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The integration of chemotherapy and phototherapy for treating advanced liver cancer has gained considerable
attention. However, challenges such as short drug retention times significantly impact patient prognosis. We
introduce a light-triggered nanosystem that employs molecular aggregation control for PTT and sustained
chemotherapy. This nanosystem, known as Reg/IR783@CM nanoparticles (RIMNPs), consists of a core-shell
carrier-free nanodrug self-assembled from the chemotherapy drug regorafenib (Reg) and the photothermal
agent IR783, coated with a homologous liver cancer cell membrane. The developed core-shell nanocarrier ex-
hibits excellent water dispersibility, high drug load, extended blood circulation, and tumor site enrichment. Upon
light exposure, the nanosystem provides outstanding near-infrared imaging and robust photothermal effects.
Concurrently, light exposure accelerates the degradation of the outer IR783 layer, resulting in regorafenib
exposure and triggering secondary assembly, which significantly enhances drug retention at the tumor site. Our
findings indicate that the nanosystem effectively suppresses tumor growth by combining photothermal therapy
with the inhibition of tumor cell proliferation and angiogenesis, and by modulating tumor-associated macro-
phages. Notably, this nanosystem also demonstrates low cytotoxicity and high biocompatibility. This study
presents a novel light-driven in-situ assembly strategy, offering a simplified and effective approach for con-
structing tumor imaging and treatment systems.

1. Introduction

Hepatocellular carcinoma (HCC) is the leading cause of cancer-
related deaths globally, with a distressingly low five-year survival rate
of only 3 % [1,2]. Alarmingly, over half of HCC patients are diagnosed at
an advanced or incurable stage, rendering systemic therapy the sole
option to enhance their overall survival [3]. Due to its highly vascular
nature, antiangiogenic tyrosine kinase inhibitors (TKIs) that target the
vascular endothelial growth factor (VEGF) pathway have emerged as the
most effective treatment for patients with advanced HCC (aHCC) [4].
Regorafenib (Reg), a broad-spectrum kinase inhibitor, not only counters
molecular escape pathways from VEGF inhibition but also bolsters
anti-tumor immunity by reducing the infiltration of tumor-associated
macrophages (TAMs) and altering TAM polarization [5,6]. Presently,
Reg is approved for second-line treatment of aHCC, refractory colorectal
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cancer, and gastrointestinal stromal tumors [7]. Nonetheless, the poor
drug characteristics of Reg, including solubility, dissolution, perme-
ability, circulation, and distribution, often limit the recommended
dosage due to severe treatment-related side effects, such as hand-foot
skin reactions, diarrhea, and hypertension, thus constraining its effec-
tiveness [8,9].

In recent years, significant advancements in nanotechnology and
tumor biology have propelled the nanomedicine field forward. Drug
delivery systems based on nanomaterials can enhance the dissolution
and delivery efficiency of traditional drugs, increase their bioavail-
ability, and mitigate adverse reactions, making them a subject of
extensive discussion [10-13]. However, the efficacy, safety, and phar-
macokinetics of engineered nanocarriers still require systematic study.
Furthermore, several challenges hinder the large-scale production of
nanocarrier drugs, including low drug load, complex manufacturing
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processes, and potential systemic toxicity and immunogenicity, signifi-
cantly limiting their clinical application [14,15]. Fortunately, the
innovative concept of carrier-free nanodrugs has been introduced, uti-
lizing nanostructures that form spontaneously or through triggered
self-assembly of drug molecules via non-covalent bonds such as
hydrogen bonding, hydrophobic interactions, and n-n stacking [16-18].
These carrier-free nanodrugs, with their high drug-loading capacity,
absence of inert carrier materials, and simple, eco-friendly preparation
methods, hold substantial promise for clinical translation [19,20].
Nevertheless, the pre-self-assembly strategy is constrained by inade-
quate tumor penetration and limited blood circulation [21]. In contrast,
cancer diagnosis and treatment leveraging in-situ self-assembly offer
numerous benefits. These include enhanced blood circulation of
monomers, sustained drug delivery dynamics, reduced drug resistance,
and the capacity to target deep tumors and organelles, thus boosting the
therapeutic effectiveness [22]. In-situ self-assembly is activated by
various stimuli, including endogenous factors like enzymes, pH, and
redox molecules, as well as exogenous ones such as light, magnetic
fields, and ultrasound [23,24]. Among them, optical control, with its
high spatiotemporal resolution and precise regulation ability, can
reversibly adjust the physical and chemical states of photo-responsive
materials (such as azobenzene and spiropyranan) through light
switches, thereby achieving dynamic control of the secondary defor-
mation of nanoparticles [25,26]. Jiang et al. utilized the self-assembly of
polypeptide molecules to form spherical nanoparticles, which could be
transformed into rod-shaped particles under the action of exogenous
light, thereby enhancing the accumulation of nanomedicines within
tumors [27]. Therefore, the adaptability and dynamic switching capa-
bility of self-assembled nanomaterials are becoming increasingly vital in
bioimaging and tumor therapy.

Photothermal therapy represents a new, efficient, selective, mini-
mally invasive, and rapid recovery tumor treatment method with a low
risk of complications, showing significant promise for in-situ liver can-
cer treatment [28,29]. High-performance photothermal reagents are an
important link in their photothermal therapy. So far, a variety of ma-
terial systems have been developed. Among them, it mainly includes
gold nanorods, copper sulfide (CuS), graphene, polypyrrole, polydop-
amine, indoleine green, Prussian blue, porphyrin, etc. However, the use
of intense lasers, which can raise local temperatures to 50 °C, may harm
normal organs adjacent to the tumor while targeting the cancerous cells
[30]. It is crucial to manage the treatment temperature and duration to
avoid damaging healthy tissues. IR783 is a near-infrared cyanine-based
small-molecule dye characterized by high photothermal conversion ef-
ficiency and excellent biocompatibility, making it widely utilized as a
photothermal agent. Furthermore, studies have demonstrated that
IR783 can actively target and accumulate in tumor cells through organic
anion transporter peptides (OATPs), which are highly expressed in tu-
mors. This tumor-targeting mechanism has garnered significant atten-
tion for its application in photothermal therapy of cancer [31,32].
Moreover, some research indicates that IR783 can spontaneously
assemble with various hydrophobic small molecule drugs to create sta-
ble nanoparticles, enhancing the solubility and bioavailability of anti-
cancer drugs while exerting synergistic antitumor effects through the
nanoparticles’ optical properties [33,34]. However, like other tri-
carbonyl cyanine dyes, IR783 is prone to degradation under
near-infrared light exposure, which considerably limits its biomedical
research and applications. Thus, harnessing its photodegradation
properties constructively for tumor diagnosis and treatment could be
highly significant. The effectiveness of any treatment hinges on the
targeted accumulation of drugs at the cancer site. Recently, biomimetic
nanoparticles coated with active cell membranes have emerged as a new
type of nanocarrier. In 2011, Zhang’s research group first reported this
technology and achieved effective drug delivery by encapsulating
nanoparticles with red blood cell membranes, while demonstrating
longer retention time and immune escape function [35]. At present, the
main sources of natural cell membranes include red blood cell
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membranes, platelet membranes, white blood cell membranes, cancer
cell membranes, stem cell membranes and their hybrid membranes [36,
37]. These nanoparticles encapsulated in the cell membrane integrate
the advantages of protocell and core nanoparticles which exhibit many
characteristics of their source cells, including enhanced biocompati-
bility, immune evasion, prolonged blood circulation and targeted tumor
delivery, presenting significant potential for targeted drug delivery and
effective cancer treatment [38,39].

