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Purpose: Liver cancer is considered as the third leading cause of cancer-related deaths, with hepatocellular carcinoma (HCC)
accounting for approximately 90% of liver cancers. Improving the treatment of HCC is a serious challenge today. The primary
objective of this study was to construct SP94-Fe;O,@ICG&DOX nanoparticles and investigate their potential diagnosis and treatment
effect benefits on HCC.

Methods: Firstly, we synthesized and characterized SP94-Fe;0,@ICG&DOX nanoparticles and confirmed their in vitro release
behavior, photothermal and photodynamic performance. Moreover, the in vivo imaging capability was also observed. Finally, the
inhibitory effects on Hepal-6 in vitro and in vivo were observed as well as biosafety.

Results: SP94-Fe;0,@ICG&DOX nanoparticles have a size of ~22.1 nm, with an encapsulation efficiency of 45.2% for ICG and
42.7% for DOX, showing excellent in vivo MPI and fluorescence imaging capabilities for precise tumor localization, and synergistic
photo-chemotherapy (pH- and thermal-sensitive drug release) against tumors under irradiation. With the assistance of a fluorescence
molecular imaging system or MPI scanner, the location and contours of the tumor were clearly visible. Under a constant laser
irradiation (808 nm, 0.6 W/ecm?) and a set concentration (50 pg/mL), the temperature of the solution could rapidly increase to ~45 °C,
which could effectively kill the tumor cells. It could be effectively uptaken by HCC cells and significantly inhibit their proliferation
under the laser irradiation (100% inhibition rate for HCC tumors). And most importantly, our nanoparticles exhibited favorable
biocompatibility with normal tissues and cells.

Conclusion: This versatile agent can serve as an intelligent and promising nanoplatform that integrates multiple accurate diagnoses,
precise positioning of cancer tissue, and effective coordination with synergistic tumor photodynamic therapy.
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Introduction

Hepatocellular carcinoma (HCC), accounts for approximately 90% of liver cancers, is a primary malignancy tumor.'~
Liver cancer is considered the third leading cause of cancer-related deaths® with nearly 830, 000 deaths globally in 2020,
of which 390,000 occurred in China.* Due to insufficient screening, HCC is usually diagnosed at an advanced stage.>*
Clinically, local recurrence of residual tiny tumors after radical resection is one of the main causes leading to treatment
failure. Photothermal therapy (PTT) and photodynamic therapy (PDT) have been recognized as common phototherapy
regimens for tumor treatment; however, their therapeutic outcomes have been limited owing to the limited penetration
depth of light and low therapeutic accuracy.”® To further prolong the survival time of patients and minimize tumor
recurrence, it is imperative to develop multimodal tumor treatment strategies by combining PTT and PDT with other
therapeutic methods and multimodal imaging-guided therapies.
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Magnetic particle imaging (MPI) has attracted increasing attention owing to its high mass sensitivity, high spatio-
temporal resolution, zero tissue depth signal attenuation, and lack of ionizing radiation.'®'* Magnetic nanoparticles,
especially iron oxide nanoparticles, are preferred materials for MPI contrast agents.'*'> Iron oxide nanoparticles are
widely used in MP imaging.'®'” To optimize the MPI signal, it is necessary to adjust the size and size distribution of the
nanoparticles according to the excitation frequency of MPI, which determines the relaxation mechanism and distribution
of relaxation times.'® Research has shown that iron oxide magnetic nanoparticles with a core diameter of 26-27 nm
provide excellent performance for MPI, and modeling studies predict 25-30 nm is the optimum diameter for iron oxide
magnetic nanoparticles.'”*° Otherwise, size uniformity is important for MP imaging.'® Solid Fe;0, nanoparticles are
dependent on the modified coatings on the surface of Fe;0,4 to provide chemical coordination/coupling sites for drugs,
targeting ligands, and other therapeutic reagents,>'** however, the cavity of the hollow Fe;0, nanoparticles can be used
to encapsulate drugs, and their modified coatings can be used to conjugate targeted ligands.>* Thus, hollow Fe;0, is more
suitable for targeted drug delivery. To date, there have been few reports on hollow Fe;O,4 nanoparticles for MP imaging,
which may be because of the difficulty in synthesizing hollow Fe;0,4 with small and uniform sizes. Compared with other
imaging modalities, fluorescence imaging is suitable for detecting cancerous lesions during the therapeutic process
because of its high sensitivity and convenient operation.”*>° Thus, the combination of fluorescence imaging and MPI
may be a promising multimodal technique to accurately identify HCC lesions with high sensitivity and spatial resolution.

Glucose-regulated protein 78 (GRP78) is a stress-induced endoplasmic reticulum chaperone protein that is highly

expressed in cancer cells®'~?

into solid tumor cells, the GRP78 can be secreted to promote tumor angiogenesis,
differentiation, and tumor cell proliferation.*> > The increased expression of GRP78 is involved in the invasion and
metastasis of many human cancers such as gastric cancer, prostate cancer, and HCC.***° SP94, a receptor of GRP78, can
effectively bind to GRP78 on the membranes of HCC cells.*® In our previous work, we developed an SP94-targeted dual-
modal imaging contrast agent that could effectively guide the detection and resection of HCC to avoid false-negative
detection.”* Yan et al fabricated SP94-Fn-Dox (HccFn-Dox), which could effectively deliver anti-HCC drugs without

damaging healthy tissues.>® Therefore, SP94 has a clinical potential for guiding HCC therapy.
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In this study, we constructed a hollow Fe;O,4 nanoparticle-based nanomedicine system modified with SP94 (SP94-
Fe;0,@ICG&DOX) to achieve controlled drug release, accurate detection, and synergetic therapy for HCC. DOX and
ICG were stored in porous hollow nanoparticles, and their release was modulated in response to near infrared (NIR) laser
irradiation and the pH of the surrounding environment. The in vitro and in vivo results showed that our nanomedicine
system achieved an effective diagnosis of HCC using MPI and delineated tumor boundaries using fluorescence imaging
to guide therapy. Additionally, SP94-Fe;O0,@ICG&DOX nanoparticles provided a robust tumor inhibition effect through
the combination of controlled chemotherapy and phototherapy. Therefore, this pH- and photothermal-responsive drug
delivery system, which had good biocompatibility and targeting ability, with favorable biocompatibility and targeting
capability could be an intelligent agent for diagnosis and synergetic chemo-photo therapy of HCC therapy.

