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A B S T R A C T   

The chemotherapy toward glioblastoma (GBM) is severely challenged by blood-brain barrier and dose-limiting 
toxicity. Herein, we adopt brain delivery of Plk1 inhibitor volasertib (Vol), which is highly specific and pre-
sents low off-target toxicity, as a new means to treat GBM, for which angiopep-2-docked chimaeric polypeptide 
polymersome (ANG-CPP) was designed and prepared from poly(ethylene glycol)-b-poly(L-tyrosine)-b-poly(L- 
aspartic acid) for loading Vol to its watery interior via electrostatic interactions. ANG-CPP loaded with 13.9 wt% 
Vol (ANG-CPP-Vol) exhibited a small size of about 76 nm, superb colloidal stability (against dilution, serum and 
long-term storage), and enzyme-triggered drug release behavior (about 73% of Vol released within 8 h with 
proteinase K). In sharp contrast to free Vol, ANG-CPP-Vol induced complete G2/M cell cycle arrest in U-87 MG 
GBM cells giving 7.8-times better anti-tumor activity, prolonged circulation time and largely increased GBM 
enrichment. ANG-CPP-Vol effectively suppressed the growth of orthotopic U-87 MG GBM and significantly 
boosted mice survival rate. Importantly, ANG-CPP-Vol showed further reduced toxicity over free Vol. This great 
safety and remarkable efficacy of ANG-CPP-Vol renders it a high potential for treating GBM.   

1. Introduction 

Glioblastoma (GBM) is the most destructive and malignant tumor in 
the brain with a five-year survival rate of only 5% [1–3]. Owing to the 
invasive growth of GBM, it is exceptionally difficult to acquire a decent 
therapeutic effect through either surgical or radiation treatment [4,5]. 
Meanwhile, the complexity and retardation of blood-brain barrier (BBB) 
greatly impede the delivery of chemical drugs to GBM, affording inef-
fective tumor drug concentration and poor pharmacological effects 
[6,7]. Recently, ligands facilitating BBB penetration like transferrin 
[8–10], cRGD peptide [11–15], glucose [16,17], and apolipoprotein E 
[18–20] have been utilized to boost the therapeutic effects of nano-drugs 
toward brain-associated diseases. Angiopep-2 (ANG), a specific ligand of 
lipoprotein receptor-related protein 1 (LRP-1) receptor, has shown an 
elevated BBB transport efficiency [21–24], and recently been decorated 
on nanotherapeutics containing different cytotoxic drugs such as doxo-
rubicin, paclitaxel, docetaxel, arsenic trioxide to enhance BBB penetra-
tion and GBM treatment [25–29]. It should be noted, however, that in 
spite of improved GBM accumulation, cytotoxic drugs are inevitably 
accompanied with strong side effects. 

The past years has seen a fast progress of molecular targeted drugs 

that are featured with high specificity, lessened off-target toxicity, and 
remarkable anti-cancer efficacy [30,31]. Of note, temozolomide tar-
geted to DNA at O6 position of guanine has shown to be capable of 
crossing BBB and inducing DNA damage and cell death of GBM [32,33]. 
Though temozolomide has become a gold standard treatment for GBM, 
the therapeutic benefits are limited by the short half-life and acquired 
drug resistance [34]. Polo-like kinase 1 (Plk1) was found highly 
expressed in GBM, and the inhibition of Plk1 led to effective growth 
suppression of GBM cells [35]. Among all the Plk1 inhibitors, volasertib 
(Vol) is the most successful and has been approved for treating patients 
with acute myeloid leukemia (AML) [36]. Vol has shown to specifically 
inhibit Plk1 through binding to the terminal NH2 and COOH groups of 
ATP binding pocket of Plk1 via hydrogen bonds, thus can prevent acti-
vation of cyclin B-Cdk1 complex and arrest tumor cells at G2/M phase 
[37,38], leading to down-regulation of oncogenes and up-regulation of 
tumor suppressor genes [39,40]. We envisioned that brain delivery of 
Vol might be a novel treatment for GBM. Of note, there are few reports 
on delivery of Vol [41], let alone to GBM. 

In this contribution, angiopep-2-docked chimaeric polypeptide pol-
ymersome (ANG-CPP) was adopted to achieve brain delivery of Vol to 
orthotopic human GBM model in mice (Scheme 1). ANG-CPP was 
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designed with short poly(L-aspartic acid) in the interior for robust 
encapsulation of Vol and ANG on the surface for targeting to GBM. We 
have shown previously that micelles based on poly(ethylene glycol)-b- 
poly(L-tyrosine) (PEG-b-PTyr) are robust as a result of π-π stacking while 
quickly release payloads inside cancer cells due to enzymatic degrada-
tion [42,43]. This represents the first report on targeted molecular 
therapy of GBM with Vol. Our results revealed that ANG-CPP markedly 
increased GBM enrichment and further reduced the off-target toxicity of 
Vol, leading to effective inhibition of orthotopically xenografted U-87 
GBM and significant survival advantages. 

