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ABSTRACT

Objective: This study aimed to evaluate the efficacy of the improved nanoscaled delivery system for
doxorubicin (Dox) based on angiopep (ANG)-2 modified graphene oxide (GO), the so-called ANG-Dox-GO, in
suppressing the growth and and metastasis of glioma cells.

Results: Modification of GO by angiopep-2 significantly increased the cellular uptake of Dox. In addition, ANG-
Dox-GO treatment of U87 MG cells significantly inhibited cell viability, decreased clone number, cell migration
and invasion andinduced cell apoptosis, with superior efficiency over that of Dox-GO and free Dox. Similar
results were observed in in vivo experiments--tumor size and weight of glioma xenograft mice were obviously
decreased after treatments with ANG-Dox-GO, Dox-GO and Dox, respectively, as compared with control group,
and the efficiency was the highest in ANG-Dox-GO, followed by Dox-Go and Dox.

Conclusions: ANG-Dox-GO exhibited superior anti-glioma effects over Dox-GO both in vitro and in vivo experiments.
Methods: The morphology of ANG-Dox-GO was analyzed by UV visible absorption spectroscopy and atomic
force microscopy and its in vitro cellular uptake was measured using confocal imaging analysis. The antitumor
effects of GO, unbound Dox, Dox-GO and ANG-Dox-GO were evaluated by MTT assay, colony-forming assay, cell
apoptosis assay and Transwell assay in U87 malignant glioma (MG) cells.

INTRODUCTION

Glioma is the most common form of primary malignant
tumor that occurs in the central nervous system. It
originates in the neurogenic ectoderm and s,
characterized by high rates of metastasis, recurrence and
mortality [1]. Currently, the conventional and effective
therapeutic  options for glioma are primarily
sophisticated  surgical  resection, followed by
chemoradiation and immunotherapy [2, 3]. Although
rapid progress has been made in the diagnosis and
treatments for glioma, poor prognosis and lower
survival rate still pose threats to patients life [2].
Therefore, it is essential to uncover the underlying
molecular mechanism of glioma as well as develop
effective treatment options.

Currently, nanomaterials have shown bright promises in
detection and treatment of cancers by exerting various
targeted roles including imaging, immunodetection,
chemotherapy, radiotherapy and immunotherapy [4]. In
particular, graphene is a single-layer sheet-like and two-
dimensional carbon atoms, which is characterized by sp2
hybridized hexagonal honeycomb  structure [5].
Graphene oxide (GO), as an oxygenated derivative of
graphene, contains a series of active oxygen-containing
groups, and is usually prepared through treating
graphene with a strong acid or a strong oxidant [6]. It
has attracted tremendous attention due to its exceptional
physicochemical properties, including good thermal
stability, excellent mechanical strength and high
electronic conductivity [6]. Recently, the biological
applications of GO have been widely reported,
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including drug delivery, biomedicine, diagnostic tool
for cancers and photothermography [7]. Several studies
have proved anti-tumor effects of GO as a tumor
targeting drug carrier [8-10].

Doxorubicin (Dox) is a commonly used antitumor drug
that inhibits the synthesis of RNA and DNA [11].
However, its anti-tumor efficiency in clinical practice is
compromised due to its low bioavailability and other
side effects caused by nonspecific cytotoxicity [11].
Thus, increasing studies have designed an effective
Dox-loaded drug delivery system to increase the intra-
tumor concentration of Dox. Unfortunately, insufficient
delivery across the blood brain barrier (BBB) remain a
serious challenge for the treatment of gliomas. Notably,
recent studies have demonstrated that angiopep-2, a
peptide as a specific ligand for low-density lipoprotein
receptor-related protein-1  (LRP-1), allowed for
increased brain-targeting drug delivery due to its high
transcytosis capacity and parenchymal accumulation in
passing through the BBB [12-14]. In view of the above
advantages, angiopep-2 modified nanocarriers loaded
with Dox (ANG-Dox-GO) may offer an effective drug
delivery system for the treatment of glioma.
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In this study, the ANG-Dox-GO was prepared and
characterized. Following that, the effects of ANG-Dox-
GO on cellular uptake, cell proliferation, apoptosis and
migration were evaluated in U87 MG cells. In addition,
the anti-tumor effect of ANG-Dox-GO on glioma
xenograft in nude mice was evaluated.

RESULTS
Characterization of ANG-Dox-GO

The color of commercial GO varies from yellow to
brown (Figure 1A). Under a AFM, ANG-Dox-GO was
4-5 nm in thickness and 100-400 nm in diameter
(Figure 1B), suggesting the formation of single or
several layers of GO nanosheets. In addition, the optical
absorption spectra of ANG-Dox-GO showed absorption
peaks at approximately 230 nm (Figure 1C).

