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Purpose: The present study aimed to construct a co-loading platform encapsulating curcumin and paclitaxel at ratios of 2:1–80:1 (w/ 
w) designated “CU-PTX-LNP” and explored the synergistic effects of CU-PTX at different composite proportions on liver cancer cells 
using the combination index (CI) method.
Methods: The CU lipid nanoplatform (CU-LNP) formulation was optimized via single-factor and orthogonal experiments. Various 
concentrations of PTX were added to the optimal formulation of CU-LNP to generate CU-PTX-LNP and the nanoplatform 
characterized via differential scanning calorimetry (DSC), transmission electron microscope (TEM), X-ray diffraction (XRD), zeta 
potential, polydispersity index (PDI), and size analyses. The cumulative release, stability, and cytotoxicity of CU-PTX-LNP in LO2, 
HepG2, and SMMC-7221 cells were assessed in vitro, followed by safety investigation and pharmacokinetic studies in vivo. The anti- 
tumor activity of CU-PTX-LNP was also evaluated using nude mice.
Results: CU-PTX-LNP formulations containing CU:PTX at a range of proportions (2:1–80:1; w/w) appeared as uniformly dispersed 
nanosized spherical particles with high entrapment efficiency (EE> 90%), sustained release and long-lasting stability. Data from 
in vitro cytotoxicity assays showed a decrease in the IC50 value of PTX of CU-PTX-LNP (by 5.47–332.7 times in HepG2 and 4.29– 
143.21 times in SMMC-7221 cells) compared to free PTX. In vivo, CU-PTX-LNP displayed excellent biosafety, significant anti-tumor 
benefits and enhanced pharmacokinetic behavior with longer mean residence time (MRT(0-t); CU: 4.31-fold, PTX: 4.61-fold) and half- 
life (t1/2z; CU: 1.83-fold, PTX: 2.28-fold) relative to free drugs.
Conclusion: The newly designed CU-PTX-LNP platform may serve as a viable technological support system for the successful 
production of CU-PTX composite preparations.
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Introduction
Paclitaxel (PTX), a natural diterpenoid compound with anticancer activity, is a broad-spectrum clinical agent with unique 
antitumor mechanisms1 achieved mainly through promoting microtubule formation and inhibiting microtubule depoly-
merization. Recent intriguing studies suggest that in addition to this classical mechanism, PTX combats cancer through 
multiple pathways, including regulation of immune mechanisms,2 induction of apoptosis,3,4 and inhibition of tumor cell 
migration.5 However, long-term usage of PTX is significantly associated with drug resistance. Resistance of cancer cells 
to PTX is related to upregulation of nuclear NF-κB, overexpression of P-glycoprotein (P-gp) and other ABC transporters, 
and alterations in tubulin structures.6,7 Moreover, PTX induces severe toxic reactions such as hypersensitivity,8 neuro-
muscular toxicity,9 cardiotoxicity,10 and myelosuppression.11 Although combination chemotherapy with cisplatin and 
PTX has been widely applied in the treatment of malignant tumors, this strategy has achieved limited success in 
effectively alleviating associated adverse effects.12 Further studies are essential to target the side-effects and complica-
tions regarding drug tolerance of PTX to facilitate its clinical use.13

Over recent years, synergistic treatment of malignant tumors with PTX and natural compounds has increasingly 
become a research hotspot. Multitudinous preclinical studies have confirmed that combinations of PTX and natural active 
ingredients, in particular, curcumin (CU), present an effective strategy to reverse multiple drug resistance (MDR), reduce 
toxicity, and synergistically improve the efficacy of cancer therapy.14,15 Notably, several studies have reported 
a synergistic effect of CU in combination with PTX, which may be associated with dose-dependent CU-mediated 
alterations in the tumor microenvironment, suppression of tumor initiation and metastasis, downregulation of P-gp, MRP- 
1, and ABCG2 expression to reverse MDR, and significant inhibition of NF-κB promoter activity.14–17

Despite its utility, the inherent characteristics of CU (poor water solubility, chemical instability, rapid metabolism 
through enzymes in the human body and limited bioavailability) and PTX (low water solubility and poor bioavailability) 
continue to pose a significant challenge for therapeutic efficacy.18–22 Consequently, identification of new, effective dosage 
forms of the co-delivery system remains an important research focus. Numerous groups have attempted to develop 
nanodrug delivery systems, including micelles, polymeric nanoparticles, liposomes and solid lipid nanoparticles, in an 
effort to enhance the therapeutic efficacy of CU-PTX combinations and address the drug delivery issues.23–27 Due to their 
exceptional biocompatibility, stability, safety, and modifiability, lipid nanoparticles have been researched as carriers for 
delivering insoluble medications like CU and/or PTX.28–30 Particularly, Curcumin-human serum albumin nanoparticles 
decorated with programmed death ligand 1 (PDL1) binding peptide not only improve tumor-targeting drug delivery but 
also reestablish immune response by blocking PDL1/PD1 interaction.31 Additionally, the nanodelivery systems loading 
CU decorated with vitamin E-tocopheryl polyethylene glycol succinate (TPGS) show noticeably improved antitumor 
effectiveness and the ability to favorably regulate the proteins involved in tumor development to stop tumor progression 
and reverse tumor immunosuppression.32

