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Introduction: Glioma is the primary malignant brain tumor with poor prognosis. Berberine 
(BBR) was the potential drug for anti-tumor in glioma cells. Based on its limitation of poor 
aqueous solubility and instability, little information of BBR nanoparticles is reported in 
glioma.
Methods: Different solutions including 5% glucose, 1*PBS, ddH2O, 0.9% NaCl, cell culture 
medium were selected, and only 5% glucose and ddH2O exhibited BBR-related nanoparticles. 
After heating for a longer time or adding a higher concentration of glucose solution, BBR 
nanoparticles were detected by TEM analysis. The uptake of BBR-Glu or BBR-Water nanopar-
ticles were detected by immunofluorescence analysis for BBR autofluorescence. Cell viability 
was measured by MTT assay and Western blotting analysis. Apoptosis was performed with flow 
cytometric analysis and was detected by cleaved caspase-3 immuno-fluorescent staining. Cell 
cycle was used by flow cytometric analysis. Cytoskeleton was observed by confocal analysis 
using the neuron specific Class III ß-tubulin and ß-tubulin antibodies. Mitochondrial-related 
proteins were detected by Western blotting analyses and mito-tracker staining in live cells. 
Mitochondrion structures were observed by TEM analysis. ROS generation and ATP production 
were detected by related commercial kits. The tracking of BBR-Glu or BBR-Water nanoparticles 
into blood–brain barrier was observed in primary tumor-bearing models. The fluorescence of 
BBR was detected by confocal analyses in brains and gliomas.
Results: BBR-Glu nanoparticles became more homogenized and smaller with dose- and 
time-dependent manners. BBR-Glu nanoparticles were easily absorbed in glioma cells. The 
IC50 of BBR-Glu in U87 and U251 was far lower than that of BBR-Water. BBR-Glu 
performed better cytotoxicity, with higher G2/M phase arrest, decreased cell viability by 
targeting mitochondrion. In primary U87 glioma-bearing mice, BBR-Glu exhibited better 
imaging in brains and gliomas, indicating that more BBR moved across the blood–brain 
tumor barrier.
Discussion: BBR-Glu nanoparticles have better solubility and stability, providing 
a promising strategy in glioma precision treatment.
Keywords: berberine, glioma, glucose-nanocarrier, nanoparticles, mitochondria

Introduction
Glioma is the most malignant type of primary brain tumor with highly invasive 
phenotype, making the complete surgical resection impossible. Despite the 
advances in surgery, chemotherapy, and radiotherapy, the prognosis of glioma 
patients is far from desirable, especially for those with unresectable tumor or 
multifocal tumor. Therefore, exploration of novel therapy is urgently required.1,2 

Berberine (BBR) is a natural compound isolated from Chinese herbs such as Coptis 
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root (Huang Lian) and Amur Corktree (Huang Bai), pos-
sessing wide pharmacological effects such as antidiarrheal, 
antimicrobial, antioxidative and antiinflammatory, antitu-
mor etc.3,4 However, due to its hydrophobic properties, 
poor stability and bioavailability of BBR, its application 
was limited, and the pre-clinical potential value in glioma 
therapy was still unclear.

With unique properties, nanodrugs have attracted great 
interest. The target delivery,5–7 controllable release,8,9 lower 
systematic toxicity10 and higher drug bioavailability,11,12 

these functions reveal a new chapter in medicine transforma-
tion. Assembling into a nanocarrier, an insoluble drug can 
form a nanodrug, which is the most powerful strategy.13,14 

However, safety issues like potential bio-toxicity, unknown 
metabolites, and  great uncertainty during the use of nano-
carriers still remain.15,16 Thus, a “green” method without 
“toxic” nanocarrier or solvents to create a stable BBR nano-
formulation is recommended and proposed in this study.17

BBB forms a physical separation between circulating 
blood and the brain parenchyma and consists of tight junc-
tions around endothelial cells surrounded by basement 
membrane. It prevents pathogens and large hydrophilic 
molecules from entering the brain, while allowing transport 
of substances needed by the central nervous system (CNS) 
such as glucose, fatty acids, and vitamins. Here, the most 
challenge for BBR or other therapeutics in glioma is cross-
ing the BBB. Fortunately, glucose-coated nanodrugs and 
fructose-coated nanoparticles can provide 10 to 100-times 
more uptake by tumor cells in  various models.18 This is 
probably due to the high level of glucose transporter at the 
surface of tumors, associated with cancer stem cells and 
cancer metastasis.19 Moreover, glucose coating acts as the 
promising strategy for drugs to cross the BBB,20,21 which 
has an important potential application for glioma 
treatment.18,22 Moreover BBR, as an alkaloid, was reported 
to cross the BBB. Its efficacy has been investigated in 
various disease models of the CNS, which can be detected 
in the hippocampus and cerebrospinal fluid (CSF).23–26

In this study, a 5% glucose solution was used to dis-
solve BBR. Based on the easy common operation in clinic, 
BBR-Glu nanoparticles can be obtained. With improved 
solubility of BBR, this nanoformulation showed a higher 
inhibition than BBR in distilled water for glioma treat-
ment, with more BBR accumulated in mitochondrion of 
glioma cells, the disappearance of mitochondrial cristae, 
adenosine-triphosphate (ATP) production, reactive oxygen 
species (ROS) generation, apoptotic-related proteins (Bax, 
Bcl-2, Cyto-C, cleavage caspase-3), and higher 

mitochondrial membrane potential leading to early apop-
tosis, cell cycle arrest and decreased cell colonies.