Cellular uptake of ANG-Dox-GO
Based on confocal imaging analysis, increased fluo-

rescence intensity was detected in cells treated with
ANG-Dox-GO, Dox-GO as compared with free Dox,
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Figure 1. Characterization of angiopep-2 polypeptide-modified and doxorubicin-loaded graphene oxide (ANG-Dox-GO).
(A) The appearance of commercial GO. (B) The representative images of ANG-Dox-GO using atomic force microscopy. (C) The ultraviolet

visible absorption spectra of ANG-Dox-GO.

WWww.aging-us.com 10507 AGING



and the strongest fluorescence intensity was found in
cells treated with ANG-Dox-GO (Figure 2). These
results indicated that the modification by angiopep-2
increased the cellular uptake of the delivery system.
Moreover, the cellular uptake at 1 h of incubation time
was higher than that at 0.5 h (Figure 2).

Anti-proliferation effect of ANG-Dox-GO on U87
MG cells

Cell proliferation and apoptosis was utilized as the
indicators to evaluate the antitumor effect of ANG-Dox-
GO on U87 MG cells. Firstly, the cell viability was
evaluated using MTT assay, and the results showed that
compared with control cells, GO treatment exhibited few
effects on cell viability in U87 MG cells; however, cell
viability was significantly inhibited by Dox treatment (p
< 0.05, Figure 3A) at 24 h and 48 h. In addition,
compared with Dox treatment, U87 MG cells treated
with Dox-GO exhibited lower cell viability, and ANG-
Dox-GO treatment further inhibited cell viability (p <
0.05, Figure 3A). Similarly, colony formation assay also
revealed that U87 MG cells treated with PBS had similar
clone number compared with GO treatment, whereas the
clone number was obviously reduced after free Dox
treatment (p < 0.05, Figure 3B). Compared with cells
treated with free Dox, the clone number was remarkably
decreased in cells with Dox-GO, and cells treated with

Dox

0.5h

1h

Dox-GO

ANG-Dox-GO had reduced clone number compared
with Dox-GO treatment (p < 0.05, Figure 3B).

Pro-apoptosis effect of ANG-Dox-GO on U87 MG
cells

Flow cytometry analysis revealed that the apoptotic
rate (AR) of cells treated with free Dox was
significantly increased as compared with control cells
or cells treated with GO; meanwhile, compared with
U87 MG cells treated with free Dox, cells treated
with Dox-GO had increased AR, and the AR was
further decreased in cells treated with ANG-Dox-GO
(p < 0.05, Figure 4A). Meanwhile, the expression of
apoptosis-related proteins, including Bax, Bid, Bim,
Bcl-2, cleaved caspase-3 and cleaved caspase-9, was
detected using western blotting analysis. The results
indicated that compared with control cells or cells
treated with GO, cells treated with free Dox had
remarkably increased protein levels of Bax, Bid, Bim,
cleaved caspase-3, and cleaved caspase-9, declined
protein level of Bcl-2 (p < 0.05, Figure 4B). Moreover,
when compared to cells treated with free Dox, cells
treated with Dox-GO or ANG-Dox-GO had higher
protein levels of Bax, Bid, Bim, cleaved caspase-3 and
cleaved caspase-9 and declined protein level of Bcl-2,
especially the cells treated with ANG-Dox-GO (p <
0.05, Figure 4B).

ANG-Dox-GO

Figure 2. Cellular uptake of Dox, doxorubicin-loaded graphene oxide (Dox-GO) or angiopep-2 polypeptide-modified and
doxorubicin-loaded graphene oxide (ANG-Dox-GO) by U87 MG cells. Confocal images of U87 MG cells treated with Dox, Dox-GO or

ANG-Dox-GO at 10 pug/mL of Dox for 0.5 and 1 h.
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Anti-migration effect of ANG-Dox-GO on U87 MG
cells

Wound healing assay showed that GO exhibited no
effect on wound healing in U87 MG cells compared
with control cells, while free Dox significantly inhibited
the wound healing rate of U87 MG cells in time-
dependent manner (p < 0.05, Figure 5A). In addition,
compared with free Dox treatment, Dox-GO treatment
was associated with decreased wound healing rate, and
ANG-Dox-GO treatment further decreased the wound
healing rate (p < 0.05, Figure 5A). Similarly, Transwell
assay also revealed that cell migration and invasion
were dramatically inhibited in U87 MG cells treated
with free Dox compared with control cells or cells
treated with GO (p < 0.05, Figure 3B). The rates of cell
migration and invasion were remarkably decreased in
cells treated with Dox-GO as compared with cells

treated with free Dox, and cells treated with ANG-Dox-
GO showed lower rates of cell migration and invasion
than those treated with Dox-GO (p < 0.05, Figure 5B).