Materials and Methods

Materials

Iron pentacarbonyl (Fe(CO)s), 1-octadecene (90%), oleylamine (70%), oleic acid (OA, 90%), trimethylamine N-oxide
((CH3)3NO, 98%), N-hydroxysuccinimide (NHS, 98%), and N-(3-Dimethylaminopropyl)-N’-N-ethylcarbodiimide
hydrochloride (EDC-HCI, 98%) were from Sigma-Aldrich. The SP94 peptide (with slight modifications, sequence:
NH,-GCESFSIIHTPILPL-COOH) was purchased from China Peptides Co., Ltd. ICG was acquired from Ruixi Bio
Technology (Beijing, China). DOX was obtained from Beijing HVSF United Chemical Materials Co., Ltd. 2°,7’-
dichlorofluorescin diacetate (H,DCFDA) and dihydroethidium (DHE) were purchased from Shanghai Maokang
Biotechnology Co., Ltd. CCK8 and LDH assay kit were purchased from Beyotime Biotechnology. The Hepal-6 cells
were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China).

Preparation of Hollow Fe3O,4 Nanoparticles

The Fe;04 hollow nanoparticles were prepared via high-temperature thermal decomposition method with two steps: 1)
20 mL 1-octadecene and 0.3 mL oleylamine were mixed in a four-necked flask and the moisture and oxygen could be
eliminated by stirring with a mechanical blender and bubbling nitrogen through the mixture solution at 120 °C for 30
min. When the temperature of the mixture slowly reached 180 °C, 0.7 mL of Fe(CO)s was quickly injected into the
mixture and the solution was held at 180 °C for 30 min. The mixture was then cooled to room temperature and the
supernatant was discarded. Fe/Fe;O,4 nanoparticle seeds were precipitated by adding 30 mL of isopropanol. Purified
nanoparticles were re-dispersed in hexane in the presence of oleylamine. 2) 80 mg of Fe/Fe;O,4 nanoparticles seeds in
hexane were quickly injected into a mixture of 1-octadecene (20 mL) and (CH3);NO (30 mg) and degassed under
nitrogen at 130 °C for 1 h. The mixture was maintained at 130 °C for 26 h, and then continuously heated to 250 °C for 1
h. After cooling to room temperature, the mixture was precipitated by adding 40 mL acetone and magnetic separation.
The purified product was obtained by repeating this procedure twice. Finally, the resulting hollow Fe;O,4 nanoparticles
were dispersed in hexane.

Synthesis of SP94-Fe;O,@ICG&DOX Nanoparticles

The hydrophobic hollow Fe;O4 nanoparticles were transferred to the water phase via a ligand exchange reaction. 6 mL
tetrahydrofuran (THF) containing 50 mg of 3.4-dihydroxyhydrocinnamic acid (DHCA) was heated to 50 °C under
nitrogen flow. Then, 20 mg of the hydrophobic hollow Fe;O, nanoparticles dispersed in 1 mL of THF was added
dropwise over 6 h. The resultant mixture was cooled to room temperature, and the hollow Fe;O,4 nanoparticles were
collected by magnetic separation and re-dispersed in water.

Fe;0,@ICG&DOX nanoparticles were fabricated using an extremely simple mixing method at room temperature.
Briefly, 10 mg carboxyl-functionalized hollow Fe;0,4 nanoparticles, 5 mg ICG, and 10 mg DOX were dissolved in 20 mL
pure water. The mixture was sonicated with a probe-type sonicator for 5 min at 150 W (3 s pulse and 7 s rest) and stirred
in the dark at room temperature for 24 h. The free DOX and ICG were removed by centrifugation (14, 000 rpm, 30 min),
followed by washing with DI water three times. Finally, the SP94 peptide was conjugated to the surface of Fe;O4
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@ICG&DOX using EDC/HCI/NHS. The unbound SP94 peptide was removed by centrifugation and washed three times
with DI water. The purified nanoparticles were lyophilized and stored in the dark until further use.
The loading efficiency of ICG and DOX was calculated using the following equation:

Loading efﬁciency (%): initial drug drug in supernatant % 100

Winitial drug

Characterization of SP94-Fe;O0,@ICG&DOX Nanoparticles

The hydrodynamic size and particle dispersion index (PDI) of the SP94-Fe;O4,@ICG&DOX nanoparticles were
measured using a Malvern Zetasizer. The morphology of SP94-Fe;0,@ICG&DOX nanoparticles was analyzed using
a Hitachi HT7800 transmission electron microscope (TEM, Hitachi, Japan). UV-Vis—NIR absorption spectra were
acquired using a UV/Vis spectrophotometer. Fluorescence spectra were obtained using a fluorescence spectrometer.
The porosity of the hollow Fe;O,4 nanoparticles was determined using the Barrett-Joyner—Halenda method and an
ASAP2460 system.

In vitro Drug Release Assays

To examine the in vitro release behavior of SP94-Fe;0,4,@ICG&DOX nanoparticles, 1 mg of nanoparticles was dispersed
in 1 mL of phosphate-buffered saline (PBS, pH7.4 or pH 5.5). The supernatants of the solutions were collected using
a magnet under gentle oscillations at different time intervals. To further evaluate NIR-induced drug release, the SP94-
Fe;0,@ICG&DOX nanoparticle dispersion was irradiated with an NIR laser (808 nm, 0.6 W/cm?) for 5 min at
a predetermined time point, followed by a certain interval without irradiation. At a predetermined time, supernatants
were collected by magnetic attraction at different times under gentle oscillation. The amounts of DOX and ICG released
were determined by UV-Vis-NIR absorption spectroscopy.

Photothermal Performance of SP94-Fe;O,@ICG&DOX Nanoparticles
To investigate the photothermal effect of SP94-Fe;O,@ICG&DOX nanoparticles, nanoparticles solutions with different
concentrations and ultrapure water were irradiated with an 808-nm laser (0.6 W/cm?) for 10 min. The temperature
increase of each solution was recorded using an inserted thermocouple probe. To ensure a homogeneous heat distribution
during laser irradiation, the solutions were magnetically stirred continuously.

To further investigate the photothermal stability of the SP94-Fe;0,@ICG&DOX nanoparticles, five cycles of NIR
laser irradiation were performed. In brief, nanoparticles at a concentration of 50 pug/mL were irradiated with 808 nm laser
(0.6 W/cm?) for 10 min, followed by turning off the laser source for 11 minutes, and repeating this cycle for five times.

Single Oxygen Detection

Single oxygen generation by SP94-Fe;04@ICG&DOX nanoparticles was detected by fluorescence spectrophotometry,
using H,DCFDA as an indicator. Briefly, a certain amount of SP94-Fe;0,@ICG&DOX were mixed with H,DCFDA (1
uM) in water containing 2% DMSO and exposed to an 808 nm laser (0.6 W/cm?). The increase in the fluorescence
intensity at 529 nm (Ex 504 nm) was used to evaluate the production of single oxygen.

