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Abstract: Objective: Hepatocellular carcinoma (HCC) remains a molecularly complex malignancy
with limited therapeutic options. Cantharidin (CTD), a natural terpenoid, exhibits potent antitumor
activity but suffers from poor bioavailability and dose-limiting toxicity. This study aimed to develop
CTD-loaded liposomes (CTD-Lips) and investigate their molecular mechanisms in enhancing
apoptosis and cell cycle regulation in HCC. Methods: CTD-Lips were prepared using an optimized
thin-film method and thoroughly characterized for size, encapsulation efficiency, and drug release
profile. Cellular uptake was evaluated using coumarin-6-loaded nanoparticles in HepG2 cells.
Cytotoxicity was assessed by CCK-8 assay, while apoptosis and cell cycle distribution were analyzed
via flow cytometry. In vivo antitumor efficacy and systemic safety were evaluated in HepG2-
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xenografted nude mice compared to cisplatin, with comprehensive histopathological and biochemical
analyses. Results: Optimized CTD-Lips showed nanoscale characteristics (120.80 nm) with high
encapsulation efficiency (96.20%) and sustained release. Cellular uptake was significantly enhanced,
leading to superior cytotoxicity (ICso: 1.415 pg/mL vs. 4.971 pg/mL for free CTD) and induced S-
phase cell cycle arrest. Molecular analysis revealed that CTD-Lips promoted apoptosis through
enhanced DNA damage response. In vivo, CTD-Lips achieved 62.4% tumor growth inhibition,
outperforming cisplatin, while maintaining systemic safety with no significant hematological or
biochemical alterations. Conclusions: CTD-Lips represent a molecularly targeted nanoplatform that
enhances CTD's antitumor efficacy through regulation of cell cycle progression and apoptosis
pathways. This study provides molecular-level insights into CTD-Lip-mediated anticancer
mechanisms, supporting its potential as a novel molecular-targeted therapy for HCC.

Keywords: molecular targeted therapy; apoptosis; cell cycle; liposomes; hepatocellular carcinoma;
nanomedicine; cantharidin

1. Introduction

Hepatocellular carcinoma (HCC) persists as a major global health burden, ranking among the
leading causes of cancer-related mortality worldwide. Despite advancements in therapeutic strategies
encompassing surgical resection, locoregional interventions, molecularly targeted agents, and
immunotherapy, the overall prognosis for HCC patients remains suboptimal. Significant challenges,
including high rates of tumor recurrence, the development of chemoresistance, and substantial
treatment-associated toxicities, continue to underscore the urgent need for novel and more effective
therapeutic entities [1].

Cantharidin (CTD), a natural bioactive sesquiterpenoid derived from the traditional Chinese
medicinal insect Mylabris phalerata (Pallas), has garnered considerable attention for its broad-
spectrum antitumor properties [2]. Compelling pharmacological evidence has demonstrated CTD's
efficacy against a diverse array of malignancies, including hepatic, oral, pancreatic, gastric, mammary,
and pulmonary carcinomas [3—9]. Its anticancer activity is primarily attributed to the modulation of
critical molecular pathways, such as the inhibition of protein phosphatase 2A (PP2A), induction of
DNA damage, and regulation of key signaling cascades including JAK2/STAT3 and PI3K/Akt,
ultimately leading to cell cycle arrest and apoptosis [10—14]. However, the clinical translation of CTD
has been severely hampered by its inherent physicochemical and pharmacological drawbacks. These
include extremely poor aqueous solubility, low oral bioavailability, a narrow therapeutic window, and
dose-limiting nephrotoxicity and gastrointestinal complications, which collectively restrict its utility
in clinical oncology [15].

Nanotechnology-based drug delivery systems, particularly liposomes (Lips), have emerged as a
promising strategy to overcome the limitations of conventional chemotherapeutic agents. Liposomes
offer distinct advantages such as enhanced drug encapsulation efficiency, improved biocompatibility,
controlled release profiles, and the potential for passive tumor targeting via the enhanced permeability
and retention (EPR) effect [16—19]. These characteristics make liposomes an ideal platform for the
delivery of challenging molecules like CTD, potentially augmenting its therapeutic index by improving
solubility, prolonging systemic circulation, and reducing off-target toxicity.
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Building upon this rationale, the present study aimed to develop and evaluate cantharidin-loaded
liposomes (CTD-Lips), with a primary focus on their in vitro and in vivo antitumor efficacy. We
hypothesized that encapsulating CTD in liposomes would enhance its delivery to hepatocellular
carcinoma cells and amplify its pro-apoptotic and cell cycle disruptive effects with improvement of
antitumor activity. This work seeks to lay a scientific foundation for exploring CTD-Lips as a potential
novel therapeutic for hepatocellular carcinoma.

