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Atherosclerosis remains the primary cause underlying cardiovascular
diseases, however, there is no plaque-targeting pharmacotherapy
clinically available. Nebivolol (NB), a third-generation beta-blocker
clinically used to treat hypertension and heart failure, exerts potent
antioxidative activities by inhibiting reactive oxygen species (ROS)
production and scavenging ROS. Here, we developed an atheroscle-
rotic plaque lesional macrophage-targeting nanotheranostic system
that is coated with polydopamine (PDA) as a contrast agent to facilitate
non-invasive photoacoustic imaging (PAI) of atherosclerotic plaques
and NB as a drug to eliminate plaque ROS. In brief, mesoporous silica
nanoparticles (MSNs) with interpenetrating chiral channels were coated
with bioinspired PDA polymers (SPDA). PDA on the nanoparticle surface
was then conjugated with hyaluronic acid (HA) to allow active targeting
to atherosclerotic macrophages that overexpress CD44 (SPDA@HA).
Upon loading of NB, the resulting NB/SPDA@HA nanoparticles could
eliminate ROS and alleviate inflammation in activated macrophages. In
addition, NB/SPDA@HA nanoparticles inhibited cell apoptosis and
oxidized low density lipoprotein induced foam cell formation. More-
over, the silanols on the silica surface and the HA coating on the MSNs
enable accelerated drug release from NB/SPDA@HA nanoparticles in
response to the acidic and hyaluronidase-rich microenvironment in the
plague. Taken together, the dual-responsive NB/SPDA@HA nano-
theranostic platform represents a promising nanomedicine for targeted
atherosclerosis imaging and therapy.

Introduction

Atherosclerosis is the main cause of adverse cardiovascular
events such as myocardial infarction and stroke, which
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accounted for 32% of global deaths in 2019." Atherosclerosis
development is generally asymptomatic until the occurrence of
vessel blockage or plaque rupture. Therefore, early diagnosis is
important for atherosclerosis management. However, clinical
strategies are subject to many limitations. Magnetic resonance
imaging (MRI) has limited sensitivity and is prone to produce
artifacts due to vascular pulse* while intravascular ultrasound
(IVUS) is invasive and prone to induce complications including
irregular heart rhythms, deep vein thrombosis and allergic
reaction.” Photoacoustic imaging (PAI) is an emerging non-
invasive imaging modality that enables the conversion of absor-
bed near-infrared light (NIR) light to ultrasonic signals with high
spatial resolution, high contrast and deep tissue penetration,*
making it a promising modality for imaging atherosclerosis.
Atherosclerosis is characterized by build-up of lipid-laden
and macrophage-rich plaques on the arterial wall. Increased
reactive oxygen species (ROS) production from M1 macro-
phages induces inflammation within atherosclerotic plaques.>®
In addition, ROS exacerbate the progression of atherogenesis by
oxidizing low density lipoprotein (LDL), prompting over-
expression of adhesion molecules and scavenger receptors, and
inducing apoptosis of endothelial cells, vascular smooth muscle
cells and macrophages.>® Unfortunately, anti-ROS strategies,
including oral administration of probucol, proanthocyanidin,
methotrexate, darapladib and torcetrapib, generated inconsis-
tent or marginal therapeutic outcomes, largely due to low
accumulation of anti-ROS drugs within the plaque.” This poses
a significant challenge for clinical translation. However,
delivery of antioxidant compounds with nanoparticles has been
shown to remarkably increase intraplaque drug concentrations,
resulting in improved treatment efficacy of atherosclerosis.***
Yet, most of those drug delivery systems rely on passive target-
ing attributable to the enhanced permeability and retention
effect present in the inflaming plaques. On the other hand, drug
delivery efficiency may be improved by employing ligand-
mediated active targeting of nanoparticles to the plaque.*
While numerous nanoparticles have been designed for
atherosclerosis management, their clinical potential is
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hindered by low drug loading capacity and limited biocompat-
ibility. Mesoporous silica nanoparticles (MSNs) have garnered
significant interest in biomedical applications due to their
unique physical properties, which include large surface area
and pore volume, controllable particle size, facile surface
modification and excellent biocompatibility."* To our knowl-
edge, the use of MSN-based nanomedicine for plaque specific
drug delivery and diagnosis remains relatively unexplored.
Here, we coated MSNs with bioinspired polydopamine (PDA)
polymers'* (MSN-PDA, referred to as SPDA hereinafter) that
exert efficient NIR absorption and excellent PAI conversion
efficiency to synthesize SPDA nanoparticles, enabling PAI
(Scheme 1). Hyaluronic acid (HA), a natural ligand for CD44
receptor that is prominently expressed on lesional macrophages
within atherosclerotic plaques,'*” was further functionalized
on SPDA (SPDA@HA) to allow active targeting to M1 macro-
phages within atherosclerotic plaques. As ROS in atheroscle-
rotic lesions are mainly generated by endothelial nitric oxide
synthase (eNOS) uncoupling and nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase,*® both of which can be
inhibited by Nebivolol (NB), a third-generation beta-blocker
clinically used to treat hypertension and heart failure,'*** we
loaded NB into SPDA@HA to obtain NB/SPDA@HA nano-
particles. Since CD44 is overexpressed in plaque lesional
macrophages, NB could be delivered specifically to atheroscle-
rotic plaques by NB/SPDA@HA nanoparticles. Moreover, the
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abundant hyaluronidase (HAase) in the plaque® can break
down the HA coating and the intraplaque mild acidic micro-
environment® can reduce the electronic interactions between
NB and silanols on the MSNs, resulting in an accelerated release
of NB from the nanoparticles. Therefore, our NB/SPDA@HA
nanoparticles may represent a highly desirable nano-
theranostic platform for targeted atherosclerosis therapy.

