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Abstract: Glioma is a primary malignant tumor in the central nervous system. In recent years, the treatment of glioma has developed
rapidly, but the overall survival of glioma patients has not significantly improved. Due to the presence of the blood—brain barrier and
intracranial tumor barrier, many drugs with good effects to cure glioma in vitro cannot be accurately transported to the corresponding
lesions. In order to enable anti-tumor drugs to overcome the barriers and target glioma, nanodrug delivery systems have emerged
recently. It is gratifying that liposomes, as a multifunctional nanodrug delivery carrier, which can be compatible with hydrophilic and
hydrophobic drugs, easily functionalized by various targeted ligands, biodegradable, and hypoimmunogenic in vivo, has become
a quality choice to solve the intractable problem of glioma medication. Therefore, we focused on the liposome nanodrug delivery
system, and summarized its current research progress in glioma. Hopefully, this review may provide new ideas for the research and
development of liposome-based nanomaterials for the clinical treatment of glioma.
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Background
Glioma, which originates from glial cells, produces the most common primary malignant tumors in the central nervous
system (CNS) and accounts for 40% of all primary brain tumors.'* The World Health Organization (WHO) has divided
and classified glioma tumors into four grades, where grades 1 and 2 denote low-grade gliomas, and grades 3 and 4 denote
high-grade gliomas. More than half of the patients suffer from glioblastoma (GBM), which has the worst prognosis
among gliomas and is prone to relapse with the highest degree of malignancy.> Currently, the standard treatment for
GBM is surgical resection and concurrent temozolomide (TMZ) chemotherapy combined with radiotherapy, but the
overall therapeutic effect remains unsatisfactory.® Owing to the invasive growth of glioma cells, it is difficult to
completely resect the tumor despite the recent advancements in microsurgical techniques.” Even after radiotherapy,
chemotherapy, tumor-treating fields, target therapy, and other comprehensive treatments, the prognosis of glioma patients
remains poor. In addition to tumor characteristics such as heterogeneity, DNA damage repair mechanisms, and glioma
cell stemness, the existence of the blood—brain barrier (BBB) is a great obstacle.’®

Researchers are constantly trying to develop new agents to treat glioma. However, compared to other therapeutic
areas, the progress of agents which can cross the BBB directly to treat glioma is not very optimistic. Therefore, many
biological nanomaterials that can deliver therapeutical drugs to the glioma efficiently have become the focus of study.”*
For biomedical applications, the size of nanomaterials, including natural and synthetic nanoparticles, ranges from a few
to thousands of nanometers.’ Ideal nanomaterials for in vivo applications should possess the following advantages: high
bioavailability, in vivo degradability, high blood stability, cellular uptake ability, nontoxicity, low cost, ease for mass
production, and no inflammatory response, thrombosis, or immunogenicity.'® According to their properties, nanomater-
ials can be classified as inorganic, polymeric, and lipid nanomaterials.'' Inorganic nanoparticles are mainly made of

inorganic materials, such as graphene, carbon nanotubes, gold nanoparticles, silica nanoparticles, and iron oxide
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nanoparticles.'?”'® Many natural and synthetic polymers with good biocompatibility and low toxicity are used to prepare
nanocarriers, such as polymer nanoparticles, polymer micelles, and dendrimers, to accurately deliver and improve the
efficacy of drugs.'” !

Lipid nanomaterials can be divided into five categories according to their lipid composition: solid lipid nanoparticles
(SLNGs), nano structured lipid carriers (NLCs), sphingosomes, lipid nanoparticles (LNPs), and liposome.?* All of them can
be employed as drug delivery carriers on account of their good biocompatibility. Among these, SLNs have an unexpected
gelation tendency, low encapsulation efficiency, and drug leakage.>* Although NLCs have improved drug loss, the toxicities
of both are not negligible.** Compared to the two, LNPs have a high encapsulation rate of drugs, but they are more studied
as carriers for RNA (siRNA and mRNA), and they are not easy to make complex modifications.>> %’ Therefore, more and
more attention has been paid to liposomal nanomaterials in the study of penetrating the BBB to target glioma.

Compared with the above-mentioned lipid nanomaterials, liposomes have more obvious advantages as drug carriers.
Liposomal nanocarriers mainly contain drugs in the shell between the hydrophilic and hydrophobic lipid layers, most of
which are vacuolar structures. Notably, drugs can be packaged into liposomes to improve their availability regardless of
their hydrophilicity.®*’

As carriers, liposomal nanoparticles can deliver drugs to the nidus of the brain tissue without destroying the BBB
while maintaining the original drug dose.*® In addition, due to the abnormal tumor microenvironment and different
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targets of glioma, different ligands have been designed to modify the surfaces of liposomes. These ligands can
specifically bind to receptors highly expressed on the BBB or blood-brain tumor barrier (ie, BBTB) to selectively
deliver drugs towards the tumor site and achieve active targeting.

To sum up, liposomes are not only compatible with hydrophilic and hydrophobic drugs, but also have low toxicity,
high drug encapsulation rate, and can protect and improve drug stability.*'*> Moreover, cationic liposomes can also be
used as siRNA carriers.*>** In particular, liposomes can be modified to better target glioma.>> >’ Therefore, liposomal
nanoparticles have superior clinical application prospects in the treatment of glioma.*®

The BBB is a Tough Obstacle in the Treatment of CNS Diseases
The BBB, with very low permeability, is the barrier between plasma and brain cells formed by the brain capillary walls
and glial cells.> It can be divided into three parts: the barrier between the peripheral blood vessels and the brain tissue
formed by the capillary network (Figure 1); the barrier between the cerebrospinal fluid and the brain tissue in the
ventricle area formed by the choroid epithelial cells; and the barrier between the subarachnoid perivascular and
cerebrospinal fluid formed by arachnoid epithelial cells.*® The capillary network located on the surface of the brain is
the most important part of the BBB and is mainly composed of brain microvascular endothelial cells (BMECs),
astrocytes, pericytes, and the basement membrane.*'

