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Introduction: Hepatocellular carcinoma (HCC) continues to pose a significant threat to global health, contributing substantially to
worldwide cancer-related mortality, particularly in high-incidence regions such as Asia, where current treatment strategies are often
limited by poor drug delivery efficiency, systemic toxicity, and drug resistance.

Methods: To address these critical challenges, we developed an innovative dual-targeted nanoplatform (Exo-SPIONs-SRF/CGA) that
synergistically combines the natural tumour-homing capability of HCC-derived exosomes with the magnetic guidance of super-
paramagnetic iron oxide nanoparticles (SPIONs) for precision drug targeting. This nanoplatform co-encapsulates SRF and CGA to
improve the therapeutic index by enhancing desired responses and minimizing undesired side effects.

Results: The exosome component provides inherent biological targeting to HCC cells. At the same time, the incorporated SPIONs
enable external magnetic field-guided spatial control, collectively ensuring superior tumour accumulation compared to conventional
delivery systems. Furthermore, the platform’s tumour microenvironment-responsive release characteristics ensure localized drug
activation, maximizing the therapeutic index through spatial and temporal control of drug availability. In vitro and in vivo evaluations
demonstrated that this nanoplatform significantly enhances tumour suppression and drug retention while reducing systemic side effects
compared to monotherapies or single-modality nanocarriers.

Discussion: The Exo-SPIONs-SRF/CGA platform represents a promising strategy in HCC treatment, addressing fundamental
limitations of current therapies by simultaneously overcoming biological barriers to drug delivery, enhancing therapeutic efficacy
through synergistic drug combinations, and minimizing collateral damage to healthy tissues, thereby advancing the frontier of
precision oncology toward more effective and safer HCC management.
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Introduction

Hepatocellular carcinoma (HCC) is the primary pathological type of liver cancer, accounting for 85-90% of cases.'~
According to the 2022 Global Cancer Statistics, HCC has 865,000 new cases and 758,000 deaths annually.3 It is the sixth
most commonly diagnosed malignancy and the third leading cause of cancer death worldwide.* The disease burden
shows significant regional differences, with the highest incidence rates in East Asia and Africa.” China accounts for over
40% of the global HCC cases and deaths, which are 42.5% and 41.8%, respectively.® The epidemiological prediction
model showed that the global annual incidence of HCC would increase by 55% between 2020 and 2040, and there would
be 1.4 million new cases and 1.3 million deaths worldwide in 2040.” HCC is characterized by high heterogeneity,
difficulty in early diagnosis, and a significant clinical challenge is that the majority of cases (around 70%) are not
detected until the mid or advanced stages, and prone to recurrence and metastasis after treatment and a 5-year recurrence
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Graphical Abstract

rate >70%. These characteristics collectively lead to an inferior prognosis, with a dismal five-year overall survival rate of
merely 20%.® Of note, the onset of HCC has distinct gender and age characteristics.” The incidence rate is the highest
among men aged 6070, with a male-to-female ratio of approximately 3:1.'° Moreover, the vast majority of cases (about
90%) occur in the context of liver cirrhosis caused by chronic liver diseases. The long-term inflammatory microenviron-
ment of the liver promotes malignant transformation by inducing genomic instability and epigenetic changes.''
Consequently, the complex pathogenesis and severe clinical course of HCC underscore the urgent need for more
effective therapeutic strategies.

Current clinical management of HCC primarily encompasses surgical resection, liver transplantation, local ablation

12,13 etc. However, these

therapy, transarterial chemoembolization (TACE), targeted drug therapy and immunotherapy,
treatment methods are subject to various limitations. For instance, surgical resection is only applicable to approximately
30% of early-stage patients, and many patients are unable to undergo surgical treatment due to impaired liver function or
complex tumour locations.'* Although liver transplantation can provide radical therapy for some patients, its application
scope is relatively limited due to the scarcity of liver sources and the high cost.'> Local ablation therapy can provide
effective treatment for early-stage liver cancer, but its indications are relatively narrow, and the size and location of the
tumour greatly influence its efficacy.'® TACE controls tumour growth by blocking the blood supply to tumours and
injecting chemotherapy drugs, but its efficacy is limited in some patients and may be accompanied by severe side
effects.'” Targeted drug therapy has achieved specific therapeutic effects in some patients, yet both its monotherapy
effective rate and objective response rate remain relatively low. Immunotherapy has also failed to bring significant
improvement to all liver cancer patients, especially monotherapy with immune checkpoint inhibitors.'® Although it has
shown specific effects in some clinical trials, its effective rate is only 15% to 30%, which has not reached the ideal
treatment level.

2 httpst/ldoi.org/10.2147/IJN.S576489 International Journal of Nanomedicine 2026:21



Han et al

Leveraging the rapid progress in nanotechnology, drug delivery systems utilizing nanomedicine have become a major
focus in oncology research.'®?° Nanocarriers such as liposomes, polymer micelles, and inorganic nanoparticles have
emerged as a highly promising strategy due to their advantages in improving drug solubility, prolonging drug circulation
time, and enhancing targeting.”! However, traditional nanocarriers still face challenges such as poor biocompatibility,
high immunogenicity, and limited tumour penetration ability.**** Especially for tumours with special blood supply
characteristics like liver cancer, existing nanomedicine delivery systems’ passive targeting (EPR effect) efficiency often
fails to achieve the desired results.** These issues have prompted scientists to constantly explore new drug delivery
systems to enhance the targeting and efficacy of treatments.

