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Background: The safe and efficient delivery of chemotherapeutic agents is critical to 
glioma therapy. However, chemotherapy for glioma is extremely challenging because the 
blood–brain barrier (BBB) rigorously prevents drugs from reaching the tumor region.
Materials and Methods: TfR-T12 peptide-modified PEG-PLA polymer was synthesized to 
deliver paclitaxel (PTX) for glioma therapy. TfR was significantly expressed on brain 
capillary endothelial cells and glioma cells; therefore, TfR-T12 peptide-modified micelles 
can cross the BBB system and target glioma cells.
Results: TfR-T12-PEG-PLA/PTX polymeric micelles (TfR-T12-PMs) could be absorbed 
rapidly by tumor cells, and traversed effectively the BBB monolayers. TfR-T12-PMs can 
effectively inhibit the proliferation of U87MG cells in vitro, and TfR-T12-PMs loaded with 
paclitaxel presented better antiglioma effect with prolonged median survival of nude mice- 
bearing glioma than the unmodified PMs.
Conclusion: The TfR-T12-PMs could effectively overcome the BBB barrier and accom
plish glioma-targeted drug delivery, thus validating its potential in improving the therapeutic 
outcome in multiforme.
Keywords: polymeric micelles, transferrin receptor, BBB transcytosis effect, glioblastoma 
multiforme, targeted delivery

Introduction
Malignant glioma is the second leading cause of death from diseases of the central 
nervous system, threatening human health for fast development and poor 
prognosis.1–4 The standard clinical treatments for glioma include surgical resection, 
radiotherapy, chemotherapy, gene therapy, and immunotherapy.5,6 However, clinical 
outcome is very limited, the survival rate of patients remains very low after current 
multimodal treatment-aggressive surgical resection followed by radiation and che
motherapy. In addition, the side effects of radiotherapy and the adverse results of 
chemotherapy are also the main causes of poor prognosis. In recent decades, an 
active targeted drug delivery system has attracted wide attention for effective 
delivery of chemotherapeutics to the tumor site, but the clinical treatment effect 
is not ideal, because these physiological and pathological barriers such as enzymatic 
barrier, blood–brain barrier (BBB), and blood–brain tumor barrier (BBTB) pre
vented drug or drug delivery system from reaching the glioma region.7–10

BBB is mainly formed by capillary endothelial cells and remains a compact 
structure at the early stage of glioma development and around the invasive tumor 
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edge.11,12 It prevents approximately 98% of small mole
cule drugs and nearly 100% of large molecule 
substances from transport into the brain tissue.13 Based 
on previous reports, receptor-mediated transcytosis (RMT) 
is exploited as a successful pathway to traverse the BBB. 
There are many of these receptors that mediate the passage 
of the BBB such as polymerase δ-interacting protein 2, 
matrix metalloproteinase-9 and transferrin receptor.14–16 

The brain related ligand or monoclonal anti-body was 
used to modify drug delivery systems to facilitate the 
transport of chemotherapeutic substances to the brain 
tissue.17

A variety of glioma-targeted drug delivery systems 
have been introduced to improve the therapeutic effect in 
previous reports.18–21 One potential strategy is to couple 
a drug delivery system with a ligand that can recognize 
specific receptors on brain tumor cells. Glioblastoma mul
tiforme (GBM) cell surface markers, such as integrins 
avβ3 and avβ5,22 epidermal growth factor receptor,23 

transferrin receptor (TfR),24 can help a drug delivery sys
tem to recognize glioma cells specifically.25 Among these 
target sites, TfR has been identified as one of the most 
promising target sites since it is overexpressed on both the 
BBB and GBM cells. Transferrin is a hydrophilic trans
porter of iron ions in the blood, which can enter cells via 
TfR-mediated endocytosis. Based on previous reports,26,27 

many types of cancerous cells, including GBM, overex
press TfR, whereas TfR is less expressed in noncancerous 
cells. The overexpression of TfR on the BBB and the 
GBM cell surfaces but not on the surrounding cells renders 
TfR a promising target. Thereby, transferrin has been 
widely explored as a targeting ligand for improving nano
carrier penetration into the BBB. Transferrin receptor- 
mediated nanodrug delivery system was expected to target 
deliver chemotherapeutics to glioma cells across the BBB, 
and circumvent barriers to improve the antiglioma effect 
in vivo.

Herein, we designed a stable peptide modified PM to 
overcome BBB/BBTBs and target glioma cells. This 
glioma-targeting drug delivery was decorated with TfR- 
T12 peptide, which could mediate the drug system to 
cross the BBB and specifically recognize glioma 
cells.28,29 TfR-T12 peptide-modified PEG-PLA has been 
synthesized for the first time in this study, and has not 
been reported in the literature. PTX has been selected as 
a therapeutic drug in this study, and its hydrophobicity 
can be improved by carrier encapsulation for enhancing 
the bioavailability in tumor therapy. The objective was to 

achieve glioma targeting with reduced side effects by 
overcoming multiple barriers (Figure 1). The efficacy of 
TfR-T12-PMs in crossing the BBB/BBTB and targeting 
glioma cells was assessed in vitro and in vivo. The 
potential antiglioma effect of TfR-T12-PMs was also 
evaluated in nude mice bearing intracranial U87MG 
glioma.

