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liposomal co-delivery system with ginsenoside Rh2
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ABSTRACT
Annonaceous acetogenins (ACGs) have potent anti-tumor activity, and the problems of their low 
solubility, hemolysis, and in vivo delivery have been solved by encapsulation into nanoparticles. However, 
the high toxicity still limits their application in clinic. In this paper, the co-delivery strategy was tried to 
enhance the in vivo anti-tumor efficacy and reduce the toxic effects of ACGs. Ginsenoside Rh2, a naturally 
derived biologically active compound, which was reported to have synergistic effect with paclitaxel, was 
selected to co-deliver with ACGs. And due to its similarity with cholesterol in chemical structure, the 
co-loading liposomes, (ACGs  +  Rh2)-Lipo, were successfully constructed using Rh2 instead of cholesterol 
as the membrane material. The obtained (ACGs  +  Rh2)-Lipo and ACGs-Lipo had similar mean particle 
size (about 80 nm), similar encapsulation efficiency (EE, about 97%) and good stability. The MTS assay 
indicated that (ACGs  +  Rh2)-Lipo had stronger toxicity in vitro. In the in vivo study, in contrast to 
ACGs-Lipo, (ACGs  +  Rh2)-Lipo demonstrated an improved tumor targetability (3.3-fold in relative tumor 
targeting index) and significantly enhanced the antitumor efficacy (tumor inhibition rate, 72.9  ±  5.4% vs. 
60.5  ±  5.4%, p  <  .05). The body weight change, liver index, and spleen index of tumor-bearing mice 
showed that Rh2 can attenuate the side effects of ACGs themselves. In conclusion, (ACGs  +  Rh2)-Lipo 
not only alleviated the toxicity of ACGs to the organism, but also enhanced their anti-tumor activity, 
which is expected to break through their bottleneck.

1.  Introduction

Annonaceous acetogenins (ACGs) are a class of long-chain 
fatty acid lactones derived from the seeds of Annona squa-
mosa, and have potent anti-tumor activity and ability to 
reverse multidrug resistance, which received widespread 
attention (Aguilar-Hernández et  al., 2020; Manoharan et  al., 
2023). The powerful anti-tumor activity of ACGs stems from 
their unique anti-tumor mechanism. By acting on mitochon-
dria in cells, ACGS inhibits NADH-ubiquinone oxidoreductase 
in the mitochondrial respiratory chain, making electron trans-
fer blocked and unable to produce the energy-supplying sub-
stance ATP, thus cutting off the energy source of cells (Ohta 
et  al., 2022; Schiller & Zickermann, 2022). This particular 
mechanism of action has a great impact on the rapidly pro-
liferating tumor cells. Our research team prepared dozens of 
ACGs-loaded regular and long-circulating nanoparticles using 
amphiphilic polymer materials, which demonstrated improved 
solubility and enhanced anti-tumor activity, and solved the 
problem of low solubility, hemolysis and difficulty of in vivo 
delivery for ACGs (Hong, Li, Li, et  al., 2016; Hong, Li, Xiao, 
et  al., 2016; Hong et  al., 2017; Li et  al., 2018). However, the 

main problems currently limiting the widespread use of ACGs 
are their high toxicity. For some tumor types, low doses of 
chemotherapy drugs could not effectively inhibit tumor 
growth, but at high doses, they could easily lead to death of 
tumor-bearing mice. Screening for tumor cell lines that are 
extremely sensitive to ACGs or by combination administra-
tion can help reduce the dose administered and mitigate 
side effects, which is expected to address the barriers that 
limit the clinical application of ACGs.

The occurrence and progression of cancer often involve 
multiple signaling pathways and multiple targets. In the 
treatment process, monotherapy can achieve good curative 
effect in the early stage, but in the later stage, the tumor will 
activate the resistance mechanism and lead to the occur-
rence of drug resistance (Han et  al., 2023). Besides, the che-
motherapy drugs are mostly cytotoxic drugs, which will cause 
more serious side effects (Deepak et  al., 2023; Peña-Corona 
et al., 2023). Therefore, combined administration has attracted 
more and more attention in anti-tumor research, which can 
not only reduce the occurrence of drug resistance, improve 
therapeutic efficacy, but also reduce the incidence of side 
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effects by acting on multiple targets (Li et  al., 2023; Nguyen 
et  al., 2023; Silva et  al., 2023). Our research group has 
attempted to combine liver-protective drugs (such as glycyr-
rhizin, glycyrrhetinic acid, oleanolic acid, diammonium glycyr-
rhizinate, silymarin, and puerarin) to counteract the toxic 
effect of ACGs, but no combination has been found that can 
reduce the toxicity while maintaining the efficacy, and the 
combination almost invariably significantly reduced the 
anti-tumor effect of ACGs in vivo and in vitro. Searching for 
chemotherapeutic drugs or non-cytotoxic drugs that have 
synergistic effect with ACGs can bring new ideas for the use 
of ACGs in oncology treatment.