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS), cetrimonium bromide (CTAB),
Pluronic F-127, dopamine hydrochloride (DA), hyaluronic acid
(HA), and NH,OH were purchased from Sigma-Aldrich (USA). Cy5
was purchased from Lumiprobe (USA). PrestoBlue, DAPI, anti-
CD44 antibody and IFN-y were purchased from Invitrogen
(USA). DMEM, FBS, penicillin, streptomycin and HEPES were
purchased from Gibco (USA). IL-6, IL-1B and TNF-o. ELISA kits
were purchased from Biolegend (USA). DCFH-DA kit and oxidized
low density lipoprotein (oxLDL) were purchased from Thermo
Fisher (USA). FITC-Annexin V & propidium iodide apoptosis
detection kit was purchased from BD bioscience (USA).

Synthesis of NB/SPDA@HA nanoparticles

The mesoporous silica nanoparticles (MSNs) were synthesized
as previously described with minor adaptions. Briefly, 0.5 g

)
S
T
)
o
0 Oxidat
5 xidation
] ¢
O 2,
@ Y
o o)
)
£
<
" 4
(089 Endothelial cell ROS LDL oxLDL

.~ Macrophage Foam cell ~. Collagen

Necrotic cell “* Smooth Muscle Cell T Scavenger Receptor 'T’ CD44 Receptor ‘ NB/SPDA@HA

Scheme 1 Schematic illustration of the mechanism of PAl-guided and CD44-targeted anti-ROS therapy of atherosclerosis. NB/SPDA@HA
releases loaded Nebivolol (NB) in response to plague microenvironment (acidic pH, high hyaluronidase), leading to local reduction of ROS and
inflammation. This process is further guided and monitored using photoacoustic imaging (PAI) for precise localization. This targeted approach is
designed to both monitor and attenuate atherosclerosis progression in a plaque-targeted manner.
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CTAB and 6 g triblock copolymer F127 were dissolved in 96 ml
Milli-Q water, in which 43 ml absolute ethanol and 11 ml
29 wt% ammonium hydroxide solution were added. Afterwards,
1.8 g TEOS were introduced into the mixture dropwise under
vigorous stirring, and the mixture was kept still at room
temperature for 24 h. The synthesized nanoparticles were
collected at 10 000 rpm and resuspended into 100 ml absolute
ethanol containing NH,NO; under reflux at 80 °C for 24 h to
extract the template. In the end, MSNs were washed 3 times and
kept in methanol for further use.

Nebivolol (NB) was loaded into MSNs by solvent evaporation
method. In brief, MSNs were dispersed in methanol solution
containing NB (0.25 mg ml~ ') and stirred overnight at 500 rpm
and 40 °C in the dark. Thereafter, obtained NB/MSN was
washed with a mixture of methanol and water thrice. Free NB
was determined at A = 283 nm and subtracted from the total
amount of NB to determine drug loading. Cy5 was labelled on
SPDA@HA following the same procedure as NB loading for
subsequent cell uptake studies.

PDA was coated on the surface of MSNs through the solution
oxidation method. In brief, MSNs and dopamine hydrochloride
(DA) were added into pH 8.5 Tris-HCI buffer with a mass ratio of
2:1 and stirred overnight. The synthesized MSN-PDA (SPDA)
was collected at 9000 rpm and washed with Milli-Q water thrice.
Hyaluronic acid (HA) was then conjugated to SPDA through
Fe**-mediated coordination reaction?® where 30 mg SPDA was
redispersed in Tris-HCI buffer (pH 8.5) followed by addition of
100 ul FeCl, (6 mg ml ") solution and continuous stir for 1 h to
form the final drug-loaded NB/SPDA@HA or its non-drug
loaded SPDA@HA counterpart.