In this study, IR783 and regorafenib were utilized as raw materials to
synthesize carrier-free nanoparticles (Reg/IR783 nanoparticles, RINPs)
through self-assembly. Subsequently, intelligent biomimetic nano-
particles were crafted by coating these with liver cancer cell membranes
(Scheme 1). The resulting nanosystem (Reg/IR783@CM nanoparticles,
RIMNPs) overcomes the challenges of poor solubility and low
bioavailability associated with hydrophobic Reg in circulation while
demonstrating excellent reproducibility and colloidal stability. More-
over, organic molecules engage in functional self-assembly without any
superfluous components, enhancing the nanomedicine’s biocompati-
bility and biosafety. Due to the membrane proteins of cancer cells pos-
sessing homologous binding capabilities, the engineered biomimetic
nanomedicine (RIMNPs) effectively targets and accumulates in tumor
nests, minimizing loss during in vivo circulation. Upon reaching the liver
tumor site, precise near-infrared imaging-guided laser irradiation in-
duces local hyperthermia, directly annihilating tumor cells. Notably,
IR783 absorbs heat, undergoes degradation, releases regorafenib, and
subsequently reassembles into rod-shaped nanomaterials. This process
significantly extends its presence at the tumor site, thereby facilitating a
synergistic therapeutic effect combining photothermal therapy (PTT)
and extended-duration chemotherapy.

2. Materials and methods
2.1. Materials

Regorafenib (99.9 %) was obtained from Shanghai Tao Technology
Biotechnology Co., Ltd. IR783 was sourced from Shanghai Aladdin
Biochemical Technology Co., Ltd. Dulbeccos modified eagle medium
(DMEM) and fetal bovine serum (FBS) was procured from Beijing
Solarbio Technology Co., Ltd. The following reagents were acquired
from Beyotime: ethylenediaminetetraacetic acid (EDTA), trypsin, 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI), propidium iodide
(PI), cell counting kit-8 (CCK-8), hematoxylin-eosin (HE) staining kit,
membrane protein extraction kit, and TdT-mediated dUTP Nick-End
Labeling (TUNEL) apoptosis assay kit. The polycarbonate membrane
(200 nm), anti-N-cadherin antibody, and secondary antibodies,
including goat anti-mouse IgG and goat anti-rabbit IgG, were obtained
from Wuhan Servicebio Biotechnology Co., Ltd. The following anti-
bodies were procured from Abcam: anti-EpCAM, anti-Galectin-3, anti-
Ki67, anti-CD31, anti-alpha-SMA, anti-F4/80, anti-CD80, and anti-
CD206. All materials and reagents were used as received unless other-
wise specified.

2.2. Screening of co-assembled nanoparticles

The nanoassemblies were prepared using the one-step co-assembly
method [40]. Typically, regorafenib (40 pL, 5 mg/mL, in DMSO) is
added by drops to a set of 60 pL aqueous solutions containing gradient
concentrations IR783 (10, 50, 100, 200, 500, and 1000 pg/mL). Then
the particle size and PDI of each solution were determined by DLS.

2.3. Synthesis of Reg/IR783 nanoparticles (RINPs)

Initially, regorafenib (400 pL, 5 mg/mL, in DMSO) was added
dropwise to a group of 600 pL aqueous solutions containing concen-
trations of IR783 (500 pg/mL) under vigorous vortex. The mixture was
then stirred at room temperature for 30 min. The resulting self-
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Scheme 1. Schematic illustration of preparing cancer membrane-coated carrier-free nanosystem (abbreviated as RIMNPs) and the synergistic photothermal-

chemotherapy and enhanced immunotherapy against hepatocellular carcinoma.

assembled suspension was centrifugated (20000 g) for 30 min to obtain
the precipitate. Finally, the precipitate underwent three washes with
distilled water to acquire Reg/IR783 nanoparticles (RINPs). The con-
tents of IR783 and Reg in the resulting nanoparticle solution were
determined by HPLC analysis. Their loading capacity and encapsulation
efficiency were calculated as follows:

Wirzss or Wreg

Loading capacity (%) = x 100%

RINPs

Wirzss or W

Encapsulation efficiency (%) = x 100%

ereding IR783 O ereding Reg

2.4. Synthesis of Reg/IR783@CM nanoparticles (RIMNPs)

The HepG2 Cell membrane extraction followed the procedure of our
previous study [41]. Subsequently, they underwent sonication for 1 min
and were then extruded 15 times through polycarbonate porous

membranes with pore sizes of 800 nm, 400 nm, and 200 nm, respec-
tively, using an Avanti mini extruder (Avanti Polar Lipids, USA). The
HepG2 CCM-derived vehicles (CMNPs) were coated onto RINPs cores by
co-extruding vehicles and cores through a 220 nm polycarbonate
membrane to form RIMNPs. For mass production, the CMNPs (1.0 mL)
were combined with RINPs by sonication using gradient programs (50
W, 5 min, 5s on/off cycles). Subsequently, the resulting multicomponent
mixed system containing RIMNPs was centrifuged at 1000 rpm for 10
min to remove excess CMNPs.

2.5. Characterization of RIMNPs

The Ultraviolet-visible (UV) spectrometer was used to determine the
spectra of Reg, IR783, and RINPs. Transmission electron microscopy
(TEM) was employed to analyze the morphology of CMNPs, RINPs, and
RIMNPs. Particle size and zeta potential were assessed using a Malvern
Nano-ZS analyzer. The sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot (WB) analysis was utilized
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to characterize the cancer cell membrane protein of RIMNPs. The sta-
bility of RIMNPs NPs was measured of particle size and PDI by DLS
within a total period of 5 days.

2.6. The photothermal properties of RIMNPs

The photothermal properties of RIMNPs were characterized by an
808 nm laser irradiation. Briefly, to investigate the concentration-
dependence of the photothermal effect, virous concentrations of
RIMNPs (0, 25, 50, 100 pg/mL) were irradiated for 5 min with 1.0 W/
cm?. Moreover, the power-dependence of the photothermal effect was
illustrated by interacting with 50 pg/mL RIMNPs with intensities of 0.5
W/cm?, 1.0 W/cm?, and 1.5 W/cm? respectively. The photothermal
stability of RIMNPs was evaluated by irradiated RIMNPs solution (50 pg
mL1) in 5 repeated cycles of 10 min irradiation ON and 5 min OFF at
power densities of 1.0 W em™2 An IR thermal camera (Testo 865,
Germany) was used to monitor the changes in solution temperature
during the irradiation.

