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Objective: The objective of this study was to develop liposomes (LP) containing a curcumin (CU) analog CA7 to enhance its 
pharmacokinetic profile and anti-cervical cancer (CC) effects.
Methods: Single-factor and Box-Behnken experiments were conducted to optimize the formulation of CA7-loaded liposomes (CA7- 
LP). The in vitro release, stability, biocompatibility, and pharmacokinetic of CA7-LP were evaluated. The biological effects of CA7- 
LP on Hela cells were assessed using MTT assays, colony formation assays, wound healing assays, and flow cytometry. Additionally, 
the anti-CC efficacy of CA7-LP was tested in mouse models of transplanted tumors.
Results: The optimal formulation of CA7-LP exhibited a particle size of 92.43 ± 1.52 nm, a polydispersity index of 0.27 ± 0.01, an 
encapsulation efficiency of 97.79 ± 1.49%, a drug loading of 3.23 ± 0.20%, and a zeta potential of −6.69 ± 0.77 mV. Transmission 
electron microscopy confirmed that a spherical morphology was exhibited by CA7-LP. The cumulative in vitro release of CA7-LP was 
found to be 2.84 times greater than that of CA7, and stability at room temperature was maintained for at least 90 d. Furthermore, 
a significantly higher uptake of CA7-LP by Hela cells was observed compared to curcumin and CA7, leading to enhanced inhibition of 
cell proliferation, migration and cell cycle, as well as increased apoptosis (p < 0.05). In vivo studies revealed that CA7-LP exhibited 
superior pharmacokinetic properties compared to CA7 (AUC: 3.58-fold, Cmax: 5.65-fold, t1/2z: 1.2-fold). The anti-CC effects of CA7- 
LP were found to be comparable to those of Cisplatin injection, with a better safety profile.
Conclusion: The newly developed CA7-LP is considered a promising candidate for the treatment of CC, demonstrating high potential 
for clinical application.
Keywords: curcumin analog CA7, liposome, cervical cancer, hela

Introduction
Cervical cancer (CC) is one of the most common causes of cancer-related deaths among women worldwide. In 2022, 
there were an estimated 661,021 new cases and 348,189 deaths attributed to CC globally.1–3 While the availability of 
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HPV vaccines has helped reduce the incidence of CC, large-scale HPV vaccination campaigns face significant chal-
lenges, particularly in economically disadvantaged regions, thereby maintaining CC as a pressing public health 
concern.4,5 Chemotherapy remains a standard treatment for advanced and recurrent CC, with platinum-based drugs 
like Cisplatin injection (DDP-INJ) being commonly used in concurrent chemoradiotherapy for locally advanced cases.6 

However, the toxic side effects associated with DDP, such as gastrointestinal issues and renal impairment, often lead to 
poor patient outcomes.6,7 Consequently, there is an urgent need to develop safe and effective new agents against CC.

In recent years, the exploration of natural products for anti-cancer drug development has gained traction. Curcumin 
(CU), a natural compound extracted from the rhizomes of turmeric, has demonstrated various pharmacological activities, 
including anti-tumor, anti-oxidant, anti-inflammatory, and anti-microbial effects.8–12 Notably, CU has exhibited 
a favorable safety profile, with single oral doses of up to 12 g being well tolerated.13 Of particular interest, research 
has shown that CU can prevent and treat CC through multiple mechanisms, such as inhibiting HPV replication and 
triggering apoptosis and autophagy while preventing cancer cell proliferation, migration, and invasion.14–16 However, the 
clinical application of CU is significantly limited by its poor water solubility (approximately 0.125mg/L) and low 
bioavailability.17–19

To address the limitations of CU in anti-cancer therapies, researchers have developed various CU analogues that 
demonstrate improved physicochemical properties and anti-cancer activities.20–27 For example, asymmetric monocarbo-
nyl analogs fused with 1-aryl-1H-pyrazole have been shown to alter the morphology of breast cancer cells and enhance 
caspase-3 activity, promoting cell death.28 Another analogue, (2E,6E)-2,6-bis(2,3-dimethoxybenzylidene)cyclohexanone, 
has improved bioavailability of CU and significantly induced apoptosis in colorectal cancer cells.29 These findings 
suggest that developing CU analogues is a promising strategy to overcome the inherent limitations of CU. In our previous 
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study, a series of CU analogues were designed, synthesized, and screened, with CA7 emerging as a new analogue that 
exhibits significant anti-CC effects and improved water solubility (approximately 32.9 mg/L).30 Despite these advance-
ments, CA7 still faces challenges related to solubility and bioavailability, highlighting the need for a nano delivery 
system to enhance its pharmacological properties.

In the realm of nanomedicine, liposomes (LP) represent one of the earliest forms of clinical applications and have 
been extensively utilized in cancer treatment.31,32 LP serve as an ideal platform for delivering chemotherapy drug due to 
their high biocompatibility, enhanced drug efficacy, increased bioavailability, and reduced toxicity.31–33 Particularly, 
a nano delivery system that incorporates CU into LP, modified with specific peptides, has shown improved targeting of 
solid tumors and enhanced solubility for CU.34 Additionally, LP delivery systems loaded with poorly soluble drugs like 
Paclitaxel have demonstrated enhanced anti-tumor efficacy.35 Therefore, LP is currently recognized as the most promis-
ing drug delivery system for cancer therapy.