Exosomes, as endogenous nano-delivery carriers, have demonstrated unique biological advantages in tumour-targeted
therapy.>> These 30-150nm membranous vesicles naturally secreted by cells have a natural bilayer lipid membrane
structure, which endows them with favorable biocompatibility and stability.?® The surface of exosomes is rich in
members of the four-transmembrane protein family, such as CD9, CD63, and CD81.>” These molecules serve as
characteristic markers and achieve precise drug delivery by mediating cell-specific recognition. Exosomes have sig-
nificantly reduced immunogenicity compared to synthetic nanocapsules and can effectively evade immune clearance.
Their natural membrane penetration capability enables them to cross multiple physiological barriers, including the blood-
brain barrier. As a natural medium for intercellular communication, exosomes can efficiently deliver a variety of
therapeutic molecules through membrane fusion mechanisms and protect their contents from enzymatic
degradation.”®>° This property renders exosomes suitable as drug delivery platform. In liver cancer treatment, exosomes
derived from liver cancer cells have special biological significance as delivery carriers. Studies have shown that tumour-
derived exosomes retain the specific membrane proteins and integrin profiles of the parent cells on their surfaces and can
be preferentially taken up by primary and metastatic liver cancer cells through the enhanced cellular affinity.>'*? This
specific targeting ability effectively promotes drug accumulation within tumors and addresses the key limitation of target
failure caused by tumour heterogeneity in traditional nanocarriers. In addition, liver cancer exosomes have unique
response characteristics to the tumour microenvironment (TME). They can achieve controllable drug release by
stimulating pH value, enzyme activity, etc., significantly reducing systemic toxicity.”® It is worth noting that these
exosomes can also improve their accumulation in tumour tissues by leveraging the enhanced permeability and retention
effect (EPR). The matrix metalloproteinases (MMPs) they carry can degrade the extracellular matrix and promote the
diffusion of drugs in the dense tumour stroma.>* These characteristics make the exosomes of liver cancer origin ideal
carriers with efficient, targeted delivery and immune escape capabilities.

Sorafenib (SRF) is the first molecular targeted drug approved for treating advanced HCC.>33 It exerts dual effects of
anti-tumour proliferation and anti-angiogenesis by inhibiting the RAF/MEK/ERK signalling pathway and targeting
multiple signalling pathways such as VEGFR and PDGFR. Therefore, it has become the cornerstone of clinical
treatment.®’” The clinical application of SRF, however, is hampered by its poor water solubility, low bioavailability,
high systemic toxicity, and propensity to induce drug resistance.”® Chlorogenic Acid (CGA), a natural polyphenol
compound, possesses multiple biological activities such as antioxidation (by activating the Nrf2 pathway), anti-
inflammation and anti-tumour.®® Studies have shown that CGA can inhibit tumour growth by regulating ROS-
mediated signalling pathways such as NF-kB and MAPK. In addition, CGA may enhance the anti-tumor effect of

SRF while reducing its toxicity,***'

and thus, it is regarded as an ideal candidate for combination therapy.

To overcome the limitations of traditional treatment methods, this study proposes a “dual targeting” strategy,
combines the innate homing targeting of exosomes with external magnetic targeting of superparamagnetic iron oxide
nanoparticles (SPIONs) to construct a multifunctional composite nanoplatform Exo-SPIONs-SRF/CGA, to achieve
highly efficient targeted anti-tumour effects (Figure 1). Exosomes derived from liver cancer cells serve as the core
carriers, retaining the natural targeting ability for liver cancer. Meanwhile, the loaded SPIONs can further increase the
accumulation concentration of drugs at the tumour site guided by an external magnetic field. This system is jointly loaded
with SRF and CGA enabling synergistic multiple anti-tumour effects: SRF inhibits tumour proliferation and angiogen-
esis, while CGA enhances antioxidant effects and reduces toxicity and side effects. The system’s TME responsive release
characteristic ensures the controllable release of drugs at the targeted site, thereby minimizing systemic toxicity. This
design not only resolves the bottleneck problems of traditional nanocarriers in terms of insufficient targeting and poor
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Figure | Schematic design of Exo-SPIONs-mediated drug delivery and tumor treatment.

permeability but also represents a novel therapeutic approach to precision therapy for liver cancer. The main advantages
of this strategy include: (1) Taking liver cancer-derived exosomes as the core carrier and leveraging their natural targeting
property and excellent biocompatibility; (2) Combining with SPIONs to achieve magnetic navigation, precisely control-
ling the enrichment of drugs at the tumour site through an external magnetic field; (3) Co-loading SRF and CGA to
synergistically exert anti-tumour proliferation, anti-angiogenesis, and antioxidant/anti-inflammatory effects; (4)
Achieving TME-responsive drug release, which minimizes systemic toxicity. The Exo-SPIONs-SRF/CGA composite
platform constructed in this study not only significantly enhanced the anti-tumour effect but also effectively reduced toxic
and side effects, providing a new solution for overcoming multidrug resistance and metastasis and recurrence of liver
cancer and promoting the realization of the treatment goal of high efficiency, low toxicity and precision.

Experiment Section

Materials and Reagents

FeSO,4-7H,0 and FeCl;-6H,0 were purchased from aladdin scientific Co., Ltd. (Shanghai, China). Sorafenib (SRF),
chlorogenic acid, and the CCK-8 assay kit were obtained from MedChemExpress Co., Ltd. (Monmouth Junction, NJ,
USA). Transferrin (Tf) was sourced from Merck Life Science Co., Ltd. (Shanghai, China). HepG2 cells were obtained
from the Cell Bank of the Chinese Academy of Sciences. Cell culture reagents, including DMEM, fetal bovine serum
(FBS), and penicillin-streptomycin solution, were acquired from Thermo Fisher Scientific Co., Ltd. (Shanghai, China).
Anhydrous ethanol, toluene, and acetone were supplied by Sinopharm Co., Ltd. (Shanghai, China). 4% paraformaldehyde
fixative solution, and DAPI staining solution were obtained from Beyotime Biotechnology Co., Ltd. (Shanghai, China).

Synthesis and Modification of SPIONs

A mixture of 3 g FeSO4-7H,0 and 5.4 g FeCl;-6H,0 was dissolved in deionized water, followed by the addition of NH3
‘H,O as a precipitating agent until the pH>10. The reaction was carried out under stirring in a water bath at constant
temperature for 30 min. The resulting precipitate was repeatedly washed with distilled water until a neutral pH was
achieved, after which the supernatant was removed. Then dried at 60 °C, ground into fine powder, and collected as
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SPIONSs. The purified SPIONs were then functionalized by incubation with carboxylated dextran under stirring at 60 °C
overnight, followed by magnetic separation and purification to obtain dextran-coated SPIONs.

