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Background: Glioma is the most aggressive and lethal brain tumor in humans, it comprises 

about 30 per cent of all brain tumors and central nervous system tumors. 

Purpose: The objective of this study was to create novel brain-targeting nanoliposomes to 

encapsulate curcumin as a promising option for glioma therapy. 

Patients and methods: Human glioma cells (U251MG) were used to determine cell uptake 

efficiency and possible internalization mechanism of the curcumin-loaded nanoliposomes 

modified by a brain-targeting peptide RDP. In addition, intracranial glioma mice model was 

prepared by transplantation of U251MG cells into the mice striatum, and then the liposomes were 

intravenously administered into the glioma-bearing mice to evaluate the anti-glioma activity. 

Results: RDP-modified liposomes (RCL) could enter the brain and glioma region, and were 

internalized by the glioma cells perhaps through acetylcholine receptor-mediated endocytosis 

pathway. Furthermore, the RCL prolonged the survival time of the glioma-bearing mice from 

23 to 33 days, and the inhibition mechanism of the RCL on glioma cell was partly due to cell 

cycle arrest at the S phase and induction of cell apoptosis.

Conclusion: This study would provide a potential approach for targeted delivery of drug-loaded 

liposomes for glioma treatment.

Keywords: glioma, targeted delivery, cell apoptosis, cell cycle, survival time

Introduction
Glioma is the most aggressive brain tumor with a high incidence and fatality rate.1,2 

Although different therapeutic strategies have been explored to prevent the tumor 

growth, there is currently no effective drug treatment for this tumor.3–5 The main draw-

backs of drug development for glioma treatment are that the candidate drugs lack the 

capacity to penetrate the blood–brain barrier (BBB) and tumor cell specificity.6–8

The BBB regulates the passage through which drugs are transported into the brain and 

prevents the drugs from penetrating the brain.9 To cross the barrier, brain-targeting delivery 

systems are developed to deliver therapeutic agents across the BBB, specifically into the 

brain. Among the targeting carriers, peptide derivatives of rabies virus glycoprotein (RVG) 

are suggested as potential delivery ligands to transport nanocarriers for treating various 

brain diseases, such as Alzheimer’s disease, ischemic injury, protein misfolding diseases, 

and so on.10 We previously used an RVG peptide derivative, RDP, to deliver proteins and 

nanoparticles into the brain for disease treatment and cell imaging.11,12 The peptide shows 

high BBB-penetrating capability when it is conjugated to macromolecular cargoes.13

Nevertheless in glioma therapy, it is essential that the cargoes have cell selectivity 

between tumor and normal nerve cells. The lack of cell specificity of clinical chemo-

therapeutic drugs is another major issue that results in unsatisfied therapeutic effect and 

severe adverse reactions. However, some herbal medicinal constituents, such as curcumin, 
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evodiamine, and catalpol, have distinct different effects on 

tumor and normal cells through different intracellular mecha-

nisms, which do not affect normal cell viability while inhibit-

ing tumor cell growth.14–16 Among these potential antitumor 

candidates, curcumin is a natural hydrophobic phenolic com-

pound originally isolated from Curcuma longa L. (turmeric) 

rhizomes. Increasing evidence has suggested that curcumin 

performs distinct activities to kill tumor cells through diverse 

mechanisms, leaving normal cells unaffected.17–19 For example, 

it is reported that curcumin shows antiproliferative activities in 

tumor cells via induction of cell apoptosis mediated by various 

signaling pathways, such as p53-dependent apoptosis path-

way and deregulation of cyclin D1 expression.20,21 Moreover, 

curcumin has been shown to play neuroprotection roles in 

homocysteine rat model of Parkinson’s disease and amyloid-β-

induced mitochondrial dysfunction through scavenging oxygen 

species and preventing thiol group oxidation.22,23

Although the ability to kill tumor cells makes curcumin 

an attractive drug candidate, its application is strictly limited 

due to its poor water solubility and low bioavailability. 

In order to make curcumin feasible in glioma therapy in vivo, 

here we used RDP-modified nanoliposomes as curcumin 

brain-targeting delivery carriers to improve tissue targeting, 

water solubility, and biocompatibility (Figure 1). The results 

suggested that the curcumin-loaded RDP-liposomes (RCL) 

could effectively inhibit glioma cell growth and show an 

obvious therapeutic activity against intracranial glioma in 

the model mice.

