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Introduction: Photothermal therapy (PTT) is attracting increasing attention in treating atherosclerotic plaques. However, PTT can
induce inflammatory responses, in turn stimulating the regeneration of atherosclerosis and hindering subsequent therapy.

Methods: In this paper, a multifunctional nanoparticle (Au NR@SiO,/RSNO/DS, GSNPD) for the synergistic treatment of athero-
sclerosis through PTT and anti-inflammation effects was developed. The preparation and characterization of GSNPD, their cellular
toxicity, photothermal conversion and targeted ablation efficiency, anti-inflammation and ROS scavenging effect, as well as the
inhibition of foam cell formation were studied in vitro.

Results: The experimental results showed that the fabricated GSNPD NPs displayed positive effects on anti-atherosclerosis by pro-
inflammatory macrophages ablation, NO production and ROS scavenging.

Discussion: GSNPD NPs were designed to effectively and accurately ablate pro-inflammatory macrophages by recognizing and
targeting to SR-A overexpressed on the activated macrophages of arterial plaques via PTT, and simultaneous inhibit the PTT-induced
inflammation through the laser-activated NO release in situ. This match of therapeutic agents and inhibitors not only achieves good
therapeutic effects but also minimizes side effects as much as possible, which may provide an effective way for PTT-based treatment
of atherosclerosis.
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Introduction

Atherosclerosis (AS) is a complex chronic inflammatory process leading to cardiovascular disease (CVD), a disease
caused by the increased blood cholesterol carried in low-density lipoprotein (LDL)." Deposits of lipids and fibrous
components under the walls of large arteries can affect large- and medium-sized arteries, inducing the formation of
atherosclerotic plaques. Atherosclerosis is a primary contributor to vascular disease around the world.>* Thus, early
intervention and prevention are essential for atherosclerotic plaque progression.* Surgical treatment is an invasive
treatment that can induce acute cardiovascular events and is risky. Dissection and occlusion of the internal carotid artery
can occur during or following carotid endarterectomy.’ Furthermore, clinical oral drugs such as statins and testosterone to
decrease lipid levels can provide effective treatment, but traditional oral drugs are always limited by poor targeting ability
and long periods before acting, which would result in various adverse side effects.®’ Therefore, a noninvasive and
effective treatment tactic is urgently needed to inhibit the progression of early atherosclerotic plaque.
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PTT is a therapeutic modality that realizes hyperthermia in specific regions by converting light energy into thermal
energy. The core principle of PTT is the utilization of the photothermal effect (PTE) of photothermal transduction
agents (PTAs), such as photosensitizers or nanoparticles.® These materials will promptly transform the absorbed light
of specific wavelengths into thermal energy, resulting in a local temperature increase. The increase in temperature
usually reaches 42 ~ 45°C, which is sufficient to induce apoptosis or necrosis of cells without affecting the surrounding
normal tissues. PTT is an emerging cancer treatment technology and has also received certain research in
atherosclerosis.” ' In recent years, numerous studies have indicated that it is a highly effective therapeutic approach
for reducing atherosclerotic plaque, owing to the advantages of flexibility, minimal invasion and high spatial
precision.'” PTT can ablate macrophages and reduce lesions to improve the plaque micro-environment.'*'
Nevertheless, PTT still has several shortcomings and challenges to overcome. For example, the tissue penetration
depth of near-infrared light (NIR) is restricted, typically reaching only a few centimeters, which limits the therapeutic
efficacy of PTT on deep tissues. Additionally, as a result of the thermal diffusion effect, the surrounding normal tissues
might undergo thermal injury. What’s more, the inflammatory effects brought by PTT should also be taken seriously.
Controlling the scope and extent of local temperature increase poses a challenge. However, the introduction of
nanoparticles can solve some of the problems. Nanoparticles serving as PTAs (such as gold nanorods, graphene,
carbon nanotubes, etc.) have a higher photothermal efficiency than molecular PTAs.'> With the advancement of
nanotechnology, various metal photothermal conversion nanoparticles have garnered growing interest due to their
robust light absorption and transformation capabilities attributed to the surface plasmon resonance (SPR) effect. Such
as, Ag@S-nitrosothiol nanoparticles, Cu3BiS; nanocrystals, and CuCo,S, nanocrystals have been used in PTT for
atherosclerosis.'®'® Furthermore, nanoparticle PTAs can combine targeting ability with multiple imaging modalities
and therapeutic functions, presenting unique advantages.'®

Macrophage proliferation accumulation plays a key role in atherosclerosis.”’*' Pro-inflammatory (M1-like)
phenotype can highly release inflammatory cytokines (TNF-a, IL-6) and generate a good deal of reactive oxygen
species (ROS). However, pro-resolving (M2-like) phenotypes can dampen inflammation. Macrophage class-A
scavenger receptors (SR-A) are involved in the pathological accumulation of cholesterol in atherosclerosis. The
macrophages in atherosclerotic lesions presented the classical ‘foamy’ appearance due to macrophage scavenger
receptors mediated the uptake of oxidized cholesterol.’”** Thus, macrophages are commonly treated as an
effective target for PTT ablation to inhibit atherosclerosis progression.''** However, an unavoidable issue for
PTT-based atherosclerosis treatment is the accompanying side effect, inflammatory responses, which will weaken
treatment effectiveness. Thus, the synergistic therapy of PTT and anti-inflammatory might be a helpful strategy.