Experimental Methods
Chemical Reagents and Preparation
Trypsin, streptomycin, penicillin and berberine (BBR) 
were purchased from Sigma Chemical Co. (St. Louis, 
MO, USA), Dulbecco's modification of Eagle's medium 
(DMEM) with high-glucose concentration 4.5 g/L, 10% 
fetal bovine serum (FBS) and L-glutamine were ordered 
from Hyclone Laboratory (GE Healthcare Life Sciences, 
Logan). Berberine was dissolved in 5% glucose injection ( 
BBR-Glu) or distilled water (BBR-Water) at 68°C (heated 
for four hours) with the final concentration of 5 mM. The 
stocking solution was stored at room temperature. 
Meanwhile, the solubility and stability of BBR was 
observed in other solution, such as 1*phosphate buffered 
solution (1*PBS), physiological saline (0.9% NaCl), cell 
culture medium (DMEM) under the same conditions. The 
following antibodies, cytochrome C (Cyto-c), Bax, Bcl-2, 
cleavage caspase-3 and Tuj1, β-tubulin, and β-actin, were 
purchased from Cell Signaling Technology (Danvers, 
MA, USA).

Physical Analyses of BBR-Glu 
Characterization
The morphology, nanoparticle size and zeta potential of 
BBR dissolved in distilled water or BBR-Glu solution 
were further analyzed (Zetasizer Nano ZS90, Malvern 
Instruments, UK). Ultraviolet-visible (UV-Vis) spectra 
were performed in the range between 200 and 800 nm 
by using a T80 spectrophotometer (PG Instrument Ltd, 
Leicester, UK). Optical spectra were obtained by measur-
ing the absorption of the solution in a quartz cuvette with 
a 1 cm optical path. The optical properties were monitored 
for up to two weeks to test the solution stability. 
Transmission electron microscopy (TEM) observations 
were performed by a Hitachi 7700, at 100 kV (Hitachi 
High Technologies America Inc., Dallas, TX, USA). The 
specimens were prepared for TEM observation by placing 
small droplets of BBR-Glu or BBR-Water onto standard 
carbon supported 600-mesh copper grids and drying 
slowly in the air naturally.

Immunofluorescence Staining
Cells were cultured with medium contain BBR-Glu (50 
μM) or 5% glucose solution for 48 h. Primary 
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monoclonal antibodies for β-tubulin (1:300 dilution) and 
anti-rabbit-biotinylated secondary antibody fluoreseine 
isothiocyanate (FITC) (Molecular Probes Inc., Eugene, 
OR, USA) (1:100 dilution) were used. Mitochondria was 
stained by mito-tracker probe from Invitrogen (M22426, 
MitoTracker® Deep Red FM, Invitrogen, Excitation, 644 
nm, Emission, 665 nm). The nuclei of live cells were 
stained by Hoechst 33,342 (excitation: 350 nm, emis-
sion: 461 nm, Appligen Co., Ltd, Beijing, China), and 
the nuclei of fixed cells were stained with 4',6-diami-
dino-2'-phenylyndole (DAPI) (excitation: 358 nm, emis-
sion: 461 nm, Appligen., Co.,Ltd, Beijing, China), 
immunofluorescence images were recorded using 
a confocal laser scanning microscope (TCS SP2, Leica 
Microsystems AG, Wetzlar, Germany) equipped with 
a 630 × oil immersion objective.

Absorption of BBR-Glu or BBR-Water 
Nanoparticles
Specimens (BBR-Glu and BBR-Water nanoparticles) were 
dispersed and attained at the final concentration of 0.5 μM. 
The fingerprints of BBR have four peaks using UV-VIS 
spectroscope (Jasco V-750, Jasco, Tokyo, Japan, range: 
200–800 nm). The absorption spectrum exhibits three 
bands with maxima around 220–350 nm, which are strong 
in nature, and another relatively weak band at about 422 
nm. The same results were detected in BBR-Glu solution 
using UV-Vis absorption spectra of BBR in 5% glucose 
solution.

Cell Lines and Cell Culture
Human glioma U251 cells and U87 cells were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA) and cultured as monolayers in DMEM sup-
plemented with 10% FBS, 100 IU/mL penicillin, and 
100 mg/mL streptomycin (Invitrogen, Carlsbad, CA, 
USA). Cells were maintained in an incubator with 
a humidified atmosphere of 5% Carbon dioxide (CO2) 
at 37°C. Cells were seeded on cover slips and exposed 
to different types of solutions (Glu, BBR-Glu and BBR- 
Water). Four concentrations of BBR-Glu solution (0, 25, 
50, 100 μM) in glioma cells were prepared and used for 
observing cell viability and apoptosis analyses using 
FITC-annexin-V/propidium iodide (PI) (FITC: excita-
tion: 495 nm, emission: 520 nm; PI: excitation: 533 
nm, emission: 617 nm).

Measurement of BBR Uptake and 
Subcellular Location
Glucose or BBR-Water (50 μM) and BBR-Glu nanoparti-
cles were added to U251 and U87 cells for 48-h treatment. 
BBR-Glu and BBR emitted a yellowish fluorescence 
(excitation: 488 nm, emission: 564 nm), and its uptake 
was examined using flow cytometer and confocal micro-
scopy. The cells were treated with BBR-Glu (50 μM) for 
24 h, then incubated with mito-tracker probe at 37°C for 
30 min. Cells were digested with trypsin-ethylene diamine 
tetraacetia acid (EDTA) and washed three times with cold 
1*PBS, BBR autofluorescence was imaged using 488 nm 
excitation and 564 nm emission. U251 or U87 cells were 
detected under 200× magnification using a fluorescent 
microscope with a 488 nm/564 nm excitation filter.