As a particular type of endothelial cells, the structure of BMECs lacks the fenestrations of endothelial cells and
contains more mitochondria and fewer plasma membrane vesicles, but also has a very low rate of endocytosis compared
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Figure | The blood-brain barrier formed by the capillary network. The capillary network on the outer surface of the brain tissue, which was composed by endothelial cells,
pericytes, and peripheral astrocytes. The junction between endothelial cells was tight junction.
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with peripheral endothelial cells.**** Furthermore, BMECs form a tighter capillary endothelium than peripheral
endothelial cells, making the BBB essentially impenetrable to polar molecules.**

Small lipophilic molecules such as oxygen and carbon dioxide can freely diffuse through BMECs. However, special
transporters are indispensable for the entry of water-soluble molecules, such as glucose and amino acids into the brain, which
are greatly required by the CNS.* Therefore, the physical barrier, the molecular barrier, and specific transporters for nutrients
constitute the main portion of the BBB, which is responsible for regulating the dynamic balance of ion concentrations in the
brain, transporting the nutrients needed, preventing potentially harmful molecules from crossing, regulating the cerebral blood
volume, exchanging information between the CNS and peripheral tissues, and protecting neuroimmune functions and other
normal physiological activities.*®

On the one hand, the BBB can protect the brain from many exogenous molecules so that the brain tissue is less or
even not damaged by harmful substances circulating in the blood, thus, the basic stability of the brain tissue environment
can be preserved, which is of great biological significance for maintaining the normal physiological state of the CNS.*’
On the other hand, the BBB restricts or closes the channel by which cytotoxic drugs enter brain tumors.*® Therefore, the
BBB not only protects brain tissue but is also a bottleneck in the treatment of intracranial diseases, including glioma.

Current Attempts to Overcome the BBB
To breakthrough this barrier and deliver drugs to the CNS, researchers have explored several approaches. For instance,
mechanically, endogenous ligand analogs with high affinity for the CNS and its transporters that also resist clearance by BBB
transporter ligands have been developed.**° In terms of drug structure, molecular modification of biologics has been attempted
to improve BBB permeability, such as PEGylation, esterification, glycosylation, and the addition of fatty acids, amino acids,
etc.”®>% Moreover, destruction of the BBB for drug delivery has been exploited, for example, using ultrasound and hypertonic
solutions (such as mannitol, urea, and glycerol). Additionally, intranasal drug delivery can bypass the BBB and enter the CNS
through four different pathways (Figure 2): via the olfactory nerve, olfactory mucosal epithelium, blood circulation, and
trigeminal nerve.”** Studies have shown that intranasal administration of perillyl alcohol can effectively treat recurrent
glioma.”® In the development of drug delivery systems, exosomes have been applied to transport small polar molecules and
proteins across the BBB.>® Furthermore, nanomaterials, including dendrimers, micelles, liposomes, nanoceramics, and metal
and polymer nanoparticles, have been widely developed, allowing drugs to gain access to the site of action through the BBB.>’
Among these attempts, drugs targeting the CNS across the BBB by means of transporters remained unknown, and
endogenous ligand analyses of BBB transporters have not been well studied due to the restrictions posed by enzymes and
clearance mechanisms.>® To improve the permeability of the BBB, molecular modification of biological agents has emerged,
which often acts through an unexpected mechanism, and is therefore considered an experimental rather than theoretical
science approach. For example, the addition of glucose to a peptide greatly enhances the penetration of the peptide through
the BBB, but not because the peptide is able to utilize the glucose transporter GLUT1,>® and it is impossible to predict with
any accuracy whether such modification would have adverse effects on the brain. When considering drug administration,
disruption of the BBB may cause epilepsy, cerebral vasogenic edema, reduced perfusion, tissue ischemia, and other serious
consequences.®” Intranasal administration could improve the efficiency of drug delivery, but there are still some problems,
such as a small absorption area, an insufficient single dose, the low bioavailability of polar macromolecules (insulin) and
macromolecular therapeutic drugs (peptides and proteins), and mucociliary clearance mechanisms in the nasal cavity.”>°'
Treatment with viral vectors also faces many difficulties, including production obstacles, high costs, and issues with crossing
the BBB. Broadly speaking, direct injection of drugs into the brain has become the most common route of administration, but
this causes greater damage.®® At present, however, there is still a long way to go before exosomes can be used in the clinic,
and the selection, toxicity, and pharmacokinetics of their donor cells need to be further studied.>*

Nanodrug Delivery Systems are Expected to Improve the Plights of
Treating Brain Tumors by Drug Therapies

Traditional antitumor drugs have been loaded into nanocarriers by means of physical encapsulation, electrostatic
adsorption, and chemical bonding to construct a nanocarrier system by which drug loading and delivery efficiency can
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Figure 2 Several drug delivery methods through blood-brain barrier. Use of ultrasound or hypertonic solution to destroy the blood-brain barrier. (2) Nasal administration
(modification of the drug, such as polyethylene glycol esterification, glycosylation or addition of fatty acids, amino acids, etc.). (3) Intracerebral injection. (4) Penetrate the
blood-brain barrier with the help of exosomes and nanomaterials.

be improved through ligand- and receptor-mediated endocytosis.®> Such systems can not only protect drug activity, but
also prolong the time of the drug in blood circulation, improve drug targeting, control the drug release speed, and reduce
the toxicity and side effects of the drug. The high drug loading capacity, good stability, and degradability that result from
these systems could solve the common problem of BBB penetration that many active drug candidates face, or there may
be a decrease in the passage of the drug across the BBB to reach the site of action and an inability to maintain an
effective blood concentration.®

