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ARTICLE INFO ABSTRACT

Keywords: Liposomal nanocarriers are able to carry peptides for efficient and selective delivery of radioactive tracer and
ANGPT2 drugs into the tumors. Angiopoietin 2 (ANGPT2) is an excellent biomarker for precise diagnosis and therapy of
Biomarker

glioma. The present study aimed to design ANGPT2-specific peptides to modify the surface of nanoliposomes
Doxorubicin-loaded nanoliposomes cont;.aining doxorupicin (DO.X) for integrative imaging and tz.irgeting therap.y of gli'orna. The targeted .ANGPTZ
Glioma-targeted imaging and therapy peptides were designed using the molecular operating environment. Peptide-conjugated PEGlated liposomes
Micro-PET/CT containing Dox (peptide-Lipo@Dox) were prepared for radionuclide and drug delivery. Glioma cell functions
were determined based on cell cycle and viability, apoptosis, cell invasion and migration, and colony-formation
assays. The anti-tumor effect of peptide-Lipo@Dox was validated in intracranial U87-MG cell glioma-bearing
mice in vivo. The peptides GSFIHSVPRH (GSF) and HSVPRHEV (HSV) showed specific affinity for ANGPT2
and a better cellular uptake in U87-MG cells. Micro-positron emission tomography (PET)/computed tomography
(CT) imaging was used to visualize the orthotopic transplantation of glioma in the brain 1 h after injection of
radionuclide ®3Ga-labeled peptide-Lipo@Dox. Lipo@Dox with peptide modification demonstrated stable Dox
loading, small sizes (<40 nm), and enrichment in the tumor region of the mouse brain. Peptide-Lipo@Dox
treatment inhibited the Tie-2/Akt/Foxo-1 pathway, thereby inhibiting cell invasion and migration, cell
viability, and colony-forming ability of U87-MG cells. Lipo@Dox peptide modification showed a better sup-
pression of glioma development than Lipo@Dox. Thus, the ANGPT2-specific peptides were successfully designed,
and the PEGylated liposome modified with ANGPT2-specific peptide served as part of a potent delivery method
for integrative glioma-targeted imaging and therapy.

Target peptide

Abbreviations: Angiopoietin 2, ANGPT2; 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTA; Phosphate buffered saline, PBS; 4, 6-diamidino-2-
phenylindole, DAPI; Real-time quantitative polymerase chain reaction, PCR.
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1. Introduction

Glioblastoma multiforme (GBM), also known as glioblastoma, is a
highly invasive and malignant primary brain tumor [1]. GBM patients
generally have a poor prognosis, with the median overall survival (OS)
of only 4-6 months and a high incidence of recurrence within 12-15
months [2]. The presence of the blood-brain barrier (BBB) and
blood-brain tumor barrier (BBTB) hinders the entry of most chemo-
therapeutic agents into the brain or the achievement of therapeutic drug
concentrations at the tumor site [3], thus greatly impeding treatment
effectiveness. Therefore, extensive research efforts have been devoted to
developing drug delivery systems that can enhance BBB permeability
and target GBM cells.

In recent years, there has been significant interest in lipid-based drug
delivery systems that can encapsulate and protect therapeutic drugs,
such as doxorubicin (Dox), enhance drug penetration into the brain, and
offer advantages, including excellent biocompatibility, low toxicity, and
low immunogenicity [4]. Moreover, liposomal radiotracers have been
rapidly developing as novel nuclear imaging probes [5]. The liposomal
surface can be modified with antibodies, peptides, and carbohydrates to
enhance the brain targeting and anti-glioma effects [6]. Previous studies
have demonstrated the safety and efficacy of the liposome-Dox drug
delivery system in patients with recurrent high-grade glioma [7-9].

Angiogenesis is a necessary process for tumor development. It plays
an important role in tumor growth and metabolism and is a promising
therapeutic target [10]. The angiopoietin-TEK tyrosine kinase receptor
pathway participates in the regulation of vascular permeability and
pathological vascular remodeling during tumor angiogenesis and
metastasis [11]. Angiopoietin-2 (ANGPT2) binds with tyrosine kinase 2
(Tie-2) to stimulate Tie-2 phosphorylation, thereby promoting cancer
cell survival, invasion, and migration [12]. It has been suggested that
PI3K/threonine kinase (Akt) is the downstream target of Tie-2 [13].
Moreover, Akt activates Foxo-1, resulting in a significant increase in
ANGPT2 mRNA levels and encouraging cell survival in cancer and
angiogenesis. Thus, cancer progression is promoted via activation of the
PI3K/Akt/Foxo-1 signaling pathway by ANGPT2 [14].

Therefore, we proposed that ANGPT2 activates the PI3K/Akt
signaling pathway, phosphorylates Foxo-1, and regulates cell cycle
progression, apoptosis, and oxidative stress. It then promotes the pro-
liferation, invasion, and migration of glioma cells. Moreover, ANGPT2
overexpression in GBM based on the cancer genome atlas (TCGA)
analysis was verified and shown to be negatively correlated with GBM
prognosis. This evidence suggested that ANGPT2 is an excellent glioma
biomarker and that ANGPT2 targeting might provide a beneficial diag-
nostic and therapeutic strategy for GBM.

The present study confirmed for the first time that ANGPT2 regulates
the proliferation and apoptosis in glioma cells via the Tie-2/Akt/Foxo-1
pathway. Targeting peptides (GSFIHSVPRH, HSVPRHEV) for ANGPT2
were successfully designed and their high affinity toward U87-MG cell
were confirmed. In addition, Dox-loaded nanoliposomes modified with
these two peptides were prepared for delivery of radionuclide and anti-
tumor drugs. This method was used for imaging in diagnosis and
demonstrated a significant therapeutic effect for intracranial U87-MG
cell glioma-bearing mice. Therefore, the study results confirmed
ANGPT2 to be an excellent biomarker for precise glioma diagnosis and
therapy. They also showed that Dox-loaded nanoliposomes modified
with ANGPT2 peptides could be used for imaging and had a targeting
therapeutic effect in glioma, providing novel insights into integrative
imaging and targeting therapy of glioma.

2. Methods and methods
2.1. Animals and ethics statement

Female BALB/c nude mice of 4-6 weeks age were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing,
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China) and kept under SPF conditions. The management and handling of
animals complied with the administrative regulations of the Laboratory
Animal Affairs Administration of the Ministry of Science and Technol-
ogy of China (1988.11.14). The research on experimental animals was
approved by the Ethics Committee of the Institute of Modern Physics,
Chinese Academy of Sciences (Approval No: 2021-026), and complied
with the Helsinki Declaration.

2.2. Cell culture and transient transfection

T98G (The human malignant glioma cell lines, no. CL-0583) (Procell
Life Science&Technology, Wuhan, China) were cultured in MEM me-
dium with 10 % fetal bovine serum (CM-0583, Procell). U251 (The
human malignant glioma cell lines, no. CL-0237) (Procell, China), HA
(The human astrocyte cell lines, n0.1800) (ScienCell Research Labora-
tories, San Diego, CA, USA), U87-MG (The human malignant glioma cell
lines, no. CL-0238) (Procell, China), U87-MG-luc (The human astrocyte
tumors cell line, no. WZ0028) (Fenghui Bio, Changsha, China) and
bEND.3 (The mouse brain-derived endothelial cells.3, no. TCM-C715)
(Hycyte Biotechnology, Suzhou, China) were cultured in DMEM me-
dium with 10 % fetal bovine serum. HUVECs (Human umbilical vein
endothelial cells) (Tongpai biotechnology, Shanghai, China) were
cultured in endothelial cell medium (no. 1001, Sciencell, USA). All cells
were kept under 37 °C with 5 % COs.