Cellular Uptake
The uptake of SP94-Fe;0,@ICG&DOX nanoparticles into Hepal-6 cells was assessed using a Leica DMI6000 inverted
microscope and an Accuri C6 flow cytometer for qualitative and quantitative analyses, respectively.

For qualitative analysis, 1x10° Hepal-6 cells were seeded on a 6-well plate. When the cell density was > 90%,
0.05 mg/mL FITC labelled Fe;0,@ICG&DOX, or SP94-Fe;0,@ICG&DOX were added and further incubated for
another 4 h at 37 °C. The cells were washed with PBS for three times, and fixed with 4% paraformaldehyde for 20 min.
After washing with PBS, the nuclei of the cells were stained with the nuclear dye 4°,6-diamidino-2-phenylindole (DAPI).
The cells were observed under a Leica DMI6000 inverted microscope. The binding of SP94-Fe;0,@ICG&DOX
nanoparticles to cells was further analyzed using Perls’ Prussian blue staining. Subsequent experiments were with
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a similar procedure to the above experiments, except for replacing DAPI with a mixed solution (10% potassium
ferrocyanide: 20% HCI, 1:1). The cells were observed under a Leica DMI6000 inverted microscope.

For quantitative analysis, the cells were seeded in a 6-well plate at a density of 1x10° cells per well. When the cell
confluence reached over 90%, different concentrations of FITC labelled Fe;O4@ICG&DOX or SP94-Fe;O4
@ICG&DOX were added and incubated for 4 h. The fluorescence intensity of the cells was analyzed using an Accuri
C6 flow cytometer.

For ROS (including single oxygen and superoxide anion) detection, ROS formation was monitored using a high-
content analysis system (Operetta CLS, PerkinElmer, USA) using DCFH-DA and DHE as indicators. 1x10°> Hepal-6
cells were seeded in 96-well glass-bottom plates. After incubation for 24 h, Fe;0,@ICG&DOX or SP94-Fe;0,
@ICG&DOX was added and incubated for another 4 h at 37 °C. After washing the cells three times, 0.2 mL DHE or
DCFH-DA solution (5uM, PBS) was added, and the cells were incubated for 30 min at 37 °C. Afterward, the cells were
rinsed again with PBS, and subsequently irradiated with an 808 nm laser (0.6 W/cm?, 5 min). Cell nuclei were stained
with the nuclear dye DAPI. The cells were observed using a high-content analysis system.

In vitro Cytotoxicity of SP94-Fe;O,4,@ICG&DOX Nanoparticles

Hepal-6 cells were inoculated into 96-well plates at a density of 1x10% cells per well, incubated for 24 h, and then
incubated with different concentrations of SP94-Fe;O4@ICG&DOX nanoparticles for 24, 48, or 72 h. The biocompat-
ibility of the nanoparticles was studied by measuring cell viability using standard CCK-8 and LDH assays.

To evaluate the photocytotoxicity of SP94-Fe;O4@ICG&DOX nanoparticles, a CCK-8 assay was performed on
Hepal-6 cells. Hepal-6 cells were seeded in 96-well plates at a density of 1x 10* cells per well, cultured at 37 °C in a wet
humid atmosphere of 5% CO, for 24 h, after which the medium was removed. Fresh medium containing different
amounts of SP94-Fe;0,@ICG&DOX was added to each well. After incubation for 4 h at 37 °C, cells were washed with
PBS and soaked in fresh medium. The experimental group was exposed to 808 nm laser (0.6 W/cm?, 5 min). During laser
exposure, the PDT and PTT effects of SP94-Fe;0,@ICG&DOX on Hepal-6 cells were further verified by maintaining
a constant temperature to avoid the PTT effect, or by treating the cells with 100 mM NaNj to avoid generating ROS.
After irradiation, cells were cultured for an additional 12 h. The dark control group was maintained under the same
conditions as the experimental group, except for the irradiation. Cell viability was measured using a CCK-8 assay.

The synergistic PDT/PTT effects of SP94-Fe;0,@ICG&DOX nanoparticles on Hepal-6 cells were further confirmed
by co-staining with Calcein AM and propidium iodide (PI). Briefly, Hepal-6 cells were seeded in 6-well plates at
a density of 5x10* cells per well. After overnight culture in a humid atmosphere of 5% CO, at 37 °C, the cells were
soaked in the fresh medium containing SP94-Fe;0,@ICG&DOX nanoparticles and further incubated for another 3
h. After washing with PBS (pH7.4), fresh medium was added, and then the cells were exposed to 808 nm laser (0.6 W/
cm?, 5 min). After another 4 h of incubation, live cells were stained with Calcein AM and dead/late apoptotic cells were
stained with PI. The stained cells were examined under an inverted microscope (Olympus IX71, Japan).

Animal Model

All animals were cared for in accordance with the “Guidance for the Care and Use of Laboratory Animals”. All
procedures were approved by the Institutional Animal Care and Use Committee of the Institute of Automation, Chinese
Academy of Sciences (permit no. [A21-2203-24). Male BALB/c mice aged 6—7 weeks were purchased from the Vital
River Laboratory Animal Technology Corporation (Beijing, China) in 5 cages, which were fed and watered freely in
standard cages with a light/dark cycle of 12 h. All animals were acclimated to the new environment for at least 7 days
before further experimentation. Hepal-6 cells (1x10°) were injected into the hips of the mice to establish subcutaneous
tumor models. The ketamine—xylazine mixture was used as an anesthetic to anesthetize the mice throughout the imaging
and therapeutic experiments.

Pharmacokinetics Studies
BALB/c mice were injected with SP94-Fe;0,4,@ICG&DOX nanoparticles (100 pL, 0.5 mg/mL) through tail vein. Blood
samples (~20 pL) were collected from the orbit of BALB/c mice at different time points (0, 1, 4, 8, 12, 24, and 48 h) after
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injection of SP94-Fe;0,@ICG&DOX nanoparticles. Each blood sample was dissolved in 980 pL of aqua regia and
heated to 100 °C in a water bath. Then it was diluted to a suitable concentration using 0.2% HNOj;. The concentrations of
SP94-Fe;0,@ICG&DOX nanoparticles in the blood were determined using inductively coupled plasma mass spectro-
metry (ICP-MS). A blank blood sample without SP94-Fe;0,@ICG&DOX nanoparticle injection was used to measure
the iron content in the blood and calculate the concentration in the experimental groups. The concentration of SP94-
Fe;04@ICG&DOX nanoparticles was expressed as a percentage of injected dose, and the value at the 0 h was defined
as 100%.