2. Materials and methods
2.1. Animals and ethics approval of research

The animal model of HCC was established using 5—-6-week-old BALB/c-nu mice. Animal
experiments were reviewed and approved by the Ethics Committee of Guangzhou University of
Chinese Medicine (approval number: 20221017002).

2.2. Preparation of cantharidin liposomes

For the preparation of CTD-Lips, 7 mg of cantharidin, 50 mg of egg yolk lecithin, and 25 mg of
cholesterol (Shanghai Chuangsai Technology Co., Ltd.) were completely dissolved in 30 mL of
chloroform. Mannitol was used as a cryoprotectant during lyophilization to maintain particle integrity
and prevent aggregation. The solvent in the mixed solution was then removed by rotary evaporation
under reduced pressure at 50 °C, resulting in the formation of a uniform light-yellow film on the wall
of the round-bottom flask. Subsequently, mannitol aqueous solution was added, and hydration was
achieved using a magnetic stirrer at a speed of 1000 rpm. Probe sonication was performed at 220 W
for 10 min (5 s on, 5 s off cycles) in an ice bath to prevent overheating. The suspension was passed 10
times through a 220 nm polycarbonate membrane to achieve a uniform particle size. The formulation
strategy utilized lecithin and cholesterol as solid matrix-forming lipids, and the combined sonication
extrusion steps ensured the formation of solid-core nanoparticles with consistent nanosized
characteristics.

2.3. Characterization of CTD-Lip

To characterize the CTD-Lip, the particle size, polydispersity index (PDI), in vitro release, and
zeta potential distribution were determined using a Zetasizer Nano ZS90 analyzer (Malvern
Instruments Ltd., Great Malvern, UK). Subsequently, the particle size and morphology of liposomes
were measured using transmission electron microscopy (HITACHI Ltd., Tokyo, Japan), and
photographs were taken.

Encapsulation efficiency (EE%) was calculated as the proportion of the drug encapsulated in
liposomes compared to the total amount of CTD (Muotal) present in the liposome preparation.
Subsequently, a low-temperature and low-speed centrifugation method was utilized for the separation
of nanoparticles and free drugs. Specifically, 1 mL of CTD-Lip solution was pipetted into a 10-mL
volumetric flask with 9 mL of chromatography-grade methanol. The resulting mixture was shaken
thoroughly until complete dissolution occurred. After mixing, peak area A1 was measured at a
wavelength of 230 nm, and the standard curve equation was applied to calculate sample concentration
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C1 and volume V1 (Thermo Scientific HPLC system, USA). Then, 1 mL of CTD-Lip suspension
underwent centrifugation at 3000 rpm for 5 min in a centrifuge tube, and 1 mL of supernatant was
collected and brought up to a fixed volume with ultrasonic demulsification before being dissolved
through shaking using a 0.45 pum filter membrane. The filtrate underwent detection according to the
above chromatographic conditions. Subsequently, peak area A2 was obtained using the standard curve
equation applied to determine supernatant sample concentration C2 and volume V2. Finally, a formula
to calculate EE% was applied using the samples' concentration data (C1 and C2) as well as their
volumes (V1 and V2). The drug loading (DL) was calculated as the ratio of the amount of drug in the
liposomes to the weight of the CTD-Lips. To do so, the quality of lyophilized powder samples
containing CTD-Lip was measured and recorded as M, before being added to methanol for dissolution
purposes, while HPLC (Thermo Scientific, United States) detected CTD content WO.