To our knowledge, the majority of research to date has focused on the possibility of combined drug delivery for 
cancer treatment at a relatively fixed ratio of CU:PTX.16,33–36 For instance, Pi et al37 prepared solid lipid nanoparticles 
containing PTX and CU (1:2; w/w), which increased the therapeutic impact by extending the half-life and mean 
residence time of the drug in vivo. In another study by Feng et al,14 liposomes containing a combination of PTX and 
CU exerted greater cytotoxicity against A549 and A549T cells than the CU-PTX drug combination. Despite the fact that 
numerous prior studies have discovered excellent tumor suppression effects of CU-PTX in certain ratios combined with 
corresponding nano-delivery systems developed separately. However, the majority of them were created for specific drug 
prescriptions, which may not meet the needs of transporting different ratios of CU-PTX drug prescriptions. From the 
standpoint of novel research and development, a platform that can effectively transport CU and PTX at a range of 
proportions is urgently required to address clinical therapeutic needs. In this scenario, the study attempted to generate of 
a universal liposome platform that could readily and effectively encapsulate CU-PTX at a range of proportions (2:1–80:1; 
w/w), facilitating safer and more effective delivery. In addition, the synergistic effect was investigated in the hepatocyte 
model and pharmacokinetic behavior, biosafety and antineoplastic activity assessed in vivo, thus providing a platform to 
support the development of CU-PTX compound preparations in the clinic.
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Materials and Methods
Materials
CU (purity ≥98%) and PTX (purity ≥98%) were purchased from Chengdu Best Reagent Co., Ltd (Sichuan, China). 
Hydrogenated soy phosphatidylcholine (HSPC) was obtained from Lipoid GmbH (Ludwigshafen, Germany), polyvi-
nylpyrrolidone (PVPK15) from Yousuo Chemical Technology Co., Ltd (Shandong, China), and phosphoric acid (AR) 
from Xilong Chemical Co., Ltd (Shanghai, China). Methanol (AR), ethanol (AR), and triethylamine (AR) were 
purchased from Chengdu Kelong Chemical Reagent Factory (Sichuan, China). Methanol (HLPC) and acetonitrile 
(HLPC) were acquired from Thermo Fisher Scientific (Shanghai, China) Co., Ltd.

Construction and Optimization of CU-PTX-LNP
A CU-PTX co-loading platform, designated CU-PTX-LNP, was constructed with the aid of ultrasonic dispersion 
technology. To save costs, an orthogonal test method was designed to optimize the prescription of CU-LNP after 
single-factor test and different amounts of PTX added to the optimal prescription to develop a co-loaded lipid nanoplat-
form successfully encapsulating CU and PTX at a range of proportions. Specifically, CU, HSPC, and PVPK15 were 
dissolved in 3 mL chloroform (CHCl3) and different amounts of PTX powder subsequently added to obtain CU:PTX 
mixtures at ratios of 2:1, 5:1, 10:1, 20:1, 40:1 and 80:1 (w/w; Table 1), which were dried in a rotary evaporator at 
150 rpm for 15 min under vacuum. The dried lipid film was hydrated with 6 mL of 1% (w/v) sucrose aqueous solution 
via ultrasonic dissolving for 3 min. The mixture was emulsified via probe sonication (Ningbo Xinzhi Biotechnology co. 
Ltd., Zhejiang, China) for 4 min (50% ultrasonic intensity). Finally, the products were filtered using a 0.22 μm filter 
membrane and freeze-dried. Dried samples were filled with N2 gas and stored in a freezer at 4°C for further in vitro and 
in vivo study (Figure 1).

A high-performance liquid chromatography (HPLC) (Dionex, American) system fitted with the Luna C18 column 
(4.6 mm x 250 mm, 5 μm) was utilized to estimate the concentrations of CU and PTX. The mobile phase consisted of 
acetonitrile (A) and phosphoric acid buffer system (containing 0.01% phosphoric acid, B) with a flow rate of 1 mL/min 
and column temperature was maintained at 25°C. The gradient elution protocol was as follows: 0–10.2 min (55% A) and 
10.21–13.2 min (40% A). Detection wavelengths were 227 nm (0–10.2 min) and 425 nm (10.21–13.2 min), respectively.

Encapsulation Efficiency and Drug Loading
Due to their extremely poor water solubility, free PTX and CU drugs typically precipitate in water while liposomes with 
small particle sizes are not precipitated under low- or medium-speed centrifugation. In our experiments, low-speed 
centrifugation was employed for separation. Encapsulation efficiency (EE) and drug Loading efficiency (DL) of PTX and 
CU were determined using the HPLC system based on a previous analytical protocol. For determination of EE, the amounts 
of CU and PTX were measured in the same quantity of liposome suspension before and after low-speed centrifugation 
(8000 rpm, 10 min), which was diluted with methanol and sonicated (200 W, 40 kHz, 5 min) to ensure complete drug release.

For assessment of DL, a specific amount of freeze-dried nanoparticles was accurately weighed, diluted with an 
appropriate amount of methanol, and demulsified via ultrasonic irradiation (200 W, 40 kHz, 5 min). The CU and PTX 
contents were determined via HPLC after filtration. EE and DL values were calculated as follows:

Table 1 Different Proportions of the Formula

No. Formulations CU (mg) PTX (mg) PVPK15 (mg) HSPC (mg)

1 CU-PTX-LNP (2:1) 5 2.5 8 70
2 CU-PTX-LNP (5:1) 5 1 8 70

3 CU-PTX-LNP (10:1) 5 0.5 8 70

4 CU-PTX-LNP (20:1) 5 0.25 8 70
5 CU-PTX-LNP (40:1) 5 0.125 8 70

6 CU-PTX-LNP (80:1) 5 0.0625 8 70
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where Wincorporated is the weight of drug encapsulated in liposomes, Wtotal the total amount of drug in the formulation, and 
Wlipids the total weight of lipids.

Characterization of CU-PTX-LNP
Size and Zeta Potential
To generate a lipid nanometer solution, a suitable quantity of lyophilized powder was dissolved in an amount of distilled 
water. Marvin laser granulometry was applied to assess particle size, electrical properties (zeta potential), and PDI.

TEM
CU-PTX-LNP lyophilized powder was diluted with an appropriate quantity of water at room temperature. After staining 
with phosphotungstic acid solution, a tiny drop of the sample was placed carefully on a copper grid, vacuum-dried, and 
examined via transmission electron microscopy.

DSC
CU, PTX, blank LNP lyophilized powder and CU-PTX-LNP lyophilized powder were precisely weighed and placed in 
an aluminum sample pan for pressing. An empty aluminum container was used as the reference cell. The heating range 
was 35–500°C and heating rate was 10°C/min with nitrogen as the carrier gas. The above four samples were scanned.

XRD
CU, PTX, blank LNP lyophilized and CU-PTX-LNP lyophilized powder samples were analyzed with XRD (D8 
ADVANCE X-ray diffractometer; Bruker, Germany) under the following conditions: Cu target wavelength: 1.5406 Å, 
Co target wavelength: 1.79026 Å, voltage: 40 kV, current: 40 mA, diffraction angle (2θ) scanning range: 10°-90°, 
scanning speed: 6°/min.