In vitro and in vivo MPI

For in vitro experiments, the concentration measured was 0.005, 0.011, 0.021, 0.042, 0.084, 0.169, 0.338, 0.675 and 1.35
mM for each group of samples. For in vivo experiments, Hepal-6 bearing mice were divided into three groups when the
tumor volume reached ~ 60 mm?: (1) Vivotrax (Magnetic Insight, Inc, Alameda, CA) group, n = 3; (2) Fe;04
@ICG&DOX nanoparticle group, n = 3; and (3) SP94-Fe;0,@ICG&DOX nanoparticle group, n = 3. Prior to imaging,
50 pL of tracer at a concentration of 0.3 mg/mL was injected into each tumor. MPI images were acquired before and after
injection at 4, 8, 24, and 72 h by using an MPI scanner (Magnetic Insight Inc., MOMENTUM™ Imager). Data were
analyzed using the VivoQuant software (Invicro, Boston, MA, USA).

Tumor Fluorescence Imaging

The specificity of the SP94 peptide in targeting Hepal-6 HCC cells was detected using in vivo fluorescence molecular
imaging. The SP94-Fe;04,@ICG&DOX nanoparticles (100 pL, 0.5 mg/mL) were intravenously injected into the tumor-
bearing mice and an in vivo imaging system (IVIS, Caliper Life Sciences, US) was used to precede dynamically for the
fluorescence imaging Moreover, Fe;04@ICG&DOX nanoparticles were used as control to test the specific binding of
SP94 to the Hepal-6 tumors and Vivotrax as another control to confirm the excellent MPI capability of our nanoparticles.
For ex vivo fluorescence imaging, the organs were placed on a black cardboard and analyzed using the same in vivo
imaging system.

In vivo Thermal Imaging and Synergistic Phototherapy
When the tumor size reached approximately 60 mm?, the mice were randomly divided into six groups (n = 7 in each
group) for the different treatments.

Group 1: No laser exposure, intravenous injection of 100 uL. PBS.

Group 2: Intravenous injection of 100 uL PBS (pH 7.4, 10 mM), followed by laser exposure of the tumor with a low
power density of 0.6 W/cm? for 5 min 24 later.

Group 3: No laser exposure, intravenous injection of 100 pL SP94-Fe;0,@ICG&DOX.

Group 4: Intravenous injection of 100 pL Fe;04,@ICG&DOX, followed by laser exposure with the same parameters
as in group 2.

Group 5: Intravenous injection of 50 uL ICG and 50 uL DOX, followed by laser exposure with the same parameters
as in Group 2.

Group 6: Intravenous injection of 100 uL. SP94-Fe304@ICG&DOX, followed by laser exposure with the same
parameters as in Group 2. The spot of the laser beam was adjusted according to the shape and size of the tumor. During
irradiation, the temperature of the tumor was recorded using an IR camera. After therapy, the tumor sizes and body
weights of the mice were measured every three days. The formula for estimating the tumor volume is as follows:

Tumor volume=length x (width)*/2)

The tumor volume was evaluated by normalizing the measured values.

Tumor growth inhibition (TGI) was calculated as follows:

~ Ttinal—Tinitial

TGI (%)= (1
8)=( Cfinal = Cinitial

x 100

Where T is the tumor volume in the agent-treated group, and C represents the tumor volume of the PBS-treated group.
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Biocompatibility safety assessment

Blood biochemical analyses and routine blood tests were conducted during the observation period to assess the safety of
the main organs (the liver and kidney). After therapy, Sum sections of the major organs and tumors were stained with
hematoxylin and eosin (H&E). The sections were stained with H&E and images were obtained using a biological
inverted microscope (Olympus I[X71, Japan).

Statistical Analysis

Statistical analyses were performed using Origin8.0. Intergroup differences were analyzed using Tukey’s multiple
comparison test or the Student’s z-test. All statistical data are expressed as mean values + standard deviation (SD),
with * indicating P values < 0.05, ** indicating P values <0.01, and *** indicating P values <0.001, all of which were
considered statistically significant.

Results and Discussion
Characterization of SP94-Fe;O,@ICG&DOX Nanoparticles

The scheme for probe synthesis is shown in Figure 1. Carboxyl-functionalized monodisperse hollow Fe;0,4 nanoparticles
were prepared via high-temperature thermal decomposition and ligand exchange reactions. ICG and DOX were
encapsulated in hollow Fe;O,4 nanoparticles using an extremely simple mixing method at room temperature. The HCC-
targeted peptide SP94 was then conjugated to the surface of the monodisperse hollow Fe;O,4 nanoparticles through
a simple coupling reaction. The TEM and SEM images exhibited the well-defined structure of the SP94-Fe;04
@ICG&DOX nanoparticles (Figure 2a and b). The shell thickness of the resultant SP94-Fe;O,@ICG&DOX nanopar-
ticles was approximately 6 nm and the inner hollow diameter was approximately 7 nm (Figure 2a). The hydrated particle
size of the SP94-Fe;0,@ICG&DOX nanoparticles was approximately 28.2 nm, which was larger than that of Fe;O,4
@ICG&DOX nanoparticles (22.1 nm) and hollow Fe;O, nanoparticles (24.4 nm) (Figure 2c). This was due to
conjugation of the SP94 peptide to the surface of the nanoparticles. The UV-Vis-NIR absorption (Figure 2d) and
fluorescence (Figure 2e) spectra of SP94-Fe;04,@ICG&DOX nanoparticles were recorded. Two new peaks appeared
at 480 nm and 700-900 nm in the UV-Vis-NIR spectrum and at 590 nm (Ex:480 nm) and 816 nm (Ex:785 nm) in the
fluorescence spectrum after the encapsulation of ICG and DOX, indicating the successful encapsulation of ICG and DOX
into the hollow Fe;O,4 nanoparticles.

A vibrating sample magnetometer (VSM) was used to measure the magnetic properties of the nanoparticles. As
shown in Figure S1, neither coercivity nor remanence was observed in the samples, indicating that the nanoparticles were
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Figure | Synthesis of the SP94-Fe;04@ICG&DOX and its application for NIR laser triggered the combination of phototherapy and chemotherapy.
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Figure 2 TEM (a) and SEM (b) of the SP94-Fe;0,@ICG&DOX nanoparticles; (c) Dynamic light scattering size of the nanoparticles in water (n = 3); Ultraviolet-visible-NIR
absorbance spectra (d) and fluorescence spectra (e) of SP94-Fe;0,@ICG&DOX nanoparticles at the indicated concentrations in water; (f) DOX and ICG release profile of
SP94- Fe;0,@ICG&DOX nanoparticles triggered by laser illumination (n = 3).

