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Abstract. Glioblastoma is the most common and aggressive 
type of brain tumor. Although treatments for glioblastoma 
have been improved recently, patients still suffer from local 
recurrence in addition to poor prognosis. Previous studies 
have indicated that the efficacy of chemotherapeutic or 
bioactive agents is severely compromised by the blood‑brain 
barrier and the inherent drug resistance of glioblastoma. The 
present study developed a delivery system to improve the 
efficiency of delivering therapeutic agents into glioblastoma 
cells. The anticancer drug paclitaxel (PTX) was packed 
into nanoparticles that were composed of amphiphilic 
poly (γ‑glutamic‑acid‑maleimide‑co‑L‑lactide)‑1,2‑dipalmit
oylsn‑glycero‑3‑phosphoethanolaminecopolymer conjugated 
with targeting moiety transferrin (Tf). The Tf nanopar‑
ticles (Tf‑NPs) may enter glioblastoma cells via transferrin 
receptor‑mediated endocytosis. MTT assay and flow cytom‑
etry were used to explore the cytotoxic effects, cellular uptake 
and cellular distribution of paclitaxel‑loaded nanoparticles. 
The results indicated that both PTX and PTX‑Tf‑NPs inhibited 
the viability of rat glioblastoma C6 cells in a dose‑dependent 
manner, but the PTX‑Tf‑NPs exhibited a greater inhibitory 
effect compared with PTX, even at higher concentrations 

(0.4, 2 and 10 µg/ml). However, both PTX and PTX‑Tf‑NPs 
exhibited a reduced inhibitory effect on the viability of mouse 
hippocampal neuronal HT22 cells compared with that on 
C6 cells. Additionally, in contrast to PTX alone, PTX‑Tf‑NPs 
treatment of C6 cells at lower concentrations (0.0032, 0.0160 
and 0.0800 µg/ml) induced increased G2/M arrest, although 
this difference did not occur at a higher drug concentration 
(0.4 µg/ml). It was observed that FITC‑labeled PTX‑Tf‑NPs 
were endocytosed by C6 cells within 4 h. Furthermore, 
FITC‑labeled PTX‑Tf‑NPs or Tf‑NPs co‑localized with a lyso‑
somal tracker, Lysotracker Red DND‑99. These results of the 
present study indicated that Tf‑NPs enhanced the cytotoxicity 
of PTX in glioblastoma C6 cells, suggesting that PTX‑Tf‑NPs 
should be further explored in animal models of glioblastoma.

Introduction

Glioblastoma is the most common primary malignant tumor 
in the central nervous system (CNS), accounting for 46.1% of 
the total malignant tumors in the United States that are diag‑
nosed in the brain and spinal cord (1‑3). Glioblastoma has 
been indicated to constitute the majority (55.1%) of gliomas 
that originate from glial cells or precursor cells (1,4) and to be 
highly aggressive, which is reflected by its classification as a 
grade IV neoplasm in CNS tumors (5). The incidence of glio‑
blastoma has been estimated to be 3.2 per 100,000 individuals 
worldwide (1). Current treatment strategies for glioblastoma 
include the combination of surgical resection with radio‑
therapy, systemic chemotherapy and local treatment with 
carmustine wafer, immunotherapy with the anti‑angiogenic 
drug bevacizumab and electric field‑based treatment (6‑10). 
However, patients with glioblastoma undergoing the afore‑
mentioned treatments have been indicated to exhibit a poor 
prognosis with a 5‑year survival rate of ~5% and a median 
survival of ~15 months (1,11,12). The majority of patients 
has been revealed to ultimately succumb to the disease due 
to local recurrence of the tumor (13), which results from the 
infiltrative viability of glioblastoma that often hinders the 
complete surgical removal of the initial tumors. Additionally, 
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the blood‑brain barrier (BBB) has been indicated to prevent 
chemotherapy drugs from entering the brain, and even when 
the drugs can be successfully delivered to the tumor, glioblas‑
tomas have developed mechanisms of drug resistance, which 
render chemotherapy less effective (8). Therefore, an urgent 
need still exists to improve current treatment modalities 
and/or to develop novel therapeutic strategies to ameliorate the 
clinical outcomes of patients with glioblastoma.

Strategies focused on enhancing the delivery of cytotoxic 
drugs or bioreactive agents into the glioblastoma tumor cells 
with nanocarriers have been previously implemented in 
preclinical studies and clinical trials (8,14‑17). The efficiency 
of targeted delivery for nanocarriers is determined by their size, 
surface charge, surface hydration and targeting moiety (15). 
An ideal nanocarrier has been indicated to be able to cross the 
highly selective BBB to reach the infiltrating glioblastoma cells, 
as well as to extravasate via the disrupted blood‑brain tumor 
barrier to enter into the principal tumor core (15,18). Moreover, 
the nanocarrier should be able to bypass the multidrug resis‑
tance efflux transporters, such as P‑glycoprotein (P‑gp), the 
multidrug resistance proteins (MRPs) and breast cancer resis‑
tance protein, which are usually overexpressed in glioblastoma 
cells and contribute to the tumor inherent resistance to multiple 
chemotherapy drugs (19).