Cellular Viability Assay
MTT assays were performed in a 96-well plate format to 
assess cytotoxicity of the BBR-Glu or BBR-Water particles 
on glioma cells, U251 and U87. Cells were seeded at 
a concentration of 5×103 cells in 96-well plates for 24 
h prior to drug plus. Cells were washed and medium con-
taining BBR-Glu (50 μM) or BBR (50 μM) and the negative 
control, 5% glucose solution for 48 h, respectively. Or cells 
were cultured with different concentrations (0, 25, 50, 100 
μM) of BBR-Glu nanoparticles for five days. After incuba-
tion, the medium was removed from all wells and mediums 
with 0.5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphe-
nyl-tetrazolium bromide (MTT, Sigma-Aldrich) was 
added to each well. The plate was incubated for three 
hours, the solution carefully aspirated from the well and 
100 μL of dimethyl sulfoxide (DMSO, Sigma- 
Aldrich, USA) was added to each well. The plate was 
placed on an orbital shaker for 10 minutes and absorbance 
was read at 540 nm with a reference at 650 nm serving as the 
blank on a plate reader. The percentage of cell viability was 
calculated using the following formula: percentage cell 
viability = (OD of the experiment samples/OD of the 
control)×100%.

Flow Cytometric Analysis of Apoptosis
Apoptosis was evaluated by using an FITC-conjugated 
annexin V/PI assay kit (Invitrogen, USA) following the 
protocol of instruction. Briefly, cells treated with BBR-Glu 
or BBR-Water nanoparticles (50 μM) for 48 h respectively, 
were collected and washed in ice-cold PBS, and re- 
suspended in the annexin V-FITC and 1 μg/mL PI reagent 
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in the dark for 20 minutes. Labeling was analyzed by flow 
cytometry with a FACSCalibur™ flow cytometer (BD 
Biosciences, San Jose, CA). A minimum of 10,000 cells 
per sample were analyzed. Apoptosis was then determined 
and analyzed for three independent experiments. Based on 
the most overlap between FITC immunofluorescence and 
BBR auto-fluorescence, we also detected cleavage cas-
pase-3 using laser scanning confocal microscopy by 
Rhodamine-labeled secondary antibody.

Cell Cycle Analysis
Cells (0.5×106) treated with different doses of BBR-Glu 
solutions (0, 25, 50, and 100 μM) for 48 h and untreated 
parent cells were harvested using 0.25% Trypsin-EDTA 
solution. The digested cells were fixed gently (drop by 
drop) with precooled 70% ethanol (in PBS) and were 
kept overnight at −20°C, then were resuspended in PBS 
containing 40 μg/mL PI, 0.1 mg/mL RNase (Sigma, USA) 
and 0.1% Triton X-100 for 30 min. Cells were washed 
twice using cold 1*PBS. Cell cycle was then determined 
and analyzed using an imaging flow cytometer (BD 
Accuri™ C6 software, USA).

Clonogenic Assay
The effect of BBR-Glu and BBR-Water nanoparticles on 
colony-forming ability was assessed by using a clonogenic 
assay. A total of 2000 cells were seeded into six-well trays 
with culture medium. Cells were exposed to BBR-Glu (50 
μM), BBR-Water (50 μM) or negative control (5% glucose 
solution) and grown for three weeks, and fixed and stained 
with crystal-violet. Plates were then counted in five differ-
ent fields, and images were recorded by microscopy (100× 
magnification).

ATP Hydrolysis Assay
A continuous ATP hydrolysis assay was applied to mea-
sure the specific ATP hydrolysis activity of all ATP 
synthase constructs (Beyotime Co., Ltd, Jiangsu 
Province, China). In this assay, ATP was constantly regen-
erated by an enzymatic reaction, while the consumption of 
nicotinamide adenine dinucleotide (NADH) was measured 
spectroscopically at 340 nm. The change in absorbance 
was measured for 250 seconds at two-second intervals at 
37°C after adding 50 μg of protein complex to 1 mL 
reaction solution (25 mM N-2-hydroxyethylpiperazine-N- 
ethane-sulphonicacid (HEPES) pH 7.5, 25 mM potassium 
chloride (KCl), 5 mM magnesium chloride (MgCl2), 5 
mM potassium cyanide (KCN), 2 mM 

phosphoenolpyruvate, 2 mM ATP, 0.5 mM NADH, 30 
units L-lactic acid dehydrogenase, 30 units pyruvate 
kinase), and its activity was derived by fitting the initial 
linear section of the slope.

Western Blotting Analysis
Western blot analysis (the amount of protein used for each 
sample was 40 μg) was performed in different groups (50 
μM BBR-Glu, 50 μM BBR-Water, 5% glucose solution as 
the negative control treated for 48 h in glioma cells). Equal 
amounts of protein were separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis SDS-PAGE) 
and electro-transferred onto a polyvinylidene fluoride 
(PVDF) membrane (Invitrogen, USA). Nonspecific anti-
body binding was blocked by incubation of the blots with 
4% bovine serum albumin (BSA) in 1*PBS for one hour at 
room temperature. The blots were then probed with appro-
priate dilutions of primary antibodies (1:600 dilution). 
Then, the blots were stripped and re-probed with other 
antibodies against β-actin to ensure equal loading and 
transfer of proteins.