In this study, the LP delivery system for CA7 (CA7-LP) was developed to enhance the druggability of CA7 for the 
first time. The effects of CA7-LP on Hela cell proliferation, migration, cell cycle, and apoptosis were evaluated. 
Furthermore, the pharmacokinetics, biosafety, and anti-CC efficacy of CA7-LP were assessed in vivo, aiming to provide 
experimental and theoretical basis for the development of new anti-CC drugs.

Materials and Methods
Chemicals and Reagents
CU (purity ≥ 99%) was purchased from Chengdu Best Reagent Co., Ltd. CA7 (purity ≥ 99%) was independently 
synthesized by the Pharmaceutical Laboratory team at Southwest Medical University (Figure 1). Lecithin were purchased 
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Cholesterol was purchased from Shanghai Macklin Bio-Tech 
Co., Ltd. MTT, Hoechst 33258, penicillin-streptomycin-amphotericin B, trypsin-EDTA (0.25%), crystal violet staining 
solution, and cell cycle/apoptosis detection kits were all purchased from Beyotime Biotechnology Co., Ltd. Dulbecco’s 
Modified Eagle Medium (DMEM), dimethyl sulfoxide (DMSO), and heat-inactivated fetal bovine serum (FBS) were 

Figure 1 Chemical structure of CU (A) and CA7 (B).
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purchased from Beijing Thermo Fisher Scientific Co., Ltd. Annexin V-FITC/PI dual-staining apoptosis detection kit was 
purchased from Jiangsu KeyGEN Biological Technology Co., Ltd.

Cell Lines and Animals
Hela cells were obtained from the Cell Bank Center of the Chinese Academy of Sciences. These cells were cultured in 
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin-amphotericin B, and incubated at 37°C with 5% 
CO2 in an incubator. The cell culture medium was replaced with fresh DMEM every 2 d. When the cells reached 80–90% 
confluence, they were detached using trypsin-EDTA (0.25%).

Female SD rats were purchased from the Animal Experimental Center of Southwest Medical University (License: 
SYXK (Chuan) 2023-0065). BALB/c immunodeficient mice (female, 4 w, 15–16 g) were purchased from Beijing 
Huafukang Biotechnology Co., Ltd (License: SCXK (Beijing) 2019-0008). The Animal Experimental Ethics 
Committee of Southwest Medical University in Luzhou, People’s Republic of China, approved the animal care and 
handling protocols for this study.

Construction and Optimization of CA7-LP
CA7-LP was prepared using an ultrasonic dispersion technique. Briefly, CA7, lecithin, and cholesterol were dissolved in 
6 mL of methanol and dried with a rotary evaporator set at 150 rpm. The residual solvent was then removed in a vacuum 
drying oven at 37°C for 3 h. The resulting lipid film was hydrated with distilled water and subjected to probe sonication 
at 160 W for 4 min to obtain CA7-LP. Sucrose (3% w/v) was chosen as the lyoprotectant, and the mixture was freeze- 
dried for 24 h using a freeze dryer (LGJ-18C, Beijing Sihuan Scientific Instrument Factory Co., Ltd.), yielding CA7-LP 
in powdered form.

Based on the results of single-factor experiments, the Box-Behnken design (BBD) was employed using Design Expert 
8.0.2 software to optimize the formulation of CA7-LP and obtain the optimal product. CA7 dosage (X1), lecithin dosage 
(X2) and cholesterol dosage (X3) were chosen as variables (Table S1), while particle size (PS), polydispersity index 
(PDI), and encapsulation efficiency (EE) were selected as response variables.

HPLC Analysis
Quantitative analysis was performed using the Agilent 1260 HPLC system. The separation was carried out on 
a Phenomenex Luna® 5 µm C18(2) 100 Å LC column (250 × 4.6 mm). The detection wavelength was set at 397 nm, 
and the column temperature was maintained at 30°C. A mobile phase consisting of 0.1% phosphoric acid solution and 
methanol (35:65, v/v) was used for elution at a flow rate of 0.8 mL/min.

Characterization of CA7-LP
Evaluation of Encapsulation Efficiency and Drug Loading
Due to the strong lipophilicity of CA7, the unencapsulated CA7 not incorporated into the LP tends to precipitate and 
separate during low-speed centrifugation. To determine the EE, 0.1 mL of CA7-LP supernatant after centrifugation at 
8000 rpm for 10 min was taken and dissolved in 4 mL of methanol. The amount of encapsulated drug (We) is then 
measured using a HPLC system according to a pre-established analytical method. The total drug mass (Wt) is assessed 
using an equivalent volume of the non-centrifuged CA7-LP suspension.