The anticancer drug paclitaxel (PTX) has been indicated 
to inhibit glioblastoma viability in mice; however, this anti‑
tumor effect was revealed to be reduced in endothelial and 
glioblastoma cells where P‑gp was overexpressed, thereby 
conferring resistance to PTX, and preventing the entrance 
of PTX into tumor cells (20,21). Therefore, the development 
of a potent carrier to deliver PTX into glioblastoma cells is 
required. The present study investigated whether previously 
reported nanoparticle (20) may enhance the antitumor activity 
of PTX in rat glioblastoma C6 cells in vitro. This nanoparticle 
is composed of amphiphilic poly (γ‑glutamic acid‑maleimide‑
co‑L‑lactide)‑1,2‑dipalmitoylsn‑glycero‑3‑phosphoethanol‑
amine (γ‑PGA‑MAL‑PLA‑DPPE) copolymer conjugated with 
a targeting moiety transferrin (Tf) and exhibits a great poten‑
tial to be an ideal nanocarrier (20). To address these issues, 
the present study aimed to develop an efficient nano‑delivery 
system for delivering therapeutic agents into glioblastoma 
cells. The present study provided solid evidence for subsequent 
investigation of PTX‑Tf‑NPs in animal models of glioblastoma 
to better elucidate the antitumor potency of PTX‑Tf‑NPs.

Materials and methods

MTT assay. Transferrin (Tf), 4‑Nitro‑phenyl chloroformate 
(pNP) (97%), and paclitaxel (PTX) were obtained from Alfa 
Aesar, Sigma‑Aldrich (Merck KGaA) and Beijing HuaFeng 
Unite Co. Ltd., respectively, and were prepared as previously 
described (22). MTT assay was used to evaluate the effect of 
Tf‑NPs, PTX and PTX‑Tf‑NPs on cell viability in C6 (glio‑
blastoma) and HT22 cells (mouse hippocampal neuron cell 
line, purchased from American Type Culture Collection).

Cell culture. The cells were cultured in DMEM (Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Thermo Fisher 
Scientific, Inc.) and 1.2% penicillin/streptomycin for 24‑48 h 
in a humidified 5% CO2 atmosphere at 37˚C. Cells at the 

logarithmic growth phase were washed twice with PBS, 
trypsinized at 37˚C incubator for 5 min and counted using a 
hemocytometer. A total of 1x104 cells were seeded into each 
well of a 96‑well plate. After 24 h, the culture media were 
removed, and 100 µl DMEM containing Tf‑NPs at different 
concentrations (10.0000, 2.0000, 0.4000, 0.0800, 0.0160 or 
0.0032 µg/ml) were added into the cells in quadruplicate. 
The same concentrations of PTX or PTX‑Tf‑NPs were also 
assayed on the cultured cells in quadruplicate. Cells without 
treatment served as a blank control. After 48 h, the culture 
media containing Tf‑NPs, PTX or PTX‑Tf‑NPs were removed, 
and the cells were washed with PBS. A standard MTT assay 
was subsequently performed to measure the cytotoxicity of 
the drugs. The purple formazan was dissolved in DMSO and 
the absorbance was measured at 570 nm. The experiment was 
repeated three times. The cell viability curves with different 
concentrations of Tf‑NPs, PTX or PTX‑Tf‑NPs were plotted.

Flow cytometry. Flow cytometry was performed to analyze 
the cell cycle distribution of C6 and HT22 cells treated with 
PTX or PTX‑Tf‑NPs. C6 or HT22 cells at the logarithmic 
growth phase were trypsinized at 37˚C incubator for 5 min 
and counted with a hemocytometer. A total of 2x105 cells were 
seeded into each well of a 6‑well plate. When the cells entered 
the logarithmic growth phase after 24 h, they were treated 
with PTX, PTX‑Tf‑NPs (dissolved in cell culture media) at 
the concentrations of 0.0032, 0.016, 0.080 or 0.400 µg/ml 
(for C6 cells) or 0.06, 0.25 or 1.00 µg/ml (for HT22 cells) in 
duplicate. Cell culture medium was used as a solvent control. 
After 48 h, the cells were collected and centrifuged at 705 x g 
at 4˚C for 5 min. The cells were washed twice with pre‑cooled 
PBS and fixed with pre‑cooled 70% ethanol at 4˚C for 30 min. 
Following fixation, the cells were centrifuged at 705 x g for 
5 min, and 70% ethanol was removed. RNA was digested 
with 100 µl of RNase A (0.1 mg/ml) at 37˚C for 30 min. The 
cells were washed twice with PBS and subsequently stained 
with 200 µl propidium iodide (PI, Beyotime Institute of 
Biotechnology) (0.05 mg/ml) containing 0.03% Triton X‑100 
at 4˚C for 30 min. The cell suspension was filtered using a 
nylon mesh with 40 µm pores before being analyzed using a 
FACSAria flow cytometer (Becton, Dickinson and Company) 
and analyzed using FlowJo 7.6 (FlowJo LLC). The percent‑
ages of cells at G0/G1, S and G2/M phases were calculated. The 
experiment was repeated three times.