There are two main advantages of nanoparticle drug delivery systems. First, they can be directly absorbed by
endothelial cells on the BBB (which is currently thought to occur via receptor- or adsorption-mediated endocytosis).
For example, lipoprotein receptor-related protein (LRP) mediated the introduction of angiopep-2-modified calcium
arsenic liposomes (A2-PEG-LP@CAAS) into brain tissue.®> Li and Lu et al reported that a tripeptide RGD-modified
liposome (3RGD-Lip) composed of arginyl-glycyl-aspartic acid-coated paclitaxel (PTX-3RGD-Lip) could bind to the
integrin avp3 receptor and cross the BBB. Among the six different liposomes in this study, the internalization ability of
liposomes into BBB were as follows: 3RGD-Lip > 2RGD-Lip > 1RGD-Lip > Lip, while 2x1RGD-Lip = 2RGD-Lip,
3RGD-Lip > 3x1RGD-Lip. The results suggested that 3RGD-Lip showed the best uptake effect in both C6 cells and
bEnd.3 cells.*® In another study, a multitargeted redox-sensitive liposome (Lip-SPG) combined with glucose and
triphenylphosphonium (TPP) could target GLUT1 (a receptor that is overexpressed on the surface of brain capillary
endothelial cells) to enter the brain via endocytosis.*®

International Journal of Nanomedicine 2024:19 hetps: 6761
Dove:


https://www.dovepress.com
https://www.dovepress.com

Gan et al Dove

Second, nanomaterials could reduce drug loss during transport when administered throughout the body. For example,
the cyclic RGD (cRGD) peptide-modified liposome gossypol AT-101 showed more than 90% delivery efficiency
compared to the control group.®” Another peptide, RGERPPR (RGE), which is a specific ligand of neuropilin-1 (NPR-
1), also has the ability to penetrate tumor tissue, significantly enhancing the antitumor effects of modified drugs.®® In Yao
Peng’s study, the relative uptake efficiency (Re) by the brain after treatment with Lip-PG liposomes carrying doxorubicin
(DOX) was 5.38 times that of free DOX.

In recent years, researchers have extensively studied the applications of nanoparticle drug delivery systems and have
made some breakthroughs. To diagnose glioma, folic acid, and N-(trimethoxysilyl) ethylenediamine triacetic acid (TETT)
c0-MnO nanoparticles (MnO-TETT-FA) have been developed as a specific MRI contrast agent for imaging.®” For drug
transport, drug-carrying gold nanoparticles bound to transferrin ligands targeted transferrin receptors highly expressed on
the BBB, resulting in the effective transport of drugs while avoiding the degradation mechanism of the body.”® In other
words, the application of nanomaterials to treat glioma has received increasing attention and has shown broad prospects.

Inorganic nanoparticles, including but not limited to metal nanomaterials gold (Au), silver (Ag), copper (Cu), zinc
(Zn), titanium (Ti), molybdenum (Mo), gadolinium (Gd), superparamagnetic iron oxide nanomaterials, graphene
nanomaterials, mesoporous silica nanoparticles (MSNs), carbon nanomaterials, etc., have been applied in the treatment
of glioma.”"®* Nowadays, there have been many studies on inorganic nano-drug delivery platforms (iNDDPs), which are
designed to efficiently carry chemotherapeutic drugs to target tumor and have become a potential chemotherapy system
in oncology.®> Although metal nanoparticles loaded with chemical drugs could target cancer cells and reduce the side
effects of traditional chemotherapy, they are cytotoxic to normal cells in the brain. In addition, chemical modification on
the surface of gold nanomaterials may produce varying degrees of immune stimulation.®® In a study by Wang et al, gold
nanoparticles (AuNPs) combined with X-ray irradiation significantly reduced the survival rate as well as the migration
and invasion ability of glioma cells. However, because of the short observation time, it was still unable to evaluate the
long-term antitumor effects and chronic toxicity of AuNPs treatment or combination therapy strategies.® Many types of
polymer nanomaterials, such as polymer nanoparticles, polymer micelles, and dendritic polymers, can be adjusted to
obtain the characteristics of passively or actively targeting tumor sites.*® Poly lactic-co-glycolic acid (PLGA) nanopar-
ticles have been utilized to deliver temozolomide (TMZ), which has good encapsulation efficiency and can maintain
controllable and continuous drug release for up to 20 days.®’ It has been reported that dendritic molecule cationized
albumin (dCatAlb) was synthesized by carboxyl activation technology, and the prepared dCatAlb was wrapped on the
core of PLGA nanoparticles loaded with doxorubicin (DOX), therefore, a novel hybrid DOX nanoformulation (dCatAlb-
pDNP) was developed to release DOX in a controlled manner.®®

Compared to iNDDPs and polymer, liposomes have been closely studied because of their similar structure to cell
membrane components, non-immunogenic properties, great biocompatibility, and biodegradability in vivo.

Nanomaterial Liposomes and Their Modification

Liposomes are one among the most studied and widely used nanodrug delivery systems. Liposomes are spherical vesicles
consisting of single or multiple layers of lipids surrounding a water-based core, usually ranging in size from 20 nm to 1
um;®® thus, they can be classified as monolayer or multilayer phospholipid bilayer materials. Liposomes have the
advantages of protecting drugs from enzyme degradation, nonimmunogenicity, low toxicity, high biocompatibility,
flexibility, and biodegradability.” Most liposomes have a hydrophilic core with hydrophobic phospholipid bilayer
structure, which can wrap hydrophilic or hydrophobic drugs, or both. Therefore, liposomal drug delivery systems can
increase the solubility of hydrophobic drugs and protect them from metabolism in body fluids.”’