2.3. Plasmids, antibodies, and siRNAs

Lipo2000 (no. 11668019, Invitrogen, CA, USA) was used for tran-
sient transfection. f-actin (no. ab8227), Tie-2 (no. 19157-1-AP),
ANGPT1 (no. 27093-1-AP), ANGPT2 (no. no. 24613-1-AP) and Foxo-1
(no. 18592-1-AP) (Proteintech, Wuhan, China), phospho-Tie-2
(Tyr992) (no. Bs-3449R) (Bioss biotechnology, Beijing, China), Akt
(no. 4691), phospho-Akt (Ser473) (no. 4060) and Cleaved Caspase-3
(no. 9661L) (Cell Signaling Technology, Bosto, MA, China), phospho-
Foxo-1A (Ser256) (no. ab131339) and Caspase-3 (no. ab184787)
(Abcam, Cambridge, UK), Bax (no. GTX109683) and Bcl-2 (no.
GTX100064) (Genetex, NJ, USA), Ki-67 (no. GB111141) (Servicebio
biotechnology, Wuhan, China) were used for analysis of immunoblot-
ting, immunofluorescence and immunohistochemistry. Three different
sequences of siRNA of each gene was synthesized by Genepharma
(Shanghai, China); their sequences were shown in Supplementary File 1.

2.4. Liposomes

Dox, N-hydroxysulfosuccin-imide (S-NHS), 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine (DSPE), 1,2-distearoyl-snglycero-3-phos-
phoethanolamine-N-[meth-oxy(polyethyleneglycol)-2000] (DSPE-
PEG2000), and 2-distearoyl-sn-glycero-3-phosphoethamolamine-N-
[carboxy(polyethyleneglycol)2000] (DSPE-PEG2000-COOH), soybean
phosphatidylcholine (SPC) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). DSPE-PEG2000- 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) (R-0225), DSPE-PEG2000-Cyanine 5.5
(Cy5.5) (R-PEG-6111) (Ruixi biological technology, Xi’an, China). N,N-
Dimethylformamide (DMF) (01155059) was received from Titan Sci-
ence and Technology Co., Ltd. (Shanghai, China).

2.5. Peptide design and molecular docking

The structure-based drug design module in the Molecular Operating
Environment (MOE) (Chemical Computing Group, Montreal, Quebec,
Canada) software was used to design peptides. By analyzing the binding
patterns of peptides and receptors and selecting suitable side chain
hydrogen atoms as connection points according to the structure distri-
bution of peptides in binding pockets, peptide fragment growth was
performed by searching the three-dimensional (3D) conformation frag-
ment library in the MOE. Docking was performed to obtain a population
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of possible conformations and orientations for the ligand at the binding
site. Each new generated peptide was given a synthetic feasibility score
on a scale of 0-1, with 1 indicating that it is completely synthesizable
and O indicating that it is not. All candidate peptides were optimized
based on energy minimization, and affinity scoring function was used to
evaluate the binding free energy of the modified candidate peptides and
receptor. Based on the receptor structure (human ANGPT2; PDB ID:
2GY?7), the binding site was set around the residues 1434, D448, C450,
P452, N467, Y475, and S480. All ligand bonds were set to be rotatable.
All calculations for protein-fixed ligand-flexible docking were per-
formed using the Lamarckian Genetic algorithm method. The best
conformation with the lowest binding energy was chosen after the
docking search was completed. The atomic distance for binding sites
between peptides and receptor was <4.5 A.

HDOCK sever was used for molecular docking of peptides with
human ANGPT?2 protein. The MOE Protein Builder was used to build the
3D structures of targeting peptides GSFIHSVPRH (GSF) and HSVPRHEV
(HSV). The 3D ANGPT2 crystal structure (PDB ID: 2GY7) was down-
loaded from the protein structure database (http://www.rcsb.org). The
ANGPT2 was set as the receptor and the peptides were set as ligands. The
HDOCK server automatically predicted their interaction through a
hybrid algorithm of template-based and template-free docking. The
server carried out template-based modeling of the receptor and ligand
molecules by searching the PDB for putative homologous templates
based on the protein sequences. The intermolecular contacts from the
most probable configurations were further analyzed in the MOE. Ten
representative peptide conformations were selected after conformer
clustering. The interactions between complexes were mapped using
PyMol (http://www.pymol.org) [15].

2.6. Affinity analysis

The binding of ANGPT2 proteins and peptides was determined using
bio-layer interferometry technology based on the Octet system (RE96E,
Fortebio, USA). The HPLC and MS results for GSF and HSV identification
are shown in Fig. S1 and Fig. S2, respectively. First, 20 pg/mL of ANG
PT2 protein in phosphate-buffered saline (PBS, pH 7.4) was immobilized
on the surface of an NTA chip. Then, 100 pM peptide (in PBST, pH 7.4)
was added dropwise to the NTA chip. Data processing and analysis were
performed using ForteBio data analysis software version 10.0 [16].

2.7. BBB and BBTB penetration analysis

The HPLC and MS results for FITC-GSF and FITC-HSV identification
are shown in Fig.S3 and Fig.54, respectively. bEND.3 cells or HUVECs
were seeded in the upper chamber and five times the number of U87-MG
cells were seeded in the lower chamber of the Transwell and co-cultured
for 72 h to simulate the BBB and BBTB in vitro [17,18]. Then, endothelial
cell culture medium was replaced with DMEM containing 10 % fetal
bovine serum and FITC-GSF/HSV at a final concentration of 20 pg/mL
was added to the upper chamber. The upper- and lower-chamber cells
were collected for flow measurement based on cell fluorescence in-
tensity after 4 h and 8 h. The lower-chamber cells were stained with 5
pg/mL of 4,6-diamidino-2-phenylindole (DAPI) for 10 min, covered
with coverslips, and observed under a confocal laser microscope (LSM,
Carl Zeiss AG, Germany).

2.8. Liposome preparation and characterization

The structure and synthesis routes of DSPE-PEG2000-GSF/HSV are
shown in Fig. S5. First, 100 mg of DSPE-PEG2000-NHS was dissolved in
3 mL of DMF. Then, GSF/HSV and triethylamine (molar ratio: 1.1:3)
were added and reacted at room temperature for 12 h. The reaction
solution was transferred to a dialysis bag (with a molecular weight of
1500 Da) and dialysis was performed in pure water for 24 h. The final
product was collected after freezing and drying and confirmed using H
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nuclear magnetic resonance spectroscopy (Fig. S6). Liposome loading
with Dox modified with peptide was performed as follows: 1.5 mg of
DSPE-PEG2000 (or modified peptide), 1.5 mg of DSPE-PEG2000-DOTA,
0.4 mg of DSPE-PEG2000-Cy5.5, and 20 mg of SPC were dissolved in 3
mL of chloroform, rotary-evaporated at 40 °C to form a film, and hy-
drated by adding 250 mM (NH4)»SO4 solution. After ultrasonic disper-
sion, the liposome solution with a suitable particle size was prepared
using a liposome extruder (Ruixi), placed in a nanodialysis device
(Ruixi), and dialyzed in 50 mM PBS (pH 7.4) overnight to remove un-
coated (NH4)2SO4. The liposome solution was then removed. Then, 2
mg of Dox (Ruixi) was added and incubated at 50 °C for 1 h. Next,
dialysis was carried out for 1 h to remove unloaded Dox. The absorption
was measured in order to determine Dox concentration based on the
standard Dox absorption. Then, lipid dispersion was performed through
a series of polycarbonate membranes with a pore size ranging from 200
nm to 50 nm using an Avanti Mini Extruder (Avanti Polar Lipids, AL,
USA). Dox-loaded liposomes were prepared using a traditional ammo-
nium sulfate gradient loading method according to previously reported
procedure [19].