2. Experimental methods 

2.1. Synthesis of mPEG-b-PTyr-b-PAsp and ANG-PEG-b-PTyr 

Firstly, mPEG-NH2 (Mn = 5.0 kg/mol) was used as a macroinitiator 
to sequentially initiate the polymerization of L-tyrosine N-carbox-
yanhydride (Tyr-NCA) and β-benzyl-L-aspartate N-carboxyanhydride 
(BLA-NCA) monomers. Under a nitrogen atmosphere, to a solution of 
mPEG-NH2 (0.38 g, 0.080 mmol) in DMF (3.8 mL) was rapidly added 
Tyr-NCA (1.20 g, 5.60 mmol) solution in DMF (12.0 mL). After stirring 
at 37 ◦C under N2 for 72 h, BLA-NCA (0.33 g, 1.30 mmol) solution in 
DMF was added and the reaction proceeded at 37 ◦C for another 72 h. 
Following the precipitation in an excess of diethyl ether, the mPEG-b- 

PTyr-b-PBLA product was further purified by redissolving in dichloro-
methane and precipitating in diethyl ether thrice. Yield: 88%. 1H NMR 
(400 MHz, DMSO‑d6, Fig. S1, δ): 9.10 (-C6H4OH), 7.95 (-CHNHCO-), 
7.31 (-C6H5), 6.94 and 6.59 (-C6H4OH), 5.04 (C6H5CH2-), 4.42 
(-COCHNH-), 3.50 (-OCH2CH2O-), 3.43(-OCH3), 2.82–2.63 (-C6H4CH2-, 
-COCH2CH-). PEG-b-PTyr-b-PAsp was acquired by deprotection of PEG- 
b-PTyr-b-PBLA using HBr. Typically, HBr (5.03 mmol, 33 wt% in HOAc, 
0.9 mL) was added to a solution of PEG-b-PTyr-b-PBLA (0.87 g, 0.047 
mmol) in trifluoroacetic acid (8.7 mL) at 0 ◦C. After stirring for 2 h, the 
mixture was precipitated with diethyl ether to obtain PEG-b-PTyr-b- 
PAsp. Yield: 83%. 1H NMR (400 MHz, DMSO‑d6, Fig. 1A, δ): 7.95 
(-CHNHCO-), 6.95 and 6.59 (-C6H4OH), 4.41 (-COCHNH-), 3.50 
(-OCH2CH2O-), 3.24 (-OCH3), 2.82–2.63 (-C6H4CH2-, -COCH2CH-). 

ANG-PEG-b-PTyr was obtained through the thiol-ene click reaction 
between thiol group of ANG and maleimide-terminated PEG-b-PTyr 
(MAL-PEG-b-PTyr) that was similarly synthesized via controlled poly-
merization of Tyr-NCA using MAL-PEG-NH2 as an initiator. Yield: 83%. 
1H NMR (400 MHz, DMSO‑d6, Fig. S2, δ): 9.10 (-OH), 7.95 (-CHNHCO-), 
6.95 and 6.59 (-C6H4OH), 6.77 (MAL), 4.42 (-COCHNH-), 3.50 
(-OCH2CH2O-), 2.83–2.63 (-C6H4CH2). ANG (20 mg, 8.8 nmol) was 
conjugated onto MAL-PEG-b-PTyr (100 mg, 5.9 nmol) through thiol-ene 
click reaction in DMSO for 24 h. The raw product was purified through 
sequential dialysis (MWCO 7000 Da) against DMSO for 24 h and 
deionized water for 48 h followed by lyophilization to obtain ANG-PEG- 

Scheme 1. Volasertib (Vol)-loaded angiopep-2-decorated chimaeric polypeptide polymersome (ANG-CPP-Vol) for safe and superb therapy of human glioblastoma 
(GBM) model. ANG-CPP-Vol self-assembled from PEG-b-PTyr-b-PAsp can effectively cross BBB and GBM membrane through LRP-1-mediated transcytosis and 
endocytosis, respectively. The enzyme-triggered Vol release from ANG-CPP-Vol significantly inhibits the expression of Plk1 protein and further induces G2/M cell 
cycle arrest in U-87 cancer cells. 
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b-PTyr. Yield: 91%. 1H NMR (400 MHz, DMSO‑d6, Fig. 1B, δ): 9.10 
(-C6H4OH), 7.95 (-CHNHCO-), 6.93 and 6.59 (-C6H4OH-), 4.40 
(-COCHNH-), 3.50 (-OCH2CH2O-), 2.84–2.63 (-C6H4CH2), 0.93–1.95 
(ANG). The degree of ANG conjugation was quantified by bicinchoninic 
acid (BCA) protein assay. 