For drug loading (DL) assessment, a precise amount of the freeze-dried CA7-LP powder (WN) is weighed and 
dissolved in a suitable volume of methanol. Following sonication and centrifugation (8000 rpm, 10 min), the supernatant 
is collected to measure Wt.

The formulas for calculating EE% and DL% are as follows:
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We represents the mass of the drug encapsulated in the LP, Wt represents the total mass of the drug in the CA7-LP 
suspension or lyophilized powder, and WN represents the total mass of the LP (including both the drug and excipients).

Determination of PS, PDI, Zeta Potential and Morphological Observation
The PS, PDI, and zeta potential of CA7-LP were measured using the Malvern Zetasizer Nano series-ZS (Malvern 
Instruments, Malvern, Worcestershire, UK). The sample was diluted 1:20 with distilled water and measured at room 
temperature. Samples for zeta potential measurements were placed in specialized cuvettes capable of conducting current 
during analysis. The electrophoretic mobility (μm/s) was then converted to zeta potential using built-in software, based 
on the Helmholtz-Smoluchowski equation. A diluted solution of CA7-LP in distilled water was applied to 
a nitrocellulose-coated copper grid, followed by staining with 2% phosphotungstic acid. After drying, the samples 
were imaged using transmission electron microscopy.

Stability Studies
According to the optimized formulation and process, both the CA7-LP suspension and freeze-dried powder were 
prepared and stored at 25 ± 2°C and 4 ± 2°C, respectively. The PS, PDI, and EE of CA7-LP were measured at various 
time points.

Evaluation of Drug Release in vitro
To evaluate the release kinetics of CA7-LP in vitro, equal volumes of CA7 methanol solution and CA7-LP (both at the 
same concentration) were added to dialysis bags (8000–14000 Da) and placed in 150 mL of phosphate-buffered saline 
(PBS) containing 0.35% (v/v) Tween 80. The system was maintained at 37°C with gentle stirring at 100 rpm. At 
predetermined intervals, samples were taken for analysis, and an equal volume of blank media was replenished.

Biocompatibility Evaluation
To evaluate biocompatibility, blood was collected from healthy rats and stirred continuously in the same direction for 
6 min to destroy fibrinogen. The blood was then diluted with saline and centrifuged at 1500 rpm for 10 min to remove the 
supernatant. This washing process was repeated until the supernatant became clear, leaving a purified red blood cells 
(RBCs). The RBCs were then prepared as a 2% RBC saline suspension.

For the hemolysis test, the RBCs suspension (2%) was mixed with saline, ultrapure water, or CA7-LP at different 
concentrations, as outlined in Table S2. Samples 1–6 contained varying concentrations of CA7-LP, while samples 7 and 8 
served as negative and positive controls, respectively. After incubation at 37°C for 5 h, the OD value of each sample was 
measured at 540 nm using a microplate reader (Spectra Max M3, Molecular Devices, USA). The hemolysis rate (%) was 
calculated for each group to determine the biocompatibility of CA7-LP.

Cell Viability Assay
Hela cells (4.5×103 cells/well) were inoculated in a 96-well plate and allowed to adhere for 24 h. The cells were treated 
with gradient concentrations of CU, CA7, CA7-LP, and DDP for 24, 48, and 72 h. DMSO (0.1%) served as a negative 
control. To assess cell viability, 20 μL of freshly prepared MTT solution was added to each well, followed by incubation 
at 37°C for 3.5 h. After removing the culture medium, 150 μL of DMSO was added to dissolve the formazan crystals. 
The OD values were measured at 490 nm using a microplate reader (Spectra Max M3, Molecular Devices, USA), and the 
cell inhibition rate was calculated.

Colony Formation Assay
Hela cells were seeded at a density of 1×103 cells per well in a 6-well plate. Different concentrations of CU, CA7, CA7- 
LP, and DDP were prepared in the DMEM, and the Hela cells were intervened for 6 h. Afterward, fresh medium was 
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continued to incubate for 7 d. Following incubation, the cells were fixed with 4% paraformaldehyde for 12 min and 
stained with crystal violet for 60 min. Representative images were captured using an inverted microscope (TS2R-LS, 
Nikon, Japan) to visualize colony formation.

Wound Healing Assay
Hela cells (9 × 105 cells/well) were seeded in a 6-well plate. Once the cell monolayer formed, a wound was created by 
scraping vertically with a 200 µL pipette tip. The cells were washed twice with PBS, and different concentrations of CU, 
CA7, CA7-LP, and DDP in serum-free DMEM were added to the respective wells. The plates were then incubated at 
37°C with 5% CO2. The migration of cells was monitored under a microscope (TS2R-LS, Nikon, Japan) at 0 h and 
24 h to observe the wound closure.

Cell Apoptosis Detection
Hela cells (5.5 × 105 cells/well) were seeded in a 6-well plate and treated with different concentrations of CU, CA7, 
CA7-LP, and DDP in DMEM for 24 h. For flow cytometry analysis, the aforementioned Hela cells were collected and 
resuspended in 250 μL of Binding Buffer, and gently pipetted to form a single-cell suspension. Annexin V-FITC (5 μL) 
and PI (5 μL) were added sequentially to the suspension and incubated in the dark for 10 min at room temperature. 
Apoptosis was analyzed using a flow cytometer (FACSAriaIII, BD, USA).