EE%=(C2xV2)/(C1xV1) x100% (1)
DL%=(W0/Muoual) X100%

Dialysis tubing was employed to investigate the in vitro release of CTD-Lip; 4 mL of CTD-Lip
and an equivalent amount of CTD were utilized as controls, which were then placed inside a pre-treated
dialysis tube (molecular rejection of 3.5 kDa). The release medium (PBS, pH 6.8) and volume (16 mL)
were selected to ensure the concentration of released cantharidin remained well below 10% of its
saturation solubility throughout the experiment, followed by incubation in a constant temperature
shaking water bath at 37 °C and 100 rpm for different time intervals: 1, 2,4, 6, 8, 12, 24, 36, and 48 h,
respectively. At each time point, a sample volume of 2 mL was withdrawn while simultaneously adding
an equal volume of isothermal blank release medium. The cumulative release percentage at various
time points was determined through HPLC measurement and analysis.

2.4. Cell uptake and cytotoxicity assay

According to the preparation method outlined in section 2.2, Coumarin 6 (C6), the fluorescent
dye, was encapsulated within nanoparticles to obtain C6-Lip. Subsequently, C6-Lip and free C6 were
co-incubated with human hepatocellular carcinoma HepG2 cells at a concentration of 5 ug/mL for 1,
2, 4, and 6 h. Cells were then fixed using a solution of 4% paraformaldehyde and stained with DAPI-
containing anti-fluorescence quencher to visualize the nucleus. Fluorescence microscopy was
employed to observe cellular uptake of fluorescence, followed by image collection.

To determine the cytotoxicity of CTD-Lip on HCC cells, the concentrations of CTD and CTD-
Lips were determined to be 0.45, 0.9, 1.8, 3.6, 7.2, 14.4, and 28.8 pg/mL using CCK-8 (Guangzhou
Jiayan Biotechnology Co., Ltd., Guangzhou, China). The blank control (liposomes only) was prepared
at equivalent lipid concentrations of 25, 50, 100, 200, 400, and 800 ug/mL (n = 6) per concentration
group. Blank control group and zeroed wells were also included simultaneously for comparison
purposes.

After co-incubation with HepG2 cells for 24 h, the culture medium was discarded, followed by
the addition of 10 uL. of CCK-8 solution to each well for further incubation for 1 h. Subsequently, the
absorbance value (OD) at a wavelength of 450 nm was measured using a microplate reader (Thermo
Fisher Scientific China Co., Ltd.). Finally, the cell viability as well as the ICso value were calculated.
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2.5. Cell cycle and apoptosis assays

The CTD-Lip group, blank control (liposomes only), and free control (without any treatment)
group were established separately. The administration group had a CTD concentration of 1.42 pg/mL.
After administration, cells were cultured in an incubator for 24 h for cell cycle analysis. For the
apoptosis assay, HepG2 cells were cultured for an additional 48 h in the incubator. Subsequently, the
cells were digested and collected to create a single-cell suspension and were washed twice with pre-
chilled PBS and subjected to AnnexinV/PI kit (Guangzhou Ruishu Co., Ltd., Guangzhou, China)
according to the provided protocol for analysis by BD flow cytometer (Franklin Lake, New Jersey,
USA).

2.6. Evaluation of anti-cancer efficacy in vivo

HepG2 cells in the logarithmic growth phase were harvested and subjected to three washes with
trypsin and PBS. Subsequently, 100 pL of cell suspension (containing approximately 2 x 107 cells)
was subcutaneously inoculated into the left axillary region of nude mice. Once visible subcutaneous
tumors developed in the mice, their body weight was measured using an electronic balance, while the
length and width of the tumor were recorded using vernier calipers every other day. Simultaneously,
the volume (V) of each tumor was calculated as follows:

V = (length x widthx width)/2.

When the subcutaneous tumor volume of nude mice reached approximately 100 mm?, the mice
were randomly divided into three groups (n = 5): a normal saline group (C1), a positive drug
comparison group (DDP: C2), and a CTD-Lip group (Tx). The dosage of the positive drug (cisplatin)
was converted to 2 mg/kg for administration in nude mice according to clinical practice. The CTD-Lip
group received an intraperitoneal injection of 0.7 mg/kg of the drug every two days for two weeks,
based on in vitro ICso values and preliminary dose-ranging studies in mice. Body mass and tumor
volume were also measured in the mean while. Twenty-four hours after the final administration,
euthanasia was performed, and tumors as well as main organs (heart, liver, spleen, lungs, and kidneys)
were collected. These samples were washed with normal saline, placed on filter paper to remove
surface water absorption, and stored at —20 °C or in a solution containing 4% paraformaldehyde for
subsequent experiments and analysis.