Effect of ANG-Dox-GO on glioma xenograft in nude
mice

In vivo experiments showed that tumor size of mice
xenografted with human glioma cells was decreased by
Dox treatment compared with that of the control group in
a time-dependent manner, and the tumor size was further
reduced in Dox-GO and ANG-Dox-GO treated groups,
especially in ANG-Dox-GO group (p < 0.05, Figure 6A).
Moreover, compared to control groups, tumor weight of
mice was the lowest in the ANG-Dox-GO group,
followed by Dox-GO and Dox treated groups (p < 0.05,
Figure 6B), indicating superior anti-tumor effect of
ANG-Dox-GO on glioma xenograft in nude mice.
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Figure 3. Angiopep-2 polypeptide-modified and doxorubicin-loaded graphene oxide (ANG-Dox-GO) inhibits tumor growth in
U87 MG cells. (A) Cell viability of U87 MG cells treated with PBS (control), GO, Dox (30 pg/mL), Dox-GO (containing 30 ug/mL of Dox), and
ANG-Dox-GO (containing 30 pug/mL of Dox), respectively, for 24 h and 48 h by MTT assay. (B) Clone number of U87 MG cells treated with PBS
(control), GO, Dox (30 pg/mL), Dox-GO (containing 30 pg/mL of Dox), and ANG-Dox-GO (containing 30 pug/mL of Dox), respectively, for 24 h
by colony formation assay. *P < 0.05 vs control cells; #P < 0.05 vs Dox; &P < 0.05 vs. Dox-GO.
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DISCUSSION

In this study, Dox-GO and ANG-Dox-GO were
successfully prepared. And it was found that angiopep-2
modification significantly increased the cellular uptake of
Dox. In addition, compared with control cells, cell treated
with GO had little-to-no effects on cell proliferation,
apoptosis and migration in U87 MG cells; however,
ANG-Dox-GO treatment significantly inhibited cell
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viability, decreased clone number, suppressed cell
migration and invasion, as well as induced cell apoptosis,
the efficiency was followed by Dox-GO and free Dox
treatment. Similarly, in vivo experiments revealed that
compared with control group, tumor size and weight of
mice xenografted with human glioma were obviously
decreased after Dox treatment and further reduced in
Dox-GO and ANG-Dox-GO treatment groups, especially
in ANG-Dox-GO.
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Figure 4. Angiopep-2 polypeptide-modified and doxorubicin-loaded graphene oxide (ANG-Dox-GO) induces cell apoptosis in
U87 MG cells. (A) Cell apoptosis rate of U87 MG cells treated with PBS (control), GO, Dox (30 ug/mL), Dox-GO (containing 30 pg/mL of Dox),
and ANG-Dox-GO (containing 30 pg/mL of Dox), respectively, for 24 h by flow cytometry analysis. (B) The expression of apoptosis-related
proteins, including Bax, Bid, Bim, cleaved caspase-3, and cleaved caspase-9, in U87 MG cells treated with PBS (control), GO, Dox (30 pg/mL),
Dox-GO (containing 30 pg/mL of Dox), and ANG-Dox-GO (containing 30 pg/mL of Dox), respectively, for 24 h by western blotting. *P < 0.05 vs

control cells; #P < 0.05 vs Dox; &P < 0.05 vs. Dox-GO.
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As one of the most commonly used chemotherapeutic
drugs, Dox has been indicated for acute leukemia,
malignant lymphoma, glioma, lung cancer, bladder
cancer and other malignant tumors [11]. In this study,
free Dox was found to have significantly inhibited cell
viability, decreased clone number, suppressed migration
and invasion, as well as increased the AR in U87 MG
cells. Moreover, the protein levels of apoptosis-related
proteins, including Bim, Bad, Bax, Bcl-2, cleaved
caspase-3 and cleaved caspase-9, were measured. Bim,
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Bad, Bax and Bcl-2 are the members of Bcl-2 protein
family, which play significant roles in cell apoptosis; to
be specific Bim, Bad and Bax are pro-apoptosis
proteins, while Bcl-2 is characterized as an anti-
apoptosis protein [15]. Bcl-2 protein family has been
found to be closely related with the signaling pathway
of mitochondria-mediated apoptosis [16]. Caspase-3,
a downstream molecule of apoptosis pathway, down-
regulates the ratio of Bcl-2 and Bax protein expression
hence contributing to cell apoptosis [16]. In addition,
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Figure 5. Angiopep-2 polypeptide-modified and doxorubicin-loaded graphene oxide (ANG-Dox-GO) inhibits metastasis in
U87 MG cells. (A) The wound healing rate of U87 MG cells treated with PBS (control), GO, Dox (30 pg/mL), Dox-GO (containing 30 pg/mL of
Dox), and ANG-Dox-GO (containing 30 pug/mL of Dox), respectively, at 0, 10, 12 h and 15 h by wound healing assay. (B) Cell migration and
migration rates in U87 MG cells treated with PBS (control), GO, Dox (30 pg/mL), Dox-GO (containing 30 pg/mL of Dox), and ANG-Dox-GO
(containing 30 pg/mL of Dox), respectively, by Transwell assay. *P < 0.05 vs control cells; #P < 0.05 vs Dox; &P < 0.05 vs. Dox-GO.
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caspase-3 can also be activated by recruitment and
activation of caspase-9 [17]. Furthermore, our in vivo
experiments also suggested the anti-tumor effect of Dox
on glioma, which were supported by previous clinic
trials [18, 19].