superparamagnetic. The saturation magnetization (Ms) of SP94-Fe;O4@ICG&DOX nanoparticles was 59.88 emu/g and
that of hollow Fe;O4 nanoparticles was 74.85 emu/g. These data indicated that SP94-Fe;0,@ICG&DOX has the
potential to be an effective MPI contrast agent. In addition, the pore size distribution of the hollow Fe;0,4 nanoparticles
was in the range 12-26 A (Figure S2). And the dimensions of the ICG and DOX were 25.0x18.2 A and 13.4x12.9 A,
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respectively, according to the method reported by Mantina.*' The opening pores facilitated the diffusion of ICG and
DOX into the cavities of hollow Fe;04 nanoparticles. n—r stacking of ICG and DOX occurs in the cavity. The appearance
of aggregates was not conducive to outward diffusion from the cavity. The loading efficiencies of the ICG and DOX were
45.2% and 42.7%, respectively. The release profiles of SP94-Fe;0,@ICG&DOX under different conditions are shown in
Figure 2f. After 10 h, the cumulative drug release rates of DOX and ICG were about 4.6% + 3.5% and 9.6% + 2.8% in
PBS (pH7.4) and 22.9%+3.0% and 28.2%+3.6% in PBS (pH5.5) without laser irradiation, respectively. However, after
irradiation with NIR laser, the fluorescence intensity of ICG in the supernatant increased significantly (Figure S3). And
When the nanoparticles were illuminated with NIR laser for 5 min at every time point, the cumulative drug release rates
of DOX and ICG were significantly increased (66.6% + 1.3% and 70.0% + 1.9% (pH7.4), and 94.3% + 1.7% and 100.0%
+1.7% (pHS.5) within 6 h, respectively).The enhanced release properties may be due to the heat generated by NIR laser
irradiation, and the n—m interaction decreased at a lower pH to promote the disintegration of the ICG and DOX complex
and the diffusion of the drug molecules. These results indicated that local NIR laser irradiation and the pH of the
surrounding environment may be effective external triggers for inducing controlled targeted drug release.

In vitro Photo-Effects and Photostability of SP94-FesO,@ICG&DOX Nanoparticles

SP94-Fe;04,@ICG&DOX nanoparticles exhibited a broad absorption range of 600—1000 nm (Figure 2d). The initial
design of nanoparticles was to achieve targeted photochemotherapy by controlling the release of drugs under laser
irradiation and combining photothermal and photodynamic effects (Figure 3a). The photothermal effect of SP94-Fe;04
@ICG&DOX nanoparticles by NIR laser irradiation (808 nm, 0.6 W/cm?) was investigated (Figure 3b). The temperature
elevation of the SP94-Fe;0,@ICG&DOX nanoparticles under NIR light irradiation (808 nm, 0.6 W/cm?) was monitored
to evaluate the photothermal conversion. SP94-Fe;O,@ICG&DOX nanoparticles exhibited a rapid temperature elevation
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Figure 3 (a) Schematic illustration of the SP94-Fe;O4,@ICG&DOX nanoparticles for therapy; (b) Temperature changes of the SP94-Fe;0,4,@ICG&DOX nanoparticles at
different concentrations under 808 nm laser irradiation for 10 min and 0.6 W/cm?; (c) The photothermal response of the SP94-Fe;O,@ICG&DOX nanoparticles in aqueous
solution (both containing 50 pg/mL of the SP94-Fe;0,@ICG&DOX nanoparticles) with a NIR laser (808 nm, 10 min, 0.6 W/cmz), and then the laser was turned off for |1
min. Repeated and recorded five times; (d) singlet oxygen generation of SP94-Fe;0,@ICG&DOX nanoparticles during single NIR laser irradiation ((808 nm, 0.6 W/cm?) (n
= 5), Concentration of SP94-Fe;O,@ICG&DOX nanoparticles is 0.1 mg/mL.
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of 10.2 °C at a concentration as low as 10 pg/mL, whereas DI water as a control had no obvious temperature elevation
(0.9 °C) (Figure 3b). The photothermal effects of the SP94-Fe;O0,@ICG&DOX nanoparticles were dependent on
irradiation time and nanoparticle concentration. Thus, these factors can be regulated to control the heat generation,
which is critical for potent hyperthermia (> 45 °C). The photothermal conversion efficiency of SP94-Fe;0,@ICG&DOX
nanoparticles was determined using a modified method similar to that reported by Roper.** The detailed calculation
formulae and data are presented in the Supporting Information (Figure S4). The 808 nm laser photothermal conversion
efficiency of SP94-Fe;0,@ICG&DOX nanoparticles was 36.9%, which was higher than Au Nanorods (20.7%) and
BODIPY derivatives (26.0%) and comparable to most of photothermal semiconductor agents such as CuS nanoparticles.
The photostability of SP94-Fe;0,@ICG&DOX nanoparticles was characterized after five cycles of heating and cooling.
The results showed that SP94-Fe;04@ICG&DOX nanoparticles had excellent photothermal stability, with no significant
change observed after five cycles of heating and cooling (Figure 3c). Moreover, no significant difference was observed in
the size distribution of the nanoparticles and the TEM images between the fresh prepared SP94-Fe;0,@ICG&DOX
nanoparticles and the one after laser irradiation for five cycles (Figure S5). These results implied the huge potential of
SP94-Fe;0,4,@ICG&DOX nanoparticles for repeated or long-term cancer therapy under NIR laser irradiation.

In addition, we assessed the ROS generation ability of SP94-Fe;0,@ICG&DOX nanoparticles during NIR laser
exposure using the universal ROS probe DCFH-DA, which can be oxidized by ROS to the highly fluorescent DCF.
Under NIR laser irradiation, the fluorescence intensity of the ROS probe without SP94-Fe;0,@ICG&DOX nanoparticles
or free ICG remained almost unchanged with prolonged irradiation time, whereas a noticeable increase in fluorescence
intensity was observed in the presence of SP94-Fe;0,@ICG&DOX nanoparticles or free ICG, indicating that our
nanoparticles had a favorable ability for ROS generation (Figure 3d).

Cellular Uptake and Photocytotoxicity in vitro

The targeting ability of the SP94-Fe;0,@ICG&DOX nanoparticles at the cellular level was assessed using three
independent methods. A Prussian blue staining assay was performed to detect cellular uptake efficiency in Hepal-6
cells. The different probe concentrations had no effect on the cell number, membrane, nucleus, or morphology
(Figure 4A). Thus, SP94-Fe;04,@ICG&DOX nanoparticles did not exhibit detectable toxicity toward liver cancer
cells. After incubation of Hepal-6 cells with SP94-Fe;0,@ICG&DOX nanoparticles, the number of stained cells
increased as the concentration of the nanoparticles increased. When the nanoparticle concentration reached 60 pg/mL,
the positive rate of Prussian blue staining was approximately 100%. However, as a control, the positive rate of Fe;O4
@ICG&DOX nanoparticles at a concentration of 60 ug/mL was less than 60%. To track the SP94-Fe;0,@ICG&DOX
nanoparticles in vivo, confocal microscopy was used to confirm their ability to target HCC cells. After incubation with
SP94-Fe;0,@ICG&DOX nanoparticles for 4 h, green fluorescence generated by FITC-labelled nanoparticles was clearly
observed in tumor cells, and the green fluorescence was enhanced compared to that in the control groups (FITC labelled
DOX and FITC labelled Fe;0,@ICG&DOX) (Figure 4B). The uptake efficiency of SP94-Fe;0,@ICG&DOX nano-
particles in Hepal-6 cells was further quantified using flow cytometry to measure cell fluorescence after nanoparticle
incubation (Figure S6). SP94-Fe;0,@ICG&DOX nanoparticles exhibited concentration-dependent cellular uptake, and
enhanced fluorescence intensity was achieved with Fe;O4@ICG&DOX nanoparticles. Taken together, these data support
that SP94-Fe;0,@ICG&DOX exerts a good targeting ability in Hepal-6 cells.

