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ARTICLE INFO ABSTRACT

Keywords: Given that apoptosis increases the risk of plaque rupture, strategies that reduce intracellular lipid levels without

Atheros_der“is ) killing foam cells are warranted for safe and effective treatment of atherosclerosis. In this study, a mild pho-

Eer ,{1102 nanoparticles totherapy strategy is carried out to achieve the hypothesis. Foam cell-targeted nanoprobes that allow photo-
ototherapy

thermal therapy (PTT) and/or photodynamic therapy (PDT) were prepared by loading hyaluronan and porphine
onto black TiO, nanoparticles. The results showed that when temperatures below 45 °C, PTT alone and PTT +
PDT significantly reduced the intracellular lipid burden without inducing evidently apoptosis or necrosis. In
contrast, the use of PDT alone resulted in only a slight reduction in lipid levels and induced massive apoptosis or
necrosis. The protective effect against apoptosis or necrosis after mild-temperature PTT and PTT + PDT was
correlated with the upregulation of heat shock protein 27. Further, mild-temperature PTT and PTT + PDT
attenuated intracellular cholesterol biosynthesis and excess cholesterol uptake via the SREBP2/LDLR pathway,
and also triggered ABCAl-mediated cholesterol efflux, ultimately inhibiting lipid accumulation in foam cells. Our
results offer new insights into the mechanism of lipid regulation in foam cells and indicate that the black TiOy
nanoprobes could allow safer and more effective phototherapy of atherosclerosis.

Cholesterol homeostasis

1. Introduction

Atherosclerosis (AS) is a chronic cardiovascular disease that poses a
serious threat to human health and life. AS is characterized by excessive
lipid accumulation in arterial walls, immunocytes infiltration, and
fibrous caps formation [1,2]. Currently, drug-based therapies that
reduce blood lipid levels are routinely used for AS treatment [3].

However, these drugs can sometimes cause adverse effects, for example,
lipid-regulating drugs such as statins are known to cause impaired liver
function. Consequently, safe and effective therapeutic methods are
required for inhibiting the development of AS. Macrophages are the
most abundant cells in atherosclerotic plaques and are therefore
involved in key processes associated with AS development. Macro-
phages can internalize lipids and transform them into foam cells,
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increasing the risk of plaque rupture and ultimately causing stroke or
myocardial infarction [4,5]. Therefore, foam cells could be a promising
anti-AS therapeutic target.

With the development of nanotechnology, nanoparticle-based pho-
totherapy has received increasing attention for its potential in the
treatment of AS. Phototherapy mainly includes photothermal therapy
(PTT) and photodynamic therapy (PDT), and it offers advantages such as
accurate spatial selectivity, minimal invasiveness, and convenient
operation. During phototherapy, photosensitizers or photothermal
agents are phagocytized by cells. These agents generate reactive oxygen
species (ROS) or heat after irradiation with near-infrared (NIR) light,
inducing necrosis, apoptosis and autophagy in macrophages and foam
cells in atherosclerotic plaques, thereby delaying the development of AS.
The first-in-man trial has shown that in patients with AS, PTT with silica-
gold nanoparticles subjected to intra-vessel NIR irradiation can signifi-
cantly reduce fibrous tissue and fibro-fatty tissue area and calcification
dense in atherosclerotic plaques [6]. MoO5 nanocluster-based PTT has
shown high therapeutic efficacy against AS through the induction of
macrophage apoptosis [7]. Further, PDT with nanoparticles encapsu-
lating chlorin e6 was found to attenuate the progression of AS by
inducing macrophage apoptosis through the mitochondrial caspase
pathway [8]. Additionally, sequential PTT + PDT with chitosan-coated
carbon nanocages loaded with chlorin e6 and dextran sulfate was found
to target activated macrophages, reduce pro-inflammatory cytokine
levels, and inhibit the proliferation and migration of smooth muscle cells
[9]. These studies make us believe that nanoparticles-based photo-
therapy in AS has a practical prospect in clinic, and encourage us to
explore safer and more effective photo-therapeutic strategy for AS.

To date, phototherapy for atherosclerotic plaques has largely focused
on the regulation of lipid metabolism via inducing cell apoptosis or
autophagy. However, high thermal exposure could cause irreversible
damage to tissues and vessels. Furthermore, although controlled levels
of apoptosis can delay the formation of atherosclerotic plaques, while
cell apoptosis itself is an independent risk factor for AS. Excessive
apoptosis can enlarge the necrotic core, induce plaque destabilization
and ultimately promote acute cardiovascular events [10,11]. Given the
challenges in controlling cells apoptosis levels during treatment, novel
AS treatment strategy is needed to reduce lipid accumulation, stabilize
vulnerable plaques, and avoid plaque cells apoptosis. Heat shock pro-
teins (HSPs), a group of heat-responsive stress proteins, can prevent cell
death and apoptosis after exposure to heat [12-15]. Our previous study
showed that HSPs in cancer cells can be activated by mild PTT below
45 °C [16]. More importantly, adenovirus-infection induced high
expression of wild-type HSP27 has been reported to play key role in lipid
metabolism and cholesterol efflux of macrophage-derived foam cells
[17]. While it is still not reported that PTT could induce HSP27
expression in foam cells. Consequently, it inspired us that HSP27 might
be activated in foam cells under mild PTT and serve as an effective and
safe phototherapeutic target for lipid regulation in AS.