Examination of the uptake and subcellular localization of 
nanoparticles. A total of 4x105 C6 cells were seeded in a 
35 mm dish with an integrated cover glass bottom of a 0.1 mm 
thickness and 14 mm diameter (MatTek Corporation). After 
24 h, the cells were washed twice with PBS and incubated 
at 37˚C with DMEM containing 10 µg/ml FITC‑conjugated 
PTX‑Tf‑NPs for 0, 0.5, 1, 2 and 4 h. The cells were washed 
with PBS before being examined under FLUOVIEW FV1000 
confocal laser scanning microscope (magnification, x40; 
Olympus Corporation).

C6 cells were stained with 75 nM LysoTracker 
Red™ DND‑99 at 37˚C for 1 h (Invitrogen; Thermo Fisher 
Scientific, Inc.) following incubation at 37˚C with 10 µg/ml 
FITC‑conjugated PTX‑Tf‑NPs or Tf‑NPs for 4 h. The cells 
were washed three times with Dulbecco's PBS before being 
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examined under FLUOVIEW FV1000 confocal laser scan‑
ning microscope (magnification, x40; FV10 ASW, Olympus 
Corporation). The filter sets for FITC and LysoTracker Red 
DND‑99 were 488 nm (excitation)/510 nm (emission) and 
488 nm (excitation)/560 nm (emission), respectively.

Statistical analysis. The experiments were repeated three times. 
The data are presented as the mean ± SD. SPSS 13.0 software 
(SPSS, Inc.) was used for data analysis. One‑way ANOVA 
followed by Turkey's post hoc test was used for the comparison 
of multiple groups in Figs. 1 and 2. P<0.05 was considered to 
indicate a statistically significant difference.

Results

PTX or PTX‑Tf‑NPs reduce the viability of rat glioblastoma 
C6 cells in a dose‑dependent manner, but PTX‑Tf‑NPs exhibit 
a stronger inhibitory effect at higher concentrations compared 
with PTX. Rat glioblastoma C6 cells were treated with Tf‑NPs, 
PTX or PTX‑Tf‑NPs for 48 h, and cell viability was detected 
using the MTT assay. The percentages of cell viability are 
presented in Fig. 1 and Table I. The results indicated that treat‑
ment with Tf‑NPs at concentrations of 0.0032 or 0.016 µg/ml 
did not inhibit C6 cell viability, whereas Tf‑NP treatment 
at concentrations of 0.08, 0.4, 2 and 10 µg/ml resulted in a 

cell viability of 92, 97, 97 and 88% in C6 cells, respectively, 
compared with control cells, indicating that Tf‑NPs alone cause 
a low cytotoxicity in C6 cells. Both PTX and PTX‑Tf‑NPs 
exhibited a dose‑dependent effect on cell viability in C6 cells. 
Following PTX treatment at concentrations of 0.0032, 0.016 
and 0.08 µg/ml, C6 cell viability was 91, 87 and 83%, respec‑
tively, while following PTX‑Tf‑NP treatment, cell viability was 
95, 91 and 83%, respectively. Statistical analysis revealed that 
at a concentration of ≤0.08 µg/ml, no significant difference 
in cell viability by treatment with either PTX or PTX‑Tf‑NPs 
was observed, indicating that PTX and PTX‑Tf‑NPs exhibit 
similar cell viability inhibitory effects at these concentra‑
tions. Nevertheless, at concentrations of 0.4, 2 and 10 µg/ml, 
C6 cells treated with PTX exhibited an average viability 
of 81, 74 and 62%, respectively, but C6 cells treated with 
PTX‑Tf‑NPs exhibited significantly lower viability compared 
with cells treated with PTX (78, 69 and 56%, respectively). 
This suggested that PTX‑Tf‑NPs were more potent compared 
with PTX in reducing the viability of C6 glioblastoma cells at 
higher concentrations.