Materials and Methods
Materials, Cells Culture and Animals
The HOOC-PEG5k-PLA5k was purchased from Tanshui 
Technology Co. Ltd (Guangzhou, China); TfR-T12 pep
tide (THRPPMWSPVWP) was synthesized by China 
Peptides Co., Ltd; CCK8 kit was purchased from 
Yisheng Biotechnology Co., Ltd (Shanghai, China); 
Annexin V-FITC/PI Apoptosis Detection kit was pur
chased from Yisheng Biotechnology Co., Ltd; Hoechst 
33258 was purchased from Biyuntian Biotechnology Co., 
Ltd (Shanghai, China); 1,1ʹ-dioctadecyl-3, 3, 3ʹ, 3ʹ- 
tetramethyl indotricarbocyanine Iodide (DiR) was pur
chased from Baikang Scientific Instrument Co., Ltd 
(Shenzhen, China).

U87MG, U118, A172 cells and human umbilical vascu
lar endothelial cells (HUVECs) were purchased from ATCC, 
and grown in DMEM supplemented with 10% FBS at 37°C 
under a humidified atmosphere containing 5% CO2.

BALB/C nude mouse (four to six weeks old, male) 
were purchased from Guangdong Medical Laboratory 
Animal Center, and kept in specific pathogen free (SPF) 
conditions. All procedures used in this study were con
ducted in accordance with the Guide for the Care and Use 
of Laboratory Animals Center of Shenzhen University 
and approved by the Experimental Animal Ethics 
Committee of Shenzhen University (Permit No. 
20180425).

Synthesis of TfR-T12 Peptide Decorated 
PEG-PLA Copolymer
Briefly, 50mg/mL HOOC-PEG5k-PLA5k copolymer was 
activated by EDC/NHS (10mg EDC/5.8mg NHS) for 3h, 
and TfR-T12 peptide was added into the DMSO solution, 
the reaction was maintained for another 24h under moder
ate stirring.30 Then, the reacted mixture was dialyzed 
(MW cut off 3500Da) against in distilled water for 48h 
to remove the unconjugated TfR-T12 peptide, the dialysate 
was freeze-dried for 24h.
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Characterization of TfR-T12 Peptide 
Decorated PEG-PLA Copolymer
The structures of TfR-T12 peptide, PEG-PLA and TfR- 
T12-PEG-PLA were characterized by 1H-nuclear magnetic 
resonance (1H-NMR) spectroscopy.

A172 cells, U87MG, and U118 were seeded in 96-well 
plates at a density of 8000/well to estimate the toxicity of 
TfR-T12-PEG-PLA copolymer. Thereafter, the medium 
was replaced with different concentration copolymer sam
ples (1~100mg/mL), and cell viability was measured using 
CCK8 kit after 48h incubation.

Preparation of TfR-T12-PEG-PLA/PTX 
Micelles
Briefly, 100mg TfR-T12-PEG-PLA copolymer and 
10mg PTX were dissolved in 2mL DMSO, and then 

added dropwise into 50mL water under moderate stir
ring, the mixture was stirred for 30min at RT, and 
dialyzed for 48h in distilled water (MW cut off 
3500Da). The unentrapped PTX was removed by filtra
tion using a 0.45µm filter.

Characterization of TfR-T12-PEG-PLA 
/PTX Micelles
The encapsulation efficiency (EE) and loading efficiency 
(LE) of PTX in TfR-T12-PMs were determined by 
Ultraviolet Spectrophotometry (UV) (Shimadzu UV- 
2550PC spectrophotometer) at 230nm wavelength. The 
EE% and LE% were calculated as indicated below:

EE% ¼
Amount of PTX in the polymer micelles

Total amount of PTX added
� 100 

Figure 1 Schematic of the intracellular therapeutic mechanism of the TfR-T12-PMs. 
Notes: TfR-T12-PMs were prepared for PTX delivery for glioma therapy. TfR-T12-PMs can cross over the BBB by receptor-mediated transcytosis, and specifically recognize 
gliomas cells. 
Abbreviations: TfR-T12-PMs, TfR-T12-PEG-PLA/PTX polymeric micelles; TfR-T12, transferrin receptor-T12 peptide; PTX, paclitaxel; BBB, blood−brain barrier.
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EE% ¼
Amount of PTX in the polymer micelles

The weight of polymer micelles
� 100 

The particle size of TfR-T12-PMs was determined using 
a Nano laser particle size analyzer (DelsaMax CORE). Zeta 
potential of PEG-PMs and TfR-T12-PMs was determined 
using Malvern (Zetasizer Nano-ZS90). The morphology of 
TfR-T12-PMs was observed by Transmission Electron 
Microscope (TEM) (JEM-2100 and Aztec Energy TEM SP 
X-MaxN 80T). The sample solution of TfR-T12-PMs were 
prepared at the concentration 1mg/mL, measured accurately 
20μL and place it on a copper net, and placed the copper net 
under a lamp for 10minutes to dry, then the morphology of 
TfR-T12-PMs were observed using TEM.

