the necrotic
core, a key contributor to atherosclerotic plaque vulnerability
and rupture, among various treatments (Figure S12, Supporting
Information).?®) Consequently, these data indicated that Nb,C-
Pt@HA-PEG nanozymes effectively alleviated atherosclerosis by
shrinking plaque areas in whole aorta and aortic root in vivo,
echoing our previous in vitro qRT-PCR results. Furthermore,
Nb,C-Pt@HA-PEG-mediated SCT not only reduced plaque area
but also promoted a shift toward a more stable phenotype, char-
acterized by a thicker and intact fibrous cap, elevated collagen de-
position and smaller necrotic core areas, which helps to prevent
secondary necrosis and reduces the risk of plaque rupture.

2.5. Mechanism of Anti-Atherosclerosis Effect of
Nb,C-Pt@HA-PEG-Mediated SCT

During the initiation stage of atherosclerosis, leukocytes are
recruited to the subendothelium due to the elevated expres-
sion of chemokines and adhesion molecules, and facilitated
by increased permeability of a dysfunctional endothelium.?’!
This infiltration of circulating leukocytes into the lesion area
significantly contributes to atherosclerosis progression. There-
fore, to further explore the mechanisms responsible for the
anti-atherosclerosis effect of Nb,C-Pt@HA-PEG-mediated SCT,
we first examined the inflammatory cell contents in the aor-
tic root. Immunostaining of CD68 (an indicator of monocytes
and macrophages) showed smaller CD68-positive regions in
the aortic root sections from Nb,C-Pt-PEG+US, Nb,C-Pt@HA-
PEG, and Nb,C-Pt@HA-PEG+US groups than control group
and US-treated group (Figure 4F; Figure S13, Supporting In-
formation). Corresponding semi-quantitative analysis of the flu-
orescence signals from the aortic CD68-positive areas in pro-
portion to the entire aortic root area further demonstrated
that Nb,C-PtPEG+US (13.9%), Nb,C-Pt@HA-PEG (13.2%),
and Nb,C-Pt@HA-PEG+US group (8.5%) showed significantly
lower macrophage content than control group (19.0%) and
US-treated group (18.2%) (Figure 4L), suggesting that both
nanozymes inhibited macrophage infiltration under US irradia-
tion. The strongest anti-atherosclerosis effect of Nb,C-Pt@HA-
PEG-mediated SCT was derived from plaque-targeted delivery
and US-enhanced sonocatalytic effect.

Adv. Mater. 2025, 2420189 2420189 (11 of 16)

www.advmat.de

To further examine whether the potent anti-atherosclerotic ef-
fect of Nb,C-Pt@HA-PEG+US is due to its ROS-scavenging ef-
fect, we measured the intra-plaque ROS level by live staining of
dihydroethidium (DHE) which mainly measures superoxide, in
the aortic root sections from ApoE~/~ mice subjected to different
treatments. CLSM observations showed the lowest fluorescent
intensity of DHE in the sections from Nb,C-Pt@HA-PEG+US
group, suggesting the strongest effect to suppress intraplaque
ROS level (Figure 4G; Figure S14, Supporting Information).
Quantitative analysis further confirmed that Nb,C-Pt@HA-PEG-
mediated SCT remarkably attenuated oxidative stress with aor-
tic plaque by diminishing ~#60% ROS compared with untreated
or US-treated groups (Figure 4M). Consistent with the po-
tent ROS-scavenging capability of Nb, C-Pt@HA-PEG under US
irradiation in our in vitro studies, these findings supported
the notion that Nb,C-Pt@HA-PEG-mediated SCT performed
anti-atherosclerosis effect via regulating intraplaque redox
homeostasis.