Preparation of Tf-SPIONs

Tf-conjugated SPIONs were synthesized through a two-step process. First, dextran-coated SPIONs were conjugated with
transferrin using EDC and NHS to activate the carboxyl groups on the surface of SPIONs. The mixture was incubated
overnight under gentle stirring. Finally, the Tf-SPIONs were isolated by magnetic separation and stored at 4 °C.

Preparation of Exo-SPIONs

HepG2 cell cultures were grown in RPMI 1640 medium with a 10% FBS supplement at 37 °C under 5% CO,. Upon
reaching 80% confluence at passage 3, cells were washed with PBS and serum-starved overnight. The conditioned
medium was collected and sequentially centrifuged at 300 % g (10 min) and 2000 x g (10 min) to remove cellular debris.
The clarified supernatant was then incubated with Tf-SPIONs for 30 min at 4 °C with gentle agitation. Exo-SPIONs were
harvested via magnetic separation and followed by resuspension in PBS.

Drug Loading into Exo-SPIONs

Drug loading was achieved by incubating Exo-SPIONs with SRF/CGA in PBS at 4 °C for 4 h, resulting in the formation
of the Exo-SPIONs-SRF/CGA nanocomplex, followed by 37 °C incubation for 30 min. To isolate the drug-loaded
nanocomplex, unincorporated drugs were removed magnetically, and the prepared Exo-SPIONs-SRF/CGA was resus-
pended in PBS. The drug loading efficiency was determined by measuring the supernatant absorbance at 480 nm against
a standard curve (0.5-10 ug/mL). The encapsulation efficiency (EE) was then calculated using the formula:

(Ctotal - Cfree

EE(%) = Cotal
otal

) x 100%
Where Ciya and Che represent the initial and unencapsulated drug concentrations, respectively.

Characterization

The morphology and size distribution of Exo-SPIONs-SRF/CGA were characterized by transmission electron microscopy
(JEOL-1010, JEOL Ltd., Japan) and dynamic light scattering (ZS90, Malvern Panalytical, UK). The hydrodynamic
diameter and zeta potential were measured in PBS at 4 °C over 14 days using the same DLS system. The optical
properties of the synthesized samples were analyzed using a UV-Vis spectrophotometer (UH-5300, Hitachi, Japan) and
fluorescence spectrophotometer (Hitachi, Japan). The phase composition and crystalline structure of the sample were
characterized by X-ray diffraction (X-TRA, Rigaku, Japan), while chemical composition and functional groups were
analyzed using Fourier transform infrared spectroscopy (NEXUS870, Nicolet, USA). Cellular imaging was conducted
using a laser scanning confocal microscope (ZEISS LSM900, Germany), and absorbance measurements were performed
with a microplate reader (Infinite M200 PRO, Tecan, Switzerland).

In vitro Drug Release

The drug release of SRF/CGA from Exo-SPIONs was evaluated in PBS (pH 6.0 and 7.0) using dialysis bags. Samples
were dialyzed against 25 mL PBS at 37 °C with gentle agitation. At predetermined time intervals (1, 2, 6, 12, 24, and
48 h), 3 mL aliquots were withdrawn and replaced with fresh PBS. The released SRF/CGA concentrations were
quantified spectrophotometrically at 480 nm.

Cellular Uptake Study

HepG2 cells were seeded at a density of 4x10° cells per well in confocal dishes and cultured in complete RPMI-1640
medium until reaching 80% confluence. The cells were then treated with either free SRF/CGA (10 pg/mL) or an
equivalent dose of Exo-SPIONs-SRF/CGA for 6, 12, and 24 h, with an equal volume of PBS serving as the control. After
treatment, the cells were washed three times with PBS, fixed with 4% paraformaldehyde for 30 min, and rinsed 2-3 times
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with PBS. Subsequently, the nuclei were stained with DAPI for 15 min in the dark, followed by three additional PBS
washes. Cellular uptake was visualized using a confocal microscope, and quantitative analysis was performed using
ImageJ software.

Hemolysis Assay

Fresh rat red blood cells (RBCs) were washed with phosphate-buffered saline (PBS) and centrifuged. The supernatant
was discarded, and the pelleted RBCs were resuspended in PBS to obtain a 4% (v/v) suspension. This suspension was
then mixed with different concentrations of Exo, Exo-SPIONs, SRF/CGA, and Exo-SPIONs-SRF/CGA, followed by
incubation at 37 °C for 1 h. After incubation, the samples were centrifuged, and the absorbance of the supernatant was
measured at 570 nm to assess hemolysis. Triton X-100 (0.1%, v/v) and PBS were used as positive and negative controls,
respectively. The hemolysis rate was calculated according to the following formula:

ODsamples - ODnegative

x 100%
ODpositive - ODnegative °

Hemolysis rate(%) =

Where ODgympie; ODpegative, and ODpitive represent the absorbance values of the test sample, negative control (PBS),
and positive control (0.1% Triton X-100), respectively.

In vitro Targeting Ability Study

HepG2 cells (4x10* cells/well) were cultured in RPMI-1640 medium until reaching 80% confluence in confocal dishes.
Cells were then treated with Exo-SPIONs-SRF/CGA. During the 2 h incubation period, a static magnetic field was
applied by positioning a magnet beneath the confocal dish to provide magnetic targeting of Exo-SPIONs-SRF/CGA.
Following incubation, uninternalized compounds were removed by PBS washing, and cells were fixed with 4%
paraformaldehyde (30 min, RT). After additional PBS rinsing, nuclei were stained with DAPI (15 min, dark), and
cellular uptake was visualized using confocal microscopy.

In vitro Anti-Cancer Cell Effect Study

Cell Counting Kit-8 was used to examine the anticancer ability of free SRF/CGA and Exo-SPIONs-SRF/CGA. HepG2
cells were seeded at a density of 4x10° cells/well and incubated for 24 h at 37 °C in a 5% CO, atmosphere. Subsequently,
the cells were treated with Exo-SPIONSs, free SRF/CGA, or Exo-SPIONs-SRF/CGA and further incubated for 12, 24, and
48 h. Following incubation, we quantified cell viability using the CCK-8 assay according to the manufacturer’s
protocol.*?