The in vitro release of PTX from TfR-T12-PMs was 
assessed up to 48h under physiological condition and the 
free PTX and PEG-PLA/PTX (PEG-PMs) were as control. 
Briefly, 1 mL sample containing 0.45mg PTX was added 
into a dialysis bag. Then, the bags were immersed in 50mL 
PBS (pH 7.4, containing 0.1% [v/v] Tween 80), incubated 
in an orbital shaker at 37°C. At predetermined time points, 
0.2mL of each sample was withdrawn from the medium 
and the same volume of fresh medium was added.31 The 
concentration of PTX was analyzed by UV.

Cellular Uptake Assay
To estimate the uptake efficiency and localization of copo
lymer micelles, PEG-PMs and TfR-T12-PMs were pre
pared, DiR was a poorly water-soluble fluorescent 
substance, which was encapsulated in the carrier instead 
of PTX. U87MG cells were seeded into a 12-well plate at 
a density of 6×104 cells/well and incubated overnight at 
37°C, then the medium was replaced with free cell culture 
medium containing various formulation of PMs with 
200ng/mL DiR per well for 4h. Cellular uptake of PEG- 
PMs and TfR-T12-PMs were evaluated by flow cytometry 
(CYTOFLEX S) and confocal laser scanning microscopy 
(CLSM) (INVIA REFLEX).

In vitro Cytotoxicity Assay
In briefly, U87MG cells were seeded in 96-well plates and 
cultured for overnight for confluence. Then the medium 
was removed and nano-micelle or free PTX with serial 
different formulations were added. After 24h incubation, 
10μL CCK8 working solution was added for 30min, 
the percent of viability was calculated for each well.

Detection of Apoptosis
Flow cytometry and hoechst staining were used to deter
mine the apoptotic effect. Summarily, the cells were 
seeded at 5×104 cells per well into 12-well plates and 
incubated for 24h with the free PTX, PEG-PMs and TfR- 
T12-PMs, then the cells were stained with annexin 
V-FITC/PI kit. The cell apoptosis were analyzed by 
a flow cytometer.

For the hoechst staining assay, cells were fixed with 
4% paraformaldehyde for 15min, and then stained with 
hoechst 33258 reagent at a concentration of 5µg/mL for 
10min and washed 3 times with PBS buffer. After that, the 
nuclear morphology was observed with a fluorescence 
microscope.

Migration and Invasion Assays
Migration and invasion assays were performed as pre
viously reported.32 Briefly, U87MG cells were used to 
coat the upper surface of the transwell chamber, and the 
lower chamber was filled with culture medium containing 
20% FBS, after 24h incubation, the medium was replaced 
by various formulation including PBS, free PTX, PEG- 
PMs and TfR-T12-NPs, incubated at 37°C for 24h. The 
cells were fixed in 4% formaldehyde for 15min and then 
stained with 0.1% crystal violet for 30min. Images of the 
cell migration were produced using a microscope, and 5 
migration area was measured.

Evaluation Transcytosis Effect in HUVEC/ 
U87MG Co-Culture Model
The HUVECs/U87MG co-culture model was established 
based on previous report.33 Briefly, 5000 HUVECs cells 
and 2.5×104 U87MG cells were seeded into transwell 
inserts co-culturing for 72h, HUVECs were seed in upper 
chamber of the transwell insert, and U87 cells were seeded 
at lower chamber of the transwell insert. The upper inserts 
were transferred to another 24-well plate, which was pre
viously seeded with U87MG cells at concentration 5×104 

U87MG cells/well, and then treated with free DiR and 
different DiR formulations. The inserts were removed 
after 1h of incubation, and HUVECs viability was mea
sured by the CCK8 assay. DiR in U87MG cells was 
detected by flow cytometer. In addition, in order to further 
test the penetration effect of TfR-T12-NPs, after 
HUVECs/U87MG co-culture for 72h, and PTX and dif
ferent PTX formulations was replaced. After another 24h 
of incubation, then stained with an apoptosis detection kit 
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and hoechst solution, and the percentage of apoptosis was 
analyzed using a flow cytometer.

To investigate brain targeted effect of PEG-PMs and 
TfR-T12-PMs, healthy nude mice were intravenously 
injected with PEG-PMs or TfR-T12-PMs at the DiR dose 
of 50μg/kg, all mice were euthanized later, and the heart, 
liver, spleen, lung, kidney, and brain were excised and 
tested by three dimensional multimodal imaging system 
for live small animals (IVIS Spectrum CT).

In vivo Assessment of Anti-Glioma 
Efficacy of PTX Formulations in 
Subcutaneous Tumor Model
Male nude mice (4–6weeks) were subcutaneously 
implanted with 1×107 U87MG cells in the right leg.34,35 

2 weeks later, when the solid tumor size reached approxi
mately 80mm3, the nude mice were randomly divided into 
4 groups (n=5) and received a intravenous injection of 
saline, PTX, PEG-PMs and TfR-T12-PMs with a dosage 
of 5mg/kg. Tumor volume and mice weight was measured 
every 2 days and tumor volume were calculated as the 
following formula: tumor volume = (length)×(width)2/2. 
After 5 times administration, the nude mice were eutha
nized and their hearts, livers, spleens, lungs, kidneys, 
tumors were collected for tumor immunohistochemistry 
and H&E histochemical analysis. In addition, three dimen
sional multimodal imaging system was carried out to 
detect distribution of PMs in vivo.