Cell Lines and Cultures
HepG2, SMMC-7721 and LO2 cell lines (Chinese Academy of Sciences Cell Bank) were cultured in RPMI or DMEM 
supplemented with heat-inactivated fetal bovine serum (FBS) (10%), penicillin (100 U/mL), and streptomycin (100 µg/ 
mL). Cultures were incubated at 37°C in a humidified atmosphere containing 5% CO2. Cells in the exponential growth 
phase were used for experiments.

Cell Cytotoxicity Assay
Cells in the logarithmic growth phase were cultured in 96-well plates at a density of 5×103 cells per well. After incubation of 
cultures for 24 h, different concentrations of drugs were dispersed in RPMI or DMEM and 200 µL drug solution added to 
each well. Following 48 h of cell culture, MTT solution was added to each well and incubated for 3.5 h. The liquid 

Figure 1 Assembly diagram of CU-PTX-LNP.
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supernatant was discarded, 200 µL DMSO added and the mixtures shaken for 15 min. Cells incubated in wells without 
drugs were used as the control group. Absorbance (A) of each well was measured at 490 nm using an enzyme label analyzer. 
The inhibition rate of cell proliferation was calculated as follows:

Synergy Index of CU and PTX Combinations at Various Ratios
The median-effect principle was applied to determine the nature of action of the drug combination.38 Before examination 
of the combination effect, we plotted the dose-effect curves of the two drugs when applied alone and in combination. The 
synergistic index of the two drugs at different inhibition rates was calculated using the following median effect equation:

where (Dx)1 and (Dx)2 represent the concentrations required to produce a cell proliferation inhibition rate of x% when 
the two drugs are applied individually and (D)1 and (D)2 are the respective concentrations of the two drugs upon 
combination to produce the same x% cell proliferation inhibition rate. Combination index (CI)<1 indicates synergism, 
CI=1 summation and CI >1 antagonism of the two drugs. (Dx)1 and (Dx)2 values were obtained using the formula:

whereby Dm is the median-effect dose, fa the fraction affected, and m the slope of the median-effect plot.

Evaluation of Long-Term Stability
Freeze-dried CU-PTX-LNP (2:1 and 10:1) powder prepared according to the optimized protocol was stored at 
a temperature of 4 ± 2°C and sealed away from light. At the end of 1, 2, and 3 months, the powder was dissolved in 
an appropriate amount of pure water for measurement of EE and particle size and morphological examination.

In vitro Release of CU-PTX-LNP
In vitro release of nanoparticles was conducted via dialysis. Briefly, an appropriate amount of CU-PTX-LNP was placed 
into a dialysis bag (8000–14,000 Da) in 100 mL normal saline containing 15% ethanol and 0.2% Tween 80 at 37°C. At 
the appropriate time intervals, sample aliquots (1 mL) were withdrawn from the release medium and filtered through 
a 0.22 μm membrane filter. An equivalent volume of blank dissolution medium at the same temperature was replenished 
to maintain the original volume after each sampling. PTX and CU concentrations in medium were measured via HPLC as 
described earlier.

Safety Evaluation
In vitro Hemolytic Analysis
Blood (10 mL) was obtained from healthy rabbits and fibrinogen removed by stirring slowly with a glass rod to form 
defibrinated blood. Sodium chloride solution (0.9%, 100 mL) was added to defibrinated blood and centrifuged at 
1500 rpm for 10 min to remove the supernatant. Precipitated red blood cells were washed with 0.9% sodium chloride 
solution using the above method until the color of the supernatant was not red. Subsequently, red blood cells were 
prepared as a 2% suspension with 0.9% sodium chloride solution. A solution of CU (2 mg/mL) and PTX (1 mg/mL) was 
additionally prepared. Hematocyte suspension (2%), 0.9% sodium chloride solution, ultrapure water, and sample solution 
were added into the experimental tube in sequence (Table 2). Solution tubes No.1–5 were the nanometer samples, No.6 
the negative control, No.7 the positive control and No.8 the reference owing to the yellow appearance of the prepared 
nanoparticles. The mixture was immediately incubated at 37 ± 0.5°C for 1 h and centrifuged at 1500 rpm for 10 min. The 
supernatant (100 µL) was transferred to a 96-well plate and absorbance determined using an enzyme microplate reader at 
a wavelength of 540 nm.
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In vivo Acute Toxicity
Newly purchased Kunming mice (KM; weight: 30 ± 2 g) were randomly divided into 6 groups (n=6 per group). The 
following groups were given intraperitoneal injections (injection volume: 0.3 mL): Control group (saline), CU group 
(dose: 60 mg/kg), PTX group (dose: 30 mg/kg), CU-PTX group (dose: CU: 60 mg/kg; PTX: 30 mg/kg), CU-PTX-LNP 
group (dose: CU: 360 mg/kg; PTX: 180 mg/kg), LNP group (dose: same as CU- PTX-LNP group equivalent). After 
administration, the mice were observed for their daily diet and mental status. On the 8th day of the experiment, all 
mice were executed, and three mice in each group were randomly selected to collect blood samples and test the 
biochemical parameters (ALT, AST, ALP, CREA, UA and UREA) reflecting liver and kidney function. Hematoxylin 
and eosin (HE) staining of the heart, liver, and kidney tissues of dissected mice allowed for pathological section 
analysis.

Pharmacokinetic Studies
All in vivo experimental protocols were approved by the Animal Care Committee of Southwest Medical University. 
Experiments were carried out in strict accordance with the guidelines of laboratory animal care adopted by the National 
Institutes of Health (Shanghai, China). Twelve clean-grade rabbits (1.0–1.5 kg) from the Animal Center of Southwest 
Medical University (license number for animal use: SYXK (Sichuan) 2018–065) were employed to study the effects of 
the combined drugs on pharmacokinetics. After adaptive rearing for one week, rabbits were randomly divided into two 
groups (6 animals per group) subjected to either intravenous injection of free CU-PTX (A) or CU-PTX-LNP (B). All 
animals were maintained in a state of fasting for 12 h before the experiment. The doses of CU and PTX used were 16 mg/ 
kg and 8 mg/kg and free drug suspensions were prepared with ethanol-hydrogenated castor oil (1:1, v/v). Blood samples 
were collected into heparinized 1.5 mL polythene tubes at 5, 10, 15, 30, 45, 60, 120, 240, 360, 480, 720, and 1440 min 
after dosing. Samples were immediately centrifuged for 3 min (5000 rpm) and the supernatant fractions (500 µL) 
transferred to a 10 mL centrifuge tube for further analysis.