Cell Cycle Assay
Hela cells (5.5 × 105 cells/well) were inoculated in a 6-well plate and treated with different concentrations of CU, CA7, 
CA7-LP, and DDP in DMEM for 24 h. Following the manufacturer’s instructions, 70% ethanol was slowly added 
dropwise into the collected cells. The cells were then stored at −20°C for 24 h. After washing twice with pre-chilled PBS, 
the cells were stained with PI staining buffer in the dark for 30 min at room temperature. Cell cycle distribution was then 
analyzed by flow cytometer (FACSAriaIII, BD, USA).

Cellular Uptake Experiments
The intrinsic fluorescence of CU and CA7 allowed for direct observation of drug distribution within cells using laser 
confocal microscopy. In brief, Hela cells were seeded in a 24-well plate with sterile glass coverslips. After cell adhesion, 
they were treated with DMEM containing 7.5 μM of CU, CA7, and CA7-LP for 24 h. The cells were then fixed with 4% 
paraformaldehyde and stained with Dil staining solution. Cellular uptake was observed using a laser confocal microscope 
(LSM980, Zeiss, Germany).

Pharmacokinetic Studies
Ten female SD rats (180 ± 20 g) were obtained from the Experimental Animal Center of Southwest Medical University. 
After a 7-day acclimation period, the rats were fasted for 12 h before the experiment and randomly divided into two 
groups. Both CA7 and CA7-LP were administered via the tail vein at a dose of 20 mg/kg. CA7 was dissolved in a solvent 
mixture of ethanol and polyethylene glycol hydrogenated castor oil (1:1, v/v), while CA7-LP was dissolved in saline with 
the aid of ultrasound. Blood samples were collected at intervals of 3, 5, 10, 15, 30, 60, 120, 240, and 480 min post- 
administration and centrifuged (6000 rpm, 3 min) to collect the plasma for HPLC analysis.

In vivo Anti-Tumor Effect Studies
Hela cells (3.5 × 107 cells) were suspended in 100 μL of PBS and subcutaneously injected near the right scapula of nude 
mice. When tumor volumes reached approximately 100 mm3, the mice were randomly assigned to five groups (n = 5): (1) 
Saline (control), (2) CU (50 mg/kg), (3) CA7 (50 mg/kg), (4) CA7-LP (50 mg/kg), and (5) DDP-INJ (3.5 mg/kg). The 
treatments were administered intraperitoneally every 2 days for 14 days. Tumor volume (V = 1/2 * ab2, where a is the 
long axis and b is the short axis) and body weight were recorded throughout the study. After treatment, the nude mice 
were sacrificed, and the tumors were excised and weighed. Subsequently, the hearts, livers, lungs, kidneys, and tumors of 
the nude mice were then fixed in 10% formalin and embedded in paraffin for histological sectioning. The sections of the 
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nude mouse heart, liver, lungs, kidneys, and tumors were stained with hematoxylin and eosin (H&E) to examine the 
pathological changes in various organs and the extent of tumor necrosis. In addition, the sections of the transplanted 
tumors were subjected to immunohistochemical analysis to evaluate Ki67 expression.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 8.0.2 (GraphPad Software, USA). All data are 
presented as the mean ± standard deviation (SD) from at least three independent experiments. p < 0.05 was considered 
statistically significant.

Results
Optimization and Characterization of the CA7-LP Formulation
To efficiently determine the optimal formulation for CA7-LP, a single-factor study was conducted (Figure 2A). The 
results showed that both the PS and PDI of CA7-LP initially decreased and then increased as ultrasound intensity 
increased. As the ultrasound duration was extended, the PS gradually decreased, while the EE initially increased and then 
decreased, with PDI following the opposite trend. Increasing the CA7 dosage led to a gradual increase in PS, while EE 
and PDI decreased and increased respectively. Adjusting the lecithin and cholesterol dosages also influenced PS, which 
initially increased and then decreased, while EE remained relatively stable. The lowest PDI was observed with 125 mg of 
lecithin and 10 mg of cholesterol. Based on these factors, the initial formulation was determined as follows: ultrasound 
intensity of 150 W, ultrasound duration of 5 min, CA7 dosage of 5 mg, lecithin dosage of 125 mg, and cholesterol dosage 
of 10 mg. In addition, sucrose was selected as the lyoprotectant, and the effects of different sucrose concentrations (w/v, 
3%, 5%, 10%) on PS and PDI after lyophilization were assessed (Figure 2B). A concentration of 3% sucrose resulted in 
minimal changes in PS post-lyophilization, making it the preferred lyoprotectant (Figure 2B).