The drug loading (DL) capacity was calculated according to
the following formula:

DL% = myl(nm; + mg) x 100%

mo, my and m, represent the total mass of SPDA@HA added to
the reaction system, the total mass of NB put in the reaction
system and the loaded mass of NB, respectively.

Characterization of NB/SPDA@HA nanoparticles

The morphology and size of SPDA@HA were characterized by
transmission electron microscopy (TEM) (JEOL 2200FS Cryo
TEM, JEOL USA, Inc.) and dynamic light scattering (DLS)
(Nanosizer, Malvern Instruments Ltd, Worcestershire, UK),
respectively. The specific surface area and pore size distribution
were measured by ASAP® 2425 instrument (Micromeritics, USA)
based on Brunauer-Emmett-Teller (BET) theory.>® NB/
SPDA@HA composition was determined by thermogravimetric
analysis (TGA) (METTLER TOLEDO, USA) and Fourier-
transform infrared spectroscopy (FT-IR) (INVENIO, Bruker,
USA).

For the in vitro photoacoustic imaging (PAI) phantom study,
different concentrations of SPDA@HA nanoparticles were
injected into the capillary and scanned with a high resolution
PAI tomography scanner (Vevo LAZR-X, FUJIPILM, Japan).

Mouse macrophages (RAW264.7) were seeded in a black 96-
well plate at a density of 10" cells/well in 100 ul comprehensive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DMEM (cDMEM) to evaluate the cytotoxicity of SPDA@HA
nanoparticles. Cells were treated with various concentrations of
SPDA@HA over a range of time interval and cell viability was
measured with PrestoBlue assay (ThermoFisher).

To evaluate dual-responsiveness of the nanoparticles to pH
values and HAase enzyme, 5 mg NB/MSN and NB/SPDA@HA
were dispersed into 15 ml release buffers at 37 °C: (1) pH 5.0
PBS, (2) pH 7.4 PBS, (3) pH 5.0 PBS + 150 U ml* HAase, (4) pH
7.4 PBS + 150 U ml ' HAase. An equal volume of release
medium was collected at indicated time intervals after centri-
fugation for measuring the released NB with UV-Vis absorption
spectrophotometry at 283 nm.

Cellular uptake of SPDA@HA in vitro

CD44 receptor expression was first determined on inflammatory
RAW264.7 macrophages [macrophage cell line derived from
male BALB/c mice, American Type Culture Collection (ATCC)
no. TIB71]. Briefly, cells were treated with LPS (300 ng ml~*) and
IFN-y (20 ng ml™") (LPS/IFN-y treatment) in cDMEM medium
overnight to generate the M1 phenotype, whereas naive
macrophage group was cultured in cDMEM only. Cells were
then stained with FITC-conjugated anti-CD44 antibody for FACS
analysis, triplicates for each group.

RAW264.7 cells (naive or M1 macrophages) were incubated
with various concentrations of Cy5/SPDA and Cy5/SPDA@HA in
FBS-free DMEM medium for 2 h at 37 °C or 4 °C to examine for
targeting or passive binding of the nanoparticles, respectively. A
competitive binding experiment was also conducted to further
examine the role of CD44 in mediating nanoparticle uptake. In
brief, LPS/IFN-y-treated cells were incubated with 2 mg ml~' HA
for 2 h and incubated with 25 pug ml™" Cy5/SPDA@HA for
another 2 h. The cells were then detached and washed thrice
prior to FACS analysis of intracellular Cy5 MFI (mean fluores-
cence intensity).

For microscopic analysis, RAW264.7 cells were seeded into
12-well plates at 10° cells/well. Both M1 and naive macrophages
were incubated with 25 pg ml™" Cy5/SPDA@HA for 2 h.
Competitive binding experiment was also performed as
described above. After incubation with cold PBS, cells were
rinsed thrice and fixed with 4% paraformaldehyde followed by
nuclus staining with DAPI (4,6-diamidino-2-phenylindole).
Images were taken under an inverted fluorescence microscope
(ECLIPSE Ti, NIKON, Japan).