In the present study, we verified the effects of mild phototherapy-
based HSP activation on lipid metabolism and apoptosis in foam cells.
To this end, we designed nanoprobes that allow simultaneous PTT and
PDT functions under a single NIR laser excitation. Our previous studies
have demonstrated that as a PTT agent, black TiOy (bTiO2) nano-
particles have high chemical stability, good biocompatibility as well as
high photothermal conversion efficiency in the NIR region [18-20].
Herein, we modified bTiO5 nanoparticles with hyaluronan (HA), and
then loaded these modified nanoparticles with the photosensitizer por-
phine to prepared PTT-PDT bifunctional nanoprobes (bTiO2-HA-p).
Meanwhile, single PDT and PTT functional nanoprobes were also pre-
pared using HA-modified white TiO, (wTiO2) nanoparticles loaded with
porphine and HA-modified bTiO, nanoparticles, respectively. Our
findings indicated that bTiOs nanoparticles could increase the local
temperature to relatively mild levels (44.5 °C) after NIR irradiation.
Mild-temperature PTT could prevent excessive cell apoptosis or necrosis
and promote ABCA1-dependent cholesterol efflux by activating HSP27
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expression, while PDT caused obvious cell death. Furthermore, mild PTT
could significantly downregulate SREBP2 triggered biosynthesis and
LDLR mediated excess uptake of lipid, upregulate ABCA1l-actiivated
cholesterol efflux and therefore reduce intracellular lipid deposition
by 5%. In contrast, PDT only decreased intracellular lipid storage by 3%.
Interestingly, NIR irradiation of the bTiOs-HA-p nanoprobes, which
allowed synergetic mild PTT and PDT, activated the SREBP2/LDLR and
ABCA1 pathways, thereby attenuating as high as 12.8% of intracellular
lipids” accumulation and the formation of macrophage-derived foam
cells.

2. Materials and methods
2.1. Materials

TiO4 nanoparticles were purchased from Shanghai Musen Industrial
Corporation Ltd. Amine-PEG-carboxylic acid (NH2-PEG-COOH) and
Hyaluronan (HA) (66-99 kDa) were purchased from Xi’an ruixi Bio-
logical Technology Co Ltd. 4,4',4",4”-(Porphine-5,10,15,20-tetrayl)
tetrakis (benzoic acid) (97%) and 1,3-diphenylisobenzofuran (DPBF)
were purchased from Aladdin Industrial Inc (Shanghai, China). Dul-
becco’s modified eagle’s medium (DMEM) medium was purchased from
GE Healthcare HyClone (LA, USA). Penicillin-streptomycin solution and
fetal bovine serum (FBS) were purchased from Gibco (Grand Island,
USA). Oxidized low density lipoprotein (ox-LDL) was purchased from
AngYuBio (Shanghai, China). Cell Counting Kit-8 (CCK-8) assays was
purchased from Beyotime institute of biotechnology (Beijing, China).
Ultrapure water (18.2 MQ cm) was purified by a Millipore Milli-Q sys-
tem and was used in the following experiments. All other reagents were
of analytical grade and used as received.

2.2. Synthesis of bTiO2-PEG-p, bTiO2-HA-p and wTiO2-HA-p nanoprobes

2.2.1. bTiOs-HA and bTiO2-HA-p nanoprobes

First, 50 mg of bTiO2 were dispersed in 100 mL of ultrapure water
and treated with ultrasonic wave for 30 min to allow completely
disperse. HA was used to enhance the ability of nanoprobes to target
macrophages. 150 mg of HA was dissolved in 10 mL of ultrapure water
by ultrasonic for 30 min. Then, dropping HA solution into the bTiO,
solution. After stirring for 12 h at room temperature, the bTiOp-HA
nanoprobes were centrifuged at 12,000 rpm for 15 min, washed three
times by using ultrapure water and dispersed in 10 mL ultrapure water.
After that, 4 mg of the photosensitizer porphine was dissolved in 20 mL
ethanol and dropped into bTiO2-HA solution under magnetic stirring for
16 h at room temperature. The bTiO2-HA-p nanoprobes were obtained
by centrifuging at 12,000 rpm three times for 15 min and dispersed into
ultrapure water.

2.2.2. wTiO2-HA-p nanoprobes

50 mg of white TiO, were dispersed in 100 mL of ultrapure water and
treated with ultrasonic wave for 30 min. Dropping HA solution into the
wTiO3 solution and stirring for 12 h. Then centrifuged the wTiO2-HA
solution at 12,000 rpm for 15 min and washed three times. Porphine
solution was dropped into wTiO»-HA solution under magnetic stirring
for 16 h. The wTiO5-HA-p nanoprobes were obtained by centrifuging at
12,000 rpm three times for 15 min and dispersed into ultrapure water.

2.2.3. bTiO2-PEG-p nanoprobes

NH,-PEG-COOH was used to modify the bTiO2 nanoparticles to
improve the dispersity and stability. 100 mg of NH»-PEG-COOH was
added into 5 mL of ultrapure water and dropped into bTiOy solution.
Stirring for 12 h at room temperature, the bTiO2-PEG nanoprobes were
centrifuged at 12,000 rpm for 15 min, washed three times and dispersed
in 10 mL ultrapure water. Porphine solution was dropped into bTiO-
PEG solution under magnetic stirring for 16 h. The bTiO2-PEG-p
nanoprobes were obtained by centrifuging at 12,000 rpm three times for
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15 min and dispersed into ultrapure water.
2.3. Porphine loading rate

Calibration curves of porphine vary from 1 to 6 pg mL™! were used
for the concentration calculation. And based on UV-vis absorptions of
porphine, the amount of porphine which removed by centrifugation
were then calculated, and loaded rate of porphine on the surface of
bTiO52-PEG, bTiO2-HA and wTiO,-HA were calculated.