2.7. Drug release in vitro

In vitro Reg release from the RIMNPs was studied in PBS buffer with
different conditions. For each release study, 1 mL of RIMNPs (1 mg
mL ™) were dispersed inside a dialysis bag (MWCO = 8000 Da) that was
soaked in 19 mL different buffer mediums (pH 7.4 and pH 5.5) with or
without exposure to 808 nm laser irradiation (1.0 W cm~?) for 10 min
with gentle shaking at 37 °C. At selected time intervals, the sample was
collected and 2 mL of solution outside the dialysis bag was removed.
Then, 2 mL of fresh PBS buffer was added. The removed solution was
properly diluted, and the amount of Reg molecules present was
measured by the curve of UV-vis spectroscopy.

2.8. Cell uptake and targeted studies

HepG2, LO2 and HUVECs cells were cultured in DMEM supple-
mented with 10 % FBS and 100 units/mL antibiotics (Penicillin-Strep-
tomycin) at 37 °C in a 5 % CO; humidified atmosphere. HUVECs cells
were cultured in DMEM supplemented with 10 % FBS and 100 units/mL
antibiotics (Penicillin-Streptomycin) at 37 °C in a 5 % CO, humidified
atmosphere. To study the endocytosis behavior of RIMNPs, HepG2 cells
were seeded onto a 60 mm culture plate at 10° cells/plate density and
incubated for 24 h. Then, the culture medium was removed and replaced
with a specific concentration of RIMNPs. After co-culture with RIMNPs
for 0, 2, 4, 6 h, respectively, the HepG2 was collected for flow cytometry
analysis. Moreover, bio-TEM of HepG2 cells were conducted after in-
cubation with RIMNPs for 6 h and irradiation with an 808 nm laser for 5
min. To study cell targeting, RINPs and RIMNPs were co-cultured with
HepG2 or LO2 for 12 h, respectively. The cells were washed with PBS
three times, fixed with 4 % (v/v) paraformaldehyde for 2 h, and stained
the nucleus with DAPI in PBS buffer for 15 min. Finally, cell imaging was
performed using fluorescence microscopy. The assessment of immune
evasion capability involved the uptake of RINPs and RIMNPs by
macrophage RAW 264.7, which was performed by the description
above.

2.9. Invitro anti-tumor studies

The CCK-8 assay was utilized to evaluate cell viability. HepG2 cells
were individually seeded at a density of 5000 cells per well in 96-well
plates, followed by overnight incubation. After dilution with 200 pL of
the medium, different concentrations of free Reg, RINPs, RIMNPs, and
RIMNPs -+ Laser groups (containing reg 0.5, 2, 4, 8, and 10 pg/mL) were
utilized to replace the original culture medium. The treatment for the
RIMNPs + Laser group was identical to that of the other groups except
that the cells were exposed to a near-infrared laser at a wavelength of
808 nm with a power density of 2.0 W/cm? for a duration of 5 min
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following an incubation period of 6 h. All cells were incubated for 24 h
with five triplicate wells per concentration. After removing the medium,
each well was supplemented with 100 pL. CCK-8/medium (1:10), and the
absorbance at 450 nm was measured using a microplate reader.

The apoptosis of cancer cells was assessed using flow cytometry.
HepG2 cells were seeded at a density of 1 x 10° per well in 6-well plates
and incubated overnight to allow for adherence and growth. The cul-
tures were subsequently incubated with Reg, RINPs, RIMNPs, and
RIMNPs Laser (with a concentration of Reg as 8 pg/mL) in a 24-well
plate for 24 h. The previous culture medium was aspirated, and tryp-
tase (without EDTA) was added. The cells were then centrifuged with
the previous culture medium, and 5 x 10* cells were resuspended.
Subsequently, the cells were stained using a PI and Annexin V-FITC kit,
followed by apoptosis detection through flow cytometry.

Furthermore, a live/dead viability assay was also conducted to assess
the efficacy of various treatments on cancer cells further. The eliminated
HepG2 cells were resuspended in the medium, counted, and subse-
quently inoculated into a 24-well plate at a density of 1 x 10* cells per
well. Three parallel wells were placed in each group and incubated
overnight in a cell incubator at 37 °C with 5 % CO,. After the cells
reached a 70-80 % growth rate under the microscope, Reg, RINPs,
RIMNPs, and RIMNPs Laser (with a concentration of 8 pg/mL for Reg)
were introduced and incubated with the cells for 24 h. Remove the
previous culture medium and perform two rinses with PBS. Subse-
quently, live and dead cells were stained using the Calcein-AM/PI kit.
After being incubated in a 37 °C incubator for 30 min, the fluorescence
images were captured using an inverted fluorescence microscope and
quantified using Image J software.

2.10. Animals and tumor model

The BALB/cA-nu mice (~15 g) were subcutaneously inoculated with
HepG2 cells (1 x 107) in the flank region to establish a subcutaneous
tumor xenograft model. Once the tumor volume reached approximately
50 mm®, it was utilized for subsequent in vivo experiments in mice.
Additionally, hemolysis experiments were conducted using female
BALB/cA-nu mice aged 4-6 weeks. All animals received care following
the Guidance Suggestions for the Care and Use of Laboratory Animals.
The procedures were approved by the Ethics Committee of Zhengzhou
University’s Academy of Medical Sciences, with an ethical number
assigned as ZZU-LAC20220311(14).

2.11. In vivo imaging and biodistribution analysis

When the tumor’s volume reached 100 mm?, the nude mice were
randomly allocated into two groups: IR783 group and RIMNPs group,
with each group receiving a tail vein injection of 100 pL free IR783 or
RIMNPs (IR783, 1.0 mg kg 1) via the tail vein. The fluorescence signals
emitted by IR783 at the tumor site were captured at 2, 4, 6, 8, 10, 24, 36,
and 48 h post-injection using an ex/in vivo imaging system (Perki-
nElmer PE IVIS SPECTRUM, United States). At the end of a period of 48 h
post-injection, euthanasia was performed on mice and major organs
(heart, liver spleen lung kidneys), as well as the tumor itself was
collected for semi-quantitative biodistribution analysis and imaging
using an ex/in vivo imaging system.

2.12. In vivo photothermal studies

BALB/cA-nu mice bearing HepG2 tumors (100 mm3) were intrave-
nously administered with RIMNPs (80 pg/mL, 100 mL), while the con-
trol group was treated with 100 pL PBS. After 6 h, the tumors were
exposed to laser irradiation (808 nm, 0.5 W/cm?) for a duration of 5
min. Infrared thermographic maps and regions displaying maximum
temperatures were obtained using an infrared thermal imager.
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2.13. In vivo anti-tumor effect and biosafety of RIMNPs

When the tumor reached a volume of approximately 50 mm?, six
nude mice per group were randomly assigned to the following five
groups: (I) PBS, (II) Reg, (III) RINPs, (IV) RIMNPs, and (V) RIMNPs +
Laser. Each group received an intravenous injection of 100 pL (including
Reg at a concentration of 80 pg/mL) every other day for a duration of
two weeks. After a 6-h injection, the tumors in the RIMNPs Laser group
were exposed to laser irradiation (808 nm, 0.5 W/cm?) for a duration of
5 min. Apart from this aspect, all other experimental conditions
remained consistent with those applied to the remaining groups. The
body weight and tumor volumes of mice were recorded on alternate
days. The mice underwent small animal magnetic resonance imaging
(MRI) examination and were euthanized on the 14th day, followed by
excision and quantification of the tumor tissue. The obtained tumor
tissue was fixed in formalin solution, embedded in paraffin, and sub-
jected to histological staining with H&E for assessing tumor necrosis,
Ki67 for evaluating proliferation, and TUNEL for detecting apoptosis.
The polarization types of tumor-associated macrophages (TAMs) in
tumor tissues were assessed through immunofluorescence staining for
F4/80, CD80, and CD206. Neovascularization and vascular structure in
the tumor tissues were evaluated by detecting CD31 and a-SMA using
immunofluorescence techniques.