Ginsenosides derived from the Chinese traditional medi-
cine ginseng, have biological activities such as anti-tumor, 
immune regulation, treatment of nervous system diseases and 
cardiovascular diseases (Huang et  al., 2021; Lu et  al., 2023; 
Peng et  al., 2023; Wang et  al., 2023), among which anti-tumor 
activity has been confirmed by a large number of studies (Jin 
et  al., 2018; Lyu et  al., 2019; Chen et  al., 2021), and ginseno-
side Rg3 has been clinically used in the synergistic treatment 
of liver cancer and lung cancer. There are also many studies 
on ginsenosides combined chemotherapy drugs. Rg1 can 
effectively reduce the cardiotoxicity of doxorubicin (DOX) and 
enhance its inhibitory effect on 4T1 cells by self-assembly 
loading of DOX (Li et  al., 2021). Rd can reverse the resistance 
of non-small cell lung cancer A549 cells to cisplatin (Chian 
et  al., 2019). In addition, ginsenosides are triterpenoid sapo-
nins with skeleton structure similar to cholesterol, which can 
be used to replace cholesterol as membrane material to pre-
pare liposomes loaded with chemotherapy drugs (Hong et  al., 
2020; Zhu et  al., 2021; Xia et  al., 2022). The cholesterol-free 
liposomes co-loaded with ginsenoside Rh2 and paclitaxel 
(PTX) prepared by Hong et  al. (2020) displayed four advan-
tages compared to conventional liposomes: (1) the stability of 

the liposomes was ensured while avoiding cholesterol-induced 
disadvantages such as hyperlipidemia and pulmonary hyper-
tension; (2) the glucose contained in the Rh2 structure could 
reduce the phagocytosis of mononuclear phagocyte system 
(MPS) and prolong the blood circulation time; (3) the glucose 
exposed on the surface of liposomes can be recognized and 
bind with glucose transporters highly expressed on the sur-
face of tumor cells, thus enhancing the uptake of drug-loaded 
liposomes by tumor cells; (4) Rh2 can reshape the tumor 
microenvironment and reverse the immunosuppressive effects.

In the study, U87 MG, a tumor cell line that is extremely 
sensitive to ACGs, was first screened with a half inhibitory 
concentration (IC50) value of ng/mL level, which is expected 
to maintain strong anti-tumor activity at lower doses. 
Subsequently, Rh2 instead of cholesterol was loaded with 
ACGs to construct co-loaded liposomes, and anti-tumor stud-
ies on U87 MG cells were conducted in vivo and in vitro. The 
results demonstrated that ACGs and Rh2 have good synergis-
tic anti-tumor activity, and co-loaded liposomes enhanced 
anti-glioma activity and tumor targeting ability, and reduce 
the toxic effects of ACGs (Scheme 1).

2.  Materials and methods

2.1.  Materials

ACGs were obtained from Professor Jianyong Si’s laboratory 
(Institute of Medicinal Plant Development (IMPLAD), Beijing, 
China). Rh2 was purchased from Nanjing Spring & Autumn 
Biotech Co., Ltd. (Nanjing, China). Soybean phospholipids 
(SPCs) were provided by Shenyang Tianfeng Biological 
Pharmaceutical Co., Ltd. (Shenyang, China). Cholesterol was 
purchased from Shanghai Yuanye Bio-Technology Co., Ltd. 
(Shanghai, China). 1,1-Dioctadecyl-3,3,3,3-tetramethylindotrica

Scheme 1.  Schematic illustration of a novel liposomal co-delivery system with ginsenoside Rh2 for enhancing anti-glioma activity and attenuate systemic toxicity 
(all details on the picture were created by the author Hui Ao).
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rbocyanine iodide (DiR) was supplied by AAT Bioquest Inc. 
(Sunnyvale, CA). Temozolomide (TMZ) was purchased from 
Dalian Meilun Biological Technology Co., Ltd. (Dalian, China). 
All the other reagents were of analytical grade or higher. The 
water used was deionized in the research.

2.2.  Cell lines and animals

U87 MG cell lines (RRID: CVCL_0022) were supplied by China 
infrastructure of cell line resource and cultured in MEM 
medium supplemented with 10% fetal calf serum (FBS) and 
100 U/mL penicillin and streptomycin (Gibco, St. Louis, MO) 
with 5% CO2 (Thermo 311, Waltham, MA) at 37 °C.

Thirty-five female BALB/c nude mice (20  ±  2 g, 6–8  weeks 
old) were purchased from Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). All mice were cared 
according to the feeding standards for experimental animals. 
All animal experiments were performed with reference to the 
protocol for animal experiments as defined by the Institute of 
Medicinal Plant Development (IMPLAD), Beijing, China. Ethical 
approval for this study was granted by the ethics committee 
of IMPLAD.

2.3.  Preparation of ACGs-Lipo

ACGs-Lipo was prepared by stirring-dropping method and 
the optimal formulation was the mass ratio of 30:5:2 
(SPC:cholesterol:ACGs) with the concentration of SPC being 
10 mg/mL. In detail, the mixture of SPC, cholesterol and ACGs 
was co-dissolved in 2 mL anhydrous ethanol and injected into 
deionized water under stirring condition (300 rpm/min, 
Shanghai Sile Instrument Co., Ltd., Shanghai, PR China) at 
25 °C. After infusion, the solution was continued to stir for 
2.5 h, and ACGs-Lipo was obtained after the organic solvent 
was removed by evaporation at 45 °C.

2.4.  Preparation of (ACGs  +  Rh2)-Lipo

The method of thin-film dispersion combined with probe son-
ication was used to prepare (ACGs  +  Rh2)-Lipo. The detailed 
operations were as follows: 45 mg SPC, 12 mg Rh2, and 2 mg 
ACGs were co-dissolved in 5 mL ethanol, followed by evapora-
tion at 45 °C for 15 min to form a dry film. Then, the film was 
hydrated with 3 mL deionized water, and the mixture was per-
formed to a probe sonication for 15 min at 475  W (1 s on, 1 s 
off, Ningbo Xinzhi Biotechnology Co., Ltd., Ningbo, PR China) 
to obtain (ACGs  +  Rh2)-Lipo. The preparation of Rh2-Lipo was 
the same as (ACGs  +  Rh2)-Lipo, only without ACGs.

Fluorescent probe DiR labeled liposomes were prepared 
in accordance with the preparation method of correspond-
ing liposome described above, except appropriate DiR was 
added to organic solvents.