To achieve this objective, in this work, we utilized silica-encapsulated gold nanorods (Au@SiO,) as PTT agents and
nanocarriers. After conjugation with the heat-sensitive RSNO molecules to release NO in situ as anti-inflammatory agent, DS
was further modified to serve as a molecular targeting ligand for SR-A, which is overexpressed in inflammatory
macrophages.”> The obtained nanoparticles (GSNPD) can not only target and ablate inflammatory macrophages but also
relieve inflammation by heat-controlled NO release (Scheme 1). It has been reported that a deficiency in the production or
activity of NO may contribute to the development of atherosclerosis.?® As a cell signaling molecule, it is well known that NO
can regulate vascular tension.”” NO can weaken the inflammatory response and inhibit the progression of plaques at the lesion
sites.”® DS is a hydrophilic and negatively charged polysaccharide, featuring excellent biodegradability and biocompatibility.>®
DS can selectively combine with the positively charged residues of SR-A through ligand-receptor recognition.”’ Previous
studies have probed into the application of various DS-coated nanomaterials in atherosclerotic plaque imaging, with the aim of
targeting activated macrophages.’® DS as a targeting molecule also confers the benefit of stabilizing and attenuating athero-
sclerotic plaques, as it competitively inhibits the internalization of oxidized low-density lipoproteins (ox-LDLs) via SR-A
occupancy.’! In our research, DS was employed as the preferred ligand for SR-A on activated macrophages to enhance the
targeting and penetration capabilities of nanoparticles. As expected, such GSNPD NPs exhibited high photothermal properties
and controllable NO generation to inhibit macrophage foaming and improve the inflammatory micro-environment in vitro.
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Scheme | The schematic diagram of GSNPD NP preparation and its photothermal/anti-inflammatory therapy for atherosclerosis.

Methods

Materials

Hexadecyltrimethylammonium bromide (CTAB) was obtained from Wigedbio Technology Co., Ltd. (Xuzhou,
China). Tetrachloroauric acid trihydrate 99.5% (HAuCl,-3H,0) was acquired from ACMEC Biochemical
Technology Co., Ltd. (Shanghai, China). Silver nitrate (AgNOs3, 99%), Sodium borohydride (NaBH,, 96%)
L-Ascorbic acid (L-AA, 99.7%), Hydrochloric acid, tetraethyl orthosilicate (TEOS), ethanol, and methanol
were bought from SinopharmChemReagent Co., Ltd. (Shanghai, China). Dextran sulfate (DS) was obtained
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH, 96%), 3-(mercaptopropyl)
trimethoxysilane (MPTMS, 97%), Rhodamine 6G (Rh6G), tert-Butyl nitrite (TBN, 90%) were obtained from
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Nitrate Assay Kit, BODIPY 493/503 Staining Kit
and Lipopolysaccharides (LPS) were gained from Beyotime Biotechnology Co., Ltd. (Shanghai, China). The
CCK-8 cell counting kit, phosphate buffer saline (PBS), and Calcein AM/PI reagents were obtained from Meilun
Biotechnology Co., Ltd. (Dalian, China). Fetal bovine serum (FBS), penicillin—streptomycin and Dulbecco’s
modified eagle medium (DMEM) were obtained from Gibco (USA). Four percent paraformaldehyde was obtained
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from Saiguo Biotech Co., Ltd. (Guangzhou, China). Enzyme-linked immunosorbent assay (ELISA kits) was
provided by Jianglaibio Technology Co., Ltd. (Shanghai, China). The Oil red O(ORO) staining kit and oxidized
low-density lipoprotein (ox-LDL) were provided by Solarbio Science & Technology Co., Ltd. (Beijing, China).
Balb/c mice (8 week) were provided by the Animal Center of Xuzhou Medical University. All animal experi-
ments were approved by the Animal Care Committee of Xuzhou Medical University (approval number:
202307T031). All animal experiments were conducted according to the guidelines of the National Institutes of
Health on the use of animals in research.

Preparation of Au NR@SiO, (GSR)

The gold nanorods were synthesized using a seed-mediated growth method with minor modifications.** Firstly,
we mixed 2.5 mL of CTAB (0.1 M) solution and 83 pL of HAuCl,; (10 mM) aqueous solution. After that,
0.2 mL of iced NaBH,4 (0.01 M) was slowly added and stirred continuously. Subsequently, the solution was
incubated in a 25 °C water bath for 2 h. Secondly, 4.8 mL of HAuCl, (0.01 M) solution was added to 114 mL of
CTAB (0.1 M) solution, succeeded by the sequential addition of 720 pL of AgNO; (0.01 M) aqueous solution,
40 pL of 36.5% HCI and 768 pL of L-ascorbic acid (0.1 M) solution. Finally, 240 pL of the gold seed solution
was added, and the mixture was incubated overnight at 30 °C. The obtained 30 mL aliquot of GNR solution was
centrifuged (18000 rpm, 15 min) once and dispersed. Then, 60 uL of 20% TEOS methanol solution was mixed
with 15 mL of GNR aqueous solution for three times at 30-minutes intervals (pH 10-11). The mixture reacted
for two days at 26 ~28 °C.