Subsequently, the ability of the SP94-Fe;0,@ICG&DOX nanoparticles to generate intracellular ROS and localized
hyperthermia, respectively, was observed by staining with DHE, DCFH, and Calcein-AM/PI (Figure 5 and 6). To achieve
single PDT and PTT treatments, Hepal-6 cells were subjected to temperature control to avoid the PTT effect or treated
with 100 mM NaNj to avoid ROS production during laser irradiation. As shown in Figure 5, in the control group, almost
all nuclei displayed blue fluorescence, indicating that laser irradiation alone cannot produce ROS (including superoxide
anions (O, ) and singlet oxygen ('0,)) under laser irradiation. However, after incubation with the nanoparticles, some
nuclei exhibited orange (Figure 5A) or some cytoplasm exhibited green fluorescence (Figure 5B). Furthermore, the SP94-
Fe;04,@ICG&DOX nanoparticles resulted in stronger fluorescence under irradiation than Fe;04,@ICG&DOX nanopar-
ticles, indicating that the SP94 modified nanoparticles exhibit a higher cellular uptake to generate more intracellular ROS
under irradiation, which plays a key role in causing cell damage. As shown in Figure 6A, under an inverted fluorescence
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Figure 4 (A) Prussian blue-stained images revealed an efficient cellular uptake of SP94-Fe;O,@ICG&DOX nanoparticles at incubation concentration of 0, 20, 40 and 60 pg/
mL of the nanoparticles for 4 h (blue: nanoparticles, red: cell nucleus) (scale bar = 100 um): (a) SP94-Fe;O,@ICG&DOX nanoparticles, (b) Fe;0,@ICG&DOX
nanoparticles; (B) Confocal laser scanning microscope images of Hepal-6 cells after incubating with FITC labelled DOX (scale bar = 10 um) (a), FITC labelled Fe;04
@ICG&DOX nanoparticles (b) and FITC labelled SP94-Fe;O,@ICG&DOX nanoparticles (c) for 4 h at 37 °C.

microscope, red fluorescence regions indicating dead cells were observed only in the presence of both SP94-Fe;0,
@ICG&DOX nanoparticles and laser irradiation, indicating that our nanoparticles or laser irradiation alone did not
compromise the cell viability. Furthermore, it can be seen that as irradiation time or the concentration of the nanoparticles
increased, the red fluorescent region expanded (Figure 6B), indicating the importance of controlling nanoparticles’
concentration and laser irradiation time. These results illustrated that some cells in both the PDT and PTT separately
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Figure 5 (A) Laser-induced superoxide anion (O, ) generation and (B) laser-induced single oxygen ('O,) generation of nanoparticles in Hepal-6 cells: (a) PBS, (b) Fe;O4
@ICG&DOX nanoparticles; (c) SP94- Fe;0,@ICG&DOX nanoparticles (Scale bar =100 pm).

treated groups were killed and displayed red fluorescence. In addition, our nanoparticles simultaneously provided
synergetic PDT/PTT induction, resulting in the death of most cells (Figure 6C).

Furthermore, the biocompatibility of SP94-Fe;04@ICG&DOX was evaluated using the CCK8 and LDH assays
(Figure 7a and b). After treatment with our nanoparticles, no significant toxic effect on Hepal-6 cells was observed in the
absence of laser irradiation, and the relative cell viability was between 90 and 100%, even a concentration of 0.1 mg/mL,
thus providing sufficient evidence that our nanoparticles could enter into Hepal-6 cells effectively with good biocompat-
ibility in vitro. However, SP94-Fe;O,@ICG&DOX nanoparticles caused severe photo-damage against Hepal-6 cells
(0.82 pg/mL ICG ICs) under laser irradiation, which was much lower than that of Fe;0,@ICG&DOX nanoparticles
(3.92 pg/mL ICG ICsg) (Figure 7¢). The ICsy of SP94-Fe;04@ICG&DOX nanoparticles without laser irradiation was
higher than of 11.00 pg/mL ICG, indicating a significantly reduced cytotoxicity without laser irradiation. And the
cytotoxicity of SP94-Fe;04,@ICG&DOX nanoparticles was significantly reduced with ICsq of 7.00 pg/mL or higher than
11.00 pg/mL ICG with keeping a constant temperature or in the presence of NaN5 under laser irradiation, suggesting that
SP94-Fe;0,@ICG&DOX nanoparticles have remarkable synergetic PDT/PTT effect. These results indicate that nano-
particles can effectively cause severe photocytotoxicity. Moreover, the simultaneous synergistic PDT/PTT effect was due
to the enhanced cellular uptake of our nanoparticles, efficient ROS generation, and photothermal effect, which were
responsible for the enhanced therapeutic efficiency.

Imaging Experiments

To assess MPI performance, we compared SP94-Fe;0,@ICG&DOX with commercially available MPI contrast agent
(Vivotrax) at different concentrations (Figure 8a). At the same concentration, the two-dimensional (2D) projection MPI
image of SP94-Fe;0,@ICG&DOX was much higher than that of Vivotrax (Figure 8a). Moreover, the MPI signals of
SP94-Fe;0,@ICG&DOX showed a linear relationship with nanoparticle concentration (core mass) with a high slope of
SP94-Fe;0,@ICG&DOX (79.20 mM ") compared to that of Vivotrax (26.40 mM '; Figure 8b). To investigate whether
SP94-Fe;0,@ICG&DOX could perform MPI in vivo, 50 pL of SP94-Fe;0,@ICG&DOX nanoparticles, Fe;O4
@ICG&DOX nanoparticles, or Vivotrax was injected into the tumors (murine HCC Hepal-6) of living mice with
equal Fe contents, and the signal changes were monitored longitudinally using 2D projection MPI scans. Compared with
Vivotrax, the synthesized nanoparticles displayed significantly higher MPI signals after injection (Figure 8c and Figure
S7). The MPI signal enhancement of the Fe;O4,@ICG&DOX nanoparticles was limited to the injection site and gradually
decreased over time (Figure 8c). However, the MPI signals of SP94-Fe;O4,@ICG&DOX nanoparticles were significantly
higher than those of Fe;O4@ICG &DOX nanoparticles. Most importantly, the MPI signals of the SP94-Fe;04
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Figure 6 (a) In vitro PTT of the SP94-Fe;0,@ICG&DOX nanoparticles; (b) In vitro photothermal destruction of Hepal-6 cells treated by various combinations of SP94-
Fe;0,@ICG&DOX and NIR laser irradiation (808 nm, 0.6 W/cmz); (c) FL images of Hepal-6 cells after PDT, PTT and simultaneous PDT/PTT treatments. Viable cells were
stained green with Calcein-AM, and dead/later apoptosis cells were floating and eluted, or stained red with Pl (Scale bar = 50 ym).