In vivo Antitumor Assessment
First, 100 μL of tumor cell suspension (3 × 107 cells/mL) was inoculated into the left axilla of BALB/C nude mice. Then, 
the tumor-bearing nude mice were split into groups at random (n=6 per group). The medication intervention was started 
after the tumors reached a volume of approximately 100 mm3. The tumor-bearing nude mice received intraperitoneal 
injections of the following substances: (1) saline (Control group), (2) CU (16 mg/kg), (3) PTX (8 mg/kg), (4) CU-PTX 
(16 mg/kg CU; 8 mg/kg PTX;), (5) CU-PTX-LNP (16 mg/kg CU; 8 mg/kg PTX). Intraperitoneal injections were given to 
all groups every three days for 14 days. The body weight and tumor volume of all tumor-bearing nude mice were 
measured every 2 days. At the end of the administration, the nude mice were euthanized and the tumors were excised and 
weighed.

Table 2 Hemolysis Test Scheme

Number of  
Test Tube

CU-PTX-LNP  
(2:1) (mL)

0.9% Saline  
(mL)

Ultrapure Water  
(mL)

2% Hematocyte  
(mL)

1 0.1 2.4 0 2.5

2 0.2 2.3 0 2.5

3 0.3 2.2 0 2.5
4 0.4 2.1 0 2.5

5 0.5 2.0 0 2.5

6 0 2.5 0 2.5
7 0 0 2.5 2.5

8 0.5 2.0 0 0
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Statistical Analysis
All data were obtained using the SPSS 17.0 statistical package. Data were expressed as mean ± standard deviation (SD) 
in triplicate. Differences among multiple groups were determined using Student’s t-test or one-way ANOVA with a post- 
hoc test and considered statistically significant at P <0.05.

Results and Discussion
Construction and Optimization of CU-PTX-LNP
For cost saving purposes, single-factor investigations and optimization of the CU-LNP formulation were initially 
conducted. As shown in Figure 2, the preparation process (sonication temperature, sonication time and sonication 
intensity) of CU-LNP was optimized based on single factors. We observed an increase in EE and decrease in particle 
size with increasing temperatures (25–45°C). With increasing sonication times (5–10 min), particle size and PDI 
decreased and EE initially increased and subsequently decreased. After 7–10 min, we observed no significant differences 
in particle size, PDI or EE. In the range of 40–70%, EE reached maximum value at 50% ultrasonic intensity. 
Accordingly, the tentative optimal preparation process of CU-LNP was set at a rotary evaporation temperature of 
45°C, probe ultrasonic time of 7 min and ultrasonic intensity of 50%.

Taking the parameters EE, DL, and PDI as the inspection indicators, after comprehensive evaluation, the optimal 
doses of the main drugs (CU, PVPK15, and HSPC) were tentatively determined as 5, 10, and 60 mg, respectively. CU- 
LNP prepared under these conditions showed EE of 95.61 ± 0.82%, DL of 3.39 ± 0.30% and PDI of 0.179 ± 0.055. 
Sucrose was selected as the freeze-drying protective agent and the properties of CU-LNP before and after freeze-drying 
investigated based on particle size and PDI as indicators. Changes in particle size and PDI before and after lyophilization 
were minimal with the addition of 1% sucrose, which was thus selected as the cryoprotectant.

Figure 2 Single factor inspection. Influence of temperature (A), ultrasonic time (B), and ultrasonic intensity (C) on the EE, particle size, and PDI of CU-LNP. Influence of CU 
(D), PVPK15 (E), and HSPC (F) on the EE, DL, and PDI of CU-LNP. Influence on particle size (G) and PDI (H) of CU-LNP by cryoprotectants.
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On the basis of single-factor tests, three main factors affecting CU-LNP quality were identified, specifically, amounts 
of CU (A), HSPC (B), and PVPK15 (C). Comprehensive L9 (33) design experiments were conducted and nine prescrip-
tions determined. The formulations and results of EE, DL, and PDI determinations are shown in Table 3. Comparison of 
the effects of the three factors on EE, DL, and PDI via analysis of variance (Table 4) revealed that HSPC and CU 
contents had a significant influence (P <0.05). The optimal proportions of CU, HSPC, and PVPK15 in the formulation 
were determined as A3B3C2.

Three batches of different proportions of CU-PTX-LNP were generated using the optimized formulation and 
preparation process. The particle sizes, PDI, and zeta potential of the different CU-PTX-LNP combinations are presented 
in Table 5. The hydrodynamic sizes of CU-PTX-LNP synthesized in this study were 90–120 nm, which is within the 
optimal range for cellular uptake.39 Consequently, due to enhanced permeability and retention effects, these particles are 
easily able to aggregate in areas of tumor vasculature and passively target the tumor.40,41 Moreover, slight changes in 
nanoparticle size are reported to significantly affect drug release, in vivo biodistribution, and pharmacokinetics.42–44 For 
instance, Zhao et al45 showed that 100 nm NPs exhibit better pharmacokinetic efficacy than 500 nm NPs. Additionally, 
the renal filtration effect is a crucial component of blood purification. Nanoscale drug carriers bigger than 20 nm typically 

Table 3 L9 (33) Orthogonal Design Table

No. Factors EE (%) DL (%) PDI Y

A B C Y1 Y2 Y3

1 3 (1) 50 (1) 6 (1) 82.82 1.95 0.226 84.73

2 3 (1) 60 (2) 8 (2) 92.81 1.92 0.241 92.86
3 3 (1) 70 (3) 10 (3) 95.05 1.55 0.211 94.54

4 4 (2) 50 (1) 8 (2) 83.38 1.90 0.260 84.60

5 4 (2) 60 (2) 10 (3) 89.51 2.14 0.231 90.62
6 4 (2) 70 (3) 6 (1) 91.99 2.12 0.212 92.95

7 5 (3) 50 (1) 10 (3) 86.15 2.37 0.325 86.77
8 5 (3) 60 (2) 6 (1) 92.06 2.32 0.214 93.32