Glucose-coated BBR Observation and 
Characterization in Tumor-bearing Mice
For BBR-Glu or BBR-Water nanoparticles tracking into 
BBB experiments in animal models by tail vein injection 
for three days. The optical fluorescence of BBR was 
detected by (maximum excitation peak at 488 nm, and 
peak emission at 564 nm). Briefly, BBR-Glu (100 μL) or 
BBR-Water (100 μL) probe solution was injected into five 
glioma-bearing mice respectively by tail-vein injection for 
three consecutive days. Another five mice received an 
equal volume of 5% glucose solution at the same time. 
After three days, these mice were sacrificed to observe the 
comparation of BBR staining in the brains of different 
groups. These mice were obtained from the Animal 
Center of the Chinese Academy of Science and all animal 
experiments were approved by the Ethical Committee of 
National Center for Nanoscience and Technology, as well 
as Baotou Central Hospital. All the protocols were per-
formed under the Chinese Academy of Sciences guidelines 
followed for the welfare of laboratory animals. In the 
study, the images and semiquantitative results of BBR 
staining were acquired using a live imaging system (CRi 
Maestro, PerkinElmer, USA) from the brains and tumors. 
The frozen glioma and brain sections were observed in the 
presence of BBR nanoprobes by a confocal laser 
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microscopy (λex: 488 nm, λem: 564 nm, red pseudo-color, 
Leica TCS SP5 laser scanning microscope system, Leica 
Microsystems, DE). Slices showing nuclear staining by 
4ʹ,6-diamidino-2-phenylindole (DAPI, Eugene, OR, 
USA) were examined and photographed under a confocal 
laser microscopy (λex: 340 nm, λem: 488 nm).

Measurement of Reactive Oxygen Species
Glioma cells were seeded and cultured for 48 h in six-well 
plates in the presence or absence of BBR-Glu (50 μM) 
nanoparticles and incubated with 10 μM of the fluorescent 
probe 2ʹ,7ʹ-dichlorofluorescein diacetate (DCFDA) for 
one hour. After removing the supernatant, glioma cells 
were trypsin-digested, collected, and washed twice with 
cold (1*PBS, pH 7.4), the intensity of DCFDA fluores-
cence (excitation: 488 nm, emission, 525 nm, Beyotime, 
Co., Ltd, Jiangsu, China) was then detected using 
a FACScan flow cytometer (Becton Dickinson, 
Sunnyvale, CA, USA). Briefly, the cells were incubated 
in PBS containing 5 μM H2DCFDA for 15 min in the 
dark, cells were then washed, and intracellular fluorescent 
signals were acquired and quantified using IN Cell 
Analyzer 2000 Software (GE Healthcare). The level of 
ROS is presented as relative fluorescence units.

Statistical Analysis
The data shown are a summary of the results from at least 
three experiments and are presented as Mean ± SD. 
Statistical evaluation of the results was performed by one- 
way analysis of variance (ANOVA). The results were 
considered significant at a value of p<0.05.

Results and Discussion
Green, Safety Preparation and 
Characterization of BBR-Glu Nanodrug
As we known, BBR is an isoquinoline alkaloid isolated from 
a variety of Chinese herbs including Coptidis rhizome and 
Amur corktree bark (Figure 1A). Its insolubility, poor stabi-
lity causes low bioavailability by oral administration and 
could not be used by vein injection. Through simply dissol-
ving BBR into 5% glucose solution, BBR formed nanosized 
shape. This nanoformulation is much more superior to tradi-
tional chemical modification. Here glucose not only acts as 
the stabilizer, but also the safe and nutritious agent widely 
used in brain diseases. As shown in Figure 1B, stable nano-
particles can only be obtained when BBR is dissolved in 5% 
glucose. It was also found that BBR can be dissolved in 

distilled water (BBR-Water, Milli-Q Advantage A10, 18.2 
MΩ.cm, Millipore, Merck, USA), but BBR solubility is 
highly dependent on temperature. Hence, this dissolved sys-
tem cannot be stable. Within 5% glucose injection, we 
obtained the stable BBR nanosystem. Meanwhile, BBR 
exhibited the poor solubility in 1*PBS, 0.9% NaCl and 
DMEMunder the same conditions (50°C warm water bathing 
for 45 min of BBR). Hence, we further analyzed the particle 
size of BBR in distilled water or 5% glucose solution. TEM 
images demonstrated the different appearances of BBR in 
5% glucose solution and distilled water. BBR-Glu nanopar-
ticles showed the size homogeneity, with the average dia-
meter of 238 nm (size polymer dispersity index (PDI) 
=0.016), and kept well dispersity for more than three months 
under the saturated status, the mass appearance of BBR-Glu 
nanoparticles was further exhibited in Figure S2B, Glucose 
was possibly located at the surface of BBR nanoparticles 
(scale bar=500 nm); In distilled water, BBR particles per-
formed different size, the average diameter was 475 nm (size 
PDI=0.652), and precipitated BBR crystallization was 
observed less than 72 h again under the same conditions. 
BBR-Glu nanoparticles exhibited the spherical shape, while 
BBR in distilled water performed the different polygon 
appearances, which may lead to the instability of BBR solu-
tion in water (Figure 1C). As the negative control 5% glucose 
solution has no nanoparticles using TEM analysis (data not 
shown). Zeta potential was used to evaluate the surface 
charge of BBR particles. As shown in Figure 1E, we 
designed the same final concentration of BBR (2 mM) in 
different solutions. BBR-Water particles show strong posi-
tive charge in distilled water (+12.1 mV), which is due to the 
ionization of BBR formed positive charge. BBR-Glu nano-
particles show weak positive surface charge (+2.93 mV), 
because of glucose on the surface of BBR-Glu nanoparticles. 
UV spectra of BBR-Glu nanoparticle show four peaks at 228, 
246, 353, and 422 nm (same as BBR-Water), implied the well 
physiochemistry properties of BBR in BBR-Glu particles 
system (Figure 1D). The obtained BBR-Glu nano-system 
was further evaluated on typical glioma cell lines U251 and 
U87. Furthermore, we also found the dynamic change of 
BBR nanoparticles in different concentrations of glucose 
solutions and at different times (Figure S3). Rotation with 
a small motor rotor and heating at 68°C at different time in 
5% glucose solution (15 min, 30 min, 1 hour, 3 hours), the 
appearance of BBR was changed from tiny fibers to less 
polygonal and smaller size, When in various concentrations 
of glucose solution (ddH2O, 0.1% Glu, 1% Glu, 5% Glu) for 
2 hours, BBR nanoparticles became homogenized and 
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smaller. TEM data indicated the real size of BBR nanoparti-
cles dissolved in different solutions for two hours. The more 
stability and spherical appearance of BBR-Glu nanoparticles 
were compared to BBR-Water nanoparticles for two weeks at 
room temperature.