2.2. Preparation of ANG-CPP-Vol 

Vol was readily loaded into ANG-CPP via a solvent-exchange 
method. Briefly, the mixed solution (10.0 mg/mL, 100 μL) consisting 
of ANG-PEG-b-PTyr, mPEG-b-PTyr-b-PAsp, and Vol (10.0 mg/mL, 12.5 
μL) was dropwise added to PB buffer (pH 8.0, 5.0 mM, 900 μL) under 
stirring at room temperature. Thus formed ANG-CPP-Vol was exten-
sively dialyzed against PB for 8 h (MWCO 3500 Da) to remove free Vol. 
The dialysis medium was replaced every hour. The colloidal stability of 
ANG-CPP-Vol against dilution, 10% fetal bovine serum (FBS) and long- 
term storage was investigated by monitoring its size change using dy-
namic light scattering (DLS). The enzymatic responsivity of ANG-CPP- 
Vol was evaluated following the incubation with proteinase K (6.0 
Units/mL) in Tris-HCl (10 mM, pH 7.4) at 37 ◦C under shaking (200 
rpm). The Vol amount was quantified by UV–Vis spectroscopy at 330 
nm, and the drug-loading content (DLC) as well as drug-loading effi-
ciency (DLE) of ANG-CPP-Vol were determined according to the 

following formulas: 

DLC (wt%) = (weight of loaded Vol/weight of ANG − CPP − Vol)× 100  

DLE (%) = (weight of loaded Vol/weight of fed Vol)× 100  

2.3. Cytotoxicity and cell cycle arrest of ANG-CPP-Vol 

The toxicity of ANG-CPP-Vol to U-87 MG cells was evaluated by the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. The cells were cultured in a 96-well plate at a density of 3 × 103 

cells/well for 24 h with DMEM medium, followed by adding free Vol, 
CPP-Vol and ANG-CPP-Vol at varying concentrations. After incubating 
for 4 h, the culture medium was refreshed and the cells were incubated 
for an additional 68 h. Then, the above medium was treated with 0.5 
mg/mL of MTT (10 μL) for 4 h and replaced with 150 μL of dimethyl 
sulfoxide to dissolve the purple formazan crystals produced by the living 
cells. The absorbance of formazan at 570 nm was acquired by a micro-
plate reader, and the percentages of viable cells were compared with 
PBS group to determine the cell viability. The cytotoxicity of blank ANG- 
CPP to U-87 MG cells and ANG-CPP-Vol to L929 cells were similarly 
evaluated by MTT assays following 48 h incubation with cells. 

For cell cycle arrest evaluation, U-87 MG cells were seeded at a 
density of 2 × 105 cells/well for 24 h in a 6-well plate. The cells 
following the treatment with free Vol, CPP-Vol and ANG-CPP-Vol (Vol 
concentration: 0.5 μg/mL) for 4 h were further cultured with fresh 
medium for 20 h. The cells were trypsinized, washed three times with 
PBS, and precipitated by centrifugation (1000 rpm × 3 min). The 
collected cells following the dispersion in 1.0 mL PBS were slowly added 
to 4.0 mL of ethanol (95%, v/v) under ice bath, and stored in a refrig-
erator at 4 ◦C for 24 h. After centrifugation, the propidium iodide (PI) 
staining solution containing RNase A was added to the cells in the dark, 
and stained for 30 min. The number of cells at different stages of the cell 
cycle was analyzed using flow cytometry (488 nm). 

2.4. GBM targeted accumulation 

The mice were handled under protocols approved by Soochow Uni-
versity Laboratory Animal Center and the Animal Care and Use Com-
mittee of Soochow University. The distribution of CPP-Vol and ANG- 
CPP-Vol in vivo was studied using orthotopic U-87 MG-Luc tumor xe-
nografts that were established by implanting minced tumor tissue into 
the left striatum of female BALB/c nude mice [20]. After intravenous 
injection of Cy5-labeled CPP-Vol or ANG-CPP-Vol (40 μg Cy5 equiv./ 
animal) into the mice, the fluorescence imaging of mice was obtained at 
0, 4, 8, 12, 24, 48 h using an in vivo near-infrared fluorescence imaging 
system (λEx = 747 nm, λEm = 774 nm). For ex vivo imaging, GBM-bearing 
mice was sacrificed to obtain brain tissue at 12, 24, or 48 h post- 
injection of Cy5-ANG-CPP-Vol/FITC, Cy5-CPP-Vol/FITC and free Vol/ 
FITC (40 μg Cy5 equiv./animal, 50 μg FITC equiv./animal). The brain 
containing GBM was fixed in 4% paraformaldehyde for 24 h and then cut 
into 5 μm thick tissue in paraffin by Servicebio Company. After staining 
the nucleus with 4′,6-diamidino-2-phenylindole (DAPI, 1.0 μg/mL) for 
10 min, the distribution of Cy5-ANG-CPP-Vol/FITC, Cy5-CPP-Vol/FITC 
and free Vol/FITC in the tumor area was observed by confocal micro-
scopy (LSM710, Leica, Germany). 