Preparation of Au NR@SiO,-SNO (GSNO)

To modify -SH groups on the surface of SiO, shells, firstly, 300 pL of MPTMS was added to 15 mL of GNR@SiO,
aqueous solution and transferred the mixture to an oil bath with the temperature rising to 90 °C. After four hours reflow,
the GNR@Si0,-SH nanorods (GSN) were washed twice and re-dispersed in methanol for later use. To turn -SH groups
into -SNO groups, we added an excess of t-butyl nitrite (~400 uL). The mixture was quickly stirred overnight in the dark
at room temperature. The final product, GNR@SiO,-SNO (GSNO), was washed twice successively with water and
methanol, then dispersed and stored for subsequent use.

Preparation of Au NR@SiO,-SNO-PEI/DS (GSNPD)

Two milliliters of PEI (2 mg/mL) solution was added to 2 mL of GSNO (1 mg/mL) solution, and stirred rapidly for
4 h. Subsequently, the mixture was washed and centrifuged (14000 rpm, 30 min) three times. GSNPDs were prepared by
electrostatic adsorption.*® In a word, 1 mL of DS (10 mg/mL) was mixed with 1 mL of GSNP (I mg/mL) solution and
stirred continuously on an iced rocker. Finally, the precipitate was washed three times to obtain Au NR@SiO,-SNO-PEI
/DS (GSNPD) NPs.

Characterization of Au NR@SiO,-SNO-PEI/DS (GSNPD)

Transmission electron microscopy (TEM) (FEI Tecnai G2 F30) was used to detect the morphology and size of
the GSNPD NPs. The characteristic spectra were characterized by UV-vis spectrophotometer and Fourier infrared
spectrometer, respectively. Zetasizer was utilized to measure zeta potential, while dynamic light scattering (DLS)
was employed to evaluate potential variations, particle size, and distribution stability. The elemental composition
of the GSNO was measured by a high-resolution TEM (FEI Tecnai G2 F30). Thermal images were captured
using a thermal imaging camera. An 808 nm laser was applied to induce photothermal effects.

Photothermal Experiments

The photothermal performance of GSNPD NPs was detected with an infrared thermal camera. Primarily, 808 nm
laser (2 W/cm?, 5 min) was applied to irradiate various concentrations (0, 12.5, 25, 50, 100, 200, 400 pg/mL) of
GSNPD NPs solution and the temperatures of GSNPD NPs solution were monitored by infrared thermography at
an interval of 30s. Similarly, the GSNPD NPs solution (200 ug/mL) was exposed to a 808 nm laser at various

1734 https: International Journal of Nanomedicine 2025:20



Lu et al

power densities (1, 1.5, 2, and 4 W/cm?) last 5 min. To evaluate the photothermal conversion efficiency (1) of
GSNPD NPs, the temperature was recorded at the set time until the temperature inclined to be stable. Later, we
turned off the laser and then cooled to room temperature. According to the formula®* below, the photothermal
conversion efficiency (1) was measured:

hs (Tmax - Tsurr) - Qdis
[(1 _ 107/4808)

]’l:

To assess the photothermal stability, a 808 nm laser (2 W/ecm?) was employed to irradiate GSNPD NPs solution for
5 min. Subsequently, the temperature of GSNPD NPs solution returned to room temperature after turning off the laser.
The ON/OFF cycle irradiation experiment of GSNPD NPs solution was conducted for 4 cycles.

Measurement of NO Release from GSNPD Nanoparticles in Aqueous Solution

To quantify the NO release from the GSNPD NPs solution, a standard Griess assay was employed. When NO is released
from NPs, it will immediately react with the Griess reagent, turning the solution pink.**> The absorption signal of the
GSNPD NPs solution was measured, and the concentration of NO in the solution was calculated using a NaNO, standard
curve.

Cell Culture

Mouse macrophage cells (RAW264.7 cell line) were purchased from Fuheng biology (Shanghai, China). Cells were
cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1% penicillin/streptomycin
and 10% fetal bovine serum at 37°C under 5% CO,. RAW264.7 cells were activated with 1 pg/mL lipopolysaccharide
(LPS) overnight. To induce foam cell formation, RAW264.7 cells were incubated with 60 pg/mL ox-LDL solution
prepared in DMEM medium containing 5% FBS for 48 hours.

Cell Cytotoxicity Evaluation and Hemolysis Test
Cytotoxicity analysis was assessed by the CCK-8 assay. In brief, RAW264.7 cells were cultured and incubated overnight.
Then, 100 pL of culture medium including various concentrations of GSNPD NPs (0, 6.25, 12.5, 25, 50, 100, 200,
300 pg/mL) was added. After being incubated overnight, cells were washed and incubated for 2 h after the addition of
100 pL of fresh medium and 10 pL of CCK-8 reagent. We detected the absorbance of the medium at 450 nm and
calculated the mean absorbance (OD) of three wells in each group:

OD (treatment group) — OD (blank)

1009
OD (control) — OD (blank) x %

cell viability (%) =

Fresh mouse blood was obtained for the hemolysis experiment. Firstly, 200 pL of RBC solution was mixed with 800 uL
of GSNPD NPs with different concentrations (25, 50, 100, 200, and 400 pg/mL) and incubated for two hours. Secondly,
RBCs were treated with an equivalent volume of deionized water and saline as the positive and negative controls,
respectively. Finally, the cells were centrifuged and the absorbance of the supernatant was measured at 541 nm. The
results of the hemolysis experiment were calculated as follows:

