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ABSTRACT

Glioblastoma (GBM) is one of the most aggressive malignant brain tumors. Despite advances in
drug development and clinical technology, the median survival time for GBM patients is only 12 to 15
months. In recent years, RNA interference strategies utilizing small interfering RNA (siRNA) have been
extensively employed for the treatment of GBM. Compared with chemotherapy drugs, siRNA is highly
selective and can specifically regulate target genes to suppress tumors at the messenger RNA (mRNA) or
protein level. However, free siRNA is not only readily degraded by nucleases in the blood, but also
incapable of crossing the blood-brain barrier (BBB) and has poor cellular uptake, limiting its use in GBM
therapy. Various nanocarrier systems, including liposomes, polymeric nanoparticles and inorganic
nanoparticles have been employed for siRNA delivery in vivo. Among these, liposomes have emerged as a
prominent nanocarrier for siRNA delivery. More importantly, liposomes are a highly desirable vector for
siRNA delivery due to their ability to protect loaded siRNA from nuclease degradation and kidney
clearance. In addition, liposomes possess desirable characteristics such as low toxicity, immunogenicity,
excellent biosafety and degradability rendering them as an optimal nanocarrier system. Besides all these
advantages, liposomes face challenges of lower BBB penetration and poor targeting ability towards GBM,
which often lead to poor therapeutic effect. Therefore, the construction of a liposomal vehicle capable of
traversing the BBB and selectively delivering siRNA for the treatment of GBM is of highest priority.

To overcome the above challenges, this project constructed a zwitterionic-decorated liposomal
system based on polymethylacryloxyethylphosphocholine (PMPC) polymer, which was used to deliver
siRNA across BBB to precisely target GBM. The developed zwitterionic PMPC-modified liposome has the
following advantages: (1) It can efficiently cross BBB via interaction with the highly expressed nicotinic
acetylcholine receptors (nAChRs) and choline transporters (ChTs) on the surface of brain endothelial or
glioma cells and enhancing targeting capability of the liposomes towards GBM; (2) In comparision with
conventional PEG-modified liposomes, its superhydrophilic zwetterionic corona can effectively enhance
the immune evasion capacity of liposomes and extend the blood circulation span in vivo; (3) It has great
potential for industrial production and clinical transformation. As an alternative to PEG-based liposomes,
the zwitterionic PMPC-sheddable technology has the potential to deliver a variety of nucleic acid drugs to
the brain, providing a new idea for the treatment of brain diseases.

Firstly, we prepared cationic zwitterionic PMPC-Lipo or control (POEG-Lipo and PEG-Lipo)
liposomes that could readily adsorbed negatively charged siRNA by the electrostatic interaction with
cationic lipid DOTAP. The PMPC-Lipo@siRNA formulation exhibited a particle size of 112.6 nm
(PDI=0.14) as determined by dynamic light scattering (DLS). Transmission electron microscopy (TEM)
images show that PMPC-Lipo@siRNA has a regular spherical nanostructure morphology with uniform size
distribution. Flow cytometry and confocal laser microscopy were used to verify the endocytosis ability of

the liposomes. As expected, PMPC-Lipo@siRNA formulation exhibited superior endocytosis efficacy
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compared to both POEG-Lipo@siRNA and PEG-Lipo@siRNA formulations. The structural similarity of
PMPC with acetylcholine and choline facilitated their selective binding with U87MG cells that express
high levels of nAChRs and ChTs, thus facilitating endocytosis. Both cellular proliferation and apoptosis
experiments showed that PMPC-Lipo@siPLK1 had the strongest killing ability on tumor cells, inducing
effective apoptosis up to 40.4%.

Secondly, we determined the pharmacokinetics of the liposomes in mice, as well as the levels of
IgM and IgG proteins in the blood. The experimental results demonstrated that PMPC-Lipo@siRNA had a
prolonged blood circulation time in vivo, while IgM and IgG levels were comparable to those of the PBS
control. Unlike anti-PEG antibodies-induced immunogenicity, PMPC-modification avoided the accelerated
blood clearance (ABC) phenomenon, that potentially translated into their extended blood circulation time
and improved therapeutic response. Next, the BBB-crossing property and tumor accumulation of the
PMPC-modified formulation was evaluated through real-time colocation of Cy5-labeled siRNA
fluorescence and bioluminescence of U87MG-Luc tumor. PMPC-Lipo@siRNA showed highest tumor
accumulation ability in orthotopic U87MG Luc bearing mice than other control groups, which further
verified that the high expression of nAChRs and ChTs on brain endothelial and glioma cells facalitated
their effective BBB-transversal and tumor targeting.

Finally, we constructed intracranial U87MG glioma and CSC2 glioma stem cell tumor models to
verify the anti-GBM inhibitory effect of zwitterionic liposomal formulation. In both tumor-models,
PMPC-Lipo@siPLK1 significantly inhibited tumor growth and prolonged the survival of mice with tumors.
Following treatment, the major organs of mice were dissected into paraffin sections and stained with H&E.
The results showed that there were no significant pathological changes in each tissue, indicating that the
prepared nanoliposomal drugs had good biological safety in vivo. H&E staining and TUNEL apoptosis
detection demonstrated that PMPC-Lipo@siPLK1 can effectively target and induce tumor cellular
apoptosis, that led to significant retardation of tumor growth. Finally, the indexes of blood routine and
blood biochemical tests proved that the prepared PMPC-Lipo@siRNA was safe, non-toxic and exhibited
good biological safety.

In conclusion, this study successfully prepared zwitterionic PMPC-modified liposome
(PMPC-Lipo) that enhances BBB traversal and GBM targeting for efficient and accurate delivery of
siPLK1, thereby achieving a safe and effective glioma treatment. In the meantime, PMPC-Lipo has
excellent immune evasion and longer blood circulation properties, and it can effectively load siRNA with

enhanced stability, allowing for more effective glioma treatment.

KEY WORDS: Zwitterionic polymer, liposomes, siRNA, blood-brain barrier, glioblastoma
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