2.5. In vivo antitumor efficacy 

The in vivo antitumor efficacy was evaluated in orthotopic U-87 MG- 
Luc GBM xenografts. The day of implanting tumor tissue was defined as 
day 0. On day 5, orthotopic U-87 MG-Luc GBM-bearing mice were 
intraperitoneal injected with 75 mg/kg D-Luciferin potassium salt as the 
substrate for firefly luciferase, to monitor tumor bioluminescence. The 
mice were divided into 4 groups (n = 7), administered with free Vol, 
CPP-Vol, or ANG-CPP-Vol (Vol, 10 mg/kg) via the tail vein every 2 days 

Fig. 1. 1H NMR spectra (400 MHz, DMSO‑d6) of mPEG-b-PTyr-b-PAsp (A) and 
ANG-PEG-b-PTyr (B). 
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for 6 times. The tumor growth of mice treated with different formula-
tions were monitored using bioluminescence imaging on day 5, 8, and 
12. Meanwhile, the change of body weight and survival time of the mice 
during the whole treatment were recorded. On day 14, a representative 
mouse from each group was sacrificed, and their main organs and 
tumor-bearing brain tissue were excised and fixed in a 4% formalin 
solution for histological analysis. 

2.6. Statistical analysis 

All data were presented as mean ± standard deviation (SD). Statis-
tical differences between groups were assessed by one-way analysis of 
variance (ANOVA). Kaplan–Meier survival curves were constructed by 
log-rank test for comparisons. Statistical significance was defined as *p 
< 0.05, **p < 0.01, ***p < 0.001. 

3. Results and discussion 

3.1. Synthesis of mPEG-b-PTyr-b-PAsp and ANG-PEG-b-PTyr 

mPEG-b-PTyr-b-PAsp copolymer was synthesized by sequential 
copolymerization of Tyr-NCA and BLA-NCA monomers using mPEG- 
NH2 as an initiator, followed by removal of the benzyl protecting group 
(Scheme S1). 1H NMR spectrum of mPEG-b-PTyr-b-PBLA discerned 
characteristic signals of mPEG (δ 3.50), PTyr (δ 9.10, 6.94, 6.59) and 
PBLA (δ 7.31, 5.04) (Fig. S1). The DP of PTyr and PBLA blocks calculated 
by comparing the integrals of signal at δ 3.50 (methylene of PEG) with 
those at δ 6.94, 6.59 (phenol of PTyr) and δ 7.31 (benzyl of PBLA) was 58 
and 18, respectively (Table 1). The complete removal of protecting 
group was corroborated by the disappearance of signal at δ 7.31 owing 
to benzyl protection group (Fig. 1A). GPC measurement revealed that 
mPEG-b-PTyr-b-PAsp had a narrow distribution with an Mw/Mn of 1.11. 

MAL-PEG-b-PTyr copolymer was similarly synthesized through NCA 
polymerization by using MAL-PEG-NH2 as a macroinitiator. 1H NMR 
spectrum of MAL-PEG-b-PTyr discerned characteristic signals of MAL- 
PEG (δ 6.77, 3.50) and PTyr (δ 9.10, 6.95, 6.59) (Fig. S2). The DP of 
the PTyr blocks measured by comparing the integrals of the signals at δ 
6.95 and δ 3.50 was 71. The thiol-ene click reaction between MAL-PEG- 
b-PTyr and thiol group of ANG peptide was carried out in DMSO at 37 ◦C 
(Scheme S2). 1H NMR spectrum of ANG-PEG-b-PTyr showed that the 
peak of ANG appeared at δ 0.93–1.95, indicating the successful conju-
gation of ANG (Fig. 1B). The degree of ANG conjugation of ANG-PEG-b- 
PTyr was further quantified to be 90% by BCA assay. 

3.2. Preparation of ANG-CPP-Vol, drug loading, and enzyme-triggered 
drug release 

ANG-CPP assembled from mPEG-b-PTyr-b-PAsp and ANG-PEG-b- 
PTyr displayed mean sizes of around 70 nm with narrow size distribu-
tions (Fig. S3) and slightly negative surface charge of around − 12 mV 
(Table S1). With increasing ANG density from 10 mol% to 30 mol%, 
ANG-CPP exhibited slightly enlarged sizes from 69 to 79 nm (Table S1). 
Taking ANG-CPP with 20 mol% of ANG density as a typical example, we 
have evaluated the physicochemical properties of ANG-CPP. TEM im-
ages visualized that ANG-CPP had spherical morphology and 

homogeneous size distribution (Fig. 2A). Atomic force microscopy 
(AFM) image exhibited that ANG-CPP had well-defined shape and donut 
structure (Fig. 2B), in which the diameters were much bigger than the 
heights (Fig. 2C), signifying the vesicle structure of ANG-CPP. The Rg/Rh 
ratio (Rg: radius of gyration; Rh: radius of hydrodynamics) of ANG-CPP 
measured by multi-angle laser light scattering was about 1.03, further 
corroborating that ANG-CPP had a polymersomal structure. Circular 
dichroism (CD) measurement revealed that ANG-CPP had dominant 
β-sheet structure (Fig. S4). 