Total mass of porphine in nanoprobes

x 100%
Total mass of nanoprobes ’

Porphine loading (%)=

2.4. Characterization of nanoprobes

The concentration of Ti element was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES) (Optima 2100,
PerkinElmer). Mean size and zeta potential of bTiO-PEG-p, bTiO3-HA-p
and wTiO2-HA-p nanoprobes were performed by Particle Size-Zeta Po-
tential Analyzer (Nano ZS, Malvern Instruments Ltd, England). The
morphology of nanoprobes was analyzed by transmission electron mi-
croscopy (TEM, Tecnai F20, Thermo Fisher Scientific, USA). Ultraviolet
visible (UV-vis) absorption spectra were determined by a UV-visible
spectrophotometer (T10CS, Persee General Equipment Co., Ltd, China).
Fourier transform infrared (FTIR) spectrum was obtained from a Nicolet
6700 FTIR spectrometer (Thermo Scientific, USA) in the range of
400-4000 cm ™.

2.5. Photothermal performance of nanoprobes

1.0 mL of bTiO3-PEG-p, bTiO2-HA-p and wTiO,-HA-p aqueous so-
lution were added into a disposable dish respectively, and then the so-
lution was irradiated by 808 nm laser under different conditions. (1)
bTiO,, bTiO2-HA, bTiO,-HA-p and wTiO,-HA-p aqueous solution with
different concentrations (0, 75, 100, and 150 pg mL™!) was irradiated
for 15 min at 1.0 W cm™2 (2) bTiO2-HA-p aqueous solution (100 pg
ml 1) was irradiated under different power density (0.5, 0.75, and 1.0
W em™2) for 15 min. Temperatures were recorded per 30 s. The tem-
perature changes and thermographic images were performed by pho-
tothermal imaging system.

2.6. Photodynamic effect of nanoparticles

1,3-diphenylisobenzofuran (DPBF) was used as a chemical probe to
detect singlet oxygen. 100 pg mL™" of bTiOs, porphine, bTiO2-PEG-p or
bTiO2-HA-p nanoprobes were dispersed in ethanol containing 20 pL of
DPBF (25 pg mL™%). 1 mL of these dispersions were irradiated by 808 nm
NIR laser at 1 W cm ™2 for 10 min. Using fluorescence spectral to analyze
the fluorescence intensity every single minute (Aex = 411 nm).

2.7. Cell culture and foam cell formation

The RAW 264.7 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in DMEM
medium with 10% FBS and 1% antibiotics (100 U mL™? penicillin-
streptomycin solution) and incubated in a 5% COy air humidified
incubator at 37 °C. For the experiments, RAW 264.7 cells were seeded at
a density of 1 x 10° cells/well in 96-well plates and cultured overnight,
then stimulated with 50 pg mL~! ox-LDL in serum-free DMEM medium
for 48 h to induce foam cells formation.

2.8. Cell viability assay
The cell viability of RAW 264.7 cells were detected by CCK-8 assay

according to the manufacturer’s protocol. Briefly, RAW264.7 cells were
seeded in 96-well plates (2 x 10* cells/well) and incubated with
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complete DMEM medium at a 37 °C and 5% CO5 atmosphere for 24 h.
Then, 100 pL of diverse concentrations (0, 25, 50, 75 and 100 pg mL™Y)
of bTiO,-HA, bTiO2-HA-p and wTiO,-HA-p nanoprobes were added into
each well respectively. After being incubated for 24 h, cells were washed
with PBS for three times and cultured with 100 pL of DMEM medium
containing 10 pL CCK-8 solution for another 2 h. The absorbance was
performed by a microplate reader (iMark 168-1130, Bio-rad, USA) at
450 nm wavelength. The treated cell viability was calculated as a per-
centage of the absorbance to control one. Each test was repeated three
times.

2.9. Investigation of intracellular ROS

The intracellular ROS generation was detected by a fluorescent probe
2/, 7'-dichlorofluorescein diacetate (DCFH-DA). Briefly, RAW 264.7 cells
were seeded in 24-well plates at 1 x 10° cells/well and incubated for 24
h. After that, cells were treated with 100 pL of bTiOy-HA, bTiOy-HA-p
and wTiO,-HA-p (75 pg mL™?) respectively and cultured for 4 h. The
positive control group were prepared with 100 pL of 50 mM H20 for 20
min. After that, the cells were washed with PBS for three times and
treated with DCFH-DA solution for 20 min at 37 °C in the dark. The cells
were washed with DMEM for three times and then exposed to 808 nm
laser for different times. The fluorescence was performed by a fluores-
cent microscope (Leica DMI3000).

2.10. Cellular uptake

Cellular uptake of bTiO2-PEG-p, bTiOp-HA-p and wTiO2-HA-p
nanoprobes in RAW264.7 cells were observed by confocal laser scanning
microscope (CLSM), flow cytometry and ICP.

2.10.1. Cellular uptake observed by CLSM

Cells were seeded in CLSM dishes at 3 x 10 cells/well and incubated
with complete DMEM medium for 24 h. Then, cells were incubated with
fresh medium, bTiO,-PEG-p, bTiO2-HA-p or wTiO5-HA-p nanoprobes (Ti
concentrations: 75 pg mL™1) for another 4 h. Next, cells were washed
with PBS for three times, and were stained with Hoechest and FITC for
30 min at 4 °C in the dark.