2.5.  Characterization of liposomes

Based on dynamic light scattering (DLS), the mean size, 
polydispersity index (PDI), and zeta potential of liposomes 
was measured by the Zetasizer Nano ZS instrument (Malvern 

Instruments, Malvern, UK) at 25 °C in triplicate and with 
12 runs.

The morphological characteristics of liposomes were eval-
uated by a JEM-1400 transmission electron microscope (TEM; 
JEOL, Tokyo, Japan) after seven times dilution with deionized 
water and stained with 2% uranium acetate.

The drug-loading content (DLC) and encapsulation effi-
ciency (EE) were calculated based on the total mass of lipo-
somes, the total mass of ACGs and free ACGs in liposomes. 
The weight of lyophilized powder of liposomes was the total 
mass of liposomes. The supernatant was taken for 
high-performance liquid chromatography (HPLC) analysis to 
obtain the total ACGs in ACGs-Lipo and (ACGs  +  Rh2)-Lipo 
after diluted 10 times with chromatographic methanol and 
centrifuged at 13,000 rpm for 10 minutes. 0.4 mL ACGs-Lipo 
and (ACGs  +  Rh2)-Lipo were placed in the Ultracentrifugal 
filter (NMWL 10 k, Millipore, Billerica, MA), then centrifuged at 
13,000 rpm for 30 minutes, respectively. The filtrate was used 
for HPLC analysis to obtain free ACGs in the liposomes. DLC 
and EE were calculated according to the following equations:

	 DLC % 100%( ) −
= ×
W W

W

t f 	 (1)

	 EE % 100%( ) −
= ×
W W

W

t f

t

	 (2)

where W is the weight of the lyophilized powder, and Wt and 
Wf are the weight of total ACGs and free ACGs in liposomes, 
respectively.

2.6.  HPLC analysis of Rh2 and ACGs

High-performance liquid chromatography (HPLC, DIONEX 
Ultimate 3000, Sunnyvale, CA) was used to accurately deter-
mine the content of Rh2 and ACGs in liposomes with the 
same chromatographic column (Venusil XBP C18 (L), 4.6 mm 
× 250 mm, 5 μm) at 25 °C. As the most main component in 
ACGs, squamocin was used as a quantitative indicator for the 
determination of ACGs with the detection wavelength being 
208 nm. The mobile phase consisted of 0.3% phosphoric acid 
solution and acetonitrile (3:7, v/v) with 1.0 mL/min of the 
flow rate (Ao et  al., 2021). The mobile phase was composed 
of acetonitrile and water (v/v 63/37) with 1.0 mL/min of the 
flow rate and 203 nm of the detection wavelength for the 
determination of Rh2.

2.7.  The stability of liposomes

The liposome solution was mixed with 1.8% NaCl solution 
and 10% glucose solution at a volume ratio of 1:1, and mixed 
with PBS, artificial gastric juice, artificial intestinal juice and 
plasma at a volume ratio of 1:4. The particle size of the 
obtain six mixed solutions was measured as the initial parti-
cle size for 0 h. Then, the six mixed solutions were incubated 
at 37 °C, and observed for turbidity, precipitation and other 
visible changes at the set time point, and the particle size 
was measured by sampling. The above experiment was 
repeated three times.
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2.8.  In vitro release behavior

To simulate the release behavior of ACGs in vivo, PBS (pH = 
7.4, 0.1 mol/L) was used as a release medium. Three aliquots 
of ACGs-Lipo and (ACGs  +  Rh2)-Lipo (3.0 mL, 0.8 mg/mL, cal-
culated by ACGs) was placed into dialysis bags with a molec-
ular weight cut-off of 8000–10,000 (Spectrum Labs, Rancho 
Dominguez, CA) and dialyzed against 1 L PBS at 37 °C with 
stirring at 200 rpm. At specific timepoints, 50 μL dialysate was 
sampled and replaced with an equal volume of fresh PBS. 
The release medium was updated every day. ACGs content in 
the dialysate was determined by HPLC after centrifugation at 
13,000 rpm for 10 min.

2.9.  The evaluation of in vitro cytotoxicity

The in vitro cytotoxicity of the liposomes and the synergistic 
inhibition of ACGs and Rh2 were determined by MTS kit 
(Promega, Madison, WI). 0.1 mL U87 MG cells suspension was 
dispersed in 96-well plate (5  ×  106 cells/well) and incubated at 
37 °C. After 24 hours, the supernatant was replaced by 0.15 mL 
different concentrations of free ACGs and free Rh2 solution 
with 0.5% DMSO as the negative control or replaced by differ-
ent concentrations of Rh2-Lipo, ACGs-Lipo, and (ACGs  +  Rh2)-
Lipo with blank MEM medium as the negative control. The 
other three holes without seeding cells were left as blank con-
trol, and other operations were the same as the corresponding 
negative control. After incubating the drug with cells for 
72 hours, 20 μL MTS was added and incubated for three  hours. 
The absorbance was determined at 490 nm through a plate 
reader (Biotek Synergy H1, Winooski, VT). The cell viability rate 
was calculated as follows. The half inhibitory concentration 
(IC50) value was calculated using GraphPad Prism Software, 
Version 5 (GraphPad Software, Inc., La Jolla, CA).

	 Cell viability rate %
OD OD

OD OD
%e b

n b

( ) = −
−

×100 	 (3)

where ODe, ODb, and ODn are the mean optical densities of 
the experimental group, blank control group, and negative 
control group, respectively.