In vivo Antitumor Efficacy and Biosafety Evaluation
Tumor Model Establishment

Female BALB/c nude mice were obtained from the Animal Center in the School of Clinical Medicine, Shanghai
University of Medicine & Health Sciences. The mice were six weeks old and weighed between 18 and 22 g at the
start of the experiment. All animal procedures were conducted in accordance with guidelines approved by the
Institutional Animal Care and Use Committee (2024-HXXM-01-340823199208070073) and complied with international
animal welfare guidelines. HepG2 cells were cultured, passaged to the third generation, trypsinized, and resuspended in
PBS. After disinfecting the dorsal skin, each mouse received a subcutaneous injection of 1x10” cells. Tumor growth was
subsequently monitored, and the volume (V) was calculated with the formula:

V_a><b2
2

Where *a* and *b* represent the longest and shortest tumor diameters, respectively.

Animal Grouping and Treatment
When tumor volumes reached approximately 50 mm?>, the nude mice were randomly divided into five groups. Each group
contained five mice (n=5) for intravenous administration of different formulations: PBS served as the control group,
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while experimental groups received Exo-SPIONSs, free SRF/CGA, Exo-SPIONs-SRF/CGA, or Exo-SPIONs-SRF/CGA +
Magnetic. For the Exo-SPIONs-SRF/CGA + Magnetic group, following tail vein injection in mice, A permanent magnet
(NdFeB disk-shaped magnet, 25 mm diameter, 10 mm thick, 0.3 T) was fixed above the tumor site in mice to promote
drug enrichment in tumors. All treatments were administered every 48 h, body weight and tumor size were monitored
regularly throughout the study to assess treatment efficacy and potential systemic toxicity.

Histological Analysis

At the end of the treatment process, the tumor and major organs were collected, fixed, and processed for histological
examination. Tissue sections were stained with hematoxylin for 3—5 min, rinsed with distilled water, and subsequently
counterstained with eosin for 5 min. Dehydration was performed using graded ethanol (85% and 95%), followed by clearing
and mounting. Finally, histopathological evaluation of the stained tissue sections was performed by light microscopy.

Blood Biochemical Analysis

At the endpoint, blood samples were collected and processed by centrifugation at 5000 rpm for 5 min to obtain serum for
subsequent biochemical analysis. Blood routine analysis was performed using the detection kit, and the following nine
indicators were measured. The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), blood urea nitrogen (BUN), creatinine (CR), uric acid (UA), total bilirubin (TBIL), y-glutamyl
transferase (y-GT), and albumin (ALB) were used to evaluate the function of liver and kidney.

Prussian Blue Staining for Iron Detection

On day 18 after intravenous injection of samples, nude mice were euthanized, dissected, and the tumors were removed,
sectioned, placed in staining solution for 1 h, and washed twice with ultrapure water. The nuclei were stained for 3 min
before rinsing with running water. The tissue sections were examined under a microscope for iron deposition after
dehydration and sealing, to assess Exo-SPIONs distribution.

ELISA for Inflammatory Cytokines

TNF-a and IL-6 levels in serum were quantified using ELISA kits.* Samples were incubated in antibody-coated 96-well
plates, followed by enzyme-conjugated secondary antibodies and substrate addition. Following measurement of the
absorbance at 450 nm, cytokine concentrations were calculated based on their respective standard curves.

Statistical Analysis

All results were obtained from at least three independent replicates and expressed as mean + standard deviation (SD).
Data were analyzed using two-way ANOVA (or repeated-measures ANOVA for longitudinal data). Differences were
considered significant at p < 0.05.

Results and Discussion

Preparation and characterization of Tf-SPIONs
TEM morphologically characterized the prepared Tf (transferrin)-SPIONs. Figure 2A—C shows that the prepared Tf-
SPIONSs present a monodisperse nanospherical structure with uniform particle size distribution, and no evident agglom-
eration phenomenon was observed. This monodispersity may stem from the steric hindrance effect of Tf-SPIONs during
the thermal decomposition preparation process. Its long-chain structure of dextran and coupled transferrin effectively
prevented the aggregation of nanoparticles during high-temperature synthesis. Elemental mapping analysis (Figure 2E)
further confirmed the homogeneous distribution of C, N, O, and Fe elements in the nanoparticles. The uniform dispersion
of the Fe element indicated that the Fe;O,4 core was encapsulated entirely by ligands. The elemental composition was
quantitatively analyzed by EDS spectroscopy (Figure 2D). The results showed that the weight percentage of carbon (C)
was 86.35%, that of nitrogen (N) was 0.62%, that of oxygen (O) was 11.53%, and that of iron (Fe) was 1.50%. The
higher ratio of C and present N indicated that dextran coupled with Tf successfully coated the prepared SPIONSs.
Transferrin (Tf) serves as the principal transporter for iron in plasma, delivering both dietary iron and iron derived from red
blood cell degradation. Tf and transferrin receptors can bind specifically. The transferrin receptor is a type II transmembrane
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Figure 2 Morphological analysis of Tf-SPIONs. TEM images of Tf-SPIONs with low magnification (A) and high magnification (B and C), and the corresponding (D) EDS
spectra and (E) mapping (carbon, red; oxygen, blue; nitrogen, green; iron, yellow).

glycoprotein that is relatively abundant on the surface of cell membranes. In this study, Tf was bound to SPIONs, and
exosome-like vesicles were magnetically enriched by utilizing the binding mode of transferrin and transferrin receptors.
Transferrin was modified on dextran-SPIONs by the EDC/NHS chemistry, and the Tf-SPIONs were used to separate the
exosomes from HepG2 cells. The properties of Tf-SPIONs were studied systematically, as shown in Figure 3A, The
diffraction peaks of X-ray diffraction pattern at 20 angles of 18.30°, 30.10°, 35.45°, 37.09°, 43.09°, 47.18°, 56.98°, 62.57°,
65.79°, 70.99° and 81.93° respectively corresponded to (111), (220), (311), (222), (400), (331), (511), (440), (531), (620) and
(711) of the cubic phase Fe;0, (PDF#65-3 107),* confirming that it had a cubic phase Fe;O, structure.