The particle size and zeta potential of the liposomal carriers were
characterized using photon correlation spectroscopy (Malvern In-
struments Ltd., Worchestershire, UK) and nanoparticle potential anal-
ysis (ZET-3000HS, Malvern Instruments Ltd., Worchestershire, UK),
respectively. The morphological examination of liposomes was per-
formed via transmission electron microscopy (TEM, JEM1200, Japan)
using negative staining with 2 % phosphotungstic acid solution.
Encapsulation efficiency was determined using a previously reported
method [20]. Briefly, 1 mL of liposome dispersion solution was eluted
with PBS (pH 7.4) through a Sephadex G-100 column to remove
unloaded Dox.

2.9. The targeting of peptides for glioma in vivo

The HPLC and MS results for DOTA-GSF and DOTA-HSV identifica-
tion are shown in Fig.S7 and Fig.S8, respectively. ®Ga was eluted from
a%Ge/%8Ga generator system (Eckert and Ziegler, Germany) with 0.1 M
HCI. Then, 10 pg of DOTA-GSF/HSV was mixed with 200 pL of NaAc and
1 mCi %8Ga solution (200 pL in 0.1 M HCI) and incubated at 90 °C for 15
min. Next, 300 pg of DOTA-GSF/HSV-Lipo@Dox was mixed with 200 pL
of NaAc and 1 mCi ®8Ga solution (200 pL in 0.1 M HC]) and incubated at
50 °C for 20 min. Orthotopic U87-MG cell glioma-bearing mice were
injected with 100 pGi of °Ga-DOTA-GSF/HSV or 8Ga-DOTA-GSF/HSV-
Lipo@Dox via tail vein and underwent a static animal PET/CT scan for
imaging of brain at 30 min after injection, and imaging was recon-
structed using the PMOD software (PMOD Technologies, Unitectra
zurich, Switzerland). The radioactive uptake was calculated as a per-
centage of the injected dose per gram tissue (%ID/g) through measuring
gamma counts of brain 1 h after injection (150 pCi of %8Ga-DOTA-GSF/
HSV or 50 pCi of °8Ga-DOTA-GSF/HSV-Lipo@Dox per mouse).

2.10. Immunoblotting

Total protein samples in the supernatant were collected. After
quantification using a BCA kit, the protein was separated using 10 %
SDS-PAGE gels and then transferred to PVDF membranes (Millipore,
Bedford, MA, USA). The membranes were blocked with 5 % nonfat milk
powder in TBST followed by the addition of primary antibody and in-
cubation at 4 °C overnight. The membranes were then washed with
TBST after incubation with secondary antibody and the protein bands
were detected using a chemiluminescence reagent kit (New Cell & Mo-
lecular Biotech, Suzhou, China) [21].

2.11. Immunofluorescence and immunohistochemistry

Immunofluorescence assay was performed according to the proced-
ure described in a previous study [22]. Briefly, after permeabilization,
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blocking with 5 % BSA in TBS, incubation with a primary antibody
(1:100) overnight at 4 °C, and staining with 5 pg/mL of DAPI, the cell
slides were covered with coverslips and observed under a biomicroscope
(BX53, Olympus, Tokyo, Japan) or scanned under a confocal laser mi-
croscope (LSM, Carl Zeiss AG, Germany).

Brain and xenograft tumor samples were analyzed using immuno-
histochemistry as previously described [23]. Tissue microarray results
were obtained from 180 patients at Shanghai Zhuoli Biotechnology
Company Ltd. The TMA samples were scanned with a NanoZoomer S210
(Hamamatsu, Japan) and xenograft tumor sections were analyzed using
Panoramic MIDI software (3DHISTECH, Budapest, Hungary).

2.12. Cell cycle and apoptosis analysis

The cells were collected for apoptosis and cycle analyses. After fixing
with 70 % ethanol, the cells were resuspended in cool PBS. Next, 50 pg/
mL of propidium iodide (PI) (Meilune) was added to the suspension and
incubated at 37 °C for 30 min in the dark. Then, the DNA contents were
analyzed using the ModFit software (Verity Software House, New York,
USA). The apoptosis ratios were determined using Annexin V/PI kit
(Meilune biological technology, Dlian, China).

2.13. Reverse transcription and quantitative polymerase chain reaction
analyses

The DDCt method was used to analyze the expression levels of target
genes in different groups. The primers used were 5- ACACCAC-
GAATGGCATCTA-3' and 5-GGGTTACCAAATCCCACTTTAT-3 '
(ANGPT2); 5-TCAAGAAGGTGGTGAAGCAGG-3' and 5-TCAAAGGTG-
GAGGAGTGGGT -3’ (GAPDH) [24].

2.14. Cell viability assay

Cell viability was detected using a cell counting kit-8 (CCK-8)
(Meilune). Cells were treated with equivalent concentrations of Dox in
Lipo@Dox formulations for 24 h. Then, 10 pL of the CCK-8 reaction
solution was added to each well and incubated at 37 °C for 4 h. The 96-
well plates were placed in a microplate reader (Infinite M200, Tecan,
Switzerland) to measure the absorbance at a wavelength of 450 nm. The
following formula for cell viability was used to calculate the growth
percentage: (%) = [A (compound +)-A (blank)]/[A (compound-)-A
(blank)] x 100 % [25].

2.15. Colony formation assay

U87-MG cells were seeded into 35-mm culture dishes. Upon reaching
70 % confluence, siRNA-ANGPT2 and pEX-3-ANGPT2 plasmids were
added to the wells for 48-h transfection. In addition, 1 pg/mL of Dox
(equivalent concentration of Dox) and Lipo@Dox formulations were
added and incubated for 24 h. The cells were then digested with 0.25 %
trypsin and washed three times with PBS. Next, 1300 cells were seeded
into 35-mm culture dishes or six-well plates and cultured at 37 °C with 5
% COg for 14 days. The cells were then washed three times with PBS,
fixed with methanol, and stained with 0.2 % crystal violet. Each group
was assayed in triplicate. The number of colonies was observed and
counted [26].

2.16. Transwell cell invasion and migration assay

U87-MG cells were transfected with siRNA-ANPT or pEX-3-ANPT
plasmids for 48 h and treated with 1 pg/mL of Dox (equivalent con-
centration of Dox) and Lipo@Dox formulations for 24 h. Transwell
chambers (Corning Costar) were used for Transwell invasion assays as
previously described [27]. Specifically, 100 pL of Matrigel with a final
concentration of 1 mg/mL was added to the center of the bottom of the
upper Transwell chamber and incubated at 37 °C for 4-5 h to dry. Then,
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200 pL of the cell suspension for each group was placed in the upper
Transwell chamber and cultured in a 37 °C and 5 % CO; incubator for
24 h.