The tumor mass was measured, and the tumor inhibition rate of the CTD-Lip group and the
cisplatin group was calculated using the following formula: tumor inhibition rate = (tumor mass of the
control group - tumor mass of the experimental group) / tumor mass of the control group x100%.

2.7. HE staining and TUNEL analysis of tumor tissues

First, the heart, liver, spleen, lung, kidney, and tumor of nude mice were fixed in 4%
paraformaldehyde and stored. For histopathological evaluation, formalin-fixed tissues were processed
into 4-5 pum paraffin sections and stained with Mayer's hematoxylin and eosin (H&E) (H3136, Sigma-
Aldrich, USA) using standard protocols. Apoptosis was assessed via TUNEL assay (11684795910,
Roche, Germany), where deparaffinized sections were treated with Proteinase K (20 pg/mL), followed
by enzymatic labeling with TdT and fluorescein-dUTP at 37 °C for 60 min. Nuclei were counterstained
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with DAPI, and TUNEL-positive cells were quantified using the apoptotic index [20,21].
2.8. Hematological and biochemical examinations of mice

Prior to the dissection of mice, orbital blood samples were obtained. A portion of the whole blood
was collected and preserved in an anticoagulant tube for subsequent hematological analysis using an
automated blood cell analyzer. Subsequently, another portion of blood was collected for biochemical
analysis of liver, kidney, and cardiac function indicators using an automated biochemical analyzer. The
biochemical analysis encompassed alanine aminotransferase (ALT), aspartate aminotransferase (AST),
urea nitrogen (BUN), creatinine (CREA), creatine kinase (CK), and lactate dehydrogenase (LDH).

2.9. Statistical methods

R statistical software (version 4.4.1) was used for analysis. Data were summarized in the form of
mean + standard deviation values. Student’s t-test was used to analyze the differences between the two
groups. ANOVA and Tukey’s post-hoc test were performed to evaluate the significance among the
groups. Differences were considered to be statistically significant when P < 0.05.

3. Results
3.1. Successful construction and sustained release characteristics of CTD-Lip

Physicochemical characterization revealed a mean particle size of 120.80 + 0.529 nm with a
polydispersity index (PDI) of 0.26 + 0.001 and zeta potential of —29.9 + 1.015 mV (Figure la—). The
encapsulation efficiency of CTD-Lips was 96.20% (SD: 1.305%), and drug loading was 14.30% (SD:
0.987%). The cumulative release rate of CTD-Lip at 48 h was approximately 60%, while the
cumulative release rate of CTD was nearly 100% within 6 h. These results reflect the sustained release
nature of liposomes and demonstrate that lipid-based nanoparticles often exhibit prolonged release
beyond 48—72 h as reported by prior literature [22] (Figure 1d).

3.2. Enhanced cellular internalization mediated by Lips

Cellular uptake efficiency was evaluated using coumarin-6-loaded liposomes (C6-Lip) in HepG2
cells. Fluorescence microscopy revealed significantly intensified intracellular fluorescence in the C6-
Lip group compared to free C6 (Figure 2). Quantitative analysis demonstrated a time-dependent uptake
pattern, with fluorescence intensity increasing from 54.84 (SD = 0.461) at initial timepoints to 86.69
(SD =1.360) at later stages (Figure 2b). Notably, the uptake rate plateaued between 4 h (mean = 82.27,
SD =0.996) and 6 h (mean = 86.69, SD = 1.360), suggesting saturation kinetics (P < 0.01, Figure 2b).
Statistical comparisons confirmed significantly higher cellular accumulation of C6-Lip versus free C6
across all timepoints (all P <0.001, Figure 2¢).
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Figure 1. Characterization and in vitro release analysis of CTD-Lip. (a) Determination of
particle size distribution. (b) Analysis of zeta potential. (c) Observation of particle
morphology of CTD-Lip using transmission electron microscopy (scale bar, 100 nm). (d)
Evaluation of in vitro release profiles for both CTD-Lip and free CTD. Data are presented
as mean + standard deviation (SD) (n = 3). CTD: cantharidin, Lip: liposome. For clearer
and higher-resolution figures, please refer to the supplementary files.
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Figure 2. Comparison analysis of cellular uptake of C6-Lip or C6 in HepG2 cells. (a)
Comparison of fluorescence intensity of HepG2 cells at different time points upon
incubation with C6 Lip (left) and C6 (right) (scale bar: 50 um). (b) Semi-quantitative
analysis results of fluorescence intensity in HepG2 cells incubated with C6-Lip (left) and
C6 (right) along with the time flow over time (1-6 h). (c) Statistical analysis of
fluorescence intensity difference between C6-Lip and C6. Data are presented as mean +
standard deviation (n = 3). C6: coumarin 6, Lip: liposome. *P < 0.05, **P < 0.01, ***P <
0.001.
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3.3. Potentiated anticancer activity of CTD-Lip