Based on the single-factor findings, three key factors influencing the quality of CA7-LP were selected for optimization: 
CA7 dosage (X1), lecithin dosage (X2), and cholesterol dosage (X3). The response variables used as evaluation criteria for 
CA7-LP were PS (Y1), PDI (Y2), and EE (Y3), and BBD was employed. Design Expert 8.0.2 was utilized for polynomial 
fitting and statistical analysis (Tables S3 and S4). Visually, the high R² values (> 0.9) for the fitted equations for PS, PDI, and 
EE, along with p-values < 0.05, indicated that the models were both effective and predictable (Equation 1, 2, 3). The response 
surface plots demonstrated how variations in two factors, while holding the third constant, affected PS, PDI, and EE 
(Figure 2C). Based on the magnitude of the F-values, the ranking of the influences on PS, PDI, and EE was CA7 > Lecithin > 
Cholesterol (Table S4). Considering the above results, the optimal formulation was determined by Design Expert 8.0.2 as 
follows: 5.75 mg CA7, 133.41 mg lecithin, and 8.45 mg cholesterol. The PS of the optimized formulation was 92.43 ± 1.52 
nm (Table 1, Figure 2D), with a PDI of 0.27 ± 0.01, EE% of 97.79 ± 1.49%, Zeta potential of - 6.69 ± 0.77 mV, and DL% of 
3.23 ± 0.20% (Table 1). Transmission electron microscopy confirmed the spherical morphology of CA7-LP (Figure 2E).

CA7-LP Enhances Cellular Uptake of CA7
After treating Hela cells with equimolar doses of CU, CA7, and CA7-LP, green fluorescence was observed within the 
orange-red cell membrane region in all cases (Figure 3). Compared to CU, CA7 exhibited higher cellular uptake. 
Notably, CA7-LP showed even stronger fluorescence within the cell nucleus and cytoplasm, indicating that the 
formulation significantly improves the uptake of CA7.
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Figure 2 (A) The effects of ultrasound intensity, ultrasound time, CA7 dosage, lecithin dosage, and cholesterol dosage on PS, PDI, and EE of CA7-LP. (B) The effects of 
lyophilized protectants on PS and PDI of CA7-LP. (C) Two-way interaction contour plots of three factors. (D) PS distribution of CA7-LP. (E) Morphology of CA7-LP by 
transmission electron microscopy.
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CA7-LP Inhibits the Proliferation and Migration of Hela Cells in vitro
By calculating the inhibition rate, as shown in Figure 4A, CA7, CA7-LP, and DDP-INJ all demonstrated strong time- and 
dose-dependent inhibition of Hela cell growth. In contrast, CU showed minimal variation in its inhibitory effect on Hela 
cells, and none of the doses surpassed the efficacy of CA7. At 24 h, the maximum inhibition rates for CU and CA7 were 
5.77 ± 2.40% and 45.10 ± 9.41%, respectively, with CA7 being 7.8 times more effective than CU. Furthermore, CA7-LP 
and DDP-INJ exhibited similar IC50 values (Figure 4B). Compared to CU and CA7, CA7-LP showed significantly 
stronger inhibitory effects.

A colony formation assay was used to evaluate the effects of each drug on proliferation of Hela cells. Compared to 
CU, the number of colony formations was significantly reduced in the CA7, CA7-LP, and DDP groups at various 
concentrations (Figure 4C and D). Specifically, the colony formation rates induced by CA7-LP (2.5, 5, and 10 μM) were 
69.17 ± 6.93%, 17.73 ± 1.40%, and 3.8 ± 0.82%, respectively, all significantly lower than those of CA7 (80.90 ± 10.80%, 
57.20 ± 6.50%, 27.20 ± 4.10%). Interestingly, the inhibitory effects of CA7-LP and DDP-INJ were similar overall, which 
further validated the results of the MTT assay. These findings indicate that CA7 has a superior inhibitory effect on cell 
proliferation compared to CU, and this effect is further enhanced by CA7-LP.

Wound healing assay was used to investigate the effect of each drug on the migration ability of Hela cells. As shown in 
Figure 4E and F, the control group showed a migration rate of 61.64 ± 2.38%, indicating a high baseline migration capacity 
for Hela cells. The CA7 group had a migration rate of 28.51 ± 1.92%, significantly lower than that of CU (42.12 ± 3.06%) 

Table 1 Validation Results of CA7-LP

No. Size PDI EE% Zeta (-mV) DL (%)

1 90.91 0.26 97.31 −6.83 3.15
2 93.94 0.27 96.54 −5.86 3.47

3 92.45 0.27 99.42 −7.39 3.09

Mean ± SD 92.43 ± 1.52 0.27 ± 0.01 97.79 ± 1.49% −6.69 ± 0.77 3.23 ± 0.20

Figure 3 The uptake of CA7-LP by Hela cells.
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(p < 0.05). Although there was no statistically significant difference in migration inhibition between CA7, CA7-LP, and 
DDP-INJ (p > 0.05), both CA7-LP and DDP-INJ displayed significantly stronger ability to impair migration than CU.