Liposomes are small vesicles made of the same substances as cell membranes, namely, phospholipids and
cholesterol.”® Based on their lipid bilayer structure, liposomes can be divided into several types, including multivesicular
vesicles (MVVs), multilamellar vesicles (MLVs), and unilamellar vesicles (ULVs).”® The size, composition, and charge
of liposomes are important factors in drug delivery. Specifically, the size of liposomes plays a crucial role in increasing
the targeting efficiency of tumor sites, and in designing effective liposomal antitumor drugs. The appropriate liposome
size may be at 100 nm or less, and studies have shown that liposomes with a diameter of < 100 nm may be more
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conducive to optimizing drug release in vivo, which is mainly reflected in the antitumor activity and toxicity of liposomal
antitumor drugs.”*

In composition, phospholipids and cholesterol are important lipid carrier materials during the preparation of
liposomes and the main components of biological cell membranes and endogenous substances in the body.”> The
formation and stability of liposomes are mainly influenced by their phospholipid composition. For instance, 1.2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) lipids maintain a perfect spherical structure due to their cylindrical
geometry and small-size head groups. However, egg sphingomyelin (DPSM) lipids exhibit conical geometry with larger
head groups, which allows liposomes to form micelle structures. As shown by energy analysis of total energy, van der
Waals interaction energy, electrostatic interaction energy, etc., DPSM liposomes are more stable than DSPC
liposomes.”®*” The phospholipid bilayer has high stability and fluidity, maintains the normal structure of cell membranes,
and prevents the accumulation of free cholesterol in the blood vessels.”® Cholesterol can regulate the fluidity of the
phospholipid bilayer, reduce membrane permeability, and maintain a certain membrane flexibility to increase the ability
of liposomes to cope with changes in external conditions.”” Meanwhile, cholesterol protects phospholipids from
oxidation and increases the stability of lipid membranes.'®

The fatty acid chains in natural phospholipids contain unsaturated bonds, causing them to be easily oxidized and
hydrolyzed in air, which reduces the microviscosity of the liposomal lipid films and increases their fluidity. Therefore,
drugs loaded in natural phospholipids leak with ease, and lipid pellets readily accumulate and precipitate.'”" Compared
with natural phospholipids, synthesized phospholipids are not easily oxidized and hydrolyzed, so liposomes prepared
with synthesized phospholipids are more stable. As an important component of liposomes, cholesterol can improve the
stability and fluidity of the phospholipid bilayer and affect the particle size and thermodynamic parameters of the
liposomes.'®> However, cholesterol can induce hypersensitivity and cardiopulmonary side effects associated with the
activation of complement effects by regulating serum lipoprotein content, such as pulmonary hypertension.'® In
addition, increasing the cholesterol content in cell membranes was shown to significantly decrease the activity of Na'-
K"-ATPase and 5° nucleotide enzymes (approximately 40%), suggesting that cholesterol-rich liposomes may hinder
receptor-mediated signal transduction by inhibiting the activity of sodium and potassium pumps on endothelial cells.'®*
This weakens the binding of liposomes to receptors on BBB endothelial cells to some extent; therefore, it is necessary to
modify liposomes by replacing cholesterol with cholesterol analogs.

To solve these problems, some molecules, such as polymers, monosaccharides, polysaccharides, and polypeptides,
have been used for modification to construct synthetic liposomes (Figure 3). The multibranched RGD ligand has a high
affinity for the integrin av3 receptor, and this branched structure could increase receptor aggregation, giving 3RGD-Lips
a strong ability to target the BBB and glioma cells.*® Another form of RGD peptide (¢cRGDyK) significantly promoted
the transport of procaine in liposomes across the BBB and improved procaine uptake by rat C6 glioma cells.”’ Mannose
sulfonate liposomes have also been developed for the targeted delivery of chlorogenic acid (CHA) to tumor-associated
macrophages (TAMs). The prepared CHA-mannose sulfonate liposomes had an ideal particle size, good stability, and
preferential accumulation in tumors through mannose receptor-mediated targeting.'®®

Based on the charged state of the liposome surface, liposomes are classified into cationic, anionic, and neutral types.
Compared with neutral liposome, anionic liposomes internalized much less and induce higher cholesterol efflux, while
cationic liposomes are the opposite. Therefore, anionic liposome is used to guide the treatment of atherosclerosis.'®® As
the type more easily ingested by cells, cationic liposomes are commonly used for tumor drug targeting therapy. It seems
that researchers prefer to choose cationic liposomes to reach glioma when the carrier is siRNA.'”'® Cationic liposomes
more easily cross the BBB via non-specific endocytosis due to their interaction with negative charges on the BBB.'"
Cationic liposomes composed of 1.2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, and a gemini amphi-
phile (diastereomeric SS or MESO) are significantly more permeable to the BBB than neutral liposomes (DPPC/
cholesterol).''” In addition, many studies have focused on charge- or ionic-based interactions, where the complementary
charge between lipids and active pharmaceutical ingredients contributes to their efficient binding, and some “ionizable
cationic lipids” are non-toxic and non-immunogenic at doses of 1 mg/kg.''""''*'"* These ionizable cationic lipids are also

conducive to the efficient release of drugs within tumor cells through the “endosomal escape” mechanism. '
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Figure 3 Simplified Liposome Modification Model. Membranes of liposomes could be added with ligands or other modifiers, such as charges or polypeptides, etc. The
modified liposomes protected their carried drugs from degradation and exerted the therapeutic effect better.

The Way of Crossing the BBB and Targeting Glioma

Since SLNs, NLCs, sphingosomes, LNPs, and liposome are all vesicular structures composed of lipids, they have similar
abilities to cross the BBB theoretically.''® "' However, there are no reports on the study of sphingosomes to cross the
BBB and treat glioma up to now. This may be because they are inefficient and uneconomical to deliver drugs.'*
According to the researches, lipid nanoparticles, mainly the other four categories, cross the BBB mainly via passive
diffusion and active transport'*'(Figure 4). Whereas it seems that no studies have reported the BBB-crossing capabilities
between these four lipid-based nanoparticles together.