9 5 (3) 70 (3) 8 (2) 95.57 2.62 0.234 96.51

Table 4 Analysis of Variance in Orthogonal Test

No. Sum of Squares  
of Deviations

Mean  
Square

Free  
Degree

F value P

A 11.859 5.929 2 119.542 0.008

B 139.86 69.93 2 1409.879 0.001
C 1.539 0.769 2 15.51 0.061

Table 5 The Formulation of CU-PTX-LNP

F EE % Size (nm) PDI Zeta 
Potential

CU PTX

2:1 94.29 ± 3.61 92.73 ± 4.81 112.4 ± 6.90 0.224 ± 0.02 15.5 ± 0.50

5:1 95.84 ± 2.28 93.25 ± 2.46 105.9 ± 1.50 0.207 ± 0.03 15.5 ± 1.10

10:1 96.75 ± 1.87 95.42 ± 2.40 94.3 ± 4.80 0.247 ± 0.04 19.9 ± 1.90
20:1 97.41 ± 0.75 94.57 ± 3.55 94.3 ± 3.60 0.244 ± 0.04 18.7 ± 0.30

40:1 96.31 ± 1.90 98.64 ± 3.20 111.9 ± 2.90 0.197 ± 0.04 13.6 ± 0.20

80:1 97.44 ± 0.41 99.78 ± 3.40 108.7 ± 7.60 0.203 ± 0.03 16.8 ± 0.90

Abbreviation: F, Formulation.
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prevent rapid urine leakage, while those smaller than 200 nm avoid macrophage capture in the reticuloendothelial system 
(liver and spleen).46,47

The PDI of all CU-PTX-LNPs was <0.3, indicating a uniform size distribution favorable for drug delivery systems. 
Small sizes and uniform distribution of liposomes (< 200 nm) facilitate efficient internalization into tumor cells.48 

Moreover, the zeta potential of liposomes was positive. Positively charged nanoparticles effectively bind the surface of 
cancer cells to exert therapeutic effects, leading to inhibition of malignant cell growth.45,49 EE of CU-PTX-LNP 
(different proportions) was >90%. The collective data indicate that the lipid platform constructed with this preparation 
method successfully encapsulates CU and PTX at a range of proportions (between 2:1 and 80:1), supporting its utility as 
a universal carrier that can satisfy the combination drug requirements for a wide range of clinical applications.

Characterization of CU-PTX-LNP
TEM
Transmission electron microscopy was employed to characterize the morphology and dispersion of drug-loaded liposome 
platforms. The results showed an irregular spherical shape with uniform internal distribution and good dispersion 
(Figure 3A).

DSC
The polymorphs, transition states, and recrystallization behavior of colloidal lipid nanoparticle-loaded systems can be 
effectively determined by measuring the melting point and energy changes during phase transition with the aid of DSC. 
Accordingly, we evaluated the melting behavior of liposomes and the physical states of constituent CU and PTX. The 
phase transition peak of CU appeared at ~185°C and that of PTX at ~220°C (Figure 3B). The curves of CU-PTX-LNP 
and blank LNP almost overlapped and phase transition peaks of CU and PTX disappeared, indicating that CU and PTX 
exist in an amorphous state in the hydrophobic core of liposome platforms.

XRD
As shown in Figure 3C, CU and PTX displayed sharp diffraction peaks, suggestive of a crystalline state. CU displayed 
pronounced characteristic diffraction peaks in the range of 10°–50° and PTX in the field of 10°–30°. Both CU-PTX-LNP 
and blank LNP displayed smooth diffraction peaks at around 21° and the characteristic diffraction peaks of CU and PTX 
disappeared, indicating successful encapsulation of CU and PTX in liposome platforms. The hydrophobic inner core 
existed in an amorphous state, consistent with the results obtained with DSC.

Figure 3 Characterization of CU-PTX-LNP. (A) TEM image of CU-PTX-LNP (scale bar: 100 nm). (B) DSC pattern of CU, PTX, LNP, and CU-PTX-LNP. (C) XRD pattern of 
CU, PTX, LNP, and CU-PTX-LNP.
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Synergistic Effects of CU-PTX-LNP
This research further evaluated the in vitro drug safety and antitumor efficacy of free drugs and combination regimens 
using drug-sensitive cancer cell lines (Figures 4–7). The cytotoxicities of free CU, PTX and CU-PTX solution, blank 
liposome, and CU-PTX-LNP suspension against LO2, HepG2, and SMMC-7721 cells were measured, with 0.5% DMSO 
as the control. As expected, treatment with 0.5% DMSO or blank liposomes (control groups) had no significant effects on 
viability of the three cell lines (data not shown).

LO2, HepG2, and SMMC-7721 cells were exposed to solutions of free CU, PTX, different ratios of CU-PTX and 
CU-PTX-LNP suspension for 48 h. According to the intervention effect of drugs on LO2 cells, the toxicity of different 
groups of drugs to normal human cells can be preliminarily speculated. The IC50 values of free PTX and CU solutions for 
LO2 were 11.39 ± 0.56 and 54.00 ± 1.99 µg/mL, respectively. As shown in Figures 4, 7A1 and A2, the IC50 values of 
CU-PTX-LNP for LO2 were all higher (except at ratios of 2:1 and 5:1) compared to free CU solution, indicating lower 
cytotoxicity of the CU-PTX-LNP platform (at ratios of 10:1, 20:1, 40:1, and 80:1). Heger et al50 reported high safety of 
CU as a food additive with no apparent side-effects, even at a dose of 12 g/d. In view of these findings, it is reasonable to 
speculate that the CU-PTX-LNP formulation (10:1, 20:1, 40:1, and 80:1) has a relatively high safety performance.