@ICG&DOX nanoparticles were more evenly distributed over the tumor site because of the active targeting of the SP94
peptide.

We further tested the SP94-Fe;O04,@ICG&DOX nanoparticles for targeted fluorescence imaging in vivo using
a Hepal-6 HCC tumor-bearing mouse model. Prior to the nanoparticle injection, BLI images of the same tumor-
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Figure 7 (a and b) Biocompatibility of the SP94-Fe;0,@ICG&DOX nanoparticles detected with different methods (a) CCK8 cytotoxicity assay, (b) LDH cytotoxicity assay;
(c) Quantitative detection of Hepal-6 cells after PDT, PTT and simultaneous PDT/PTT treatments, determined by the standard CCK-8 assay. The data are shown as mean *
SD (n = 3). Significance between every two groups was calculated by the Student’s t-test. ¥P<0.05, **P<0.01, and ***P<0.001.
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Figure 8 (a) In vitro MPI images of the SP94-Fe;O,@ICG&DOX and Vivotrax samples with different concentrations; (b) Plot of MPI signals of all samples: SP94-Fe;O,4
@ICG&DOX (m) and Vivotrax (A); (c) In vivo dynamic MPI of mice intratumorally injected with Vivotrax, SP94-Fe;O,@ICG&DOX, and Fe;0,@ICG&DOX, respectively.
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bearing mice were recorded to determine the tumor location. In vivo imaging was performed by intravenous injection
of 50 uL SP94-Fe;04@ICG&DOX nanoparticles or Fe;O4@ICG&DOX nanoparticles with equal ICG content.
Fluorescence signals were collected using an in vivo imaging system (IVIS, Caliper Life Sciences, US). Figure 9a
and b show the time course of the NIR fluorescence images of mice after intravenous injection. The fluorescence
signals of the tumors were most obvious at 12 h and 48h after SP94-Fe;0,@ICG&DOX and Fe;0,@ICG&DOX
nanoparticle injection, respectively. The ratios of the Symor/Ssurrounding tissue 0f SP94-Fes04@ICG&DOX nanoparticles
were higher than those of Fe;04,@ICG&DOX nanoparticles, particularly at 12 h (2.48 times) and 24 h (2.30 times)
(Figure 9c). Due to the attenuation that occurs during light penetration, ex vivo fluorescence imaging was performed
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Figure 9 In vivo FL imaging of mice bearing Hepal-6 tumors after i.v. injection of nanoparticles at different time intervals: (a) SP94-Fe;O4@ICG&DOX nanoparticles; (b)
Fe;04@ICG&DOX nanoparticles; (c) The ratio of signal of tumor to signal of surrounding tissues of mice bearing Hepal-6 tumors after i.v. injection of nanoparticles at
different time point, data indicate means and standard errors (n = 3), (¥) p<0.05, (**)p<0.01; (d) Ex vivo FL images of major organs and tumor after injection of Fe3O,
@ICG&DOX (top row) and SP94-Fe;0,@ICG&DOX (bottom row) nanoparticles at 72 h.

on major organs (including the heart, liver, spleen, lung, kidney, and intestine) and tumors harvested 24 h after
injection. As shown in Figure 9d, the nanoparticles accumulated in the liver but not in the tumor (Figure 9d).
Furthermore, compared with Fe;0,@ICG&DOX nanoparticles, SP94-Fe;04,@ICG&DOX nanoparticles accumulated
more at the tumor site (2.74-fold) (Figure S8), consistent with in vivo results. However, in the other organs, there was
no significant difference between the two groups. In addition, compared to the skin or tumor (ie, 4T1 tumor), Hepal-6
tumors exhibited more fluorescence signals (Figure S9). Currently, in clinical, non-invasive diagnostic methods for
HCC include computed tomography (CT), magnetic resonance imaging (MRI), and contrast-enhanced ultrasound
(CEUS). MRI with high diagnostic accuracy and sensitivity is the gold standard for imaging of HCC.** The sensitivity
and specificity of contrast-enhanced MRI for detecting HCC nodules are 70% and 94%, respectively.** However, the
sensitivity drops to 60% for lesions <2 cm, and it is even lower for lesions <l cm.*> In our experiments, all HCC
lesions (<1 cm) were detected by SP94-Fe304@ICG&DOX nanoparticles, which indicated our nanoparticles enhanced
the detection sensitivity and had great potential in clinical diagnosis of HCC.
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In vivo Biocompatibility of SP94-Fe;O4,@ICG&DOX Nanoparticles

Blood biochemical analysis and routine blood tests were performed to evaluate in vivo biocompatibility of the SP94-
Fe;04,@ICG&DOX nanoparticles. After systemic administration of SP94-Fe;0,@ICG&DOX nanoparticles (100 pL,
0.5 mg/mL, n = 3), biochemical analysis showed that on days 1, 12, and 25, alanine transaminase (ALT), aspartate

aminotransferase (AST), and blood urea nitrogen (BUN) levels were within the normal range (Table S1), indicating no
significant effect of the nanoparticles on liver and kidney function. Furthermore, the detection of red blood cells
(RBC), white blood cells (WBC), platelets (PLT), lymphocytes, hemoglobin (HGB), mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular hemoglobin (MCH), and mean corpuscular volume (MCV) at each time
point was similar to that of the untreated control group (Table S1). Thus, these results indicate that SP94-Fe;04
@ICG&DOX nanoparticles do not induce toxicity in vitro or in vivo and can be considered an effective biocompatible
drug for tumor treatment.