OD (sample) — OD (negative control) « 100%
0

Hemolysis (%) =
emolysis (%) OD (positive control) — OD (negative control group)

In vitro Targeting Ability

Rhodamine 6G (Rh 6G)-labeled nanoparticles were used to trace the intracellular distribution of GSNO and GSNPD
NPs. For subsequent experiments, RAW264.7 cells were cultured and incubated with LPS overnight. Afterwards, we
sucked out the medium and added 500 puL of medium containing Rh-6G labeled GSNPD NPs (200 pg/mL). The medium
was aspirated and washed at different times (10, 20, 30, 60, 120 min). Following this, the cells that had underwent
phagocytosis of materials were fixed in 4% paraformaldehyde and stained with DAPI prior to observation. To evaluate
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the ability of DS in targeting inflammatory macrophages, cells were primarily co-incubated with LPS (1 pg/mL)
stimulation overnight. Afterwards, the cells were incubated with Rh-6G labelled GSNO or GSNPD NPs (200 pg/mL),
respectively. Besides, the cells were washed and stained after 30 min of incubation. Fluorescence images were
subsequently obtained using confocal laser scanning microscopy at 405 nm and 514 nm excitation. Flow cytometry
was utilized to quantify the intracellular signal of RAW?264.7 cells after different treatments. The intracellular Au in
RAW264.7 cells following various treatments was quantified using inductively coupled plasma mass spectrometry (ICP-
MS).

RAW264.7 cells were cultured with or without LPS stimulation overnight to investigate the influence of NPs on ox-
LDL uptake by macrophages. Subsequently, either GSNO or GSNPD NPs (200 pg/mL) were added, respectively.
Following this, 60 pg/mL of ox-LDL was added for four hours incubation after removing the remaining materials.
Confocal laser scanning microscopy was applied to obtain the fluorescence images at 405 nm and 514 nm excitation after
the cells were washed and stained with Hoechst 33342 and BODIPY 493/503 for 15 min.

In vitro PTT Effect

GSNPD NPs containing different concentrations (0200 pg/mL) were used to replace the medium after the cells were inoculated
and incubated with LPS (1 pg/mL) overnight. Following, the cells were treated with or without a 808 nm (2 W/cm?) irradiation
laser for 5 min after removing the surplus NPs. To assess the cell viability at different concentrations, the absorbance of the
medium was measured after adding 10 pL. of CCK-8 solution. Besides, the cell viability of activated macrophages with various
treatments (control, laser, GSNO, GSNPD, GSNO + laser, and GSNPD + laser) was detected in the same way. To confirm the
influence of GSNPD-+laser on normal macrophages, macrophages without LPS treatment were performed as control.

The PTT effect was assessed by live/dead cell co-staining assay. In this study, the activated macrophages with the
above treatment were incubated with Calcein-AM/PI in the dark. After being washed, the cells in a 6-well plate were
imaged under a fluorescent inverted microscope.

Cell Apoptosis Analysis

RAW264.7 cells in all groups, except for control group, were pre-treated with LPS before being subjected to various
treatments (control, laser, GSNO, GSNPD, GSNO + laser, and GSNPD + laser). After 12 hours, the cells were collected
and re-suspended in 500 pL of PBS, followed by staining with Annexin V-FITC and PI at room temperature. Finally,
apoptosis analysis was performed using flow cytometry to evaluate the effects of different treatments.

Inhibit the Generation of Reactive Oxygen Species (ROS)

RAW264.7 cells in all groups except the control group were LPS pre-treated before the cells were treated with various
treatments (control, LPS, GSNO, GSNPD, GSNO + laser, and GSNPD + laser). After 12 h, the fresh medium containing
DCFH-DA replaced the cell culture mediums and incubated for an additional 30 min. The intracellular ROS generation in
different treatments could be observed using a fluorescence-inverted microscope after washing. To show the influence of
GSNPD + laser on ROS production from normal macrophages, macrophages without LPS treatment were performed as control.

Anti-Inflammation Performance of GSNPD NPs

The influence of GSNPD NPs on the secretion of inflammation factors in RAW264.7 cells was evaluated using an ELISA
assay. Cells were subjected to different treatments (control, LPS, laser, GSPD + laser, GSNO + laser, and GSNPD +
laser) overnight, and the concentration of pro-inflammatory factors (TNF-o, IL-6) in the supernatant were measured
using an ELISA Kkit.

Foam Cell Formation Assay

0.4 pm pore Transwell chambers (LABSELECT) with polycarbonate filters were used for foam cell formation assay.
Activated macrophages were seeded in the upper chamber, while unactivated macrophages were seeded in the bottom
chamber simultaneously. The cells in the upper chamber were subjected to different treatments (control, LPS, laser,
GSPD + laser, GSNO + laser, and GSNPD + laser) for four hours. Subsequently, the medium was replaced, and the cells
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were further incubated overnight. After that, 60 pg/mL ox-LDL was introduced into the bottom chamber and incubated
for two days. The lipid droplet generation was observed by a fluorescence microscope in a bright field.

Statistical Analysis

The data were analyzed using the GraphPad Prism software. A T-test (nonparametric tests) was applied for mean
comparisons, and data were reported as mean £+ SD. *p < 0.05, **p < 0.01, ***p < 0.001 and ****P < (0.0001 were used
to indicate the significance of the difference.