The approach in which liposomes cross the BBB through passive diffusion is also known as a non-specific
endocytosis, a process that is mainly due to the size and surface properties of liposomes, such as electrical
charge.'”*'** Based on the electrostatic interaction between the positive charge on the surface of the liposomes and
the negative charge on the surface of the BBB cells, the internalization of BBB endothelial cells is triggered, so that
liposomes are taken into the cell. In addition, lipid nanoparticles can also enter cells via active transport. Studies have
found that up to 11% of the proteins on the BBB are specific solute carriers (transporters), including different specific
protein transporters that transport glucose or amino acids.'** For carrier-mediated transport (CMT), liposomes bind to
protein carriers on one side of the endothelial cell, leading to changes in the structure of the carrier protein, and the
transfer of liposomes to the other side of the membrane. Researchers also performed various modifications (proteins,

peptides, antibodies, etc.) as bioactive ligands on the surface of the liposomes, which can target receptors on endothelial
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Figure 4 Liposome loaded drug targeting glioma process. The modified liposomes are transported with the peripheral blood into the brain, and target gliomas through the
blood-brain barrier through three ways: (a) With the help of transporters; (b) Transcellular lipophilic; (c) Receptor-mediated transcytosis.

cells of the BBB, including transferrin receptors, folate receptors, etc., so that the liposomes can enter cells via receptor-
mediated endocytosis.'?' It increases the bioavailability and concentration of drugs in the brain in a controlled manner,
providing a novel and effective strategy for targeted drug delivery.'?*'%¢

Liu C proved that a dual-modified liposome, named transferrin-cell penetrating peptide-sterically stabilized liposome
(TF-CPP-SSL), was initially endocytosed to form clathrin-coated vesicles in tumor cells and could still maintain the
integrity of liposomes after crossing the BBB. In the cytoplasm, CPP adsorbs a large amount of H', and then promotes
lipid fusion between cationic CPP-H" liposome and anionic components in the lysosomal membrane through electron
attraction. Fusion pores were subsequently formed, and the liposomes released liposomal substances into cytosol, which

provided the opportunity for the drug to enter the nucleus to play pharmacological roles.'?’

Applications of Liposomes-Drug Delivery System in the Treatment of

Glioma

A variety of receptors are highly expressed in the BBB (glioma vessels and/or glioma cells), and liposomes modified with
ligands can specifically bind to these receptors to accurately target and penetrate the BBB for anticancer drug delivery'?®
(Table 1). Specifically, the selective binding modified liposomes could target glioma and improved drug uptake by glioma

cells.'?” It has been reported that liposomes modified in multiple ways could be employed in combination, where one
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Table | Application of Modified-Liposomes in Drug Delivery System on Glioma Treatment

Modification Single- Targeting Ligand/ Drug- Glioma cell Size (nm) Specificity Ref
Multi- Pathway Loading Lines
(In vitro/In vivo)

TF TFR CTX and ELE U251; C6; RG2 135.1+4.2 Active-targeting effectiveness. [131]
Mannose Mannose receptor Chlorogenic G422 cells 139.0 £ 0.5 Enhanced the therapeutic efficacy. [105]
acid
Folic acid Folate receptor Lidocaine u8s7 MG 112.35+9.4 Reduced the tumor volume and tumor [132]
weight.
Peptide cRGDyK-cholesterol Procaine Cé 114.23+6.1 Superior antitumor effects. [90]
GRP78 MTI-31 us7 MG 122.2+1.83 Significant improvement in the median [133]
survival time.
Cabazitaxel ug7 MG 140 Higher drug accumulation, barriers crossing [134]
capability.
LRP Arsenic Cé 96.75 + 0.5667 Excellent anti-glioma capabilities. [65]
trioxide
avp3 receptor Paclitaxel Cé 140 Enhance the glioma targeting efficiency. [36]
TFR Vincristine GL261 132 Improved glioma targeted therapy. [135]
nAChR PTX-CHO Cé 128.15+1.63 Enhanced drug tumor-specific selectivity and [136]
penetration.
CPP si-c-Myc U87MG 130 Promoted intranasal delivery treatment of [137]
glioblastoma.
Doxorubicin u87 MG/- 114 High capability to penetrate through the BBB. | [138]
pTRAIL us7 MG/- 169 + 2 Higher level of permeability. [139]
PEGylation Bufalin U251 155.0 £8.46 Antitumor efficacy and acute toxicity. [140]
RG3 GLUTI Paclitaxel Cé 66.12+0.393 Enhanced BBB-penetrating. [141]
Biotin and Glucose SMVT and GLUTI Paclitaxel Cé 120 Stronger glioma targeting ability. [142]
RGD and LF avp3 receptor and LFR Docetaxel u87 MG 136 Inhibited obviously efficiency on xenograft [143]
glioma.
Glucose and TPP GLUTI; TPP targeting DOX and Cé 133.7 £ 429 Promote the anti-glioma efficacy. [66]
mitochondrial LND
CPP and TF - TFR Doxorubicin us7 MG; 128.64 Excellent anti-glioma efficacy. [144]
GL261/U87 MG
Muscone and RI7217 - TFR Docetaxel us7 MG 150 Prolonged survival time of nude mice bearing | [145]
tumor.
Glucose and RGD GLUTI and integrin a(v)B(3) Paclitaxel Cé 1078 £ 1.9 Superior targeting ability. [146]
Muscone and LF LFR Docetaxel u87 MG 144.6 + 3.1 Enhanced brain-targeting efficacy. [147]

type of liposome was bound to different ligands, or the same ligand was bound to different liposomes, and these
liposomes could carry drugs or encapsulate siRNA.'*°