Both free CTD and CTD-Lip demonstrated inhibitory effects on HepG2 cell proliferation 24 h
post-administration, with a gradual decrease in cell viability observed as the dose increased. The ICso
value of CTD-Lip (1.415 pg/mL) was significantly lower than that of CTD (4.971 pg/mL) (Figure 3b).
Notably, the blank liposome group exhibited no discernible cytotoxic effects within the designated
concentration range, indicating their favorable safety profile (Figure 3a, left). These findings highlight
the significant enhancement of cytotoxicity against tumor cells by CTD-Lip (Figure 3a and b).
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Figure 3. Analysis of toxic effects of CTD, CTD-Lips, and blank Lips on HepG2 cells. (a)
Evaluation of HepG2 cell toxicity through cell viability analysis after co-cultivation with
different concentrations of liposome (left), CTD-Lip and CTD drugs (right, n = 3, incubation
time: 24 h). (b) Assessment of HepG2 cell toxicity following exposure to blank Lips (24 h)
with different concentrations. (c) Investigation into the effect of CTD-Lips (1.42 pug/mL)
treatment on the cell cycle in HepG2 cells (24 h). (d) Examination of the influence of CTD-
Lips (1.42 ng/mL) treatment on apoptosis in HepG2 cells (48 h). Data are presented as mean
+ standard deviation (n = 6). CTD: cantharidin, Lip: liposome. *P < 0.05, **P <0.01, ***P <
0.001.
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Figure 3¢ shows that the apoptosis rate in the CTD-Lips group showed a substantial increase (P
<0.001), accompanied by an elevated percentage of cells in S phase (P < 0.01). Conversely, there was
no notable difference in apoptosis rates between blank-Lips and control groups for HepG2 cells,
suggesting minimal impact on apoptosis from blank liposomes. Therefore, it can be speculated that
CTD-Lips effectively promote apoptosis and induce cell cycle arrest at S phase while inhibiting cell
proliferation (Figure 3c and d).

3.4. Improvement of anti-cancer efficacy and biosafety profile from CTD-Lip in vivo

In xenograft models, CTD-Lip treatment achieved superior tumor growth inhibition (62.4%)
compared to cisplatin (DDP) controls (Figure 4a—). Tumor volume from the control group reached
299.69 mm? (SD = 77.20), while that from the CTD-Lip-treated group was 26.37 mm? (SD = 4.97),
which was even lower than that from the cisplatin (DDP)-treated group (mean = 91.33 mm?, SD =
24.37) (Figure 4c). Moreover, CTD-Lip treatment did not significantly impact the body weight of nude
mice (Figure 4d).
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Figure 4. Analysis of the in vivo anticancer efficacy of CTD-Lips. (a) Tumor volume of
nude mice, depicting the response across different treatment groups. (b) Comparison of
tumor weights observed after therapy among different treatment groups. (¢) Tumor growth
curves illustrating the progression in nude mice treated with various regimens. (d) Weight
change curves showcasing alterations in body weight within different treatment groups (n
= 5). Cl1: control group; C2: DDP-treated group; Tx: CTD-Lip-treated group. Data are
presented as mean + standard deviation (n = 5). CTD: cantharidin, DDP: cisplatin, Lip:
liposome. *P < 0.05, **P < 0.01, ***P < 0.001.
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HE staining of organ and tumor tissues was observed to analyze the therapeutic effect in vivo
(Figure 5). The revealed cell damage, including reduced cell volume and nuclear rupture, was found
in tumor tissues (Figure 6a). Both the positive control group, treated with DDP, and the CTD-Lip group
exhibited such cell damage, indicating the anti-tumor effects of CTD-Lip (Figure 6a). However, no
noticeable pathological damage was observed in organ tissue (Figure 5). Additionally, Figure 5c
displayed strong green fluorescence in both the DDP group and the CTD-Lip group, suggesting a
substantial amount of tumor cell apoptosis. Notably, the CTD-Lip group showed even stronger
fluorescence intensity, highlighting its ability to effectively promote tumor cell apoptosis (Figure 6b).