CA7-LP Induces Apoptosis and Cycle Arrest in Hela Cells
Flow cytometry was used to analyze the apoptosis-inducing effects of various drug concentrations on Hela cells. The results 
showed that early apoptosis rates were higher than late apoptosis rates across all drug concentrations, with total apoptosis rates 
increasing in a concentration-dependent manner (Figure 5A and B). The total apoptosis rates induced by CA7-LP (2.5, 5, and 
10 μM) were 11.93 ± 2.33%, 25.78 ± 2.97%, and 34.11 ± 3.35%, slightly higher than those of DDP-INJ (11.57 ± 1.16%, 23.73 ± 

Figure 4 Inhibition of Hela cell activity by CA7-LP. (A) The effects of CU, CA7, CA7-LP, and DDP-INJ on Hela cell activity; *p < 0.05 vs CA7; #p < 0.05 vs DDP-INJ. (B) The 
IC50 of CU, CA7, CA7-LP, and DDP-INJ inhibits Hela cell activity. The green color indicates lower toxicity of the drug on Hela cells at the specified time point, while the red 
color reflects higher toxicity. (C and D) The effects of CU, CA7, CA7-LP, and DDP-INJ on the proliferation of Hela cells, *p < 0.05. (E and F) The effects of CU, CA7, CA7- 
LP, and DDP-INJ on the migration of Hela cells, *p < 0.05.
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2.30%, 32.17 ± 3.68%). In comparison, CU induced apoptosis rates of 7.29 ± 1.64%, 11.64 ± 3.19%, and 17.60 ± 3.39%, which 
were lower than those of CA7 (11.26 ± 2.25%, 18.94 ± 2.11%, 26.01 ± 2.69%). In summary, these findings indicate that CA7 
more effectively induces apoptosis than CU, while CA7-LP further enhances this effect, surpassing even DDP-INJ in apoptosis 
induction.

The cell cycle distribution was analyzed using flow cytometry (Figure 5C and D). At concentrations of 2.5, 5, 
and 10 μM, the proportions of the G2/M phase in the CA7-LP group were 19.88 ± 2.21%, 25.52 ± 2.12%, and 
26.50 ± 2.08%, respectively. In the CA7 group, the proportions were 18.94 ± 2.90%, 20.18 ± 1.66%, and 25.32 ± 
2.07%. Both CA7-LP and CA7 exhibited similar trends to the CU group (17.84 ± 1.07%, 20.46 ± 2.44%, 22.78 ± 
3.60%), inducing G2/M phase arrest of Hela cells in a concentration-dependent manner. In contrast, the DDP 
group showed an increase in the S phase and a decrease in G2/M phase. In conclusion, these results suggest that 
CU, CA7, and CA7-LP inhibit Hela cell proliferation partly by inducing G2/M phase cell cycle arrest.

Figure 5 CA7-LP suppressed Hela cells by preventing cell cycle progression and triggering apoptosis. (A and B) The effects of CU, CA7, CA7-LP, and DDP-INJ on apoptosis 
induction, *p < 0.05. (C and D) The effects of CU, CA7, CA7-LP, and DDP-INJ on the cell cycle of Hela, *p < 0.05 vs Control.
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CA7-LP Stability Study
Firstly, the stability of the CA7-LP suspension was evaluated at 25°C and 4°C by monitoring PS, PDI, and EE over time. 
It was observed that when stored at 25°C, the CA7-LP suspension remained stable for 7 d, with no significant changes in 
PS, PDI, and EE (p > 0.05) (Figure 6A). However, after 15 d, a rapid decrease in EE was observed. In contrast, when 
stored at 4°C, PS, PDI, and EE remained stable for 15 d (p > 0.05) (Figure 6B). These results indicate that the CA7-LP 
suspension can be stored at room temperature for 7 d, and at 4°C for 15 d, without significant loss of stability.

To facilitate clinical use and storage, CA7-LP was further prepared as a lyophilized powder, and its storage stability at 
25°C for 90 days was investigated. As shown in Figure 6C, compared to day 0, there were no significant changes in the 
PS, PDI, and EE of CA7-LP within 90 d (p > 0.05). Therefore, under the aforementioned conditions, the lyophilized 
powder of CA7-LP can be stored for at least 90 d.

In vitro Release Studies of CA7-LP
The in vitro release profiles of CA7-LP and free CA7 suspension are shown in Figure 6D. The release data were fitted to 
various models, with the results summarized in Table 2. Among the models, the first-order release model provided the 
best fit for both free CA7 and CA7-LP. It was observed that the cumulative release of free CA7 remained relatively 
constant after 8 h, reaching 13.56 ± 2.00% at 24 h (Figure 6D). In contrast, CA7-LP exhibited sustained release, with the 
cumulative release stabilizing after 10 h and reaching 38.57 ± 3.16% at 24 h (2.84 times higher that of free CA7). 
Additionally, the release rate constant k1 for CA7-LP was lower than that of free CA7 (Table 2). Thus, CA7-LP 
demonstrated a delayed drug release behavior within 24 h.