Vol with a small molecular weight and amphiphilic nature can 
hardly be encapsulated in developed nanovehicles. Notably, robust 
loading of Vol with decent efficiencies of about 70% at theoretical drug 
loading contents of 5–20 wt% was accomplished with CPP and ANG-CPP 
(Table 2), mainly attributing to the electrostatic interactions between 
PAsp and Vol. The size of ANG-CPP-Vol increased from 63, 71 to 76 nm 
with increasing Vol contents from 5, 10, 20 wt%. ANG-CPP-Vol with 3.5 
wt% and 7.3 wt% of Vol was about 10 and 2 nm smaller than blank ANG- 
CPP, in line with loading of Vol via electrostatic interactions. ANG-CPP- 
Vol exhibited negative surface charge changes which decreased from 
− 13.5 to − 7.9 mV with increasing Vol contents from 3.5 wt% to 13.9 wt 
%. Fig. 2D and Fig. S5 show that ANG-CPP-Vol was stable over dilution, 
10% FBS, and one-week incubation in PBS (100 mM, pH 7.4). The high 
stability of ANG-CPP-Vol could be attributed to the presence of strong 
π-π stacking between phenolic groups of PTyr in the polymersomal 
membrane. The π-π stacking has been applied to formulate robust pol-
ymersomes and micelles [44–46]. In sharp contrast to chemical cross-
linking that often involves tedious functionalization, coupling agents, 
and toxic catalyst, physical crosslinking via π-π stacking is simple, clean, 
and efficient. Proteinase K, a serine protease with wide cleavage activity, 
can efficiently cleave peptide bonds of aliphatic and aromatic amino 
acids, and has been widely utilized to evaluate the degradation behav-
iors of polypeptides and proteins [47,48]. In the presence of proteinase 
K, ANG-CPP-Vol swelled quickly in time with a mean size to 530 nm at 
5.5 h (Fig. 2E) as a result from partial disruption of peptide bonds in both 
PTry and PAsp blocks. In accordance, release of Vol from ANG-CPP-Vol 
was markedly accelerated by proteinase K, in which about 73% and 23% 
of Vol was released within 12 h under proteinase K and physiological 
conditions, respectively (Fig. 2F). 

3.3. Cellular uptake and BBB transcytosis of ANG-CPP-Vol 

U-87 MG cells are known to overexpress LRP-1 receptors [49]. We 
and others have shown that ANG has a strong binding to U-87 MG cells 
[50–54]. The influence of ANG densities on cellular uptake by U-87 MG 
cells was firstly investigated by flow cytometry, and the results showed 
that ANG docking obviously enhanced the cellular uptake of CPP-Vol 
(Fig. 3A). ANG-CPP-Vol with 20 mol% of ANG displayed 2.3-fold bet-
ter uptake than non-targeted CPP-Vol, and was selected for the following 
evaluation. Interestingly, ANG-CPP-Vol showed also better cellular up-
take than free drug (Fig. S6). Meanwhile, U-87 MG cells treated with 
ANG-CPP-Vol for 4 h displayed strong Cy5 fluorescence derived from 
CPP and FITC fluorescence from Vol in cytosol as visualized by confocal 
microscopy (Fig. 3B & S7), indicating that efficient delivery and fast 
release of Vol were achieved by ANG-CPP. In contrast, much weaker 
FITC and Cy5 fluorescence was visualized in cells treated with CPP-Vol. 

We further evaluated the BBB transcytosis of ANG-CPP-Vol using an 
in vitro model formed from bEnd.3 monolayer cells [20,55]. Fig. 3C 
shows that the value of trans-endothelial electrical resistance (TEER) of 
bEnd.3 monolayer was consistently above 200 Ω∙cm2 following 15 h 
incubation, suggesting it possesses decent integrity. The penetration 
studies demonstrated that ANG-CPP-Vol mediated obviously better BBB 
transcytosis than free Vol and CPP-Vol (Fig. 3D), mainly attributing to 
the specific binding of ANG to LRP-1 receptor that overexpressed on 
bEnd.3 cells of BBB [21,56]. 24-well plates having bEnd.3 monolayer in 
the upper chamber and U-87 MG cells in the lower chamber were 
employed to exploit both BBB transport and endocytosis function. 

Table 1 
Synthesis of mPEG-b-PTyr-b-PAsp and MAL-PEG-b-PTyr copolymers.  