Additionally, following the euthanasia of each cohort of nude mice,
the heart, liver, spleen, lung, and kidney were excised for histological
examination using H&E staining to assess significant organ damage.
Blood samples were collected for biochemical analysis, including blood
routine tests to determine the levels of white blood cells (WBC), red
blood cells (RBC), and platelets (PLT); hepatic function tests to measure
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
direct bilirubin (DBIL), and total bilirubin (TBIL); and renal function
tests to assess uric acid (UA), urea (UREA), and creatinine levels.

2.14. Hemolysis experiments

Orbital blood was collected from healthy BALB/c mice and subse-
quently centrifuged at 3500 rpm for 5 min to obtain plasma. The upper
layer containing plasma, platelets, and white blood cells was discarded.
The precipitate obtained in the aforementioned steps was washed twice
with PBS and then diluted with PBS to obtain a 2 % (v/v) suspension of
erythrocytes. Subsequently, the red blood cell suspension was mixed
with 0.2 mL of PBS (as a negative control), 0.2 mL of Triton X-100 (as a
positive control), 0.2 mL of RINPs at various concentrations (5, 10, 20,
40, and 80 pg/mL), and different concentrations (5, 10, 20, 40, and 80
pg/mL) of RIMNPs. The mixture was incubated at 37 °C for 4 h, followed
by collection of the supernatant through centrifugation at 1000g for 5
min. The condition of the Eppendorf tubes was visually documented and
recorded. The supernatants were subsequently transferred to a 96-well
plate, and the optical density (OD) value at 541 nm was measured
using a microplate analyzer. Finally, the hemolysis rate was then
calculated using the following formula: Hemolysis rate (%) = (Aprepara-
tion ~ Anegative)/ (Apositive - Anegative) % 100.

2.15. Statistical analysis

All experiments were independently conducted at least three times
(n > 3). The data were presented as the mean + standard deviation (SD).
The statistical significance of differences was determined by using
GraphPad Prism 8.0 software through the application of one-way
ANOVA-LSD and Independent Samples t-test. Statistically significant
differences were denoted by P < 0.05: *; P < 0.01: **; and P < 0.001:

*kk
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3. Results and discussion
3.1. Synthesis and characterization of RINPs

The anti-solvent precipitation method is widely recognized as a
straightforward and efficient technique for producing carrier-free
nanodrugs [42,43]. Regorafenib is a clinical second-line anticancer
drug, characterized by a m-electronic planar structure, tending to pack
together in one direction and forming one-dimensional nano-
architecture through =n-m stacking and hydrophobic interactions
(Fig. la). However, these drug aggregates often exhibited irregular
shapes and non-uniform sizes and were prone to aggregation and pre-
cipitation in aqueous dispersions (Fig. S1). To enhance stability and
control structure, indocyanine, particularly IR783, was introduced as a
cosolvent. IR783, a relatively polar and amphipathic molecule, acts
similarly to a surfactant (Fig. 1a). It consists of a symmetric benzoindole
hydrophobic group and two sulfonic acid groups on the sides, facili-
tating the co-assembly of stable colloidal nanodrugs with hydrophobic
molecular through multiple supramolecular interactions, including
hydrogen bonds and n-n stacking interactions [44].

The carrier-free co-assembly nanodrug (Reg/IR783) was successfully
synthesized using the classical nanoprecipitation method [45]. As
illustrated in Fig. 1b, a solution of Reg in DMSO was gradually added to
an IR783 solution in water under magnetic stirring. Following centri-
fugation to remove the excessive IR783, the resulting pellets were
resuspended in water. By adjusting the dosage ratio between IR783 and
Reg prodrug, it was found that when the solution concentration of IR783
was 400 pg/mL, the obtained NPs had the smallest diameter and the
lowest polydisperse index (PDI), which was used for follow-up experi-
ments (Fig. S2). Visibly, the co-assembled nanoaggregates displayed
excellent colloidal stability in aqueous solutions compared to precipi-
tated drugs, demonstrating that this nano-assembly strategy effectively
enhances the solubility of regorafenib (Fig. 1c). The morphological
characteristics of the IR783@Reg were then analyzed. Transmission
electron microscopy (TEM) revealed that Reg@IR783 possessed a reg-
ular spherical morphology and high dispersibility (Fig. 1d and e). Dy-
namic light scattering (DLS) measurements indicated that the prepared
RINPs had a narrow size distribution ranging from 150 to 450 nm with
an average diameter of approximately 167 nm, maintaining stable sta-
bility in water with no significant size change over five days
(Fig. 1f&S3). The Reg/IR783 NPs were negatively charged at —34.75
mV, which attributed to the negatively charged sulfonate groups of
IR783 (Fig. S4). Impressively, the co-assembled nanodrugs achieved
unusually high drug loading of Reg, reaching 99.8 %. As shown in
Table S1, we found that both the loading capacity and encapsulation
efficiency of Reg were remarkably high, reaching 99.67 % and 85.24 %,
respectively, which demonstrated that Reg was the main component
that assembled into Reg/IR783 NPs in the presence of small amount of
IR783. Additionally, the UV-vis spectrum of the RINPs displayed the
characteristic peaks of IR783 and regorafenib at 280 nm and 780 nm
respectively, confirming their successful integration (Fig. 1g). The
co-assembly of IR783 with regorafenib also resulted in a significantly
broader and red-shifted Soret band of IR783, suggesting interactions
between the aromatic rings of regorafenib and IR783 through =n-n
stacking [46]. Further, Fourier transform infrared (FT-IR) spectra
(Fig. 1h) showed that the absorption band at 1599 cm ! shifted to 1602
em™! following the co-self-assembly of Reg with IR783, and the N-H
absorption band from Reg shifted from 3378 to 3348 cm™!. These shifts
indicate that hydrogen bonds between the amine/carboxyl groups of
Reg and the sulfonate groups of IR783 contribute to their
co-self-assembly. However, the absorption peak of IR783 was less
observable in the RINPs, which correlates with the previously measured
content of IR783.