2.10.  In vivo antitumor efficacy and biodistribution in 
U87 MG tumor‑bearing mice

BALB/c nude mice are immunodeficient mice that are suit-
able for establishing tumor-bearing mouse models of human 
derived tumor cells, and were therefore used as the animal 
model for this study. The logarithmic U87 MG cells 
(5  ×  106cells/mouse) were inoculated into the right armpit 
of five female nude mice. The tumors (about 1000 mm3) 
were dissected, washed off the blood and tissue on the sur-
face with normal saline, and then cut into 2  ×  2  ×  2 mm 
tumor small pieces. The tumor small pieces were trans-
planted subcutaneously to the right armpit of 30 female 
nude mice to establish U87 MG tumor‑bearing mice model. 
After the tumor volume was about 100 mm3, the mice were 
randomly divided into five groups as follows: negative 

control group (normal saline), positive control group (TMZ, 
25 mg/kg), Rh2-Lipo (1.2 mg/kg, calculated by Rh2), 
ACGs-Lipo (0.2 mg/kg, calculated by ACGs), and (ACGs + Rh2)-
Lipo (0.2  +  1.2 mg/kg, calculated by ACGs and Rh2, respec-
tively). The positive control group was given orally TMZ 
aqueous solution (25 mg/kg) every day for 15 times, and the 
other groups were given intravenously every other day for 
eight times. During the administration, the tumor volume 
and body weight of mice were monitored every two days. 
Twenty-four  hours after the last administration, the mice 
were euthanized by 100% CO2, then the tumor, liver, and 
spleen were taken out and weighed. The tumor inhibition 
rate (TIR), liver index, and spleen index were calculated 
according to the following formula:

	 TIR % %
nt et

nt

( ) = −
×

W W

W
100 	 (4)

	 Liver index % %
el

nl

( ) = ×
W

W
100 	 (5)

	 Spleen index % %es

ns

( ) = ×
W

W
100 	 (6)

where Wet, Wel, and Wes are the average tumor, liver, and 
spleen weights of the experimental group, respectively, and 
Wnt, Wnl, and Wns are the average tumor, liver, and spleen 
weights of the negative control group, respectively.

At the last administration, ACGs-Lipo and (ACGs  +  Rh2)-
Lipo were replaced by DiR labeled DiR-ACGs-Lipo and DiR-
(ACGs  +  Rh2)-Lipo, respectively. The ex vivo distribution of 
liposomes in tumor bearing mice was observed by IVIS Living 
Image@4.4 (Caliper Life Sciences, Hopkinton, MA). 
Twenty-four  hours after administration, the mice were eutha-
nized by 100% CO2, and the tumor and main organs of the 
mice were dissected and imaged as described above to 
observe the ex vivo distribution of liposomes. The fluorescence 
intensity in tumors and main organs was quantitatively ana-
lyzed by Living Image software (version 4.2). The relative tumor 
targeting index (RTTI) was calculated by following formula:

	 RTTI
ROI

ROI

t

l

= 	 (7)

where ROIt and ROIl are the mean fluorescence intensity of 
the tumor and liver, respectively.

In the above in vivo animal research, the only trauma to 
the experimental mice was subcutaneous injection and tail 
vein injection, which was less painful, so no anesthesia was 
administered. In addition, in order to minimize the suffering 
of mice as much as possible, a clean and comfortable living 
environment was provided, ensuring sufficient food and 
water sources.

2.11.  Statistical analysis

All data are presented as the mean  ±  SD and were analyzed 
by IBM SPSS Statistics software, Version19 (IBM Corporation, 
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Armonk, NY). Means were considered significantly different 
when p  <  .05.

3.  Results and discussion

3.1.  Preparation of ACGs-Lipo

The common preparation methods for liposomes include 
thin-film dispersion method, ultrasonic-dripping method, 
stirring-dropping method, and reverse-phase evaporation 
method (Alavi et  al., 2022; Huang & Chen, 2023; Munot et  al., 
2023). The reverse-phase evaporation method is more suit-
able for loading water-soluble drugs, so the other three 
methods were selected to prepare ACGs-Lipo and the opti-
mal preparation method for ACGs-Lipo was selected based 
on the average particle size and PDI of the liposomes. As 
shown in Table 1, the preparation method has a great influ-
ence on the characteristics of ACGs-Lipo. The mean particle 
size of ACGs-Lipo by thin-film dispersion method 
(98.5  ±  2.1 nm) and stirring-dropping method (97.7  ±  1.3 nm) 
was the smallest while the latter has a smaller PDI value of 
0.20  ±  0.02. The effect of the water phase used on ACGs-Lipo 
was also investigated. When deionized water was used as the 
water phase, the liposomes exhibited a smaller mean particle 

size (93.1  ±  0.5 nm) and PDI (0.11  ±  0.03) compared to PBS 
(pH 7.4) as the water phase. As a result, stirring-dropping 
method with deionized water as the water phase was 
selected.

In addition, other process conditions affecting the charac-
teristics of ACGs-Lipo were investigated, including stirring 
time, the ratio of phospholipid to cholesterol, and the ratio 
of ACGs to phospholipid. These factors have different effects 
on the formation of ACGs-Lipo, as detailed in Tables S1–S3. 
As a consequence, the optimal preparation process of 
ACGs-Lipo was determined, as described in Sections 2.3 and 
3.1 (Figure 1(A)).

3.2.  Preparation of (ACGs  +  Rh2)-Lipo

Similarly, the optimum preparation process for (ACGs  +  Rh2)-
Lipo was explored. The effects of four preparation methods 
on DLS characterization of (ACGs  +  Rh2)-Lipo are presented 
in Table 2. The thin-film dispersion method demonstrated 
outstanding advantages, with the average particle size of 
(ACGs  +  Rh2)-Lipo prepared (approximately 120 nm) being 
half that of the dropping method (>200 nm). In particular, the 
thin-film dispersion combined with probe sonication method 
was able to obtain (ACGs  +  Rh2)-Lipo with a smaller particle 
size (112.6  ±  0 nm) and a smaller PDI (0.13  ±  0.04).