Results

Synthesis and Characterization of GSNPD

To obtain GSNPD NPs, the seed-mediated growth method was used to prepare GNR. Then, using the modified Stober
method, a uniform silica shell was encapsulated on the surface of GNR to form AuNR@SiO, (GSR). In addition, the
elemental composition of GNR was enriched to facilitate subsequent surface sulthydryl modification and nitrothiol
loading. After thiolation, GSNO was obtained by the conversion of SH to SNO. Finally, DS was modified with the help
of PEI through electrostatic adsorption. The morphology of the GNR, GSR, GSNO, and GSNPD NPs was detected by
transmission electron microscopy (TEM) (Figure 1A), which indicated that GNRs had an average length of 33.3 + 6.3 nm
and an average width of 11.7 £ 1.7 nm. By comparing the TEM images of GSN and GSR, a uniform silica shell with
a thickness of ~15 nm was grown on GNR obviously, indicating the successful forming of GSR as expected via the
hydrolysis of TEOS (Figure 1A). Importantly, the original morphology of the GNR remained unchanged during the
coating process, indicating that the silica shell was deposited without causing any deformation. The high-resolution TEM
further validated the elemental composition (Au, Si, O, S, and N) of GSNO (Figure S1), indicating that GNR were
encapsulated within the silica shell. Moreover, uniform distribution of these elements throughout the structure of GSNO
confirms the consistency of the coating process. The UV-vis absorption spectra (Figure 1B) showed that GNR had
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a longitudinal localized surface plasmon resonance (LSPR) at 790 nm. After subsequent modification, LSPR exhibited
successive red shifts within the optimal NIR absorption window for photothermal application. Furthermore, the Fourier
transform infrared spectroscopy (FTIR) spectrum of GSNO showed an emerging characteristic peak of -N=O at
1453 em™' (Figure 1C), which verified the successful conjugation of -SNO onto GSR. We obtained the average
hydrodynamic diameters of GSR, GSNO, and GSNPD via dynamic light scattering (DLS). The sizes were around 106
nm, 190 nm, and 255 nm, respectively (Figure 1D). After each step of successful assembly, the hydrodynamic diameters
enlarged correspondingly. The size of GSR, GSNO, and GSNPD NPs measured by DLS was generally more extensive
than that observed by TEM due to the fact that DLS measures the radius of hydrated particles. Besides, the zeta potential
shifted from +44.8 mV for GNR to —27.1 mV for GSNPD (Figure 1E), which further confirmed the successful
preparation of GSNPD NPs. After silica coating, the zeta potential decreased from +44.8 mV (GNR) to +21.6 mV
(GSR). Subsequently, the zeta potentials showed significant charge reversal from +21.6 mV (GSR) to —3.2 mV (GSN)
due to the abundance of -SH groups, and the effective loading of TBN further lowered GSNO to be —21.6 mV. Since PEI
is positively charged, the zeta potential of GSNP increased to +25.8 mV after PEI covering. Finally, DS was added by
electrostatic adsorption, and the zeta potential of GSNPD decreased to —27.1 mV. The above results proved the successful
preparation of GSNPD. More importantly, GSNPD NPs had negligible changes in hydrodynamic size within a week,
indicating the superior stability of GSNPD NPs in a physiological environment (Figure 1F).

Photothermal Conversion Efficiency

The UV-vis absorption spectrum of GSNPD NPs exhibited intense and broad absorption in the range from 500 to 900
nm, indicating that GSNPD NPs are excellent photothermal agent. Thermal imaging was employed to monitor the
temperature of the GSNPD solution under an 808 nm laser (2 W/cm?) at various concentrations and power intensities
(Figure 2A and B). To evaluate the photothermal conversion performance of GSNPD NPs, aqueous suspensions of
GSNPD NPs were irradiated at elevated concentrations (0, 25, 50, 100, 200, 400 pg/mL) under an 808 nm laser (2 W/
cm?®) or power densities (0.5, 1.0, 1.5, 2.0, 4.0 W/ecm? at 200 pg/mL). The photothermal heating curve of GSNPD
aqueous solution indicated that the increase in temperature depended on the concentration of GSNPD NPs, irradiation
time and power intensity of the 808 nm laser (Figure 2C and D). Especially with the concentration of GSNPD NPs at
200 pg/mL, the increase in temperature could reach 23°C in 6 min of irradiation (2 W/cm?), which is sufficient to induce
cell apoptosis. No discernible temperature change was observed when deionized water was exposed to the laser at the
same power density, indicating that the presence of GSNPD NPs enabled efficient and rapid conversion of 808 nm
irradiation into thermal energy. As demonstrated in Figure 2E, the similar temperature in each cycle confirmed the
outstanding photo-stability of GSNPD NPs, highlighting the potential of the composite nanoparticles to function as an
effective photothermal agent for subsequent NO generation and PTT of atherosclerosis. To further determine the NIR
photothermal conversion efficiency (PCE, 1)), a 808 nm laser (2 W/cm?) was used to irradiate GSNPD NPs aqueous
solution (200 pg/mL) for 15 min. The PCE was calculated to be 68.77% (Figure S2), which provided a basis for the
following synergistic therapy of PTT and anti-inflammation of atherosclerosis.