Materials and methods
Synthesis of RDP-PEG-DSPE
RDP-PEG-DSPE was synthesized by linkage of terminal thiol 

group of RDP-cys (purity .95%; Shanghai Ji’er Biotech. Co., 

Shanghai, People’s Republic of China) and NHS group of 

NHS-PEG-DSPE (PEG, 2000 of molecular weight; Nanocs 

Co., New York, NY, USA).24,25 Briefly, NHS-PEG-DSPE 

and RDP-cys were dissolved in 1 mL DMF at a ratio of 2:1 

(mol:mol), and then 20 μL N-methyl morpholine was added 

to the mixture. Following 48 h of stirring, the mixture was dia-

lyzed with a dialysis bag (MW 3500) to remove the free RDP. 

The product of RDP-PEG-DSPE conjugation was freeze-dried 

on a lyophilizer (Shanghai Binlon Instrument Co., Shanghai, 

People’s Republic of China) and stored at -20°C for use.

Preparation of RCL
The liposomes of different lipid compositions were prepared 

using thin-film hydration method. The gradients of 1 mg cur-

cumin (Sigma, St Louis, MO, USA), 2 mg cholesterol (Aladdin, 

Shanghai, People’s Republic of China), 20 mg soy lecithin 

(Aladdin), and 0.1 mg RDP-PEG-DSPE were dissolved in 3 mL 

trichloromethane to form a yellow solution in the round-

bottomed flask. Then, the solution was evaporated for 15 min 

using a Rotavapor which should be turned on the motor to turn 

the round-bottomed flask at 37°C for producing a dry film at 

170 rpm. After the film was hydrated for 1 h, the mixture was 

intermittently exposed to ultrasound for 90 s to obtain a pale 

yellow and transparent solution. The solution was filtered with 

a 220 nm filter to acquire uniform RDP-conjugated curcumin 

liposomes (RCL). Meanwhile, curcumin liposomes (CL) with-

out RDP conjugation were prepared in parallel as a control.

An ultraviolet spectrometer (Shimadzu Corp, Kyoto, 

Japan) was used to observe the appearance of the liposomes 

under visible and ultraviolet light (365 nm). The liposome 

size, polymer dispersion index (PDI), and zeta-potential were 

respectively measured using Zetasizer Nano ZS (Malvern 

Instruments Ltd, Malvern, UK). The shape of the liposomes 

was respectively observed by transmission electron microscopy 

(TEM; H7500; Hitachi Ltd. Co., Tokyo, Japan) and atomic 

force microscopy (AFM; Bruker, Ettlingen, Germany).

Entrapment efficiency
Since curcumin exhibits autofluorescence at an excitation 

and emission wavelength of 440 and 475 nm, respec-

tively, its concentration was determined by fluorescence 

Figure 1 Schematic representation of the transport of RDP-modified curcumin nanoliposomes (RCL) into the brain for glioma therapy. The liposomes were prepared using 
thin-film hydration method. Then, the liposomes were intravenously injected into mice to determine their anti-glioma activity.
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measurement. To detect entrapment efficiency of the RCL, 

the liposome solution (1 mL) was centrifuged at 120,000 g 

for 1.5 h, and then the supernatant was separated to quantify 

unentrapped curcumin using a fluorescence spectrophotome-

ter (F-7000; Hitachi Ltd. Co.). Entrapment efficiency was cal-

culated using the following formula: encapsulation efficiency 

(%) = [(C
0
 - C

1
)/C

0
] × 100, where C

0
 refers to total curcumin 

in liposome preparation and C
1
 to curcumin in supernatant.

In vitro release
In vitro release of curcumin from the liposomes was evalu-

ated by dialysis method. Briefly, 1 mL liposomes (CL and 

RCL, respectively) was injected into a dialysis bag (MWCO 

8,000 Da; Spectrum, Henderson, NV, USA), and then sus-

pended in 30 mL release medium of PBS (Ph 7.4) and 2% 

SDS at 37°C for shaking for 78 h at 100 rpm. Subsequently, 

1 mL release medium was taken out for curcumin determi-

nation, and an equal amount of fresh release medium was 

added at several time points. The curcumin content in the 

release medium was detected using the fluorescence spec-

trophotometer, and half-time (t
1/2

) was calculated following 

first-order reaction kinetics.