Immunohistochemistry Analysis
Tumors or brains from tumor-bearing mice were fixed in 
4.0% paraformaldehyde solution, embedded in paraffin 
and sectioned. TUNEL staining was used to detect apop
totic cells according to a previously reported method,36 

CD31 staining was performed to observe the 
microvessels,37 and Ki67 staining was detected to observe 
the tumor cell proliferation.38

In vivo Assessment of Anti-Glioma 
Efficacy of PTX Formulations in 
Orthotopic Tumor Model
The orthotropic glioma model was established according 
to a previously reported method.39 In brief, male nude 
mice (6–8weeks) were anesthetized with chloralhydrate, 
and 5×105 U87MG cells were implanted into the right 
brain (2.0mm lateral to the bregma with 3.5 mm depth) 
with a stereotactic apparatus (Stoelting). A total of 14 

days after tumor cell inoculation, tumor-bearing mice 
were randomly divided into 4 groups (n=5), and received 
intravenous injection of saline, PTX, PEG-PMs and TfR- 
T12-PMs with a dosage of 5mg/kg. A total 5 time of 
administration, the mice in PEG-PMs and TfR-T12-PMs 
group were randomly selected and euthanized, and col
lected their brain for three dimensional multimodal ima
ging. To estimate the safety of PMs on tumor-bearing 
mice, after administration, the tumor-bearing mice were 
euthanized, and tissue sections of vital organs were 
stained with hematoxylin and eosin (H&E) for histochem
ical analysis.

The orthotropic glioma model was established as the 
same as above method, 14 days inoculation later, the 
tumor-bearing mice were randomly divided into 4 groups 
(n=7), and received a intravenous injection of saline, PTX, 
PEG-PMs and TfR-T12-PMs with a dosage of 5mg/kg, the 
survival ratio of tumor-bearing mice was observed after 5 
times of administration. For mouse survival study, 
Kaplan–Meier survival curves were generated and ana
lyzed by Gehan-Breslow-Wilcoxon test.

Statistical Analysis
All results shown represent means ± SEM from triplicate 
experiments performed in a parallel manner, unless other
wise indicated. Significant differences between groups 
were analyzed by one-way ANOVA. All comparisons 
were made relative to control group, and the significance 
of difference is indicated as *p < 0.05, **p < 0.01.

Results and Discussion
Synthesis and Characterization of 
TfR-T12-PEG-PLA Copolymer
To develop a more effective and safer delivery system for 
glioma therapy, di-block copolymer TfR-T12-PEG-PLA was 
prepared, and the synthetic route of conjugation of TfR-T12- 
PEG-PLA copolymer was illustrated in Figure S1. The amine 
groups from TfR-T12 peptide were conjugated with car
boxylic acid group from HOOC-PEG5k-PLA5k to produce 
amide bond using EDC and NHS as carboxyl activating agent. 
1H-NMR spectrum of the TfR-T12-PEG-PLA copolymer was 
shown in Figure 2A. The methylene group of the PEG seg
ment in the PEG-PLA was detected in the signal of 3.65 ppm, 
and the signals of CH and CH3 of the lactide from the PLA 
segment are shown at 5.3 and 1.6 ppm, respectively (Figure 
S2). The chemical shift at 7.0–8.0 ppm is assigned to the 
H protons in TfR-T12 peptide blocks. The result indicated 
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that the TfR-T12 peptide is successfully conjugated to PEG- 
PLA polymer.

The cell toxicity of TfR-T12-PEG-PLA copolymer with 
different concentration (0–100 mg/mL) was investigated, and 
the result indicated that the cell viability of the TfR-T12-PEG 
-PLA copolymer found no obvious difference as concentra
tion increased, the cell viability reached above 90% in all 
groups (Figure S3). Therefore, it came to the conclusion that 
TfR-T12-PEG-PLA copolymer was safe for drug delivery.

Preparation and Characterization of 
TfR-T12-PMs
PEG-PMs and TfR-T12-PMs were similar in size as well as 
encapsulation efficiency and loading efficiency. The average 
size of TfR-T12-PMs was 110 nm (Polydispersity Index 
(PI): 0.217) (Figure 2B), and the zeta potential of PEG- 
PMs and TfR-T12-PMs was −7.91 and −4.77, respectively 
(Figure S4), because of the carboxyl group at the end of 
PEG, PEG-PMs is negatively charged, while the zeta poten
tial of TfR-T12-PMs increased slightly with the modifica
tion of TfR-T12. From the TEM morphological images 

(Figure 2C), the TfR-T12-PMs are spherical and well dis
tributed. EE and LE of PTX in the TfR-T12-PMs were 90% 
and 2.5%, respectively. PTX loading in TfR-T12-PMs and 
PEG-PMs were released slowly compared to free PTX in 
pH 7.4 PBS at 37 °C, about 50% of PTX was released from 
TfR-T12-PMs and unmodified PEG-PMs at 24 h, and 70% 
free PTX was released at the same time point (Figure 2D). 
Thus, the peptide had no significant effect on release of PTX 
from PMs.