Nevertheless, to gain deeper mechanistic insights into the anti-
atherosclerosis molecular mechanism of Nb,C-Pt@HA-PEG-
mediated SCT, we performed bulk RNA sequencing on the total
RNA from LPS-induced inflammatory RAW 264.7 macrophages
that received treatments of “Nb,C MXenes”, “Nb,C-Pt@HA-
PEG”, or “Nb,C-Pt@HA-PEG+US” (n = 3) for further RNA-
seq analysis. For pairwise comparisons, we identified differen-
tially expressed genes (DEGs) with statistical significance of Pad-
just < 0.05. First, we used the Upset diagram and bar chart to
show the overview of DEGs in each pairwise comparison (Figure
S15, Supporting Information). Representative DEGs related to
pathogenesis of atherosclerosis (e.g., 116,1%] Ccl5,3°1 Cd36,4!
Abcal,] and Cxcl2(*)) were illustrated by heatmap diagram
(Figure 5A). There was a total of 145 DEGs detected in Pair 6
(“NDb,C-Pt@HA-PEG+US” vs “Model”), including 127 downreg-
ulated genes and 18 upregulated genes distributed in volcano
plot (Figure 5B). Significantly more DEGs from this compari-
son than all other 5 pairwise comparisons suggested that the
effect of Nb,C-Pt@HA-PEG-mediated SCT was the strongest
against atherosclerosis, supporting the additive efficacy of antiox-
idative Nb,C-Pt@HA-PEG nanozymes and US-amplified sono-
catalytic effect. In the following analyses, we mainly focused on
the pairwise comparison between the “Nb,C-Pt@ HA-PEG+US”
and “Model” groups to investigate the athero-protective effect and
mechanism of Nb,C-Pt@HA-PEG-mediated SCT. Gene ontol-
ogy (GO) terms were applied to identify the biological processes
related to atherosclerosis, which showed significant change in
processes including “reactive oxygen species metabolic process”;
“lipid homeostasis”; “regulation of apoptotic process”, “posi-
tive regulation of aortic smooth muscle cell differentiation”,
etc. (Figure 5C). In addition, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways most related to atherosclerosis are
also identified including: “INF signaling pathway”; “NF-kappa
B signaling pathway”; “IL-17 signaling pathway”; “Lipid and
atherosclerosis”; “Toll-like receptor signaling pathway”; “FoxO
signaling pathway”[}l; “Apoptosis” and “PPAR signaling path-
way” (Figure 5D). These results aligned with the downregulation
of TNF-a, IL-1f, and IL-6 by qRT-PCR by Nb,C-Pt@HA-PEG-
mediated SCT (Figure 3E-G). All three cytokines are critical play-
ers in the “INF signaling pathway” and “NF-xappa B signaling
pathway” showed in Figure 5D. In addition, some top signals on
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Figure 5. Mechanism study of Nb,C-Pt@HA-PEG nanozymes for alleviating atherosclerosis by transcriptome high throughput sequencing. A) Heatmap
diagram of representative DEGs after various treatments compared to the “model group” (LPS induced inflammatory RAW 264.7 macrophages).
B) Volcano plot showing the distribution of upregulated DEGs (red) and downregulated DEGs (green) with absolute fold change > 2 and Padjust value
< 0.05 by comparing “Nb,C-Pt@HA-PEG+US” group with “model group”. C) Key statistically enriched GO terms found by comparing “Nb, C-Pt@HA-
PEG+US” group to the “model group” in biological processes related to atherosclerosis. D) KEGG pathway enrichment analysis from DEGs in “Nb,C-

Pt@HA-PEG+US” group compared to the “model group”. n = 3 per group.

the volcano plot in Figure 5B, such as Ptgs2 encoding COX-2, a
major vascular oxidative enzyme, is associated with “reactive oxy-
gen species metabolic process” and “IL-17 signaling pathway”,
which was previously identified to be clinically positively corre-
lated with the severity of atherosclerosis.**) In addition, Ptgs2 is
related to ferroptosis and abundantly expressed in the inflamma-
tory sites.[*#2%1 Cd36, which is another top signal, associated with
“PPAR signaling pathway”, was upregulated in Nb,C-Pt@HA-
PEG+US group. CD36 is a lipid transporter, whose upregula-
tion dampens atherogenic inflammatory responses by remov-
ing denatured lipoproteins or chylomicron in the blood to pre-
vent hyperlipidemia.l**] Nb,C-Pt@HA-PEG-mediated SCT also
substantially downregulated the expression of Irf7 from “Lipid

Adv. Mater. 2025, 2420189 2420189 (12 of 16)

and atherosclerosis”, which is a main mediator of autoinflam-
matory responses.[*’] Overall, RNA-seq analysis suggested that
the athero-protective effect of Nb,C-Pt@HA-PEG-mediated SCT
is associated with dampening inflammatory responses, promot-
ing efferocytosis, suppressing lipid uptake, and restoring redox
homeostasis within the vascular microenvironment.