To determine the inhibitory effects of CU and PTX in the free and liposomal vesicle forms on HepG2 and SMMC- 
7721 hepatoma cells, dose-response experiments were initially conducted. Following intervention for 48 h, individual 
treatments resulted in inhibition of HepG2 and SMMC-7721 cell growth in a dose-dependent manner, as shown in 
Figures 5 and 6. In addition, both cell lines showed higher sensitivity to the formulation at different combination ratios 
compared with free drugs at the same concentrations. As depicted in (Figure 7B1 and C1), the IC50 value of free PTX 
was higher than different proportions of CU-PTX in both HepG2 (2:1, 5:1, 10:1, 20:1, 40:1, 80:1) and SMMC-7721 (2:1, 
10:1, 20:1, 40:1) by 4.29 to 332.7 folds. The CU-PTX combination at specific ratios (2:1, 40:1, 80:1 in HepG2 and 2:1, 
10:1, 20:1, 40:1 in SMMC-7721) showed lower IC50 values than free CU solution (Figure 7B2 and C2). These data 
indicate that combination of CU and PTX can effectively enhance the inhibitory effects of free CU and PTX solutions in 
HepG2 and SMMC-7721 cells. Based on considerable previous research, it is reasonable to speculate that this finding is 
related to CU-induced transformation of the tumor microenvironment, suppression of the occurrence and metastasis of 
tumors, downregulation of P-gp expression, and marked inhibition of NF-κB in a dose-dependent manner.14–16 In 
addition, the IC50 values of all CU-PTX-LNP groups were lower (1.47–6.99 folds) than the CU-PTX groups among 

Figure 4 Inhibition rate (%) of CU, PTX, and different ratios of CU-PTX and CU-PTX-LNP to LO2 at 48 h. (A) CU:PTX=2:1; (B) CU:PTX=5:1; (C) CU:PTX=10:1; (D) CU: 
PTX=20:1; (E) CU:PTX=40:1; (F) CU:PTX=80:1.
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the six combination regimens, signifying better concentration-dependent cytotoxicity (P <0.05). These findings indicate 
that our preparations of nanoliposomes effectively optimized the cancer cell killing efficiency of CU-PTX groups. The 
known mechanisms of particle uptake include phagocytosis, liquid-phase endocytosis, and receptor-mediated endocy-
tosis. The primary internalization mechanism for particles 100 nm in size is endocytosis, supporting liposome distribution 
into the cytoplasm and nucleus. Liposomes with particle sizes smaller than 200 nm are efficiently internalized into tumor 
cells,51 which could explain why the CU-PTX preparations generally exerted a more substantial inhibitory effect on liver 
cancer cells. Overall, the IC50 values for HepG2 and SMMC-7721 cells of the different treatment groups were in the 
following order: CU-PTX-LNP < CU-PTX < CU < PTX.

For further clarification of the combined effects of the two drugs, the median-effect method was utilized. As shown in 
Figure 7B, CI values of different proportions of CU-PTX were <1 in HepG2 and SMMC-7721 cells, indicating that 
combined administration of CU and PTX exerts a synergistic effect. Surprisingly, CI of CU-PTX-LNP in all groups was 
<0.5, which was lower than that of CU-PTX at the same proportion, suggesting that the liposome platform substantially 
enhanced the inhibitory effect of CU-PTX on liver cancer cell growth. The CI values of CU-PTX (<0.6) and CU-PTX- 
LNP (<0.4) were lower in HepG2 cells.

Long-Term Stability
Particle size and PDI of freeze-dried CU-PTX-LNP (2:1) and CU-PTX-LNP (10:1) were determined as 110.5 ± 4.1 nm, 
0.220 ± 0.021 and 96.8 ± 0.5 nm, 0.174 ± 0.011, while EE of CU and PTX were 95.99 ± 3.98%, 95.76 ± 3.55% and 96.19 
± 4.16%, 94.79 ± 3.42%, respectively (Table 6 and 7). Following storage in a sealed and dark place at 4°C for 2 months, 
particle size and PDI of the two LNPs were 162.1 ± 5.1 nm, 0.285 ± 0.026 and 100.7 ± 0.7 nm, 0.146 ± 0.012, while EE 
of CU and PTX were 95.36 ± 3.48%, 94.16 ± 3.57% and 93.45 ± 4.40%, 94.46 ± 2.77%, respectively. Under conditions 
of sealing and storage at 4°C in the dark, lyophilized liposome powder appeared loose and uniform yellow in color with 
a slight increase in particle size. However, EE and PDI values were not significantly changed over the storage period. 
These findings indicate that CU-PTX-LNP preparations at different drug ratios could be stably stored for at least two 
months under the above conditions.

Figure 5 Inhibition rate (%) of CU, PTX, and different ratios of CU-PTX and CU-PTX-LNP to HepG2 at 48 h. (A) CU:PTX=2:1; (B) CU:PTX=5:1; (C) CU:PTX=10:1; (D) 
CU:PTX=20:1; (E) CU:PTX=40:1; (F) CU:PTX=80:1.
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In vitro Release
Cumulative release of CU-PTX-LNP (2:1) for 96 h in vitro is depicted in Figure 8. Data from the chart show that the 
release amount of CU gradually increased, with a cumulative release amount of about 60% within 96 h. Over this time 
period, release of PTX also steadily accelerated, with an incremental release of up to 90%. The cumulative release rate of 
CU-PTX-LNP was mathematically fitted to zero-order, first-order and Higuchi equations, and the correlation coefficient 
R calculated. A closer value of R to 1 indicates greater consistency with the release equation. A specific correlation 
between the release degree and time was observed using the above models (Table 8). In vitro release of CU-PTX-LNP 
was predominantly in line with the Higuchi release equation, one of the primary modes of sustained-release preparations, 
signifying that the release mechanism of nanoparticles was mainly diffusion. The results suggest that CU-PTX-LNP 
prepared using this method shows satisfactory behavior with no sudden release phenomenon, leading to slow and 
effective release of the drug.

Safety Evaluation
Hemolytic Test in vitro
As shown in Table 9 and Figure 9, the sample in Tube 6 (negative control) did not show hemolysis while that in Tube 7 
displayed 100% hemolysis. In Tubes 1–5, erythrocytes were deposited at the bottom of the test tube with no evidence of 
prominent hemolysis. This phenomenon occurs because erythrocytes do not hemolyze under normal conditions while 

Figure 6 Inhibition rate (%) of CU, PTX, and different ratios of CU-PTX and CU-PTX-LNP to SMMC-7721 at 48 h. (A) CU:PTX=2:1; (B) CU:PTX=10:1; (C) CU: 
PTX=20:1; (D) CU:PTX=40:1.
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severe hemolysis occurs in hypotonic medium. The highest hemolysis rate of each lipid nanoparticle was 3.17 ± 0.56%, 
supporting the biocompatibility of LNPs prepared in this experiment.