Copolymers Mn (kg/mol) Mw/Mn
b Yield (%) 

Design 1H NMRa 

mPEG-b-PTyr-b-PAsp 5-10-2 5-9.5-1.8 1.11 86 
MAL-PEG-b-PTyr 5–12 5–11.5 1.09 89  

a Calculated from 1H NMR. 
b Determined by GPC (eluent: DMF; flow rate: 0.8 mL/min; 40 ◦C; standard: 

poly(methyl methacrylate)). 
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Following the addition of different Vol formulations in the upper 
chamber, the U-87 MG cells in the lower chamber were collected within 
24 h and analyzed by flow cytometry. Fig. 3E demonstrates 4.0-fold 
higher cellular uptake of ANG-CPP-Vol than CPP-Vol, signifying that 
ANG functionalization facilitates the BBB transcytosis and cellular up-
take of CPP-Vol in U-87 MG cells. 

3.4. Cytotoxicity and cell cycle arrest of ANG-CPP-Vol 

MTT assay revealed that free Vol, CPP-Vol, and ANG-CPP-Vol had 
obvious cytotoxicity against U-87 MG cells, among which ANG-CPP-Vol 
displayed a half-maximal inhibitory concentration (IC50) of 0.19 μg/mL, 

Fig. 2. Characterization of blank ANG-CPP and ANG-CPP-Vol with 13.9 wt% of Vol. (A-C) Morphology of ANG-CPP measured by TEM (A) and AFM (B). (C) Cross- 
sectional height profile along the line in (B). (D) Size distribution and stability of ANG-CPP-Vol against 10% FBS, dilution, and long-term storage at a concentration of 
1.0 mg/mL. (E) Size changes of ANG-CPP-Vol in PB with 6.0 units/mL of proteinase K. (F) In vitro Vol release profile from ANG-CPP-Vol and CPP-Vol in the presence 
of proteinase K (6.0 units/mL). 

Table 2 
Characterization of ANG-CPP-Vol.  

Entry DLC (wt%) DLEa (%) Sizeb (nm) PDIb ξc (mV) 

Theo. Determ.a 

1 5.0 3.5 70.5 63 0.12 − 13.5 
2 10.0 7.3 72.5 71 0.12 − 9.6 
3 20.0 13.9 69.3 76 0.15 − 7.9  

a Determined by UV–vis measurement. 
b Determined by DLS (1.0 mg/mL, 25 ◦C). 
c Determined by electrophoresis in PB (1.0 mg/mL, 25 ◦C). 
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Fig. 3. (A) Flow cytometry measurement of U-87 MG cells following 4 h incubation with Cy5-labled CPP-Vol and ANG-CPP-Vol. (B) Confocal images of U-87 MG 
cells following 4 h incubation with Cy5-labled CPP-Vol/FITC and ANG-CPP-Vol/FITC. Scale bar: 25 nm. (C) TEER of bEnd.3 cells monolayer monitored using an 
epithelial voltmeter (n = 3). (D) In vitro BBB transcytosis behaviors of different formulations with time measured by fluorescence spectrometer. (E) Cellular uptake 
behaviors of CPP-Vol and ANG-CPP-Vol in U-87 MG cells within 24 h following penetration of the in vitro BBB model. 

Q. Fan et al.                                                                                                                                                                                                                                     



Journal of Controlled Release xxx (xxxx) xxx

7

which was 3.4-fold lower than CPP-Vol (0.64 μg/mL) and 7.8-fold lower 
than free Vol (1.49 μg/mL) (Fig. 4A). The superior inhibition activity of 
ANG-CPP-Vol toward U-87 MG cells is related to its enhanced cellular 
uptake (Fig. 3A and Fig. S6). Colony formation assay demonstrated that 
the proliferation of U-87 MG cells was inhibited by ANG-CPP-Vol within 
14 d (Fig. S8). Interestingly, ANG-CPP-Vol exhibited little cytotoxicity 
toward normal cells like L929 fibroblasts even at a high Vol concen-
tration of 20 μg/mL (Fig. S9A), mainly because normal cells usually 
display low expression of both Plk1 and LRP-1 receptor. Previous report 
shows that Vol has potent inhibition on Plk1 with an IC50 of 0.87 nmol/L 
(0.54 μg/mL), while possesses little effect on other protein kinases even 
at a high concentration of 10 μmol/L (6.2 mg/mL) [36], affording su-
perior selectivity and less systemic toxicity in comparison with chemo-
therapeutic agents. Of note, blank ANG-CPP and CPP induced no 
obvious inhibition of U-87 MG cells (Fig. S9B), signifying that ANG-CPP 
is non-toxic. Many previous studies have demonstrated that poly(L- 
tyrosine) and poly(L-aspartic acid)-based vehicles possess excellent 
biocompatibility [57–62]. 