PTX and PTX‑Tf‑NPs exhibit a lower inhibitory effect on the 
viability of mouse hippocampal neuronal HT22 cells compared 
with that on rat glioblastoma C6 cells. Immortalized mouse 
hippocampal neuronal HT22 cells were treated with Tf‑NPs, 

Table I. Cell viability of C6 cells following treatment with Tf‑NPs, PTX or PTX‑Tf‑NPs.

 Concentration (µg/ml)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Drug 0.0032  0.0160  0.0800  0.4000  2.0000  10.0000

Tf‑NPs 119.11±2.45 103.01±3.07 91.89±1.52 96.69±1.63 96.64±0.85 87.89±2.44
PTX   91.19±1.94   87.21±3.13 83.12±1.67 81.19±1.91 74.28±2.81 62.14±0.07
PTX‑Tf‑NPs   94.66±0.81     91.4±2.12 83.09±0.44   78.0±1.23a   68.6±1.12a 56.25±0.20a

aP<0.01 vs. PTX. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.

Figure 1. PTX or PTX‑Tf‑NP treatment reduces the viability of rat glio‑
blastoma C6 cells in a dose‑dependent manner, but PTX‑Tf‑NPs exhibit a 
stronger inhibitory effect at higher concentrations. C6 cells were treated with 
Tf‑NPs, PTX or PTX‑Tf‑NPs at the concentrations of 0.0032, 0.016, 0.08, 
0.4, 2 or 10 µg/ml for 48 h, followed by detection of the cell viability using an 
MTT assay. The data are presented as the mean ± SD, and ANOVA followed 
by Tukey's post hoc test was used for statistical analysis. **P<0.01 vs. PTX; 
##P<0.01 vs. Tf‑NPs. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles. 

Figure 2. PTX and PTX‑Tf‑NPs exhibit a lower inhibitory effect on the cell 
viability of mouse hippocampal neuronal HT22 cells compared with that 
on rat glioblastoma C6 cells. C6 cells were treated with Tf‑NPs, PTX or 
PTX‑Tf‑NPs at the concentrations of 0.0032, 0.016, 0.08, 0.4, 2 or 10 µg/ml 
for 48 h, followed by detection of the cell viability using an MTT assay. 
The data are presented as the mean ± SD, and ANOVA followed by Tukey's 
post hoc test was used for statistical analysis. **P<0.01 vs. PTX; ##P<0.01 vs. 
Tf‑NPs. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.
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PTX or PTX‑Tf‑NPs for 48 h, and cell viability was measured 
using an MTT assay. The cell viability measurements are 
presented in Fig. 2 and Table II. The results indicated that at 
a high concentration of 10 µg/ml, Tf‑NP treatment reduced 
HT22 cell viability to 87%. At a concentration of ≤2 µg/ml, 
Tf‑NPs did not affect HT22 cell viability. These data indicated 
that treatment with Tf‑NPs alone results in low cytotoxicity in 
HT22 cells. Interestingly, PTX alone did not inhibit cell viability 
at a concentration of ≤2 µg/ml, but reduced HT22 cell viability 
to 76% relatively to that of control cells at a concentration of 
10 µg/ml (Fig. 2), which was different from that in C6 cells 
(Fig. 1). PTX‑Tf‑NPs did not inhibit HT22 cell viability at a 
concentration of ≤0.08 µg/ml, but reduced HT22 cell viability to 
88, 80 and 78% relatively to that of control cells at the concentra‑
tions of 0.4, 2.0 and 10 µg/ml, respectively (Fig. 2). These data 
indicated that PTX‑Tf‑NPs exhibited a lower inhibitory effect 
on the viability of HT22 cells compared with that on C6 cells.

PTX and PTX‑Tf‑NPs induce G2/M arrest differentially in 
C6 cells. Following PTX treatment at the concentrations of 
0.0032, 0.016, 0.08 or 0.4 µg/ml, C6 cells exhibited 9, 28, 
73 and 86% G2/M distribution, respectively (Fig. 3A and 
Table III), whereas untreated cells presented only 9%. These 
data suggested that PTX treatment at the concentrations of 
0.016, 0.08 and 0.4 µg/ml resulted in G2/M arrest in C6 cells, 
and the percentage of G2/M arrest was associated with the 
concentration of PTX. On the other hand, following PTX‑Tf‑NP 

treatment at the concentrations of 0.0032, 0.016, 0.08 and 
0.4 µg/ml, C6 cells exhibited 15, 17, 89 and 71% G2/M distribu‑
tion, respectively (Fig. 3B and Table III). These data indicated 
that PTX‑Tf‑NPs induced G2/M cell cycle arrest in C6 cells 
even at the lowest concentration of 0.0032 µg/ml. However, the 
G2/M arrest effect of PTX‑Tf‑NPs peaked at a concentration 
of 0.08 µg/ml, and this effect was reduced at a concentration 
of 0.4 µg/ml. In addition, the aforementioned results demon‑
strated that at the concentrations of 0.0032 and 0.08 µg/ml, 
PTX‑Tf‑NPs resulted in a higher percentage of G2/M arrest 
compared with PTX, but this difference was reversed at the 
concentration of 0.4 µg/ml.