ROS-scavenging, anti-inflammatory and anti-apoptosis effects
of NB/SPDA@HA in vitro

RAW264.7 cells were seeded into 12-well plates at 5 x 10° cells/
well and incubated overnight. Naive macrophages were treated
with fresh cDMEM and M1 macrophages were generated by
incubation with LPS/IFN-y for 4 h. Macrophages were treated
with NB/SPDA@HA (NB at 18 pM) in the presence of LPS/IFN-vy.
Subsequently, cells were stained with DCFH-DA kit at 37 °C and
then detect intracellular ROS was examined by FACS and fluo-
rescence microscopy. Cell culture supernatant was collected to
measure inflammatory cytokines, including IL-6, IL-1 and
TNF-a, with ELISA Kkits.

Nanoscale Adv.
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To evaluate the impact of NB/SPDA@HA on cell apoptosis,
native or M1 RAW264.7 macrophages incubated with various
formulations for 24 h were stained with FITC-Annexin V and
propidium iodide and then analyzed with FACS.

Effect of NB/SPDA@HA nanoparticles on foam cell formation

RAW264.7 cells cultured in ¢cDMEM in the absence (naive
macrophages) or presence (M1 macrophages) of LPS/IFN-y were
incubated with NB drug formulations for 24 h, followed by
incubation with 50 pg ml~" oxidized low-density lipoprotein
(oxLDL) for another 48 h. Cells were washed twice with 0.5 M
HCI in 70% ethanol and fixed with 10% formalin. Fixed cells
were stained with Oil red O (ORO) solution as previously
described® and washed with 60% isopropanol for optical
microscopy. To quantify intracellular cholesterol, intracellular
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ORO was extracted with absolute isopropanol and measured by
UV-Vis spectrophotometry at 492 nm.

Results and discussion

Synthesis and characterization of NB/SPDA@HA
nanoparticles

The synthesis procedures of MSNs and NB/SPDA@HA were
illustrated in Fig. 1A. MSNs were monodispersed with a diam-
eter of 80 nm and mesopores that enable drug loading and
subsequent drug release were clearly observed on the surface of
MSNs (Fig. 1B). In this study, a third-generation beta-blocker
Nebivolol (NB) that has been suggested to alleviate oxidative
stress in atherosclerosis'***** was loaded within the inter-
connected mesopores (Fig. 1A).
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Fig. 1 Characterization of SPDA@HA nanoparticles. (A) The schematic illustration of SPDA@HA synthesis and loading of NB. (B and C) TEM
images of (B) MSNs and SPDA@HA (C). (D) Zeta potentials of MSNs, SPDA and SPDA@HA. (E) The nitrogen adsorption/desorption isotherm with
pore size distribution curves shown in the insert. (F) FT-IR spectrum of MSNs, SPDA and SPDA@HA nanoparticles. (G) Weight loss of MSN, SPDA
and SPDA@HA nanoparticles determined by thermal gravimetric analysis (TGA). (H) Hydrodynamic diameter (D)) and () polydispersity index (PDI)
of MSN, SPDA and SPDA@HA. (J) Representative PAl images of SPDA@HA and its intensity calibration at different concentrations. Data is pre-
sented as mean =+ SD of three independent experiments in triplicates (D-J).
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To reduce premature leakage of NB and enable active tar-
geting, MSNs were coated with PDA and HA to obtain NB/
SPDA@HA nanoparticles. PDA is structurally similar to
melanin, possessing intense NIR light absorption and high PAI
conversion efficiency. Additionally, PDA contains numerous
functional groups, including catechol, amine and imine, which
can serve as potential anchor points for different functional
molecules.”” HA is found abundantly in connective, epithelial,
and neural tissues, and serves as the natural binding ligand for
CD44 receptors, which are commonly overexpressed in macro-
phages within the plaque microenvironment.'®'” This polymer
modification resulted in a shell of approximately 10 nm thick
(Fig. 1C, and S1). The Zeta potential (Fig. 1D) of MSNs was
—28.3 mV due to the presence of abundant silanol groups on
the surface.”® It became less negative at —5.2 mV after PDA
modification, attributed to the formation of positively charged
phenolic and amino groups during dopamine polymeriza-
tion.”®** Following HA coating, the zeta potential became more
negative again at —34.1 mV due to the presence of carboxyl
groups within HA.** The observed changes in zeta potential thus
suggested a layered structure of NB/SPDA@HA nanoparticles,
which was held together by strong electronic interactions.

The mesoporous structure of NB/SPDA@HA nanoparticles
was analyzed by N, adsorption/desorption assay. As shown in
Fig. 1E and Table S1, the surface area (Sggr), total pore volume
(Ve) and pore size (W) of MSNs was 1256 m* g™, 0.89 cm® g
and 2.3 nm, respectively, which were 5 to 10 times larger than
that of other inorganic nanoparticles (e.g. Fe, Ag, Mo and Sn).*
The large surface area and pore volume are advantageous for
drug loading. Furthermore, the gradually decreasing Sggr and
Vp after each step of polymer coating indicate successful closing
of mesopores by surface modifications.