Improved Efficacy of BBR-Glu to Glioma 
Cells in vitro
BBR-Glu nanoparticles show more toxicity in U87 and 
U251 cells. Firstly, a significant reduction of cell viability 
was observed in a dose-dependent manner, and the IC50 

value of BBR-Water was 75.4 μM, while it was 25.7 μM 
for BBR-Glu nanoparticles at 48 h in U251 cells. In U87 
cells, the IC50 of BBR-Glu was 19.5 μM, much lower than 
87.9 μM BBR-Water at 48 h. Higher cytotoxicity of 
BBR-Glu, BBR-Water and 5% glucose solution in U251 
and U87 glioma cells was further confirmed. Cell viability 
was assayed by the same BBR concentration (50 μM) 
addition in a time-dependent manner (Figure 2A and 
B and Supplementary Figure S1A), the antiproliferation 
ability of BBR-Glu nano-system was 1.85 times higher 
than in BBR-Water system. Furthermore, growth inhibi-
tion of U251 cells treated with BBR-Glu (50 μM), BBR- 

Figure 1 Unique physicochemical property of BBR-Glu nanodrug. (A) BBR is an isoquinoline alkaloid isolated from a variety of Chinese herbs including Coptidis rhizome 
and Amur Corktree bark. (B) Chemical structure of BBR, and it was dissolved in different solvents. (C) Transmission electron microscopy (TEM) images demonstrated the 
different appearances of BBR in 5% glucose solution and distilled water. BBR-Glu nanoparticles showed the homogeneity of size, with the average size of 238 nm (diameter, 
size PDI=0.016), and keep BBR stable dispersibility more than three months under the saturate status. In the distilled water, BBR-Water particles performed the 
heterogeneity of the size, the average size was 475 nm (diameter, size PDI=0.652), and precipitated BBR crystallization less than 72 h again under the same conditions. 
The former nanoparticles showed spherical shapes, the latter with different polygon shapes, which could lead to the instability of BBR particles. (D) BBR-Glu nanoparticle 
absorption spectrum characterized by four peaks at 228, 246, 353, and 422 nm using a UV-Vis absorption spectrometer, similar to the one in BBR-Water solution. (E) Zeta 
potential detection in BBR-Glu, BBR-Water and 5% glucose solution.
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Figure 2 More uptake and cytotoxicity of U251 glioma cells treated by BBR-Glu nanodrug. Different cytotoxicity of BBR-Glu, BBR-Water, 5% glucose group in U251 glioma cells. (A) 
Effect of BBR-Glu, BBR-Water and 5% glucose (Glu) group in cell viability of human glioma U251 cells for 48 h. (B) Growth curve of U251 cells treated with BBR-Glu (50 μM), BBR-Water 
(50 μM) and Glu solution for five days. (C) BBR-Glu enhanced the uptake of BBR in U251 cells using flow cytometer (BBR fluorescence: excitation peak at 488 nm, and peak emission at 
564 nm). More uptaken BBR localized in mitochondria was observed in BBR-Glu solution compared with that in BBR-Water or Glu solution using laser scanning confocal microscopy 
(scale bar=10 μm). (D) Different effects of BBR-Glu, BBR-Water and Glu solution on cell colonies (4× magnification). Error bars indicate standard deviation(SD), each point 
represents Mean ± SD of three experiments. *p<0.05, **p<0.01.
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Water (50 μM) and 5% glucose solution for 5 days, more 
cytotoxicity was analyzed using BBR-Glu nanoparticles 
than other groups by MTT assay, 2.59 times higher effi-
ciency was detected in BBR-Glu nanosystem compared 
with that in BBR-Water at the fifth day (p<0.01, 
Figure 2B). Similar results were identified by another 
glioma cell line, U87 (Supplementary Figure S1A). 
These results implied a higher uptake of BBR in U251 
cells and U87 cells treated by BBR-Glu nanoparticles. 
Using BBR’s green fluorescence, with maximum excita-
tion peak at 488 nm, and peak emission at 564 nm 
(Figure 3A), the uptake of BBR-Glu nanoparticles were 
used by flow cytometer and laser scanning confocal micro-
scopy analyses, 8.2 times more uptake of BBR-Glu 

nanoparticles were confirmed in glioma U251 cells using 
flow cytometer and more co-localization with mitochon-
drion using laser scanning confocal microscopy (Figure 
2C). Cell colonies were apparently decreased in the 
BBR-Glu group compared with those in the BBR-Water 
group and 5% glucose solution (p<0.05, Figure 2D). 
Furthermore, BBR-Glu solution suppressed cell viability 
with a dose-dependent manner in U251 cells for five days 
(Figure 3B). At 48 h, more co-localization of BBR-Glu 
nanoparticles and mitochondria was observed in U251 
cells (Figure 3C and Supplementary Figure S4). Similar 
results were shown in U87 cells (Supplementary Figure 
S2A and Supplementary Figure S4), followed by fewer 
formations of cell colonies in BBR-Glu solution than 