Cellular Uptake Study
Cellular uptake of PEG-PMs and TfR-T12-PMs by U87MG 
cells was studied with flow cytometry and confocal micro
scope, and DiR was used as probe for evaluation of the 
cellular uptake of formulations. After six hours of incubation 
at 37°C with different formulations of PMs, the uptake of 
TfR-T12-PMs was significantly greater than that of PEG- 
PMs and free DiR, and the percentage of fluorescein-positive 
cells after treatment with TfR-T12-PMs was increased sig
nificantly in comparison to PEG-PMs and free DiR (Figure 
3A). It suggested that the presence of TfR-T12 effectively 

Figure 2 The synthesis of TfR-T12-PEG-PLA polymer and characterization of TfR-T12-PMs. (A) 1H-NMR of TfR-T12-PEG-PLA polymer; (B) Particle size of TfR-T12-PMs; 
(C) The TEM of TfR-T12-PMs, bar=100 nm; (D) Cumulative release property of TfR-T12-PMs. 
Abbreviations: TfR-T12-PMs, TfR-T12-PEG-PLA/PTX polymeric micelles; 1H-NMR, 1H-nuclear magnetic resonance; TEM, transmission electron microscope.
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increased PMs uptake by U87MG cells. These results indi
cated the presence of TfR-T12 on the surface of PMs exe
cuted obvious influence on the uptake ability of PMs.

The intracellular accumulation and distribution of PMs 
in U87MG cells were also studied by confocal microscopy 
(Figure 3B). The U87MG cells were treated with free DiR 
for four hours at 37°C, a weak red intracellular fluores
cence was observed because most of the DiR had not 
entered into the cells. While the red intracellular fluores
cence in unmodified PEG-PMs and TfR-T12-PMs group 
was shown, and the fluorescence intensity in the TfR-T12- 
PMs group was much stronger than the unmodified PEG- 
PMs, which might be due to the interaction of TfR-T12 
with TfR receptor on U87MG cell surface. The data indi
cated that the enhanced uptake and absorption of DiR by 
cells were due to the surface modification of PMs with the 
TfR-T12 peptide.

TfR-T12-PMs Inhibits Glioma Cell 
Proliferation
The antiproliferative effect of PTX on U87MG cells was 
dose-dependent. The cells viability deceased significantly 
with the concentration of PTX increasing (Figure 4A). All 
of the formulations including free PTX, PEG-PMs and 
TfR-T12-PMs showed an increased antiproliferative effect 
on U87MG cells compared to the blank group (Figure 4B). 
The increased cytotoxicity in these cancer cells is consid
ered a promising improvement in the therapeutic efficacy 

of PTX when PTX is entrapped in the TfR-T12-modified 
PEG-PLA copolymer, such a feature may be ascribed to 
a combination of higher PTX delivery to cancer cells and 
stable release of PTX from PMs within the cells. 
Accordingly, the increased PTX toxicity of TfR-T12-PMs 
could be attributed to the higher uptake of PTX in the 
U87MG cancer cells. Furthermore, there is obvious sig
nificant difference between the uptake profiles of TfR-T12 
-PMs and PEG-PMs. In conclusion, the antiproliferative 
effect of the formulations on U87MG cells followed the 
order as TfR-T12-PMs> PEG-PMs>PTX.

TfR-T12-PMs Induces Glioma Cell 
Apoptosis
To determine whether the inhibition of U87MG cell 
proliferation by these PMs was a consequence of apop
tosis, we conducted an annexin V-FITC and PI double- 
staining assay on U87MG cells. Indeed, a high level of 
apoptosis after 24 h of treatment was induced by TfR- 
T12-PMs (Figure 4C), which was comparable to the 
level induced by PEG-PMs and free PTX. Meanwhile, 
similar results also appear in Hoechst staining experi
ments, the U87MG cells treated by different PTX for
mulations were stained by Hoechst solution, and cell 
apoptosis was increased sharply in TfR-T12-PMs 
group (Figure 4D). Data above indicated that TfR-T12- 
PMs could promote cell apoptosis in U87MG cells 
effectively.

Figure 3 Cellular uptake study on U87MG cells. (A) Cellular uptake was detected by flow cytometer. (B) Intracellular fluorescence was observed by CLSM, bar=10 μm. 
Abbreviation: CLSM, confocal laser scanning microscopy.
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TfR-T12-PMs Inhibits Glioma Cell 
Migration and Invasion
We checked the effect of TfR-T12-PMs on U87MG cell 
migration by performing the transwell assay. U87MG cells 
treated with the PTX, PEG-PMs and TfR-T12-PMs exhib
ited a significantly lower migration rate than the blank 
group. The number of migratory cells was notably lower 
in U87MG cells after treatment by TfR-T12-PMs in con
trast to PTX and PEG-PMs group (Figure 5A), and TfR- 
T12-PMs reduced the migration area of U87MG cells 
compared to PEG-PMs (Figure 5B). From the invasion 
assay result, the cell invasion rate was inhibited by free 
PTX and PEG-PMs slightly, while TfR-T12-PMs showed 
obvious inhibition effect (Figure 5C and D). Taken 
together, TfR-T12-PMs reduced glioma cells migration 
and invasion significantly.