Control CTD-Lip DDP

Figure 5. Analysis of tumor and major organ histopathology using HE staining in nude
mice. HE staining images for heart, liver, spleen, lung, and kidney (scale bar: 50 um)
depicting major organ histology in nude mice across different treatment groups from
control, CTD-Lip (0.7 mg/kg), and DDP (2 mg/kg).
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Figure 6. Analysis of tumor and major organ histopathology using HE staining, and
detection of apoptotic cells through TUNEL assay in nude mice. (a) HE staining images
(scale bar: 50 um) illustrating tumor histology in nude mice subjected to various treatments:
control, CTD-Lip (0.7 mg/kg), and DDP (2 mg/kg). (b) Fluorescent images (scale bar: 50
um) demonstrating apoptosis of tumor tissue cells detected by TUNEL assay under control,
CTD-Lip (0.7 mg/kg), and DDP (2 mg/kg) treatments. CTD: cantharidin; HE: hematoxylin
and eosin; Lip: liposome.
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Figure 7. Detection of hematological and blood biochemical indicators in nude mice. (a)
Blood biochemical indexes in different groups of nude mice after treatment. (b)
Hematological parameters in different groups of nude mice after treatment. Data are
presented as mean + standard deviation (n = 3). ALT: alanine transaminase, AST: aspartate
transaminase, BUN: blood urea nitrogen, CERA: continuous erythropoietin receptor
activator, CK: creatine kinase, CTD: cantharidin, HGB: hemoglobin, LDH: lactate
dehydrogenase, MCH: mean corpuscular hemoglobin, MCV: mean corpuscular volume,
PLT: platelet, RBC: red blood cells, Lip: liposome, WBC: white blood cell.

Hematological parameters indicated no significant differences between the control group and either
the positive drug or CTD-Lip group, and all index values remained within normal ranges (Figure 7). This
finding confirmed that the prepared liposomes had no evident toxic side effects and exhibited good
biological safety. Meanwhile, there were intact morphologies and structures observed in visceral tissue
sections across all groups without any noticeable pathological damage (Figure 5).
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4. Discussion

Cantharidin, extracted from Cantharis, serves as the primary component in anti-cancer drugs. It
is widely utilized in clinical antitumor therapy [23,24] and exhibits remarkable antitumor activity
against various cancers. Particularly, cantharidin demonstrates a positive therapeutic effect on liver
cancer [16]. However, its application is hindered by poor water solubility, low bioavailability, and high
toxicity. In recent years, numerous derivatives of cantharidin-related drugs have been developed to
mitigate their cytotoxicity [25]. To overcome these challenges in the clinical use of cantharidin, this
study introduces an innovative dosage form: liposomes containing cantharidin. This formulation
addresses issues such as the fat-soluble nature of cantharidin's active ingredient, leading to poor water
solubility and rapid elimination after administration. Moreover, it reduces nephrotoxicity while
cholesterol and egg yolk lecithin enhance the solubility of fat-soluble active ingredients in the oil phase.
These advancements provide a prerequisite and guarantee for developing highly efficient nano-drug
delivery systems without potentially toxic nanocarrier materials while ensuring good biocompatibility.