2.10.2. Cellular uptake observed by flow cytometry

Cells were seeded in 12-well plates at 2 x 10° cells/well and incu-
bated with complete DMEM medium for 24 h. After that, the culture
medium was replaced by fresh medium, bTiO5-PEG-p or bTiO-HA-p
nanoprobes (Ti concentrations: 75 pg mL ™) and incubated for 4 h. Then
cells were collected to detect the fluorescence intensity of porphine
using flow cytometry.

2.10.3. Cellular uptake observed by ICP

Cells were seeded in 6-well plates at 3 x 10° cells/well and incubated
with complete DMEM medium for 24 h. After that, the culture medium
was replaced by fresh medium, bTiO2-PEG-p, bTiOo-HA-p or wTiO2-HA-
p nanoprobes (Ti concentrations: 75 pg mL 1) and incubated for 2, 4, 8,
12 h, respectively. After being digested by acid solution, cells were
collected to investigate the concentration of Ti element by ICP.

2.11. Mild phototherapy in vitro

Foam cells were seeded in 6-well plates at 3 x 10° cells/well and
incubated with complete DMEM medium for 24 h before treatment.
After that, cells were incubated with fresh medium, bTiO2-PEG-p, bTiO»-
HA-p and wTiO2-HA-p nanoprobes (TiO5 concentrations: 75 pg mL™)
for another 4 h, respectively. Then, cells were washed with PBS for three
times and exposed to 808 nm laser at 1 W cm ™2 for 10 min.

2.11.1. Live and dead cell assay
After the treatment for 8 h, cells were stained with calcein-AM and
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propidium iodide (PI) solution for 15 min. Live cells were stained in
green and dead cells were in red.

2.11.2. Foam cell formation assay

After the treatment for 8 h, cells were washed with PBS for 3 times,
fixed with 4% paraformaldehyde for 20 min, washed with 60% iso-
propanol and finally stained with Oil Red O for 30 min. Using optical
microscope to photograph cells, and the percentage of lipid droplets area
to total cells were measured using an en-face method by ImageJ.

2.12. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted by Trizol reagent and purified from
macrophage derived foam cells (Invitrogen, Carlsbad, CA, USA). Com-
plementary DNA (cDNA) was synthesized using the HiFiScript first-
strand cDNA synthesis kit (ComWin Biotech, Beijing, China) according
to the manufacturer’s instructions. PCR amplification was accomplished
using 1 x FastStart Essential DNA Green Master (Roche, Mannheim,
Germany) with a LightCycler 480 II instrument (Roche, Switzerland).
The primer sequences used included (forward and reverse): HSP27
rRNA, 5-TGCTTCACCCGGAAATACAC-3' and 5'-CTCGAAAGTAACCG-
GAATGG-3’; SREBP2 rRNA, 5-TGGGCGATGAGCTGACTCT-3' and 5'-
CAAATCAGGGAACTCTCCCAC-3’; LDLR rRNA, 5-TGATGGAC-
CAGGCCCCTAACT-3' and 5'-CTGCCTCTTGGAACAGTGTCC-3’; ABCA1
rRNA, 5-GCTCTCAGGTGGGATGCAG-3' and 5-GGCTCGTCCA-
GAATGACAAC-3’; GAPDH rRNA, 5'-CTCGTCCCGTAGACAAAATGGT-3
and 5-GAGGTCAATGAAGGGGTCGTT-3’. Data were normalized to
GAPDH rRNA and the dosage of the target fragments was calculated
using the 2724CT method. Sequences were confirmed using NCBI BLAST
software.

2.13. Western blotting

After the treatments, cells were washed by ice-cold PBS for twice and
scraped in RIPA lysis buffer for 20 min at 4 °C to extract total proteins.
The protein concentrations were quantified by the bicinchoninic acid
(BCA) kit (Beyotime Biotechnology, Beijing, China). Quantified protein
samples were separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a 0.45 pm polyvinylidene
fluoride membranes (Merck Millipore, Darmstadt, Germany). Using
0.05% TBST to wash the membranes and blocking with 0.05% TBST
containing 5% non-fat milk at room temperature for 1 h. Then, the
membranes were incubated with 0.05% TBST containing the primary
antibody overnight at 4 °C, and followed by the horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature. After
washed with 0.05% TBST for three times, the immune complexes were
detected by enhanced chemiluminescence kit and the protein bands
were visualized by a chemiluminescence imaging system (ChemiScope
6200 Touch, CLiNX, Shanghai, China).

Antibody sources were as follows: anti-LDL Receptor rabbit antibody
(1:500 dilution, ab52818), anti-SREBP2 rabbit antibody (1:500 dilution,
ab30682), anti-beta Actin antibody (1:1000 dilution, ab8227, Abcam,
Cambridge, UK); anti-HSP27 (1:500 dilution, AF0183, Beyotime
Biotechnology, Beijing, China); anti-ABCA1 (1:500 dilution, AF6114,
Beyotime Biotechnology, Beijing, China).