To mitigate clearance by the reticuloendothelial system and enhance
the tumor-targeting capabilities of RINPs during systemic circulation,
the cell membrane from liver cancer cell HepG2 was isolated and
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Fig. 1. Synthesis and characterization of the RIMNPs. (a) The chemical structure of IR783 and regorafenib. (b) The self-assembly process of RINPs by IR783 and
regorafenib. (c) The digital images of IR783, regorafenib, and RINPs dispersion in aqueous solution. (d, e) Representative TEM images with different magnifications.
(f) Size distribution of the RINPs suspended in aqueous solution. (g) UV-Vis spectrum of IR783, regorafenib and RINPs. (h) Fourier Transform Infrared Spectrometer
(FTIR) of Reg, IR783, and RINPs. (i) Schematic preparation of RIMNPs. (j) Representative TEM images of CMNPs, RINPs, and RIMNPs. (k) SDS-PAGE protein analysis
of the whole cell, CM, and RIMNPs. (1)Western blotting analysis for Galectin-3, N-cadherin, and EpCAM in the whole cell, CM, and RIMNPs.

applied to the surface of RINPs through physical extrusion [41] (Fig. 1i).
This was followed by an analysis of the physicochemical properties of
RINPs before and after cell membrane coating. As indicated in Fig. 1j,
both RINPs and pure CMNPs presented a uniform and regular spherical

structure with a size of approximately 210 nm. However, RIMNPs
exhibited a distinct core-shell structure with a diameter of about 220 nm
and a consistent outer shell thickness of around 10 nm, confirming the
presence of the cancer cell membrane. Dynamic light scattering (DLS)
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data indicated an increase in diameter from 240 nm for RINPs to 245 nm
for RIMNPs (Fig. S5), while the polydispersity index (PDI) values were
recorded at 0.41 for RINPs and 0.09 for RIMNPs, reflecting improved
uniformity post-coating. Additionally, the zeta potential of the RIMNPs
was measured at —27.89 mV, closely resembling that of cancer cell
membrane-derived vehicles (—16.5 mV) but significantly different from
the RINPs (Fig. S6). The successful coating of the cell membrane was
further validated through protein analysis, showing that the protein
composition of RIMNPs closely matches that of the original hepG2 cell
membrane that indicates that it retains the proteins of the cell mem-
brane (Fig. 1k).

Western blot analysis was conducted to confirm the presence of cell
adhesion molecules (Galectin-3, EpCAM, and N-cadherin) expressed by
HepG2 tumor cells, essential for homotypic targeting and reducing
macrophage uptake, thereby facilitating the specific recognition and
binding of CM-coated nanoparticles to cancer cells [47] (Fig. 11). To
evaluate the stability and biocompatibility of the self-assembled
RIMNPs, their size and zeta potential were monitored at different time
points. As shown in Fig. S7, there were no significant changes in size
when RIMNPs were stored in water, and DMEM for three days, sug-
gesting enhanced stability of the self-assembled nanoparticles.

3.2. NIR-driven structural transformation and photothermal from
RIMNPs

Previous research indicates that core-shell nanoaggregates, such as
those made from IR783/sorafenib, typically feature IR783 as the shell
with sorafenib encapsulated within the solid core [38]. Given the
structural similarities with sorafenib, the regorafenib/IR783 NPs may
also maintain a similar structure with densely packed regorafenib at the
core and a minor quantity of IR783 forming the shell. In this arrange-
ment, IR783 acts to restrain the self-assembly of regorafenib, creating
spherical nanoaggregates and enhancing water solubility via its external
hydrophilic groups. However, when the 808 nm laser was applied to
RIMNPs, the surface IR783 was able to be degraded by photobleaching.
With the absence of the protective layer of IR783, regorafenib can
further grow and form nanofibers through local high concentration
self-assembly, thus achieving long-lasting retention and controlled
release of chemotherapy drugs (Fig. 2a).

To confirm the relevant performances, the nanomedicine was irra-
diated by an infrared laser (808 nm, 1.0 W cm™2). Intriguingly, we un-
expectedly observed a gradual color change in RINPs from dark green to
yellow under NIR irradiation (Fig. 2b). Optical microscope and TEM
observations revealed significant morphological changes in RINPs after
NIR light exposure, transitioning to uniform rod or fibrous structures
(Figs. S8 and S9). To explore this phenomenon, we analyzed the photo-
responsive properties of RINPs using UV-Vis spectra. Initially, the ab-
sorption spectra of RINPs without light exposure (Fig. 2¢) displayed
distinct peaks at approximately 280 and 780 nm, corresponding to the
absorption maxima of Reg and IR783, respectively. However, upon
irradiation with an 808 nm laser at 1.0 W/cm?, the 780 nm absorption
peak rapidly diminished within 30 s, and the 280 nm peak shifted to
approximately 290 nm. With the extension of time to 300s, the solution
changed from blue to yellow, accompanied by the absorption of IR783
disappearing. These changes suggest both the degradation of IR783 and
potential structural modifications in RIMNPs due to NIR irradiation.
Further morphological and size analyses of RINPs were conducted using
transmission electron microscopy (TEM) and dynamic light scattering
(DLS). It was observed that the initially spherical RIMNPs, with an
average diameter of about 220 nm, transformed into micron-sized cy-
lindrical structures within 5 min of NIR exposure. These structures
exhibited a base diameter ranging from 500 to 800 nm and a length
varying from 5 to 20 pm (Fig. 2d). Correspondingly, the hydrodynamic
diameter of the RINPs also increased significantly, from approximately
210 nm to about 1.4 pm (Fig. 2e). To explore the light-induced defor-
mation mechanism of RINPs, the 'H NMR spectra were analyzed before
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and after NIR irradiation. Figs. S10 and S11 reveal that regorafenib
predominantly constituted the nanoaggregate, while IR783 was present
in a much smaller proportion, aligning with earlier drug content as-
sessments. Post-exposure to NIR light, IR783 content significantly
decreased, with virtually no response peak evident, suggesting its
degradation under light. This finding was also confirmed by the high-
resolution MS analyses (Figs. S12 and S13). The ionic peak of
501.0947 and 726.2559 (corresponding to Reg and IR 783 respectively)
was also observed in the high-resolution MS spectrum. Moreover,

Our RIMNPs are expected to act as a good photosensitizer for PTT,
which is promising for efficient cancer treatment. To assess the photo-
thermal properties of RIMNPs, an infrared thermal imaging system was
employed to monitor real-time temperature changes during laser irra-
diation (808 nm, 1.0 W cm ™). Fig. 2f&g illustrate that the temperatures
of RIMNP solutions increase with both concentration and duration of
laser exposure. Specifically, after 10 min of exposure to a 1.0 W/cm?
laser, the temperatures of the RIMNP solutions rose sharply, reaching
23.1, 49.6, and 59.3 °C at varying concentrations. In contrast, an
equivalent volume of pure water under the same conditions experienced
only a modest increase of 1.8 °C. Furthermore, the temperature dy-
namics of the RIMNP solutions were also shown to depend on laser
power, as evidenced by Fig. 2h&S14, which demonstrated that peak
temperatures increased with power densities. Additionally, the photo-
thermal heating/cooling cycles’ stability was tested by subjecting RINPs
(100 pg/ml) to three cycles of 808 nm laser irradiation at a power
density of 1.0 W/cm? Despite the gradual degradation of IR783,
RIMNPs demonstrated remarkable stability, maintaining a maximum
temperature of 53.0 °C after 5 min during the initial cycle. In the second
cycle, the highest recorded temperature was 51.5 °C (Fig. 2i), consistent
with previous research and further validated by this study. These results
confirm the exceptional photothermal properties of RIMNPs, high-
lighting their potential as photothermal agents in photothermal therapy
(PTT). Meanwhile, the release behavior of Reg from RINPs under various
treatment conditions was investigated over time (Fig. 2j). The results
demonstrated that the release drug increased with a low pH value.
Notably, the release of Reg from RINPs in the presence of laser irradi-
ation was not significantly higher compared to RINPs without light
exposure and pure Reg. This phenomenon may be caused by the reoc-
currence of self-assembly of regorafenib. Furthermore, in order to
eliminate the secondary assembly of nanoparticles caused by heat, we
studied the morphological changes of RINPs and RIMNPs at 25 °C and
65 °C. As can be seen from Fig. S15, after heating for 10 min, neither the
color nor the morphology of RINPs and RIMNPs changed. This indicates
that temperature is not a factor for the secondary deformation of RINPs.