Then, the concentration of phospholipid was optimized, 
and the appearance of the liposome solutions under different 
phospholipid concentrations is displayed in Figure 1(C). It can 
be seen that the liposome solutions obtained were more 
translucent and presented a light blue opalescence at phos-
pholipid concentrations of 10 mg/mL, 12 mg/mL, and 15 mg/
mL, especially at 15 mg/mL, where the solution was the most 
translucent and had the strongest opalescence. The DLS data 

Figure 1.  Preparation of liposomes. The optimal preparation process of ACGs-Lipo (A) and (ACGs  +  Rh2)-Lipo (B). (C) The appearance of (ACGs  +  Rh2)-Lipo at 
different concentrations of phospholipid (from left to right: 8 mg/mL, 10 mg/mL, 12 mg/mL, 15 mg/mL, and 18 mg/mL). All details on A and B were created by the 
author Hui Ao.

Table 1.  Optimization of the preparation method of ACGs-Lipo (n  =  3, 
mean  ±  SD).

Preparation method Aqueous phase
Average particle 

size (nm) PDI

Thin-film dispersion PBS (pH 7.4) 98.5  ±  2.1 0.33  ±  0.00
Ultrasonic-dripping PBS (pH 7.4) 159.0  ±  0.1 0.17  ±  0.03
Stirring-dropping PBS (pH 7.4) 97.7  ±  1.3 0.20  ±  0.02
Stirring-dropping Deionized water  

(pH 6.0)
93.1  ±  0.5 0.11  ±  0.03

https://doi.org/10.1080/10717544.2024.2324716
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for the liposomes in Table 3 lead to the same conclusion, 
with the smallest mean particle size (79.6  ±  0.6 nm) and PDI 
(0.17  ±  0.00) for (ACGs  +  Rh2)-Lipo at a phospholipid concen-
tration of 15 mg/mL. Consequently, the best preparation 
method for (ACGs  +  Rh2)-Lipo was the thin-film dispersion 
combined with probe sonication method with a phospho-
lipid concentration of 15 mg/mL (Figure 1(B)).

3.3.  Characterization of liposomes

The DLS method was used to determine the mean particle 
size and zeta potential of the liposomes. The particle size dis-
tributions of ACGs-Lipo and (ACGs  +  Rh2)-Lipo are given in 
Figure 2(A). Under the optimal preparation conditions, the 
average particle size of ACGs-Lipo was 78.6  ±  1.6 nm with a 
PDI value of 0.23 ± 0.00 and a zeta potential of −7.5 ± 0.6 mV. 
The average particle size of (ACGs  +  Rh2)-Lipo was 
86.6  ±  1.2 nm with a PDI value of 0.17  ±  0.04 and a zeta 
potential of −2.5  ±  0.4 mV. (ACGs  +  Rh2)-Lipo had a similar 
mean particle size of 86.6  ±  1.2 nm and zeta potential of 
2.5  ±  0.4 mV, with a PDI value of 0.17  ±  0.04, suggesting that 
both may have similar tumor penetration abilities.

The morphology of ACGs-Lipo and (ACGs  +  Rh2)-Lipo was 
observed by TEM, as shown in Figure 2(B,C). Both of them 
had the typical lipid bilayer structure of liposomes, showing 
an irregular sphere-like shape, probably due to the larger 
chemical structure of ACGs as long-chain fatty acids contain-
ing lactone rings and tetrahydrofuran rings, which had a 
slight effect on the morphology of the liposomes after drug 
loading.

This study was aimed at the anti-tumor study of ACGs, so 
the DLC and EE mentioned here were calculated based on 
ACGs. The EE and DLC of ACGs-Lipo were 97.3  ±  0.9% and 
4.1  ±  0.7%, respectively, with the DLC of 5.4%. The EE and 
DLC of (ACGs  +  Rh2)-Lipo were 97.9  ±  1.2% and 3.2  ±  0.4%, 
respectively, with the DLC 3.4%. Both liposomes had the sim-
ilar EE and the similar DLC to the theoretical DLC, indicating 
that high quality liposomes can be prepared using either 

Table 2.  Optimization of the preparation method of (ACGs  +  Rh2)-Lipo (n  =  3, 
mean  ±  SD).

Preparation method
Average particle 

size (nm) PDI
Zeta potential 

(mV)

Thin-film dispersion 
combined with 
probe sonication

112.6  ±  0 0.13  ±  0.04 −1.7  ±  0.8

Thin-film dispersion 
combined with 
water bath 
sonication

128.4  ±  8.3 0.50  ±  0.08 −4.0  ±  0.5

Ultrasonic-dripping 318.0  ±  7.5 0.18  ±  0.02 −2.5  ±  0.6
Stirring-dropping 205.3  ±  3.5 0.23  ±  0.02 −4.2  ±  0.3

Table 3.  Optimization of the concentration of phospholipid in the preparation 
of (ACGs  +  Rh2)-Lipo (n  =  3, mean  ±  SD).

Concentration of 
phospholipid (mg/
mL)

Average particle 
size (nm) PDI

Zeta potential 
(mV)

8 289.5  ±  5.3 0.24  ±  0.00 −2.9  ±  0.8
10 112.6  ±  0.0 0.13  ±  0.04 −1.7  ±  0.8
12 115.4  ±  1.3 0.19  ±  0.01 −2.7  ±  0.5
15 79.6  ±  0.7 0.17  ±  0.00 −1.1  ±  0.1
18 199.0  ±  5.1 0.68  ±  0.11 −0.5  ±  0.2

Figure 2.  Characterization of liposomes. (A) Particle size distributions of ACGs-Lipo and (ACGs  +  Rh2)-Lipo. The morphology of ACGs-Lipo (B), and (ACGs  +  Rh2)-
Lipo (C). Particle size change curves of ACGs-Lipo (D) and (ACGs  +  Rh2)-Lipo (E) in physiological media (n  =  3, mean  ±  SD).
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cholesterol or Rh2 as the membrane material, further justify-
ing the rationality of Rh2 instead of cholesterol.