2.14. Statistical analysis

Data were presented as mean =+ standard deviation (SD). Statistical
analysis was conducted by GraphPad Prism 7 (GraphPad Software, San
Diego, CA, USA) using the one-way ANOVA test for experiments con-
sisting of more than two groups, and with a two-tailed, unpaired t-test in
experiments with two groups. p < 0.05 was assessed as statistical
significance.
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3. Results and discussion
3.1. Preparation and characterization of various nanoparticles

The process of nanoprobe synthesis is illustrated in Fig. 1. In order to
verify the differential effects of PTT, PDT, and synergistic PTT 4+ PDT on
foam cells, bTiO5-HA, wTiO2-HA-p, and bTiO,-HA-p nanoprobes were
prepared. Among these, bTiO2-HA possessed only photothermal prop-
erties, wTiO-HA-p possessed only photodynamic properties, and bTiOo-
HA-p showed both photothermal and photodynamic effects under 808
nm NIR irradiation. The morphology of the different bTiO2 nano-
particles was examined using TEM. As illustrated in Fig. 2A, bare bTiOz
nanoparticles showed poor dispersion and a high tendency to agglom-
erate. NHy-PEG-COOH and HA contain hydrophilic groups, such as
carboxyl and hydroxyl. After coating bTiO, nanoparticles with NHo-
PEG-COOH or HA, the formed hydrophilic protective layers on surface
of nanoprobes could improve steric stabilization, biocompatibility as
well as blood circulation half-life [21]. And the results in Fig. 2A and
Fig. S1 showed that dispersity and stability of the nanoprobes were
improved after modified with NH3-PEG-COOH or HA. Dynamic light
scattering (DLS) experiments indicated that the average size of bTiO,
bTiO,-HA, and bTiO5-HA-p was 95 nm, 191 + 1.8 nm, and 211 + 2 nm,
respectively (Fig. 2B). All these nanoprobes also showed significant
negative zeta-potential values in ultrapure water (Fig. 2C). In addition,
the UV-vis absorbance spectra of bTiOj, bTiO-HA-p (Fig. 2D),
bTiO2-PEG-p, and wTiO,-HA-p nanoprobes (Fig. S3) showed an ab-
sorption peak characteristic of porphine at 417 nm, indicating that
porphine had been successfully attached to the surface of the nanop-
robes. The FTIR spectra of the different nanoparticles are displayed in
Fig. 2E. The peak at 600-500 cm ™! was attributed to the Ti-O bond. The
spectrum of porphine contained many absorption peaks. The peaks at
1604-1300 em ™', 1000 cm ™, and 965 cm ™! were ascribed to the C=N
stretching vibration, benzene skeleton vibration, and N-H bond in
porphine, respectively. bTiOo-HA-p also showed the peaks characteristic
of porphine, confirming the successful loading of the photosensitizer
porphine onto the surface of the nanoprobes.

3.2. Photothermal performance of bTiO2-HA-p nanoprobes

To evaluate photothermal performance, bTiO-HA-p nanoprobes
were dispersed in pure water at various concentrations ranging from 0 to
150 pg mL™L. Subsequently, they were irradiated with an 808 nm laser
at power densities ranging from 0.5 to 1.0 W cm 2. As shown in
Fig. 3A-B, bTiO2-HA-p nanoprobes displayed a concentration-as well as
power density-dependent photothermal performance. Specifically, the
temperature of the 100 pg mL~! bTiO,-HA-p dispersion increased
rapidly from 25 °C to 46.1 °C within 10 min after continuous irradiation
with 808 nm NIR laser at 1 W cm 2. In contrast, the temperature of
deionized water rose by only 1.4 °C under the same conditions. The
temperature also increased with the concentration of the nanoprobes
and the duration of NIR irradiation, demonstrating that the bTiOs-HA-p
nanoprobes are good photothermal agents.

3.3. Photodynamic performance of bTiO,-HA-p nanoprobes

ROS induce an irreversible decrease in the fluorescence intensity of
DPBF. Therefore, DPBF is used for the specific detection of ROS [22]. As
shown in Fig. 3C, after pre-incubation with bTiO5-HA-p and 10 min of
continuous irradiation with an 808 nm NIR laser (1 W cm’z), the fluo-
rescence intensity of DPBF decreased by 80%. In contrast,
pre-incubation with porphine-free nanoprobes resulted in a marginal
decrease only, demonstrating the effective photodynamic properties of
bTiO,-HA-p nanoprobes.
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Fig. 1. Schematic illustration of lipid metabolism in foam cells after phototherapy with bTiO,-based nanoprobes irradiated by 808 nm NIR laser.

3.4. Cell targeting

To examine foam cells targeting ability of bTiO,-HA-p, bTiO2-PEG-p
nanoprobes were used as a negative control. The cellular uptake of both
these nanoprobes increased with an increased incubation period, and
the concentration of Ti element in bTiO,-HA-p-treated cells was higher
than that in bTiO2-PEG-p-treated cells at all time points (Fig. 4A).
Meanwhile, although porphyrin fluorescence could be observed in cells
treated with both bTiO2-PEG-p and bTiOp-HA-p (Fig. 4B), the intensity
was significantly stronger in the bTiOz-HA-p group (93.0) than in the
bTiO,-PEG-p group (45.9, p < 0.01, Fig. 4C). These results demonstrated
that HA modification could enhance uptake of nanoprobes in foam cells,
which are mainly because macrophages express HA-binding receptors,
such as CD44, LYVE-1, RHAMM, TLR4 [23].

Subsequently, the intracellular localization of bTiO-PEG-p, bTiO2-
HA-p, and wTiO2-HA-p in foam cells was also tested using confocal
microscopy (Figs. 4D and S6). Bright-field images showed that the up-
take of nanoprobes caused no obvious changes in cell morphology. After
incubation, the bTiO2-PEG-p, bTiO2-HA-p, and wTiO2-HA-p nanoprobes
were phagocytosed by foam cells and became distributed in their cyto-
plasm. Fluorescence accumulation was highest in the bTiO2-HA-p group,
further demonstrating that bTiOy-HA-p nanoprobes can target
macrophage-derived foam cells and thereby enhance therapeutic effects.