The dynamic light scattering (DLS) test (Figure 3B) showed that the hydrodynamic size of dextran-SPIONs was 25.36 +
0.77 nm, and the size changed to 32.06+1.24 nm after coupling Tf. Both the size of dextran-SPIONs and Tf-SPIONs showed
the normal distribution, indicating that the nanoparticles had good monodispersity. The surface potential test showed that its
zeta potential of dextran-SPIONs and Tf-SPIONs was —10.53 £0.31 mV and —5.97 £ 0.49 mV, respectively (Figure 3C). This
moderate negative charge is conducive to the stable dispersion of nanoparticles in aqueous solution. The change of size and
zeta potential revealed that the Tf was coupled to the SPIONs successfully. The UV-Vis spectrum of Tf-SPIONs showed
a broad absorption characteristic of iron oxide (Figure 3D) further validating the formation of Fe;O, nanoparticles.
Furthermore, a 14-day stability monitoring experiment (Figure 3E and F) showed that neither the hydration diameter nor
the zeta potential of the nanoparticles changed significantly, confirming that dextran modification endowed the nanoparticles
with excellent colloidal stability, which provides an important guarantee for their application in the biomedical field.

HepG2 cells were used as the exosome donor, exosomes in the cell culture supernatant were collected by differential
centrifugation and incubated with Tf-SPIONs. Subsequently, Exo-SPIONs were harvested by magnetic separation and then
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loaded with the SRF and CGA via incubation to prepare Exo-SPIONs-SRF/CGA. FTIR and XPS spectroscopy were used to
investigate the chemical composition and surface functional groups of Exo-SPIONs-SRF/CGA. As shown in Figure 4A,
within the range of 4000-500 cm ', the absorption band observed at 3355.26 cm ™' corresponded to stretching vibrations of
O-H and N-H groups. This likely originated from the hydrophilic headgroups (P-O-H) of exosomal membrane phospho-
lipids, the amide N-H groups of transferrin (Tf), as well as the phenolic hydroxyl groups of the loaded drug CGA. The band
broadening suggested the presence of a multi-hydrogen-bonding network, confirming the interactions between biomolecules
and the inorganic core within the Exo-SPIONs complex. The intense peak at 1642.61 cm™' was assigned to C=0 stretching
vibrations, potentially arising from the peptide backbone of Tf, exosomal surface transmembrane proteins, and the amide
carbonyl group of the drug SRE. The peak at 1509.78 cm ™' corresponded to N-H in-plane bending and C-N stretching
vibrations. Together with the C=O stretching vibration at 1643 cm ', it constituted the fingerprint region for protein
secondary structures, confirming that Tf and exosomal proteins maintain their conformational integrity within the compo-
site. The peak at 1382.76 cm™ ' was assigned to the symmetric bending vibration of -CHj, originating from the alkyl chains
of exosomal membrane phospholipids. The peak at 1046.32 cm ' was attributed to the overlapping vibrations of the
phosphate ester bond (P=0) and the sugar ring C-O-C, confirming the successfully synthesis of Tf-SPIONs. The peak at
888.49 cm™ ' was ascribed to the anomeric vibration of the sugar ring, reflecting the glycan structures within the exosomal
surface glycocalyx. The peak at 588.45 cm ! arise from the Fe-O lattice vibration, matching the cubic spinel structure of the
SPIONS core, confirming the stable crystalline phase of the magnetic nanoclusters after complex formation.

Subsequently, XPS survey scan (Figure 4B) confirmed the presence of six elements in the sample: Fe, O, C, N, S, and
P. The characteristic signals of SPIONs were identified as Fe 2p (711.01 eV) and O 1s (530.6 eV). The N 1s (399.65 eV)
and S 2p (168.36 eV) signals primarily originated from transferrin and exosomal protein components. The P 2p signal was
attributed to phospholipid groups in the exosomal membrane, while the C 1s peak (284.8 e¢V) encompasses contributions
from the organic shell (dextran, Tf). This elemental composition demonstrated the successful synthesis of exosome
encapsulated SPIONs loaded with SRF/CGA . High-resolution XPS spectra were then deconvoluted (Figure 4C-H).
Figure 4C shows the Fe 2p spectrum, exhibiting a doublet at binding energies of 710.8 eV (Fe 2ps.) and 724.3 eV (Fe
2p1,2), accompanied by a satellite peak (Sat)., which is characteristic of the Fe** oxidation state, confirming the stability of
the SPIONSs core. The S 2p spectrum (Figure 4D) displays a doublet at 163.8 eV (S 2p;.,) and 168.4 eV (S 2p,,»), assigned
to thioether bonds (-C-S-) derived from proteins, and sulfonic acid/sulfate groups (-OSO5"), reflecting the exosomal surface
glycocalyx structure. Critically, the signal at 168.4 eV serves as key evidence for intact exosomal encapsulation. The N 1s
spectrum (Figure 4E) shows a peak at 399.5 eV, reflecting peptide bonds (-NH-/N-C=0) in proteins. The O 1s spectrum
(Figure 4F) shows a peak at 529.9 eV corresponding to metal oxide lattice oxygen (Fe-O-Fe), while the peak at 531.6 eV is
attributed to organic carbonyl/carboxyl groups (C=0) from proteins and the drug CGA. The P 2p spectrum (Figure 4G)
exhibits a single peak at 135.5 eV, assigned to the phosphodiester bond (-O-P(0),-O-) in phospholipids, matching the
exosomal membrane structure. The C 1s spectrum (Figure 4H) displays three components: 284.8 eV (C-C/C-H), 286.3 eV
(C-O/C-N), and 288.2 eV (C=0), corresponding to alkyl chains, sugar rings/amino acid side chains, and carbonyl groups,
respectively. The above results demonstrate that the Exo-SPIONs-SRF/CGA was successfully constructed.