3.3. In vitro targeting of RIMNPs to homotypic cells

The effective internalization of therapeutic nanoparticles into tumor
cells is crucial for a robust therapeutic outcome. From the data shown in
Fig. 3a & S16, it is clear that HepG2 cells rapidly internalize RIMNPs,
with fluorescence intensity within the cells increasing over a period of 4
h. Further, after a 4-h incubation of RIMNPs with HepG2 cells, bio-TEM
analysis revealed a considerable presence of nanoparticles in various
stages of degradation within the endosomes (Fig. 3b), confirming suc-
cessful cellular uptake of RIMNPs. To assess the specificity of RIMNPs
towards homologous HepG2 cells, their targeting capability was
compared against LO2 cells using confocal laser scanning microscopy
(CLSM). The results indicated that the HepG2 group exhibited higher
uptake efficiency and fluorescence intensity, demonstrating the specific
binding affinity of RIMNPs to homologous HepG2 cells (Fig. 3c&d).
Additional experiments co-culturing both RINPs and RIMNPs with
HepG2 cells (Fig. 3e&f) utilized laser confocal microscopy to observe
that nanoparticles encapsulated within cell membranes were preferen-
tially internalized by HepG2 cells, highlighting their inherent targeting
capabilities. A significant advantage of biomimetic nanodrugs, particu-
larly those encapsulated with tumor cell membranes, is their ability to
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Fig. 2. NIR triggers the structural and photothermal effects of RIMNPs. (a) Schematic diagram of photodegradation heat production of RIMNPs under near-infrared
irradiation and the reassembly of Reg. (b) The images of IR783, regorafenib, and RIMNPs dispersion in deionized water. (¢) UV-Vis absorption spectra and color
change of RIMNPs irradiation for different times. (d) TEM images of RIMNPs before and after 808 nm laser irradiation at 1.0 W/cm? for 5 min (scale bar = 200 nm).
(e) Hydrodynamic size changes of RIMNPs laser irradiation. (f) Photothermal images and (g) dose-dependent temperature increase profiles of RIMNPs irradiated with
NIR (808 nm, 0.5 W/cm?). (h) Energy density-dependent temperature increases profiles of RIMNPs (50 pg/mL) irradiated with 808 nm laser. (i) On-off curves of
RIMNPs (100 pg/mL) under 808 nm laser irradiation at 1.0 W/cm? for 4 cycles. (j) Drug release curves of Reg under different conditions.
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Fig. 3. The anti-tumor activity of RIMNPs in vitro. (a) Flow cytometry analyses of HepG2 cells incubated with RIMNPs for 2, 4, and 6 h. (b) Bio-TEM images of HepG2
cells incubated with RIMNPs for 6 h. (c) Cellular uptake of RIMNPs in LO2 and HepG2 cells after 6 h of incubation (scale bar = 50 ym) and (d) Related fluorescence
semi-quantitative analysis. (***, p < 0.001). (e) Fluorescence images and (f) the relevant semi-quantitative analysis of RINPs and RIMNPs after incubation with
HepG2 cells for 6 h (scale bar = 50 pm; ***, p < 0.001). (g) Cell viability of HepG2 cells after being treated with Reg, RINPs, RIMNPs, and RIMNPs -+ Laser for 24 h
with various concentrations of Reg (0.5, 2, 4, 8, 10 pg/mL). (*, p < 0.05, **, p < 0.01; ***, p < 0.001). (h) Quantification bar plots for live/dead staining and the
inserted microscope images. The values are presented by mean value + SD. (i) Fluorescence images of HepG2 cells stained with Calcein-AM and PI with different
treatments (Scale bar = 20 pm). (j) Flow cytometric analysis of HepG2 cell apoptosis after treatment with PBS, Reg, RINPs, RIMNPs, and RIMNPs + Laser for 6 h.

evade macrophage clearance, thus enhancing accumulation in tumor RIMNPs compared to those with RINPs. This supports the notion that
tissues. In experiments involving macrophage-like RAW 264.7 cells coating with a cancer cell membrane significantly reduces immune
incubated with both RIMNPs and RINPs, CLSM observations (Fig. S17) clearance, thereby potentially increasing the efficacy and persistence of
showed noticeably reduced fluorescence intensity in cells cultured with the nanodrugs in tumor targeting.
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3.4. In vitro anti-tumor activity of RIMNPs

The combination of chemo-phototherapy has demonstrated signifi-
cant potential in cancer treatment, particularly in overcoming the che-
moresistance of chemotherapeutics. To assess the chemo-photothermal
therapeutic efficacy of RIMNPs in vitro, HepG2 cells were treated with
or without laser irradiation (5 min, 1.0 W/cm?) in the presence of
RIMNPs. Cell viability was measured using the CCK-8 assay. As illus-
trated in Fig. 3g, concentration-dependent cytotoxicity was observed in
HepG2 cells treated with varying concentrations of free Reg, RINPs,
RIMNPs, and RIMNPs + Laser. Notably, the cytotoxicity of RIMNPs,
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both with and without laser irradiation, at a low concentration of 2 pg/
mL, was more pronounced compared to the same amount of Reg and
RINPs. Specifically, RIMNPs with PTT induced approximately 93 % cell
death at 8 pg/mL, which is significantly higher than that observed with
Reg (58 %), RINPs (62 %), and RIMNPs alone (68 %). Consequently, a
concentration of 8 pg/mL was chosen for subsequent experiments. In
contrast, we found that RIMNPs + Laser exhibited very low toxicity to
LO2 cells even at high concentrations, with cell viability higher than 70
% at 10 pg mL™! (Fig. S18). Fluorescent staining of live/dead cells
further demonstrated the superior therapeutic efficacy against tumor
cells, with a remarkable 96.9 % cell death for RIMNPs with PTT,
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Fig. 4. Biodistribution and in vivo photothermal performance of RIMNPs. (a) NIR fluorescence imaging of nude mice bearing HepG2 tumors intravenously
administrated with RIMNPs and free IR783 at 2, 4, 6, 8, 10, 24, 36, and 48 h post-injection. (b) Average fluorescence intensity from IR783 in the tumors over time,
measured by an in vivo imaging system (n = 3). (c) Ex vivo NIR fluorescence images of IR783 in the harvested organs (heart, spleen, liver, kidney, and lung) and
tumors at 48 h post-administration (n = 3). (d) Quantitative analysis of fluorescence intensity of IR783 in the harvested organs and tumors at 48 h post-
administration (n = 3). (e) Representative infrared thermal images and (f) temperature change at the tumor sites of mice bearing HepG2 tumors treated with i.v.
injection of RIMNPs followed by 808 nm laser irradiation (1.0 W/cm?, 5 min) at 6 h post-administration. (h) Schematic of light driven second-assembly of RIMNPs.
(g) Bio-TEM images of HepG2 tumors intravenously administrated with RIMNPs with laser irradiation.
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compared to only 2.4 % for Reg, 36.2 % for RINPs, and 50.8 % for
RIMNPs alone (Fig. 3h-i&S19). Flow cytometry analysis corroborated
these findings, showing that the apoptosis rate induced by RIMNPs
under NIR irradiation was 84.2 %, while the rates for the free Reg,
RINPs, and RIMNPs groups were 3.48 %, 11.2 %, and 21.9 %, respec-
tively (Fig. 3j). Additionally, Bio-TEM analysis after incubation of
RIMNPs with HepG2 cells for 4 and 24 h revealed significant nuclear
enlargement and membrane rupture post-NIR irradiation, with more
pronounced cell fragmentation and inflammation-induced cell death
observed after 24 h of co-cultivation (Fig. S20). Overall, these results
confirm that the homologous targeting of RIMNPs not only significantly
enhances their endocytosis by tumor cells but also amplifies the syner-
gistic effects of photothermal and chemotherapy against cancer cells.