Liposomes have long been studied for the treatment of brain tumors. Owing to improvements in liposomal structures,
these materials show little or no toxicity in vivo because of their biocompatibility and biodegradability.'** Liposomal
system improves stability by interacting with molecules such as PEG or polyethyleneimine (PEI) and promoted
intracellular targeting by coupling with peptides, ligands, or specific antibodies.'*® Liposomes are very effective carrier
systems that can deliver many glioma-targeting drugs when modified with specific ligands.'*” The receptors of some
natural ligands, such as folic acid and TF, are overexpressed in glioma tissues. A folic acid (FA)-modified lidocaine-
carrying liposome (Lid-FA-Lip) significantly enhances the ability of lidocaine to cross the BBB and suppresses the
growth of glioma xenografts in mice by targeting the PI3K/Akt pathway.'** The study evaluated the penetration rate of
three TR targeting peptides: T12, B6, and T7. Among all TfR-targeting or non-targeting groups, T7-modified liposomes
(T7-LS) showed the highest BBB penetration capacity and brain distribution. When loaded with vincristine (VCR), T7-
LS/VCR achieved the best anti-glioma outcomes.'*> The anti-proliferative activity against C6s confirmed the strong
inhibitory effect of liposomes modified with doxorubicin-loaded TAT.'>® Therefore, coupling these natural ligands to the
surface of liposomal vesicles will facilitate selective binding between liposomes and gliomas.'*!

Cen Juan et al designed a new DOX-loaded liposome modified by a small peptide SS31 (LS-DOX), the penetration
ratio of LS-DOX through the BBB was at a time-dependent increase, and the cumulative penetration ratio of LS-DOX
reached about 17% at 24 h, while that of L-DOX and free DOX group was only 6% and 9%, respectively.'** Similarly,
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the encapsulation rate and DOX-loading rate of liposome modified by glial fibrous acidic protein (GFAP-DOX-LPs) were
91.84 + 0.41% and 9.27 + 0.55%, and the anti-tumor effect of GFAP-DOX-LPs was significantly enhanced compared
with the free DOX group.'>® In another study, compared to non-PEGylated liposomes (Lip) or DOX combined with
carboplatin (DOX + CB), PEGylated liposomes (PEG-Lip) were more efficient in increasing therapeutic effects and
decreasing side effects of the drugs, and the survival time of glioblastoma-bearing rats were 39, 35, and 30 days in the
PEG-Lip with DOX + CB, Lip with DOX + CB, and free DOX+CB groups, respectively. Meanwhile, the weight loss of
mice was 8.7%, 10.5%, and 13%, respectively. The results demonstrated that PEG-Lip with DOX + CB was a promising
approach to improve the therapeutic effects and alleviate the side effects in glioma treatment.'>* Zhang et al produced
a theranostic liposome (QSC-Lip) integrated with superparamagnetic iron oxide nanoparticles (SPIONs) and quantum
dots (QDs) and cilengitide (CGT) to target glioma under magnetic targeting (MT) for guiding surgical resection of
glioma, besides, CGT was also specifically scattered among glioma after administration of QSC-Lip under MT, leading to
an effective inhibition of glioma.'>> As indicated above, liposomal nanoparticles modified by ligands and loaded with
agents showed more therapeutic benefits in glioma therapy than the drugs alone.

Furthermore, compared with single ligand-modified liposomes or free drugs, dual ligand-modified liposomes produce
better targeting and anti-glioma effects in vivo.>'**'>” The specific liposomes (Lip-CTPP), co-modified with p-nopen-
taacetic acidhydroxybenzoic acid (p-HA) and triphenylphosphonium (TPP), loaded with doxorubicin (DOX) and
lonidamine (LND), can greatly restrained glioma cell proliferation, migration, and invasion.'>® As reported by Li et al,
a special liposome carrying PTX dual-modified by cell penetrating peptide dNP2 and tumor microenvironment-cleavable
folic acid (FA) (cFd-Lip/PTX) was produced, which exhibited high BBB permeation because of the overexpression of
folate receptor (FR) on BBB and glioma cells, and also the cell penetration ability of dNP2. When cFd-Lip/PTX was
exposed to the tumor microenvironment, the acid-sensitive FA on the cFd-Lip/PTX was cleaved at pH 6.8, releasing
more dNP2, and then the endocytosis of cFd-Lip/PTX into glioma cells was furtherly accelerated.'> In addition, T7 and
PA7R dual peptides-modified liposomes (T7/°A7R-LS) were designed to efficiently co-deliver DOX and VCR to the
glioma. And the survival (%) of C6 cells after T7/°A7R-LS crossing the bEnd.3 cells, a type of cerebral microvascular
endothelial cells, was 40.05 + 2.12%, while free DOX + VCR group was 97.88 = 2.53%.'°’ In a word, they can target
glioma cells with low cytotoxicity and inhibit glioma cell proliferation with high efficiency.