Figure 3 BBR-Glu nanodrug effects on the regulation of mitochondria in U251 glioma cells. (A) BBR-Glu nanoparticle exhibited the excitation max peak (494 nm) and 
emission max peak (564 nm). (B) BBR-Glu solution (50 μM) suppressed cell viability with dose-dependent manner in U251 cells for five days. (C) BBR-Glu (50 μM) 
nanoparticles co-localized in mitochondria at 48 h using confocal microscopy. (D) Effects of BBR-Glu (50 μM), 5% glucose solution in cytoskeleton modification by staining β- 
tubulin at 48 h. (E) BBR-Glu (50 μM), BBR-Water (50 μM) solution decreased mitochondria membrane potential by JC-1 detection in U251 cells for 48 h. The ratio of the 
aggregate/monomer was decreased apparently in BBR-Glu (50 μM), compared with BBR-Water (50 μM) and Glu group. (F) Mitochondria related apoptotic-proteins was 
detected in BBR-Glu (50 μM), BBR-Water (50 μM) and 5% glucose treatment in U251 cells, including the levels of Cyto-c, Bcl-2, Bax expression by Western blot analyses. 
(G) TEM images exhibited the structure of mitochondria treated by BBR-Glu (50 μM), BBR-Water (50 μM) and Glu solution for 48 h. Error bars indicates SD, each point 
represents Mean±SD of three experiments. *p<0.05, **p<0.01.
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BBR-Water and 5% glucose solution (Figure 2D and 
Supplementary Figure S1C).

Pharmacological mechanism is important for clinical 
instruction. Here, BBR-Glu nanodrug performed the 
powerful inhibition in cell proliferation by MTT assay 
and colony formation analysis. The underlying mechanism 
of BBR-Glu nanoparticles was further studied in glioma 
cells. It was reported that BBR anticancer ability is based 
on the induction of apoptosis and cell cycle arrest, as well 
as the inhibition of cell migration and invasion, high level 
of ROS generation, DNA topoisomerase inhibition, p53 
activation, and NF-κB signal inactivation.4,27–29 Early 

apoptosis was observed with the dose-dependent manners 
of BBR-Glu nanodrug, and the colocalization of BBR-Glu 
and mitochondria was also identified using confocal 
microscopy. Interestingly, BBR fluorescence and mito- 
tracker probe were co-localized, indicating that BBR- 
induced apoptosis is associated with mitochondrial 
dysfunction. It implied that the anticancer ability of BBR 
was associated with mitochondrial dysfunction, then we 
further analyzed the mitochondria member potential 
(MMP), ROS generation, ATP production and the mito-
chondrial structure. Reduced MMP function (Figure 3E) 
and mitochondrial related apoptotic proteins, including 

Figure 4 BBR-Glu nanodrug induced more cell cycle arrest and early apoptosis. BBR-Glu nanoparticles suppressed mitochondria-mediated early apoptosis and G2/M arrest 
through inducing high level of ROS generation and decreased ATP production. (A) BBR-Glu nanoparticles induced G2/M arrest with dose-dependent manner. (B) BBR-Glu 
nanoparticles induced high ratio of early apoptosis with dose-dependent manner. (C) Mitochondrial ATPase activity was suppressed by BBR-Glu solution (50 μM) at 48 
h. (D) High level of ROS generation was induced by BBR-Glu solution (50 μM) for 48 h treatment. Each point represents Mean ± SD of three experiments. *p<0.05, 
**p<0.01.
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Bax, Cyto-c, Bcl-2 and cleavage caspase-3, high level of 
ROS generation and decreased ATP production exhibited 
in BBR-Glu group compared with others. The level of 
Bax, Cyto-c expression was upregulated after BBR-Glu 

nanodrug treatment in glioma cells, with downregulation 
of Bcl-2 expression and ATP generation and decreased 
MMP function. To investigate the mitochondrial apoptotic 
events involved in BBR-Glu induced apoptosis, the vital 
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Figure 5 In live-animal optical imaging of BBR probes for specific glioma targeting. (A) BBR probes preparation, 5% glucose solution was the negative control. (B) the 
primary glioma-bearing brains were dissected and subjected to ex vivo optical imaging. Under the BBR fluorescent light, the gliomas were distinct from the normal brains in 
the mouse treated with the different BBR probes by tail-vein injection. The negative control was not visible with the BBR-Water probe in tumor. (C) BBR probe was 
observed in the head of BBR-Glu group. In the BBR-Water was obviously observed in theabdomen. The negative control was weakly visible in the abdomen as the possible 
background. (D) The optical imaging of biodistribution of BBR nanoprobes in the glioma tumor sections using confocal analysis. Immunofluorescence staining of glioma 
xenografts in primary brains treated with BBR-Glu, BBR-Water and Glu solutions by intravenous injection (scale bar = 50 μm). (E) More uptake of BBR-Glu nanoparticles 
was detected by flow cytometric analysis using BBR autofluorescence when digesting the fresh glioma specimens.
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mitochondrial dye 5,5',6,6'-Tetrachloro-1,1',3,3’-tetraethyl- 
imidacarbocyanine (JC-1) is a useful tool for investigating 
mitochondrial function. The dye underwent a reversible 
variation in fluorescence emission from green to red as the 
MMP increased. Cells with high membrane potential pro-
mote the formation of dye aggregates (red fluorescence) 
and cells with low membrane potential contain monomeric 
JC-1 (green fluorescence). To investigate the loss of MMP 
during early apoptosis induced by BBR-Glu, BBR or 
glucose, cells were stained with JC-1 and monitored with 
flow cytometry. As shown in Figure 3E, JC-1 was accu-
mulated in negative control cells, indicating a higher mito-
chondrial membrane potential. In contrast, JC-1 was 
poorly accumulated in BBR-Glu-treated cells, indicating 
more disruption of MMP (p<0.01).