To validate modifications by PDA and HA, Fourier transform
infrared (FT-IR) spectroscopy was carried out. MSNs, SPDA and
SPDA@HA all exhibited peaks at 1066 and 954 cm™ " (Fig. 1F),
ascribing to Si-O-Si stretching vibration and silanol group
vibration, respectively. Following PDA coating, new peaks at
1500 and 1605 cm ' corresponding to the vibration of
secondary amines and primary amine respectively were
observed. Another distinctive adsorption peak was detected at
1650 cm ™' following HA coating, which could be attributed to
the carboxyl group (C=0) in HA.

Thermal gravimetric analysis (TGA) was used to quantify the
amount of modified polymer through determining the gradual
weight change over temperature. The weight change of MSNs,
SPDA and SPDA@HA were 4.73%, 16.77% and 34.72%, respec-
tively (Fig. 1G). A 12.04% weight loss from SPDA to MSNs could
be attributed to the removal of PDA and a further 17.95% weight
loss from SPDA@HA to SPDA might be resulted from removal of
HA coating on the surface of SPDA. Collectively, these results
indicate the mass composition of the modified polymers within
SPDA@HA.

Colloidal stability of nanoparticles is critical in drug delivery
applications. We hypothesized that the increased steric
hindrance between nanoparticles due to HA coating could
improve colloidal stability. Both MSNs and SPDA exhibited
a significant increase in nanoparticle hydrodynamic diameter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Dy) and polydispersity index (PDI) following 6 h incubation in
PBS (Fig. 1H and I, S1 and Table S2), indicating their loss of
colloidal stability in biologically relevant media over time. In
contrast, SPDA@HA exhibited exceptional stability up to 48 h
incubation (Fig. 1H, I and S2).

PDA is structurally similar to naturally occurring melanin,*
possessing improved biocompatibility and biodegradability
compared to other PAI contrast agents such as Au, Ag, Cu, Co.
Our in vitro phantom study conducted using a photoacoustic
tomography scanner showed that SPDA@HA could generate PAI
signals (Fig. 1]), thus demonstrating its potential in improving
the visualization of atherosclerotic plaques through PAI. Here,
the PA signal intensity under 808 nm laser excitation showed
a linear increase with the concentration of SPDA@HA nano-
particles (Fig. 1]J). Importantly, SPDA@HA nanoparticles did not
impose detectable cytotoxicity on RAW264.7 macrophages,
primary macrophages derived from bone marrow or Hepa 1-6
hepatocytes at such concentrations (Fig. S3), suggesting their
potential for drug delivery applications in vivo.

Drug loading and stimulation-responsive drug release

NB was loaded into MSNs followed by PDA and HA coating to
form NB/SPDA@HA nanoparticles (Fig. 1A). At pH 7.4, the
positively charged NB (pK, = 8.9) interacted strongly with the
negatively charged MSNs (Fig. 1D), resulting in a high drug
loading of 32 wt% as determined by absorbance of NB at 283 nm
(Fig. 2A). As expected, both NB/MSN and NB/SPDA@HA
exhibited a characteristic absorption peak of NB at 283 nm
which was not present in MSNs and SPDA@HA, indicating
successful drug loading.

MSNs effectively addressed the poor solubility of NB by
limiting the growth of drug particles.®® As shown in Fig. 2B, the
pure NB exhibited distinct sharp Bragg peaks under X-ray
diffraction (XRD) due to its crystalline nature. Upon loading
of NB into the rigid pore structure of SPDA@HA, the majority of
those sharp crystal diffraction peaks vanished (Fig. 2B), indi-
cating a typical feature of amorphous silica and poly-
dopamine.**** These data suggest that NB was dispersed and
present in a non-crystalline physical state, resulting in
enhanced solubility within SPDA@HA nanoparticles.