In this study, cantharidin was formulated into liposomes (Lips) with a nanoscale particle size of
approximately 120 nm, which is crucial for effective anti-tumor therapy. If the particles are too small,
they will be rapidly eliminated by the kidneys; if their size exceeds 300 nm, they are easily captured
by the reticuloendothelial system (RES), hindering their ability to reach the target site [26].
Additionally, our study demonstrated that CTD-Lip exhibited superior sustained release performance
compared to CTD alone, with a cumulative release rate of 60% over 48 h versus 100% over 6 h.
However, an observation on the 100% release time as well as the release kinetic mode should be
arranged in a future study. Consequently, upon administration into the body, CTD-Lip is more likely
to penetrate cells due to its enhanced permeability and retention effect (EPR), resulting in prolonged
drug activity. Moreover, when exerting cytotoxic effects on liver cancer cells at equivalent efficacy
levels, lower concentrations of cantharidin liposomes are required with reduced toxicity. This approach
enhances efficiency while minimizing harm. Notably, treatment of HepG2 cells with CTD-Lip
primarily induced cell cycle arrest in the S phase, suggesting inhibition of DNA synthesis and
promotion of apoptosis in hepatocellular carcinoma cells [27].

Numerous studies have proposed mechanisms by which cantharidin exhibits anti-tumor activity,
namely by affecting the synthesis of RNA and DNA to induce DNA damage and apoptosis and suppress
cell proliferation [13,14]. Namely, CTD functions as a protein phosphatase 2A (PP2A) inhibitor to
induce DNA damage [13]. Moreover, CTD has also been observed to enhance chemosensitivity in
HCC cells by upregulating the expression of KDM4A, leading to H3K36me3-dependent DNA damage
in HCC [14].

Cisplatin, also known as cis-diamminedichloroplatinum (DDP), is widely used for the treatment of
various human tumors, including ovarian cancer, breast cancer, and brain cancer [28-31]. Cisplatin
treatment can also induce DNA damage, inhibit cell proliferation, and promote cell apoptosis [32]. This
treatment modality exhibits a comparable anti-cancer effect to CTD and is commonly employed in the
management of HCC via transcatheter arterial chemoembolization (TACE) [33]. Therefore, we conducted
a comparative analysis of the therapeutic efficacy between DDP and CTD-Lip, which demonstrated a
significant advantage of CTD-Lip in inhibiting tumor growth. Both the measurement of tumor volume
and the results obtained from apoptosis staining using TUNEL cells indicated that CTD-Lip exhibited
superior effectiveness in inducing apoptosis of tumor cells. Moreover, considering the resistance often
observed in HCC patients toward DDP treatment, we believe that combining CTD-Lip with DDP
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intervention can effectively enhance the prognosis for these patients. Additionally, it has been reported
that interventional therapy involving DDP increases sensitivity to its treatment among HCC patients
[33]. However, subsequent investigations are also necessary to incorporate comprehensive
pharmacokinetic profiling, which will enable the direct quantification of bioavailability and further
validate the current findings.

HE staining performed on animal tissues revealed no significant toxicity associated with CTD-
Lip administration compared to both the control group and the DDP-treated group. Furthermore,
through small animal weight tracking experiments, we observed a slight increase in body weight
among mice treated with CTD-Lip as compared to those treated with DDP (although this difference
was not statistically significant). Therefore, our findings suggest that CTD-Lip effectively mitigates
the toxicity associated with CTD administration; when combined with DDP interventional therapy, it
holds great potential for improving the prognosis of HCC patients.

However, due to the natural origin of cantharidin, its solubility is extremely poor, making it
challenging to dissolve in cold water. Even if it exhibits slight solubility in hot water, achieving
accurate quantitative dissolution remains difficult. Consequently, the experimental group of nude mice
did not incorporate the free cantharidin group. These limitations hinder the direct utilization of
cantharidin for anti-cancer treatment. This is also the reason why this study seeks new drug delivery
methods and establishes CTD-Lip. Moreover, the in vitro drug release assessment was conducted over
48 h, precluding the determination of the complete release profile. Consequently, the associated kinetic
model analysis is based on this initial release phase. Furthermore, detailed solid-state characterizations,
such as differential scanning calorimetry, and long-term stability data were not included. These aspects
should be addressed in future work to complement the present findings.

5. Conclusions

This study optimized the process to prepare liposomes containing cantharidin. The novel
formulation not only enhances drug solubility and cellular uptake but also demonstrates superior
antitumor efficacy compared to conventional cisplatin, while markedly reducing systemic toxicity.
These findings position CTD-Lips as a promising therapeutic alternative for HCC patients, particularly
those developing resistance to current standard treatments.
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