In vitro and in vivo of Transcytosis Effect
It was reported that HUVECs were stimulated by tumor 
cell-endowed endothelial cells with some characteristics of 
angiogenesis, so HUVECs exhibited higher proliferative 
rate after being co-cultured with U87MG cells for three 
days. HUVECs/U87MG co-culture model was established 
as a BBTB model to assess the BBTB transcytosis effi
ciency of the PMs (Figure S5). The result showed that the 
cell viability of the HUVECs cell treated with TfR-T12- 
PMs was decreased slightly (Figure 6A). After 
24 h incubation, the uptake and apoptosis on U87MG 
cell was significantly elevated in TfR-T12-PMs group 
compared to PEG-PMs group (Figure 6B and C), and the 
apoptotic phenomenon were also observed in TfR-T12- 
PMs group obviously (Figure S6), indicated that TfR- 
T12 modification PMs boosted transcytosis across the 

Figure 4 Antiproliferative and apoptotic effect of different PTX formulation. Cells viability of U87MG cells treated with different concentration PTX (A) or different PTX 
formulation; (B) was measured by CCK8 assay. *p<0.05, **p<0.01. (C) Apoptotic analysis of U87MG cells was determined using FITC/PI staining; Necrotic cells were found 
in the upper left quadrant, normal cells in the lower left quadrant, early apoptotic cells in the upper right quadrant, and late apoptotic cells in the lower right quadrant. (D) 
Hoechst stained for U87MG cells treated different PTX formulation, and the red arrow represents U87MG apoptosis bodies. 
Abbreviation: PTX, paclitaxel.
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BBTB and targeted tumor cells through the interaction 
between TfR-T12 peptide and TfR.

To investigate in vivo distribution of PEG-PMs and 
TfR-T12-PMs in brain tissues. DiR loaded in PEG-PMs 
and TfR-T12-PMs were injected by caudal vein in 
healthy mice, and then mice were euthanized and their 
hearts, livers, spleens, lungs, kidneys, brains were col
lected. The result showed that TfR-T12-PMs was sig
nificantly higher brain accumulation than PEG-PMs 
(Figures 6D and S7), likely due to effective active 
targeting from ready access to the BBB vasculature. 
Therefore, TfR-T12-PMs displayed an even higher accu
mulation than PEG-PMs due to its active targeting cap
ability. It should be noted that TfR-T12 peptide- 
modified micelles accumulated more in liver tissue 

than unmodified PEG-PMs group, which may be due 
to more distribution of TfR in liver tissue.

TfR-T12-PMs Suppresses Tumor Growth 
in vivo on a Subcutaneous Tumor Model
The antitumor efficacy of PMs is illustrated using xeno
graft model in Figure 7. The tumor growth was remarkably 
inhibited after the successive intravenous injection of PTX 
formulations compared to the control, in particular, the 
group treated with TfR-T12-PMs presented a more notable 
decrease in the tumor growth. It demonstrated the super
iority of combining the TfR-T12 peptide strategy with 
nanoparticle-based delivery platforms. By comparison, 
untreated mice from the saline group showed rapid tumor 
growth, with tumor volume reaching approximately 

Figure 5 Effect of different PTX formulations on migration and invasion of U87MG cells. (A) Migration of U87MG cells treated with different PTX formulation was studied 
using a microscope. (B) Five areas of the migrated cells per field was measured. (C) Representative images of the invaded U87MG cells were observed using a microscope. 
(D) Five areas of the invaded cells per field were measured. Data are depicted as mean ±SD. *p<0.05 **p<0 0.01. 
Abbreviation: PTX, paclitaxel.
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140 mm3 by day 33 (Figure 7A), and body weight of mice 
was decreased (Figure 7B), tumor weight was quadrupled 
(Figure 7C and D). The distribution and antitumor effect 
of drugs in vivo depend on the size, surface characteristics 
and shape of PMs to a great extent. It is worth noting that 
the efficacy of PMs in vivo is closely related to its cyto
toxicity in vitro, and the value of this parameter in the 
design of more effective chemotherapy drugs delivery 
carrier in the future is emphasized. The uptake efficiency 
of PMs by tumor cells was greatly enhanced by TfR-T12 
peptide modification (Figure S8), which is also the reason 
for the increase of antitumor effect in vivo. At the end of 
administration, the tumor-bearing mice were killed and 
tumor tissues were separated, the tumor sections from 
each group were respectively stained with TUNEL, Ki67 
and CD31 for evaluation of apoptosis, antiproliferation 
and the observation of angiogenesis. TUNEL and Ki67 
was the marker of apoptosis and proliferation inhibition 

of tumor cells, respectively. The results showed that the 
apoptosis of tumor cells increased and the proliferation of 
tumor cells was significantly inhibited after TfR-T12-PMs 
treatment compared to PEG-PMs group. Compared to the 
saline group, PTX and PEG-PMs, TfR-T12-PMs reduced 
angiogenesis evidently. So the conclusion is drawn that 
tumors treated with TfR-T12-PMs displayed higher apop
tosis, lower proliferation effect, and less angiogenesis due 
to the enhanced drug localization at the tumor target 
(Figure 7E).