3.5. Analysis of cellular ROS production

To evaluate the potential photodynamic properties of bTiO-HA,
bTiO,-HA-p, and wTiOo-HA-p, the intracellular ROS generation induced
by different nanoprobes was tested using DCFH-DA, a Hy04 indicator
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that rapidly generates green fluorescence in the presence of ROS. As
shown in the fluorescence images, cells treated with H,O, showed strong
green fluorescence (Fig. S7). However, cells pre-incubated with bTiO»-
HA showed negligible fluorescence, while those pre-incubated with
bTiO2-HA-p and wTiO2-HA-p produced significant green fluorescence
after irradiation with an 808 nm laser for 10 min (Fig. 5). These findings
indicated that bTiO2-HA-p could generate substantial amounts of ROS
under NIR irradiation and that the photodynamic activity of bTiO2-HA-p
was enhanced after porphine loading.

3.6. Phototherapy in foam cells

The toxicity profiles of nanoprobes are crucial determinants of their
future use. To test toxicity of nanoprobes, foam cells were incubated
with various concentrations of bTiOz-HA, bTiO2-HA-p, and wTiO2-HA-p
for 24 h (Fig. 6A). Negligible effects on cell viability were observed, even
when the nanoprobes’ concentration reached 100 pg mL~}, indicating
the good biocompatibility of bTiO2-HA-p. The photothermal curves of in
vitro phototherapy revealed that treatment with 75 pg mL™! of the
nanoprobes and 1.0 W cm™2 NIR irradiation allowed the treatment
temperature to be maintained under 45 °C. After 10 min of irradiation,
cell viabilities significantly reduced only in the PDT group (wTiO3-HA-p
+ Laser, 79.6%, p < 0.05), while the cell viabilities in mild PTT or mild
PTT + PDT groups remained above 90% (Fig. 6B). To visually observe
phototherapy performance, cells were stained with calcein-AM (live,
green) and PI (dead, red). Consistent with the cell viability results, PDT
group was observed a high number of dead cells (Fig. 6C). Interestingly,
although PDT caused evident cell apoptosis or necrosis, most foam cells
in mild PTT or mild PTT + PDT group remained viable.
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Fig. 3. Temperature evolution curves of bTiO,-HA-p dispersion at (A) different concentrations (1 W cm~?) and (B) different power densities (100 pg mL Y. (C) Time-

dependent ROS productions of bTiO,, bTiO,-HA, and bTiO,-HA-p under 808 nm laser irradiation (1 W cm™2) evaluated based on the proportion of residual DPBF
fluorescence.

To further elucidate these results, we used a photothermal imaging was negligible in the PDT group, but a mild increase was noted in the
system and performed continuous temperature monitoring of foam cells PTT + PDT group. Irradiation with 1.0 W cm™2 of 808 nm laser for 10
during 808 nm laser irradiation (Fig. 7A-B). The change in temperature min increased the temperature of cells pre-incubated with bTiO-HA-p
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808 nm laser irradiation (1 W cm~2). DCFH-DA was used as an indicator of ROS generation. Scale bar = 50 pm.

24



T. Dai et al.

Bioactive Materials 17 (2022) 18-28

—
>
—
o
~—"

) EE bTiO,-HA bTiO,-HA-p

wTiO,-HA-p

Cell Viability (%)
Cell Viability (%)

X
T
T

= 0 W/cm?

Fig. 6. Cell viabilities of foam cells incu-
bated with (A) various concentrations of
bTiO2-HA, bTiO5-HA-p, and wTiOp-HA-p and
(B) irradiated with different power densities
using 808 nm laser (75 pg mL™', 10 min). *p
< 0.05. (C) Corresponding fluorescence im-
ages of live and dead foam cells. Cells were
stained by calcein-AM and PI, green: alive,
red: dead. Scale bar = 50 pm. (For interpre-
tation of the references to colour in this

1.0 Wicm?
*

T & |

T

100- T1 T.r I 1T
50 | I
0" T T T T
0 25 50 75
Concentration (pg/ml)
bTiO,-HA

100

(C)

Control

Laser(-)

Laser(+)

0 min

100- T T
50| I
0' T T T

co(\ﬂo\ b.‘-—‘oz—\’\P‘b - 07_.\'\P\"?N e 02 AP

bTiO,-HA-p

r figure legend, the reader is referred to the
Web version of this article.)

wTiO,-HA-p

(A) 2min 4min 6min 8min 10min 50°C (B) 5
bTiO,-HA-p
T w wTiO,-HA-p
845' - contrél
o
5 40
s
o
@ 354
£
@ 304
-
25 p=t—p—t=p—e—t—e—e—t—
° 0 4 6 8 10
20°C Time (min)
(C)> Hm Laser() (D) g Bl Laser(-)
B Laser(+) 2 2 €3 Laser(+)
© Oi\'\h <O " (\03& g .
oo o © « ) |_| «
&
Laser N + = + - + = + & |_|
— — . — . — £
HSP27 27kDa g‘l
e - B-actin e W — - - - s 42kDa 50
(3 ) ) o > L Q
SO RGP SO ¥ AT o
o v"‘y -s"‘oi - “4\9“‘_\01 "“—\O’L