2.6. In Vivo Biosafety Evaluation of Nb,C-Pt@HA-PEG-Mediated
SCT

To investigate the biocompatibility and translational potential of
Nb,C-Pt@HA-PEG-mediated SCT, we initially monitored body
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weights of mice from various treatment groups during the full
treatment period and observed no significant differences among
all treatment groups (Figure 6A). There were no significant
differences in a series of hematological parameters, including
white blood cells (WBC), neutrophils, lymphocytes and mono-
cytes among various treatment groups (Figure 6B). Although
the red blood cells (RBC) in US-treated mice were significantly
more than those in the mice from Nb,C-Pt-PEG+US treatment
group, the RBC count was still within the normal range (6.5-11.5
X 10°/uL). Additionally, no significant differences were detected
in the levels of serum alanine transaminase (ALT), aspartate
aminotransferase (AST), albumin, globulin and blood urea nitro-
gen (BUN) and creatinine (CRE), indicating that Nb,C-Pt@HA-
PEG-mediated SCT did not affect hepatic and renal functions
(Figure 6C). Finally, Nb,C-Pt@HA-PEG-mediated SCT also did
not change the weights (Figure S16, Supporting Information) or
morphological structure of major internal organs such as heart,
liver, spleen and kidneys (Figure 6D). Furthermore, to examine
the possible side effects of Nb,C-Pt@HA-PEG-mediated SCT on
mice, long-term biosafety profile was evaluated 4 weeks after the
last US treatment. There was ~50% reduction in the Nb con-
tents from liver harvested from mice 4 weeks after full treat-
ment compared with that collected from mice 24 h after single in-
jection, suggesting the pronounced clearance of Nb,C-Pt@HA-
PEG nanosheets from body (Figure S17, Supporting Informa-
tion). There were no significant differences in blood hemato-
logical parameters (Figure S18, Supporting Information), bio-
chemical parameters (Figure S19, Supporting Information) and
histological structure (Figure S20, Supporting Information). On
the basis of the practices mentioned above, Nb,C-Pt@HA-PEG-
mediated SCT regressed and stabilized plaque without causing
severe cytotoxicity, providing a novel but safe strategy for treating
atherosclerosis.

3. Conclusion

In summary, we have developed a Nb,C-Pt@HA-PEG
nanozyme-mediated SCT for targeted delivery to the plaque
and treatment of atherosclerotic CVDs. This nanozyme exhib-
ited a dual enzyme-mimicking and US-responsive properties.
In terms of enzyme-like activities, Nb,C-Pt@HA-PEG showed
antioxidative properties comparable to CAT and SOD, which
effectively diminished ROS production and dampened in-
flammatory responses during atherogenesis. In terms of its
US-responsiveness, Nb,C-Pt@HA-PEG nanozymes exhibited
boosted sonocatalytic performance upon US irradiation in
scavenging ROS and suppressing oxidative stress-induced
inflammation. In addition, we have demonstrated that Nb,C-
Pt@HA-PEG nanozymes selectively targeted atherosclerotic
plaques, achieving approximately fourfold accumulation com-
pared to the Nb,C-Pt@PEG group. This significant targeted
delivery underscored the advantage of utilizing HA as targeting
ligands for lesional macrophages. Regarding the in vivo effi-
cacy, Nb,C-Pt@HA-PEG nanozymes effectively reduced plaque
area in both aorta and aortic root, while Nb,C-Pt@HA-PEG-
mediated-SCT outperformed Nb,C-Pt@HA-PEG by a further
reduction in both whole aorta plaque area and aortic root plaque
area. Importantly, it also promotes plaque stability, characterized
by a thicker fibrous cap and a smaller necrotic core. Besides,
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Nb,C-Pt@HA-PEG-mediated SCT overcame the cytotoxicity
typically associated with conventional preparation of MXene,
which was achieved by hydrofluoric acid etching. RNA-seq
further supported that therapeutic effect of Nb,C-Pt@HA-PEG-
mediated SCT for atherosclerosis are attributed to: eliminating
intraplaque ROS production, inhibiting monocyte-macrophage
infiltration, dampening inflammatory responses, regulating
lipid metabolism and promoting efferocytosis. Some nanomate-
rials are known to exhibit multienzyme-like activities including
SOD, CAT and peroxidase (POD).[*8] We have followed previous
methods and determined that our Nb,C-Pt@HA-PEG nanozyme
exhibited a specific POD-like activity of ~2 U mg~! under US
irradiation.[*] Despite US treatment boosts the catalytic activi-
ties of Nb,C-Pt@HA-PEG nanozyme, it still underperforms its
natural counterparts or single-atom nanozymes (SAzymes).>!
We are supposed to engineer the active metal center or alter
the electronic coordination environment in the future work to
further improve the catalytic efficiency of nanozymes. Never-
theless, our study provided valuable insights into the possible
application of ROS-scavenging MXenes-mediated SCT for treat-
ing other oxidative stress-associated inflammatory diseases such
as rheumatoid arthritis, acute organ injury, obesity and insulin
resistance, and neurodegenerative diseases.[! Considering that
our approach only requires a portable commercial US device to
achieve deep-seated sonocatalytic efficacy, our Nb,C-Pt@HA-
PEG-mediated SCT also holds promising translational potential
compared with other near-infrared light-triggered photothermal
or photodynamic therapies.