PTX and PTX‑Tf‑NPs induce G2/M arrest differentially in 
HT22 cells. Following PTX treatment at the concentrations 
of 0.06, 0.25 or 1 µg/ml, HT22 cells exhibited 20, 52 and 
73% G2/M distribution, respectively, whereas the untreated 
cells exhibited only 14% (Fig. 4, row 1; Table IV), indicating 
that G2/M cell cycle arrest in HT22 cells was associated 
with the concentration of PTX. On the contrary, HT22 cells 
treated with 0.06, 0.25 or 1 µg/ml PTX‑Tf‑NPs exhibited 
4, 29 or 66% G2/M phase distribution, respectively (Fig. 4, 
row 2; Table IV). These data suggested that PTX‑Tf‑NPs 
induced G2/M cell cycle arrest in HT22 cells at the concen‑
trations of 0.25 and 1 µg/ml, but not 0.06 µg/ml. Moreover, 
at these concentrations, PTX‑Tf‑NPs resulted in a lower 
percentage of G2/M arrest compared with PTX.

Table II. Cell viability of HT22 cells following treatment with Tf‑NPs, PTX or PTX‑Tf‑NPs.

 Concentration (µg/ml)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Drug 0.0032  0.0160  0.0800 0.4000  2.0000  10.0000

Tf‑NPs   116.2±3.70 107.05±6.80   107.2±3.09 113.19±4.63 105.24±1.08 86.96±3.46
PTX 106.35±2.35 106.53±3.70 102.36±5.66     98.1±5.77   99.47±0.88 76.27±1.43
Tf‑NPs‑PTX 102.57±5.10 102.32±5.23   97.07±5.28   88.25±1.90a   79.74±4.35a 78.19±4.26a

aP<0.01 vs. PTX. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.

Figure 3. PTX‑Tf‑NP and PTX treatment induces G2/M cell cycle arrest differentially in C6 cells. C6 cells were treated with PTX or PTX‑Tf‑NPs at the 
concentrations of 0.0032, 0.016, 0.08 or 0.4 µg/ml for 48 h. The cells were stained with PI solution and were subsequently analyzed by flow cytometry. (A) PTX 
and (B) PTX‑Tf‑NPs. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles; PI, propidium iodide.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  292,  2021 5

Table III. Cell cycle analysis of C6 cells following treatment with PTX or PTX‑Tf‑NPs.

Treatment Concentration (µg/ml) G0/G1 phase (%) S phase (%) G2/M phase (%)

Control ‑ 62.26±1.68 28.28±2.21   9.47±0.54
PTX
 0.0032 68.07±8.19 22.49±8.61   9.45±0.41
 0.0160 49.08±5.38 22.59±2.35 28.34±7.73
 0.0800   5.57±0.44 21.01±1.53 73.42±1.97
 0.4000   7.14±1.30   6.57±2.70 86.3±4.02
PTX‑Tf‑NPs  0.0032 70.68±1.46a 14.74±2.39 14.58±3.84a

 0.0160 57.73±3.70a   25.7±6.42 16.58±2.70a

 0.0800   5.62±1.22a   5.77±1.88 88.61±0.66a

 0.4000   5.50±1.13a 23.68±2.23 70.83±3.36a

aP<0.01 vs. PTX. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.

Table IV. Cell cycle analysis of HT22 cells.

Treatment Concentration (µg/ml) G0/G1 phase (%) S phase (%) G2/M phase (%)

Control ‑ 40.83±2.76 45.03±3.71 14.14±0.56
PTX  0.06 29.52±3.06 50.85±3.54 19.64±0.48
 0.25   7.89±0.78 40.39±0.15 51.72±0.92
 1.00   8.86±2.39 18.54±2.53 72.61±4.92
PTX‑Tf‑NPs  0.06 39.38±0.08a 56.17±3.46 4.46±3.38a

 0.25 12.82±2.19a   58.5±5.41 28.68±3.00a

 1.00 11.41±1.17a 22.23±1.60 66.36±5.52a

aP<0.01 vs. PTX. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.