3.5. In vivo imaging and biodistribution of RIMNPs

Given the effective homologous targeting and strong anti-
proliferative activity of the nanodrugs against liver cancer cells, we
explored their potential for in vivo application. Initially, we assessed the
hemocompatibility of our biomimetic nanodrug using a hemolysis assay.
As indicated in Fig. S21, the hemolysis experiments confirmed that
RIMNPs maintain good biocompatibility at concentrations up to 500 pg/
mL. Encouraged by the favorable hemocompatibility of RIMNPs, we
proceeded with in vivo applications. IR783 and RIMNPs were adminis-
tered intravenously into HepG2 tumor-bearing nude mice. Fluorescence
imaging was used to monitor the fluorescence signals in the mice at
various time intervals. As shown in Fig. 4a&b, both free IR783 and
RIMNPs demonstrated tumor-targeting effects, with RIMNPs exhibiting
significantly higher fluorescence intensity. However, free IR783 was
rapidly cleared from the body, with no discernible signals detected after
8 h. In contrast, RIMNPs achieved enhanced tumor accumulation
through both passive targeting via the Enhanced Permeability and
Retention (EPR) effect and active homologous targeting, reaching peak
accumulation at 6 h post-injection and maintaining detectable levels up
to 48 h [48]. Subsequently, 48 h after injection, the tumors and major
organs of the mice were harvested to investigate the distribution of free
IR783 and RIMNPs. The fluorescence intensity was predominantly
localized at the tumor site, with partial distribution observed in the liver
and lungs (Fig. 4c&d). Notably, the fluorescence intensity of RIMNPs at
the tumor site was 3.25 times higher than that of free IR783, under-
scoring its exceptional tumor-targeting capability. These findings
strongly suggest that RIMNPs not only excel in cellular-level targeting
but also demonstrate selective accumulation in tumor tissues, high-
lighting their potential for real-time cancer imaging and photothermal
therapy (PTT) applications in vivo.

3.6. In vivo photothermal performance and second assembly of RIMNPs

Encouraged by the outstanding tumor accumulation and activation
performance of our biomimetic nanodrug, we conducted photothermal
imaging to evaluate the photothermal properties of RIMNPs in tumor
tissues under laser irradiation (808 nm, 1.0 W/cm?). To assess the in
vivo photothermal efficacy, we intravenously injected 100 pL of PBS or
RIMNPs (80 pg/mL) into tumor xenograft mice when the tumors
reached approximately 100 mm?. Six hours post-injection, the temper-
ature changes in the tumor region were monitored during 5-min laser
irradiation at 0.5 W/cm?. As shown in Fig. 4e&f, the temperature in the
tumor area quickly escalated to over 43 °C within the first 30 s of NIR
irradiation and stabilized at around 48 °C throughout the irradiation
period. These results demonstrate that RIMNPs not only achieve precise
tumor accumulation and enable fluorescence imaging but also effec-
tively facilitate photothermal therapy (PTT) in vivo through specific
homologous targeting combined with the Enhanced Permeability and
Retention (EPR) effect. Additionally, biological electron microscopy was
employed to observe the secondary assembly of nanoparticles under
light irradiation. As depicted in Fig. 4g&S522, rod-shaped nanomaterials
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were observed within the tissue, confirming that the nanomaterials can
undergo secondary assembly upon light irradiation, aligning with our
initial hypothesis and in vitro findings. This indicates that RIMNPs can
rapidly generate heat under NIR light, triggering the secondary assem-
bly of regorafenib and enhancing the long-term retention of the drug at
the tumor site, thereby optimizing the therapeutic outcome.

3.7. In vivo synergistic antitumor efficiency of RIMNPs

Motivated by the promising in vitro antitumor effects of RIMNPs, we
further investigated their therapeutic efficacy in combining photo-
thermal therapy (PTT) and chemotherapy on HepG2 tumor bearing
nude mice. Upon the primary tumor volume reaching approximately 50
mm?, mice were randomly grouped (n = 6) and divided into five groups:
PBS, Reg, RINPs, RIMNPs, and RIMNPs + Laser. The treatment schedule
was carefully planned and is illustrated in Fig. 5a. Over the 14-day
intervention period, tumor volume fluctuations were meticulously
monitored (Fig. 5b). Notably, Fig. 5c¢-f highlighted the treatment out-
comes across the groups. The RIMNPs + Laser group demonstrated
significant tumor growth inhibition compared to the PBS and other
treatment groups. It is important to note that the Reg group did not show
substantial tumor growth inhibition, primarily due to an insufficient
dosage. The antitumor effects were more pronounced upon examination
of the excised tumors after the 14-day treatment period (Fig. 5e&523),
which was further confirmed by MRI (Fig. S24). The tumors were also
weighed post-study (Fig. 5f), with the RINPs, RIMNPs, and RIMNPs +
Laser groups showing substantial reductions in tumor weight by 46.1 %,
58.3 %, and 73.9 %, respectively. These results underscored the
enhanced tumor-targeting aggregation and superior anti-cancer efficacy
of these treatments. Notably, all mouse groups maintained normal body
weights throughout the study, indicating the low toxicity of RIMNPs
(Fig. 5g). To delve deeper into the synergistic effects of PTT and
chemotherapy at the tissue level, pathological examinations including
H&E, Ki67, and TUNEL staining were conducted. TUNEL and H&E im-
ages revealed no significant change in cell morphology in the control
group, whereas notable morphological changes such as cell contraction,
chromatin condensation, nucleus disintegration, and enlarged necrotic
tissue areas were observed in the RINPs, RIMNPs, and RIMNPs + Laser
groups (Fig. S5h and i). Moreover, Ki67 staining indicated that the
RIMNPs + Laser treatment exhibited the strongest inhibitory effect on
the proliferation of HepG2 cells compared to the other groups (Fig. 5j).
Clearly, the encapsulation of homologous cell membranes significantly
enhances drug metabolism and blood circulation time of carrier-free
nanomedicines. Furthermore, the long-term tumor inhibition by
RIMNPs + Laser therapy can be attributed not only to the local hyper-
thermia produced by PTT but also to the secondary assembly of light-
driven chemotherapy drugs. This enhances drug enrichment and
retention at the tumor site, boosting their anti-proliferative and pro-
apoptotic effects. Overall, these findings demonstrate that RIMNPs can
serve as an innovative biomimetic nanodrug for precise delivery and
synergistic photothermal/chemotherapy against hepatocellular carci-
noma (HCC), showcasing their potential as a powerful treatment
modality.