4. Experimental Section

For detailed Experimental Section, please see S| Appendix.

Synthesis of Nb,C-Pt: 5 mL single-layered Nb,C MXene (1 mg mL™")
suspension reacted with 1 mL H,PtClg aqueous solution (8 mM) and
1.5 mL sodium citrate (40 mM) for 30 min at 100 °C. The product was
collected by centrifugation at 12000 rpm for 10 min and resuspended in
deionized (D.l.) water and this step was repeated for three times. To pre-
pare the H,PtClg aqueous solution (8 mM), 1 mL PtCl, (40 mM) was
added into 4 mL HCI (20 mM) at room temperature.

HA Modification:  First, to modify amine groups to MXenes, 10 mg
Nb,C-Pt and 10 uL of APTES were dispersed into 10 mL ethanol and stirred
for 10 min. After refluxing for 24 h, Nb,C-Pt-NH, were obtained by cen-
trifugation and washed with D.I. water for three times. Amine-modified
Nb,C-Pt were covalently attached to carboxylate-terminated HA. Briefly,
to activate carboxyl groups of HA, 40 umol of EDC, 10 pmol of NHS and
10 umol of HA (molecular weight: 70-120 KDa, H10018, SAITONG) were
added into 10 mL of PBS and stirred for 30 min. Next, 10 mg of Nb,C-Pt-
NH, were added to the reaction mixture and left stirring overnight. Nb,C-
Pt@HA were obtained by centrifugation and washed with D.I. water for
three times.

Synthesis of Nb,C-Pt@HA-PEG:  Typically, 10 mg Nb,C-Pt@HA were
dissolved in 30 mL of DSPE-PEG,qq solution (1 mg mL™", Macklin) and
sonicated for 2 h. Nb,C-Pt@HA-PEG were collected by centrifugation and
washed with D.I. water for three times. PEG-coated Nb,C (Nb,C-PEG)
and Nb,C-Pt (Nb,C-Pt-PEG) were processed under same procedure with
Nb,C-Pt@HA-PEG.

Animal Model: All animal procedures followed the existing guide-
lines stipulated by the Animal Subjects Ethics Sub-committee (ASESC)
at The Hong Kong Polytechnic University (PolyU) (ASESC Case No. 23—
24/632-AP-R-CRF). ApoE~/~ mice were purchased from GemPharmat-
ech and shipped to PolyU Shenzhen Institute. ApoE™/~ male mice (8
weeks old) fed with a high cholesterol diet (HCD, 108c, Jiangsu Xietong
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Figure 6. In vivo toxicity of various types of MXenes following a complete treatment in ApoE~/~ mice. A) Body weight of mice from various groups
throughout the treatment. B) Blood cell composition measured by complete blood count (CBC) test including white blood cell (WBC), absolute neu-
trophils, lymphocytes, monocytes and red blood cell (RBC). C) Levels of serum ALT, AST, albumin and globulin (markers for liver function) and BUN and
CRE (markers for kidney function). Data are presented as means +SEM. Statistical significance was calculated by one-way ANOVA with Tukey’s Test for
post-hoc analysis. ns: not significant (P > 0.05), **P<0.01. n = 4-5 mice per group, across two experiments. D) Histological examination of the heart,
liver, spleen, and kidneys harvested from ApoE~/~ mice with advanced atherosclerotic plaques that were subject to different treatments. Representative

images were chosen from n = 8-9 mice per group, across three experiments.
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Pharmaceutical Bio-engineering Co., Ltd.) for 20 weeks to induce the for-
mation of atherosclerotic plaques in the aorta and aortic root were ran-
domly divided into various treatment groups of 8-9 animals each. The
group size (N) was calculated based on Dunnett’s formalism and power
calculation (a = 0.05, power = 0.80). In brief, u = \/N x /o, where pis
the correlation coefficient that depends on the size of each group. With
four different treatment groups, u is 4.46.152 If the superior treatment
group gives an outcome (8) of 1.5 SD (o) better than the control group,
the required size of N is (4.46+1.5)2 = 8.84, or equivalently 8-9 mice per
group.

Data Processing and Statistical Analysis:  The Prism 8 (GraphPad Soft-
ware) and Excel software were used for data analysis and graph construc-
tion. To determine the statistical significance in the comparison of two
groups, an unpaired two-tail t test was performed. To determine the sta-
tistical significance in the comparison of multiple groups, an unpaired
one-way analysis of variance (ANOVA) was performed with Tukey’s Test
for post hoc analysis. Normality of sampling distribution of means was
validated by Shapiro-Wilk test. Homogeneity of variance was validated by
Bartlett’s test. Results are considered significant at P < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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