3.4.  The stability of liposomes

In order to select the appropriate administration method and 
isotonic regulator for ACGs-Lipo and (ACGs  +  Rh2)-Lipo, lipo-
some solutions were incubated with normal saline, 5% glu-
cose solution, PBS, artificial gastric fluid, artificial intestinal 
fluid, and plasma at a temperature similar to that of the 
human body (37 °C). The stability of liposomes in physiologi-
cal media can be judged according to the change of average 
particle size of liposomes and the curve of particle size 
change over time are displayed in Figure 2(D,E). For ACGs-Lipo, 
except for 6 h incubation with artificial intestinal fluid, the 
particle size was relatively large but returned to about 100 nm 
at a later stage. During incubation with other physiological 
media, the particle size change curve was more gentle, with 
a particle size increase of about 20 nm. For (ACGs  +  Rh2)-
Lipo, the increase in particle size was only about 10 nm in the 
other media, except in plasma, where the particle size 
increased by 17 nm after 10 h of incubation. The results indi-
cated that ACGs-Lipo and (ACGs  +  Rh2)-Lipo can stably exist 
in the above six physiological media without aggregation 
and precipitation, and meet the requirements for oral and 
intravenous administration.

3.5.  In vitro release behavior

The in vitro release of (ACGs  +  Rh2)-Lipo and ACGs-Lipo in 
PBS (pH = 7.4) was investigated by dialysis, and the results 
are exhibited in Figure 3. Both (ACGs  +  Rh2)-Lipo and 
ACGs-Lipo showed two-stage release characteristics. The 
ACGs in the liposomes first displayed a rapid release, due to 
the portion adsorbed in the outermost layer of the liposomes 
easily detaching from the liposomes under agitated condi-
tions, followed by a sustained release for the part of the drug 
loaded into the lipid bilayer. The proportion of burst release 

of (ACGs  +  Rh2) Lipo and ACGs-Lipo was consistent, with 
20.3% and 20.7% released at four  hours, respectively.

From 0 to 72 hours, the release rates of (ACGs  +  Rh2)-Lipo 
and ACGs-Lipo were similar, with cumulative release rates of 
40.4% and 39.7%, respectively. After 72 hours, the release rate 
of (ACGs  +  Rh2)-Lipo was faster than that of ACGs-Lipo, with 
cumulative release rates of 72.8% and 68.3%, respectively, at 
216 h. This difference may be due to the presence of the glu-
cose in the Rh2 structure, which allowed for enhanced inter-
action of (ACGs  +  Rh2)-Lipo with the aqueous phase and 
facilitated the release of ACGs.

3.6.  The evaluation of in vitro cytotoxicity

The ACGs-Lipo obtained in this study after loading ACGs into 
liposomes exhibited enhanced cytotoxicity with an IC50 
(0.34  ±  0.06 ng/mL) that was only one-third of that of free 
ACGs (1.10  ±  0.80 ng/mL, p  <  .001, Table 4). In addition, 
ACGs-Lipo showed a better dose-dependent survival curve 
for U87 MG cells compared to free ACGs (Figure 4(C,D)). This 
may be due to the higher content of phospholipids in 
ACGs-Lipo, which are components of cell membranes and 
can enter cells by membrane fusion. In addition, ACGs-Lipo 
may also enter the cell mediated by niche and lattice pro-
teins due to its small average particle size (around 80 nm) 
(Tian et  al., 2014; Zhang et  al., 2021), which was not affected 
by the concentration of ACGs as long as sufficient mediator 
proteins are present. Similarly, free Rh2 (Figure 4(A)) and 
Rh2-Lipo (Figure 4(B)) had similar phenomena, with IC50 for 
U87 MG cells of 26.31  ±  1.76 μg/mL and 0.47  ±  0.05 μg/mL, 
respectively (p  <  .001).

The cytotoxicity of the co-loaded liposomes (ACGs  +  Rh2)-
Lipo obtained by replacing cholesterol with Rh2 was com-
pared with that of single-loaded liposomes ACGs-Lipo in 
vitro. As shown in Figure 4(D), the survival rate of U87 MG 
cells gradually decreased with the increase of the administra-
tion concentration of (ACGs  +  Rh2)-Lipo and ACGs-Lipo, indi-
cating a good dose-dependent relationship. It was evident 
that the survival curve of (ACGs  +  Rh2)-Lipo was all below 
the survival curve of ACGs-Lipo, indicating that (ACGs  +  Rh2)-
Lipo had stronger toxicity in vitro at the same concentration 
of ACGs, with an IC50 value of 0.11  ±  0.03 ng/mL (Table 4), 
which was only one-third of the IC50 value of ACGs-Lipo 
(p  <  .01). Rh2-Lipo has some cytotoxicity of its own, however, 
Rh2-Lipo had a 95% cell survival rate and negligible effect on 
the cytotoxicity of (ACGs  +  Rh2)-Lipo due to the ng/mL level 
of administration of ACGs (Figure 4(B)). The strong synergistic 
inhibitory effect of ACGs and Rh2 on U87 MG cells was 
elucidated.

Figure 3.  The in vitro release profiles of ACGs-Lipo and (ACGs  +  Rh2)-Lipo 
(n  =  3, mean  ±  SD).

Table 4.  The IC50 of free drug and liposomes against U87 MG cells (n  =  3, 
mean  ±  SD).