In vivo Acute Toxicity
Mice in the PTX group started exhibiting negative clinical symptoms such as unstable gait, impaired mobility, and 
lowering body temperature right away after injection. All mice in this group perished one by one within 6 h, and the first 

Figure 7 (A) IC50 values of PTX, CU, and different ratios of CU-PTX and CU-PTX-LNP on LO2 (PTX: A-1; CU: A-2), HepG2 (PTX: A-3; CU: A-4), and SMMC-7721 (PTX: 
A-5; CU: A-6) cells at 48h. (B) CI of CU-PTX and CU-PTX-LNP at different groups to HepG2 cells (B-1) and SMMC-7721 cells (B-2). 
Notes: P <0.05, there was a significant difference compared with PTX or CU solution (a*), or the same drug proportion of CU-PTX (b*). 
Abbreviation: Fa, Fraction affected.
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death occurred at 0.5 h. Presumably, the extreme allergy and cardiotoxicity brought on by free PTX and the combined 
solvent (hydrogenated castor oil and anhydrous ethanol) caused this rapid death.52 Within three days of the drug’s 
treatment, all of the mice in the CU-PTX group passed away. The mice also showed decreased activity, decreased diet 
and water intake, decreased body weight, and hair loss. It is noteworthy that the presence of CU extends the time that 
mice survive relative to the PTX group. Only one mouse perished in the CU group on the third day following treatment, 
which may have been brought on by the use of mixed solvents. The mice in the CU-PTX-LNP, LNP, CU, and Control 
groups also exhibited normal dietary and water intake, mental state, and a modest rise in body weight.

As indicated in Table 10, the biochemical parameters of liver and kidney function assessed in the Control, LNP, CU, 
and CU-PTX-LNP groups fluctuated within the normal range. The AST of mice in the PTX and CU-PTX groups were 
higher than the normal reference range (60.0–220.0 U/L), with the PTX group’s results being higher than the CU-PTX 
group’s. Moreover, ALT in the PTX group exceeded the typical reference range (30.0–110.0 U/L). Elevated levels of 

Table 6 Stability of the CU-PTX-LNP (2:1) Freeze-Dried Powder

Time(Month) EE (%) Size (nm) PDI

CU PTX

0 95.99 ± 3.98 95.76 ± 3.55 110.5 ± 4.1 0.220 ± 0.021

1 95.89 ± 0.95# 95.78 ± 5.03# 141.0 ± 11.0 0.219 ± 0.027#

2 95.36 ± 3.48# 94.16 ± 3.57# 162.1 ± 5.1 0.285 ± 0.026#

3 82.72 ± 6.91 78.73 ± 4.39 183.6 ± 6.1 0.372 ± 0.032

Note: #Compared with month 0, P >0.05.

Table 7 Stability of CU-PTX-LNP (10:1) Freeze-Dried Powder

Time(Month) EE (%) Size (nm) PDI

CU PTX

0 96.19 ± 4.16 94.79 ± 3.42 96.8 ± 0.5 0.174 ± 0.011
1 95.57 ± 1.03# 94.98 ± 1.23# 107.4 ± 0.7# 0.167 ± 0.006#

2 93.45 ± 4.40# 94.46 ± 2.77# 100.7 ± 0.7# 0.146 ± 0.012#

3 94.23 ± 0.42# 93.49 ± 2.34# 102.0 ± 3.5# 0.164 ± 0.008#

Note: #Compared with month 0, P >0.05.

Figure 8 Cumulative release rate (%) in vitro of CU and PTX for 96 h.
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ALT and/or AST suggested decreased liver function in the PTX and CU-PTX groups, and the data suggested that the liver 
function abnormalities were more severe in the PTX group mice. These findings demonstrated that the liver’s normal 
biochemical enzymology was disturbed.53

As shown in Figure 10, the heart, liver and kidney section images of mice in the Control, LNP and CU-PTX-LNP 
groups did not demonstrate pathological damage. The PTX group, CU-PTX group, and CU group showed localized 
strong eosinophilic changes in cardiomyocytes with blurred myofibrillar transverse lines and increased macrophages and 
mononuclear-like inflammatory cells. In contrast to the CU group, which showed no obvious injury, the PTX and CU- 
PTX groups of mice displayed enlarged renal tubular epithelial cells along with vacuolar degeneration and a slight 

Figure 9 The hemolysis of CU-PTX-LNP (2:1).

Table 8 Model Fitting Results of CU-PTX-LNP

Release Model CU PTX

Equation R Equation R

Zero-order equation Mt=0.56t + 6.44 0.9362 Mt=0.80t + 18.72 0.8753

First-order equation Mt=56.71(1-e−0.03t) 0.9258 Mt=73.39(1-e−0.07t) 0.8017
Higuchi equation Mt=5.70t1/2 - 1.24 0.9756 Mt=8.26t1/2 + 7.23 0.9545

Table 9 The Result of Hemolysis Testing of CU-PTX-LNP (2:1)

Number of the 
Test Tube

CU-PTX-LNP 
(2:1) (mL)

0.9% Saline 
(mL)

Ultrapure 
Water (mL)

2% Hematocyte 
(mL)

Hemolysis 
(%)

1 0.1 2.4 0 2.5 0.57±0.57

2 0.2 2.3 0 2.5 3.17±0.56
3 0.3 2.2 0 2.5 2.02±0.75

4 0.4 2.1 0 2.5 1.06±0.72

5 0.5 2.0 0 2.5 2.11±0.43
6 0 2.5 0 2.5 0.00

7 0 0 2.5 2.5 100.00
8 0.5 2.0 0 0 –
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interstitial congestion in the kidney. Of interest, pictures of liver sections from mice in the PTX group showed enlarged 
hepatocytes with poor contour and increased Kupffer cells in the hepatic sinusoids. CU-PTX group showed a small 
number of hepatocytes with enhanced eosinophilia in the marginal zone of the hepatic lobules, whereas no significant 
injury was seen in the CU group. Usually, high doses of paclitaxel are closely associated with hepatotoxicity, 
nephrotoxicity and cardiotoxicity in preclinical studies and clinical settings,54–56 and the use of mixed solvents may 
likewise lead to serious side effects,57,58 including hypersensitivity reactions, nephrotoxicity, cardiotoxicity and neuro-
toxicity, which explains the cases of cardiac, hepatic and renal damage in the images of organ sections of mice in the 
PTX group, CU-PTX group and CU group. According to the findings of investigations on acute toxicity, both CU-PTX- 
LNP and blank LNP appear to have good safety profiles in mice.