Glioma cells proliferate rapidly with high oxygen consumption and glycolysis rates, consistently maintaining high
ROS levels.'®! In view of the particularity of the tumor microenvironment, site-dependent drug release triggered by
hypoxia, acidity, and redox properties was essential to obtain and maintain a higher level of drug concentration in tumor
cells.'®? Taking advantage of this difference, stimulus-responsive lipid nanodrug delivery systems have been developed
to increase the aggregation of anticancer drugs in glioma lesions, accelerate the drug release rate in tumor cells, improve
efficacy, and reduce the side effects of drugs on normal brain tissues and other organs (Table 2). Using a hypoxia-
responsive linker - nitroimidazoles, the hypoxia-responsive ionizable liposomes could be more likely to be taken up by
tumor cells, as nitroimidazoles could convert to aminoimidazole (containing positive charge) under hypoxic
conditions.'® In another study, researchers designed a drug delivery liposome named as Lip-TPGS which was modified
by glucose and triphenylphosphonium (TPP) as targeting moieties. By adding a linker acid-sensitive amide bond formed
by 1-cyclohexene-1,2-dicarboxylic anhydride, redox-sensitive doxorubicin prodrugs (SDOX), and chemotherapeutic
sensitizer lonidamine (LND) were released at the acid environment when the Lip-TPGS acrossed the BBB, which
significantly inhibited glioma proliferation.'®* All these studies demonstrated that once exploiting the properties of
glioma microenvironment to design liposomes, the therapeutic effects of tumor would be strongly amplified.

By introducing chemical groups and bonds into the liposome, the controlled release of drugs from the liposomes
could be achieved. Liu et al synthesized a malate dehydrogenase lipid molecule known as MLP using a hypoxia-sensitive
nitroimidazole group to deliver siPLK1 to glioma cells, which effectively enhanced the uptake of MLP/siPLK1 by cells,
and vastly inhibited the growth of glioma cells in vitro and in vivo.'”" Amphiphilic diblock copolymers have also been
incorporated into phospholipid L-a-phosphatidylcholine (Egg, Chicken) EPC membranes and liposomes to obtain pH-
responsive chimeric nanoparticles, which were activated in a low pH environment and promoted the release of drugs in
cells, significantly improving the therapeutic effect.'®® Since the concentration of GSH in tumor cells is much higher than
that of normal tissues, experts have also designed liposomal nanodrug delivery systems that could respond to the redox
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Table 2 Application of Responsive Liposomes in Drug Delivery System on Glioma Treatment

Responsive Modification Responsive Drug- Glioma Cell Lines Size (nm) Specificity Ref.
Type Substance Loading (In vitro/In vivo)
pH PEGylated Disulfide, Doxorubicin, Cé 1209 + 4.82 Narrowed tumor areas and prolonged survival [164]
glucose Amide bond lonidamine time.
Folic acid, Aclhydrazone Paclitaxel Cé 92.26 +1.53 Improved the chemotherapy efficacy and gliomas. [165]
Berberine bond
Angiopep-2 Ca-As Arsenic Cé 96.75 + 0.57 High drug-loading capacity and anti-glioma [65]
trioxide capabilities.
- PDMAEMA- TRAM-34 GL261 164.4 Good internalization by the tumor cells. [166]
b-PLMA
H7K(R2)2 H7K(R2)2 Doxorubicin U87 MG/ Rat Cé 92 +39 High targeting effect of gliomas. [167]
glioma cells
- Mscl-G22C Gd-DTPA -ICé 100 Detected the mildly acidic pH of the TME with 0.2 | [168]
pH unit.
ROS - HRP and ABTS - -/U87 MG 100 Allowed sensitive PA imaging of early-stage small [169]
tumors and orthotopic brain gliomas.
Hypoxia Angiopep-2 ALP-(Mls)n Doxorubicin Cé 61.66 + 1.28 Enhanced the RT sensitivity of gliomas. [170]
- Nitroimidazoles siPLK | Cé 100-120 Significantly inhibited the growth of gliomas. [171]
Temperature PINS and SPIONs Doxorubicin u87 MG/- 104 Enhanced GBM-specific targeting and BBB [138]
TN-C penetrating capability.
- MRgFUS Doxorubicin GL261/GL261 and - Promoted the effective delivery of chemotherapy in | [172]
F98 gliomas from thermosensitive drugs.
- DPPC and Doxorubicin -ICé 100-1000 Targeting chemotherapy for the treatment of [173]
DPPG malignant gliomas.

microenvironment, among which disulfide bonds have been widely used to reduce reaction bonds.'”*!”> For example,
Zhao et al linked the chemotherapy drug Doxorubicin (DOX) to cholesterol with redox-sensitive disulfide bonds, and the
disulfide bonds were destroyed in a high-concentration GSH environment, and then DOX was released, based on which
liposomes were designed with targeting and glioma-specific stimulation response drug release ability.'®* Studies have
also been conducted to deliver heat-sensitive liposomes to tumors, using brain heating systems to release contents when
the tumor core is heated up to 40°C to treat malignant gliomas.'”

In addition to delivering drugs to tumors in response to stimuli, there are also studies using hydrogen peroxide
produced by tumor cells for responsive chromogenic analysis to facilitate imaging.'’® Chen et al loaded HRP and its
substrate 2.2’-azido-bis (3-ethylbenzothiazolin-6-sulfonic acid) into liposomal nanoparticles to obtain an optical nanop-
robe named as Lipo@HRP&ABTS. It performs sensitive photoacoustic imaging of gliomas in situ by reacting with
endogenous hydrogen peroxide produced by glioma cells.'®® In summary, researchers have made full use of the natural
structure of liposomes and the inherent characteristics of glioma microenvironment in the process of designing lipid
nanomaterials. Some application limitations caused by the physiological characteristics of liposomes and the special
location of gliomas are also constantly being optimized.