However, due to poor water solubility, clinical
application of many hydrophobic anti-tumor drugs has
been limited. GO was an exception. Given its highly
hydrophilic nature and superior biocompatibility that
excluding the inner defects of hydrophobic drugs, GO
has been reported to be a promising nanocarrier without
the [20, 21]. Dorniani D et al. [22] have demonstrated
that gallic acid-loaded GO could improve the release of
gallic acid and inhibit growth of liver cancer cells
instead of normal fibroblasts. Another in vitro study has
also shown that Dox loaded GO significantly inhibited
cell proliferation and induced apoptosis as compared
with free Dox in drug-resistant breast cancer cells [23].
In this study, Dox, a hydrophobic anti-cancer drug, was
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loaded into GO to improve drug delivery efficiency.
Consistent with previous studies, this study also
revealed that compared with free Dox, Dox-GO and
ANG-Dox-GO treatment significantly diminished cell
proliferation, migration and invasion, and induced cell
apoptosis in U87 MG cells as well as enhanced anti-
tumor effect on glioma xenograft in nude mice. These
results confirmed the preferable anti-tumor effects of
Dox-GO and ANG-Dox-GO than free Dox in vitro and
in vivo.

Furthermore, due to poor permeability of
chemotherapeutic drugs across the BBB, we particularly
investigated the anti-tumor effects of angiopep-2
modified nanocarrier. LRP-1 has been found to be
overexpressed on the BBB and participate in the
transcytosis of various ligands such as melanotransferrin
and lactoferrin across the BBB [24, 25]. Moreover, the
overexpression of LRP-1 has also been detected in
glioma cells, indicating that targeting LRP-1 may be a
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Figure 6. Angiopep-2 polypeptide-modified and doxorubicin-loaded graphene oxide (ANG-Dox-GO) exhibited better anti-
tumor effect of glioma xenograft mice. (A) The tumor volumes of mice with different treatments, including PBS (control), Dox (2 mg/kg),
Dox-GO (containing 2 mg/kg of Dox), and ANG-Dox-GO (containing 2 mg/kg of Dox), respectively, every two days for 20 days. (B) The tumor
weights of mice with different treatments, including PBS (control), Dox (2 mg/kg), Dox-GO (containing 2 mg/kg of Dox), and ANG-Dox-GO

(containing 2 mg/kg of Dox), respectively, on 20 days. *P < 0.05.
g 8/kg p Y \

WWW.aging-us.com

10512

AGING



potential treatment option for glioma targeted drug
delivery [26]. Notably, increasing evidence has
demonstrated that angiopep-2 modified drug delivery
system can enhance brain penetration of drugs across the
BBB by targeting LRP-1 [27-29]. Consistently, this
study proved that ANG-Dox-GO treatment further
inhibited cell growth and metastasis in vitro and in vivo
as compared with other Dox-GO nanocarriers. These
results indicated that ANG-Dox-GO boasted enhanced
anti-tumor effects than Dox-GO and free Dox through
increasing brain penetration of Dox.

MATERIALS AND METHODS
Preparation and characterization of ANG-Dox-GO

GO was purchased from Jiangsu XFNANO Materials
Tech Co. Ltd (Nanjing, Jiangsu, China). In brief, 3 mg
of GO was added into an Erlenmeyer flask containing
20 mL of Dox solution (40 pg/L), and then the flask
were shaken at 130 rpm for 160 min in 30°C water bath.
Afterwards, the mixture was adjusted to a
corresponding pH value with 0.01-1.0 mol/L of
hydrochloric acid and sodium hydroxide solution. Next,
the supernatant was obtained using a 0.45 um aqueous
phase filter. Subsequently, Dox-GO was modified by
angiopep-2 through covalent bonding of amino and
carboxyl groups to obtain angiopep-2 polypeptide-
modified GO drug delivery system (ANG-Dox-GO).