To release NB specifically within atherosclerotic plaques, NB/
SPDA@HA nanoparticles were designed to respond to both low
pH and HAase enzyme. As shown in Fig. 2C, NB/MSNs exhibited
rapid drug release at pH 5.6, reaching a cumulative release of
NB up to 59.4% within 30 min, much faster than the release at
pH 7.4. This phenomenon is attributable to the silanol group
(pKa of 5.6) on the silica surface. The surface charge at the
silica-water interface is neutralized at pH 5.6,*° leading to
disruption of the charge interaction between MSNs and NB and
consequently release of NB. As macrophages in the plaques use
glycolysis for ATP synthesis to fulfil their high energy demand
under hypoxia, more lactate and protons were secreted,*
resulting in an acidic microenvironment. In fact, this acidic
condition is commonly employed to design pH-responsive
nanomedicine for accelerated drug release in the plaques.'®*”
Thus, one may expect that the pH-responsive feature of NB/
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Fig. 2 Drug loading and drug release in vitro. (A) UV absorption spectrum of different samples with NB absorption peak at 283 nm. (B) X-ray
diffraction (XRD) pattern of NB, SPDA@HA, NB/SPDA@HA and physical mixture (PM) of NB and SPDA@HA. (C) Cumulative release profiles of NB
from NB/MSN, NB/SPDA and NB/SPDA@HA under pH 5.6 and pH 7.4. (D) Cumulative release profiles of NB from NB/SPDA@HA under different
conditions. Data is presented as mean + SD of three independent experiments (C and D).

MSNs can enhance release of NB within atherosclerotic plaques,
thereby improving therapeutic efficacy in atherosclerosis.
Interestingly, the pH-responsive NB release was also
observed from NB/SPDA and NB/SPDA@HA nanoparticles
albeit at a lower rate (Fig. 2C), likely due to restriction of drug
diffusion by the PDA and HA bilayer polymer coated outside of
the particles. This result indicates that the polymer coating
could not completely restrain drug leakage as the drug
concentration gradient outperforms the restriction posed by
polymer coatings.*® However, the coating was still effective in
minimizing premature drug leakage before the carriers reached
the target site. Furthermore, as the HA layer was readily
degraded by HAase into small fragments, HAase increased the
cumulative release of NB from NB/SPDA@HA regardless of pH
values (Fig. 2D). Given that hyaluronidase (HAase) is highly
abundant in atherosclerotic plaques,* the HA coating facilitates
both CD44-mediated targeting of NB/SPDA@HA nanoparticles
and HAase-mediated accelerated drug release in the plaque. To
further elucidate the release mechanism, we conducted
comprehensive kinetic modeling of the release profiles using
the Korsmeyer-Peppas equation (Fig. S4 and Table S3). The

Nanoscale Adv.

results showed that Fickian diffusion was the predominant
release mechanism for NB across all tested scenarios (with n
consistently < 0.45). The presence of dual stimuli, the acidic pH
and hyaluronidase, modulated both the release rate and
mechanism, increasing the n value and shifting the profile
toward more complex, anomalous transport. This indicates that
matrix degradation and environmental responsiveness
contribute to a more tunable and controlled release profile of
NB/SPDA@HA. Taken together, NB/SPDA@HA represents
a promising dual-responsive drug delivery system for athero-
sclerosis therapy.

Enhanced cellular uptake of SPDA@HA in vitro

As expected, M1 polarization induced by LPS/IFN-y treatment
significantly increased CD44 expression in RAW264.7 macro-
phages (Fig. 3A and S5). Since HA is the natural binding ligand
of CD44 receptor,”"” we examined if M1 polarization would
enhance cellular uptake of nanoparticles by RAW264.7 cells. As
shown in Fig. 3B, M1 RAW264.7 macrophages drastically
enhanced cellular uptake of Cy5/SPDA@HA nanoparticles
compared to naive RAW264.7 cells in a dose-dependent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cellular uptake of SPDA@HA nanoparticles in vitro. (A) Quantification of CD44 expression in RAW264.7 cells by FACS. (B) Cellular uptake of

Cy5/SPDA@HA by naive and M1 RAW264.7 macrophages analyzed with

FACS. Cells were incubated with 25 pg ml=* or 50 ug mt™* for 2 h at 37 °C

followed by FACS. (C) Fluorescence microscopy images showing CD44 receptor-mediated uptake of Cy5/SPDA@HA nanoparticles by RAW
264.7 cells. Control, naive macrophages without nanoparticles (blank control); Naive, naive macrophages incubated with Cy5/SPDA@HA; M1, M1
macrophages incubated with Cy5/SPDA@HA; M1 + HA, M1 macrophages incubated with Cy5/SPDA@HA in the presence of HA. Scale bar = 30
um. (D and E) Quantification of cellular uptake of Cy5/SPDA@HA by M1 RAW264.7 macrophages in the absence (referred to as SPDA@HA) or
presence (referred to as + HA) of HA at 37 °C or at 4 °C. M1 RAW264.7 macrophages without nanoparticles were used as blank control (referred to
as control). Data is presented as mean + SD of three independent experiments. MFIl, mean fluorescence intensity; ***p < 0.001.