The Safety of TfR-T12-PMs on 
Subcutaneous Tumor-bearing Mice
The body weight changes of tumor-bearing mice can 
directly reflect the side effects of the preparation. We 
found that the body weight of the mice receiving treatment 
with PEG-PMs and TfR-T12-PMs remained stable (Figure 
7B). There is no obvious trend of decrease, suggesting 

Figure 6 The BBTB/BBB transcytosis effect of different PTX formulations in vitro and in vivo. (A) HUVEC viability was measured by the CCK8 assay. (B) The intake 
efficiency of U87MG treated with different PTX formulations was measured by flow cytometer. (C) Apoptosis ratio of U87MG cell induced by different PTX formulations 
was measured by flow cytometer. (D) BBB traversal effect in healthy mice was detected by 3D multimodal imaging system, data represent mean ±SD; n=3. *p<0.05; NS, not 
significant. 
Abbreviations: BBB, blood−brain barrier; BBTB, blood–brain tumor barrier; PTX, paclitaxel.
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Figure 7 Antitumor efficacy in subcutaneous glioma tumor model in vivo. (A) Tumor volumes were measured every two days after administration (n=5). (B) The body 
weight of mice were measured (n=5). (C) Tumor weight was measured at the end of administration (n=5). *p<0.05. (D) Tumor size was observed, bar=10 mm. (E) TUNEL, 
CD31 and Ki67 staining of tumor sections were observed by fluorescence microscopy, the scale bar=100 μm.
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a low systemic toxicity in this two groups. The body 
weight of the mice in the PTX group decreased signifi
cantly, it even decreased more than in normal saline mice, 
this may be due to the poor solubility of PTX in PBS, so 
cosolvent T-80 must be added, indicating that free PTX is 
showing obvious side effects in glioma therapy. The H&E 
staining results of heart, liver, spleen, lung, and kidney 
further confirmed this conclusion (Figure S9), and liver 
injury was observed only in PTX group, compared with 
other groups, PTX group had liver enlargement and 
necrosis.

Biodistribution and Antitumor Efficacy on 
an Orthotropic Glioma Model
To investigate the in vivo distribution and antiglioma 
efficacy of TfR-T12-PMs, mice-bearing orthotropic 
U87MG gliomas were established in Figure 8A. The DiR 
loading PMs was used to estimate brain distribution of 
PMs. After administration for three hours, brain tissue is 
separated and measured by three dimensional multimodal 
imaging. Small amount fluorescence of PEG-PMs could be 
detected in the brains due to the existence of the BBB/ 
BBTB. TfR-T12-modified PMs increased drug accumula
tion to a greater extent at time points because TfR-T12- 
PMs could traverse the BBB/BBTB by TfR-mediated 
transcytosis (Figure 8B). Similarly, the in vivo antiglioma 
results showed that the survival ratio in PTX and PEG- 
PMs groups slightly improved compared to the saline 
group. The median survival in TfR-T12-PMs group was 
longer than PEG-PMs group, registering a median survival 
of 63 days vs 46 days for the PEG-PMs group (Figures 8C 
and S10). The rapid weight loss of tumor-bearing mice in 
PTX group suggests that there are serious side effects 
when treated with PTX, and the body weight of tumor- 
bearing mice did not change significantly before and after 
administration in TfR-T12-PMs group (Figure 8D). These 
results indicated that TfR-T12-PMs exhibited a significant 
improvement in antitumor activities and had no obvious 
side effects. The H&E staining of heart, liver, spleen, lung, 
and kidney were also visualized for safe estimation. Liver 
necrosis and lung injury was observed in PTX group, and 
heart injury was found in PEG-PMs group, and no organ 
injury was found in TfR-T12-PMs groups (Figure 8E). 
When PTX was coated with carrier, its side effect was 
reduced. Thus, TfR-T12 PMs were expected to develop 
brain tumor targeting preparation to lay a theoretical foun
dation for clinical application in the future.