Group IC50 (μg/mL)

Free Rh2 26.31  ±  1.76
Rh2-Lipo 0.47  ±  0.05***
Free ACGs 0.0011  ±  0.0008###
ACGs-Lipo 0.00034  ±  0.00006
(ACGs  +  Rh2)-Lipo 0.00011  ±  0.00003&&
***p  <  .001 vs. free Rh2.
###p  <  .001 vs. free ACGs.
&&p  <  .01 vs. ACGs-Lipo.
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3.7.  In vivo antitumor efficacy and biodistribution in 
U87 MG tumor‑bearing mice

The synergistic effect of ACGs and Rh2 on anti-glioma in vivo 
was investigated using U87 MG tumor-bearing mice as a 
model, and the experimental procedure is shown in Figure 
5(A). The tumor growth curve of mice in each group during 
administration is presented in Figure 5(B). The slope of the 
tumor growth curve in the negative group increased gradu-
ally, and the tumor volume on the 15th day after administra-
tion was 12 times the initial volume, indicating that the 
tumor growth rate of the tumor-bearing mice continued to 
accelerate without any intervention. The tumor volume in the 
other administration groups was significantly suppressed 
(p  <  .001), with the positive group having the smallest tumor 
volume, reflecting the place of TMZ in the treatment of gli-
oma. The tumor of tumor‑bearing mice in the co-loaded lipo-
somes (ACGs  +  Rh2)-Lipo group grew the slowest among the 
experimental groups, and the tumor volume on day 15 was 
both significantly smaller than those of single-loaded lipo-
somes Rh2-Lipo and ACGs-Lipo (p  <  .05), suggesting that 
ACGs and Rh2 have good synergistic anti-tumor effects. At 
the termination of the experiment, the tumors of mice in 
each group were dissected and weighed, and the tumor sup-
pression rate was calculated (Table 5). The relative size of 
tumors in each group of mice was consistent with the pat-
tern of tumor volume described above. The TIR of the 
co-loaded group (ACGs  +  Rh2)-Lipo was 72.9  ±  5.4%, which 
was significantly higher than that of the Rh2-Lipo (40.3 ± 8.4%, 
p  <  .01) and ACGs-Lipo (60.5  ±  5.4%, p  <  .05). The optical 
photographs of tumors in each group at the end of the 

experiment are given in Figure 5(D), from which the synergis-
tic effect of (ACGs  +  Rh2)-Lipo may be visualized.

It is noteworthy that the addition of Rh2 did effectively 
improve the TIR of ACGs in this study, but this increase was 
still unsatisfactory. The TIR of (ACGs  +  Rh2)-Lipo was 
72.9  ±  5.4%, less than 80%. We speculate that this limited 
increase was due to the fact that the model of the efficacy 
study was U87 MG tumor-bearing nude mice, which were 
immunodeficient, resulting in a limitation of Rh2 to enhance 
the anti-tumor activity of ACGs by modulating the immune 
function of the body.

In addition, the weight change of the mice was also mon-
itored during the experiment, and the change curves are 
illustrated in Figure 5(C). The decrease in body weight of the 
mice in the positive group was the most obvious, with a 
body weight of only 16.0 g on day 15. The body weight of 
mice in ACGs-Lipo group decreased significantly at the late 
stage of the experiment, indicating the side effect of ACGs 
themselves. While the body weight of Rh2-Lipo group and 
(ACGs  +  Rh2)-Lipo group increased slightly, suggesting that 
this adverse effect on body weight could be mitigated by 
co-administration of Rh2 and ACGs. To more intuitively com-
pare the changes in body weight of the mice before and 
after administration, the weight of tumor itself was excluded 
for comparison, and the specific data are presented in Table 
5. The body weight loss of mice in the positive group was 
the most obvious, with a decrease of 4.5 g compared to the 
initial body weight, equivalent to a quarter of the mice’s 
own body weight, implying a greater toxic effect of TMZ. 
Among the experimental groups, only the ACGs-Lipo group 
had the most significant weight loss of 1.8 g. The Rh2-Lipo 

Figure 4.  The in vitro cytotoxicity of free Rh2 (A), Rh2-Lipo (B), free ACGs (C), and ACGs-Lipo and (ACGs  +  Rh2)-Lipo (D) against U87 MG cells (n  =  3, mean  ±  SD).
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and (ACGs  +  Rh2)-Lipo groups had no obvious weight loss 
due to the presence of Rh2, demonstrating that Rh2 can 
attenuate the side effects of ACGs themselves.

In addition to comparing the safety of each group by the 
body weight of the mice, the liver index and spleen index of 
mice were also calculated, as shown in Figure 5(E,F). Except 
for the positive group, where the spleen index was signifi-
cantly different from that of the negative group (p  <  .05), the 
liver index and spleen index of all other groups were not sig-
nificantly different from that of the negative group (p  >  .05), 
indicating that TMZ had some damage to the spleen, while 

the liver and the spleen were well tolerated to ACGs with 
Rh2. In this study, TMZ had the most significant inhibitory 
effect on glioma, with a TIR of 90.4  ±  4.6%, but it also had 
the greatest effect on the body weight and the spleen of 
mice. The co-loaded drug delivery system constructed by 
AGGs and Rh2 in this study exhibited good anti-glioma activ-
ity and safety, which can provide a new option for the treat-
ment of glioma.

The synergistic effect of ACGs and Rh2 may also result 
from the targeting of Rh2 in addition to the immunomodu-
latory effect of Rh2 as described above; therefore, the tumor 

Figure 5.  In vivo antitumor efficacy in U87 MG tumor‑bearing mice. (A) Schematic diagram of the in vivo antitumor study procedure. (B) The change curve of 
the mouse tumor volume. (C) The change curve of the mouse body weight. (D) The optical photos of tumors at the end of the experiment. (E) The liver index 
of the mouse in each group. (F) The spleen index of the mouse in each group. Data represent the mean  ±  SD (n  =  6).
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delivery efficiency of (ACGs  +  Rh2)-Lipo and ACGs-Lipo was 
compared. First, the fluorescent probes DiR labeled DiR-ACGs-
Lipo and DiR-(ACGs  +  Rh2)-Lipo were prepared by the same 
preparation method as ACGs-Lipo and (ACGs  +  Rh2)-Lipo, 
respectively, with the aim of comparing the changes in the 
surface properties of the liposomes before and after loading 
with DiR. The comparison of the particle size distribution of 
the four liposomes is displayed in Figure 6(A,B). It can be 
visualized that the average particle size of both ACGs-Lipo 

and (ACGs  +  Rh2)-Lipo increased slightly after loading DiR, 
but with a narrow particle size distribution and a small aver-
age particle size (about 90 nm). It may be that the addition 
of DiR makes the lipid bilayer slightly larger.