The ultraviolet (UV) visible spectra of ANG-Dox-GO
was measured by UV visible absorption spectroscopy
(Biochrom, Cambridge, UK). The morphology and
thickness of ANG-Dox-GO were evaluated by atomic
force microscopy (AFM, JPK Instruments AG, Berlin,
Germany).

Cell culture and treatment

Human glioma cell line U87 MG was obtained from
Shanghai Obio Technology Co., Ltd., and incubated in
complete DMEM medium (Gibco, Carlsbad, CA, USA)
at 37°C and in a 5% CO. incubator. To evaluate the
anti-tumor effects of ANG-Dox-GO on U87 MG cells,
the cells were exposed to PBS (control), GO, Dox (30
pug/mL), Dox-GO (containing 30 pg/mL of Dox) and
ANG-Dox-GO (containing 30 pg/mL of Dox),
respectively.

Observation of cell uptake

Cellular uptake of ANG-Dox-GO was evaluated using
confocal imaging analysis. Briefly, U87 MG cells were
seeded at the density of 2.5 x 10* per well to 24-well
plates for 24 h and incubated in the presence of Dox (10
pg/mL), Dox-GO (containing 10 pg/mL of Dox) and

ANG-Dox-GO (containing 10 pg/mL of Dox) for 0.5h
and 1 h, respectively. After being rinsed with PBS, the
cells were observed using confocal fluorescence
microscope with an argon-ion laser (488 nm).

MTT assay

U87 MG cells were grown on 96-well plates, and
received the above treatments. After conventional
incubation for 24 and 48 h, each well was added with 10
pl of MTT (5 mg/mL, Sigma) to incubate for another 4
h. And 100 pL of dimethyl sulfoxide was added.
Finally, cell viability was evaluated using a microplate
spectrophotometer to measure absorbance at 470 nm.

Colony-forming assay

U87 MG cells were seeded to 6-well plates at a density
of 400 cells per well, and treated in the same way as
described above for 14 days under standard culture
conditions. Then the cells were fixed with absolute
methanol, and incubated with crystal violet. Ultimately,
the number of colonies was counted.

Cell apoptosis assay

FITC-Annexin VV Apoptosis kit was used. U87 MG cells
received the above treatments for 24 h. Trypsin was
added to digest U87 MG cells, and then the cells were
harvested. Next, cells were rinsed with PBS and re-
suspended in binding buffer. After the cells were
incubated in the presence of FITC-Annexin V and PI
for 15 min, the number of apoptotic cells was calculated
using a flow cytometer (BD, CA, USA).

Wound healing assay

U87 MG cells were inoculated in 6-well plates. After
growing to 60% confluence, cells were wounded by
scratching with sterile plastic pipette tips vertically
against the well, followed by incubation only in DMEM
without serum. Subsequently, cells were treated with
PBS (control), GO, Dox (30 pg/mL), Dox-GO
(containing 30 pg/mL of Dox) and ANG-Dox-GO
(containing 30 pg/mL of Dox), respectively. The
distance of the scratch was measured at 0, 10, 12 and 15
h using a light microscope (Olympus, Japan).

Transwell assay

Tumor cell invasion and migration were elevated by
Transwell chambers (Corning). To be specific, the
lower compartment was filled with DMEM
supplemented with 10% FBS. The U87 MG cells with
different treatments were cultured in the upper
compartment coated with Matrigel Matrix in medium
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free of serum for 24 h. Subsequently, the cells in the
lower compartment was fixed and stained with 4,6-
diamidino-2-phenylindole. And cell migration and
invasion were evaluated using an inverted microscope
(Olympus, Japan).

Western blotting analysis

U87 MG cells were treated for 24 h with PBS
(control), GO, Dox (30 pg/mL), Dox-GO (containing
30 ug/mL of Dox) and ANG-Dox-GO (containing
30 pg/mL of Dox), respectively. The harvested cells
were lysed by RIPA lysis buffer (Gibco), and
then proteins were extracted with a commercial Kit
(Pierce, Rockford, IL, USA). The extracted protein
was resolved on PAGE gel, and the protein sample
was transferred to PVDF membrane, which was
blocked and reacted with Bax, Bid, Bim, Bcl-2,
cleaved caspase-3, cleaved caspase-9 or p-actin
primary antibody (1:300, Santa Cruz) overnight at
4°C, respectively.. After incubation in the presence of
the second antibody (1:5000, Jackson, USA), the
protein levels were determined using enhanced
chemiluminescence (ECL, Millipore, USA).