2.17. In vivo imaging and anti-tumor verfication

U87-MG cell suspension (1 x 10° cells/mL) was injected into the
right brain (striatum, 1.8 mm right lateral to the bregma and 3 mm deep)
of nude mice to establish intracranial orthotopic glioma model [28].
Micro-magnetic resonance imaging (MRI) (Xingaoyi Medical Equipment
Co., Ltd., OPER-1.0, Ningbo, China) was performed to check whether the
model was established successfully. The mice were administered 5
mg/kg of Dox via tail vein seven days post-implantation. Brain tumor
fluorescence and drug distribution were visualized using a whole-body
in vivo fluorescence imaging system (Perkinelmer Co., Ltd., IVIS
Lumina LT Series III, Waltham, MA, USA). Drug distribution was
monitored 0, 2, 6, 24, and 30 h after administration. The fluorescence
imaging of organs was performed 30 h after drug administration. Since
2.5 mg/kg of Dox is often used to verify the in vivo anti-tumor effect of
Dox-loaded nanoparticles [29,30], the drug was injected every three
days while the tumor volume was monitored via bioluminescence im-
aging (BLI) using an in vivo fluorescence imaging system and MRI. The
body weight was measured at the same time. After 15 days of treatment,
the heart, liver, spleen, lung, and kidney were excised and separated for
paraffin tissue sections. Apoptotic cell death in glioma tissues was
detected using a TdT-mediated dUTP nick end labeling kit (TUNEL)
(Servicebio). Then, glioma sections were stained with hematoxylin and
eosin (H&E) to evaluate tumor cell apoptosis.

2.18. Biochemical tests for renal function

Whole blood samples were collected after treatment from the orbit of
mice and measured using a blood biochemistry analyzer to detect
creatinine (CREA), blood urea nitrogen (BUN), and uric acid (UA) levels.

2.19. Statistical analysis

GraphPad prism 8.0 software (GraphPad Software, CA, USA) was
used to analyze the data. Student’s t-test and one-way analysis were used
to analyze the statistical differences.

3. Results
3.1. ANGPT2 is an excellent biomarker of glioma

ANGPT2 expression was higher in GBM and second only to renal
clear cell carcinoma compared to the levels in other malignant tumors
(Fig. 1A). ANGPT2 mRNA showed significantly high expression in GBM
than in normal tissues (Fig. 1B). Moreover, higher grade of brain tumor
with higher ANGPT2 mRNA expression was noted (Fig. 1C), although
there were no significant differences in gender (Fig. 1D). Higher
ANGPT2 mRNA expression was also observed in GBM patients older
than 42 years (Fig. 1D). In addition, high mRNA ANGPT2 expression was
associated with poorer OS (Fig. 1E) and disease-free survival (Fig. 1F).
These results indicate that ANGPT2 expression levels were significantly
negatively correlated with prognosis in GBM patients. A total of 180
brain tumor specimens with stages I-IV were provided by Zhuoli
Biotechnology (Shanghai, China) to determine the ANGPT2 expression
using a tissue microarray. Representative images of immunohistological
ANGPT2 staining are shown in Fig. 1G. Since ANGPT2 is a secreted
protein, it is localized in the cytoplasm, membrane, and intercellular
substance (Fig. 1H). The ANGPT2-positive areas were increased in a
high-grade brain tumor (Fig. 1I). The above results indicate that
ANGPT2 was highly expressed in GBM. Therefore, ANGPT2 can be an
excellent target for GBM treatment. The ANGPT2 expression in astro-
cytes and glioma cells was compared to determine the ANGPT2 levels in
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Fig. 1. High ANGPT2 expression correlates with GBM progression and poorer prognosis. (A) ANGPT2 mRNA expression in different malignant tumors (http://gepia.
cancer-pku.cn/). (B) Comparison of ANGPT2 mRNA expression between normal brain and GBM tissues from TCGA datasets. (C) ANGPT2 mRNA expression in brain
tumor at different stages (http://www.cgga.org.cn/), *p < 0.001. (D) ANGPT2 mRNA expression in brain tumor at WHO stage IV in individuals of different gender
and age (http://www.cgga.org.cn/). (E) Kaplan-Meier curves estimating overall survival and (F) disease-free survival (https://smuonco.shinyapps.io/PanCa
nSurvPlot) in patients of ANGPT2 mRNA in GBM. Log-rank test, p < 0.001. (G) The observation of ANGPT2 protein expression in different stages of brain tumor
tissues. (H) Representative images of ANGPT2 protein expression (a, ¢, e, and g, magnification 5 x ; b, d, f, and h, magnification 200 x , bar = 50 pm). (I) Positive rate
of ANGPT2 in glioma in different stages of brain tumor tissues. (J, K) ANGPT2 expression was analyzed using IB in HA, T98G, U251, and U87-MG cells. ANGPT2
expression was quantified (ANGPT2/p-actin). Normalized ANGPT2 in HA cells was set at 1.0. *p < 0.05, **p < 0.01 (n = 3). (L, M) ANGPT2 levels in membrane
proteins were analyzed using IB in T98G, U251, and U87-MG cells. The level of ANGPT2 was quantified (ANGPT2/Na*-K* ATPase). IB, immunoblotting; HA, human

astrocyte cell.

GBM cells. The results showed that the expression of ANGPT2 in T98G,
U251, and U87-MG cells was higher than that in human astrocytes
(Fig. 1J and K). Membrane receptor proteins account for ~70 % of
United States Food and Drug Administration-approved drug targets
[31]. Although ANGPT2 is a secreted protein, it binds with Tie-2 to
regulate physiological processes. Thus, the high level of ANGPT2 on the
membrane is a prerequisite for achieving targeted ANGPT2-based
therapy. The ANGPT2 level was highest in the membrane proteins of
U87-MG cells than in those of T98G and U251 cells (Fig. 1L and M).
Moreover, morphological observation showed that ANGPT2 was more
expressed on U87-MG cell protrusions (Fig. 2A). Therefore, U87-MG
cells were selected for follow-up experiments.

The knockdown efficiency of ANGPT2 mRNA for different siRNAs is
shown in Supplementary File 2. The fluorescence ANGPT2 signal was
weakened after ANGPT2 silencing and enhanced after overexpression in
U87-MG cells (Fig. 2B). ANGPT2 silencing increased the apoptotic ratio
(Fig. 2C), promoted G1 phase arrest (Fig. 2D), and inhibited cell viability
(Fig. 2E). However, ANGPT2 overexpression decreased the apoptotic
ratio (Fig. 2C) and increased the S-phase ratio (Fig. 2D) and cell viability
(Fig. 2E). Representative flow cytometry images are shown in Fig. S9. In
addition, ANGPT2 silencing inhibited colony formation (Fig. 2F and G),
invasion (Fig. 2H and I), and migration (Fig. 2J and K) of U87-MG cells,
while ANGPT2 overexpression did the opposite.

3.2. ANGPT2 actives the Tie-2/Akt/Foxo-1 pathway to promote glioma
cell proliferation

Co-IP technology was used to detect the binding of Tie-2 with
ANGPT1 and ANGPT2. Western blotting analysis showed that the

interaction between Tie-2 and ANGPT1 and ANGPT2 was weakened
after ANGPT2 knockdown (Fig. 2L; lane 3 compared to lane 2 in the
upper panel) and enhanced after overexpression (Fig. 2L; lane 6
compared to lane 5 in the upper panel). Moreover, the phosphorylation
levels of Tie-2, Akt, and Foxo-1 decreased after ANGPT2 knockdown
(Fig. 2M and N). However, ANGPT2 overexpression increased their
phosphorylation levels (Fig. 2M and N). In addition, the expression of
cleaved-caspase 3 and Bax increased, while the expression of Bcl-2
decreased after ANGPT2 knockdown (Fig. 20 and P). Therefore,
ANGPT2 silencing likely weakened the interaction of Tie-2 with
ANGPT1 and ANGPT2 and then inhibited the Tie-2/Akt/Foxo-1
pathway to hinder proliferation and promote U87-MG cell apoptosis.