Figure 4. Cell cycle analysis of HT22 cells. HT22 cells were treated with PTX or PTX‑Tf‑NPs at the concentrations of 0.06, 0.25 or 1.0 µg/ml for 48 h. The cells 
were subsequently stained with PI solution and analyzed by flow cytometry. Control: Row 1, 1st panel; PTX: Row 1, 2nd‑4th panels; Control: Row 2, 1st panel; 
PTX‑Tf‑NPs: Row 2, 2nd‑4th panels. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles; Control, without drug treatment; PI, propidium iodide.
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PTX‑Tf‑NP endocytosis in C6 cells increases in a time‑depen‑
dent manner. To visualize the distribution of PTX‑Tf‑NPs in 
C6 cells, a high concentration of the particles (10 µg/ml) was 
used, as at this concentration an increased amount of particles 
is more likely to enter the cells. The cells were incubated with 

FITC‑labeled PTX‑Tf‑NPs and the green fluorescence signal 
was detected under confocal laser microscope. Following 
treatment for 0.5 h, a small amount of fluorescence signal was 
detected in the cytosol of C6 cells, indicating that PTX‑Tf‑NPs 
had entered into C6 cells (Fig. 5). With increased incubation 

Figure 5. Endocytosis of PTX‑Tf‑NPs in C6 cells increases in a time‑dependent manner. The cells were treated with 10 µg/ml FITC‑labeled PTX‑Tf‑NPs for 
0, 0.5, 1, 2 and 4 h. Green fluorescence was examined using confocal laser microscopy. The left column includes fluorescent images (magnification, x40) of 
FITC‑labeled PTX‑Tf‑NPs. Images in the middle column were captured under bright field (magnification, x40), and the merged images of the left and middle 
columns are presented in the right column. PTX‑Tf‑NPs, paclitaxel‑transferrin‑nanoparticles. 

Figure 6. PTX‑Tf‑NPs or TF‑NPs are co‑localized with lysosomes. C6 cells were treated with 10 µg/ml FITC‑labeled PTX‑Tf‑NPs or TF‑NPs for 4 h, and 
subsequently incubated with 75 nM LysoTracker Red DND‑99 for an additional 1 h. The fluorescence was examined using a confocal laser microscope 
(magnification, x40). (A) Tf‑NPs and (B) PTX‑Tf‑NPs. From left to right, FITC‑labeled PTX‑Tf‑NPs or TF‑NPs, LysoTracker Red DND‑99, bright field and 
merged images of the other three columns are presented. PTX, paclitaxel; Tf‑NPs, transferrin‑nanoparticles.
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time, an increased number of PTX‑Tf‑NPs entered C6 cells. 
Following treatment for 4 h, a strong fluorescence signal 
was visible in nearly all C6 cells (Fig. 5), indicating that the 
majority of PTX‑Tf‑NPs were successfully endocytosed by 
C6 cells.

Intracellular PTX‑Tf‑NPs or Tf‑NPs are co‑localized with lyso‑
somes. C6 cells were treated with FITC‑labeled PTX‑Tf‑NPs 
or Tf‑NPs and additionally incubated with LysoTracker Red 
DND‑99. LysoTracker Red DND‑99 can specifically 
accumulate in acidic organelles, such as lysosomes (21). 
The fluorescence signals were examined using a confocal 
laser microscope. As demonstrated in Fig. 6, FITC‑labeled 
PTX‑Tf‑NPs or Tf‑NPs co‑localized with LysoTracker Red 
DND‑99. These data suggested that both PTX‑Tf‑NPs and 
TF‑NPs are localized in lysosomes upon endocytosis.

Discussion

The present study demonstrated that PTX‑Tf‑NP treatment 
resulted in a higher cytotoxicity in glioblastoma C6 cells 
at the higher concentrations tested (0.4, 2 and 10 µg/ml) 
compared with PTX alone. Additionally, it was observed 
that PTX‑Tf‑NPs induced higher G2/M arrest at the lower 
concentrations tested (0.0032 and 0.0800 µg/ml) in C6 cells 
compared with PTX alone. Moreover, PTX‑Tf‑NP treat‑
ment resulted in a higher cytotoxicity in C6 cells compared 
with that on mouse hippocampal neuronal HT22 cells. 
Furthermore, Tf‑NPs alone exhibited a low cytotoxicity in 
both glioblastoma C6 and hippocampal neuronal HT22 cells, 
only slightly inhibiting the viability of these cells at a high 
concentration of 10 µg/ml, which indicated that Tf‑NPs can 
be safe for therapeutic applications. Therefore, the results 
of the present study suggested that Tf‑NPs exhibit a great 
potential to be an excellent nanocarrier for glioblastoma 
drug targeting. Based on the Tf‑NP structure, there are two 
key features that may contribute to the successful targeting 
of glioblastoma cells by PTX‑Tf‑NPs in vivo, including the 
targeting moiety Tf (22) and the backbone of Tf‑NPs, which 
is composed of an amphiphilic γ‑PGA‑MAL‑PLA‑DPPE 
copolymer (20).