Vol has been reported to interfere with the progression of mitosis 
including centrosome maturation, spindle formation, and chromosome 
segregation by inhibiting Plk1, inducing G2/M phase arrest in cancer 
cells [36]. Fig. 4B reveals that free Vol, CPP-Vol, and ANG-CPP-Vol at a 
Vol concentration of 0.25 μg/mL all induced significant G2/M phase 
arrest of U-87 MG cells. Remarkably, complete G2/M phase arrest in 
cancer cells was attained by ANG-CPP-Vol, mainly owing to enhanced 
endocytosis. Considering that cancer cells with G2/M phase arrest are 
much more sensitive to radiation [63–65], ANG-CPP-Vol might be 
employed not only as a novel nanodrug, but also as a radiosensitizer for 
cancer radiotherapy. Western blot analysis confirmed that free Vol, CPP- 

Vol, and ANG-CPP-Vol could downregulate the level of Plk1 in U-87 MG 
cells (Fig. 4C), in which ANG-CPP-Vol revealed the strongest Plk1 
downregulation effect that was elevated as the concentrations of Vol 
increased from 0.05 to 0.5 μg/mL. Benefiting from the enhanced cellular 
uptake conferred by ANG-docked nanovehicles and selective inhibition 
of Plk1 in U87 cancer cells by Vol, ANG-CPP-Vol provides an innovative 
and safe therapeutic strategy for GBM. 

3.5. In vivo pharmacokinetics and biodistribution 

As shown in Fig. 5A, CPP-Vol and ANG-CPP-Vol prominently 
extended the elimination half-life of free Vol from 0.38 h to 3.3 h and 
3.5 h, respectively (Fig. 5A), supporting that ANG-CPP-Vol is stable in 
circulation. Owing to short half-lives, molecular targeted drugs are often 
administered at high dose and frequency for a long period [32,66]. For 
biodistribution study, orthotopic GBM model was established by inoc-
ulating cut U-87 MG-Luc tumor tissue into the left striatum of mice and 
monitored by tracking Luc bioluminescence. Following 10-day inocu-
lation, clear bioluminescence was visualized in the brain (Fig. 5B), 
verifying the successful establishment of orthotopic GBM. In vivo near- 
infrared fluorescence imaging showed that mice treated with Cy5- 
ANG-CPP-Vol displayed strong Cy5 fluorescence at tumor sites 
following 4 h administration, and the fluorescence density increased 
with time and reached the highest at 12 h (Fig. 5B), suggesting that 
significant amount of Cy5-ANG-CPP-Vol could cross BBB and reside in 
U-87 MG-Luc tumors. In contrast, little Cy5 fluorescence was observed 
in the brain of mice treated with CPP-Vol, signifying the critical role of 
ANG on brain delivery. It should be mentioned that Cy5 signal in brain 
decayed following 24 h treatment with Cy5-ANG-CPP-Vol, which might 

Fig. 4. Antiproliferative activity of ANG-CPP-Vol in U-87 MG cells. (A) MTT assay. U-87 MG cells were incubated with ANG-CPP-Vol for 4 + 68 h. (B) Cell cycle 
arrest. Cells were incubated with different formulations (Vol concentration: 0.25 μg/mL) for 4 + 44 h; (C) Western blot analysis. Cells were treated with PBS, free Vol 
(0.25 μg/mL), CPP-Vol (0.25 μg/mL), and ANG-CPP-Vol (0.5, 0.25, 0.05 μg/mL) for 4 + 20 h. 
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be attributed to the enzymatic degradation of PTyr and PAsp poly-
peptides under tumor environments, generating Cy5-containing small 
fragments that could leak out of the brain with time. Ex vivo imaging 
further confirmed that mice treated with Cy5-ANG-CPP-Vol/FITC had 
far higher drug accumulation at the GBM sites within 12–48 h than free 
Vol/FITC and Cy5-CPP-Vol/FITC (Fig. 5C). Immunohistochemical 
fluorescence images showed that ANG-CPP-Vol distributed deep into the 
tumor following 12 h administration (Fig. 5D). More importantly, the 
separation of green fluorescence (FITC-labeled Vol) from red fluores-
cence (Cy5-labeled ANG-CPP) indicated fast release of Vol from ANG- 
CPP-Vol. Nearly complete drug release was seen at 48 h (Fig. S10). In 
contrast, both CPP-Vol and free Vol displayed scarce distribution into 
the tumor, confirming that ANG-CPP plays an important role in deliv-
ering Vol to GMB. 