Glioma is a serious malignant tumor, and its treatment has 
always been an open question.39 Gliomas can grow evenly in 
the contralateral hemisphere, hide in the skull and be pro
tected by the BBB.40 In addition, surgery or radiotherapy 
cannot completely eliminate glioma cells, recurrence is 
inevitable. Therefore, chemotherapy continues to play an 
important role in the treatment of glioma.41,42 BBB/ 
BBTBs are the main obstacles of chemotherapy, it is urgent 
to explore new chemotherapy strategies. In this study, PEG- 
PLA micelles modified with TfR-T12 peptide were used to 
prepare a multifunctional drug sustained-release vesicle. One 
advantage of this study is that the TfR-T12-PEG-PLA as 
carrier was synthesized firstly, and preparation of TfR-T12- 
PMs are simple and easy.29,43 TfR-T12-PMs can be trans
ported by RMT through the BBB/BBTB, and specifically 
enter the glioma through receptor mediated endocytosis 
(RME). To eliminate the glioma by triggering the necrosis 
and apoptosis of glioma, the transport effect of TfR-T12- 
PMs was evaluated by BBB model. In the co-cultured BBTB 
model, HUVEC proliferated and formed a close connection, 
forming BBTB in vitro. The uptake and inhibition rates of 
U87MG glioma cells in the BBTB model reflect the transport 
across the BBTB. According to the results, TfR-T12-PMs 
has transport capacity across the BBTB and has obvious 
killing effect on U87MG glioma cells. It is most likely that 
these mechanisms are related to RMT-mediated cell transfer, 
TfR-T12 peptide and TfR interact specifically on HUVECs 
cells in the BBTB model. To a large extent, the distribution of 
drugs in mice determines how the drug takes effect. The 
distribution of TfR-T12-PMs in the organs of healthy mice 
was observed by 3D imaging. The results showed that the 
fluorescent probe of labeled PMs mainly accumulated in the 
brain. These phenomena indicated that TfR-T12-PMs was 
easier to enter the brain tissue through the BBB than PEG- 
PMs. An uptake test showed that TfR-T12 peptide played an 
important role in the cell uptake of PMs. Due to the high 
expression of TfR in glioma cells, its mechanism is also 
related to RME. In the cytotoxic test, the in vitro effect of 
TfR-T12-PMs was confirmed in glioma cells. Although free 
PTX and PEG-PMs have a good therapeutic effect on 
glioma, TfR-T12-PMs has a strong killing ability on glioma 
cells. The improvement of therapeutic effect is mainly due to 
the increased endocytosis of RME mediated by TfR-T12 
peptide. The role of TfR-T12-PMs in subcutaneous glioma 
of nude mice has been further confirmed. In vivo imaging 
results showed that the fluorescence probe labeled TfR-T12- 
PMs accumulated more in the glioma site, which could 
significantly inhibit the growth of glioma compared with 
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Figure 8 Antitumor efficacy in orthotopic glioma tumor model in vivo. (A) The orthotopic tumor model was established with a stereotactic apparatus. (B) Biodistribution 
of DiR loaded in PEG-PMs and TfR-T12-PMs in brain was quantified by 3D multimodal imaging system (n=3). (C) Cumulative survival of orthotopic tumor-bearing mice was 
detected (n=7). (D) The body weights were measured at the beginning and then at the end of the study. (E) H&E stained for heart, liver, spleen, lung, and kidney sections of 
every group, scale bar=100 µm. 
Abbreviations: PEG-PMs, PEG-PLA/PTX polymeric micelles; TfR-T12-PMs, TfR-T12-PEG-PLA/PTX polymer micelles.
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the control group. Immunofluorescence analysis also showed 
that TfR-T12-PMs could induce apoptosis of tumor-bearing 
mice and inhibit the proliferation and angiogenesis. In order 
to study the anti-glioma effect of TfR-T12-PMs, a mouse 
with orthotropic U87MG glioma was established. After intra
venous injection of TfR-T12-PMs, the overall effect of 
mouse glioma treatment further showed the increase of sur
vival time. The side effects of TfR-T12-PMs were also 
observed, liver necrosis and lung injury were observed in 
PTX group. TfR-T12-PMs had no obvious organ damage to 
tumor-bearing mice, suggesting that TfR-T12-PEG-PLA 
coating PTX could reduce the side effects. Although 
TfR-T12-PMs has many advantages in the treatment of 
glioma, there are still some shortcomings in this project, 
such as the in vitro stability of TfR-T12-PMs and the study 
of long-term toxic and side effects, which need to be further 
investigated.

Conclusion
In summary, we have successfully established TfR-T12-PMs 
with high drug loading and small particle size. TfR-T12-PMs 
is used in the treatment of glioma, which demonstrated the 
advantage of crossing the BBTB/BBB capacity and con
trolled intracellular release of chemotherapeutics. It was 
also confirmed that TfR-T12 peptide enabled the PMs to 
target GBM cells and enhance the internalization efficiency. 
This research result showed that TfR-T12-PMs internalized 
into brain microvascular cells might be beneficial for the drug 
delivery through the BBTB/BBB. These favorable biological 
properties resulted in higher toxicity to glioma cells. Further 
studies to illustrate the potential of TfR-T12-PMs will be 
conducted in an orthotopic glioma model with an intact 
BBB. To sum up, our findings suggest that TfR-T12-PM is 
a promising new candidate for targeted glioma treatment, and 
the systematic in vitro and in vivo evaluations established 
here shall be a solid foundation for brain tumor therapy.
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lide); TfR-T12-PMs, TfR-T12-PEG-PLA/PTX 
polymeric micelles; PEG-PMs, PEG-PLA/PTX 
polymeric micelles; PMs, polymeric micelles; EDC, 1-(3- 
Dimethylaminopropyl)-3-ethylcarbodiimide-2- hydrochlor
ide; EE, encapsulation efficiency; LE, loading efficiency; 
NHS, N-hydroxysuccinimide; PTX, paclitaxel; CLSM, con
focal laser scanning microscopy; 1H-NMR, 
1H-nuclear magnetic resonance; TEM, transmission e
lectron microscope; TfR, transferrin receptor; UV, ultraviolet 

spectrophotometry; BBB, blood−brain barrier; BBTB, 
blood–brain tumor barrier; RMT, receptor-mediated transcy
tosis; GBM, glioblastoma multiforme; TfR-T12, transferrin 
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