HepG2 cells were used as the exosome donor, cell debris was removed by differential centrifugation, followed by
magnetic enrichment of extracellular vesicles using Tf-SPIONs. The morphology of Exo-SPIONs-SRF/CGA was
depicted in Figure 5A, B. The Tf-SPIONs were bound to the surface of exosomes, which displayed a typical oval-
shaped morphology. DLS analysis indicated that the hydrodynamic diameters of Exo-SPIONs-SRF/CGA presented an
unimodal normal distribution, with an average particle size of 167.53 £ 0.75 nm (Figure 5C). Surface potential analysis
revealed that the Zeta potential of the complex was —15.22 + 0.90 mV. This negative charge characteristic mainly
originated from the carboxyl and sulfate groups in the phospholipid bilayer on the surface of the exosome membrane
(Figure 5D). These results demonstrate that the Exo-SPIONs-SRF/CGA delivery system has been successfully con-
structed. Its excellent monodispersity and moderate surface potential are conducive to maintaining the colloidal stability
of the system,* laying a foundation for subsequent biomedical applications.

Subsequently, the biocompatibility of Exo-SPIONs-SRF/CGA was evaluated by the RBC hemolysis assay. As shown
in the supernatant images (Figure 6A), the positive control well exhibited a deep orange-red color, indicating extensive
RBC rupture and hemoglobin release, while the negative control showed only faint coloration, suggesting minimal
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Figure 5 Characterization of Exo-SPIONs-SRF/CGA. (A) TEM images of Exo-SPIONs-SRF/CGA with the morphology of the magnified area (B). (C) Hydrodynamic particle
size distribution of Exo-SPIONs-SRF/CGA. (D) Zeta potential of Tf-SPIONs and Exo-SPIONs-SRF/CGA. (E) hydrodynamic size and zeta potential changing (F) over time of
Exo-SPIONs-SRF/CGA.

hemolysis. Only the free SRF/CGA displayed slight color, the supernatants of the other experimental groups at different
concentrations displayed color intensity similar to that of the negative control, implying low levels of RBCs disruption.
Quantitative analysis of relative hemolysis rates (Figure 6B) further demonstrated that the positive control reached nearly
100% hemolysis, whereas the negative control remained close to 0%.

The groups treated with Exo, Exo-SPIONS, and Exo-SPIONs-SRF/CGA exhibited significantly lower hemolysis rates
compared to the positive control and showed results comparable to those of the negative control across all tested
concentrations. The free SRF/CGA showed a higher hemolysis rate compared to other groups, this might be caused by
the direct contact of anti-cancer drugs with cells. However, there was no hemolysis phenomenon after the drugs were
encapsulated by Exo-SPIONs, which also indicates that Exo-SPIONs can reduce nonspecific exposure to non-target cells
before being delivered to the targeted area. Therefore, we can infer that Exo-SPIONSs can effectively protect tissue cells
and reduce the toxicity and side effects of drugs. The above results indicate that none of the samples induced significant
hemolysis within a broad concentration range (3.125-100 pg/mL), demonstrating low cytotoxicity and favorable
biocompatibility, which supports their potential applicability in biomedical fields.

Exosomes have become highly promising drug delivery carriers due to their natural biocompatibility, excellent
biological barrier penetration ability and targeted homing characteristics.*® Based on this, an Exo-SPIONs-SRF/CGA
nanocomposite delivery system was constructed by loading SRF/CGA on exosomes derived from HepG2 cells. The drug
encapsulation efficiency and drug loading capacity were 50.73+£1.56% and 19.87+1.37%, respectively. Its drug release
characteristics and in vitro anti-tumour cells effects were systematically evaluated (Figure 7). In addition, we system-
atically investigated the in vitro release of SRF and CGA from Exo-SPIONs-SRF/CGA. The release kinetics were
evaluated using PBS at two different pH values (6.0 and 7.0). As illustrated in Figure 7A, the acidic condition (pH 6.0)
promoted the release of SRF and CGA compared to the neutral condition (pH 7.0). This accelerated release can be
attributed to the protonation of SRF and CGA under acidic conditions, which increases their solubility and diffusion
rates. This pH-responsive release behavior is particularly promising for targeted drug delivery within the tumor
microenvironment, which is typically characterized by acidic conditions. This characteristic enables more efficient
drug accumulation and release at the tumor site. In the HepG2 cells cytotoxicity experiment (Figure 7B-D), the anti-
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Figure 7 Drug release and anticancer activity of Exo-SPIONs-SRF/CGA. (A) Drug release profile in vitro at pH 6.0 and 7.0. (B-D) Cytotoxicity of Exo-SPIONs-SRF/CGA
against HepG2 cells at 12, 24, and 48 h.

cancer effects of Exo-SPIONs, free SRF/CGA and Exo-SPIONs-SRF/CGA at different concentrations and time points
(12, 24 and 48 h) were systematically evaluated. Importantly, the Exo-SPIONs vector demonstrates good biocompat-
ibility, and no significant cytotoxicity was observed even at the highest test concentration (cell survival rate approaches
100%), which provides an essential basis for its safety as a drug delivery system. Notably, Exo-SPIONs-SRF/CGA
demonstrated a significantly enhanced anti-cancer effect. After 24 h of culture at the equivalent concentration of 1.25 pg/
mL SRF/CGA, the survival rate of HepG2 cells in the free drug group was 80.05 = 1.41%. The Exo-SPIONs-SRF/CGA
decreased to 55.83 = 0.99%. This enhancing effect might stem from exosomes’ natural targeting and penetrating ability.

Furthermore, as the incubation time was extended to 48 h, a pronounced enhancement in the anti-cancer efficacy of
Exo0-SPIONs-SRF/CGA was observed. Moreover, the cell survival rate of the Exo-SPIONs-SRF/CGA group further
decreased to 18.54 + 1.97% at the drug concentration of 2.50 pg/mL. It was significantly lower than 60.29 + 2.15% of the
free drug group, confirming that this delivery system can effectively maintain drug activity and achieve continuous
release. To assess the potential cellular toxicity of Exo-SPIONs under magnetic field, we examined the effect of Exo-
SPIONs on HepG2 cell viability under the condition of applying a magnetic field. As can be seen in Figure S1, Exo-
SPIONs did not produce toxic effects on HepG2 under magnetic field. The feasibility of Exo-SPIONs for drug delivery
under magnetic field was demonstrated. These results collectively indicate that the delivery system based on HepG2-
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derived exosomes has excellent biological safety and significantly enhances the bioavailability and targeted delivery
efficiency of SRF/CGA drugs, providing a new strategy for treating liver cancers.