Cell culture
Human glioma cells (U251MG) and HeLa cells were purchased 

from ATCC (Manassas, VA, USA), and were respectively 

cultured in Dulbecco’s Modified Eagle’s Medium (BioInd, 

Cromwell, CT, USA) (DMEM) supplemented with 10% fetal 

bovine serum, 100 units/mL penicillin, and 100 µg/mL strep-

tomycin. The cells were incubated at 37°C under 5% CO
2
 in 

a humidified incubator (Esco Micro Pte. Ltd., Singapore).

Cell uptake
The cells were cultured in 24-well plates for 24 h at 37°C. 

When cell confluence reached 60%, the media was replaced 

with fresh DMEM. Then, RCL were added into the media at 

a final concentration of 20 µM. After incubation for 6 h, the 

cells were washed with PBS three times and observed under 

a confocal microscope (Zeiss, Oberkochen, Germany). The 

fluorescence intensity of curcumin in cells was measured 

by a fluorescence microplate reader (Tecan Infnite M200 

PRO; Männedorf, Switzerland) using the wavelength of the 

maximum absorption peak at an excitation wavelength of 

440 nm and an emission wavelength of 475 nm.

Mechanism of cellular uptake of RCL
The U251MG cells were cultured in 96-well plates at a 

density of 1 × 104 cells/well for 24 h. Then, the cells were 

respectively treated with endocytosis inhibitors or neurotrans-

mitters, including 10 µM NaN
3
, 40 µM colchicine, 1 mM 

amiloride, 1 µg/mL cytochalasin D (cyto-D), 20 µM acetyl-

choline (Ach), and γ-aminobutyric acid (GABA).26 Following 

30 min incubation, the media was replaced by fresh DMEM, 

and RCL were added at a final concentration of 20 µM. The 

cells were washed three times, and fluorescence intensity was 

detected using the fluorescence microplate reader.

Cell viability measurement
The cell viability of the U251MG cells was detected by MTT 

assay. Briefly, the cells were seeded in a 96-well plate at a 

density of 5 × 104 cells/well for 24 h, and then they were 

respectively treated with the liposomes (0, 4, 8, 16, 32, and 

64 µM) for 48 h. Afterwards, the cells were washed with 

PBS three times, and then 20 µL MTT (5 mg/mL) was added 

into each well for another 4 h incubation. After the media 

was removed, 150 µL DMSO was added to measure the 

absorbance at 490 nm wavelength on a microplate reader 

(Bio-Rad, Hercules, CA, USA).

Cell cycle and cell apoptosis detection
The U251MG cells were plated in six-well plates. When cell 

confluence reached 80%, the liposomes and free curcumin 

were respectively added into the media at a final concentration 

of 20 µM. After another 48 h incubation, the cells were col-

lected with 0.25% trypsin/EDTA and centrifuged at 1,000 rpm 

for 5 min, and then fixed in 70% ethanol for 24 h. After-

wards, cell cycle (propidium cell cycle assay kit; Beyotime 

Inst. Biotech., Shanghai, People’s Republic of China) was 

measured using a flow cytometer (BD FACSVantage; San 

Jose, CA, USA). Moreover, after the cells were treated with 

RCL (final concentration, 20 µM), cell apoptosis (Annexin 

V-PE apoptosis detection kit; Beyotime Inst. Biotech.) was 

measured by flow cytometry.

In vivo imaging
Male BALB/c nude mice aged 4–5 weeks and weighing 

around 20 g (Permit Number: SCXK [Jing 2009-0015]) were 

purchased from Chongqing Medical University (Chongq-

ing, People’s Republic of China). Animals were used in 

the study according to the guidelines of the Institutional 

Animal Committee of Southwest University, Chongq-

ing, and the animal experiments were approved by 

the Institutional Animal Committee.

RCL and CL were injected respectively into the tail 

veins of nude mice at the dose of 20 mg/kg of body weight. 

The mice were anesthetized using isoflurane following 
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2 h injection. After the mice were placed in the cassette of 

In-Vivo Imaging System FX Pro (Carestream, Rochester, 

NY, USA), X-ray and fluorescence images were captured, 

and then overlaid according to the protocol of the manufac-

turer (Carestream). Subsequently, the mice were euthanized 

by overdose with pentobarbital sodium (50 mg/kg), and the 

brain, heart, lungs, kidneys, and liver were dissected out for 

fluorescence imaging. The fluorescence images were taken 

at an excitation wavelength of 440 nm and an emission 

wavelength of 475 nm.