After 24 hours of administration of DiR-labeled liposomes, 
the ex vivo distribution of DiR-ACGs-Lipo and DiR-
(ACGs  +  Rh2)-Lipo is shown in Figure 6(C), both of which 
were mainly distributed in liver, followed by spleen, with a 
small amount of distribution in tumor. Semi-quantitative 

Table 5.  The anti-glioma activity and changes in body weight of mice in each group (n  =  6, mean  ±  SD).

Group Tumor weight (g) Tumor inhibition rate (%)

Mice body weight at 
the beginning of the 

experiment (g)

Mice body weight 
after dissection of the 

tumor (g)
Reduced body 

weight (g)

Normal saline 1.32  ±  0.16 20.3  ±  0.7 19.9  ±  1.3 0.4
TMZ 0.13  ±  0.06*** 90.4  ±  4.6 20.4  ±  0.9 15.9  ±  1.9 4.5
Rh2-Lipo 0.79  ±  0.11***,### 40.3  ±  8.4### 20.0  ±  0.4 19.9  ±  1.7 0.1
ACGs-Lipo 0.52  ±  0.07***,##,@ 60.5  ±  5.4###,@ 20.5  ±  1.1 18.7  ±  2.0 1.8
(ACGs  +  Rh2)-Lipo 0.36  ±  0.07***,#,@@,& 72.9  ±  5.4##,@@,& 20.0  ±  0.6 19.7  ±  0.4 0.3
***p  <  .001 vs. normal saline.
###p  <  .001.
##p  <  .01.
#p  <  .05 vs. TMZ.
@@p  <  .01.
@p  <  .05 vs. Rh2-Lipo.
&p  <  .05 vs. ACGs-Lipo.

Figure 6.  In vivo biodistribution in U87 MG tumor‑bearing mice. Comparison of particle size distribution after DiR-labeling of ACGs-Lipo (A) and (ACGs  +  Rh2)-Lipo 
(B). (C) The ex vivo distribution of DiR-ACGs-Lipo and DiR-(ACGs  +  Rh2)-Lipo in U87 MG tumor-bearing mice 24 hours after administration (n  =  5). (D) The fluo-
rescence intensity in tumor and liver of ACGs-Lipo and (ACGs  +  Rh2)-Lipo and their RTTI (n  =  5, mean  ±  SD).
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analysis of tumor and liver fluorescence was performed, and 
the data are exhibited in Figure 6(D). Due to differences in 
the preparation process, the intravenous doses of DiR were 
inconsistent between the two. Therefore, the ratio of tumor 
to liver fluorescence values (RTTI) was compared, which was 
0.0667 for the DiR-ACGs-Lipo group and 0.2876 for DiR-
(ACGs  +  Rh2)-Lipo. It can be seen that after co-loading of 
ACGs and Rh2, the tumor delivery efficiency was improved 
by 3.3 times, which further explains that the TIR of 
(ACGs  +  Rh2)-Lipo was significantly higher than that of 
ACGs-Lipo (p  <  .05). The tumor-targeting properties of Rh2 
embodied were reported to be due to the glucose content 
of the Rh2 structure, which was able to avoid recognition by 
MPS, prolong blood circulation time, and also specifically 
recognize and bind with the glucose transporter on the sur-
face of tumor cells, thereby increasing their uptake by tumor 
cells (Hong et  al., 2019, 2020). In summary, the enhanced 
anti-tumor activity and safety of (ACGs  +  Rh2)-Lipo was due 
to the potent anti-tumor activity of ACGs itself and the cer-
tain anti-tumor activity, active targeting and immunomodu-
latory effects of Rh2.

4.  Conclusions

ACGs have received widespread attention for their unique 
anti-tumor mechanism and powerful anti-tumor activity, but 
the current bottlenecks limiting their clinical application are 
their high toxicity. The current research mainly focuses on 
the construction of tumor targeted delivery system to 
reduce its damage to normal tissues, which relies on tar-
geted polymers with high technical difficulty and high 
developmental components. In addition, there are fewer 
studies on the combination use of ACGs. In this study, a 
co-loaded liposome system of Rh2 and ACGs was success-
fully constructed by replacing cholesterol with Rh2, which 
has its own biological activity. The system (ACGs  +  Rh2)-
Lipo not only alleviated the toxicity of ACGs to the organ-
ism, but also enhanced their anti-tumor activity. 
(ACGs  +  Rh2)-Lipo had a small mean particle size 
(86.6  ±  1.2 nm), high EE (97.9  ±  1.2%) and good stability. In 
vitro and in vivo pharmacodynamic studies demonstrated 
good synergistic inhibition of U87 MG cells by ACGs and 
Rh2. Compared to the single-loaded liposome ACGs-Lipo, 
(ACGs  +  Rh2)-Lipo had three times the tumor targeting 
capacity (RTTI, 0.2876) and 1.2 times the anti-glioma activity 
(TIR, 72.9%). The successful construction of (ACGs  +  Rh2)-
Lipo is expected to break through their bottleneck and can 
also provide new ideas for the delivery of other chemother-
apeutic drugs, which is of great scientific significance.
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