Pharmacokinetic Studies
The profiles of PTX and CU concentrations in plasma versus time are depicted in Figure 11. After 480 minutes of 
administration, free CU and PTX could not be detected while CU-PTX-LNP was detectable in plasma after 1440 
minutes, clearly indicating that CU-PTX-LNP has a longer systemic circulation time. Pharmacokinetic parameters are 
presented in Table 11. CU-PTX-LNP exhibited higher MRT(0-t) (CU:4.13-fold, PTX:4.61-fold) and t1/2z (CU: 1.83- 
fold, PTX: 2.28-fold) compared with free CU-PTX. These results demonstrate that CU-PTX-LNP prolongs the 
retention times of active CU and PTX in vivo. On the one hand, the drugs can be protected from dilution, degradation 
or inactivation in circulation by incorporated into liposomes.46 On the other hand, studies have found that pluronics 
modified liposomes exhibit enhanced stability and prolonged release behavior.47,48 This may explain the extended 
MRT(0-t) and t1/2z of CU-PTX-LNP. Besides, plasma levels of CU showed lower Clearance rate (CLz) in CU-PTX- 
LNP, suggesting that the CU-PTX-LNP reduces CLz of CU, increasing MRT(0-t), and thereby enhancing its absorption 
in vivo.

In vivo Antitumor Investigation
The in vivo antitumor activity of CU-PTX-LNP was assessed by using nude mice bearing HepG2 tumor cells. The 
weight changes and tumor growth profiles of nude mice are shown in Figure 12 B and C, while the tumor weights and 

Table 10 The Results of Liver and Kidney Function Tests ( �� � s, n=3)

Parameters Control LNP CU PTX CU-PTX CU-PTX-LNP

ALP(U/L) 300.70±20.80 221.80±25.69 138.37±11.45 323.53±25.86 195.43±13.31 237.87±22.28
ALT(U/L) 57.00±17.72 46.30±1.98 44.15±5.55 117.50±23.84 48.13±3.31 74.23±16.07

AST(U/L) 142.07±35.44 102.27±13.78 189.8±18.77 591.13±74.88 375.93±47.13 153.30±20.54

CREA(μmol/L) 18.27±3.72 15.53±2.10 28.03±3.63 27.93±7.96 21.70±1.69 24.80±3.11
UA(μmol/L) 44.93±7.35 35.37±3.42 47.33±7.47 46.27±6.55 48.23±5.76 46.97±9.73

UREA(mmol/L) 7.28±0.40 7.03±0.84 7.22±0.15 19.25±2.98 9.93±0.35 9.71±0.43

Figure 10 Histological sections of the heart, liver and kidney of KM mice treated with different drugs.
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tumor photographs are shown in Figure 12A and D. Throughout the experiment, PTX group and CU-PTX nude mice 
showed adverse manifestations such as decreased activity, reduced diet and water intake, and lethargy, while the nude 
mice in other groups were vigorous and behaved normally. The body weight of nude mice in the Control, CU, and CU- 
PTX-LNP groups did not change much and fluctuated within a certain range during the administration period, while it 
continuously decreased in the PTX and CU-PTX groups, indicating the use of PTX and mixed solvents (hydrogenated 
castor oil and anhydrous ethanol) caused clear side effects,59,60 which was in line with the findings of acute toxicity 
experiments.

As shown in Figure 12C, the tumor volume in the Control group increased rapidly during the experiment, especially 
the tumor growth rate accelerated rapidly after 7 days. In contrast, the CU group, PTX group, CU-PTX group, and CU- 
PTX-LNP group all showed limited tumor growth. In the later period, the CU-PTX combination group outperformed the 
PTX group in terms of slower tumor volume growth. Notably, the tumor volume growth was minimal in the CU-PTX- 
LNP administration group, which was consistent with the tumor suppression rate determined from the actual tumor 
weight at the conclusion of the trial. Specifically, the tumor suppression rates in each group were 26.78±8.49% (CU 
group); 51.33±3.56% (PTX group); 61.86±9.34% (CU-PTX group); and 64.18±6.42% (CU-PTX-LNP group). According 
to the aforementioned findings, CU can somewhat increase PTX’s anti-hepatocellular carcinoma efficacy. And CU-PTX- 
LNP, which uses a biocompatible lipid platform as the drug carrier, exhibits potential efficacy. Besides, the CU-PTX- 
LNP group showed no significant side effects, indicating that it was safer than PTX and CU-PTX administered with 
mixed solvents and exhibited superior tumor growth inhibition at the same dose.

Figure 11 The CU and PTX concentration curves of CU-PTX (2:1) and CU-PTX-LNP (2:1).

Table 11 Pharmacokinetic Parameters of CU-PTX (2:1) and CU-PTX-LNP (2:1)

Parameter Unit CU-PTX (2: 1) CU-PTX-LNP (2: 1)

CU PTX CU PTX

AUC(0-t) mg/L·min 64.216 271.689 64.048 199.689

MRT(0-t) min 60.198 68.556 259.66 315.828
t1/2z min 673.859 207.159 1236.423 471.825

Tmax min 5 5 5 5

Vz L/ kg 214.853 8.601 323.065 25.338
CLz L/min/kg 0.221 0.029 0.181 0.037

Cmax mg/L 2.9414 11.6507 2.5950 2.6851
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Conclusion
CU-PTX-LNP over a wide range of mass ratios was successfully constructed with high EE, ideal particle size, and PDI. 
Under the assumption of effective synergistic drug delivery, different ratios of the combined CU and PTX showed 
varying degrees of synergistic effects in the cytotoxicity assays. Additionally, CU-PTX-LNP demonstrated enhanced 
pharmacokinetics, good biosafety profile, and antitumor activity in vivo. In conclusion, development of CU-PTX-LNP as 
a general co-delivery platform provides a preliminary strategy to support the industrial production of an effective CU- 
PTX combined drug delivery system in the future.
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