Subsequently, the cellular delivery capability and magnetic targeting potential of prepared Exo-SPIONs were
investigated. As shown in Figure 8A, in the study of cellular delivery capacity, HepG2 cells were co-cultured with
SRF/CGA-loaded Exo-SPIONs (Exo-SPIONs-SRF/CGA), and the distribution of the carrier was tracked using fluor-
escent labeling. Following 6 hours of incubation, red fluorescence was observed within the cells. With prolonged
incubation time (12 h, 24 h), the intensity and distribution range of the red fluorescence signal significantly increased,
visually demonstrating the progressive accumulation of the carrier within the cells. Quantitative fluorescence analysis
(Figure 8B) further corroborated these findings, showing a continuous increase in the mean fluorescence intensity over
time. This further verified that Exo-SPIONs-SRF/CGA could effectively deliver drugs into cells, with delivery efficiency
exhibiting time-dependence.

To elucidate the magnetic targeting properties of prepared Exo-SPIONs, a magnetic intervention experiment was
designed. Exo-SPIONs-SRF/CGA were co-cultured with HepG2 cells, and a magnet was placed under the confocal dish
to induce targeted carrier accumulation. Confocal imaging results (Figure 8C) revealed that without magnetic interven-

tion, only minimal fluorescence distribution was observed within the cells. Following the application of a magnetic field,
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Figure 8 Intracellular delivery and magnetic targeting of Exo-SPIONs-SRF/CGA in HepG2 cells. (A) Fluorescence microscopy images showing intracellular localization of
Exo-SPIONs-SRF/CGA in HepG2 cells incubation with different time. Nuclei were stained with DAPI (blue). (B) Average intracellular fluorescence intensity in HepG2 cells,
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the intracellular red fluorescence intensity significantly increased, indicating the guiding effect of the magnetic field on
carrier delivery. Quantitative fluorescence statistics (Figure 8D) showed that the mean fluorescence intensity after
magnetic field application was substantially higher than that without the field, confirming that the magnetic field could
significantly promote the targeted accumulation of Exo-SPIONs-SRF/CGA at the cellular level. In summary, these results
demonstrate that Exo-SPIONs possess efficient cellular delivery capability and can achieve targeted regulation via
magnetic responsiveness. This provides experimental evidence at the cellular level for their application in precision
drug delivery, highlighting the potential value of this carrier system in scenarios such as tumor-targeted therapy.

Ex0-SPIONs-SRF/CGA achieves dual targeting and synergistic therapy for tumour tissues by integrating exosome
homing targeting property and the magnetic targeting property of Tf-SPIONs. To evaluate the in vivo therapeutic effect
of the system, the HepG2 tumour-bearing mouse model was established, and the PBS, Free SRF/CGA, Exo-SPIONs-SRF
/CGA and Exo-SPIONs-SRF/CGA +Magnet were set up for comparative studies. As shown in Figure 9B, the tumour
tissue was dissected after 18 days of treatment. Compared with the PBS control group, it can be seen that the tumour
tissue was minimal after 18 days of Exo-SPIONs-SRF/CGA+Magnet treatment. Furthermore, as shown in the experi-
mental results of Figure 9C, the tumours in the PBS control group presented a rapid proliferation trend. The Free SRF/
CGA only showed a limited tumour suppressive effect, and the tumour volume change on the 18th day was (V/V(=80 +
23%). In contrast, the Exo-SPIONs-SRF/CGA group demonstrated significantly enhanced anti-tumour activity on the
18th day (V/Vy=19 + 2%), which was mainly attributed to the exosome-mediated enhanced cellular affinity effect
promoting the specific accumulation of the drug in tumour tissues. Importantly, under the guidance of an external
magnetic field, the Exo-SPIONs-SRF/CGA+Magnet group demonstrated the most outstanding therapeutic effect on the
18th day (V/Vy=6 + 2%), and the tumour volume was significantly reduced compared with other groups. Notably, during
the 18-day treatment period, the body weight of all mice in the treatment groups maintained a stable growth trend
(Figure 9D), indicating that the delivery system had good biocompatibility and did not cause significant systemic toxicity.

TUNEL and H&E staining were performed on the tumour tissues after 18 days of treatment for histopathological analysis
(Figure 9E). It was found that H&E staining showed that the tumour tissue structure of the magnetic field-guided group (Exo-
SPIONs-SRF/CGA+Magnet) was significantly loose, and the cell arrangement was disordered. The evaluation of TUNEL
staining in tumour tissues of different groups reflects the situation of cell apoptosis. It can be seen that the proportion of
apoptotic cells in the Exo-SPIONs-SRF/CGA-+Magnet group is significantly higher than that in other treatment groups. This
synergistic enhancement effect stems from the organic combination of dual targeting mechanisms: SPIONSs achieve efficient
enrichment at tumour sites under magnetic field. At the same time, exosomes promote intracellular drug internalization
through membrane fusion. Coupled with the drug release triggered by the pH of the tumour microenvironment, they jointly
form an efficient and precise drug delivery system. These findings provide crucial experimental evidence for developing
combined targeted therapeutic strategies based on exosomes and magnetic nanoparticles.

SRF has been discussed due to its low bioavailability, high systemic toxicity and toxic effect on normal liver cells.*’
Ex0-SPIONs-SRF/CGA+Magnet effectively delivers SRF to the lesion site, and at the same time, CGA reduces the toxicity
of SRF to normal organs and tissues, as shown in Figure S2. The biosafety of the drug was evaluated in vivo through routine
blood analysis. The treatment in the free SRF/CGA and Exo-SPIONs-SRF/CGA groups resulted in a slight increase in
blood routine in the liver and kidney groups of mice’s. The effects caused by Exo-SPIONs-SRF/CGA+Magnet were almost
the same as those of the control group, suggesting that the dual targeting system with added magnets could produce effects
at the lesion site more quickly and accurately, reduce the damage of organs and tissues, and reduce the pressure on organs.