Under normal physiological conditions, Tf functions 
as an iron carrier in plasma and transfers iron to various 
types of tissues, such as the brain (23). Currently, how iron 
molecules cross the BBB remains unclear. The models of 
Tf receptor (TfR)‑mediated endocytosis and transcytosis 
have been proposed to demonstrate the movement of iron 
from endothelial cells in the BBB to the brain parenchyma. 
Generally, iron‑loaded holo‑Tf has been indicated to bind 
to TfR, which is localized on the luminal cell surface of 
endothelial cells in the brain (24). The complex of holo‑Tf 
with TfR is internalized into the cell via the clathrin‑coated 
pit and wrapped into the clathrin‑coated vesicle (24). 
Subsequently, the vesicle becomes uncoated and fuses with 
the early endosome. The iron transport via TfR‑mediated 
endocytosis or transcytosis has been revealed to depend on 
whether holo‑Tf can be transferred to brain parenchyma, 
which is dependent upon the ability of Tf to cross the ablu‑
minal membrane together with iron (24). In TfR‑mediated 
endocytosis, the acidified environment inside the endosome 

has been reported to induce the separation of iron from 
holo‑Tf, and iron has been indicated to be subsequently 
pumped out of the endosome by divalent metal transporter 1 
into the cytosol, followed by the transportation of iron to the 
abluminal membrane of endothelial cells by ferroportin (24). 
The majority of TfR andiron‑free apo‑Tf complexes recycle 
back to the respective cell surface and plasma, whereas only 
a small amount of the TfR‑Tf complex undergoes lysosomal 
degradation (25). On the other hand, a certain amount of 
iron in the form of holo‑Tf has been indicated to be trans‑
ported as a complex across the abluminal membrane of the 
brain's endothelial cells to reach the brain parenchyma in 
TfR‑mediated transcytosis (24).

As a targeting moiety, Tf may serve vital roles in the 
transportation of PTX‑Tf‑NPs across the BBB. TfR1 is highly 
expressed in endothelial cells from the BBB (26), which 
makes it a feasible target for the delivery of therapeutic agents 
into the brain parenchyma via TfR‑mediated transcytosis. 
Several groups have reported that Tf‑conjugated nanopar‑
ticles enter the brain in greater amounts in vivo compared 
with those without a Tf targeting moiety (25,27‑29). 
Sonali et al (29) demonstrated that Tf‑conjugated gold 
nanoparticles crossed the BBB in a manner dependent on the 
avidity of the nanoparticles to TfR, which was determined by 
the size of the nanoparticles and the amount of Tf conjugated 
to the surface of the nanoparticles. For example, nanopar‑
ticles with a diameter of 45 nm and 30 Tf/particle have been 
indicated to reach the mouse brain parenchyma in larger 
amounts compared with same‑sized nanoparticles with either 
20 or 100 Tf/particle (29). Nanoparticles with a diameter of 
80 nm and 20 Tf/particle have been reported to enter the 
mouse brain at a higher number compared with same‑sized 
nanoparticles with 200 Tf/particle (27). Tf‑conjugated 
nanoparticles with a moderate avidity to Tf have been demon‑
strated to be more likely transcytosed to the brain parenchyma 
in comparison to nanoparticles with a high avidity to Tf (27). 
To further increase the amount of transcytosed Tf‑conjugated 
nanoparticles, the same research group incorporated an 
acid‑cleavable linkage between Tf and the nanoparticle 
core (28). It has been revealed that this acid‑cleavable 
linkage increased the mobility of high‑avidity Tf‑containing 
nanoparticles (80 nm in diameter; 200 Tf/particle), but not 
low‑avidity Tf‑containing nanoparticles (80 nm in diameter; 
20 Tf/particle). High‑avidity Tf‑containing nanoparticles 
with the acid‑cleavable linkage have been demonstrated to 
reach the mouse brain parenchyma more efficiently compared 
with low‑avidity Tf‑containing nanoparticles without the 
acid‑cleavable linkage (28). This may be attributed to the 
fact that the Tf‑containing nanoparticles with high avidity 
to TfR may be endocytosed by endothelial cells in the BBB 
to a greater extent compared with their low‑avidity coun‑
terparts, whereas the acid‑cleavable linkage may induce an 
endosomal separation of the nanoparticle core from both 
Tf and TfR and facilitate the ability of the nanoparticle 
core to enter the transcytotic pathway. However, despite the 
ability of the acid‑cleavable linkage to increase the amount 
of Tf‑containing nanoparticles entering the mouse brain, the 
transcytosed nanoparticles without the Tf targeting moiety 
would have lost their targeting ability to glioblastoma cells, 
which exhibit a high expression of TfR (30,31).
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There are two major advantages for glioblastoma‑targeted 
delivery of drug‑loaded Tf‑modified nanocarriers via 
TfR‑mediated endocytosis. As aforementioned, one advan‑
tage is the achievement of an efficient targeted delivery of 
anticancer agents via binding of a Tf‑modified nanocarrier 
to TfR, which has been indicated to be upregulated owing 
to the increased uptake of iron by glioblastoma cells (32,33). 
Another advantage is bypassing the multi‑drug resistance 
developed by glioblastoma cells due to their increased expres‑
sion of efflux transporters, such as MRP1 (32). Inhibition of 
MRP1 or downregulation of MRP1 has been demonstrated 
to improve the sensitivity of glioblastoma cells to chemo‑
therapy drugs in vitro (19,33,34). By taking into account the 
advantages of a Tf‑modified nanocarrier that may facilitate 
the transport of anticancer agents into glioblastoma cells, 
the present study using in vitro methods, as well as previous 
studies using in vivo methods, demonstrated that PTX‑Tf‑NPs 
in addition to other drug‑loaded Tf‑containing nanopar‑
ticles (Tf‑PO‑DOX, G4‑DOX‑PEG‑Tf‑TAM, Tf‑NP‑DOX, 
NPs‑ZOL‑Tf) (35‑38) inhibited the viability of glioblastoma 
cells in comparison to anticancer drugs or a drug‑loaded 
nanocarrier without Tf modification. Liu et al (36) prepared 
doxorubicin (Dox)‑loaded Tf‑conjugated polyethylene 
glycol‑polylactic acid NPs (Tf‑NP‑Dox) and observed a 
2‑fold increase in the intracellular drug concentration in 
C6 cells compared with NP‑Dox alone. Pang et al (35) 
further revealed that Tf‑conjugated biodegradable polymer‑
somes (Tf‑PO) enhanced the delivery of Dox into the brain 
and tumors in glioblastoma‑bearing rats in comparison to 
PO alone. The present study for the first time, to the best of 
our knowledge, demonstrated that drug‑loaded Tf‑NP treat‑
ment resulted in a higher cytotoxicity in glioblastoma cells 
(C6 cells) compared with normal neural cells (HT22 cells), 
which supported the use of Tf in specifically targeting glio‑
blastoma cells. Moreover, the current study indicated that 
PTX‑Tf‑NPs were localized in the lysosomes upon endocy‑
tosis in these glioblastoma cells.