Measurement of NO Release from GSNPD NPs

The multifunctional GSNPD NPs can be used as a promising NIR-activated NO-releasing platform. NO release from
S-nitroso thiols was realized by homolytic cleavage of the S-N bond under light or heat.>® In this study, a classical Griess
assay was used to confirm and quantify the NO release and the standard curve was first detected (Figure S3). As shown in
Figure 2F, the NIR laser triggered GSNPD NPs to release NO, and as the laser power density increased, both the amount
and rate of NO-releasing increased, indicating the density-dependent features of NO release. Furthermore, the designed
GSNPD NPs displayed high stability at a physiological temperature of 37 °C and did not release NO gas unless irradiated
with a 808 nm laser (2W/cm?), illustrating specific NIR-controlled NO generation (Figure 2G). To further investigate
such controllable NO gas-releasing behavior of GSNPD NPs, intermittent laser irradiation was adopted. As demonstrated
in Figure 2H, with continuous irradiation for 10 min, GSNPD NPs produced a large amount of NO gas, and the
generation rate increased with prolonged irradiation time. The NO gas generating rate was significantly reduced after
turning off the laser for 10 min. Given that GSNPD NPs would generate NO rapidly over 45 °C, we adjusted the
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Figure 2 (A) Thermal images of GSNPD NPs at elevated concentrations (0, 25, 50, 100, 200, 400 pug/mL) (power density: 2.0 W/cmZ) and (B) power densities (0, 0.5, 1.0,
1.5, 2.0, and 4.0 W/cm?) (concentration: 200 pg/mL). (C) Photothermal heating curves at various concentrations of GSNPD NPs (Power density: 2.0 W/cm?), and (D) at
different power densities of GSNPD NPs (concentration: 200 ug/mL). (E) The photothermal circulation curve of GSNPD NPs over four laser on/off cycles (concentration:
200 pg/mL, power density: 2.0 W/cm?). (F) The released curves of NO gas from GSNPD NPs at different power densities. (G) The NO gas-releasing curves of the GSNPD
NPs (200 pg/mL) at 37 °C with or without laser irradiation. (H) The generation of NO gas in GSNPD NPs suspensions be triggered on-demand by turning on/off the 808 nm
laser (concentration: 200 pg/mL, power density: 2.0 W/cm?).

concentration of GSNPD NPs to 200 pg/mL, and the temperature could reach to 48 °C under a 808 nm laser (2 W/cm?).
Previous studies have shown that, NO concentration in the range of 4 ~ 6 uM, exhibit significant anti-inflammatory
ability.>” Under this condition, the GSNPD NPs solutions could generate ~19 uM of NO gas after continuous irradiation
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for 40 min, which was enough for the anti-inflammatory role of NO (Figure S4). In summary, the NIR light-triggered
GSNPD NPs for NO gas generating could be a promising photothermal initiated NO donor, achieving light-responsive
“on-demand” NO release.

Cellular Toxicity Evaluation and Hemolysis Test

The cellular biocompatibility of GSNPD NPs was evaluated to ensure their safety for biomedical applications in vitro.
The results of the CCK-8 assay indicated that GSNPD NPs could not cause a substantial reduction in the cell viability
below the concentration of 200 pg/mL, which remained above 80% after incubation overnight (Figure S5A).

The consideration of blood compatibility is a critical factor in evaluating nanomaterials for additional biological
applications. Therefore, a hemolysis assay was conducted to assess the blood compatibility of GSNPD NPs. As shown in
Figure S5B, no apparent hemolysis was observed in the GSNPD-treated samples, and the hemolysis rates remained
below 1.7% even at a nanoparticle concentration as high as 200 pg/mL. These results confirmed the excellent blood
compatibility of GSNPD NPs for photothermal/anti-inflammatory treatment.

In vitro Targeting Ability of GSNPD NPs to Activated Macrophages

Activated macrophages play a crucial role as pro-inflammatory cells in atherosclerotic plaques, contributing to the
initiation and progression of vascular injury. In this study, LPS was used to induce the formation of pro-inflammatory
macrophages, and the inflammatory cytokine release of TNF-o and IL-6 in activated cells increased significantly. The
activation of macrophages displayed the surface overexpression of class A scavenger receptors (SR-A).*'*® Thus, the
targeting capability of GSNPD NPs towards activated macrophages was assessed by CLSM and flow cytometry. GSNPD
and GSNO were labeled with Rh-6G. As shown in Figure 3A, the green fluorescence from GSNPD and GSNO NPs was
mainly localized in the cytoplasm. Pre-treatment with LPS and the existence of DS enhanced the fluorescence signal,
indicating that GSNPD NPs possessed a higher targeting ability to pro-inflammatory macrophages. Results in flow
cytometry and inductively coupled plasma—mass spectrometry (ICP-MS) were highly consistent with the above findings
(Figures 3B and S7), further demonstrating that GSNPD NPs were more accessible to the activated macrophages than
GSNO. Furthermore, the cellular uptake of GSNPD NPs occurred in a time-dependent manner, with green fluorescence
intensity gradually increasing over time (Figure 3C and D). Then, we wonder if such specific binding between DS of
GSNPD and SR-A overexpressed in activated RAW264.7 cells could inhibit SR-A mediated uptake of ox-LDL. Thus,
after treatment with GSNPD and GSNO NPs, intracellular lipid droplets in macrophages were stained with bright green
fluorescence using BODIPY 493/503. As shown in Figure 3E, compared with LPS pre-treated macrophages, GSNPD
could significantly reduce the uptake of ox-LDL. In contrast, no noticeable difference was observed between the GSNO
and LPS groups in the activated macrophages (Figure 3F), indicating that GSNPD could inhibit the foaming of
macrophages to some extent. In conclusion, these data showed that GSNPD NPs owned a macrophage-targeting
capability in vitro. SR-A, over-expressed by activated macrophages, was occupied by GSNPD NPs, thereby decreasing
endocytosis of ox-LDL. This effect would be beneficial for atherosclerosis treatment.