In vivo pharmacokinetics of the 
nanoliposomes
The nanoliposomes were respectively injected into mice tail 

veins at the dose of 20 mg/kg of body weight, and then the 

mice were anesthetized by sodium pentobarbital (30 mg/kg). 

After injection for 0.5, 1, 3, 6, 12, 24, and 48 h, plasma and 

brain were respectively separated (n = 4 for each time point). 

The fluorescence intensity of plasma and brain homogenate 

was measured by the fluorescence spectrophotometer.

Moreover, brain sections were prepared to further identify 

the location of curcumin in the brain. Two hours after injec-

tion of the nanoliposomes, the mice were euthanized and the 

brains were dissected out. The brains were fixed with 4% 

paraformaldehyde for 24 h, and then dehydrated successively 

in 10%, 20%, and 30% sucrose overnight at 4°C. Frozen 

coronal sections of the cerebrum of 30 μm thickness were 

cut with a cryostat microtome (Leica CM1950; Wetzlar, 

Germany) and mounted on slides. The sections were observed 

with a confocal microscope.

Preparation of intracranial glioma mice 
model and tissue imaging
The mice were anesthetized through intraperitoneal injec-

tion of sodium pentobarbital (30 mg/kg), and then placed 

on a small animal stereotaxic apparatus. The U251MG 

cells (1 × 106 cells/5 µL) were microinjected into the right 

striatum of the mice at sites with the following stereotaxic 

coordinates: +1.0 mm relative to bregma, 2.1 mm relative to 

midline, and 2.6 mm below the skull surface. The cells were 

injected slowly for 5 min at a rate of 0.5 µL/s, and the syringe 

was placed for 5 min before withdrawing the needle.27 Then, 

the burr hole was sealed with bone wax. Two weeks later, 

the liposomes were respectively intravenously injected into 

the glioma-bearing mice at the dose of 20 mg/kg of body 

weight. Following 8 h injection, the mice were euthanized 

using pentobarbital sodium, and the tissues (brain, heart, 

lungs, kidneys, and liver) were removed for imaging.

Therapeutic effect of the liposomes on 
glioma-bearing mice
The glioma-bearing mice were randomly divided into four 

groups (n = 4–6). One group was used as model mice, and 

the other groups were respectively intravenously injected 

with RDP, RCL, and CL (20 mg/kg) once every 2 days three 

times at 7 days after cell transplantation. Then, the mice 

were euthanized by overdose of sodium pentobarbital, and 

the brains were respectively dissected out and fixed in 4% 

paraformaldehyde at 4°C, and then dehydrated in 10%, 20%, 

and 30% sucrose. The brains were continuously sectioned, and 

the sections were stained with hematoxylin and eosin (HE). 

Tumor volume was calculated according to the formula 

V = 1/2 ab2, where a represents the longest diameter and 

b represents the shortest diameter.28 Moreover, survival time 

in the four groups (n = 8–10 for each group) was measured, 

and mean survival time was calculated to evaluate the thera-

peutic effect of the liposomes on the glioma-bearing mice.

Statistical analysis
All the data were expressed as mean ± SD. Student’s t-test 

was used for comparisons between two groups, and ANOVA 

test was used for multiple-group analysis. The value p , 0.05 

was considered statistically significant.

Results and discussion
Characteristics of the nanoliposomes
Since curcumin is insoluble in aqueous medium and has 

poor stability towards oxidation, light, and heat, it cannot be 

widely used in pharmaceutical industry. Here, we prepared a 

liposome formulation for curcumin application in vivo based 

on the excellent drug-loading performance of the liposomal 

carrier that not only improves the water solubility of poorly 

soluble drugs but also facilitates drug targeting and controlled 

release after modification.29,30

The aqueous solution of the prepared liposomes appeared 

yellow under visible light (Figure 2A-a) and exhibited green 

florescence under UV light (Figure 2A-b). When fluorescence 

of the liposome solution was excited at 440 nm, its emis-

sion wavelength located at 475 nm, which was consistent 

with that of free curcumin (Figure 2B). The size of RCL 

distributed at 45–130 nm with an average size of ∼98.6 nm, 

and the PDI was 0.27 ± 0.021 as measured using dynamic 

light scattering (Figure 2C). In addition, the zeta-potential 

of RCL was -3.94 ± 0.47 mV, which was higher than that of 

CL (-4.77 ± 0.96 mV). Under TEM, RCL exhibited a smooth 

surface and a nanoparticle size (Figure 2D). Additionally, 

the liposomes were well dispersed without any aggregation 
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under TEM and AFM (Figure 2D and E). The entrapment 

efficiencies of RCL and CL were 88.6% and 85.4%, respec-

tively. Furthermore, the result of in vitro release of curcumin 

showed that about 80% of curcumin in CL was released after 

CL were suspended in release medium for 78 h with a half-

time (t
1/2

) of about 20 h. However, RCL exhibited a relatively 

slower release rate that only about 60% of curcumin was 

released with a t
1/2

 of about 44 h, indicating that RCL had 

higher stability than CL (Figure 2F).