manner. The enhanced cellular uptake of nanoparticles by
macrophage M1 polarization was confirmed by fluorescence
microscopy (Fig. 3C). Intriguingly, M1 RAW264.7 macrophages
took up significantly more Cy5/SPDA@HA nanoparticles than
Cy5/SPDA nanoparticles (Fig. S6), suggesting an involvement of
CD44-HA mediated cellular uptake by M1 macrophages. To
validate the enhanced uptake of SPDA@HA nanoparticles was
mediated by CD44-HA interaction, we performed a ligand-
competitive binding experiment. As shown in Fig. 3C,
pretreatment of M1 RAW264.7 macrophages with HA blocked
cellular uptake of Cy5-labelled SPDA@HA nanoparticles. This
result was confirmed by FACS analysis of mean fluorescence
intensity of the cells pretreated with or without HA (Fig. 3D and
E). These data indicate that HA pretreatment diminishes
cellular uptake of uptake of SPDA@HA nanoparticles by
blocking CD44 receptor binding sites to the HA coated on
nanoparticles. Since receptor-mediated uptake involves ATP-
dependent endocytosis that is substantially affected by
temperature,’ we examined cellular uptake of SPDA@HA
nanoparticles at 4 °C (Fig. 3D and E). Compared to at 37 °C,
cellular uptake activity of M1 RAW264.7 macrophages was
markedly suppressed. These data further confirm that CD44
specifically mediates cellular uptake of SPDA@HA nano-
particles by macrophages. Since CD44 is highly expressed in
lesional macrophages in atherosclerotic plaques,'*'” HA coating

© 2025 The Author(s). Published by the Royal Society of Chemistry

will therefore facilitate targeting and cellular uptake of
SPDA@HA nanoparticles to achieve efficient delivery of NB to
atherosclerotic lesions.

NB/SPDA@HA reduces intracellular ROS and suppresses
inflammation in macrophages

We established a ROS-producing and inflammatory cell model
by stimulating RAW264.7 macrophages with LPS/IFN-y treat-
ment to examine the anti-ROS activity of NB/SPDA@HA. Intra-
cellular ROS was measured by incubating cells with a ROS
fluorogenic probe, 2’,7'-dichlorofluorescein diacetate (DCF-
DA)," which reacted with ROS to generate green fluorescence in
the cells (Fig. 4A). After 4 h stimulation with LPS/IFN-y,
RAW264.7 macrophages produced considerably higher level of
ROS, as determined by FACS (Fig. 4B and S7), than cells without
stimulation. Intracellular ROS produced by LPS/IFN-y was
diminished by treatment with free NB, NB/SPDA and NB/
SPDA@HA nanoparticles (Fig. 4A and B and S7). NB/
SPDA@HA nanoparticles showed the most pronounced effects
in ROS reduction, likely due to higher cellular uptake facilitated
by HA coating (Fig. 3). The potent ROS reducing effect of NB in
inflamed macrophages is likely due to its inhibition of ROS
production and direct ROS-scavenging capability as previously

reported.'*?***
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As expected, LPS/IFN-y stimulation induced production of
inflammatory cytokines, including interleukin-6 (IL-6), inter-
leukin-1p (IL-1B) and tumor necrosis factor (TNF-o) in macro-
phages (Fig. 4C). Similar to ROS, cytokine production was
substantially inhibited by NB/SPDA@HA. Free NB and NB/SPDA
also reduced IL-6 production but much less potent. The
stronger anti-inflammatory effects of NB/SPDA@HA might be
attributed to their higher cellular uptake and consequently
higher intracellular accumulation of NB. Quantitation of
intracellular NB would help to confirm the improvement in NB
delivery by SPDA@HA nanoparticles, however, direct measure-
ment of intracellular NB is technically challenging.** Since ROS
are key signaling molecules and mediators of the inflammatory
response,* this result suggests that NB/SPDA@HA may alleviate
inflammation by suppressing ROS production. In fact, NB has
been reported to exert potent anti-inflammatory effects by
inhibiting NLRP3 inflammasome activation in vascular

Nanoscale Adv.