Combined PTT and Anti-Inflammatory Treatment in vitro

GSNPD NPs have a good photothermal conversion and NO generation ability, which allows us to further validate their
role in PTT and anti-inflammatory therapy in vitro. The activated RAW264.7 cells were exposed to various concentra-
tions of GSNPD NPs with or without 808 nm laser irradiation (2.0 W/cm?, 5 min). As shown in Figure 4A, there was no
noticeable decline of cell viability without any laser irradiation for all groups, indicating the good cellular biocompat-
ibility of GSNPD NPs and biosafety of 808 nm laser irradiation. However, after exposure to 808 nm irradiation, cell
viability decreased with increasing concentrations of GSNPD NPs. However, the cell survival rate at 200 ug/mL was
only 31.39% in the laser group, indicating that the photothermal ablation effect of GSNPD NPs could effectively inhibit
the proliferation of macrophages. It should be pointed that the cytotoxicity of GSNPD + laser on normal macrophages
was also assessed, and the results demonstrated that only relatively low toxicity to normal macrophages was observed
(Figure S8). Then, we systematically compared the PTT effects after different treatments (GSNO, GSNPD, GSNO +
laser, and GSNPD + laser) by cell viability experiment, live/dead co-staining and apoptosis assessment. The cell
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Figure 3 (A) The CLSM images of RAW 264.7 cells and LPS activated RAW264.7 cell incubated with GSNO NPs or GSNPD NPs for 30 min. Scale bar: 50 um. (B) Flow
cytometric analysis of the intracellular fluorescence intensity of cells with different treatments. (C) The CLSM images of activated RAW264.7 cells treated with GSNPD NPs
at different time points. Scale bar: 50 um. (D) Half-quantitative analysis of the GSNPD NPs uptake in RAW264.7 cells at different time points. (E) Representative confocal

fluorescence images of macrophages after different pre-treatments (control, LPS, GSNO, or GSNPD NPs) and then incubated with ox-LDL. (F) Fluorescence intensity
analysis of the fluorescent intensity in (E) (n = 3) (***P < 0.001, ***P < 0.0001).
Abbreviations: ns, no significance.

viabilities in laser only, GSNO and GSNPD group, were 99.54%, 92.49% and 89.02%, respectively, which were reduced
to 65.3% for GSNO + laser group and 31.39% for GSNPD + laser group (Figure 4B), displaying the excellent
photothermal ablation effect of GSNPD NPs on activated macrophages. To visually observe such performance, the
live/dead co-staining was performed. As shown in Figure 4C, cells were double stained with Calcein-AM (green) and PI
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(red). Consistent with the cell viability results, several dead cells were observed in the GSNO + laser (2 W/em?, 5 min)
group, which further increased in the GSNPD + laser (2 W/ecm?, 5 min) group. The cells were stained with Annexin
V-FITC/PI to evaluate cell apoptosis and necrosis following various treatments by flow cytometry (Figure 4D). As
expected, GSNPD + laser (2 W/em?, 5 min) induced the highest level of apoptotic cell death amidst all other groups. The
high apoptotic rate of up to ~70% demonstrated that GSNPD + laser (2 W/em?, 5 min) was an advanced method for
inducing macrophage apoptosis. Overexpression of ROS in pro-inflammatory macrophages within atherosclerosis
plaques promotes the secretion of pro-inflammatory cytokines, which contributes to the plaque progression by sustaining
a persistent inflammatory microenvironment.* It is expected that the ablation of inflammatory macrophages will reduce
the generation of ROS. In light of this knowledge, we assessed the ability of GSNPD NPs to inhibit the generation of
ROS in macrophages. As expected, compared with the control group, RAW264.7 cells generated higher ROS after LPS
treatment (Figure 4E, control and model group). By contrast, a faint green fluorescence was observed after treatment with
GSNO + laser or GSNPD + laser and the weakest signal was displayed in the GSNPD + laser group, demonstrating
significant ROS generation inhibition was realized. This result may be the combined effect of photothermal ablation of
inflammatory macrophages and NO anti-inflammation to improve the micro-environment. Additionally, GSNPD + laser
treatment on normal macrophages resulted in negligible ROS production, further illustrating the weak influence of our
strategy on normal macrophages (Figure S9).