3.3. ANGPT2 peptide ligand design and affinity of target peptide with
ANGPT2

Based on the X-ray crystal structure of ANGPT2 obtained from the
protein data bank, MOE was used to design the specific peptide ligand
for ANGPT2. Considering the influence of peptide length and molecular
weight on BBB crossing, the length of the targeted peptide should be
minimized while ensuring its stability and activity. Therefore, the length
of the octapeptide or decapeptide was used as the binding window. The
binding conformations of peptides and receptors were generated using a
custom MacroModel sampling method. Ten representative conforma-
tions were selected after clustering.

The affinity assay results showed that the GSF and HSV had a strong
affinity for ANGPT2 protein with respective KD values of 3.43 pM and
50.2 nM. The affinity results represent rapid binding and dissociation of
peptides with the ANGPT2 protein (Fig. 3A and B). The binding modes
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Fig. 2. ANGPT2 promoted apoptosis and inhibited viability and Tie-2/Akt/Foxo-1 pathway in U87-MG cells. (A, B) IF staining with ANGPT2 antibody in different
glioma cells and transfected U87-MG cells; DAPI staining shows nucleoli (magnification, 400 x , bar = 50 pm). (C-G) U87-MG cells were transfected with ANGPT2-
siRNA or overexpressed plasmid pEX-3-. ANGPT2 for 48 h. (C) Apoptosis percentage was analyzed using flow cytometry; **p < 0.01, *p < 0.001 (n = 3). (D) Cell cycle
was analyzed using flow cytometry; *p < 0.05, **p < 0.01, *p < 0.001 (n = 3). (E) Cell viability was measured using CCK-8 assay; *p < 0.05, **p < 0.01 (n = 3). (F)

Colony formation was observed and (G) calculated; *p < 0.05, **p < 0.01 (n = 3). (H-K) NC and transfected U87-MG cells were seeded into transwell chambers. (H)
Cell invasion in the lower chamber was observed (magnification, 200 x , bar = 50 pm) and (I) the number of cells was counted; *p < 0.05 (n = 3). (J) Cell migration
in the lower chamber was observed (magnification, 200 x , bar = 50 pm) and (K) the number of cells was counted; *p < 0.05 (n = 3). (L-P) U87-MG cells were
transfected with ANGPT2-siRNA or pEX-3-ANGPT2 for 48 h. (L) Analysis of ANGPT2 interaction with Tie-2 for co-IP assays with Tie-2 antibody. (M, O) Protein levels
were detected using IB. Protein expression was quantified (target protein/p-actin) and normalized target protein in NC or vector cells was set to 1.0 (N, P); *p < 0.05,
**p < 0.01, #p < 0.001 (n = 3). IB, immunoblotting; IP, immunoprecipitation; co-IP, co-immunoprecipitation; IF, immunofluorescence.

between peptides and ANGPT2 are shown in Fig. 3C and D. In the 3.4. Peptide uptake in U87-MG cells

binding mode between GSF and ANGPT2, the Asp448 residue in

ANGPT?2 forms a salt bridge with the Arg9 residue in GSF. The Cys450, The effects of peptides administered at different concentrations on
Gly451, and Tyr476 residues in ANGPT2 form a hydrogen bond with the the viability of U87-MG cells, bEND.3 cells, or HUVECs were measured
Arg9 and His 10 residues in GSF. In the binding mode between HSV and using the CCK-8 assays (Fig. 4A and B). The peptides showed stronger
ANGPT2, the Cys433, Cys450, and Tyr476 residues in ANGPT2 form a inhibition of U87-MG cells than bEND.3 cells and HUVECs. The bEND.3
hydrogen bond with the Arg5 and Hisl residues in HSV. The Tyr475 cell viability showed no changes even after addition of 100 pg/mL of

residue in ANGPT2 forms a hydrophobic interaction with the His1 res- GSF. However, the viability of U87-MG cells was decreased in a dose-
idue in HSV. The FITC-GSF/HSV and DOTA-GSF/HSV syntheses are dependent manner, indicating that the target peptides had low cyto-
shown in Fig. 3E-J. toxicity in brain microvascular endothelial cells. Then, bEND.3 cells or

HUVECs and U87-MG cells were co-cultivated in the Transwells to
simulate the BBB and BBTB (Fig. 4C). Flow cytometry (Fig. 4D) and
immunofluorescence (Fig. 4E) results showed that the fluorescence
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and blue. (E-J) Reaction scheme for GSF and HSV with FITC and DOTA. (For interpretation of the references to color in this figure legend, the reader is referred to the
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intensity of FITC in U87-MG cells increased over time, indicating that
the peptides penetrated the vascular endothelial cells and were taken up
by glioma cells. Moreover, GSF fluorescence intensity was stronger than
that of HSV (Fig. 4F and G), showing that GSF had a better targeting
effect.

To investigate the ability of HSV/GSF to enter the brain and target

gliomas, DOTA labeled with radionuclide ®3Ga was used to modify the
two peptides. Micro-PET/CT imaging (Fig. 4H) was used to visualize the
orthotopic tumor transplantation of U87-MG cells in the brain 30 min
after injection of ®®Ga-DOTA-GSF/HSV and compared to the ®%Ga-
DOTA. Brain gamma counts in the ®8Ga-DOTA-GSF/HSV group were
greater than those in the ®®Ga-DOTA group (Fig. 41 and J). This further
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Fig. 4. Targeting peptide uptake in U87-MG cells. (A, B) GSF and HSV effects on U87-MG cells, bEND.3 cells, and HUVECs. (C) Uptake process of FITC-labeled GSF
and HSV in U87-MG cells co-cultivated with bEND.3 cells and HUVECs. (D) Flow cytometry analysis of FITC-labeled GSF and HSV uptake in U87-MG cells. (E)
Immunofluorescence analysis of FITC-labeled GSF and HSV uptake in U87-MG cells; DAPI staining shows nucleoli (magnification, 400 x , bar = 50 um). (F, G)
Fluorescence intensity of FITC-labeled GSF and HSV in U87-MG cells. *p < 0.001 was calculated using ANOVA (n = 6). (H) Micro-PET/CT imaging analysis of °®Ga-
DOTA-GSF/HSV in mouse brain with U87-MG cell xenograft. Micro-PET/CT imaging reconstruction was performed using PMOD software. (I) ®®Ga-DOTA-GSF/HSV
biodistribution in the main organs was measured based on gamma counts (n = 3). (J) %8Ga-DOTA-GSF/HSV biodistribution in the brain was measured based on
gamma counts; *p < 0.001 was calculated using ANOVA (n = 3).

indicated that the peptides enabled the ability of ®Ga-DOTA to target
glioma. These results indicated that the peptides enabled the targeted
binding ability of ®®Ga-DOTA via glioma uptake and allowed to visualize
the glioma. GSF targeting showed better glioma targeting efficiency and
displayed more visible and more gamma counts for glioma.

3.5. Targeting liposome characterization

The mean particle size of Lipo@Dox-Cy5.5, HSV-Lipo@Dox-Cy5.5,
and GSF-Lipo@Dox-Cy5.5 was 32.37 + 2.09 nm, 24.82 + 2.51 nm, and
29.36 + 3.84 nm, respectively (Fig. 5A). The PDI was 0.2 &+ 0.01, 0.16
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+0.01, and 0.17 + 0.03, respectively (Fig. 5B). The zeta potential of the
three liposomes with Cy5.5 modification was —30.19 + 5.18 mV,
—21.41 + 1.81 mV, and —21.85 + 1.39 mV, respectively (Fig. 5C). The
morphology of GSF-Lipo@Dox and HSV-Lipo@Dox was observed using
TEM and revealed that the desired nanoparticles had a spherical struc-
ture with a smooth surface (Fig. 5D and E). The encapsulation efficiency
with Cy5.5 modification was 70 %, 85 %, and 78 %, respectively. The
Dox-loading rate with Cy5.5 modification was 5.8 %, 7.3 %, and 6.2 %,
respectively. The ultraviolet absorption spectrum is shown in Fig. 5F.