In addition to the Tf targeting moiety, the backbone 
of Tf‑NPs that was used in the present study, which was 
composed of amphiphil ic γ‑PGA‑MAL‑PLA‑DPPE 
copolymer, has been indicated to exhibit several ideal 
characteristics for the systemic delivery of anticancer drugs 
into the brain. Firstly, γ‑PGA‑MAL‑PLA‑DPPE copolymer 
has been revealed to be highly biodegradable, as poly‑
peptide γ‑PGA was made from carboxy‑linked glutamate 
residues (39), and PLA (40) and phospholipid DPPE (41) 
have all been reported to exhibit excellent biodegradability 
and biocompatibility. The results of the present study also 
indicated that Tf‑NPs alone were biocompatible, as they 
exhibited very low cytotoxicity in C6 and HT22 cells. 
Secondly, a controlled and sustained release of PTX from 
PTX‑Tf‑NPs has been observed at both pH 7.4 and pH 5.0, 
which simulated the pH values at physiological conditions 
and in the lysosomal environment, respectively (20). Lastly, 
the PTX‑Tf‑NPs used in the present study have previ‑
ously been indicated to exhibit desirable near‑neutral zeta 
potentials (20), which may prevent the aggregation of these 
nanoparticles and their uptake by the mononuclear phago‑
cyte system, thereby achieving a prolonged circulation time 
in the bloodstream (42).

There is a limitation to the present study. Although it was 
revealed that the nanoparticles were efficiently transported 
into cells derived from the BBB, no in vivo evidence was 
included in the current study to support that these particles 
can cross the BBB. Additional in vivo assays are required to 
confirm this effect.

The results of the present study indicated that PTX‑Tf‑NPs 
were more potent compared with PTX alone in inhibiting cell 
viability and inducing G2/M cell cycle arrest in rat glioblas‑
toma C6 cells. PTX‑Tf‑NPs were successfully endocytosed 
by C6 cells, and were localized in lysosomes. These data 
indicated that Tf‑NPs can facilitate the entrance of PTX into 
C6 cells via transferrin‑mediated endocytosis and as a result, 
improve the efficacy of PTX. Therefore, the present study laid 
the foundation for subsequent investigation of Tf‑NPs as a 
potential nanocarrier in animal models of glioblastoma.
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