Animal model and treatments

The experiments were approved by the local Animal
Ethics Committee of Cangzhou Central Hospital prior
to initiation. Healthy nude mice, weighting 18-22 g,
purchased from Charles River, Beijing, China, were
used for the following experiments after one week of
acclimation. To construct the xenografted mouse model,
1x10° of U87 MG cells were inoculated subcutaneously
in each mouse. Then, xenografted mice were treated
with PBS (control), Dox (2 mg/kg), Dox-GO
(containing 2 mg/kg of Dox) and ANG-Dox-GO
(containing 2 mg/kg of Dox) by rapid tail vein injection,
respectively. The tumor size of each mouse was
monitored every two days for 20 days. On day 20, mice
were euthanized, and the tumor was resected for
measurement of tumor weight.

Statistical analysis

Data was presented as mean + SD. Data was compared
using one-way ANOVA followed by multiple
comparison tests based on SPSS software. P < 0.05 was
considered statistically significant.

AUTHOR CONTRIBUTIONS

All authors participated in the design, interpretation of
the studies and analysis of the data and review of the
manuscript; Yue Zhao and Hang Yin conducted the
experiments, Yue Zhao supplied critical reagents,

Xiaoyu Zhang wrote the manuscript. All authors read
and approved the final manuscript.

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.
FUNDING

No funding was received for this work.
REFERENCES

1. Weller M, Wick W, Aldape K, Brada M, Berger M,
Pfister SM, Nishikawa R, Rosenthal M, Wen PY, Stupp
R, Reifenberger G. Glioma. Nat Rev Dis Primers. 2015;
1:15017.
https://doi.org/10.1038/nrdp.2015.17
PMID:27188790

2. Bush NA, Chang SM, Berger MS. Current and future
strategies for treatment of glioma. Neurosurg Rev.
2017; 40:1-14.
https://doi.org/10.1007/s10143-016-0709-8
PMID:27085859

3. Suryadevara CM, Verla T, Sanchez-Perez L, Reap EA,
Choi BD, Fecci PE, Sampson JH. Immunotherapy for
Malignant glioma. Surg Neurol Int. 2015 (Suppl 1);
6:568-77.
https://doi.org/10.4103/2152-7806.151341
PMID:25722935

4. Brigger |, Dubernet C, Couvreur P. Nanoparticles in
cancer therapy and diagnosis. Adv Drug Deliv Rev.
2002; 54:631-51.
https://doi.org/10.1016/s0169-409x(02)00044-3
PMID:12204596

5. Abbasi E, Akbarzadeh A, Kouhi M, Milani M. Graphene:
synthesis, bio-applications, and properties. Artif Cells
Nanomed Biotechnol. 2016; 44:150-56.
https://doi.org/10.3109/21691401.2014.927880
PMID:24978443

6. Joshi R, Alwarappan S, Yoshimura M, Sahajwalla V,
Nishina Y. Graphene oxide: the new membrane
material. Applied Materials Today. 2015; 1:1-12.
https://doi.org/10.1016/j.apmt.2015.06.002

7. Chung C, Kim YK, Shin D, Ryoo SR, Hong BH, Min DH.
Biomedical applications of graphene and graphene
oxide. Acc Chem Res. 2013; 46:2211-24.
https://doi.org/10.1021/ar300159f
PMID:23480658

8. Hwang DW, Kim HY, Li F, Park JY, Kim D, Park JH, Han
HS, Byun JW, Lee YS, Jeong JM, Char K, Lee DS. In vivo
visualization of endogenous miR-21 using hyaluronic

WWW.aging-us.com 10514

AGING


https://doi.org/10.1038/nrdp.2015.17
https://pubmed.ncbi.nlm.nih.gov/27188790
https://doi.org/10.1007/s10143-016-0709-8
https://pubmed.ncbi.nlm.nih.gov/27085859
https://doi.org/10.4103/2152-7806.151341
https://pubmed.ncbi.nlm.nih.gov/25722935
https://doi.org/10.1016/s0169-409x(02)00044-3
https://pubmed.ncbi.nlm.nih.gov/12204596
https://doi.org/10.3109/21691401.2014.927880
https://pubmed.ncbi.nlm.nih.gov/24978443
https://doi.org/10.1016/j.apmt.2015.06.002
https://doi.org/10.1021/ar300159f
https://pubmed.ncbi.nlm.nih.gov/23480658

10.

11.

12.

13.

14.

15.

16.