3.6. In vivo therapeutic efficacy 

The in vivo therapeutic efficacy of ANG-CPP-Vol was explored in 
orthotopic U-87 MG-Luc tumor-bearing nude mice. In sharp contrast to 
fast increase of tumor bioluminescence in PBS group, mice treated with 
free Vol, CPP-Vol, and ANG-CPP-Vol all displayed weakened biolumi-
nescence within 8 days (Fig. 6A), signifying all Vol formulations could to 
some extent suppress the tumor growth. On day 12, remarkable tumor 
bioluminescence was observed in both free Vol and CPP-Vol groups, 
while ANG-CPP-Vol group displayed negligible elevation of biolumi-
nescence, corroborating that with the help of ANG targeting ligand, 
molecular targeted agent (Vol) can efficiently penetrate BBB, actively 
reach GBM tumor tissue, and significantly suppress the tumor growth. 
The semi-quantitative analysis revealed that mice treated with ANG- 

Fig. 5. (A) In vivo pharmacokinetics of free Vol/FITC, CPP-Vol/FITC, and ANG-CPP-Vol/FITC in BALB/c mice following i.v. injection. (B) Bioluminescence of 
orthotopic U-87 MG-Luc GBM xenografts and in vivo fluorescence imaging of tumor-bearing mice treated with different Cy5-labeled formulations. (C) Ex vivo 
fluorescence imaging of orthotopic GBM xenografts. (D) Immunohistochemical fluorescence images of GBM sections taken from mice treated with different for-
mulations. GBM area in section images was marked by white arrows (under the white dash line). Vol was labeled with FITC (green) and nanovehicles were labeled 
with Cy5 (red). Scale bar: 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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CPP-Vol had eleven- and seven-times lower tumor bioluminescence on 
day 12 in comparison with those treated with CPP-Vol and free Vol, 
respectively (Fig. 6B). The superb therapeutic efficacy of ANG-CPP-Vol 
was further verified by its smallest tumor blocks and relatively intact 
brain structure of mice on day 14, as shown in Fig. 6C. In comparison, 
mice treated with free Vol, CPP-Vol and PBS presented much larger 
tumor blocks and deformed brain tissue due to the invasion of malignant 

GBM. The development of GBM in free Vol, CPP-Vol and PBS groups was 
further verified by continuous decrease of body weight of mice (Fig. 6D). 
In contrast, mice treated with ANG-CPP-Vol exhibited little body weight 
loss during the whole experimental period. Kaplan-Meier survival 
analysis displayed that free Vol and CPP-Vol slightly improved the 
survival time of GBM-bearing mice (Fig. 6E). Of note, mice treated with 
ANG-CPP-Vol displayed significant survival advantages with an 

Fig. 6. In vivo antitumor efficacy of ANG-CPP-Vol toward orthotopic U-87 MG-Luc GBM-bearing nude mice (n = 6). Mice were administered at 10 mg Vol equiv./kg 
via tail vein injection every 2 days for 6 times. (A) Bioluminescence images in mice treated with different formulations at a dose of 10 mg Vol equiv./kg. (B) Mean U- 
87 MG-Luc luminescence levels of orthotopic U-87 MG-Luc GBM (**p < 0.01, ***p < 0.001, one-way ANOVA). (C) Images of brains and tumors harvested from 
orthotopic GBM-bearing nude mice on day 14. (D) Relative body weight changes. (E) Kaplan-Meier survival curves of mice. ANG-CPP-Vol v.s. PBS, Free Vol, or CPP- 
Vol, ***p < 0.001 (Kaplan-Meier analysis, log-rank test). 
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extended median survival time of 31 days, which was over two times 
longer than PBS group. These initial treatment results are very encour-
aging because most anti-GBM therapies were reported to give only 
moderate survival benefits [52,67–69]. H&E staining clearly showed 
that ANG-CPP-Vol caused negligible damage to main organs including 
heart, liver, spleen, kidney, and lung (Fig. S11), signifying that nano-
drugs formed from molecular targeted agents have remarkable in vivo 
safety. Given its low toxicity, we could further increase the dose and/or 
number of injections, which might greatly boost the anti-GBM effects of 
ANG-CPP-Vol. Moreover, ANG-CPP-Vol would also be interesting to 
combine with radiation therapy and to combat drug resistance [34,70]. 

4. Conclusions 

The present study has demonstrated that angiopep-2-docked poly-
peptide-based chimaeric polymersome (ANG-CPP) can efficiently load, 
transport and release Plk1 inhibitor, volasertib (Vol), into orthotopic U- 
87 MG GBM xenografts in mice, leading to highly efficacious tumor 
repression, substantial survival advantages, and negligible toxic effects. 
ANG-CPP-Vol offers a novel and highly appealing molecular therapy for 
GBM in that (i) a majority of GBM cells overexpress Plk1 and suppres-
sion of Plk1 would cause potent anti-GBM effects; (ii) Vol, as a targeted 
molecular drug and with low off-target toxicity, is clinically used for 
treating AML patients; (iii) ANG-CPP-Vol is featured with small size, 
high stability, pronounced BBB permeability, GBM-selectivity, and 
speedy cytoplasmic Vol release; and importantly (iv) ANG-CPP-Vol can 
be easily fabricated. This brain delivery of Vol has emerged as a prom-
ising treatment modality for GBM. 
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