Cell uptake and specific inhibition of 
U251MG cell growth by RCL
To evaluate the cell selectivity of RCL, neuronal cells 

(U251MG cells) and nonneuronal cells (HeLa cells) were 

used in the study. The cell selectivity of RCL was identified 

using the confocal microscope observation and cell inhibi-

tion measurement. The images of microscopic observation 

showed that strong green fluorescence was observed within 

U251MG cells after incubation with RCL for 2 h, and the 

fluorescence located in the whole cells (Figure 3A and B), 

which conforms to a diverse range of intracellular molecular 

targets of curcumin, including nucleus and cytoplasm.31 How-

ever, a relatively weak fluorescence was shown by HeLa cells 

after RCL addition in the media for 2 h (Figure 3A and B). 

The results suggested that RCL would selectively enter 

neuronal cells. Also, the images of RCL-treated U251MG 

cells exhibited apoptotic features, such as cell shrinkage and 

formation of apoptotic bodies (Figure 3A), which implied 

that RCL might inhibit U251MG cell growth partly though 

induction of cell apoptosis.

When U251MG cells were respectively treated with dif-

ferent concentrations of liposomes for 48 h, the cell growth 

was inhibited in a dose-dependent manner. However, RCL 

exhibited stronger inhibition effect than CL at the dose of 

4 µM (Figure 3C). Furthermore, medium inhibition concen-

trations (IC
50

) of the liposomes were measured, and the results 

showed that RCL had higher growth inhibition efficiency 

in U251MG cells than CL (18.1 ± 2.9 vs 60.1 ± 3.7 µM) 

(Figure 3D). These results indicated that RCL had obvious 

cell selectivity and inhibition activity on U251MG cells.

Mechanism of internalization of RCL into 
U251MG cells
Since peptide derivatives of RVG, including RVG29 and 

RDP, are suggested to specifically enter cells through nAch 

receptor- or GABA receptor-mediated, energy-dependent 

endocytosis mechanism,32,33 we investigated whether RCL 

was internalized into nerve cells through the similar pathway 

Figure 2 Characteristics of the nanoliposomes. (A) Aqueous solution of the nanoliposomes (a) appeared yellow under visible light, and (b) exhibited green fluorescence 
under ultraviolet light. (B) The fluorescence absorbance of the liposomes. (C) Dynamic light scattering measurement. The shape of the nanoliposomes was observed by 
(D) TEM and (E) AFM. (F) In vitro curcumin release from CL and RCL in PBS (pH 7.4) with 2% SDS at 37°C. Data are represented as mean ± SD (n = 3).
Abbreviations: TEM, transmission electron microscopy; AFM, atomic force microscopy; CL, curcumin liposome; RCL, RDP-modified curcumin nanoliposomes.
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as the targeting peptides. The impact of temperature on RCL 

transport efficiency was firstly evaluated, for which U251MG 

cells were incubated with RCL at 37°C or 4°C for 30 min, and 

the transport efficiency was measured using a fluorescence 

detector. The results showed that the fluorescence intensity 

in RCL-treated cells increased in a concentration-dependent 

manner at 37°C, but a relatively low fluorescence intensity 

appeared at 4°C (Figure 4A), suggesting that RCL could 

efficiently enter metabolically active cells.