Fig. 7. (A) Infrared thermal images of foam cells pretreated with bTiOy-HA-p and wTiO»-HA-p (75 pg mL™Y) and irradiated using an 808 nm laser (1.0 W cm™2, 10
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from 25.5 °C to 44.5 °C. It has been widely reported that during mild-
temperature PTT for cancer, cells upregulate HSPs in order to protect
themselves against hyperthermia [24,25]. HSP27, a member of the HSP
family, is a novel anti-atherosclerotic biomarker and inhibits cell
apoptosis via both extrinsic and intrinsic pathways [13-15,26]. Here, to
explore the different effects observed in foam cells after the various
forms of phototherapy, we examined changes in both gene and protein
expression in treated cells. As shown in Fig. 7C, the mRNA expression of
HSP27 was obviously increased in the mild PTT alone (7.3-fold, p <
0.05) and mild PTT + PDT (12.5-fold, p < 0.05) groups, although the
PDT alone (2.4-fold) and control (1.3-fold) groups did not show any
significant difference. This demonstrated that HSP27 mRNA expression
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could indeed be triggered by mild-temperature PTT in foam cells.
Meanwhile, Western blot assays were also used to evaluate the protein
levels of HSP27 in foam cells after different treatments (Fig. 7D).
Consistent with gene expression findings, the expression of the HSP27
protein increased by approximately 1.7-fold in mild-temperature PTT
group and 1.6-fold in mild PTT + PDT group (p < 0.05) after laser
irradiation, respectively. In contrast, the PDT alone and control groups
showed a negligible difference. It was the protective effect of HSP27
make the cell viability in mild PTT + PDT group above 90%, even in the
presence of ROS. Therefore, our results suggested that mild-temperature
phototherapy with bTiO2-HA and bTiO,-HA-p nanoprobes could effec-

tively upregulate HSP27  expression, remarkably enhance
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thermo-resistance in foam cells, and thereby inhibit cell apoptosis or
necrosis.

Several studies have examined the mechanisms via which photo-
therapy inhibits the development of AS, and cellular apoptosis pathways
have primarily been implicated in this process. Wang et al. found that
MoO3 nanocluster-based PTT leads to macrophage elimination via the
Bcl-2/Bax/Caspase-3 pathway-mediated induction of cell apoptosis [7].
Single-walled carbon nanotubes, another efficient photothermal abla-
tion agent, were also found to upregulate Caspase-3 and induce
apoptosis and thereby ablate vascular macrophages [27].
Pyropheophorbide-a methyl ester-mediated PDT has been shown to
induce apoptosis in RAW264.7 cells via the activation of the mito-
chondrial caspase pathway [28]. However, the excessive apoptosis of
plaque cells is an independent risk factor for AS and contributes to
impaired phagocytic clearance of macrophages, resulting in a proin-
flammatory response and secondary necrosis. Such excessive apoptosis
thus increases the instability of atherosclerotic plaques and causes
thrombosis, leading to acute cardiovascular events [4,29,30]. Addi-
tionally, moderating cell apoptosis during treatment is challenging. In
this study, we found that mild phototherapy with bTiO2-HA-p nanop-
robes does not cause significant cell apoptosis. To investigate the lipid
regulatory effects of mild phototherapy with the nanoprobes, we
examined the intracellular lipid burden of foam cells incubated with
bTiO2-HA, bTiO2-HA-p, and wTiO2-HA-p in the presence or absence of
808 nm laser irradiation. As shown in Fig. 8 and Fig. S8, oil red O
staining indicated that the cells were full of lipid droplets after treatment
with ox-LDL for 48 h. After 808 nm laser irradiation, lipid deposition in
the mild PTT group decreased from 22.5% to 17.5% (p < 0.05), and in
the mild PTT + PDT group, these values showed a remarkable reduction
from 25.3% to 12.5% (p < 0.01). In the PDT alone group, only a slight
reduction in lipid deposition was observed (from 24.5% to 21.5%, p >
0.05). Therefore, the results indicated that mild PTT + PDT causes
synergistic effects on the regulation of lipid homeostasis, without
inducing significant cell apoptosis or necrosis.

Intracellular cholesterol homeostasis is determined by the balance
between cholesterol biosynthesis, uptake and cholesterol efflux. These
processes are tightly controlled by multiple transcriptional and post-
translational regulatory systems. Sterol regulatory element-binding
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protein 2 (SREBP2) plays an important role in the lipid biosynthesis
pathway. In general, when the intracellular cholesterol levels are low,
the SREBP2 pathway is activated. This pathway selectively upregulates
target genes, such as low-density lipoprotein receptor (LDLR), resulting
in the biosynthesis of cholesterol [31]. In contrast, in the presence of
excess cholesterol levels, SREBP2 cleavage is inhibited, and conse-
quently, the transcription of target genes and cholesterol biosynthesis
are both downregulated [31]. As shown in Fig. 9A-B, SREBP2 mRNA
expression was significantly lower in the mild PTT + PDT group than in
the corresponding non-irradiated group. Both the mild PTT and PDT
alone groups showed marginally lower SREBP2 mRNA expression than
the corresponding non-irradiated groups. In line with this, SREBP2
protein levels decreased by about 1.76-fold after irradiation in the mild
PTT + PDT group, and slight downregulation was observed in the mild
PTT group (Fig. 9B). These data indicated that bTiOs-triggered mild PTT
and mild PTT + PDT could attenuate lipid biosynthesis by inhibiting the
SREBP2 pathway.