3.6. Cytotoxicity assay for Lipo@Dox

In vitro cytotoxicity of free Dox and Dox-loaded liposomes with
different formulations was evaluated using bEND.3 cells, HUVECs, and
U87-MG cells with a CCK-8 assay. Free Dox (Fig. 5G), Lipo@Dox
(Fig. 5H), and peptide-Lipo@Dox (Fig. 5 and J) showed dose-dependent
inhibition for U87-MG cell viability. After incubation with U87-MG cells
for 24 h, the ICsg values (equivalent Dox concentration) for Dox, Lip-
o@Dox, HSV-Lipo@Dox, and GSF-Lipo@Dox were calculated based on
the cytotoxicity results to be 3.49, 0.96, 0.55, and 0.26 pg/mL, respec-
tively. Free Dox and Lipo@Dox showed high cytotoxicity in vascular
endothelial cells, but peptide-Lipo@Dox showed lower cytotoxicity in
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bEND.3 cells compared to that in U87-MG cells and HUVECs. The
highest cytotoxicity was observed in U87-MG cells with the same Dox
concentration compared to the Dox and Lipo@Dox groups. The ICsq
value for GSF-Lipo@Dox was lower than that for HSV-Lipo@Dox, indi-
cating that GSF targeting was stronger than HSV-Lipo@Dox, while GSF-
Lipo@Dox inhibition was greater than that of Lipo@Dox due to peptide
targeting. These results showed that HSV-Lipo@Dox and GSF-Lipo@Dox
targeting can decrease the effect of Dox concentration on glioma cells
and reduce Dox cytotoxicity in normal cells.

3.7. %8Ga-labeled targeting liposome-Dox use for glioma imaging

Next, bEND.3 cells or HUVECs and U87-MG cells were co-cultivated
in the Transwells to simulate the BBB and BBTB. The targeting liposome-
Dox penetration and binding abilities were then analyzed (Fig. 6A). Free
Dox and Lipo@Dox formulations at a concentration of 1 pg/pL (equiv-
alent Dox concentration, which is close to the ICs5q value of Lipo@Dox)
were added to the upper chamber and incubated for 4 and 8 h. Immu-
nofluorescence results showed that U87-MG cell fluorescence intensity
increased over time in the peptide-Lipo@Dox groups (Fig. 6A-C). Flow
cytometry analysis indicated that the peptide-modified liposomes
penetrated the vascular endothelial cells and were taken up by glioma
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cells (Fig. 6D and E). Moreover, GSF-Lipo@Dox fluorescence intensity
was strongest among the three Dox-loaded liposomes (Fig. 6B-E),
demonstrating that GSF/HSV-Lipo@Dox had a higher penetration effi-
ciency than Lipo@Dox and enhanced cellular uptake of the formulations

due to peptide targeting.

To investigate the use of ®®Ga-labeled DOTA-GSF/HSV-Lipo@Dox
for glioma imaging, micro-PET/CT was used to detect the location of
the orthotopic U87-MG cell tumor transplantation. Micro-PET/CT im-
aging (Fig. 6F) showed that the orthotopically transplanted U87-MG cell
tumor could be visualized in the brain 30 min after *Ga-DOTA-GSF/
HSV-Lipo@Dox injection compared to the ®®Ga-DOTA-Lipo@Dox re-
sults. The brain gamma counts in the 8Ga-DOTA-GSF/HSV-Lipo@Dox
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groups were greater than those in the %8Ga-DOTA-Lipo@Dox group
(Fig. 6G and H). Thus, Dox-loaded nanoliposomes modified with
ANGPT2 peptides could be used for glioma imaging. GSF targeting
showed better glioma targeting efficiency and displayed more visible

gamma counts for glioma.

3.8. Targeting liposome-Dox inhibited U87-MG cells via Tie-2/Akt/Foxo-

1 pathway

It was determined that peptide-Lipo@Dox induced more apoptotic
U87-MG cells than Lipo@Dox, especially in the GSF-Lipo@Dox group,
with a significant difference in the apoptotic ratio compared to
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Fig. 7. Targeting liposome-Dox inhibited U87-MG cells via Tie-2/Akt/Foxo-1 pathway. (A) Apoptotic ratio for U87-MG cells treated with liposome-Dox for 24 h, *p
< 0.05 (n = 3). (B-D) Protein levels were detected using IB and protein expression was quantified (target protein/p-actin). (E, F) Colony formation was observed and
calculated; *p < 0.05 (n = 3). (G-J) U87-MG cells were seeded into Transwell chambers and treated with 1 pg/mL of Dox (effective liposome-Dox concentration) for
24 h. (G) Cell migration in the lower chamber was observed (magnification, 200 x , bar = 50 pm) and (H) the number of cells was quantified; *p < 0.05, **p < 0.01
(n = 3). () Cell invasion in the lower chamber was observed (magnification, 200 x , bar = 50 pm) and (J) the number of cells was determined; *p < 0.05, **p < 0.01

(n=3).
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Lipo@Dox at a concentration of 1 pg/pL (equivalent Dox concentration)
(Fig. 7A). Representative flow cytometry images are shown in Fig. S10.
Free Dox and Lipo@Dox formulations at a concentration of 1 pg/uL
(equivalent Dox concentration) decreased the phosphorylation levels of
Tie-2, Akt, PI3K, and Foxo-1 and decreased the expression levels of
ANGPT1 and ANGPT2 (Fig. 7B and C). Free Dox and Lipo@Dox for-
mulations also decreased the expression of Bcl-2 and increased the levels
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of cleaved caspase-3 and Bax (Fig. 7D). Protein expression decreased and
increased more in the HSV-Lipo@Dox and GSF-Lipo@Dox groups due to
peptide targeting.

In addition, free Dox and Lipo@Dox formulations inhibited colony
formation (Fig. 7E and F) and decreased migration (Fig. 7G and H) and
invasion counts (Fig. 7I and J) in U87-MG cells. HSV-Lipo@Dox and
GSF-Lipo@Dox inhibition was greater than that of Lipo@Dox due to
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Fig. 8. In vivo anti-glioma effect of targeting liposome-Dox. (A) Liposome-Dox (5 mg/kg of effective Dox concentration) delivered via intracranial injection into
orthotropic U87-MG cell glioma model mice and observed at different time points. (B) Distribution of Cy5.5-labeled targeting liposome-Dox at different time points in
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peptide targeting. The above results suggested that peptide modification
of liposomes enhanced the inhibitory effect of chemotherapeutic drugs
on U87-MG glioma cells. In addition, targeting Lipo@Dox inhibited
U87-MG cells via the ANGPT2/Tie-2/Akt/Foxo-1 pathway, and GSF had
a stronger targeting effect than HSV. Therefore, GSF-Lipo@Dox inhibi-
tion was the most effective among the three Dox-loaded liposome
groups.