Moreover, endocytic inhibitors and neurotransmit-

ters were used respectively to explore the internalization 

mechanism of the RCL. The results showed that RCL 

internalization was significantly prevented by NaN
3
 

(energy-depleting agent), colchicine (microtubule-disrupting 

reagent), and cyto-D (actin microfilament inhibitor), 

confirming that cell internalization of the RCL was an 

energy-dependent, microtubule- and microfilament-involved 

endocytosis process (Figure 4B). In addition, cell uptake 

of the RCL was significantly inhibited by the cholinergic 

neuron neurotransmitter Ach, which suggested that Ach 

receptor-mediated endocytosis pathway could be involved 

in the liposome internalization. Meanwhile, there was no 

Figure 3 RCL specifically entered U251MG cells to inhibit the cell growth. (A) Fluorescence images of U251MG and HeLa cells treated with RCL for 6 h. (B) Fluorescence 
intensity of U251MG and HeLa cells treated with RCL. **p , 0.01 refers to a significant difference as compared to the CL group. (C) Cell viability was measured after the 
U251MG cells were respectively treated with the liposomes and RDP. (D) IC50 was calculated and compared between CL and RCL to determine the selective inhibitory 
activity of RCL on glioma cells. **p , 0.01 refers to a significant difference as compared to the CL group.
Abbreviations: CL, curcumin liposome; RCL, RDP-modified curcumin nanoliposomes; U251, U251MG cells.

° °

Figure 4 Mechanism of internalization of RCL into U251MG cells. (A) Cellular uptake of RCL (concentrations, 0–4 µM) at 37°C or 4°C. (B) Endocytosis mechanism 
involved in the cell internalization of RCL. The cells were pretreated with endocytosis inhibitors or neurotransmitters, and then the RCL was added into the cells. Data are 
represented as mean ± SD (n = 3). *p , 0.05 and **p , 0.01 compared with the control.
Abbreviations: cyto-D, cytochalasin D; Ach, acetylcholine; GABA, γ-aminobutyric acid; RCL, RDP-modified curcumin nanoliposomes.
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significant difference among controls and the cells treated 

with amiloride and GABA (Figure 4B), indicating that the 

RCL entered the U251MG cells without macropinocytosis 

and GABA receptor-mediated endocytosis pathways. These 

results showed that the internalization mechanism of RCL 

would be associated with Ach receptor-mediated, energy-

dependent endocytosis.

Inhibition mechanism of RCL in U251MG 
cells
Curcumin inhibits the growth of various tumor cells through 

diverse mechanisms. For example, one study suggests that 

curcumin induces apoptosis in the G2 phase of cell cycle in 

mammary epithelial carcinoma cells,20 and another study 

demonstrates that curcumin leads to the accumulation of cells 

in G1 phase in tumor cells.34 However, the cell cycle effect 

of curcumin on U251MG cells remains unclear.

Here, we investigated the effects of RCL on cell cycle 

and apoptosis using flow cytometry. The results exhibited 

that the percentage of S phase of cell cycle significantly 

increased from 28.15% to 52.82% after the cells received 

RCL treatment, compared to 39.49% of the cells treated with 

CL (Figure 5A), suggesting that RCL induced the accumula-

tion of cells in G1 phase of the cell cycle in U251MG cells. 

Moreover, the results of cell apoptosis showed that the cells 

treated with RCL had higher apoptotic rate (33.45%) that that 

of CL (11.30%) (Figure 5B). These results suggested that the 

RCL could cause cell cycle arrest at the S phase of the cell 

cycle and induced cell apoptosis.35,36

In vivo imaging
To identify the brain-targeting effect of RCL, mice were 

intravenously injected with RCL respectively, and fluores-

cence was observed using the in vivo imaging system. The 

results showed that the fluorescence appeared in the brains of 

the mice treated with RCL (Figure 6A and B), while there was 

little fluorescence in the brains of CL-treated mice, indicating 

that RCL could cross the BBB and enter the brains.

The results of the in vivo pharmacokinetics of the nano-

liposomes showed that t
1/2

 of the RCL in plasma was 5.26 h, 

which was slightly shorter than that of CL (6.05 h) (Figure 6C). 

However, the fluorescence of RCL-treated mice was signifi-

cantly stronger than that of the mice treated with CL, indicat-

ing that the RCL entered the brain (Figure 6D). Moreover, 

the brain sections of RCL-treated mice showed that obvious 

fluorescence appeared in the neural cells (cytoplasm and 

nucleus), while weak fluorescence appeared in the neural 

cells of CL-treated mice (Figure 6E).