remodeling* and cardiac stress.*” Moreover, NB has been
shown to reduce cytokine production by inhibiting NF-kB and
MAPK signaling pathways in liver injury.*® Therefore, the potent
anti-inflammatory property of NB/SPDA@HA is desirable to
alleviate plaque progression and increase plaque stability,
which may ultimately reduce the risk of acute coronary
syndrome and stoke posed by atherosclerotic lesions.*”
Macrophage apoptosis causes development of the necrotic
core which renders plaques vulnerable to rupture and acute
lumenal thrombosis in advanced atherosclerotic lesions.*® We
therefore examined the influence of NB/SPDA@HA on macro-
phage apoptosis induced by LPS/IFN-y treatment (Fig. 4D). As
revealed by FACS analysis, NB/SPDA@HA significantly inhibited
apoptosis (Fig. 4D and E). As expected, free NB and NB/SPDA
also reduced cell apoptosis but to a lesser extent. NB may
exert anti-apoptotic effects by reducing intracellular ROS
(Fig. 4A and B)* and/or by increasing intracellular NO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Inhibition effects of foam cell formation. (A) Quantification of extracted contents of Oil Red O (ORO) in foam cells derived from M1

RAW264.7 macrophages after different treatments. Data is presented as mean + SD of three independent experiments. abs, absorption; ns, not
significant; **p < 0.01; ***p < 0.001. (B) Representative ORO staining of naive RAW264.7 macrophages. (C) Representative ORO staining of
oxLDL-induced foam cells formatted by M1 RAW?264.7 macrophages. (D—F) Representative ORO staining showing impacts of various treatments

on foam cell formation by M1 RAW264.7 macrophages.

production.® Given the detrimental effects of macrophage
apoptosis in advanced atherosclerosis,* inhibition of apoptosis
by NB/SPDA@HA is expected to promote plaque stabilization
and reduce risk of cardiovascular disease.

NB/SPDA@HA inhibits foam cell formation

Macrophage foam cell formation amplifies inflammation and
contributes to atherosclerosis initiation and progression.**-* To
investigate if treatment with NB could suppress foam cell
formation, we generated foam cells by incubating LPS/IFN-y
pre-treated RAW264.7 cells with oxidized low-density lipopro-
tein (0xLDL).® As revealed by ORO staining, 48 h incubation with
oxLDL induced accumulation of a large amount of lipids in the
macrophages, indicating formation of foam cells (Fig. 5A-C).
Such lipid accumulation was notably suppressed upon treat-
ment with free NB, NB/SPDA or NB/SPDA@HA (Fig. 5D-F). To
quantify intracellular lipid accumulation, ORO was extracted
with isopropanol and its absorbance at 492 nm was measured.
As shown in Fig. 5A, free NB, NB/SPDA and NB/SPDA@HA
reduced intracellular lipid deposition by 8.76%, 23.36%, and
61.2%, respectively, compared with the model group with no
treatment. More importantly, NB/SPDA@HA exerted the most
pronounced inhibitory effects on foam cell formation among all
the formulations. As ROS and inflammation are key drivers of
foam cell formation,** inhibition of oxLDL uptake by NB is

© 2025 The Author(s). Published by the Royal Society of Chemistry

likely attributable to its antioxidative and anti-inflammatory
activities. This is the first report, to our knowledge, that NB
inhibits foam cell formation. This observation is clinically
meaningful as accumulation of foam cells within arterial lining
represents deterioration of atherosclerosis and NB is a beta
blocker used for treatment of cardiovascular diseases.

Study limitations

While our study establishes the targeted delivery and thera-
peutic potential of NB/SPDA@HA nanoparticles in vitro, the
absence of in vivo validation remains a key limitation. Future
studies employing relevant atherosclerosis models, such as
ApoE ™'~ or LDLr '~ mice, are necessary to confirm nanoparticle
targeting and to rigorously assess anti-atherosclerotic efficacy
and safety under physiological conditions. Such investigations
will also yield critical insights into pharmacokinetics, bi-
odistribution, plaque penetration, and long-term biocompati-
bility, which are essential for guiding translational development
toward clinical applications.

Conclusions

In this study, CD44-targeted NB/SPDA@HA nanoparticles were
developed for simultaneous diagnosis and treatment of
atherosclerosis. The core formed with MSNs allowed NB loading
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and subsequent surface functionalization with PDA polymer
and HA to enable PAI imaging of atherosclerotic plaques and
targeted drug delivery to lesional macrophages, respectively.
Moreover, the silanols on the silica surface and the HAase in the
plaque make the NB/SPDA@HA platform a dual-responsive
drug release system in the context of atherosclerosis. NB/
SPDA@HA nanoparticles exert potent activities in eliminating
ROS, suppressing inflammation and cell apoptosis, and inhib-
iting foam cell formation in vitro. To conclude, we herein
present a proof-of-concept for an innovative multifunctional
plaque-targeting nanotheranostic platform, its efficacy and
safety in atherosclerosis therapy warrant in vivo validation in
future studies.
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