Inflammation Inhibition Performance of GSNPD NPs

The progression of atherosclerosis is linked to chronic inflammation. The reported study constructed a platelet-mimicking
nano-prodrug system, which utilized the photo-controlled release of NO. NO could transform the atherosclerotic plaque
micro-environment from pro-inflammatory to anti-inflammatory, inhibiting the progression of atherosclerotic plaques.”’
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To further investigate the progression of atherosclerosis by reshaping the plaque micro-environment after photothermal
ablation, we first detected pro-inflammatory cytokines secreted by activated inflammatory macrophages (LPS-treated) by
ELISA analysis. The inflammatory cytokines (TNF-a and IL-6) secreted by RAW?264.7 cells significantly elevated after
LPS stimulation (Figure S6). The comparison among LPS, laser and GSPD + laser groups showed that PTT ablation of
activated macrophages resulted in increased production of pro-inflammatory cytokines (Figure SA and B). However, in
the GSNO + laser (2 W/cm?, 5 min) group, the levels of pro-inflammatory cytokines were significantly lowered
compared to the GSPD + laser (2 W/cm?, 5 min) group, suggesting that this reduction may be attributed to NO
generation. Additionally, the GSNPD + laser (2 W/cm? 5 min) group exhibited a more substantial inhibition of
inflammatory factors, likely due to the synergistic effect of the targeting molecule DS and the released NO.

Inhibition of Foam Cell Formation

Some inflammatory factors are reported to promote macrophage foaming. The ability of inflammatory cytokines to
induce cholesterol accumulation in macrophage cells can explain the relationship between lipidosis and inflammation in
the progress of atherosclerotic lesions.***' The above results indicated that treatment with GSNO + laser and GSNPD +
laser significantly reduced the release of inflammatory cytokines from activated macrophages. Therefore, we evaluated
whether such changes in the microenvironment would inhibit macrophage foaming. We placed untreated RAW264.7 cells

A 3000 -

y W

dekedesk *kkk

*kkk | *kk

[=2]
[=]
o

|
2000 | £
10001 ‘

0 l=m= -_ [ ._

= Control LPS Laser mmm GSNP+Laser GSNO+Laser mmm GSNPD+Laser

C

%%

N
[=
o

Concentration (pg/mL)
Concentration (pg/mL
3

Control — contral
- LPS
‘g 1.3 Laser
) GSPD+laser ek
o == GSNO+laser x|
"5 = GSNPD+laser I
S 1.0
2
[T
GSPD+Laser GSNO+Laser GSNPD+Laser o
- i N - - ' , o .
" o : ‘ _ g |
g '- By ’ g = - g
ORI ey g
Seal 3 % ““ % i : E
- i 'ﬁﬁ ; s
ﬁz’%géw Rl ; 5
LAGERL - & 0.0 Lo III [
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in the bottom chamber and inoculated RAW?264.7 cells that had undergo different treatments in the upper chamber. The
degree of macrophage foaming was assessed using Oil Red O (ORO) staining. As shown in Figure 5C and D,
a substantial number of foam cells were observed in the bottom chamber following LPS, laser, and GSPD + laser
treatments in the upper chamber. However, when the cells in the upper chamber were treated with GSNO + Laser or
GSNPD + Laser, fewer foam cells were observed in the bottom chamber, indicating that the improved micro-
environment by GSNPD + laser could inhibit the progression of atherosclerosis.

Discussion

In brief, this study developed multifunctional nanoparticles, GSNPD for exploring the synergistic anti-atherosclerotic effects
of PTT and anti-inflammation. In the near-infrared (NIR) I region, GSNPD NPs displayed intense absorption, endowing them
with excellent photothermal conversion property. Meanwhile, heat-sensitive S-nitrosothiols (RSNO) molecules for the on-
demand release of the anti-inflammatory nitric oxide (NO) were loaded on Au NR@SiO, through covalent conjugation. By
disrupting the S-NO bonding of RSNO, the NIR laser could trigger the controlled NO generation for inflammation inhibition.
Additionally, by further modifying dextran sulfate (DS), GSNPD could exhibit the potential to selectively target scavenger
receptor A (SR-A) overexpressed on the surface of pro-inflammatory macrophages within plaques. By integrating PTT with
anti-inflammatory mechanisms through laser-activated NO release, GSNPD offers a dual-pronged attack on the disease.
Photothermal therapy effectively ablates inflammatory macrophages, while thermally triggered GSNPD NPs facilitate the
release of NO. Under irradiation at an intensity of 2 W/cm?, the ablated inflammatory macrophages cease to produce
inflammatory factors and ROS. The NO of micro-environment exerts anti-inflammatory and antioxidant effects, thereby
enhancing endothelial cell function and contributing synergistically to the improvement of the inflammatory micro-
environment. The synergistic effect of photothermal ablation of inflammatory macrophages and NO anti-inflammation can
effectively inhibit ROS in the inflammatory micro-environment. The experimental results of our existing in vitro have
suggested that the fabricated GSNPD NPs have positive effects on anti-atherosclerosis by pro-inflammatory macrophages
ablation, NO production and ROS scavenging, providing a feasible approach for PTT-based atherosclerosis therapy.
However, we have to point out that further in vivo studies should be carried out to comprehensively evaluate their therapeutic
efficacy under the complex interplay between the various components of the atherosclerotic plaque and the immune system
as well as a deeper understanding of how GSNPD interacts with these systems in vivo.

Conclusion

In conclusion, this study has developed multifunctional nanoparticles, GSNPD for exploring the synergistic anti-
atherosclerotic effects of PTT and anti-inflammation. It can effectively and accurately ablate pro-inflammatory macro-
phages by recognizing and targeting to SR-A overexpressed the activated macrophages of arterial plaques, and
simultaneously inhibit PTT-induced inflammation through the laser-activated NO release in situ, which provided
a new idea for PTT-based AS treatment.
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