3.9. Lipo@Dox targeting in orthotopic glioma model and organ
distribution

Because of the short half-life of ®*Ga (approximately 60 min), peptide
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targeting could not be monitored for long periods of time in vivo. In vivo
fluorescence imaging was performed to visualize the distribution of
Lipo@Dox formulations in an orthotopic U87-MG cell tumor trans-
plantation model. Lipo@Dox formulations were monitored 0, 2, 6, 24,
and 30 h after tail vein injection (Fig. 8A). HSV-Lipo@Dox and GSF-
Lipo@Dox were enriched in the brain for a longer time period than
Lipo@Dox (Fig. 8B and C). Moreover, the GSF-Lipo@Dox fluorescence
signal in the brain was stronger than that of HSV-Lipo@Dox after 30 h
(Fig. 8D). HSV-Lipo@Dox and GSF-Lipo@Dox were abundantly
distributed in organ angiogenesis, including in the liver, spleen, and
lung, because ANGPT2 is a useful angiogenesis biomarker [32,33].
Therefore, these results suggested that the retention time of Lipo@Dox
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in the brain was prolonged due to the targeted effect of peptide
modification.

3.10. In vivo anti-glioma effect

The changes in intracranial bioluminescence intensity of glioma
were monitored in real time using BLI in an in vivo fluorescence imaging
system (Fig. 8E and F). The bioluminescence intensities of the HSV-
Lipo@Dox and GSF-Lipo@Dox groups were significantly weaker and
smaller, respectively, than those of the other groups on day 6 (Fig. 8G).
The glioma volume results monitored using an MRI system were
consistent with those of BLI (Fig. 8H and I). Thus, HSV-Lipo@Dox and
GSF-Lipo@Dox slowed down tumor growth (Fig. 8I). The body weight of
mice was recorded to evaluate drug safety. Mouse body weight in the
PBS, Dox, and Lipo@Dox groups was decreased on day 12. However, the
body weight in the HSV-Lipo@Dox and GSF-Lipo@Dox groups increased
starting on day 9 (Fig. 8J). Moreover, the HSV-Lipo@Dox and GSF-
Lipo@Dox extended the survival time of tumor-bearing mice to 40
and 42 days after treatment, respectively (Fig. 8K).

After 15 days of treatment, H&E results showed that the Lipo@Dox
formulations inhibited intracranial tumor growth, which was consistent
with BLI and MRI results (Fig. 9A). The TUNEL assay results are shown
in Fig. 9B. More apoptotic cells were detected using the TUNEL assay in
the HSV-Lipo@Dox and GSF-Lipo@Dox groups than in the Lipo@Dox
group (Fig. 9B), indicating that peptide-modified Lipo@Dox can enrich
the orthotropic glioma tissue and plays a role in killing glioma cells. The
fluorescence signal of Ki-67 in the HSV-Lipo@Dox and GSF-Lipo@Dox
groups was weaker than that in the Lipo@Dox group (Fig. 9C),
showing that Dox-loaded liposomes with peptide modification had a
targeted inhibitory effect on glioma cells. The highest number of
apoptotic cells and the weakest fluorescence signal of Ki-67 in the GSF-
Lipo@Dox groups were noted due to the highest targeting ability. Thus,
GSF-Lipo@Dox had a stronger killing and inhibitory effect on glioma
cells than HSV-Lipo@Dox and exhibited the best anti-glioma activity
among all groups. The pathological H&E staining images of main organ
tissues after treatment are shown in Fig. 9D. There was no significant
congestion, necrosis, or inflammation in the hearts, livers, spleens,
kidneys, and lungs in the peptide-modified Lipo@Dox groups. The blood
biochemical value results (BUN, CREA and UA levels) exhibited no
significant differences between the control and peptide-modified Lip-
o@Dox groups and were within the normal range (Fig. 9E-G). The H&E
staining and biochemical blood test results suggested that peptide-
modified Lipo@Dox had no significant side effects in nude mice.

4. Dissusion

ANGPT2 expression is upregulated in a variety of human tumors,
including neuroendocrine tumors [34], hepatocellular carcinoma, and
gastric cancer [35]. ANGPT2 levels are elevated in patients with stage III
and IV melanoma and colorectal cancer, which have a poor prognosis
[36]. ANGPT2 up-regulation is associated with invasiveness displayed
by human gliomas. Moreover, matrix metalloproteinase-2 and mem-
brane type 1 matrix metalloproteinase induction by ANGPT2 may be
essential for glioma invasion [37]. The present study found that the high
ANGPT?2 expression in glioma tissues was positively related to the stage
and progression of glioma based on the TCGA dataset and immunohis-
tochemistry analyses, further showing that ANGPT2 may be considered
a glioma biomarker and has application potential in therapeutic tar-
geting of glioma.

The role of ANGPT2 in angiogenesis is often thought of as an
ANGPT1 antagonist that inhibits ANGPT1-promoted Tie-2 signaling,
which is critical for vascular maturation and stability. ANGPT2 pro-
motes Tie-2 phosphorylation by binding with it and then phosphorylates
PI3K, leading to Akt phosphorylation [38]. Foxo-1 is activated by Akt
phosphorylation, which significantly increases ANGPT2 mRNA level
and promotes tumor cell survival and angiogenesis [11]. Therefore, we
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demonstrated for the first time that ANGPT2 activates the
Tie-2/Akt/Foxo-1 signaling pathway and promotes the proliferation,
invasion, and migration of glioma cells.

Our results showed high ANGPT2 expression in multiple glioma cells
compared to glial cells. ANGPT2 knockdown caused G1 phase arrest,
decreased cell viability, and increased apoptosis in U87-MG -cells.
Moreover, ANGPT2 silencing decreased cell proliferation and migratory
and invasive capacities of U87-MG cells. However, increased ANGPT2
expression promoted cell proliferation, migration, and invasion of U87-
MG cells. Angiogenesis-related ANGPT2/Tie2-system activated the
PI3K/Akt pathway and phosphorylated Foxo-1, leading to an increase in
ANGPT2 transcription and further promoting angiogenesis [39].
ANGPT2 knockdown decreased the endogenic binding of ANGPT2 and
Tie-2 and phosphorylation levels of Akt and Foxo-1. On the contrary,
increased ANGPT2 expression promoted the endogenic binding of
ANGPT2 and Tie-2 and increased the phosphorylation levels of Akt and
Foxo-1. In addition, ANGPT2 knockdown resulted in a decrease in Bcl-2
levels and an increase in apoptotic protein Bax and cleaved caspase-3
levels. This was consistent with previous study results, where ANGPT2
silencing resulted in a decrease in Bcl-2 levels and an increase in Bax
levels in an oral squamous cell carcinoma model [40]. The above results
suggested that ANGPT2 promoted glioma cell survival via the
Tie-2/Akt/Foxo-1 pathway and provided new insights into the molec-
ular function of ANGPT2 in regulatory mechanisms of glioma cells. The
above results suggested that ANGPT2 contributes to oncogenic activity
and can be an important biomarker for diagnosis and therapy of glioma.

Although ANGPT2 has been identified as a potential biomarker for
glioma, it has been unclear how to use it to achieve precise targeted
diagnosis and therapy. The BBB can weaken the efficiency of antibody
drug conjugates entering the brain [41]. Thus, it was necessary to
identify ANGPT2-specific ligands that easily penetrate the BBB, have
low toxicity and high safety properties, and play a therapeutic role in
glioma. Peptides are a good choice for use as ligands because of their
small molecular weight, low immunogenicity in vivo, and high pene-
trability [42]. In the present study, a new sequence of peptides with
eight amino acids and specific interaction with ANGPT2 was designed
based on the crystal structure of ANGPT2. The uptake assay showed that
the two peptides targeted both brain endothelial cells and tumor cells.
Moreover, peptide-modified Dox-loaded liposomes effectively traversed
the BBB and BBTB. The GSF uptake fluorescence intensity in the brain
was higher than that of HSV modification and free Dox because the GSF
targeting ability was stronger.