The integration of exosomes with magnetic nanomaterials enables a “dual targeting” effect, which enhances drug
delivery efficiency while minimizing the toxic effects of SRF/CGA on healthy organs and tissues. Intravenous SRF/CGA
administration can trigger an inflammatory response. Elevated levels of inflammatory factors are established key markers
for cardiotoxicity and potentially heart failure. Serum levels of specific inflammatory factors (interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-0), and monocyte chemoattractant protein-1 (MCP-1) were quantified using ELISA kits
following injection of different SRF/CGA formulations. As shown in Figure S3, prolonged administration of SRF/CGA
markedly elevated IL-6, TNF-a, and MCP-1 levels. Conversely, exosomal encapsulation of SRF/CGA substantially
suppressed this inflammatory response. The results indicate that, relative to free SRF/CGA, Exo-SPIONs-SRF/CGA
significantly attenuated the inflammatory response without inducing detectable systemic immunotoxicity in vivo. This
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effect is likely attributed to SRF/CGA encapsulation within exosomes preventing direct exposure to serum components
post-injection. By leveraging the inherent homing capability of exosomes in conjunction with the magnetic guidance of
synthesized Tf-SPIONs. Exo-SPIONs-SRF/CGA, under magnetic guidance, exhibited notably enhanced targeting and
potent anti-tumor effects. Consequently, this dual-targeting strategy minimized SRF/CGA accumulation in non-target
tissues, thereby mitigating both the inflammatory response and its consequential cytotoxicity.
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Discussion

In this study, the Exo-SPIONs-SRF/CGA dual-targeting nanoplatform was successfully constructed, which integrates the
biological homing ability of HCC-derived exosomes with the magnetic guidance property of SPIONs to achieve precise
drug delivery. The platform exhibited excellent pH-responsive release characteristics and good biocompatibility. Both
in vitro and in vivo experiments demonstrated that the dual-targeting strategy could significantly enhance drug
accumulation and retention at the tumor site compared with free drug or single targeting vehicle. Moreover, the
synergistic effect of SRF and CGA can effectively inhibit tumor growth and reduce systemic toxicity.

At the same time, there are still several limitations of this study that need to be explored in depth in future studies.
First, we effectively removed residual cells and large debris by differential centrifugation (300xg, 2000xg) to reduce the
contamination of active carcinogenic components at the source. Simultaneously, transferrin-modified SPIONs (Tf-
SPIONSs) were used for magnetic separation, and the specific binding of transferrin to the receptor was used to selectively
capture mature exosomes, further excluding abnormal vesicles, to purify potentially harmful components. Moreover,
through the efficient loading and targeted delivery of SRF/CGA, it is difficult to drive tumor progression under the action
of therapeutic doses, even if the exosomes carry trace amounts of cancer-promoting signals. Although the risk can be
mitigated by a purification step, testing for carcinogenic components in Exo-SPIONSs is still necessary to verify their
safety. In the future, omics methods such as small RNA sequencing and protein profiling should be used to comprehen-
sively characterize its molecular cargo and verify whether it has completely eliminated known oncogenic factors such as
miR-21 and TGF-B, which is the key premise to ensure the safety of its clinical application. Second, although the
subcutaneously transplanted tumor model used in this study is easy to manipulate, it cannot fully mimic the orthotopic
HCC, such as the tumor microenvironment in the background of liver fibrosis. In the future, it is necessary to further
verify the targeting and therapeutic effects of this platform in more clinically relevant orthotopic models, especially liver
cirrhosis models.

In summary, the Exo-SPIONs-SRF/CGA nanoplatform was successfully constructed, which provides a novel strategy
for precise, efficient and low toxicity treatment of HCC through the exquisite integration of biological and physical
targeting strategies. Future work should focus on comprehensive safety evaluation in large animal models, clinical
translation optimization of magnetic guidance technology, and exploration of the synergistic effect of combined

application with immunotherapy, so as to ultimately benefit the majority of liver cancer patients.

Conclusions

This work developed a dual-targeted nanoplatform, Exo-SPIONs-SRF/CGA, to overcome the limitations of current HCC
therapies, including poor drug delivery efficiency, systemic toxicity, and drug resistance. By combining the natural
tumour-homing capability of HCC-derived exosomes with the magnetic guidance of SPIONS, this platform achieves
exact and efficient drug delivery to tumour sites. The co-encapsulation of SRF and CGA enables synergistic anti-tumour
effect: SRF inhibiting tumour proliferation and angiogenesis, while CGA enhances antioxidant activity and reduces
toxicity. Furthermore, the TME-responsive drug release ensures localized activation, thereby enhancing therapeutic
outcomes while reducing systemic side effects. Experimental validation demonstrated that Exo-SPIONs-SRF/CGA
significantly enhances tumour suppression and drug retention compared to conventional monotherapies or single-
modality nanocarriers. The dual-targeting strategy, integrating biological and magnetic navigation, overcomes traditional
nanocarriers’ insufficient targeting and poor permeability. Additionally, the system’s ability to controllably release drugs
in response to the tumour microenvironment reduces systemic toxicity, addressing a critical challenge in HCC treatment.
This work presents a promising strategy in precision oncology, offering a high-efficiency, low-toxicity solution for HCC
therapy. By leveraging the natural properties of exosomes and the external controllability of SPIONs, the platform
improves drug delivery and may provide a potential strategy for overcoming multidrug resistance and metastasis. At the
same time, the modular design can be easily adapted to different tumor types by simply changing the source of exosomes,
providing flexible strategies for precision oncology. In clinical practice, SPIONs can be used as integrated treatment
agents for magnetic resonance imaging-guided therapy. In summary, this platform could provide a clinically feasible,
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highly effective and low-toxicity solution for HCC patients, and extend to other malignancies where precision drug

delivery is difficult.
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