CA7-LP Has Good Biocompatibility
RBCs typically do not undergo hemolysis in saline, though they can rupture in a hypotonic solution. In this study, RBCs 
in the negative control group (Group 7) treated with saline showed no hemolysis, while those in the positive control 
group (Group 8) exhibited complete hemolysis, turning bright red (Figure 6E). While the hemolysis rate increased 
slightly with higher CA7-LP concentrations, the maximum rate was only 5.29 ± 0.76% (Figure 6F). Moreover, no visible 
hemolysis was observed, demonstrating the good biocompatibility of CA7-LP.

Figure 6 CA7-LP has good stability, release characteristics and biocompatibility. (A) Stability of CA7-LP suspension at 25°C, *p < 0.05. (B) Stability of CA7-LP suspension at 
4°C. (C) Stability of CA7-LP lyophilized powder at 25°C for 90 d. (D) Release curves of CA7-LP in vitro. (E and F) Biocompatibility Evaluation of CA7-LP.
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Pharmacokinetic Evaluation of CA7-LP
The blood concentrations of free CA7 and CA7-LP over time are shown in Figure 7. Both CA7 and CA7-LP reached 
their minimum blood drug concentrations at 8 h, which were 0.11 ± 0.03 µg/mL and 0.14 ± 0.05 µg/mL, respectively, and 
remained undetectable afterward. Pharmacokinetic analysis using DAS 2.1.1 software (Table 3) revealed that CA7-LP 
significantly improved pharmacokinetic parameters compared to free CA7. Compared to free CA7, CA7-LP exhibited 
higher AUC (3.58-fold), Cmax (5.65-fold), and t1/2z (1.2-fold). In conclusion, CA7-LP can enhance the in vivo absorption 
of CA7 to a certain extent and prolong its duration of action.

CA7-LP Inhibits Xenograft Tumor Growth in vivo
A subcutaneous xenograft model using Hela cells was established to evaluate the anti-CC effects of CA7-LP in vivo. 
Throughout the experiment, tumor volumes in all groups of nude mice continuously increased over time, initially 
growing slowly, then accelerating (Figure 8A). Among them, the control group exhibited the fastest tumor growth. In 
contrast, tumor weights were significantly reduced in the CU, CA7, CA7-LP, and DDP-INJ groups compared to the 
control (Figure 8C and D). The CA7 group demonstrated a tumor weight of 0.36 ± 0.04 g and an inhibition rate of 47.16 
± 5.70%, which was 1.65 times greater than the CU group (0.49 ± 0.06 g, 28.58 ± 8.04%). Importantly, CA7-LP 
enhanced the anti-CC efficacy of CA7, showing similar results to DDP-INJ (Figure 8D). Regarding body weight, the 
mice in the CU, CA7, and CA7-LP groups remained stable throughout the treatment period, with no significant 
differences compared to the control group (p > 0.05) (Figure 8B). However, the DDP-INJ group experienced 
a notable decrease in body weight, with some mice dying as the number of administrations increased.

Tumor immunohistochemical staining revealed that Ki67-positive cells were lowest in the CA7-LP group, followed 
by DDP-INJ, CA7, CU, and the control (Figure 8E). H&E staining of the tumors showed varying degrees of necrosis in 
tumor tissues across all treatment groups (Figure 8F). Furthermore, no pathological changes were observed in the heart 
and lung tissues of any group (Figure 8G). Tumor cell infiltration was absent in the CA7-LP and DDP groups but present 
in small amounts in the kidneys and livers of the control, CU, and CA7 groups. In summary, CA7 demonstrated superior 
anti-CC efficacy compared to CU, while CA7-LP further enhanced this effect.

Table 2 Drug Release Kinetic Parameters and Fitting Coefficients

Zero-Order R2 Equation k0 First-Order R2 Equation k1 Higuchi’s R2 Equation kh

CA7-LP 0.62 1.44 0.90 0.60 0.87 8.15
CA7 0.51 0.51 0.96 0.71 0.79 3.01
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Figure 7 The concentration curves of CA7 and CA7-LP.
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Discussion
Despite tremendous advancements in the prevention and diagnosis of CC, it remains a substantial challenge to women’s 
health worldwide.1,4,5 In our previous research, the focus was on improving the anti-CC activity and physicochemical 
properties of CU, and a CU analog called CA7 was synthesized by our team.30 LP offer the advantage of improving the 
pharmacokinetics of existing chemotherapy drugs, coupled with excellent biocompatibility and scalability for large-scale 
production.33 In this study, CA7-LP was successfully developed using lecithin and cholesterol as carriers and ultrasound 
dispersion technology, aiming to enhance the druggability of CA7 through this delivery system.