The poor permeability and limited distribution of Dox in solid tumors
mean that it cannot be used as a chemotherapeutic agent [43].
Long-term circulating nanoparticles can deliver anti-cancer drugs to
brain tumors by passively enhancing permeability and retention effects
[44]. Moreover, liposomes are a potent carrier system for unique
radionuclide-ligand complex delivery [45]. Thus, liposomes are a classic
drug and radionuclide delivery carrier that is non-toxic and
non-immunogenic. PEG modification on the surface of liposomes can
prolong blood circulation duration to reach their therapeutic targets
[46]. In the present study, liposomes with smaller particle sizes were
designed and target peptides were modified on the surface of these li-
posomes. Longer circulation in the blood may provide more opportu-
nities for stable GSF/HSV-modified liposomes to bind to ANGPT2.

Gallium-68 (°®Ga) is a positron-emitting isotope that is often
attached to a specific chelating agent to be used as a tracer [47].
PEGylated liposomes were selected as delivery carriers for °Ga and Dox
because liposomal Dox is a pioneering drug delivery system in a clinical
setting (e.g. Doxil/Caelyx®) [48]. Simultaneous radionuclide and Dox
delivery can help to explore the integrated theranostic potential of
liposomal Dox in a clinical setting. The DSPE-PEG2000-GSF/HSV needs
to be synthesized first to create peptide-modified liposomes. The syn-
thetic design steps were based on a previous study [49]. The targeting
copolymer DSPE-PEG2000-GSF/HSV was synthesized via nucleophilic
substitution reaction between NHS and peptide N-terminal (Fig. S5).



H. Li et al.

Peptide and DSPE-PEG2000-NHS were dissolved in DMF and the pH of
the mixture was adjusted to 8.2 using triethylamine. The reaction was
carried out at room temperature for 12 h under moderate agitation. The
conjugation was determined using H nuclear magnetic resonance spec-
troscopy (NMRS). The appearance of additional peptide peak is shown in
Fig. S6, showing that it was not disturbed by DSPE-PEG2000-NHS. These
results indicated that the peptides were successfully conjugated with
DSPE-PEG2000. Bifunctional chelating, including EDTA, DOTA, and
DOTPA binds the metal (°8Ga®" ion) to a complex with a high affinity for
in vivo stability [50]. Thus, radiolabeling chelators have a significant
impact on theranostics based on radiolabeling technology. The present
study developed a Dox-loaded liposome formulation modified with
Cy5.5 and DOTA peptides on the liposome surface. DOTA molecules
were conjugated on the surface of the Dox-loaded liposome as a chelator
for %®Ga labeling. The DSPE-PEG2000 (or DSPE-PEG2000-GSF/HSV),
DSPE-PEG2000-DOTA, DSPE-PEG2000-Cy5.5, and SPC were dissolved,
evaporated, hydrated, extruded, encapsulated, and then dialyzed to
prepare DOTA-conjugated Dox-loaded liposomes with peptide modifi-
cation. Then, ®3Ga was attached to the DOTA chelator and the liposomal
Dox was labeled to prepare the PEGylated liposome tracer.
GSF/HSV-modified liposomes with %8Ga labeling showed the location of
glioma via micro-PET/CT imaging. Moreover, cell proliferation,
migratory, and invasive abilities of U87-MG cells were significantly
decreased in the GSF-Lipo@Dox and HSV-Lipo@Dox groups compared
to those in the Lipo@Dox group. These results indicated that the tar-
geted binding of GSF and HSV enabled cells to take up more Lipo@Dox,
and the targeted binding effect of GSF was superior to that of HSV.
Therefore, cell survival in the GSF-Lipo@Dox group was the lowest. In
addition, Tie-2 expression and Akt and Foxo-1 phosphorylation levels
decreased in the GSF-Lipo@Dox and HSV-Lipo@Dox groups, resulting in
a decrease in Bcl-2 level and an increase in apoptotic protein Bax and
cleaved caspase-3 levels. These results indicated that
GSF/HSV-Lipo@Dox was targeted by peptides to inhibit cell survival via
the ANGPT2/Tie-2/Akt/Foxo-1 pathway.

The uptake assay using Cy5.5 to label the two peptides showed that
they targeted both endothelial and glioma cells, effectively traversing
the BBTB. Their targeting ability with a longer circulation in intracranial
glioma was further verified in vivo using fluorescence imaging. The GSF
uptake fluorescence intensity was higher than that of HSV modification
in the brain 30 h after administration, likely because the targeting ability
of GSF was stronger. BLI and MRI were both used for in vivo monitoring
of glioma growth in the present study because accurate monitoring of
tumor volume after treatment is important to evaluate therapeutic effect
of the drug. BLI is an indirect cell labeling technique employing reporter
genes that converts chemical energy into visible light via the luciferase-
catalyzed photon-emitting reaction in living animals [51]. BLI makes
cell monitoring in vivo more convenient and cheaper and plays an
important role in preclinical therapeutic efficacy monitoring of drugs in
small animal models [52]. Even so, the loss and scatter of light in vivo
limit the quantization accuracy, making the visualization of inner organs
in the animal difficult and precluding clinical application [53]. Despite
its weaknesses, BLI based on indirect labeling technique has been widely
used to verify the therapeutic effect of nanoparticles on glioma due to
the advantages of highest sensitivity [54]. In the present study, biolu-
minescence intensities of the peptide-modified Lipo@Dox groups were
significantly weaker than those of the Lipo@Dox group 15 days after
treatment due to the highest BLI sensitivity, which indicated that the
glioma volume was smaller in the peptide-modified Lipo@Dox groups
than in the Lipo@Dox group (Fig. 9). In order to verify the authenticity
of glioma volume monitoring, MRI was used to observe the growth of
intracranial orthotopic glioma because this method remains the gold
standard for the investigation of central nervous system tumors in
clinical diagnosis [55]. The glioma volume was smaller in the
peptide-modified Lipo@Dox groups than in the Lipo@Dox group under
MRI monitoring, which was consistent with BLI results. Therefore, BLI is
areliable method for monitoring intracranial orthotopic glioma changes
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in a mouse model. It can also be combined with MRI to improve the
accuracy of monitoring. In the present study, free Dox-treated mice
showed a rapidly decreasing body weight staring on day six of treat-
ment, indicating that high toxicity of Dox impacted the body’s function.
However, the body weight of glioma-bearing mice gradually increased
after 9 days of treatment, which pointed to the low toxicity and excellent
therapeutic effects of peptide-modified Lipo@Dox on glioma. CREA,
BUN and UA levels are the most widely used parameters for evaluating
renal function [56]. Increases in their blood biochemical levels indicate
nephrotoxicity [57]. H&E staining did not reveal obvious damage in the
hearts, livers, kidneys, spleens, and lungs in the peptide-modified Lip-
o@Dox groups after treatment. Moreover, biochemical blood test results
for renal function were not affected, further confirming the low toxicity
and safety of peptide-modified Lipo@Dox.

5. Conclusion

In summary, two novel peptides targeting ANGPT2 were successfully
designed and Dox-loaded nanoliposomes modified with these two pep-
tides were prepared. Peptide-Lipo@Dox with ®®Ga labeling was used for
glioma imaging. It also impeded U87-MG cell survival by inhibiting the
ANGPT2/Tie-2/Akt/Foxo-1 pathway and showed a better suppression
of glioma development than Lipo@Dox (Fig.9H) Therefore, ANGPT2 has
application potential in glioma diagnosis and therapy, while ANGPT2-
specific peptide-modified Lipo@Dox served as part of a potent drug
delivery method for integrative imaging and targeting therapy of
glioma.
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