Besides, the levels of anti-apoptotic protein Bcl-2 and 
pro-apoptotic protein, Bax and Cyto-c were analyzed. 
Western blot analysis showed that the treatment of U251 
and U87 cells with BBR-Glu resulted in a marked reduc-
tion of Bcl-2 expression and increased the levels of Bax 
and Cyto-c compared with BBR-Water and 5% glucose 
group (Figure 3F and Supplementary Figure S1E). These 
results suggest that BBR alters the levels of mitochondrial 
mediated apoptotic proteins of Bcl-2/Bax/Cyto-c/cleavage 
caspase-3 signaling pathway (Figure S7). And more BBR 
co-localized with mitochondria at the early stage (6 hours) 
in U251 and U87 cells treated with BBR-Glu solution 
(Figure S4). It meant that BBR-Glu nanodrug contributed 
easily to the treatment of glioma cells by the mitochon-
dria-pathway. Moreover, BBR-Glu nanoparticles induced 
a high ratio of early apoptosis in a dose-dependent manner 
in glioma cells (Figure 4B).

ROS accumulation is involved in mitochondrial signal-
ing pathways and correlated with early apoptotic signals. 
ROS is an important messenger molecule in energy meta-
bolism and related apoptosis. As shown in Figure 4D and 
supplementary Figure S2E compared with control cells, 
treatment with 50 μM of BBR-Glu for 48 h, markedly 
increased ROS generation. The change of ATP generation 
was investigated to determine if it occurred via the 
increase of ROS generation.

Therefore, to accomplish this, U251 cells were incubated 
with BBR-Glu 50 μM for 48 h and the change in ATP 
generation was measured following the introduction of com-
mercial kit (Beyotime Co. Ltd). As shown in Figure 4C and 
Supplementary Figure S2D, decreased ATP generation was 
detected in BBR-Glu compared with the negative control. 
U251 cells were treated with different solutions for 48 h, and 

then incubated with a cytoskeleton-specific dye β-tubulin at 
37°C for 15 min. β-tubulin was accumulated in control cells, 
where β-tubulin displayed a bright-green fluorescence 
indicating cytoskeleton, whereas, the number of cells with β- 
tubulin decreased in the cells treated with BBR-Glu nano-
particles (Figure 3D). Furthermore, the neuron specific Class 
III ß-tubulin (Tuj1), was also performed to detect the cyto-
toxicity of BBR-Water and BBR-Glu nanoparticles. The 
length of cytoskeleton (Tuj1 protein) was shortened and the 
immunofluorescence was apparently reduced after 6 hours 
with 50 μM BBR-Glu addition, while the length Tuj1 protein 
was apparently reduced after 12 h with 50 μM BBR-Water 
addition, the immunofluorescence was decreased after 24 
h (Supplementary Figure S5 and S6). Mitochondria and 
cytoskeleton damage are common causes of cell cycle arrest 
and apoptosis. Flow cytometry showed high percentage of 
apoptotic rate and increased G2/M phase ratio in BBR-Glu 
solution with a dose-dependent manner in glioma cells 
(Figure 4A and B, Supplementary Figure S1B and S1D). 
Furthermore, TEM images exhibited the obvious disruption 
of mitochondria with lacking or decreased number of cristae 
fragmented and shortened cytoskeleton after BBR-Glu solu-
tion treatment compared with others (Figure 3G and 
Supplementary Figure S2C, S5 and S6). It was implied that 
the higher cytotoxicity of BBR-Glu nanoparticles by target-
ing mitochondria pathway and cytoskeleton in glioma cells.

BBR-Glu as the Promising Nanodrug in 
Primary Glioma-bearing Mice

After the surgery of glioma, commonly, intratumor injec-
tion or temozolomide oral administration is the glioma 
general treatment in clinic. Collectively, we will use IP 
administration or intratumor injection after brain resection 
in xenograft animal models. The administration and the 
final effective concentration of BBR-Glu nanoparticles 
should be identified in tumor-bearing animal models, 
which is benefit for the clinical trials in future. 

It is well known that nanoparticles showed potential to 
cross the BBB for brain disease treatments. The mechanism 
of nanoparticles across the BBB is still poorly understood. It 
is probably that nanoparticles reassemble when they cross 
these barriers. Size is not the decisive factor to determine 
whether the nanoparticle can cross the BBB. The physico-
chemical and protein receptor properties (including surface 
charge and surface modification) influence their BBB-cross. 
It is important that glucose can cross the BBB, when using 
glucose-coated nanoparticles could re-assemble into the 
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brain, which probably help the BBR-Glu nanoparticles 
cross the barrier. Meanwhile, we also made an experiment 
in an orthotopic xenograft model of human glioma cells to 
verify whether BBR-Glu nanoparticles did cross the BBB. 
BBR imaging was potentially used to visualize the passive 
or active tumor-targeting of nanocarriers, which were 
brought about by the enhanced permeability and retention 
(EPR) effect and the incorporation of tumor-target compo-
nents. The applications of BBR in live fluorescence imaging 
of nanocarriers were adopted in the present study. The 
human brain glioma cell line U87 was cultured, and then 
inoculated by injection with stereotactic guidance into the 
frontal white matter of nude mice. After 35 days the tumor 
had slowly grown. Mice bearing U87 xenografts in their 
brains were loaded with the same concentration of BBR 
solutions,  
BBR-Glu or BBR-Water (100 μL, respectively) by tail-veil 
administration for three consecutive days to investigate the 
nanoparticle biodistribution, 5% glucose solution as the 
negative control (Figure 5A). The animals were sacrificed 
after finishing the injection protocols, and brain and tumors 
were examined by immunofluorescence staining. It was 
found that accumulation of BBR-Glu in the brain was 
stronger than those in other groups, which indicated that 
nanoparticles can increase the BBB permeability for a better 
penetration of drug-loaded glucose into the brain tumors 
(Figure 5B, D and E). BBR fluorescence images of mice 
bearing glioma demonstrated that the fluorescence emission 
of BBR in the tumor was accumulated in the brain, the other 
glioma xenografted mouse treated with BBR-Water was 
mainly observed in the abdomen (Figure 5C). Therefore, 
the animal experiments identified the BBR-Glu nanoparti-
cles can cross the BBB for brain tumor treatments to some 
extent. We understand that more experiments in animal 
models may be better to reveal this phenomenon. 
However, in the present study, we mainly focused on 
in cell experiments and we did further in animal models to 
consolidate this conclusion.