Furthermore, we examined the targeting effect of RCL 

in glioma-bearing mice. Intracranial glioma mice model was 

Figure 5 The mechanism of RCL inhibition of U251MG cells growth. (A) Cell cycle distribution and (B) apoptosis of U251MG cells after CL and RCL treatment. RCL 
promotes apoptosis more than CL.
Abbreviations: CL, curcumin liposome; RCL, RDP-modified curcumin nanoliposomes.
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Figure 6 In vivo distribution of the RCL. Images were taken at 2 h after intravenous injection of the nanoliposomes. (A) In vivo imaging. (B) Tissue imaging. (C) Plasma 
pharmacokinetics after the mice received CL and RCL. (D) Fluorescence intensity of curcumin in the brain at different time points (0.5, 1, 3, 6, 12, and 24 h). Data are 
represented as mean ± SD (n = 4 for each time point). *p , 0.05 and **p , 0.01 compared with the CL group. (E) Brain sections after the mice were injected with CL and 
RCL for 2 h.
Abbreviations: CL, curcumin liposome; RCL, RDP-modified curcumin nanoliposomes.

prepared through intra-striatal injection of U251MG cells 

to form xenograft tumor. The brain slices of glioma model 

mice showed visible tumor mass in the right striatum with 

high cell density and clear boundary compared to normal 

brain tissue after 2 weeks of cell transplantation (Figure 7A), 

confirming that the intracranial glioma mice model was 

prepared successfully.

After 2 weeks of cell transplantation, the liposomes were 

intravenously injected into the mice. The results of in vivo 

imaging showed that obvious fluorescence was detected in the 

mice brain after the mice received RCL injection (20 mg/kg 

of body weight), and the fluorescence concentrated in glioma 

area (Figure 7B). However, the mice treated with the same 

dose of CL showed relatively weak fluorescence in glioma 

(Figure 7B). The results suggested that RCL could efficiently 

enter the brain and then the tumor region.

RCL prolonged the survival time of 
glioma-bearing mice
After about 10 days of U251MG cell transplantation, the 

mice appeared obviously fragile, and showed faltering 

growth and decrease of foraging behaviors. At 15–26 days 

after transplantation, they appeared motionless and to be in 

coma and had to be euthanized. Glioma formation rate in 

the study reached 80%, and the mean survival time of the 

glioma-bearing mice was around 23 days.

For RCL therapy, the mice received the liposomes at day 7 

following cell transplantation. The images of HE staining of 

glioma tissue showed classic characteristic features of xenograft 

tumor at 14 days after tumor cell transplantation, such as dense 

cell mass, nuclear atypia, mitoses, and necrosis (Figure 7C). 

However, cell mass and tumor volume were significantly 

decreased in the RCL-treated mice (Figure 7C and D), indicat-

ing that RCL inhibited glioma cell growth in vivo.

The results also showed that the mice treated with CL 

had prolonged survival time from 23 to about 26 days, while 

the mice that received RCL treatment could survive about 

33 days and their symptoms relatively improved compared 

with the corresponding control mice (Figure 7E). In addition, 

the mean survival time of RCL-treated mice was 22 days 

(Figure 7F), which was longer than that of glioma model 

mice (14 days) and CL-treated mice (17 days). These results 

showed that RCL had significant therapeutic effect on glioma.

Conclusion
Glioma is the most prevalent and the most aggressive of 

primary brain tumors. Here, we showed for the first time that 

curcumin-loaded RCL inhibited human glioma cell prolifera-

tion and tumor growth using the intracranial glioma mice 

model. The RCL could arrive in the brain and glioma region, 

and then were internalized into the glioma cells perhaps 

through Ach receptor-mediated endocytosis pathway. The 

glioma cell inhibition mechanism of RCL was partly due to 

cell cycle arrest at the S phase and induction of cell apoptosis. 

This study would provide a potential strategy for treatment 

of human malignant gliomas.
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Figure 7 Effect of RCL on intracranial glioma model mice. (A) Brain slices of glioma model mice. Black arrow points to glioma tissues. (B) Tissue imaging of glioma-bearing 
mice treated with 20 mg/kg CL and RCL, respectively. (C) Representative images of HE staining of mice brain sections (×400). (D) Tumor volume. Data are represented as 
mean ± SD (n = 4–6 for each group). *p , 0.05 and **p , 0.01 compared with the glioma of model mice. (E) Survival curve and (F) mean survival time of the glioma-bearing 
mice treated with the liposomes (n = 8–10 for each group). *p , 0.05 and **p , 0.01 compared with the model mice.
Abbreviations: CL, curcumin liposome; RCL, RDP-modified curcumin nanoliposomes; RDP, RVG-derived peptide; HE, hematoxylin-eosin staining.
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