LDLR is responsible for the cellular uptake of lipids, and this gene is
also a transcriptional target of SREBP2. LDLR is expressed on the surface
of cell membranes and captures free LDL through its extracellular ligand
binding domain, thus endocytosing LDL through vesicles. Subsequently,
a portion of the LDLR protein dissociates from the bound LDL and
returns to the cell surface, ready for further rounds of LDL endocytosis.
The cholesteryl esters carried by LDL are finally hydrolyzed into
cholesterol inside cells by lipase. Therefore, factors that affect the
biosynthesis of LDLR could also affect cellular lipid uptake. In our study,
LDLR mRNA expression was significantly downregulated in the mild
PTT + PDT group after laser irradiation (Fig. 9C). A decreasing trend
was also noted in the mild PTT and PDT alone groups. Moreover, LDLR
protein expression was reduced in the mild PTT and mild PTT + PDT
groups after laser irradiation. These results together suggested that
bTiO2-triggered mild PTT and mild PTT + PDT can reduce lipid uptake
by inhibiting the expression of LDLR mRNA.

In addition to cholesterol uptake and biosynthesis, cholesterol efflux
also has a critical role in intracellular cholesterol homeostasis. This
process is governed by ATP-binding cassette transporters, one of which
is ATP-binding cassette transporter A1 (ABCA1). ABCA1 promotes the
removal of cholesterol load and mediates cholesterol transport from
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Fig. 8. Effects of mild phototherapy on the intracellular lipid burden. Representative images of oil red O staining of lipid deposits in foam cells in the control, bTiO»-
HA, bTiO,-HA-p, and wTiO»-HA-p groups with and without 808 nm laser irradiation (1.0 W cm™2, 10 min). Scale bar = 50 ym. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Examination of the mechanism underlying the effects of mild phototherapy on lipid metabolism. (A) Western blot images showing protein expression in foam
cells after different treatments, with p-actin as the loading control. Quantified protein levels and relative mRNA expression of SREBP2 (B), LDLR (C), and ABCA1 (D)
in the control, bTiO,-HA, bTiOo-HA-p, and wTiO,-HA-p groups with or without 808 nm laser irradiation (1.0 W em™2, 10 min). *p < 0.05, **p < 0.01.

foam cells to the liver, and it therefore plays a crucial role in regulating
cellular cholesterol homeostasis [32]. In our study, the expression of
ABCA1 mRNA was significantly upregulated in both the mild PTT and
mild PTT + PDT groups, while a slight downregulation trend was
observed in the PDT group (Fig. 9D). The upregulation of ABCAT mRNA
correlated with an increase in lipid efflux. Similarly, ABCA1 protein
levels were upregulated in the mild PTT and mild PTT + PDT groups.
Our results indicated that mild PTT + PDT activated ABCAl-mediated
cholesterol efflux by upregulating the expression of ABCA1 on the cell
surface. In addition, it has been reported that HSP27 can upregulate the
expression of ABCA1 and promote cholesterol efflux by activating the
PI3K/PKCC{/Spl signal pathway in THP-1 macrophage-derived foam
cells [17]. Therefore, the upregulated ABCA1 may related with the
overexpression of HSP27.

Taken together, our findings indicated that PDT alone caused sig-
nificant cell death and only decreased negligible 3% of intracellular lipid
storage. Mild PTT alone and mild PTT combined with PDT could activate
HSP27 expression, therefore reducing 5% and 12.8% lipid deposition,
respectively. The overexpressed HSP27 could protect foam cells against
apoptosis, which lower the damage induced by ROS. Moreover, HSP27
also upregulated the expression of ABCAl1 and promoted cholesterol
efflux. Compared with PTT or PDT alone, mild PTT combined with PDT
exerts better synergistic effects on intracellular cholesterol metabolism
in foam cells, reducing intracellular cholesterol biosynthesis and excess
cholesterol uptake via the SREBP2/LDLR pathway and promoting
ABCA1-dependent cholesterol efflux. While the mechanism of this syn-
ergistic lipid-lowering effect needs further exploration in future. Thus,
mild PTT combined with PDT can prevent excessive cholesterol accu-
mulation in foam cells and therefore serve as a potential strategy for AS
treatment.

4. Conclusion

We successfully developed multitherapeutic bTiO2-HA-p nanoprobes
that exert synergistic effects on lipid metabolism in atherosclerotic foam
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cells. The synthesized bTiO,-HA-p nanoprobes, with the nature of
promising photothermal, photodynamic properties and good biocom-
patibility, can also specifically target macrophage-derived foam cells.
Mild PTT generated from bTiO,-HA-p nanoprobes not only can protect
cells against apoptosis and necrosis, but also activate ABCA1-dependent
cholesterol efflux via the upregulation of HSP27 expression. In addition,
mild PTT + PDT synergistically reduces intracellular cholesterol
biosynthesis, excess cholesterol uptake via the SREBP2/LDLR pathway
and promotes cholesterol efflux via ABCA1, significant attenuating lipid
accumulation in foam cells. Unlike conventional PTT or PDT, mild
simultaneous PTT + PDT using bTiO»-HA-p nanoprobes can enhance
anti-AS therapeutic effects at a relatively low temperature without
causing high levels of cell apoptosis or necrosis. This therapy could be
used to alleviate thermal damage to blood vessels in vivo, and further
studies exploring its potential are warranted. Nevertheless, the present
study provides a promising novel strategy for the safe and effective
treatment of AS and also lays the foundation for the further exploration
of such strategies.
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