17.

acid-coated graphene oxide for targeted cancer
therapy. Biomaterials. 2017; 121:144-54.
https://doi.org/10.1016/j.biomaterials.2016.12.028
PMID:28088076

Yin F, Hu K, Chen Y, Yu M, Wang D, Wang Q, Yong KT,
Lu F, Liang Y, Li Z. SiRNA delivery with PEGylated
graphene  oxide  nanosheets for  combined
photothermal and genetherapy for pancreatic cancer.
Theranostics. 2017; 7:1133-48.
https://doi.org/10.7150/thno.17841

PMID:28435453

Rosli NF, Fojtd M, Fisher AC, Pumera M. Graphene
oxide nanoplatelets potentiate anticancer effect of
cisplatin in human lung cancer cells. Langmuir. 2019;
35:3176-82.
https://doi.org/10.1021/acs.langmuir.8b03086
PMID:30741550

Rivankar S. An overview of doxorubicin formulations in
cancer therapy. J Cancer Res Ther. 2014; 10:853-58.
https://doi.org/10.4103/0973-1482.139267
PMID:25579518

Li Y, Zheng X, Gong M, Zhang J. Delivery of a peptide-
drug conjugate targeting the blood brain barrier
improved the efficacy of paclitaxel against glioma.
Oncotarget. 2016; 7:79401-07.
https://doi.org/10.18632/oncotarget.12708
PMID:27765902

Hsu SP, Dhawan U, Tseng YY, Lin CP, Kuo CY, Wang LF,
Chung RJ. Glioma-sensitive delivery of Angiopep-2
conjugated iron gold alloy nanoparticles ensuring
simultaneous tumor imaging and hyperthermia
mediated cancer theranostics. Applied Materials
Today. 2020; 18:100510.
https://doi.org/10.1016/j.apmt.2019.100510

Lu F, Pang Z, Zhao J, Jin K, Li H, Pang Q, Zhang L, Pang Z.
Angiopep-2-conjugated poly(ethylene glycol)- co-
poly(e-caprolactone) polymersomes for dual-targeting
drug delivery to glioma in rats. Int J Nanomedicine.
2017; 12:2117-27.
https://doi.org/10.2147/1JN.S123422

PMID:28356732

Czabotar PE, Lessene G, Strasser A, Adams JM. Control
of apoptosis by the BCL-2 protein family: implications
for physiology and therapy. Nat Rev Mol Cell Biol.
2014; 15:49-63.

https://doi.org/10.1038/nrm3722 PMID:24355989

Brunelle JK, Letai A. Control of mitochondrial apoptosis
by the bcl-2 family. J Cell Sci. 2009; 122:437-41.
https://doi.org/10.1242/jcs.031682 PMID:19193868

Lopez J, Tait SW. Mitochondrial apoptosis: killing
cancer using the enemy within. Br J Cancer. 2015;
112:957-62.

18.

19.

20.

21.

22.

23.

24.

25.

https://doi.org/10.1038/bjc.2015.85
PMID:25742467

Voulgaris S, Partheni M, Karamouzis M, Dimopoulos P,
Papadakis N, Kalofonos HP. Intratumoral doxorubicin
in patients with Malignant brain gliomas. Am J Clin
Oncol. 2002; 25:60-64.
https://doi.org/10.1097/00000421-200202000-00013
PMID:11823699

Darling JL, Thomas DG. Response of short-term
cultures derived from human Malignant glioma to
aziridinylbenzoquinone, etoposide and doxorubicin:
an in vitro phase |l trial. Anticancer Drugs. 2001;
12:753-60.
https://doi.org/10.1097/00001813-200110000-00007
PMID:11593057

Lv Y, Tao L, Annie Bligh SW, Yang H, Pan Q, Zhu L.
Targeted delivery and controlled release of
doxorubicin into cancer cells using a multifunctional
graphene oxide. Mater Sci Eng C Mater Biol Appl. 2016;
59:652-60.
https://doi.org/10.1016/j.msec.2015.10.065
PMID:26652419

Deb A, Vimala R. Camptothecin loaded graphene
oxide nanoparticle functionalized with polyethylene
glycol and folic acid for anticancer drug delivery.
Journal of Drug Delivery Science and Technology.
2018; 43:333-42.
https://doi.org/10.1016/j.jddst.2017.10.025

Dorniani D, Saifullah B, Barahuie F, Arulselvan P,
Hussein MZ, Fakurazi S, Twyman LJ. Graphene oxide-
gallic acid nanodelivery system for cancer therapy.
Nanoscale Res Lett. 2016; 11:491.
https://doi.org/10.1186/s11671-016-1712-2
PMID:27822913

Zhi F, Dong H, Jia X, Guo W, Lu H, Yang Y, Ju H, Zhang X,
Hu Y. Functionalized graphene oxide mediated
adriamycin delivery and miR-21 gene silencing to
overcome tumor multidrug resistance in vitro. PLoS
One. 2013; 8:e60034.
https://doi.org/10.1371/journal.pone.0060034
PMID:23527297

Candela P, Saint-Pol J, Kuntz M, Boucau MC,
Lamartiniere Y, Gosselet F, Fenart L. In Vvitro
discrimination of the role of LRP1 at the BBB cellular
level: focus on brain capillary endothelial cells and
brain pericytes. Brain Res. 2015; 1594:15-26.
https://doi.org/10.1016/j.brainres.2014.10.047
PMID:25451130

ZhaoY, Li D, Zhao J, Song J, Zhao Y. The role of the low-
density lipoprotein receptor-related protein 1 (LRP-1)
in regulating blood-brain barrier integrity. Rev
Neurosci. 2016; 27:623-34.