As widely known, the safety, stability, and drug release efficacy of delivery platforms are significantly influenced by the 
carrier material. Lecithin and cholesterol utilized in this study are highly safe and biocompatible natural compounds essential for 
human growth and development.36 The main phase transition temperature (Tm) is one of the inherent properties of phospholipids. 
Above Tm, the phospholipid bilayer exhibits higher fluidity and lower alkyl chain order, leading to an unstable system.37 

However, the incorporation of cholesterol, with its rigid sterol ring and the ability to form hydrogen bonds with phospholipids, 
significantly increases the order of the acyl chains, thereby increasing the stability of LP and reducing drug leakage.37 

Nevertheless, varying the formulation ratios can strongly influence the performance of LP, necessitating optimization. To achieve 
optimal conditions for CA7-LP formulation, we employed the BBD, which utilizes a quadratic regression equation to predict 
ideal experimental parameters.38 Compared to traditional formulation screening, BBD requires fewer experiments, offers greater 
convenience, and provides higher predictability. Under optimal conditions, the CA7-LP formulation achieved an EE exceeding 

Table 3 The Main Pharmacokinetic 
Parameters of CA7 and CA7-LP

Parameter Unit CA7 CA7-LP

AUC(0-t) mg/L×min 80.65 288.43

MRT(0-t) min 177.03 69.65

t1/2z min 149.64 180.27
Tmax min 3.00 3.00

Vz L/kg 118.36 15.97

CLz L/min/kg 0.086 0.061
Cmax mg/L 3.20 18.09

Figure 8 CA7-LP demonstrated favorable anti-CC effects in vivo. (A) The curves of tumor volume (n = 5). (B) The curves of nude mouse body weight (n = 5). (C) 
Transplanted tumor in nude mice. (D) Tumor weight histogram, *p < 0.05. (E) Immunohistochemical staining of tumors. (F) H&E staining of tumors. (G) H&E staining of 
heart, liver, lung and kidney in nude mice.
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90%, with small PS and PDI, indicating satisfactory performance. With an approximate PS of 100 nm, CA7-LP is likely to 
facilitate uptake by the reticuloendothelial system, allowing for passive targeting to tumor sites.39,40 In vitro release studies 
showed that a first-order release model best described the release kinetics for both free CA7 and CA7-LP. CA7-LP exhibited 
a faster initial release rate that gradually decreased over time. This may be attributed to the rapid diffusion of externally available 
CA7 in the early stages, followed by gradual release from within the LP. Although free CA7 displayed a similar in vitro release 
profile, its overall release was limited by poor solubility. Importantly, CA7-LP showed improved pharmacokinetic behavior 
compared to free CA7, suggesting that LP-loaded drugs represent an effective delivery strategy.

Unlimited replicative potential and invasive metastasis are common characteristics of CC and major contributors to 
patient mortality.41–43 Previous research has shown that CU can inhibit cancer cell growth, invasion, and migration, as well as 
induce apoptosis through various pathways, including the Hedgehog/Gli1 pathway,44 circ-PRKCA/miR-384/ITGB1 
pathway,45 and circ-PLEKHM3/miR-320a/SMG1 pathway.46 In this study, CA7 demonstrated significantly greater efficacy 
than CU in inhibiting Hela cell proliferation and migration, inducing apoptosis, and causing cell cycle arrest. Additionally, 
CA7 demonstrated enhanced in vivo anti-cancer activity compared to CU. Interestingly, the growth inhibition of CC 
xenografts by CA7 was more pronounced than that observed with tetrahydro-CU.47 The increased bioavailability, stability, 
and anti-CC activity of CA7, compared to CU, may be attributed to its unique chemical structure, which features 
a monocarbonyl carbon chain and a remote 4-hydroxy-3,5-dimethylphenyl moiety. However, further experimental verifica-
tion is required to confirm this hypothesis. Generally, the pathways for cellular uptake of drug particles are typically 
endocytosis or fusion.48 Lipid membranes that resemble cell membrane components are more likely to facilitate the uptake of 
drugs into cells.48 CA7-LP exhibited anti-CC activity comparable to that of DDP-INJ, significantly surpassing the effects of 
CU and CA7 alone. This enhanced efficacy may be attributed to the improved cellular uptake of CA7 facilitated by the LP. 
Additionally, it is important to note that DDP has been associated with various toxicities, including nephrotoxicity, 
hepatotoxicity, neurotoxicity, and cardiotoxicity.49 The findings of this study align with previous research highlighting the 
toxic effects of DDP; while DDP-INJ demonstrated substantial anti-CC efficacy in vivo, it also led to serious adverse effects 
in nude mice, with some even dying. Therefore, in clinical practice, careful consideration must be given to balancing 
therapeutic effectiveness with safety when selecting medications. The promising results of CA7-LP highlight its potential as 
a more effective and safer alternative for treating CC, warranting further investigation into its clinical applicability.

Conclusion
CA7-LP exhibited an optimal PS distribution, high EE, long-term stability, and favorable drug release characteristics 
in vitro. Compared to CU or free CA7, CA7-LP enhanced the inhibition of Hela cell proliferation, migration, and cell 
cycle, as well as increased apoptosis induction. In vivo, CA7-LP demonstrated better pharmacokinetic profiles, compar-
able anti-CC effects to DDP-INJ, and enhanced safety. Thus, CA7-LP represents a promising new formulation with 
substantial potential for treating CC.
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