Limitations and Strategies
However, synthetic liposomes have some limitations. First, they are quickly cleared in blood circulation by macrophages
in the reticuloendothelial system.'”” Of note, coupling cow serum albumin (cBSA) with liposomes appears to be
a promising approach to deliver drugs to the CNS.'”® Liposomes bound to cationized bovine serum albumin (cBSA)
can be absorbed by the brain via porcine brain capillary endothelial cells (PBCECs) after administration of a lower
concentration, avoiding surveillance by the reticuloendothelial system. In addition, when the size of the liposomal vesicle
is less than 100 nm, the retention time in circulation can be extended.'*

Second, cholesterol-rich animal-derived liposomes may impede receptor-mediated signal transduction by inhibiting
the activity of Na" and K pumps on endothelial cells, which weakens the binding of liposomes to BBB endothelial cell
receptors to some extent. Moreover, liposomes with immunogenic modifications can cause hypersensitivity in the

body.'**'% To solve these problems, researchers modify liposomes by extracting some cholesterol analogues to replace
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cholesterol, and many researchers reduce cholesterol content by optimizing the ratio of cholesterol and phospholipid, so
as to increase the passage rate of liposomes to the blood—brain barrier and improve the safety of liposomes in vivo. For
example, Zhu et al reported that Rg3-PTX-LPs could effectively cross the BBB for targeted glioma treatment.'*!
Phytosterols such as carotenoids and soy-derived sterols have also been shown to improve the physicochemical proper-
ties of the phospholipid bilayer.'”*'%

Third, the drug loading capacity of liposome is limited, while the liposome can be optimized multi-functionally.
Objectively speaking, the drugs may be consumed with liposome loss before reaching tumor cells. But some elements
responsive to tumor microenvironment such as low pH and hypoxia etc., can be added to liposomes, so as to ensure that
drugs release from liposome in glioma cells slowly and constantly, which maintains the tumor killing effects for a longer
period of time. For another, to improve the permeation of liposome, the ligand corresponding to the receptor over-
expressed on the BBB and glioma cells can be combined with cell penetration peptide. Besides, combined with
exogenous targeted therapy such as photodynamic therapy (PDT) or sonodynamic (SDT) would greatly raise therapeutic

effects.

Conclusions

Compared with other tumors, glioma tumors are located in the CNS, and their treatment options are limited by the BBB.
To overcome this barrier for chemotherapy drug delivery, nanomaterials can be used as carriers to increase drug
accumulation at the glioma site by hiding the undesirable physical and chemical properties of the drug and ensuring
the integrity of the BBB. Some of the accumulated damage in normal brain tissue after radiotherapy and chemotherapy
will also be alleviated by this efficient method of administration.

Liposomes have been widely explored as drug delivery vehicles and are preferred for their unique properties, such as
their abilities to hold hydrophilic, lipophilic, and hydrophobic drugs simultaneously and control the release of their
contents in a sustained and slow manner. Modifying liposomes with surface ligands can enhance glioma cell targeting by
binding to various receptors present or overexpressed on the BBB surface.

There is still much work to be done to make an optimized liposome nanoparticle widely used in clinical practice. First
of all, the current standard treatment plan for glioma is still mainly surgery (resection of tumor tissue within the
maximum safety range), and adjuvant radiotherapy and chemotherapy therapy. As a drug delivery system, liposomal
nanoparticles cannot completely replace surgery to kill tumor cells, but it is not ruled out that liposome nanoparticles may
be used as the main treatment to reduce the trauma and complications brought by surgery to patients in the early stage of
glioma. For adjuvant surgical treatment, liposomal nanoparticles are more likely to be used before and after surgery
according to the current research and the matching scheme of liposomal nanoparticles. Before surgery, liposomal
nanoparticles can be loaded with chemotherapy drugs to reduce the tumor as much as possible, so as to reduce the
impact of large tumor compression on patients, and then receive surgical treatment in better physical conditions. After
surgery, optimized liposomal nanoparticles for precision killing of residual tumor tissue, which may be a better choice
than chemotherapy drugs or radiotherapy alone. Second, a rigorous assessment of the toxic effects of the lipid
nanoparticles is inevitable Although it is theoretically capable of crossing the blood-brain barrier in maximum
concentration, targeting glioma sites to kill tumor cells at specific effective concentrations, with no or minimal damage
to normal brain tissue and nerve function. Furthermore, lipid nanodrug delivery system involves multidisciplinary
expertise in liposome nanotechnology, brain surgery, neuroscience, pharmacology, imaging, oncology, etc. In order to
successfully apply liposomal nanoparticles to the clinical treatment of glioma, it is necessary to form a research team and
formulate specific treatment plans for different patients by experts from various disciplines.

Combination therapy is an important therapeutic strategy in glioma treatment. Liposomes with their easy functiona-
lization could not only selectively load chemotherapy drugs to kill glioma cells but also deliver immunomodulator such
as CHA to TAMs for immunotherapy of GBM.'®> Immunosuppression is a major feature of tumor microenvironment
(TME)."®"'¥2 Hence, researchers have focused on the liposomal targeting to the major components in tumor immune
environment, and tried to make it possible to transform the immunosuppressive TME to an immunosupportive state. To
co-deliver adjuvant monophosphoryl lipid A (MPLA) and melanoma antigen peptide TRP2180-188 (SVYDFFVWL)
derived from tyrosinase-related protein 2, a nanoplatform of liposomes-coated AuNCs modified by CD11c antibody was
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fabricated. Obvious increase of DCs maturation and CD8+ T lymphocytes activation in the TME of melanoma were
observed after injection, which boosted the anti-tumor immune response.'®® Such a strategy could also be use for
reference in the future for glioma treatment. In addition, it is known that glioma is a radioresistant tumor due to its good
DNA repair activity.'®*'®> Liu et al produced a hypoxic radiosensitizer-prodrug liposome to deliver the DNA repair
inhibitor - Dbait, which increased the sensitivity of glioma cells to X-ray radiotherapy.'®® Such studies indicated that the
combination between liposome drug delivery system and immunotherapy or radiotherapy is a promising approach to
improve glioma efficacy.'®” '

In conclusion, liposomes have high clinical application potential as a hot spot in nanomaterial research. In the future,
in-depth studies on the characteristics of liposomes and their continuous optimization will provide further possibilities for

their application with anti-glioma drugs.
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