3.8. Enhanced cancer immunotherapy of RIMNPs by reprogramming
TAMs

Tumor-associated macrophages (TAMs) are crucial components of
the tumor microenvironment, influencing angiogenesis and resistance to
chemotherapeutic agents [49]. Studies have indicated that Regorafenib
(Reg) not only inhibits tumor growth by normalizing tumor vasculature
but also enhances anti-tumor effects by reducing TAM infiltration and
reprogramming macrophage polarization towards the M1 phenotype
[50,51]. This multifaceted approach provides a deeper understanding of
the mechanisms underlying photothermal combined with chemotherapy
for tumor treatment. Through immunofluorescence analysis, we
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Fig. 5. Invivo synergistic photothermal-chemotherapy efficacy of RIMNPs to nude mice bearing HepG2 tumors. (a) Schematic experimental design for evaluating the
in vivo anti-tumor effect of RIMNPs. (b, ¢) Tumor growth curves of tumor-bearing mice treated with PBS, Reg, RINPs, RIMNPs, and RIMNPs + Laser. (d) The images
of tumor model mice on the first and 14th day after different treatments. (e) The images and (f) weights of harvested tumors in different groups after treatments. (g)
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from mice treated with various drug formulations on day 14 (Scale bar = 50 pm). Quantitative analyses of (i) The relative intensity of TUNEL immunofluorescence
and (j) Ki67-positive cells. All the data are shown as mean + SD.
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observed significant inhibition of tumor angiogenesis in the RINPs,
RIMNPs, and RIMNPs + Laser groups. There was a notable reduction in
CD31-positive endothelial cells and a-SMA-positive pericytes. Moreover,
vascular structures double-positive for CD31 and a-SMA were more
prevalent in these treatment groups (Fig. 6a and d), demonstrating that
nanomedicines enhance the aggregation of Reg in tumor tissues, thus
exerting potent anti-angiogenic effects and promoting the normalization
of tumor vascular structures, aligning with prior research findings.
Considering the notable immunomodulatory properties of Reg, we hy-
pothesized that RIMNPs could boost anti-tumor immunity by attenu-
ating TAM infiltration and reprogramming TAMs within the tumor
microenvironment (TME). To test this hypothesis, we analyzed the
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expression of F4/80, CD206, and CD80 in tumors using immunofluo-
rescence. The results indicated that, unlike the control and free Reg
groups, all nanomedicine treatment groups exhibited significantly fewer
F4/80-positive cells in tumor tissues (Fig. 6b and d). This suggests that
nanomedicine enhances Reg’s chemotherapeutic effect by reducing
TAM recruitment within tumor tissues, corroborating our previous
findings regarding antiproliferative and proapoptotic effects. Further-
more, there was a significant reduction in the proportion of M2 mac-
rophages, and an increase in M1 macrophages in all nanomedicine
treatment groups, as evidenced by the quantitative analysis of CD80 and
CD206-positive cells (Fig. 6¢ and d). These findings provide compelling
evidence that Reg-containing nanomedicines can effectively induce
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Representative immunofluorescence images of M1 (F4,/807CD80™) and (c) M2 (F4/80"CD206") macrophages in tumors of mice with various treatments. Scale bar
= 100 pm. (d) Quantification analysis of CD31-positive endothelial cells, a-SMA-positive pericytes, F4/80" TAMs, M1, and M2 macrophage in tumors of mice with
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macrophage polarization from an M2 phenotype to an M1 phenotype.
Notably, the combined treatment of RIMNPs with PTT resulted in the
least infiltration of F4/80-positive cells and the lowest proportion of M2
macrophages. This outcome can be attributed to the synergistic effect of
PTT and Reg through a mutually reinforcing mechanism. While local
hyperthermia induced by PTT effectively triggers cancer cell death, it
also initiates an inflammatory response at the tumor site, potentially
increasing the risk of tumor metastasis and recurrence [52,53]. How-
ever, Reg counters this limitation by attenuating TAM infiltration and
promoting macrophage polarization towards the M1 phenotype to
bolster anti-tumor immunity. In summary, biomimetic RIMNPs signifi-
cantly improve the precise delivery of Reg to tumors, thereby enhancing
its effectiveness in inhibiting tumor angiogenesis and reprogramming
TAMs, ultimately leading to synergistic tumor therapy with PTT.

3.9. In vivo biosafety evaluation of RIMNPs

Low side effects are a crucial prerequisite for ideal nanodrugs in
cancer therapy. Consequently, we performed an in vivo biosafety eval-
uation using HepG2 tumor-bearing mice to investigate the systemic
toxicity of RIMNPs. Hematoxylin and eosin (H&E) staining of major
organs and blood biochemical analyses were conducted. As depicted in
Fig. 7a, no significant damage to the nucleus or cytoplasm was observed
in the major organs (heart, liver, spleen, lung, kidney) of mice from all
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treatment groups. Additionally, biochemical analysis using hepatic
function indicators, including direct bilirubin (DBIL), alanine amino-
transferase (AST), and total bilirubin (TBIL), as well as kidney function
indicators, such as creatinine (CREA) and blood urea (UREA), confirmed
the normal functioning of the liver and kidneys following treatment with
RIMNPs (Fig. 7b). These findings indicate the excellent biosafety of the
combined photothermal therapy (PTT) and Reg-based chemotherapy,
affirming the potential of RIMNPs as a safe and effective treatment
modality in cancer therapy.

4. Conclusions

In summary, we have developed cancer cell membrane bionics
RIMNPs using a straightforward self-assembly strategy for targeted de-
livery, cancer imaging, and combined photothermal/chemotherapy.
RIMNPs possess homologous targeting ability and exploit the Enhanced
Permeability and Retention (EPR) effect to achieve precise and efficient
tumor aggregation. The prolonged presence of RIMNPs in tumors allows
for real-time fluorescence imaging with high spatial resolution and deep
tissue penetration. Importantly, we demonstrated that RIMNPs exhibit
volume expansion when exposed to near-infrared radiation, which
directly disrupts intracellular structures and induces cancer cell death.
Additionally, the excellent photothermal properties of this nanosystem
provide effective photothermal therapy (PTT) -capabilities that
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total bilirubin, DBIL: direct bilirubin, AST: alanine aminotransferase), and kidney function (UREA: urea, CREA: creatinine, UA: uric acid) in mouse serum after
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synergistically enhance the sustained chemotherapy of Reg, thereby
inhibiting tumor cell proliferation, reducing tumor neovascularization,
and modulating tumor-associated macrophages (TAMs). Overall,
RIMNPs represent an ideal therapeutic nanomedicine for cancer-
targeted imaging and synergistic photothermal/chemotherapy against
hepatocellular carcinoma (HCC). They are simple to produce, safe, and
highly effective, offering a promising approach to advanced cancer
treatment.
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