In vivo Synergistic Phototherapy and Chemotherapy of HCC

Encouraged by the superior tumor penetration, imaging function, and treatment results in vitro of SP94-Fe;O,
@ICG&DOX nanoparticles, we expect to apply SP94-Fe;0,@ICG&DOX nanoparticles to achieve laser-triggered
ultrafast drug release and combination phototherapy and chemotherapy in vivo. The Hepal-6 tumor model was
established to evaluate the synergistic anticancer effects of SP94-Fe;04,@ICG&DOX. As shown in Figure 10a and b,
after administering SP94-Fe;O4,@ICG&DOX nanoparticles, the temperature at the tumor site increased rapidly to 65 °C
within 5 min of laser irradiation, achieving rapid drug release (Figure 2f) and PTT. However, the temperature change in
the tumors was minimal in the PBS group. In addition, as shown in Figure 10c, the tumor volume of the PBS and PBS+
lasers significantly increased, indicating that there was no obvious inhibitory effect on the growth of Hepal-6 tumors
despite laser irradiation. The suppression efficiency of the Fe;O4@ICG&DOX nanoparticles + laser group was sig-
nificantly improved to 79.89%. This could be explained by the accelerated drug release, PDT, and PTT effects caused by
NIR irradiation and the tumor environment, resulting in an effective combinational therapy. Additionally, under laser
irradiation, mice treated with SP94-Fe;0,@ICG&DOX nanoparticles exhibited better antitumor effects, with
a suppression rate of up to 100%, which may be attributed to the enhanced tumor-targeting efficiency of the SP94-
Fe;0,@ICG&DOX nanoparticles. Notably, the survival time of mice in the SP94-Fe;04,@ICG&DOX nanoparticles +
laser group was longer than that of mice in the other groups (Figure 10d). There have been many similar studies.
Professor Yuhao Li fabricated a sorafenib-loaded Cu,_Se nanoparticles used for photothermal-synergistic targeted
therapy of hepatocellular carcinoma.*® The mice in the experimental group were intravenously (i.v.) injected with 100
uL of the sorafenib-loaded Cu,_,Se nanoparticles for a total of four times on days 21, 24, 27, and 30, and then the tumors
were irradiated for 2 min with an 808 nm laser at a density of 1 W/cm? two hours after the injection. The tumor
suppression rate is lower than 70%. Professor Chihua Fang fabricated epithelial cell adhesion molecule-functionalized
Fe;04@Au nanoparticles for coregistered optoacoustic and magnetic resonance imaging and photothermal therapy of
hepatocellular carcinoma.®” The 40-day survival rate of mice after treatment in the experimental group is only 50%.
Professor Ke Xu fabricated co-administration of iRGD with sorafenib-loaded iron-based metal-organic framework as
a targeted ferroptosis agent for liver cancer therapy.*® The tumor suppression rate has improved significantly, but it is still
below 90%. Compared with these nanoparticles, our nanoparticles exhibited significant advantages in tumor inhibition
and survival time.

In addition, Figure 10e demonstrates that the mice in the SP94-Fe;0,4,@ICG&DOX nanoparticles + Laser and Fe;O4
@ICG&DOX nanoparticles + Laser groups displayed weight gain; however, in the other groups, their body weights
showed slight weight loss. These results implied that our nanoparticles can achieve synergistic phototherapy and
chemotherapy for HCC and exhibited good prognosis after treatment.

To further elucidate the in vivo photo-damage effect of SP94-Fe;0,@ICG&DOX nanoparticles on tumors under
irradiation, major organs and tumors were collected 6 h after irradiation, sliced into Sum sections, and stained with H&E.
Figure S10 shows that SP94-Fe;0,@ICG&DOX nanoparticles caused severe cell destruction in tumors after irradiation,
whereas the free ICG + laser and Fe;0,@ICG&DOX+Laser groups exhibited only minor cell destruction. No significant
tumor damage was observed in the PBS group with or without irradiation. Moreover, SP94-Fe;0,@ICG&DOX
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Figure 10 (a)Infrared thermography, and (b) the increased tumor temperature of tumor-bearing mice treated with SP94-Fe;0,@ICG&DOX nanoparticles at 24 h post-
injection under 808 nm irradiation at 0.6 Wiem? (n = 3); (c) Tumor growth inhibition profiles of the mice bearing Hepal-6 tumor treated with SP94-Fe;O,@ICG&DOX,
followed by 808 nm irradiation at 0.6 W/cm? for 5 min (n = 7); (d)Survival rates of mice bearing Hepa | -6 tumors after different treatments; (€) Body weights were measured
during the 42-day evaluation period in mice under the different conditions (n = 7). Data indicate means and standard errors. (*) p<0.05, (**) p<0.01.

nanoparticles did not cause obvious pathological changes in normal tissues, such as the heart, liver, spleen, lungs, and

kidneys (Figure S10). These results again demonstrate the remarkable combination of phototherapy and chemotherapy
and the biosafety of SP94-Fe;0,@ICG&DOX nanoparticles.
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Conclusion

In summary, a multifunctional SP94-Fe;0,@ICG&DOX nanoparticle was successfully fabricated, which displayed high
biocompatibility and combined targeted and controlled DOX release with excellent photothermal and photodynamic effects to
effectively eliminate tumor cells from the primary site. Both in vitro and in vivo experiments demonstrated the excellent tumor
imaging capability and enhanced photoinduced cytotoxicity of the SP94-Fe;O,@ICG&DOX nanoparticles, which was
attributed to the enhanced cellular uptake, sufficient intracellular ROS, and potent photothermal effect under nanoparticle
irradiation. The robust and safe nanoparticles exhibited highly efficient accumulation in tumors, excellent in vivo MPI and
fluorescence imaging capabilities for precise tumor localization, and synergistic photochemotherapy against tumors under
irradiation. We believe that hollow Fe;O,4 nanoparticle-based nanomedicine systems are promising photochemotherapy
diagnostic agents and visual indicators for HCC. And despite the fact that the study was conducted on an animal model, we
still hope it could serve as a promising diagnostic agent for use in humans.

The prospective applications of the nanoparticles will be: 1) for early stage HCC without cirrhosis, which was suitable for liver
resection, our nanoparticles could effectively diagnose the HCC preoperative using MPI, delineate the margin of the tumor and
guide the resection or photo-chemotherapy of the tumor during the tumor through fluorescence imaging to achieve curative
treatment; 2) for advanced HCC that is difficult to cure, our nanoparticles could effectively diagnose the HCC using MPI and
guide the photo-chemotherapy through fluorescence imaging to delay tumor growth and improve the quality of life of patients.

The main drawback of this method is that the subcutaneous tumor models in immunocompromised mice are useful for
studying specific treatment effects, but they lack a comprehensive immune response that includes all immune cell subsets,
lymphangiogenesis and chemokine signaling. Thus, in the future work, we will try to choose immunologically humanized
mouse models for research to overcome the shortcomings of traditional xenograft models, although the techniques to create
these models are challenging.
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