WWW.aging-us.com

10515

AGING


https://doi.org/10.1016/j.biomaterials.2016.12.028
https://pubmed.ncbi.nlm.nih.gov/28088076
https://doi.org/10.7150/thno.17841
https://pubmed.ncbi.nlm.nih.gov/28435453
https://doi.org/10.1021/acs.langmuir.8b03086
https://pubmed.ncbi.nlm.nih.gov/30741550
https://doi.org/10.4103/0973-1482.139267
https://pubmed.ncbi.nlm.nih.gov/25579518
https://doi.org/10.18632/oncotarget.12708
https://pubmed.ncbi.nlm.nih.gov/27765902
https://doi.org/10.1016/j.apmt.2019.100510
https://doi.org/10.2147/IJN.S123422
https://pubmed.ncbi.nlm.nih.gov/28356732
https://doi.org/10.1038/nrm3722
https://pubmed.ncbi.nlm.nih.gov/24355989
https://doi.org/10.1242/jcs.031682
https://pubmed.ncbi.nlm.nih.gov/19193868
https://doi.org/10.1038/bjc.2015.85
https://pubmed.ncbi.nlm.nih.gov/25742467
https://doi.org/10.1097/00000421-200202000-00013
https://pubmed.ncbi.nlm.nih.gov/11823699
https://doi.org/10.1097/00001813-200110000-00007
https://pubmed.ncbi.nlm.nih.gov/11593057
https://doi.org/10.1016/j.msec.2015.10.065
https://pubmed.ncbi.nlm.nih.gov/26652419
https://doi.org/10.1016/j.jddst.2017.10.025
https://doi.org/10.1186/s11671-016-1712-2
https://pubmed.ncbi.nlm.nih.gov/27822913
https://doi.org/10.1371/journal.pone.0060034
https://pubmed.ncbi.nlm.nih.gov/23527297
https://doi.org/10.1016/j.brainres.2014.10.047
https://pubmed.ncbi.nlm.nih.gov/25451130

26.

27.

28.

https://doi.org/10.1515/revneuro-2015-0069
PMID:27206317

Xing P, Liao Z, Ren Z, Zhao J, Song F, Wang G, Chen K,
Yang J. Roles of low-density lipoprotein receptor-
related protein 1 in tumors. Chin J Cancer. 2016; 35:6.
https://doi.org/10.1186/s40880-015-0064-0
PMID:26738504

Endo-Takahashi Y, Ooaku K, Ishida K, Suzuki R,
Maruyama K, Negishi Y. Preparation of angiopep-2
peptide-modified bubble liposomes for delivery to the
brain. Biol Pharm Bull. 2016; 39:977-83.
https://doi.org/10.1248/bpb.b15-00994
PMID:27251499

Velasco-Aguirre C, Morales-Zavala F, Salas-Huenuleo E,
Gallardo-Toledo E, Andonie O, Mufioz L, Rojas X,

29.

Acosta G, Sanchez-Navarro M, Giralt E, Araya E,
Albericio F, Kogan MJ. Improving gold nanorod delivery
to the central nervous system by conjugation to the
shuttle angiopep-2. Nanomedicine (Lond). 2017;
12:2503-17.

https://doi.org/10.2217/nnm-2017-0181
PMID:28882086

Hu L, Wang Y, Zhang Y, Yang N, Han H, Shen Y, Cui D,
Guo S. Angiopep-2 modified PEGylated 2-
methoxyestradiol micelles to treat the PC12 cells with
oxygen-glucose deprivation/reoxygenation. Colloids
Surf B Biointerfaces. 2018; 171:638-46.
https://doi.org/10.1016/j.colsurfb.2018.08.009

PMID:30107337

WWW.aging-us.com

10516

AGING


https://doi.org/10.1515/revneuro-2015-0069
https://pubmed.ncbi.nlm.nih.gov/27206317
https://doi.org/10.1186/s40880-015-0064-0
https://pubmed.ncbi.nlm.nih.gov/26738504
https://doi.org/10.1248/bpb.b15-00994
https://pubmed.ncbi.nlm.nih.gov/27251499
https://doi.org/10.2217/nnm-2017-0181
https://pubmed.ncbi.nlm.nih.gov/28882086
https://doi.org/10.1016/j.colsurfb.2018.08.009
https://pubmed.ncbi.nlm.nih.gov/30107337