Conclusion
Traditional nanocarrier and nanoformulation blocks the 
clinical translation of nanodrugs because the nanocarrier 
is usually not FDA approved. In addition, the nanoprepara-
tion process usually could not meet the multiple require-
ments involved in clinical nanodrug production, due to 
introduction of a toxic agent, or cannot be reproduced. In 
this study, a simple, green and easily operated preparation 
technology was developed and used for preparation of 

BBR-Glu nanodrug. With increased solubility and better 
stability, BBR-Glu nanodrugs performed enhanced cyto-
toxicity to glioma cells. The improved anticancer activity 
of the BBR-Glu nanodrug was observed through mito-
chondria damage and increased uptake in cell experiments 
and animal models (Figure 3G, Supplementary Figure S2, 
Figure 5D and E). Because a high level of glucose trans-
porter was located on the surface of tumor cells and cancer 
stem cells, and glucose-coating strategy acts as 
a promising method for drug delivery across the BBB, 
here BBR-Glu has important potential applications for 
glioma treatment. A 5% glucose injection is commonly 
used in clinic, this concentration is also the iso-osmotic 
solution in the clinic treatment. Hence, it is beneficial for 
dissolving BBR and forming BBR-Glu nanodrugs.

This complex of BBB is a biological barrier that many 
drugs cannot cross because the tight junction and receptor 
potential channel gene expressions. Interestingly, various 
nanocarriers have been developed to help agents to cross 
this barrier. The transfer rate of glucose-coated gold nano-
particles across primary human brain endothelium20 and 
similar glucose-receptor modified nanocarriers could be 
applied for brain research, such as novel liposome can 
overcome the ineffective delivery of normal drug formula-
tions to the brain by targeting the glucose transporters 
(GLUT family) on the BBB.30 And GLUT1 is crucial for 
the development of the BBB in vivo.31 Moreover, in 
glioma cells, more GLUTs are highly expressed at the 
glioma cell membrane,32 which is associated with resis-
tance for temozolomide in vitro.33 Moreover, the blood– 
brain tumor barrier (BBTB) encompasses existing and 
formed new blood vessels that contribute to the delivery 
of nutrients and oxygen to the tumor and facilitate glioma 
cell migration to other parts of the brain. The high meta-
bolic demands of high-grade glioma create hypoxic areas 
that trigger increased expression of VEGF and angiogen-
esis, leading to the formation of abnormal leaky vessels 
and a dysfunctional BBB.34 Some evidence supported 
BBR had potent antitumor activity against human and rat 
malignant brain tumors31,35 and against brain injury or 
neurodegenerative diseases across the BBB to some 
extent.36,37

There are some important reports that have supported 
the glucose-coating nanoparticle as a key driver for 
GLUT1/3-mediated nanoparticle internalization in the BBB 
structure or tumor microenvironments.18,19,21,38 They 
implied that glucose-coated nanoparticles can be applied 
for translational medicine in the future. Furthermore, BBR 
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was the potential drug in different brain diseases including 
brain tumors,39 traumatic brain injury,40 brain ischemia 
etc.41–43 The 5% glucose injection is commonly used in 
clinics, this concentration is also the iso-osmotic solution in 
the clinic treatment. Hence, it is benefit for dissolving BBR 
and forming BBR-Glu nanodrug. The combination between 
glucose and BBR, forming the novel nanodrug, could be 
applied for animal models or clinical trials. However, the 
administration of BBR and the final effective concentration 
of BBR at the target site (such as glioma or brain) was still 
poorly understood recently. Data from animal experiments 
indicated that different administrations, such as intravenous 
(IV) injection, intraperitoneal (IP) injection, and intragastric 
(IG) oral administration, have the different LD50 of BBR in 
mice. The LD50 of BBR from IV and IP injections was 
9.0386 and 57.6103 mg/kg, respectively; but no LD50 was 
found in the IG group. A significant difference in bioavail-
ability was observed between the different routes. 
Furthermore, the concentration of BBR in the blood from 
different IG doses was also significantly different. However, 
the absorption of BBR by IG administration had a relative 
limitation. From the analysis of BBR content in the blood 
after various administrations, these data implied the concen-
tration of BBR in the blood contributed to its acute toxicity, 
and the routes of administration might be an important factor 
that affected the toxicity evaluation of the BBR-Glu 
nanodrug.44

Enhancement of the permeability of the BBB led to more 
drugs crossiing into the brain, which was shown to be 
a promising strategy to improve drug absorption and treatment 
efficacy by nanotechniques, hyperthermia techniques, recep-
tor-mediated transport, cell-penetrating peptides and cell- 
mediated delivery. Glucose-coating strategy as the nanocarrier 
was effective to overcome the BBB,38,39 because glucose- 
coating nanoparticles was a key driver for GLUT1/3-mediated 
nanoparticle internalization in the BBB structure or tumor 
microenvironments.18,19,38 It implied that glucose-coated 
nanoparticles can be applied for translational medicine in the 
future. Furthermore, BBR was a potential drug in different 
brain diseases (glioma, traumatic brain injury, brain ischemia 
etc).18,33,42,43,45 A 5% glucose injection is commonly used in 
clinics, this concentration is also the iso-osmotic solution in 
the clinic treatment, hence it is beneficial for dissolving BBR 
and forming the promising BBR-Glu nanodrug.
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